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Vizeny citatel!

Toto dvojcislo Komunikdcii je venované elektrickej trakcii - dolezitej technologii v Zeleznicnej
doprave. Je pravdou, Ze pre niekoho je elektrickd trakcia samozrejmou pritomnostou, pre niekoho pre-
konanou zdlezitostou a pre niekoho skvelou budiicnostou. Taktiez mnohym je zndme, Ze na Elektro-
technickej fakulte Zilinskej univerzity pésobi Katedra elektrickej trakcie a energetiky. Katedra
zabezpecuje vychovu odbornikov v sirokom spektre Studijnych a vednych odborov a Specializdcii, akymi
su: elektrickd trakcia, elektrické pohony, elektrické stroje, vvkonovd elektronika, elektroenergetika, infor-
macné systémy v elektroenergetike. Elektrickd trakcia predstavuje dnes prienik tychto Specializovanych
smerov; je prirodzenou syntézou vvkonovych a riadiacich systémov. Ma sice relativne krdtku, ale o to viac
bohatsiu historiu. Jej priekopnikmi uz v byvalej Ceskoslovenskej republike boli Ing. Frantisek KFizik
a prof. Dr. Ing. Frantisek Jansa, DrSc. a jej pokracovatelmi prof. Ing. Imrich Solik, DrSc. a prof. Ing.
Viadimir Racek, DrSc. Jej budiicnost je mozné vidiet vo vysokorychlostnych systémoch LGV a Transra-
pid francuizskych, resp. nemeckych Zeleznic. Verim, Ze sa aj s tymito alebo podobnymi systémami stret-
neme na strankach Komunikdcii uz v blizkej budiicnosti.

Dear reader,

this issue of Communications is devoted to electric traction - one of the important technologies in
railway transport. It’s well known that electric traction is the self-evident presence for somebody, the past
time for another one, and splendid future for others. For many of you is also known fact that the Depart-
ment of Electric Traction and Energetics is still active at the Faculty of Electrical Engineering of the Uni-
versity of Zilina. The department provides education of specialists in a wide spectrum of educational and
scientific branches and specializations as electric traction and electric drives, electrical machines, power
electronics, power engineering, and information systems in power engineering. The electric traction today
presents a conjunction of those specializations, and it is a synthesis of power - and control systems.
Though its history is relatively short, it is really rich. Pioneers of electric traction in former Czechoslovak
Republic were Frantisek KriZik as well as Prof. Frantisek Jansa, and theirs followers Prof. Imrich Solik
and Prof. Viadimir Rdcek. The future of electric traction can be seen in high-speed LGV - and Transra-
pid systems of the French - and German Railways, respectively. I believe that we shall meet these or
similar systems on the pages of the Communications in the near future.

Branislav Dobrucky
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VYSKUM’NOVYCH BEZSNIMACOVYCH RYCHLOSTNE
RIADENYCH POHONOV S ASYNCHRONNYMI MOTORMI

PRE TRAKCNE APLIKACIE

RESEARCH OF NEW SENSORLESS SPEED CONTROLLED DRIVES
WITH INDUCTION MOTORS FOR TRACTION APPLICATIONS

Wskum zamerany do oblasti elektrickych pohonov pre elektricku
trakciu je zaloZeny na novom pristupe k riadeniu rychlosti elektrickych
pohonov, ktoré pouZivaju asynchronne motory bez pomoci snimaca
rychlosti montovaného na hriadeli. Novou ¢rtou navrhnutého riadia-
ceho systému je, ze odozvy na referencny zaddvaci signdl rychlosti
a referencny vstup normy magnetického toku st vzdjomne nezavislé.
Navrhnutd Struktiira riadenia pozostdva z vniitornej slucky, ktord slizi
na riadenie pridu statora a vonkajsej slucky, ktord je pre riadenie
rychlosti bez snimaca na hriadeli. Povodny riadiaci algoritmus je
odvodeny na zdklade predpisanej linedrnej odozvy prvého rddu
v uzavretej slucke, ktord je zakladom pre linearizdciu spdtnej vizby.
Tento povodny algoritmus bol neskorsie doplneny o dalsie dva riadia-
ce algoritmy, ktoré poniikajii moznost priameho riadenia momentu
pri konstantom zrychleni a riadenie rychlosti a zrychlenia tak, ako je
to predpisané diferencidlnou rovnicou druhého rdadu, kde zrychlenie
plynule narastd z nuly na maximum a potom sa plynule znizuje. Aby
sa dosiahlo bezsnimacové riadenie rychlosti riadiaci systém pohonu
riadenie obsahuje skupinu troch pozorovatelov pre odhad rotorového
magnetického toku, rychlosti rotora a zdtaZového momentu. Prezen-
tované experimentdlne vysledky ukazujii dobrii zhodu s teoretickymi
predpovedami.

Riadiaci systém tak, ako je dnes vyvinuty, sa velmi dobre hodi
pre aplikdcie, ktoré vyZaduji bezsnimacové riadenie rychlosti strednej
presnosti (= 5 %). Zaujimavou aplikacnou oblastou by mohla byt
novd generdcia riadenych pomocnych pohonov vozidiel elektrickej
trakcie, ¢o by malo zlepsit hlavne ich spolahlivost tym, Ze sa predpi-
sujii podmienky hladkého Startu. TaktieZ spotreba energie takychto
pomocnych pohonov by mala byt podstatne niZsia, pretoZe tieto sa
mozu lahko a velmi iicinne prispésobit zdtazovym podmienkam hlav-
ného pohonu.

1. Uvod

Na rozdiel od konvenénych pristupov k elektrickym pohonom
s asynchronnymi motormi (AM), na kombinovany asynchronny
motor so zatazou sa tu nazera ako na nelinearny systém s viace-

The research, aimed at an area of electric drives for electric trac-
tion, is based on a new approach to the speed control of electric drives
employing induction motors without the aid of a shaft-mounted speed
sensor. A novel feature of the proposed control system is that respon-
ses to the reference speed demand and the rotor magnetic flux norm
reference input are mutually independent. The design control struc-
ture consists of an inner loop, which is a stator current control loop
and outer loop, which is a shaft sensor-less speed control loop. A first
order linear closed-loop response based on feedback linearization was
chosen to derive basic control law. This original control law was later
completed with other two control algorithms, which offer possibility of
direct torque control with constant acceleration and control of speed
and acceleration as it is prescribed with differential equation of the
second order where acceleration fluently grows from zero to its
maximum and then fluently decreases. To achieve sensorless speed
control, the drive control system contains a set of three observers for
estimation of the rotor magnetic flux, rotor speed and the load torque.
Experimental results presented indicate good agreement with the the-
oretical predictions.

The control system as developed to date would be suited very well
to the applications requiring sensorless speed control with moderate
accuracy (= 5 %). An interesting application area would be a new
generation of low-cost controlled auxiliary drives for vehicles of elec-
tric traction which can mainly improve their reliability due to pre-
scribed soft-start conditions. Also energy consumption of such kinds
of auxiliary drives can be substantially decreased because they can
easily and very efficiently accept changes connected with load condi-
tions of the main drive.

1. Introduction

In contrast with conventional approaches to electric drives
with induction motors (IM), the combined induction motor and
load are viewed as a multivariable non-linear plant. The feedback

* 1Jan Vittek, Juraj Altus, Bernard Bednarik, Rastislav Tabacek, “Stephen J. Dodds, Roy Perryman
lUniversity of Ziliny, Dept. of Electrical Traction and Energetic, Velky diel, SK-01026 Zilina, Slovakia, E-mail: vittek@fel.utc-sk, altus@fel.utc.sk
2 University of London, Dept. of Electrical and Electronic Engineering, 4 University Way, London E16 2RD, UK, E-mail: s.j.dodds@uel.ac.uk,

r.perryman@uel.ac.uk
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rymi premennymi. Principy linearizacie spatnej vazby [1], bloko-
vého riadenia [2] a princip separacie pohybu [3] st skombinované
tak, aby pre pohon vytvorili novy nelinearny riadiaci algoritmus
s viacerymi premennymi. Vysledkom je potom novy riadiaci algo-
ritmus, ktory moze pracovat v ktoromkolvek z nasledujucich troch
reZimov:

a) Priame riadenie zrychlenia, kedy pohon na hriadeli motora
produkuje uhlové zrychlenie, ktoré sleduje Ziadané zrychlenie
so zanedbatelnym dynamickym oneskorenim.

Linearna odozva rychlosti prvého radu, kedy sa pohon chova
ako linearny systém s predpisanou ¢asovou konStantou, ¢o
mozZe byt vyuzité ako prvok pre iné aplikacie riadenia.
Odozva rychlosti druhého radu, kedy je predpisané zrychle-
nie pohonu tak, Ze systém v uzavretej slucke sa sprava podla
charakteristickej rovnice druhého radu.

b)

c)

Riadiaci systém pohonu ma Strukturu zaznamenanu na obr. 1,
ktora obsahuje vnutornu prudovu riadiacu slu¢ku a vonkajsiu ria-
diacu slucku, ktora realizuje vybraté dynamické spravania v uzav-
retej slucke pre dany operacny rezim. Prvy raz bol tento systém
popisany v [4] a doplneny s predbeznymi experimentalnymi vysled-
kami v [5] a [6]. PretoZe jediné merané veliCiny su napitie j.s.
medziobvodu a statorové prudy, je pouzity taky pozorovatel uhlovej
rychlosti rotora, ktory vyzaduje len tieto merania spolu s odhadom
zlozZiek magnetického toku z pozorovatela magnetického toku.
Pozorovatel, ktorého model v realnom case pracuje na zaklade
elektro-mechanickej rovnice motora vytvara filtrovanu verziu rych-
losti rotora a odhad zatazového momentu, ktoré sa vyZaduju pre
‘master’ riadiaci algoritmus.

linearization principle [1], the block control principle [2] and
motion separation principle [3] are combined to form a new, non-
linear multivariable drive control algorithm. The result is then
a new control law, which may be operated in any one of the
following three modes:

a) Direct acceleration control, where the drive produces a motor
shaft angular acceleration following a demanded acceleration
with negligible dynamic lag.

b) Linear first order speed response, where the drive behaves as
a first order linear system with prescribed time constant, which
could be used as an element for other control applications.

c¢) Second order speed response, where the drive acceleration is
prescribed so that the closed-loop system has a second order
characteristic equation.

The drive control system has a structure, shown in Fig. 1,
comprising an inner current control loop and an outer control
loop realizing the closed-loop dynamic behavior of the selected
operational mode. In the first instance the system was described
in [4] and completed with preliminary experimental results in [5]
and [6]. Since the only measurement variables are the dc circuit
voltage and stator currents, an angular rotor speed estimator is
employed which requires just these measurements together with
the estimated magnetic flux components from a magnetic flux
estimator. An observer whose real-time model is based on the
motor electro-mechanical equation produces a filtered version of
rotor speed and load torque estimate required by the master
control law.

Demanded rotor 4 ded Demanded External load
. emande
speed, time constant a—B currents Slave Control three-phase torque I
and type of dynamic Law voltages *
lo.d U
-— i '
@ | Master 2/3 Bang-bang [V Y Induction
trans He| ] Power
T, control —form Control f}! lectroni motor
- law - electronic |\ f
Rotor
. (O]
S A “{’g Iy 3/2 Uke speed \_»
A o . Us transform .
r ) 1, Us 1, o B I, | Measured
g
]—‘L : transform — stator currents
1 2-I3
. 1B 113 -
Filteri P 10‘ ' ' ' ' v + ' Vo eq
uterin - . qe |
g L, Rotor flux Sliding mode
observer . [VB eq
estimator observer .
||‘I’* 1 Angular
* By, % i o * | - velocity N
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r
Obr. 1. Zdkladnd struktiira pre riadenie rychlosti asynchronneho motora s vniitenymi dynamikami
Fig. 1. Basic structure of the forced dynamics speed control system for induction motor
0 + KOMUNIKACIE / COMMUNICATIONS 2-3/200]1



2. Navrh riadiaceho algoritmu

V zaujme zjednodusenia je riadiaci systém upraveny do hierar-
chickej struktury [2], v ktorej Ziadané hodnoty statorovych prudov
su generované ako primarne riadiace veliCiny ‘master riadiacim
algoritmom’, aby boli sledované slave riadiacim algoritmom’, ktory
vyuZiva realne riadiace veli€iny, ktorymi su statorové napaitia.

2.1. Model asynchronneho motora

Nasledujuci model AM pre statorové prudy a rotorové toky je
formulovany v («, B) sustave viazanej na stator:

I=cle;P(w)¥ — ad + U] eR))

V= —P(w)¥ + c,] (2.2)
1 1 .

&=~ Ty =T =SV TT-T) =0 (23

kde WT= [¥_ W] je rotorovy magneticky tok, I” = [I, Ig] je
statorovy prud, U’ = [u,, ug] je statorové napitie, I',; je moment
vyvijany motorom, w, mechanicka rychlost rotora, a jednotlivé
konStanty su dané ako: ¢, = L,/(L,L, — L’m), ¢, =L,JL,, ¢ =
=RJL = 1T, ¢, = L,I/T,, cs = 1.5p.L, /L, aa =R, +
+ (L>m/L*r)R,, kde L, L, a L,, st statorové a rotorové induké-
nosti a ich vzajomna indukénost. R, a R, su statorové a rotorové
odpory a p je pocet polparov statorového vinutia. Tiez,

_ ¢, Pw,
| 5]
o -1

2.2. Master riadiaci algoritmus

(2.42)

(2.4b)

Na odvodenie riadiaceho algoritmu sa pouZziva princip linea-
rizacie spatnej vazby [1]. Linearizacné funkcie, ktoré nutia riadené
veli¢iny chovat sa podla Specifikovanych diferencialnych rovnic
pre uzavretu slu¢ku su formulované pre rotorovu rychlost a normu
rotorového toku. Najskor sa tieto funkcie predpokladaju linearne,
prvého radu s Casovou konstantou 7, pre rotorovu rychlost
a s Casovou konstantou Ty, pre Ziadanu normu rotorového toku.
Tieto dve premenné preto musia spifiat:

1

w,=— (w; — w,) = acc,

T,

(u

(2.5a)

: 1
| = —— (W, - 1w (2:5b)
v
Lineariza¢na funkcia pre w, sa dostane jednoducho porovna-
nim pravych stran rovnic (2.3) a (2.5a), nasledovne:

(2.6)

%)

1| J
T = - [T (0, — w,) + I‘L}
5
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2. The Control Law Development

In the interests of simplification, the control system is arrang-
ed in a hierarchical structure [2] in which the stator current
demands are generated as primary control variables by a ‘master
control law’, to be followed closely by a ‘slave control law’ using the
true control variables, i.e., the stator voltages.

2.1. Model of Induction Motor

The following IM model for stator currents and rotor fluxes is
formulated in the (a, ) stator fixed co-ordinate system.

I =c[e,Plw)¥ — al+ Ul @1

V= —Pw)¥ + c,d 2.2)
1 1 .

&= Ty =T = (eVTI-T) =0 (23

where V7= [V, W 5] is the rotor magnetic flux, =11 5] is the
stator current, U7 = [u, u s is the stator voltage, T',, is the torque
developed by the motor, w, is the mechanical rotor speed, and
individual constants are given by: ¢; = L/(L,L, — L’m), ¢, =
=L,/L,c;=RJ/L =1/T,,c4,=L,/T,,cs=15pL,/L.aa, =
= R, + (L’m/L*/)R,, where L_, L, and L, are, respectively, the
stator and rotor inductance and their mutual inductance. R, and
R, are, respectively, the stator and rotor resistance and p is the
number of stator pole pairs. Also,

c; P,
P(w,) = [;w ; }

r- [0

2.2. The Master Control Law

(2.42)

(2.4b)

The feedback linearization principles [1] are used for the
control law development. The linearizing functions, which force
the system variables to obey specified closed-loop differential
equations, are formulated for rotor speed and magnetic flux norm.
Firstly, these functions are assumed linear, first order with time
constant 7, for rotor speed and with time constant 7, for demand-
ed rotor flux norm. These two variables, therefore, satisfy:

1

0, =7 (v, — w,) = acc,

T,

w

(2.5)

. 1
| = —— (i, — %) (2.5b)
v
Linearizing function for w, is obtained simply by equating the
right-hand side equations (2.3) and (2.5a), as follows:

1] J
I = - [T (0, — w,) + FL]
5 ®

(2.6)
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1
VT = —

[J- acc, + T')]
Cs

Q.7)

Norma rotorového magnetického toku H‘PH je definovana
vyrazom (2.8) a pre jej derivaciu H‘IfH sa d4 odvodit:
Wiy = Vi + W (238)
| = =2(c; W] = e, 741 (2.9)

Opit porovnanim pravych stran rovnic (2.5b) a (2.9) pre deri-
vaciu normy rotororového magnetického toku dostavame:

W=+ (i, - ) 2.10)
Cy 2¢4Ty

Pozadovany riadiaci algoritmus sa potom dostane kombina-
ciou rovnic (2.6) a (2.10). Ale skor ako sa to urobi, stavové pre-
menné (x) su nahradené ich odhadmi z pozorovatelov (%). TieZ
konstantné parametre AM (p) nahradia ich odhady (p), ako to musi
byt aj v praxi. Naviac, fiktivny riadiaci vektor / sa nahradi ziada-
nym pridovym vektorom I,, ktory vytvori referenéné vstupy do

slave’ riadiaceho algoritmu, ktory popiSeme neskor. Takto:

o ol @ e) -1
I 1 [=W, W, & T, "
d = 120 ey S A
| Ve ‘I'B, H‘I’H T (H‘PHd W)
U [, &~y ace, +
R ] P (2.12)
W Ye V¥ T R
Kde FOW) = < 1] + —— (wl, - 91 213
e()—E4 2~T\y( d ) (2.13)
1 ey
a acc, = T—w(wd— w,) (2.14)

Tu treba poznamenat, Ze konstantny externy poruchovy mo-
ment [; sa berie ako stavova premennd, ktora je odhadovana
v pozorovateli spolo¢ne s ostatnymi stavovymi premennymi.

Radiaci algoritmus (2.12) obsahuje v sebe Ziadané vystupné
uhlové zrychlenie hriadela acc,. Tri nasledujiice operacné reZimy,
ktoré boli prvykrat popisané v [7] a [8], sa daji realizovat
prostrednictvom troch diferencialnych rovnic pre zrychlene acc,.
Druha cast riadiaceho algoritmu je ta ista pre vSetky tri operacné
rezimy a je to iba formulaciu predpisanej dynamiky pre normu
rotorového toku.

Zrychlujuci a dynamicky moment pre priame riadenie zrychlenia

V tomto pripade je pozadované zrychlenie urcené konstant-
nou Ziadanou uhlovou rychlostou, w,(¢) a poZadovanym ¢asom
pre zrychlovanie, T} = T,,. Dynamicky moment AM je potom
ur¢eny znamienkom chyby uhlovej rychlosti:

1
WITT = —[J- acc, + T,] 2.7
Cs

Rotor magnetic flux norm H‘PH is defined by expression (2.8)
and for its derivative H\IfH can be derived:
[l = w2 + v (2.8)
W] = =2(cy ¥ = ¥ *D) 2.9)

Again by equating the right hand sides of equations (2.5b)
and (2.9) for rotor flux norm derivative yields:

7 _ €3 1
V=N (- 1D (210)
The required control law is then obtained by combining equa-
tions (2.6) and (2.10). But before this is done, the state variables
(x) are replaced by their estimates, (X) from the observers. Also,
the constant IM parameters (p) are replaced by estimates (p) as
must be the case in practice. Furthermore, the fictitious control
vector, /, is replaced by the demanded current vector, /,;, which
will form the reference input to the ‘slave’ control law described

further. Thus:

1 A
Ay s - /\r + F
/ L[“I’B ‘I’a] [T’" ] (2.11)
| Y., i <muuu'

N pay 1 pay
1 [= 7.
ld=T[ gﬁ ga] o/ aca t Il (2.12)
Y YY) 7 Rw
R(W) = H\IfH + ey (W=D (2.13)
1 N
and acc, = [— (wy; — w,)] (2.14)
T(A)

It should be noted that the constant external disturbance
torque, ;, is treated as a state variable and estimated in the
observer together with the other state variables.

The control algorithm (2.12) contains the demanded output
shaft angular acceleration acc,. The three following operational
modes, which were described for the first time in [7] and [8], are
realized by the means of three differential equations for accelera-
tion acc,. The second part of the control law is the same for all
three modes and is merely a statement of the prescribed rotor flux
norm dynamics.

The acceleration and dynamic torque for direct

acceleration control

In this case, demanded acceleration is determined by a con-
stant demanded angular velocity, w, (), and a demanded accele-
ration time, 7, = T,. The dynamic torque of IM is then
determined by the sign of the angular velocity error:-

a (2.15) G (2.15)
acc;, = —— . acc, = — .
d T] d 7—-1
8 . KOMUNIKACIE/COMMUNICATIONS 2-3/2001



[ gyn = J * acc, ™ sign(Wy,,, — @) (2.16)
Zrychlenie a dynamicky moment pre dynamiky prvého radu
Tento pripad sme uz popisali pocas odvodenia master riadia-

ceho algoritmu. Preto len skratene:

1
acey = (w; — W) 2.17)

J
rdyn = T (wdem - (’Jr) (218)
w
Zrychlenie a dynamicky moment pre dynamiky druhého radu
V tomto pripade je poZadovana diferencialna rovnica pre
uzavretu slucku rotorovej rychlosti dana ako (2.19). Ak poly tejto
rovnice su umyselne zvolené ako nasobné a faktor timenia & = 1,
potom vztah pre dosiahnutie ustaleného stavu (2.20) sa moze
pouzit na ur€enie w,,, (kde n je rad systému) tak, aby sa dosiahol
pozadovany Cas ustalenia:
W= _250),“”(;) + o"iat(wdem - 0)) (219)
1
T,=15*(1+n)——

‘nat

(2.20)

Ak je rovnica (2.19) numericky integrovana, potom @ je
pozadované uhlové zrychlenie pre dynamiky druhého radu. Takto
algoritmus v diskrétnom Case, ktorého zakladom je rovnica (2.19)
pre uhlové zrychlenie a dynamicky moment si dané ako:
o,) — 28w, acc,)*h

accy; = accy; + [aﬁa,(wde,,, - (2.21)

[ gyn =J * ace, (2.22)

Obr. 2.1 ukazuje narast rychlosti rotora a dynamicky moment
pocas rozbehu pre vsetky tri dynamiky.
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[ gpn = J % acc, ™ sign(Wyp,, — W) (2.16)
The acceleration and dynamic torque for first order dynamics
This case was already described during master control law

development. Therefore, only abbreviated:

(2.17)

acc; = (w; — w,)

Tw

J
Cion = 7 (W — @) (2.18)
T,
The acceleration and dynamic torque for second order dynamics
In this case, the desired closed-loop differential equation for
the rotor speed is done by (2.19). If the poles of this equation are
purposely chosen as coincidence and damping factor é = 1, then
the settling time formula done by (2.20) may be used to determine
W, (Where n is order of the system) to fit chosen settling time:

W = =280, 0 + W (W, — ) (2.19)

1
T,=15%1 +n)—

‘nat

(2.20)

If equation (2.19) is numerically integrated then @ is the
demanded angular acceleration for second order dynamics. Thus,
the discrete time algorithm based on equation (2.19) for angular
acceleration and dynamic torque are as follows:

a)r) - 2Ewnataccd] *h

ace, = accy + [ W (W — (2.21)

[ gpn =J * acey (2.22)

Fig. 2.1 shows rotor speed and dynamic torque during accele-
ration for all three dynamics.
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a) dynamika prvého rddu
a) first order dynamic
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¢) second order dynamic

Obr. 2. Idedlne odozvy uhlovej rychlosti a zrychlujiiceho momentu pre riadenie s vniitenymi dynamikami
Fig. 2. Ideal angular speed response and acceleration torque for forced dynamics control

2.3. Slave riadiaci algoritmus

Podsystém, ktory ma byt riadeny tu, definuje rovnica (2.1).
Riadenou veli¢inou je teraz vektor napatia U a vystupnou veliCi-

2.3. Slave Control Law

The sub-plant to be controlled here is defined by equation
(2.1). The control variable now being voltage vector, U and the

KOMUNIKACIE / COMMUNICATIONS
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nou je vektor prudu 7, ktory ma reagovat na vektor Ziadaného
prudu /,. Slave riadiaci algoritmus je nasledujuce riadenie typu
,bang-bang*:
U=U,,.sgnll, — 1] (2.23)
Umyslom je, aby bang-bang riadiaci algoritmus pracoval v kiza-
vom rezime s vysokou spinacou frekvenciou riadenych veli¢in.
Toto by pre riadené veliciny idealne, pri nekonecnej spinace;j frek-
vencii, udrzalo [ = [,. V praxi sa vSak dosiahne konen4, ale
vysoko spinacia frekvencia (predpoklada sa 20kHz), limitovana
nenulovou itera¢nou periédou digitalneho procesora, ¢o vsak bude
udrziavat pomerne malu amplitudu zvinenia vystupného prudu.

3. Odhadovanie stavov a filtrovanie
3.1. Estimator rotorového magnetického toku

Pre AM prostriedok na odhadovanie zloZiek rotorového mag-
netického toku sa da odvodit tak, Ze sa eliminuje rychlost rotora
w,, vzdjomne v rovniciach (2.1) a (2.2), €o dava rovnicu (3.1):

sl R
ol

Pri nulovych pociatoénych podmienkach st vsetky velic¢iny na
pravej strane rovnice (3.1) zname a preto zlozky rotorového toku
mozZu byt uréené numerickou integraciou podla rovnice (3.2).

RO AR FilE
=0

Tato integracia vsak v praxi bude podliehat dlhodobym posu-
nom a preto sa musia urobit Specialne opatrenia opisané v [9],
aby sa korigovali odhadované zlozky magnetického toku.

3.1

(3.2)

3.2. Pozorovatel pracujici v pseudo-kizavom rezime
pre uhlova rychlost

Pozorovatel pracujici v pseudo-kizavom rezime ma zaklad
v rovnici (2.1) pre statorové pridy AM ako model v redlnom Case,
ale v ktorom st ucelovo zanedbané vietky vyrazy obsahujuce @,.

f*=¢[—al*+U+v (3.3)
kde v = [v,, o veqiﬁ]r su korekcie modelu, iy a i, su odhady
prudov i, a ig, ako v konvencnych pozorovateloch. Uzitocnym
vystupom pozorovatela su tu vSak spojité ekvivalentné hodnoty
Veq a Veq p» (3. kratkodobé stredné hodnoty [10]), rychle spina-
nych premennych, ktoré si dané rovnicou (3.4a).

output variable, /, to respond to the demanded current vector, /.
The slave control law is the following “bang-bang” control law:-

u=10,,. sgnll, — 1 (2.23)

This bang-bang control law is intended to operate in the
sliding mode with a rapidly switching control variable. This ideally
maintains / =/, with an infinite switching frequency of the
control variables. In practice, a finite but high-switching frequency
(20 kHz is assumed), limited by the non-zero iteration period of
the digital processor, would maintain a relatively low amplitude
limit cycle in output current.

3. State Estimation and Filtering
3.1. The rotor magnetic flux estimator

For IM, a means of estimating the rotor magnetic flux com-
ponents may be derived by eliminating the rotor speed, w,, between
equations (2.1) and (2.2), yielding equation (3.1):

sl R
)il

With zero initial conditions, all the quantities on the right-
hand side of equation (3.1) are known, and therefore, the flux
components may be determined by numerical integration accord-
ing to equation (3.2)

R (RS AR | R
()l

This integration, however, would be subject to long-term drift
in practice, and special measures described in [9] should be taken
to correct the rotor magnetic flux estimate.

3.1

(3.2)

3.2. The pseudo sliding mode observer for
angular velocity

The stator current vector pseudo sliding-mode observer is based
on equation (2.1) for the IM stator currents as a real-time model
but purposely omitting the terms, which contain @,. Thus:

I*=¢[—al*+U+v (3.3)
where v = [v,, 4 v(,qiﬁ]T are the model corrections, iy and i, are
estimates of currents i, and ig, as in conventional observers. The
useful observer outputs here, however, are the continuous equiva-

lent values, v,, 4 V., g, (i.e., the short term mean values [10]), of
the rapidly switching variables given by equation (3.4a).
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Veg = " ViaxSign(I* — 1) (3.4a)

Vg = Kyl — I*] (3.4b)

Ale tato rovnica (3.4a) nemdZe priamo generovat poZadované
ekvivalentné hodnoty. Namiesto toho tu mozeme vytvorit pozoro-
vatel pracujuci v pseudo-kizavom rezime tym, Ze signum funkciu
nahradime proporcionalnym vysokym ziskom tak, ako to udava
rovnica (3.4b)

Kde K, sa voli také vysoké, ako jej to dovoluje limit pre sta-
bilitu.

Pre velké Kg,, korekéné vstupy pozorovatela blizko aproxi-
muju vyrazy chybajuce z modelu AM v realnom case (3.5a)
a nefiltrovany odhad uhlovej rychlosti rotora, cw?, moZe byt extra-
hovany z rovnice (3.5b).

Vg = C16P(w)W (3.52)

[reg)” TW
W= 3.5b
T (@en?) (3:0)

3.3. Pozorovatel pre odhad zatazového momentu
a filtrovanie odhadu rotorovej rychlosti

Odhad zafazového momentu, ktory poZaduje master riadiaci
algoritmus, sa tu robi pomocou Standardného pozorovatela, ktory
ma podobnu Strukturu ako Kalmanov filter, pretoZze sa predpo-
klada, Ze jeho priame meranie je nedostupné. Model pozorovatela
pracujici v redlnom Case je zaloZeny na rovnici (2.3). Zatazovy
moment sa tu berie ako stavova premenna, ktorej diferencialna
rovnica zodpoveda modelu v realnom case [11] a tak jej diferen-
cialna rovnica je jednoducho fL = 0. Korek¢na slucka pozorova-
tela sa aktivuje chybou medzi odhadom rotorovej rychlosti
z pseudo-kizavého pozorovatela, w; a odhadom, 3), z modelu pra-
cujucom v redlnom Case. PretozZe ziskana hodnota cf), je filtrovanou
verziou wy, je tato hodnota priamo pouzitd v master riadiacom
algoritme namiesto «¥. Verzia pozorovatela, ktora pracuje v spo-
jitom Case je dana:

A

en=W — o

A 1 3Lm . .

o= Tr 2L, p[wralsﬁ - wrﬁlsa] - rL + kofw

ko= Jw + @)

& o (3.6b)
f, = ke, (3.62)

Obidva poly pozorovatela mozu byt spoloCne umiestnené
vs = —1/T,takze filtracna Casova konstanta, T, je jedinym para-
metrom pre navrh zosilneni, k,a k. Modifikovana verzia filtrac-
ného pozorovatela, ktora je zaloZenad na umiestneni pélov v dvoch
rozliénych miestach, —w, a — w,, a ktora vykazuje vysSiu stabilitu
pozorovatela, sa pouzila v ramci experimentov. PretoZe riadiaci
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Vg = Ve Sign(I* — 1) (3.4a)

Vg = Kyl — I*] (3.4b)

But this equation (3.4a) cannot directly generate the demand-
ed equivalent values. Instead, a pseudo-slidingmode observer may
be formed by replacing the signum functions by proportionally
high gains, as it is shown in equation (3.4b).

Here, Kj,, is made as high as possible within the stability
limit.

For large, K,,, the observer correction inputs closely appro-
ximate the terms missing from the AM real-time model (3.5a) and
an unfiltered angular rotor speed estimate, w¥, can be extracted
from equation (3.5b).

Vg = C1CP()W (3.5a)
[re,)” TV

W= ——— 3.5b

' (010217“14‘) ( )

3.3. Observer for Load Torque Estimation and Rotor
Speed Estimate Filtering

The load torque estimate required by the master control law
is provided here by a standard observer having a similar structure
to a Kalman filter, a direct measurement of this being assumed to
be unavailable. The real-time model of this observer is based on
the motor torque equation (2.3). The load torque is treated here
as a state variable whose differential equation argues the real-time
model [11], and so its state differential equation is simply fL =0.
The observer correction loop is actuated by the error between the
rotor speed estimate, «?, from pseudo-sliding mode observer and
the estimate, (?),, from the real time model. Since gained value of
@, is a filtered version of &, it is used directly in the master control
law instead of w?. The continuous time version of this observer is
therefore:

~
=W — @

. 1(3L, . )
O="1"57 p[wralsﬁ - wr[?lxa] - rL + kuﬁw

7| 2L,
k= J(w + @)
o, (3.6b)
f) = ke, (3.62)

The observer poles can be both placed at s = —1/T so that
the filtering time constant, T}, is a single design parameter for the
gains, k,, and k. A modified version of the filtering observer
based on pole-placement at two different locations, —w, and —w,,
which shows higher stability of observer, was used during the
experiments. Since the control system is designed to be insensitive
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systém je navrhnuty ako necitlivy na ¢asovo premenné zatazové
momenty je evidentné, ze bude tiez necitlivy na dynamiku riade-
nej mechanickej zataze [12].

4. Experimentalne vysledky

Parametre AM a pomocnych zariadeni pouzitych pri experi-
mentoch st uvedené v Dodatku. Viriva brzda sluzila ako zataz
AM. Riadiaci algoritmus bol implementovany cez Pentium PC166,
statorové prudy boli merané cez transformatory LEM a vyhodno-
cované PC Lab kartou PCLS812, zabudovanou priamo do PC.
Modul FUJI 2803 6MBI10L pozostavajuci z IGBT tranzistorov
bol pouzity ako trojfazovy striedac, pricom napétie v jednosmer-
nom medziobvode bolo rovné U, = 52.5 [V].

Experimenty pre vSetky tri predpisané dynamiky boli vykonané
pre tu istu ziadanu rychlost @,,,, = 200 rad/s s dobou ustélenia
T,=1 a 05 s. Poziadavka pre normu magnetického toku
v dosledku nizkeho j.s. napitia bola konstantna a rovna [¥|,,,, =
= 0.0025 (Vs)? s Casovou konstantou Ty = 3 ms. VSetky tri pre-
zentované obrazky obsahuju (a) zlozky statorového prudu a roto-
rového magnetického toku pre zrychlovanie, asovy interval ¢ =

to time-varying load torques, it is evident that it will also be
insensitive to the dynamics of the driven mechanical load [12].

4. Experimental Results

The parameters of the IM and ancillary devices used for
experiments are listed in the Appendix. Eddy-current brake served
as a load of IM. The control law was implemented via a Pentium
PC166, the stator currents being measured through LEM
transformers and evaluated using a PC Lab Card PCLS812 built
directly into the PC. An IGBT transistor module FUJI 2803
6MBI10L-060 was used as a three-phase inverter, when the dc bus
voltage was equal = 52.5 [V].

The experiments for all three prescribed dynamics were carried
out at the same speed demand @, = 200 rad/s with settling
time T,,,, = 1 and 0.5 s. Magnetic flux norm demand due to low
DC voltage was kept constant and equal to H\I’Hdem = 0.0025 (Vs)?
with time constant 7, = 3 ms. All three presented figures contain-
ing (a) stator current and rotor magnetic flux components for
acceleration, time interval 1 = 0 — 0.05 s, and (b) stator current
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a) Statorové priidy a rotorové mg. toky b) Statorové pridy a rotorové mg. toky ¢) Odhadovand rychlost rotora z pozorovatela
pocas zrychlovania v ustdlenom stave v pseudo-klzavom reZime
a) Stator currents and rotor mg. fluxes b) Stator currents and rotor mg. fluxes ¢) Estimated rotor speed from pseudo-sliding
during acceleration in steady state mode observer
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o
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d) Estimated torque and rotor mg. flux norm

d) Estimated torque and rotor mg. flux norm

f) Real angular rotor speed and ideal speed
response

Obr. 3. Experimentdlne vysledky pre dynamiky prvého rdadu

Fig. 3. Experimental results for first order dynamics
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=0 — 0.05 s, (b) zlozky statorového prudu a rotorového magne- | and rotor magnetic flux components for steady-state time interval
tického toku pre ustaleny stav, Casovy interval 1 = 1.765 — 1.8 s. | = 1.765 — 1.8 s. Estimated rotor speed from the pseudo-sliding
Odhadovana rychlost rotora zo pseudo-kizavého pozorovatela je | mode observer is shown in (c). Estimated rotor flux norm and
ukazana v (c). Odhadovana norma rotorového toku a moment | load torque are shown in (d). A filtered observed speed together
zataze su ukazané v (d). Filtrovana pozorovana rychlost spolo¢ne | with ideal speed response are shown in (e) and finally subplot (f)
s idealnou odozvou rychlosti si ukazané v (e) a konecne graf (f) | shows ideal speed response and real-rotor speed.

znazornuje idealnu odozvu rychlosti a skuto¢nu rychlost rotora.

Experimentalne vysledky pre AM a dynamiku prvého radu Experimental results for IM and first order dynamics are
ukazuje obr. 3. Dosiahnuty rozsah rychlosti rotora je w,,,, = 15 — | shown in Fig. 3. The range of rotor speeds achieved is w,,,, = 15 —
— 250 rad/s s predpisanymi €asovymi konStantami 7,,= 0.15 — 1s. | — 250 rad/s with prescribed time constants 7,,= 0.15 — 1 s. It
Z obr. 3 je jasne vidief, ze AM sleduje idealnu odozvu rychlosti | can be clearly seen from Figure 3 that IM follows ideal speed res-
s minimalnym oneskorenim. ponse with minimum delay

Experimentalne vysledky pre AM a priame riadenie zrychle- Experimental results for IM and direct acceleration control
nia ukazuje obr. 4. Dosiahnuty rozsah rychlosti rotora je @, = | are shown in Fig. 4. The range of rotor speeds achieved is w,,,, =
= 25 — 250 rad/s s predpisanymi Casovymi konStantami 7,,= | = 25 — 250 rad/s with prescribed time constants 7,, = 0.15 — 1s.
= 0.15 — I s. Z obr. 4 je jasne vidiet, Ze AM rampovy narast rych- | It can be clearly seen from Fig. 4 that ramp increase of IM speed
losti AM sa dosiahol s malym oneskorenim. was achieved with short delay
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a) Statorové priidy a rotorové mg. toky b) Statorové priidy a rotorové mg. toky ¢) Odhadovand rychlost rotora z pozorovatela
pocas zrychlovania v ustdlenom stave v pseudo-kizavom rezime
a) Stator currents and rotor mg. fluxes b) Stator currents and rotor mg. fluxes ¢) Estimated rotor speed from pseudo-sliding
during acceleration in steady state mode observer
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d) Odhadovany moment a norma rotorového e) Odhadovand rychlost rotora a idedlna ) Skutocnd uhlova rychlost rotora a idedlna
mg. toku. rychlost odozva rychlosti
d) Estimated torque and rotor mg. flux norm e) Estimated rotor speed from filtering f) Real-angular rotor speed and ideal
observer & ideal speed speed response
Obr. 4. Experimentdlne vysledky pre dynamiky s konstantnym momentom
Fig. 4. Experimental results for constant torque dynamics
Konecne, experimentalne vysledky pre AM a jeho radenie Finally experimental results for IM and its control with

dynamikou druhého radu ukazuje obr. 5. Dosiahnuty rozsah rych- | second order dynamics are shown in Fig. 5. The range of rotor
losti rotora je wy,, = 15 — 250 rad/s s predpisanymi Casovymi | speeds achieved is @, = 15 — 250 rad/s with prescribed time
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konstantami 7,,= 0.15 — 1 s. Z obr. 5 je jasne vidiet, Ze AM
sleduje idealnu odozvu rychlosti s malym oneskorenim.

2 0.6

constants 7,, = 0.15 — 1 s. It can be clearly seen from Fig. 3 that
ramp increase of speed was achieved with short delay
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Obr. 5. Experimentdlne vysledky pre dynamiky druhého rdadu
Fig. 5. Experimental results for second order dynamics

5. Zavery

Vyskum novej metddy riadenia elektrickych pohonov, ktoré
vyuzivajui AM s vnutenou dynamikou vykazuje dobru zhodu s teo-
retickymi predpovedami. Pozorovatelna, hoci nie vel'ka odchylka
od idealnych vlastnosti je spdsobena hlavne nenulovym iteraénym
intervalom, 4, Casovym oneskorenim v odhadovani zatazového mo-
mentu, ako aj v dosledku chyb pri odhadovani parametrov motora
a zataZe.

ZatialCo priame riadenie momentu modzZe byt vhodné pre
vacsinu priemyslovych aplikacii, dynamika druhého radu méze byt
velmi pritazliva pre dizajnérov elektrickych pohonov Zeriavov
a vytahov. Riadiaci systém tak, ako je k dnesku vyvinuty, bude
vhodny tiez pre aplikacie ako pomocné pohony trakénych vozi-
diel, ktoré su vhodné pre bezsnimacové riadenie rychlosti AM
strednej presnosti (= 5 %).

Zlepsenie vlastnosti riadiaceho systému sa pre dynamiky
prvého radu dosiahlo aplikaciou vonkajsej riadiacej slucky zaloze-
nej na riadeni v kizavom rezime [13] a pre vietky tri dynamiky

5. Conclusions

The research of the proposed new control method for electric
drives employing induction motors with forced dynamics shows
a good agreement with the theoretical predictions. The signifi-
cant, though not very large, departure from the ideal performance
is due mainly to the non-zero iteration interval, 4, and time delay
in the load torque estimation as well as due to errors in the motor
and load parameter estimation.

While direct torque control can be suitable for a majority of
industrial applications, second order dynamic can be very attrac-
tive for electric drive designers of cranes and lifts. The control
system, as developed to date, would be suitable also for applicati-
ons as auxiliary drives of traction vehicles suitable as sensorless
speed control of IM to moderate accuracy (= 5 %).

Improvement of the overall control system performance was
achieved for first order dynamics with application of outer control
loop based on Sliding Mode Control [13] and for all three
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vonkajSou riadiacou sluckou zaloZenou na riadeni s referenénym
adaptivnym modelom [14].

6. Dodatok

Parametre AM:

Menovity vykon P,=120W,
menovita rychlost n, = 1410 ot/min,
menovity prud I,= 1A,
svorkové napatie U,=87V.

Parametre ekvivalentného obvodut:
Indukénof statora L =2
induk¢nost rotora L, = 24.6 mH,
vzajomna indukénost L =2

odpor statora R 1

odpor rotora R

moment zotrvacnosti J
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prescribed dynamics with outer loop based on Model Reference
Adaptive Control [14].

6. Appendix

IM parameters:

Nominal power P,=120W,
nominal speed n, = 1410 ot/min,
nominal current I =1A,

terminal voltage

Parameters for equivalent circuit:

Stator inductance L, = 24.6 mH,
rotor inductance L, = 24.6 mH,
mutual inductance L, =21.0 mH,

stator resistance R
rotor resistance R,=1253Q
momentum of inertia J
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SYNERGICKE POSOBENIE VYKONOVE] ELEKTRONIKY,
ELEKTRICKEJ TRAKCIE A ELEKTROENERGETIKY

SYNERGIC INFLUENCE OF POWER ELECTRONICS,
ELECTRIC TRACTION AND ELECTRO-ENERGETICS

Prispevok sa zaoberd implementdciou novych progresivnych tech-
nologii vykonovej elektroniky v oblasti elektrickej trakcie, za icelom
zmiernenia jej spdtného vplyvu na elektroenergetickii siet. Sii to pre-
dovsetkym pruzné striedavé systémy prenosu energie (FACTS), ktoré
elektronickou cestou na jednej strane obmedzuju nepriaznivé vplyvy
elektrickej trakcie, na druhej strane vylepsujii parametre elektroener-
getickej siete. Svojimi vicinkami sa zatial v elektrickej trakcii najviac
presadzuju vvkonové aktivne filtre (PAF), ktoré umoZnujii tak kom-
penzdciu zdkladnej harmonickej, ako aj vyssich harmonickych
zloZiek a slizia na prispésobenie energetickych systémov normdm
elektromagnetickej kompatibility (EMC). VyuZitim uvedenych pro-

gresivnych technologii je moziné dosahovat zvysenii efektivnost

prenosu elektrickej energie do trakcnej siete.

1. Implementacia vykonovej elektroniky
v modernizovanych elektrickych
trakcénych zariadeniach

Vykonova elektronika uz od svojho vzniku posobila v elektric-
kej trakcii ako katalyzator vyvojovych trendov elektrickych trak¢-
nych zariadeni. Ide pritom o implementaciu v troch oblastiach:
polovodi¢ové menice pre napajacie stanice striedavej elektrickej
trakcie 25 kV/16 2/3 Hz, diédové usmeriovae pre napdajacie
stanice jednosmernej elektrickej trakcie 600 - 3 000 V a polovo-
di¢ové menice pre trakcéné pohony elektrickych hnacich vozidiel
[3]. Rozvoj technoldgie vyroby vykonovych polovodicovych prvkov
sposobil pokles ich ceny, narast spolahlivosti a medznych para-
metrov tychto prvkov, ktoré su zakladnymi komponentmi polovo-
di¢ovych menicov. VSetky polovodiCové menice vSak principom
svojej Cinnosti predstavuju pre elektrizacnu ststavu nelinearnu
zataz. Pripojenim takejto zataze (napr. usmernovaca alebo frek-
venéného menica) na zdroj striedavého harmonického napétia so
sietovou frekvenciou, dojde vplyvom nelinearity k odoberaniu
neharmonického pradu.

Najjednoduchsim spésobom na kompenzovanie induktivneho
ucinnika prvej harmonickej je pouzitie kompenzaénych konden-
zatorov. Tieto kondenzatory tvoria v podstate zdroj jalového vykonu
pre kompenzované zariadenie. Najvacsi nedostatkom tohto jed-
noduchého spésobu kompenzacie ucinnika je, Ze pre kazdi zmenu

* Branislav Dobrucky, Juraj Altus, Pavol Spanik

The contribution addresses the implementation of new progres-
sive technologies in the field of electric traction in order to reduce
feedback influence on the power network. First of all, it concerns
Flexible Alternating Current energy Transmission Systems (FACTS),
which, on the one hand, limit negative influence of the electric traction;
on the other hand, they improve parameters of the power network by
an electronic method. Taking their effects into account, the Power
Active Filters (PAF) muddle through at most, because they allow
compensation of fundamental harmonics, higher harmonics and also
help to adapt energetic systems to Electromagnetic Compatibility
(EMC) standards. Using the mentioned progressive technologies it is
possible to achieve a higher value of effectiveness of electric energy
transmission to a traction network.

1. Implementation of Power Electronics
in Modernized Electric Traction Facilities

Power electronics, from its inception, always took the role of
catalysis of electric traction evolution trends. It is divided into
three main areas: semiconductor converters for 25kV, 16 2/3 Hz AC
electric traction supply stations, diode rectifiers for 600 - 3000 V
DC electric traction supply stations and semiconductor convert-
ers for electric vehicle traction drives [3]. The development of
power semiconductor elements production technology caused price
reducing, reliability increase and the increase of those elements
marginal parameters, which are the semiconductor converters basic
components. However, all the semiconductor converters, by their
operating principle, present a non-linear load for an electric power
network. Connecting such a load (e.g. rectifier or frequency con-
verter) to a harmonic AC voltage source of network frequency
comes to a non-harmonic current flow caused by non-linearity.

The simplest way to compensate for the inductive power factor
of elementary harmonic is by use of compensating capacitors.
Basically, they represent a reactive power source for compensated
facilities. The dominant drawback of this simple compensation
concept is that for every reactive current flow change, it is neces-
sary to change the compensation capacity connected to it. There-
fore, lack of dynamics, which is needed for fast varying size of
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odoberaného jalového prudu je potrebné zmenit aj vel'kost pripo-
jenej kompenzacénej kapacity. Teda tento sposob nema potrebnu
dynamiku, ktora sa poZaduje pre kompenzaciu ucinnika tak rychlo
sa meniacich zatazi, akymi polovodicové meni¢e nesporne su
a navySe nerieS§i problematiku vy$Sich harmonickych a nesumer-
nych odberov.

Dalsia moznost ako kompenzovat uéinnik prvej harmonickej
je pouZitie statického kompenzatora reaktivneho vykonu - menica
impedancie. Tento menic svojimi vlastnostami umoznuje kompen-
zovat s vysokou dynamikou, avS§ak neumoziuje filtrovat a spravidla
ani symetrizovat. Prave naopak, je zdrojom vyssich harmonickych
[1], [28].

Filtrovanie vyssich harmonickych je mozné pouZzitim rezo-
nancnych sériovych R-L-C filtrov, ktoré su naladené na jednotlivé
neziaduce frekvencie. Uskalia tohoto sposobu filtrovania spocivaju
v nedostatocnej selektivite tychto rezonanénych obvodov, v ich
vel'kych rozmeroch, v znac¢nej cene a v neposlednom rade v ich
silnej zavislosti od pretekaného prudu (nelinearity indukénosti).

V 80-tych a 90-tych rokoch predchadzajuceho storoCia boli
vyvinuté nové progresivne technologie v oblasti elektrickej trakcie,
tykajuce sa tak novych typov meniCovych pohonov striedavej
trakcie, ako aj zvySovania efektivnosti prenosu elektrickej energie
a aj elektromagnetickej kompatibility v trakénych systémoch.
Z prvych spominanych technologii si to predovSetkym: priame
momentové riadenie trakéného pohonu s vybornymi dynamickymi
vlastnostami a minimalizovanymi komutac¢nymi stratami [4], Stvor-
kvadrantovy meni¢, pouzivany vo funkcii vstupného (aj rekuperac-
ného) impulzového usmernovaca trakéného vozidla [5]-[6], ako
aj viacuroviiové zapojenia trakénych menicov [7]. Tieto st podrob-
nejSie opisané na inom mieste tohto ¢asopisu a v pracach [9], [12],
[15], [19], [27]. Z druhych zmienenych progresivnych technologii
su to: pruzné systémy striedavého prenosu elektrickej energie [11],
[14], [21] - [24] a z nich ako samostatna skupina statické kom-
penzatory a vykonové aktivne filtre [8], [10], [17], [18], [20], [23],
[25], [26], [28]. Tieto budu pre svoju doleZitost a progresivnost
podrobnejsie opisané v dalsich kapitolach. Takze vykonova elek-
tronika sa spitne uplatiuje pri zniZovani vplyvu elektrickych
trak¢énych zariadeni, najma v striedavej trakcii s usmernovacovymi
lokomotivami, na elektroenergeticku siet.

2. Flexibilné vykonové systémy na prenos elektrickej
energie (FACTS - Flexible AC Transmission
Systems) [11], [14], [21], [22], [24]

Pruzné systémy prenosu elektrickej energie patria medzi pro-
gresivne technologie v elektro-energetike a iizko suvisia s rozvijaju-
cou sa terciarnou regulaciou. Zavedenie pruznych prenosovych
striedavych systémov si vinutili meniace sa hranicné podmienky na
poli elektro-energetického napajania a bolo umoznené schopnos-
tou a vlastnostami vykonovych elektronickych komponentov vyso-
kych vykonov a koncepciou adaptivneho prenosu energie. Rychle
riadenie toku ¢inného a reaktivneho vykonu, resp. energie, rovnako
ako aj regulacia napatia, si vyZaduju aplikaciu zariadeni vykonovej
elektroniky.
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loads is typical for this kind of compensation, and in addition, it
does not solve higher harmonics- or non-symmetric flow pro-
blems.

Another alternative to compensate for the power factor of fun-
damental harmonic is the reactive power static compensator
(impedance converter) use. This converter, by its own perfor-
mance, enables high compensation dynamics; though, it is neither
able to filter nor to symmetries. On the contrary, it is the higher
harmonics source [1], [28].

Filtration of higher harmonics is possible by using serial reso-
nant R-L-C filters, which are tuned to particularly unwanted fre-
quencies. The drawbacks of this method consist of sub-marginal
selectivity of those resonant circuits, in large dimensions, big price
and, last but not least, in strong dependence on current flow
(inductance non-linearity).

In the 1980’s and 1990’s there were some progressive techno-
logies invented in the field of electric traction concerning new
types of converter drives for AC traction, rising effectiveness of
electric energy transmission and electromagnetic compatibility of
traction systems. The most important elements of those techno-
logies are: direct moment control of traction drive with excellent
dynamic performances and minimum commutation losses [4],
four-quadrant converter used as entry (also recuperative) pulse
rectifier of traction vehicle [5], [6] and multilevel schemes of trac-
tion rectifiers [7]. A detailed description of them can be found in
this journal and in works [9], [12], [15], [19], [27]. Other men-
tioned progressive technologies are: flexible AC electric energy
transmission systems [11], [14], [21] - [24], static compensators
and active power filters [8], [10], [17], [18], [20], [23], [25],
[26], [28]. Those, due to their importance and progressivism, will
be described in detail in following chapters. Thus, power electro-
nics is re-applied in decreasing electric traction facilities influence
(mainly in AC traction with rectifier equipped engines) on a power
network.

2. Flexible AC Transmission Systems
[11], [14], [21], [22], [24]

Flexible electric energy transmission systems belong to pro-
gressive technologies in electro-energetics with a strong concern
in developing tertiary control. Implementation of flexible AC elec-
tric energy transmission systems was forced by varying marginal
conditions in the field of electro-energetic supplement and was
allowed by high-power electronic components abilities and attri-
butes, and adaptive electric energy transmission conception. Both
fast active and reactive power (energy) flow control and voltage
control require application of power electronics.

Thus FACTS present the static electronic devices - power con-
trollers to increase the controllability and transmission capacity
of energetic systems. Their implementation allows a wider use of
contemporary transmission systems without an extensive expan-
sion by means of:
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Prenosové systémy FACTS zahrnuju teda statické elektronické
zariadenia (FACTS Devices) - vykonové regulatory, aby bola
zvySena riaditelnost a prenosova kapacita energetickych systémov.
Ich implementacia umoznuje §irSie vyuzitie sucasnych uz existu-
jucich prenosovych systémov bez extenzivneho rozvoja, prostred-
nictvom:

- adaptivneho riadenia toku vykonu (¢inného aj reaktivneho),

- zvysenie vykonovej kapacity prenosu,

- rychleho riadenia napétia (rychlej odozvy na zmenu pozadova-
ného napitia).

Vel'ka skupina zariadeni oznacenych skratkou FACTS sa
pouziva na zvySenie prenosovych schopnosti vedeni a na regulaciu
tokov ¢innych a jalovych vykonov v elektrizacnych siefach. Vyra-
baju sa s inStalovanym vykonom * 100 MVAr. Tok vykonu preno-
sovou sustavou je pritom ohraniceny: hranicou stability, tepelnou
hranicou, napatovym ohrani¢enim, kruhovymi tokmi vykonu. Ob-
medzenia pri prenose elektrickej energie mozeme vyrieSif bud
budovanim novych prenosovych kapacit alebo pouzitim novych
progresivnych technologii, ktoré prichadzaju v podobe zariadeni
FACTS. Medzi mnozinu FACTS, ktoré sa pouZivaju na zvySenie
prenosovych kapacit, patria 3 skupiny zariadeni:

o statické kompenzdtory jalového vykonu, urCené na kompenzaciu
reaktivneho vykonu zakladnej harmonickej zlozky v paralelnom
a sériovom zapojeni (klasicky staticky VAR kompenzator s riade-
nou tlmivkou, tyristorovo riadeny a spinany sériovy kondenzator),

o aktivne dynamické kompenzdtory, uréené na kompenzaciu reak-
tivneho vykonu zakladnej harmonickej zlozky v paralelnom
a sériovom zapojeni (staticky synchronny kompenzator, staticky
synchronny sériovy kompenzator),

« aktivne reguldatory napdtia a cinného aj jalového vykonu (univer-
zalny regulator toku vykonu.

Prva skupina kompenzatorov vyuZiva na spinanie poloriadené
vykonové polovodic¢ové prvky (obycajné tyristory), preto reguluji
iba okamih pripojenia a tym vel'kost napétia pripojeného na kom-
penzacny prvok, ¢im sa meni vel'kost a faza kompenzacného pridu.
Tvar kompenzacného prudu je vSak uréovany charakterom zataze,
t. j. kompenzacného zariadenia Ich reakéna doba je preto 1-2,
prip. viac period napéjacieho napdtia.

Skupina aktivnych zariadeni FACTS sa 1isi od prvej skupiny
hlavne tym, Ze priebeh kompenzaéného prudu vytvara aktivnym
spinanim vykonovych polovodi¢ovych prvkov a ich reakéna doba
je podstatne mensSia ako v prvej skupine a moze byt mensSia ako
1/6 periody napajacieho napétia. Tak isto aj deformacny vykon
vytvarany spinanim polovodi¢ovych prvkov je podstatne mensi ako
v prvom pripade.

Do skupiny aktivnych kompenzatorov by sme mohli zaradit aj
vykonové aktivne filtre, ktorych povodné urcenie je kompenzacia,
¢i filtrovanie vyssich harmonickych zloziek zatazového prudu.
Tym sice zlepSuju kvalitu dodavanej a odoberanej energie, ale na
zvyseni prenosovej kapacity sustavy sa to prejavi iba v malej
miere. Preto tvoria samostatni skupinu kompenzaénych zaria-
deni. V principe vSak vykonové aktivne filtre m6zu kompenzovat
aj jalovy vykon a ucinnik zakladnej harmonickej, ako ukaze vypocet
referencnej hodnoty kompenzacného prudu v kap. 3.

- adaptive power (both active and reactive) flow control,
- power transmission capacity increase,
- fast voltage control (fast response on voltage required value).

A large group of facilities marked with the FACTS acronym is
used for the transmission lines capacity increasing and for active
and reactive power flow control in electrified network. The power
flow through the transmission system is, at the same time, limited
by: stability-, thermal- and voltage limits, and circular power flow.
The limitations of the electrical energy transmission can be solved
either by a new transmission capacity building or by using new
progressive technologies, which come as FACTS devices-wise. There
are three groups of the transmission capacity increasing FACTS
devices, which are:

« static reactive power VAR compensators, dedicated for compensa-
tion of fundamental harmonic reactive power, in parallel- and
serial connection (classical static VAR compensator with con-
trolled reactor, thyristor-controlled- and a switched serial capa-
citor),

 active dynamic compensators, dedicated for compensation of

fundamental harmonic reactive power, in parallel- and serial

connection (static synchronous compensator, static synchro-
nous serial compensator),

active controllers of voltage and active- and reactive power (unified

power flow controller).

The first group of compensators uses the half-controlled power
semiconductor devices (ordinary thyristors). Therefore, they can
control instant of switching and the consequently value of the
voltage connected to the compensating element. By this, it can
control the magnitude and phase of compensation current. But the
shape of the compensation current is determined by the nature of
the load, i.e. by compensation device. The reaction time of those
compensators is, therefore, more than 1-2 periods of the supply
voltage.

The group of the active FACTS facilities differs from the first
one mainly in that the shape of compensation current is creating
by active switching of power semiconductor devices. Their reac-
tion time is, therefore, essentially smaller to the first group and
can be smaller than 1/6 of the period of supply voltage. The dis-
tortion power created by the switching of semiconductor devices
is also essentially smaller than in the previous case.

The active power filters can be included into the active group
of compensators since their original purpose is compensation of
higher harmonics of load current. In spite of improvement of the
quality of delivered and regenerated energy this way, the system
transmission capacity rising will only be affected by the small
measure. So, the filters present a special separated group of the
compensation facilities. However, the power active filters can
compensate for the reactive power and power factor of the funda-
mental harmonic component, as described in the compensation
current reference value calculation in the next chapter.

Beside this, further groups of FACTS facilities do exist as
dynamic restorers and uninterruptible power supplies (UPS),

18 « KOMUNIKACIE / COMMUNICATIONS 2-3/2001



Okrem toho existuju dalSie skupiny zariadeni FACTS kde
patria dynamické restauratory napétia a vykonové zaskokové zdroje
(UPS - Uninterruptible Power Supply), ktoré podstatne zvysuju
spolahlivost a kvalitu dodavanej elektrickej energie.

V dalsom texte opiSeme jednotlivé zariadenia FACTS so struc-
nou charakteristikou a oblastou pouzitia.

Staticky kompenzdtor reaktivneho vykonu (SVC - Static VAR
Compensator)

Statické kompenzatory reaktivneho vykonu su elektronické
zapojenia v kombindcii s reaktiv-

&
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which essentially increase the reliability and quality of delivered
electric energy.

In the next text the pointed FACTS facilities with the short
characteristics and the field of utilization will be described.

SVC - Static VAR Compensator

Static compensators of reactive power are electronic devices
combined with reactive elements (reactor, capacitor). Their power
is regulated by two anti-parallel connected thyristors (see Fig. 1).
In case of reactor, this can be phase-controlled or just switched

nymi prvkami (cievka, kondenza-
tor), ktorych vykon reguluje
dvojica protismerne zapojenych T Qpgt
tyristorov (obr. 1). V pripade
cievky, moze byt tato plynulo
fazovo riadena, alebo iba spinana ke
celoCiselnym poctom polperiod.
Druhy sposob nie je sice plynuly,
avSak ma vyhodu v tom, Ze nevy-
tvara vysSie harmonické. Cievka
je vyhotovena bez feromagnetic- TSR TSC
kého jadra, z dovodu zahrievania 4 b
vy§§imi harmonickymi. Podob-
nym spésobom moze byt spinany
aj vykonovy kondenzator, ktory
moze byt pripajany mechanickym
spinaCom. Z hladiska pripojenia
k sieti ide o paralelny VAR kompenzator. Priebeh fazového pradu
v jednej polperiode napajacieho napétia je na obr. la.

Pre prvii harmonicku je mozné pri zanedbani odporov ziskat
vztah, ktory udava zavislost amplitidy prudu prvej harmonickej
od riadiaceho uhla.

Il(a) = \/g.(U/Z) [1 = 2a/7 — sin Qa/m)]

Statické VAR-kompenzatory su v prevadzke v rdéznych vyho-
toveniach. Ich typické zapojenia su na obr. 1. Vo vicsine pripadov
ide o kombinacie vykonovych spinacich suciastok s kondenzatorom
alebo reaktorom, prip. timivkou, akymi su:

« tyristorovo riadeny reaktor, resp. timivka (TCR),
« tyristorovo spinany kondenzator (TSC),

« tyristorovo spinana tlmivka (TSR),

« mechanicky spinany kondenzator (MSC).

Statické kompenzatory SVC sa mozu pouzit pre nasledujice
typy uloh:

« dynamicka stabilizacia napétia, lepSia schopnost prenosu energie,
znizenie vy$Sich harmonickych napitia,

« zlepSenie synchronnej stability, vySSia dynamicka stabilita, lepSie
tlmenie sustavy,

« dynamické vyrovnavanie zataze,

« udrZiavanie napatia v statickej prevadzke.

Tyristorovo riadeny sériovy kondenzdtor (TCSC - Thyristor Con-
trolled Serial Capacitor)

Zapojenie pozostava z vykonového kondenzatora, premoste-
ného s tyristorovo riadenou cievkou, resp. reaktorom. Proti spina-

periods. The second manner
is not continuous but an
advantageous because it
does not generate higher
harmonics. The reactor is
e constructed without a ferro-

by a fixed number of the
T Qnel

magnetic core due to warm-
§% ing by higher harmonics.

TCR
Obr. 1. Priebeh fizového priidu v uvedenom zapojeni je vo vSeobecnosti
neharmonicky, [1]

Fig. 1. The current waveform in mentioned connection is in general non-
harmonic one, [1]

T T Similarly, the power capaci-
tor can be switched, which
can be connected by a me-
chanical switch. From the
point of view of connecting
the VAR compensator to
the net, it is a parallel con-
nection. The time-wave-
form of phase current dur-
ing one half-period of supply voltage is depicted in Fig. 1c.

TSC Fitters

By neglecting passive resistance, it’s possible to present the
relation for dependency of current magnitude of fundamental
harmonic on control angle:

() = \/g.(U/Z) [1 = 2a/7 — sin Qa/m)]

Static VAR compensators are operated in different versions.
In most of the cases it involves combinations of power switching
elements with a inductor or capacitor:

« Thyristor controlled reactor (TCR)

« Thyristor switched capacitor (TSC)

« Thyristor switched reactor (TSR)

« Mechanically switched capacitor (MSC)

Static VAR compensators can be used for the following types
of tasks:
« dynamic voltage stabilization, higher energy transmission ability,
higher voltage harmonics decreasing,
« synchronous stability improvement, better dynamic stability,
better attenuation of system,
« dynamic load compensation,
« balance the voltage to margins of static operation.

TCSC - Thyristor Controlled Serial Capacitor
The devices consist of a power capacitor clamped by the thy-
ristor-controlled inductor or reactor, respectively. The metal oxide
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cim prepétiam sa pouZiva ochrana varistorom MOV (Metal Oxid
Varistor). V tomto pripade ide vlastne o sériovy VAR kompenza-
tor. Zariadenie TCSC dokaze riadit aj ¢inny vykon v prenosovom
vedeni a tieZ sa pouziva na timenie elektromechanickych oscilacii.
Pre timiace ucinky plati nasledovné:

« efektivita TCSC sa pri riadeni kyvania vykonu zosiliiuje s vel'kos-
tou prenasaného vykonu,

« Ucinky tlmenia v prenose su nezavislé od miesta instalacie,

« Ucinky tlmenia nie su ovplyviiované zatazovou charakteristikou.

Zapojenie sériového VAR kompenzatora je na obr. 2.

Staticky synchronny kompenzdator (STATCOM - Static Synchro-
nous Compensator)

Staticky synchronny kompenzator pracuje podobne ako rotacny
synchronny kompenzator: - dodava alebo odobera zo siete reaktivny
vykon zakladnej harmonickej. Pozostava z napitového striedaca
napajaného z kondenzatorovej batérie, prevodového transforma-
tora s rozptylovou filtra¢nou indukcnostou (obr. 3), ako aj z pri-
slusného riadiaceho podsystému. Vystupny prid kompenzatora
ma priblizne sinusovy priebeh a je posunuty za napatim o 90° el.
V désledku toho modze dodavat alebo odoberat zo siete reaktivny
vykon zakladnej harmonickej. Velkost odoberaného, resp. doda-
vaného je mozné regulovat pouzitim vhodného typu SIM-modu-
lacie napétového striedaca.

Obr. 2. Zapojenie sériového VAR kompenzdtora
Fig. 2. Basic connection of serial VAR compensator

STATCOM je vlastne SVC kompenzatorom v ovela ,fahSom*,
menej rozmernom vyhotoveni a s minimalnou moznou reakénou
dobou. Jeho reakcia je takmer okamzita, bez oneskorenia, v nasle-
dujucej periode vzorkovania. Podrobnejsi opis sposobu riadenia
a filtrovania vystupného prudu je uvedeny v dalsSej kapitole.

STATCOM moze pracovat v nasledujucich rezimoch:

» dynamicka stabilizacia napatia, vacSie moznosti prenosu vykonu,
menSie kolisanie napatia,

« zlepSenie synchronnej stability, vySSia dynamicka stabilita, lepSie
tlmenie sustavy,

« dynamické vyrovnavanie zataze,

varistor (MOV) is used as protection against switching voltages.
In this case, it is a serial connection of static VAR compensator.
TCSC devices provide to control the active power of trans-

mission lines and it usually serves to attenuation of electromag-

netic oscillations. For attenuate effects apply the following:

« effectiveness of TCSC is increasing during the control with
transmitted power,

« attenuate effects in transmission are independent of the instal-
lation place,

« attenuate effects are not influenced by load curve.

The scheme of connection of serial VAR compensator is
shown in Fig. 2.

STATCOM - static synchronous compensator

Static synchronous compensator works similarly as rotary
synchronous compensator: - deliver or regenerate reactive power
of fundamental harmonic to or from supply network. It consists
of voltage source inverter supplied from capacitor battery, coup-
ling transformer with leaking filtering inductance (Fig. 3) as well
as of corresponding control subsystem. The output current of it is
similar to sinusoidal shape and it is shifted by voltage 90 degrees.
Consequently, it can deliver or withdraw reactive power of funda-
mental harmonic from the network. Using a suitable type of
PWM-modulation of the voltage inverter can control the value of
the delivered or withdrawn reactive power.

V(
T
’q T V;
VSC
Yoe
+ 8 -
i

Obr. 3. Zikladné zapojenie kompenzdtora STATCOM
Fig. 3. Basic connection of STATCOM compensator

STACOM is indeed a static VAR compensator but a much
more smaller one with minimum reaction time. Its acting is almost
instantaneous without delay in the next period of sampling. More
detailed description of the operation, control and filtering of
output current is given in the next chapter.

STATCOM can run in following regimes:

« dynamic voltage stabilization, higher energy transmission pos-
sibilities, less voltage fluctuation,

« synchronous stability improvement, higher dynamic stability,
better attenuation of system,

+ dynamic load compensation,

« balancing of the voltage to margins of static operation.
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« zlepSenie kvality dodavanej elektrickej energie,
« udrzanie napéatia v stacionarnom stave,

Staticky synchrénny sériovy kompenzdtor (SSSC - Static Syn-
chronous Serial Compensator)

Staticky sériovy kompenzator sa svojim zapojenim liSi od
predchadzajiceho tym, Ze napétovy striedaC je v tomto pripade
pripojeny k sieti cez ,prudovy” sériovo zapojeny transformator,
obr. 4. Na krytie energetickych strat strie-
daca je kondenzatorova batéria, dobijana
zo zvlastneho zdroja. Ked'Ze v principe je
SSSC uréeny na kompenzaciu iba reaktiv-
neho vykonu, dobijaci zdroj je maly. Pri
kompenzacii sa meni velkost napétia
vytvaraného kompenzatorom, pricom jeho

V26,
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SSSC - static synchronous serial compensator
The scheme of the static serial compensator differs from the
previous one by connecting to the network via “current” serial
transformer, as shown in Fig. 4. To cover energetic losses the capa-
citor battery has to be charged from the separate source. Due to
compensation of reactive power the charging source is small. The
value of the voltage generated by compensator during the opera-
tion changes whereas the voltage vector is vertical to the network
voltage vector. The appara-
tus is indeed a substitute of

vektor je kolmy k vektoru napitia siete.
Zariadenie je vlastne nahradou sériového

+ VC_ Viégl the serial controlled capa-

| S I citor and inductor since
I —— the output voltage of SSSC

can be controlled indepen-

dently on network voltage.

V5C SSSC is applicable for

plynulo riadeného kondenzatora a cievky
s tym rozdielom, Ze vystupné napitie

the same tasks as the regu-
lation serial compensator,

SSSC moze byt riadené nezavisle od

it

namely for dynamic power

napétia siete.

SSSC je vhodny pre rovnaké ulohy

Energy source

flow control as for voltage
and angle stability impro-
vement. The fact that

ako regulacny sériovy kompenzator, totiz
pre dynamické riadenie toku vykonu, ako
aj pre zlepSovanie napétovej a uhlovej sta-
bility. Skutocnost, ze SSSC mozZe dodavat prenosovej sustave tak
kapacitné ako aj induktivne napdtie, zvacSuje oblast prevadzky
pristroja. Z hladiska regulacie je mozné SSSC pouzit tak na zvy-
Sovanie ako aj na zniZovanie toku vykonu. V oblasti stability umoz-
fuje tlmit elektromechanické kmitanie efektivnejSie ako sériovy
kondenzator.

Univerzalny reguldtor toku vykonu (UPFC - Unified Power Flow
Controller)
Zapojenie univerzalneho re-

Obr. 4. Principidlne zapojenie sériového synchronneho kompenzdtora
Fig. 4. Basic connection of serial synchronous compensator

SSSC can produce both
active and reactive voltage
enlarges the operating area
of the device. In relation to control it is possible to use SSSC both
for increasing and decreasing the power flow. Concerning the sta-
bility, it can attenuate electromechanical oscillations more effecti-
vely as a serial capacitor.

UPFC - Unified power factor controller

The basic connection of this device is depicted in Fig. 5. It
consists of two powerful semiconductor converters interconnect-
ed by a DC link, and connected to the line via coupling a serial-
and parallel transformer.

gulatora toku vykonu je na obr. 5. Vi<o, traf:f?,fne, PQ Yi£6 The main task of conver-
Zariadenie pozostava z dvoch vy- | —— | ter 2 is to control the
konovych menicov, prepojenych BLLi Busj output voltage of trans-
spolocnym jednosmernym medzi- mission lines and also
obvodom a pripojenych k sieti cez output power. The basic
prevodové transformatory (para- traf;g?r;er CO”‘f“er = CO“‘fﬁe’ task of converter 1 is to

lelne a sériovo). Hlavnou ulohou

balance the active power
in the DC link of the

menic¢a 2 je riadif vystupné na-

patie prenosovej sustavy a tym aj e
vystupny vykon. Zakladnou tlo-
hou menica 1 je udrziavat rovno-
vahu ¢inného vykonu v jedno-
smernom medziobvode oboch meni¢ov. Okrem toho méze doda-
vat a odoberat zo siete reaktivny vykon tym, Ze reguluje napatia na
vstupnych pripojniciach.

Vykonovy regulator UPFC mdzZe teda riadit sucasne Cinny
a jalovy vykon. Vo vSeobecnosti ma tri regulacné veliiny a moze
byt prevadzkovany v roznych druhoch prevadzky. V principe moze
vykonovy regulator UPFC realizovat funkciu inych opisanych

Obr. 5. Zapojenie univerzdlneho reguldtora toku vykonu UPCF
Fig. 5. Basic connection of unified power flow controller UPFC

converters. Besides, it
can also generate and
withdraw the reactive
power from and into the
network by voltage controlling of the input lines.

UPFC can vary both active and reactive power at the same
time. Generally it has three regulated quantities, and it can be ope-
rated in different operation states. Parallel-connected converter
controls input bus bar voltage (Fig. 5), while serial-connected con-
verter controls the active and reactive power or active power and
voltage in serial connected node. In principle UPFC could execute

KOMUNIKACIE / COMMUNICATIONS 2-3/2001 =« 21



KOMNIKOCIe

C O M MUNICATI ON:S

FACTS zariadeni, a to udrZanie napdtia, riadenie toku vykonu
a zlepSenie stability.

3. Vykonové aktivne filtre v elektrickej trakcii
[81, [18], [20], [23], [25]-[26], [28]

Ako sme uz uviedli v ivode hlavnymi problémami v elektrickej
trakcii z hladiska spoluprace s energetickou napajacou sustavou
su: kompenzacia zakladnej harmonickej (jalového vykonu), vysSich
harmonickych zlozZiek (deformaéného. vykonu) a Ciastoéne zvySe-
nie elektromagnetickej kompatibility EMC.

Ukazuje sa, Ze najvyhodnejsim kompenza¢nym a filtracnym
zariadenim je paralelny vykonovy aktivny filter (PAF-Power Active
Filter). V jednofazovom zapojeni je schopny plnit aj funkciu filtra,
funkciu kompenzatora ucinnika zakladnej harmonickej a aj pro-
striedku na zvySenie elektromagnetickej kompatibility. Pri viacfa-
zovych systémoch je vyhodné pouzif viacfazovy aktivny filter,
ktory dokaze rieSif aj problematiku symetrizovania nesymetric-
kych zatazi. Zapojenie jednofazového paralelného aktivneho filtra
je na obr. 6.

Pretoze zatial nie je mozné

—[ passive

the function of other FACTS devices, namely voltage stabiliza-
tion, power flow control and stability improvement.

3. Power Active Filters in Electric Traction
[81, [18], [20], [23], [25]-[26], [28]

As mentioned above the main problems in electric traction -
from point of view of cooperation with an energetic power supply
system - are: compensation of fundamental- and higher harmonics
(i.e. of reactive- and distortion power), and electromagnetic com-
patibility increasing.

It seems that the most suitable means for compensation and
filtration is parallel active filter PAF. It is, in a single-phase con-
nection, possible to provide the functions of the filter, the com-
pensator of power factor of basic harmonic and also the means of
electromagnetic compatibility increasing. In contrast, in multi-
phase systems it is suitable to use a multi-phase active filter, which
can solve the problematic symmetrization of non-symmetrical and
non-linear loads. The connection of a single-phase parallel active
filter is shown in Fig. 6.

Since it is not possible

navrhnut a skonstruovat vyko- T Stor to design and build a power
novy aktivny filter, ktory by [transtormer is ipt il active filter for voltage of 25
pracoval priamo s napatim 25 } u_sl if ronlinear % KV, used in electric traction,
kV, ktoré sa pouZziva v elektric- foad step-down coupling transform-
kej trakcii, je schéma doplnena | ™ = o) er T2 completes the scheme.
0 zniZovaci vazobny transfor- e ! With the help of the power
mator T2, pomocou ktorého i Jé = active filter it is connected to
sa filter pripoji k trakénej sus- N traction power supply system.

tave. Vystupné napétie trans-
formatora je potrebné volif
s ohladom na napatové dispo-
zicie pouzitych polovodico-
vych prvkov.

Pouzita stratégia riadenia SIET

aktivneho filtra - kompenzdtora

Obr. 6. Schéma zapojenia jednofizového paralelného aktivneho filtra
Fig. 6. Scheme of connection of single-phase parallel active filter

Izataze

Output voltage of the trans-
former should be chosen
regarding to voltage with-
stand the power semiconduc-
tor devices.

| -~ lum

RIADENY _
USMERNOVAC
Strategy used for control

of an active filter.

Jjalového a deformacného vykonu

Na uréenie najdolezitejsej
riadiacej veliCiny - referencné-
ho prudu paralelného aktivne-
ho filtra je mozné pouzit r6zne
metddy rieSenia, napr. metodu
harmonickej analyzy, okami-
hového ¢inného a jalového vy-
konu (tzv. p—g metoda) ako aj

ete
—»
~

*Viltra

Usiete Usiete

- ES
LT

metodu urcujucu referencny

g Vypocet ref. pradov
K

3

For determining the
most important control
quantity of parallel active
filter - its reference current
- the methods of the Fourier
harmonic analysis, instanta-
neous reactive and active
power, and average value of
active power can be used.

Hyst. komparator

Iref

izé('aie
prud na zaklade 1. harmonickej p — P + Lt -y 4 Application of the methods
prudu zataze pomocou strednej Vypodet p,g q i q > Pl 1« 65‘\,’ = mentioned above give nearly
hodnoty ¢inného vykonu. Pou- ‘ P ‘[ the same results, so only the
Zitie uvedenych metod vedie L \F/’)"P<§et Q method making possible the
v podstate k rovnakym vysled- AR separated compensation of

kom, takze dalej je opisana
p—q metoda, ktora umoznuje

Obr. 7. Celkovd blokovd schéma riadiaceho systému pri pouZiti p—q metédy
Fig. 7. Total block scheme of control system using p—q method

reactive and distortion power
will be described next. The
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oddelentt kompenzaciu deformacného a jalového vykonu. Celkova
blokova schéma riadiaceho systému je na obr. 7.

V prvej faze vypoCtu st namerané hodnoty siefového prudu
a napétia transformované do a— 3 ortogonalneho systému pomocou
nasledujucich transformaénych rovnic (pre jednofazovy systém):

= u(t), resp. =\u——
u, = u(t) p. Ug (u 4)

a podobne:

T
I = (1), Tesp. ig=il1— Z

Dalej su tieto transformované velidiny pouZité pre vypocet
realnej a imaginarnej zloZky okamihového vykonu v a— 8 ortogo-
nalnom systéme podla vztahov:

pP= Uy iy Tugig p=Py+psic

q=Uy g~ Ug Iy 4= 0wt dsc

Redlna - p ako aj imaginarna ¢ - zlozka okamihového vykonu
zataZe obsahuju jednosmerné (P, a Q) a striedavé (p,e a q,0)
zlozky. Pritom jednosmerné zlozky su ekvivalentné ¢innému
vykonu, resp. jalovému vykonu 1. harmonickej, striedavé zlozky su
ekvivalentné vyssim harmonickym zlozkam.

V pripade, Ze chceme, aby vykonovy aktivny filter pracoval
iba ako filter vyssich harmonickych je potrebné, pre vypocet refe-
renéného prudu, oddelit jednosmerné zlozky vykonu - P, a Q.
Vykonovy aktivny filter bude potom pracovat vo funkcii kompen-
zatora deformacného vykonu.

V pripade kompenzdcie iba jalového vykonu zdtaze je potrebné
oddelit jednosmernu realnu zloZku P, a obe striedavé zlozZky
vykonu p - a g 4. Vykonovy aktivny filter bude teraz pracovat ako
staticky synchronny kompenzator (STATCOM), opisany v pred-
chadzajucej kapitole.

Pre kompenzdciu deformacného aj jalového vykonu siuicasne
postauje oddelenie iba jednosmernej redlnej zlozky P, vykonu.
Aktivny filter by teraz pracoval aj ako kompenzator zakladnej
harmonickej a aj ako filter vyS$Sich harmonickych. Problémom
vsak je vyhotovit vykonovy polovodicovy meni¢, dimenzovany na
vel’ky kompenzaény vykon zakladnej harmonickej (radovo MVA),
ktory by sucasne spinanim vysokou frekvenciou vytvaral kompen-
zacny prud vysSich harmonickych zloziek (radovo desiatky kHz).
V tomto pripade sa uplatni rieSenie aktivaeho filtra s distribuova-
nym vykonom a decentralizovanym riadenim.

Na oddelenie jednosmernych zloziek mozu byt vyuzité rozne
techniky, napr. Butterworthov dolnopriepustny filter vyssich radov,
metoda kizavého priemeru a pod. Po oddeleni jednosmernych
a striedavych zloziek, v zavislosti od pozadovanej funkcie aktiv-
neho filtra, celkovy referenény prud paralelného aktivneho filtra
je vypocitany podla vztahu:

1
Ier(1) = D (U Pac — g Gac)
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block scheme of the control system for computing is given in
Fig. 7.

At first the measured values of the source voltage and load
current are transformed into an a— 3 orthogonal system using the
following transformation equations (for single-phase system):

T
u, = u(t), and ug= (u - X) respectively.
and similarly:
T
o =100, and ig=i{t— ik respectively.

Then the transformed quantities are used for determining the
real and imaginary components of the power in a—f system of
co-ordinates, by the following relations:

pP=uy iy tugig p=Py+pic

q=Uy lg—Ug-ly 4= 0w+ duc
where the real and imaginary parts of power consist of DC (P
and Q) and AC components (p,- and ¢ ).

DC components are equivalent to active and reactive power,
respectively. Similarly, the AC components are equivalent to
higher harmonics.

In the case of compensation of the distortion load’s power the
PAF will be operating as a higher harmonics filter. Then both DC-
components P, and @, should be separated from the total
power.

In the case of compensation of reactive load’s power it is neces-
sary to separate the DC real component (P,;,) and both AC com-
ponents (p,- and q,.). Now, the PAF will be acting as the static
synchronous compensator STATCOM described in the previous
chapter.

For simultaneous compensation of both distortion and reactive
power the separation of the DC component P is sufficient. Thus,
the PAF will be operating as a compensator of the fundamental
harmonic and filter of higher harmonics. However, the problem is
to build such a power semiconductor converter rated for big reac-
tive power of fundamental harmonic (ordered MVAR) at high
switching frequency (ordered kHz) to create compensation
current of higher harmonics. In this case, the good technical solu-
tion presents an active filter with distributed power and decentralized
control.

Different techniques can be used for DC components separa-
tion, such as Butherworth low-pass filtering, moving average
method, etc. After separation of DC-and AC components in regard
to the demanded function of PAF, the total reference current can
be calculated by the relation:

1
L (1) = e (g " Pac — Ug " Guc)
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pre kompenzaciu iba deformac¢ného vykonu, alebo:

1
iref(t) = B : (7 uﬁ : QAC)

pre kompenzaciu iba jalového vykonu zataze, resp.:

1
ire/'(t) = B ' (ua *Pac T Ug* Q)
pre kompenzaciu deformacného a jalového vykonu, pricom D je
determinant sustavy.

K celkovému referen¢nému pradu je potrebné pripocitat eSte
¢innu harmonicku zlozku i, ktora sluzi na pokrytie strat vzni-
kajucich v silovej ¢asti menica. Na urcenie amplitudy tohoto har-
monického prudu sa da s vyhodou pouzit Pl-regulator jednosmer-
ného napdtia menica.

Vykonové menice vyuzivané v oblasti vykonovych
aktivnych filtrov pracuju na principe periodickych zapi-
nani jednotlivych polovodicovych prvkov. Tato skutoc-
nost sposobuje, Ze vysledny vystupny prud vykonového 1
aktivneho filtra obsahuje okrem zakladnej zlozky aj
zlozku vysokofrekvenénu, ktorej frekvencia je imerna
spinacej frekvencii celého vykonového aktivneho filtra.

for compensation of distortion power, or:
1
iref(l) = B : (7 Ug: QAC)
for compensation of reactive load’s power, and finally:

1
ire/(t) = 5 : (ua “Pac T U 9)
for compensation of both distortion and reactive power, whereas
D is the determinant of the system.

For computation of total reference current it should be added
that the real harmonic component i,,,,, which covers the losses
generated by the power part of the PAF converter. The magnitude
of this current can be determined advantageously using PI con-
troller of DC voltage of the converter.

L, Power semiconductor conver-
ters used in field of power active
3 filters operate based on periodi-
cally switching semiconductor ele-
ments. This fact causes that result-
ed output current of PAF contents

ClT

Superponovana VF zlozka moze dalej sposobit problémy 2
funk¢éného, ekonomického ako aj legislativneho cha-
rakteru. Preto je vhodné pri aplikaciach ako st vykonové
aktivne filtre pouzit vystupny filtracny clanok, ktory
zamedzi prieniku nosného kmitoctu do siete. Tento pasivny filter
na vystupe PAF filtruje vyssie harmonické zlozky v okoli spinacej
frekvencie aktivneho filtra. Na odfiltrovanie nosnej zlozZky mozu
byt pouzité rozne typy filtranych obvodov, napr. sériovy rezo-
nancny obvod naladeny na zakladnu frekvenciu siete pripojeny do
série s menicom, sériovy rezonancny obvod naladeny na nosny kmi-
toCet pripojeny paralelne k menicu, dalej filtracny ¢lanok typu I’
alebo T, resp. filtrany ¢lanok zlozitejSej typologie.

Pre praktické vyuzitie sa javi ako najvyhodnejsi filtraCny
¢lanok typu I'. Vseobecna schéma zapojenia filtraného ¢lanku je
na obr. 8.

Filter typu I predstavuje neselektivnu zadrz pre nosny kmito-
Cet a CiastoCny skrat pre nosny kmitocet a jeho vyssie harmonické
nasobky. Vo vécSine pripadov navrhu sa kmito¢tova doména roz-
deluje na dve hodnoty, pracovny kmitocet menica (50 resp. 60 Hz)
a kmitocet nosny. Tento je pri vykonovych aktivnych filtroch obme-
dzeny predovsetkym spinacim stratovym vykon na polovodi¢ovych
suciastkach a v praktickych aplikaciach zriedka presahuje 5 - 10
kHz (plati nepriama umernost medzi vykonom menica a jeho spi-
nacou frekvenciou). Z hladiska vystupného filtracného ¢lanku je
potom vyhodnejSia vySSia spinacia frekvencia, pretoZe sa v takomto
pripade da dosiahnut lepsi stupen filtracie vystupného prudu, pri
sucasnom mensom rozmere prvkov filtracného Clena, predovset-
kym cievok. Ubytok napitia s nosnou spinacou frekvenciou (95 -
98 %) zadrziava tlmivka L,, priCom pracovny prud sposobuje iba
maly ubytok napdtia do 10 %. Kondenzatorom C, tecie hlavne
prud s nosnym kmitotom obmedzeny timivkou L,, takZe vystupné
napdtie tohoto kmito¢tu moéze byt obmedzené na hodnotu len
niekol'ko percent napatia vstupného. Vykon takéhoto filtracného

Obr. 8. Filtracny ¢ldanok typu I'
Fig. 8. Filter circuit of type of I'

4 besides the basic RF component.
Its frequency is proportional to the
switching frequency of PAF. This
RF component can also cause pro-

blems of function,economic, and legislative character. Therefore,

for applications such as power active filters, it is useful to apply fil-
tering of an output signal, which restricts penetration of switching
frequency into network. A different type of passive filter circuits
can be used for separating the carrier component such as a serial
resonant circuit tuned in to a fundamental frequency, parallel
resonant circuit tuned in to a switching frequency, filter circuit of
type I or 7, and many other topologies. For practice application
it seems that the filter circuit of type of I' is most suitable. The
general scheme of the connection of filter circuit is shown in
Fig. 8.

I'type of the filter circuit presents a non-selective trap for
carrier frequency and a partial short circuit for the carrier frequ-
ency, and its higher harmonic multiplies. In most of the applicati-
ons the frequency domain is divided into two values, working
frequency of converter (50 or 60 Hz) and carrier frequency.
Regarding the active power filters, this frequency is at first limited
by switching power losses on semiconductor elements, and in
practical applications rarely exceeds 15 - 20 kHz (inverse ratio
between converter power and switching frequency). In terms of
the output filter circuit, the higher switching frequency is prefe-
rable, because in this case it is the higher filtering level of output
current possible besides smaller dimensions of elements and coils.
A voltage drop of carrier frequency (95 - 98 %) is restricted by
coil L,, while the working current causes only a small voltage
drop of up to 10 %. Through capacitor C, the current flows of car-
rying frequency limited by inductor L,, so the output voltage of
this frequency can be limited to several percent points of input
voltage. The power of such a filter circuit might only be 5 - 10 %

24 + KOMUNIKACIE / COMMUNICATIONS 2-3/2001



¢lanku moze byt iba 5 - 10 %, celkového vykonu aktivneho filtra,
pricom straty dosahuju 1 - 5 % vykonu menica. Priebeh vystupného
prudu aktivneho filtra pred a po filtracii je na obr. 9.

Prid na vystupe filtratného clena
AR
_ KHs)
Prid na vystupe filtratného clena
-2 -
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of the general active filter power, while the losses are 1 - 5 % of
converter power. Waveform of PAF-output current before and
after filtering is shown in Fig. 9.

{3me ELS ims

Obr. 9. Priebeh vystupného priidu aktivneho filtra pred a po filtrdcii
Fig. 9. Waveform of PAF-output current before- and after filtering

4. Perspektivy zvySovania efektivnosti prenosu
elektrickej energie

Proces reStrukturalizacie priemyslu, zmena vlastnickych
vztahov a prechod na trhovi ekonomiku prinasa so sebou aj novy
pohlad na otazky dostatocnosti a kvality elektrickej energie. Otazka
dostatku elektrickej energie je Coraz tazSie rieSitelna cestou exten-
zivneho budovania novych prenosovych vedeni a vyrobni elektrickej
energie. Poziadavky vlastnikov pozemkov, ochranarskych organi-
zacii a v neposlednej miere aj verejna mienka nuti prevadzkovatelov
prenosovych systémov minimalizovat vystavbu novych prenosovych
vedeni a efektivnejsie vyuzivat existujliice prenosové cesty pre prenos
dostatocného mnozstva elektrickej energie k spotrebitelovi.

Aj tieto dovody viedli EPRI - Electric Power Research Institute
v USA k tomu, aby sponzoroval vyskumny program orientovany
na pruzné prenosove systémy FACTS (vyskum a vyvoj technického
rieSenia a programového zabezpecenia), [11], [24].

Softvérovy vyskumny program obsahuje vyvoj matematickych
a analytickych modelov riadiacich jednotiek zariadeni FACTS.
Modely su obsahom suboru simulaénych programov EPRI. Tento
balik je vyuZivany na simulaciu moznych aplikacii zariadeni FACTS
v prenosovych systémoch. Vysledky tychto simulacii ukazuju na
mozné zvysenie prenosovych schopnosti vedeni v zavislosti od
konfiguracii, alebo prenosovych obmedzeni. Niektoré vysledky

4. Perspectives in Electric Energy Transmission
Effectiveness Increasing

The process of industry restructures, changes in property
ownership and transition to a direct market economic system inspi-
res new points of view on electric energy sufficiency and quality
questions. The question of sufficiency of electric energy is solved
with more difficulties because the extensive construct of new trans-
mission lines and power plants. Land owner requirements, pro-
tection organizations and last, but not least, public opinion force
operators of transmission lines to minimum building of new trans-
mission lines and to use existing corridors for a sufficient value
of electric energy transmission.

Those reasons have also led the EPRI - Electric Power Re-
search Institute to a sponsorship of research oriented on the flexible
transmission systems FACTS (research and evaluation of software
and hardware), [11], [24].

The software research program contains mathematical and
analytic models evaluation for FACTS devices control units. EPRI
simulation programs contain those models. This package is used
for simulation of possible FACTS devices applications. The simu-
lation results suggest the probable line transmission abilities in-
creasing in dependence on configuration or transmission limits.
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vyskumného programu boli pouZité na zvySenie prenosovych

schopnosti troch prenosovych systémov v USA:

« zvySenie vykonu prenosového vedenia na juhozapade USA
z 300 MW na 400 MW,

» zvySenie vykonu vedeni medzi juhom USA a Floridou z 3400
MW na 4100 MW,

« zvySenie vykonu vedeni do New York City z 2600 MW na 3200
MW.

Technické rieSenia vyskumného programu sa tykaju vyvoja
riadiacich jednotiek pre FACTS, ktoré¢ umoznuju dynamicke riade-
nie prenosovych parametrov vedeni: impedancie vedenia, napatia
pripojnic a fazového uhla. Vysledky tohto programu su:

« tyristorovo riadeny sériovy kondenzator (7CSC) riadi impedan-

ciu vedenia 208 MVAR v elektrickej stanici Slatt,

staticky kompenzator STATCOM pre riadenie napitia v elek-

trickej stanici Sullivan s vykonom = 100 MVAR,

« vykonovy regulator typu UPFC pre riadenie komplexnych para-
metrov prenosu (napitia, impedancie, fazového uhla a toku
vykonov) v elektrickej stanici /nez s vykonom * 160 MVA para-
lelne a = 160 MVA sériovo, podla zapojenia menicov,

« pruzny viacfunkény kompenzator (CSC - Convertible Static Com-
pensator) = 200 MVA v elektrickej stanici Marcy.

Pre ilustraciu uvadzame niektoré technické podrobnosti elek-
trickej stanice Sullivan, nachadzajucej sa v severovychodne;j Casti
statu Tennessee. Je napajana z rozsiahlej elektrickej siete 500 kV
a cez Styri 161 kV vedenia, ktoré st pripojené cez 1,2 MVA trans-
formator. Zo stanice su napajani siedmi distributori elektrickej
energie a jeden velky priemyselny odberatel (obr. 10). Zariadenie
FACTS - staticky synchronny kompenzator STATCOM - inStalo-
vané v tejto elektrickej stanici, pracuje s vykonom *= 100 MVAR.
Kompenzator ma nasledovné hlavné casti: 48-impulzovy dvoju-
roviovy napatovy meni¢, kombinovany s ésmimi trojfazovymi
meni¢mi v mostovom 6-impulzovom zapojeni (kazdy s nominal-
nym vykonom 12,5 MVA), jednoduchy zniZovaci transformator so
sekundarnym vinutim hviezda/trojuholnik na pripojenie menicov
k 161 kV vedeniu, uzavrety kvapalinovy chladiaci systém a cent-
ralny riadiaci systém. Celé zaria-
denie je umiestnené v hale s roz-
mermi 27,4 X 15,2 m.

Zmenou velkosti dodava- +- 100 MVAR
ného, resp. odoberaného reak- |
STATCOM

tivneho vykonu moze kompen-
zator STATCOM regulovat na-
pétie na pripojniciach 161 kV.
Po uvedeni zariadenia do pre-
vadzky sa zredukovalo prepina-
nie odbociek transformatora
z 250 prepnuti za mesiac na 2
az 5 za mesiac. Okrem toho za-
riadenie modze pripinat kapacit-
nu batériu, s celkovym reaktiv-
nym vykonom 84 MVAR. Toto
sa vyuziva hlavne v zimnom ob-
dobi.

Bluft City
Boore Hydro

Johnson Cily

Obr. 10. Schéma zapojenia elektrickej stanice Sullivan
Fig. 10. Scheme of connection of electric station Sullivan

Some of the results have been used to increase transmission abili-

ties of three transmission systems in the United States:

« transmission line power increasing in southwestern United States
from 300 MW to 400 MW,

« transmission lines power increasing between southern United
States and Florida from 3400 MW to 4100 MW,

« transmission lines power increasing to New York City from
2600 MW to 3200 MW.

The hardware program evaluates control units for FACTS,
which allows dynamic control of transmission line parameters:
line impedance, buses voltage and phase angle.

The results are as follows:

« Thyristor controlled serial compensator (7CSC), which con-
trols the 208 MVAr line impedance at electric station Slatt,

« STATCOM compensator for voltage control at electric station
Sullivan with = 100 MVAr,

« UPFC type power regulator for complex parameters control
(voltage, impedance, phase angle and of power flow) at electric
station Inez with + 160 MVAr parallel and 160 MVAr serial, by
the connection of the converters,

« flexible multifunctional compensator (CSC - Convertible Static
Compensator) = 200 MVA at electric station Marcy.

For illustrations we can refer to some of the technical details
at the electric station Sullivan of the TVA Company, which is in
the northeast territory of the state of Tennessee. It is supplied from
a wide power network 500 kV through four 161 kV lines, which are
connected through a 1.2 MVA transformer. From the station
seven distributors and a large industrial demand are connected
(Fig. 10).

FACTS device installed in this electric station (* 100 MVAr)
consists of the following main parts: 48-pulse two-level voltage
converter combined with eight six-pulse three-phase bridge-circuit
converters (12,5 MVA each), simply reducing transformer with
Y/delta secondary winding to connect to 161 kV line, closed-

circuit cooling system and central control system. The whole
Nagel

device is situated in
27,4 X 15,2 m size hall.

Static synchronous
compensator STATCOM
adjusts the voltage on
161 kV buses by chang-
ing the generated reac-
tive power. After activat-
ing the device the acti-
vity of the transformer
switch was reduced to
2 - 5 times in the month
out of 250 before.
Besides, this device can
switch 84 MVAr capa-
citor batteries to the
network, making use in
winter months.

Phipps Bend

Elzabel Norih Bristol
Johnson Cily
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Ako je z uvedeného prehladu vidiet, prenosy elektrickej energie
sa budu zrejme v buducnosti uberat cestou nasadenia progresiv-
nych technologii FACTS, ktoré dokazu podstatne zvysit prenosové
schopnosti jestvujucich prenosovych vedeni bez potreby investo-
vania do vystavby novych. V sucasnosti sa stava nasadenie tychto
zariadeni uz iba otazkou ekonomickou a financnou, technické
prednosti boli uz dostato¢ne preukazané.
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As it is possible to see, electric energy transmission will pro-
bably follow the direction of FACTS progressive technologies in
the future, which are able to increase the essential transmission
capacity of existing transmission lines without any need to invest
in constructing new ones. Thus, the onset of the mentioned devices
remains a financial and economic dilemma since the technical
benefits have already been sufficiently arguable.
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FUZZY LOGIKA V RIADENI ZELEZNICNYCH VOZIDIEL -

NUTNOST ALEBO MODA?

FUZZY LOGIC IN RAILWAY VEHICLE CONTROL - A NECESSITY OR A MODE?

Cldnok sa zaoberd literatiirou pripisovanymi a skutocnymi viast-
nostami prevdadzkovanych konvencnych (nie-fuzzy) reguldtorov na
automatizdciu riadenia Zeleznicnych vozidiel. Na prikladoch z beznej
previdzky na Ceskych drihach dokazuje, Ze konvencné reguldtory sii
nielen prevdadzkyschopné, ale Ze majii také parametre, ktoré budii
fuzzy zariadenia len tazko spliiat. Svoje tvrdenia podporujeme nie
vsledkami simuldcii, ale vysledkami skutocnej mnohorocnej pre-
vadzky konvencnych reguldtorov rychlosti a cielovéeho brzdenia.

V poslednom ¢ase sme mali moznost precitat niekol'ko odbor-
nych ¢lankov, opisujucich moznosti vyuzitia regulatorov na baze
fuzzy logiky v procese riadenia Zelezni¢nych hnacich vozidiel. Aj
ked tieto ¢lanky pochadzali od autorov z rdoznych casti Eurdpy,
vSetky sa vzacne zhodovali v tom, Ze iba fuzzy logika umozni
vytvorit regulator rychlosti ¢i regulator cielového brzdenia pouzi-
telny v praxi.

V ¢lankoch sa porovnavali fuzzy regulatory, ¢i dokonca iba ich
simulacie so simulaciami regulatorov konvencnych (t. j. nie-fuzzy),
nikdy nie vSak s regulatormi skutocnymi (aj ked existujucimi
a vyuzivanymi). Z tychto porovnani vzdy vychadzali fuzzy regula-
tory ako lepSie - t. j. spolahlivejsie, kvalitnejSie, jednoduchsie,
mensSie. Konvenény regulator bol naopak prezentovany ako sice
teoreticky rieSitelIny, avSak zlozity na programovanie, narocny na
pamaif, pomaly, malo stabilny, so zlymi vlastnostami.

Nasa skupina sa problémom automatizacie riadenia hnacich
vozidiel zaobera takmer 40 rokov, z ¢oho poslednych 13 rokov ide
o regulatory cislicové. Citime sa preto byt dostato¢ne odborne
povolani k vyjadreniu naSho stanoviska k danej problematike.

Pripomenme historiu vyvoja automatizacnej techniky pre
hnacie vozidla v CSD a CD.

Prvé regulatory rychlosti vznikli v polovici 60. rokov. Zo zrej-
mych dévodov boli analogové a v analogovej technike je akékolvek
Lfuzzy“ spravanie suciastok neziaduce. Napriek tomuto technolo-
gickému obmedzeniu sa na tejto platforme vyrobilo niekolko
stoviek kusov regulatorov rychlosti v troch technologickych trov-
niach (o. i. to bolo prvé sériové nasadenie regulatorov rychlosti
v Europe a zrejme i vo svete - 35 kusov v roku 1972), ako aj nie-

* Dr. Ing. Ales Lieskovsky, Dr. Ing. Ivo Myslivec

The paper addresses features imputed by literature with real fea-
tures of applied conventional (non-fuzzy) regulators for automation of
railway vehicles control. It demonstrates with examples from every-
day operation on the Czech Railways that conventional regulators are
not only able for everyday operation, but they have parameters that
fuzzy regulators will achieve only with difficulties. The authors
support their assertions not by the results of simulations but by the
results of real, long-term, everyday use of conventional speed regula-
tors and target braking ones.

Recently we have read several expert articles dealing with the
possibility of use of fuzzy-logic based controllers in the railway
traction vehicles control process. Although these articles came
from different parts of Europe, all of them conformed to the dec-
laration that only the fuzzy logic enables to create a speed regu-
lator or the target-braking regulator, which are usable in daily
operation.

In the articles, the fuzzy regulators or even only their simula-
tions were compared to simulations of conventional (i.e. not-
fuzzy) regulators, but never to real regulators, which exist and are
in everyday operation. The fuzzy regulators proceeded from these
comparisons as better - i.e. more reliable, first-rate, simpler and
smaller. The conventional regulators, on the other hand, were pre-
sented as theoretically possible but difficult to programm memory
consuming, slow, not stable enough and of bad quality.

Our research group have dealt with the problem of railway
vehicle automation for almost 40 years, from which the last 13
years we have dealt with digital regulators. Therefore, we feel to be
experienced enough in this branch to present our opinions.

Let us remind you of a history of development of automation
technology for traction vehicles for Czechoslovak and next for
Czech Railways.

Speed regulators first came into existence in the half of 1960’s.
They were analogue, of course, and in analogue technology, any
“fuzzy” behavior of components is undesirable. Nevertheless, in
spite of the technological restriction, several hundreds of analogue
speed regulators were made in three technological levels (by the
way, Czechoslovakia was the first country in Europe and probably

AZD Praha s.r.o., Dpt. Research & Development, Zirovnicka 5, CZ-10617 Praha 10, Czech Republic,
Tel.: +420-2-67287371, E-mail: Lieskovsky.Ales@azd.cz, Myslivec.Ivo@azd.cz
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kolko vzoriek regulatorov cielového brzdenia pre Zeleznicu a cela
séria tychto regulatorov pre metro.

Po nastupe Cislicovej techniky tato zacala prenikat aj do oblasti
automatizacie riadenia hnacich vozidiel. Spociatku iba do perifér-
nych obvodov analdgovych regulatorov rychlosti ¢i do obvodov
pomocnych funkcii, avsak zaciatkom 90. rokov bol sprevadzkovany
prvy mikroprocesorovy regulator. Trocha paradoxne bol ako prvy
vytvoreny mikroprocesorovy regulator cielového brzdenia, ktory
spolupracoval s klasickym analogovym regulatorom rychlosti.
Vzhladom na priaznivé skusenosti s analogovym regulatorom aj
vzhladom na jeho vlastnosti bolo celkom prirodzené, Ze program
mikroprocesorového regulatora zodpovedal Struktire jadra regu-
latora analogového. A pretoze analogovy regulator bol konvencny
(nie-fuzzy), bol aj cCislicovy regulator konvencny. Schopnosti pro-
cesoru potom boli vyuZzité na aplikaciu dalSich funkcii a na vylep-
Senie funkcii jestvujucich - iSlo hlavne o celkom novy systém
orientacie vlaku na trati.

Prvy program pre regulator cielového brzdenia (RCB) bol
napisany v assembleri procesoru Z80. Vel'mi tspesne bol v pre-
vadzke odskusany na funkénej vzorke regulatora cielového brzde-
nia prevadzkovanom v rokoch 1991 - 95 na rusni 163.034 medzi
stanicami Praha Masarykovo nadrazi a Kolin. Téza o nepouzitel-
nosti konvenéného regulatora v praxi teda neplati.

V roku 1992 bol systém modernizovany na procesor 18088.
RCB bol prepisany do assemblera tohto procesora a rozsireny
o funkciu energetickej optimalizacie jazdy vlaku (OJV). V jednom
procesore na frekvencii 4.77 MHz teda v realnom Case bezali 4
vetvy CB (to vSetko dokopy taktované prerusenim 50 ms), proces
orientacie na trati (volany vZdy po ubehnuti drahy 0,10 m) a proces
energetickej optimalizacie jazdy. Vel'kost celého programu RCB +
+ OJV je 14 kB, z ¢oho vlastny regulator zabera necelych 0,8 kB,
asi 1,5 kB tvori Cast vyberajuca aktualne ciele a zvySok je orienta-
cia na trati a v cestovnom poriadku, servisné programy, riadenie
komunikacie a dalSie podporujuce podprogramy. Optimalizator
jazdy zabera 2 kB, kniZnica aritmetiky v plavajucej Ciarke potom
0,8 kB. Na zaklade tychto skutocnosti neplati tvrdenie, Ze kon-
vencény regulator je velmi rozsiahly a pomaly.

V nasledujucich dvoch rokoch boli vystrojené 4 motorové
vozne radu 470 cislicovou regulaciou od centralneho riadiaceho
Clena aZ po energeticki optimalizaciu jazdy (teda s vynimkou
vlastného regulatora pohonu). V roku 1993 bol teda sprevadzko-
vany prvy Cislicovy regulator rychlosti. Tento regulator vychadza
rovnako ako regulator cielového brzdenia zo svojho analégového
predchodcu, a preto je konvencny. Opit bol napisany velmi efek-
tivnym sposobom, takze zabera asi 6 kB pamiti a rovnako ako
spominany regulator je aj tento regulator zaloZeny na procesore
18088. Vsetky 4 motorové vozne jazdia s uvedenym regulacnym
systémom aj v sucasnosti na vel'kt spokojnost rusiiovodicov (pod-
statné ulahcéenie sluzby a zvySenie bezpecnosti premavky), ako aj
pracovnikov udrzby (systém nevyZaduje nijaku udrzbu a sporadické
poruchy idu prevazne na vrub zdrojovej Casti systému). Obltbe-
nost konvenéného regulatora potvrdzuje jeho spolahlivost, stabi-
litu a presnost - bez tychto vlastnosti by ho prevadzka odmietla.

also in the world where serial speed regulators came into regular
everyday operation - 35 pieces in 1972).

As digital technology came into everyday use, it began to
penetrate into automation of railway vehicle control. The first use
was in peripheral circuits of analogue speed regulators and in
auxiliary functions, but at the beginning of the 1990’s, the first
microprocessor regulator was built. As a little paradox, the first
microprocessor regulator was the target-braking regulator, which
cooperated with the classical analogue speed regulator. Because of
favorable experience with the analogue target-braking regulator
and because of its good properties, it’s no wonder that the micro-
processor regulator program corresponded to the the core structure
of the analogue regulator. And as the analogue regulator was con-
ventional (non-fuzzy), the digital regulator was conventional, too.
The processor capabilities were utilized for new function appli-
cations and for making present functions better -and as the most
important, for making a completely new system of train-on-track
orientation. The first program of the target-braking regulator was
written in the assembly language of the Zilog Z80 microprocessor.
The regulator was very successfully tested in the period of 1991 -
1995 between the Praha Masaryk’s station and Kolin (62 km) on
the DC universal engine 163.034. These experiences contradict
the published opinions about an inapplicability of conventional
regulators in practice.

In 1992, the system was updated by microprocessor Intel I8088.
The program was rewritten into this processor’s assembly lan-
guage and the function of energy optimization of the train running
was added. So, in real time, four parallel branches of the target-
braking regulator were running under 50 ms interrupt, on-track
orientation was executed every 0.1 m of passed distance and energy
optimization function running in the main loop - that all in one
processor with a 4.77 MHz clock. The entire program of the target-
braking and energy optimization regulator occupied 14 kilobytes
of memory. From these, the core of the target-braking regulator
(target-braking regulation itself) is 800 bytes. The part, which
selects the relevant targets, is about 1.5 KB, and the rest is on-
track and timetable orientation, communication control and other
auxiliary subroutines. The energy optimization occupies 2 KB, and
the flow-point mathematical library is 800 bytes large. Regarding
the above mentioned properties we contradict the published argu-
ments that the conventional regulator is very large and slow.

In the following two years, four class 470 electric motor
coaches were equipped with a fully digital control, which included
a local and central control unit, speed regulator, target-braking
regulator and energy optimization regulator (i.e. excluding low-level
traction control). So, the first digital speed regulator came into
operation in 1993. Alike the target-braking regulator, the speed
regulator arises from its analogue predecessor and that is why it is
conventional. It was written in a very effective way and occupies
about 6 kilobytes of memory. The processor is still the same type
- 18088. All four coaches run with the described control system
until these days, with great pleasure of drivers (making the duty
easier and safety increasing) and maintenance workers (mainte-
nance-free system). The popularity in everyday operation confirms
the reliability, stability and preciosity of these conventional regu-
lators; without these features the staff would have refuse them.
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V nasledujucich rokoch boli v nasej skupine vytvorené dalsie
konvencné regulatory - centralne regulatory vozidla (obsahujuce
okrem centralneho riadiaceho ¢lenu tiez regulator rychlosti) pre
vozne 843 a 943 (celkom 42 vozidiel, programované v assembleri
procesora Siemens 80C166), centralne regulatory a regulatory cie-
lového brzdenia vratane energetickej optimalizacie (tzv. automa-
tické vedenie vlaku - AVV) pre vozne 471 a 971 (k 1. 1. 2001 zatial
10 vozidiel, dalSie vo vyrobe, programované v jazyku C a v assem-
bleri procesora Motorola 68360), regulatory rychlosti pre loko-
motivy r. 111 s dialkovym radiovym riadenim a rusne r. 754 (zatial
3 + 1 vozidlo, opit procesor SIEMENS 80C166). Dalej boli pri-
pravené regulatory pre nakoniec nerealizované lokomotivy radu
714.3 a tiez pre tol'ko diskutované (a zatial definitivne neodstihla-
sené ani nezamietnuté) vysokorychlostné jednotky r. 680 s nakla-
pacimi skrinami.

V sucasnej dobe nasa skupina pracuje na dalSej realizacii
kompletného regulacného systému vratane energetickej optimali-
zacie jazdy pre prazské metro (systém na baze procesora Moto-
rola 68360).

Tento dlhsi historicky exkurz mal ukazat, Ze v danej proble-
matike sme na rozdiel od mnohych inych autorov neskon¢ili pri
teoretickych vypoctoch ¢i simuldciach, ale navrhnuté regulatory aj
skonstruovali a uviedli do beznej Zelezni¢nej prevadzky.

Vyssie uvedené konkrétne realizacie dokazuju vhodnost a sprav-
nost pouzitia konvenénych metod pri rieSeni regulatora rychlosti
aj regulatora cielového brzdenia.

Pri spravnej a doslednej analyze problému, ¢i uz regulatora
rychlosti alebo regulatora cielového brzdenia, je mozné cely
problém rozdelit do Ciastkovych tloh, ktoré su matematicky presne
a jednoducho opisatelné a preto i programovatelné. Najzlozitej-
$imi matematickymi ukonmi vykonavanymi v nasich regulatoroch
su odmocnina (naviac rieSend rychlym originalnym algoritmom
na zaklade Hornerovej schémy) a trojclenka. Nami zostrojené
a prevadzkované regulatory dokazuju, Ze aj diferencialna rovnica
pohybu vlaku je s dostacujicou presnostou riesitelna tymito
nastrojmi.

Konkrétne vysledky:

Kvalitu regulatora rychlosti mézeme posudit v 3 pracovnych
rezimoch regulatora: presnost udrzovania rychlosti (t. j. staticka
presnost), reakcia na skok pozadovanej rychlosti (t. j. rychlost
odozvy a aperiodicita navedenia na novi hodnotu), a schopnost
sledovania premennej hodnoty pozadovanej rychlosti. Zatial' ¢o
prvé a vacSinou aj druhé kritérium sleduje vacSina autorov fuzzy
zariadeni, tretiemu kritériu Cast autorov zrejme nevenuje pozor-
nost, aj ked' ono je pre spravnu cinnost regulatora cielového brz-
denia rozhodujuce.

Kvalita regulatora cielového brzdenia sa analyticky posudzuje
obtiaZnejSie, avSak velmi vhodné a nazorné je Statistické spraco-
vanie vysledkov regulacie, t. j. presnosti dojazdov do ciela. Na posu-
denie kvality regulatora je vSak potrebné posudit aj priebeh procesu
brzdenia (¢i nedochadza ku kmitaniu brzdy, k niekol’kofazovému
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In the following years, our research group had developed the
next conventional regulators - central vehicle regulators (which
include both central control units and speed regulators) for class
843 diesel coaches and for class 943 driving trailers (together 42
vehicles; regulators were programmed in assembly language of
Siemens 80C166 microprocessor), next, central vehicle regulators
and target-braking regulators including energy optimization (Auto-
matic train operation AVV) for suburban EMU’s class 471 and
971 (10 vehicles in operation at present next ones are being manu-
factured,the regulators are programmed partly in C-language and
partly in assembly language of Motorola 68360 microprocessor),
speed regulators for shunting locomotives class 111 with remote
radio control and for universal diesel loco class 754 (at present,
3 + 1 vehicles also with Siemens 80C166 microprocessor). Last
but not least, the regulators for diesel locos class 714.3, which
have been scratched at last, and for problematic (and definitively
neither ordered nor refused) high-speed EMU’s with tilting bodies
class 680 were prepared.

At present time, our group is preparing the realization of
complete control system including energy optimization for the
Prague underground railway (Metro). The system is based on the
Motorola 68360 microprocessor.

This a slightly longer historical excursion should show our
experience in this task. We haven'’t finished our work by theoretic-
al calculations and simulations, but we have brought the describ-
ed regulators into regular everyday operation.

The above-mentioned realizations demonstrate that it is suit-
able and correct to use conventional methods for solving speed
regulator or target braking.

During the correct and consequential analysis of the problem
of whether speed regulator or target braking, the whole problem
can be separated into partial problems that are able to be mathe-
matically exactly and simply described and, hence, simply pro-
grammed. The most complicated mathematical acts, which are
used in our regulators, are square root (which is solved by special
algorithm based on Horner’s scheme) and rule of proportion. Our
regulators demonstrate that even by these simply tools, the diffe-
rential equation of train running is solvable with sufficient preci-
sion.

Our results:

The quality of a speed regulator can be appreciated in three
working modes: the precision of keeping speed (i.e. static
accuracy), the reaction to required speed jump (i.e. the speed of
response and the aperiodicity of reaching a new value of required
speed) and the ability to trace the varying value of required speed.
‘While the majority of authors of fuzzy devices watch the first and
also, mostly the second criterions, the third criterion remained
hidden for a part of them, but it is crucial for a correct working of
the target-braking regulator.

The quality of the target-braking regulator is a more difficult
to appreciate analytically, but statistical evaluation of the results
of regulation, i.e. arrivals to target point, is very objective. For ap-
preciation of regulator quality, it is necessary to appreciate the
course of braking (if there are no oscillations during braking, if the
real speed at target point is not less than target value) and both
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Obr. 1. Proces navdadzania motorového vozia 843.031 (14.07.1999, Suchdol n. O.) na rozlicné pozadované rychlosti
Fig. 1. The process of vectoring of diesel coach 843.031 (14.Jul.1999, Suchdol n. O.) to different required speeds

brzdeniu alebo sa nedosahuje cielova rychlost) a obidvoch precho-
dovych dejov, t. j. navedenia na brzdnu krivku a prechodu do usta-
lenej rychlosti ¢i zastavenia. Osobitne zaujimavé a vypovedajuce
su potom vysledky brzdenia bez pouZzitia dynamickej brzdy.

transient processes, i.e. reaching the leading curve and transition
into constant target speed or stopping. The very interesting results
of the target-braking process are the ones with rheostat brake failure
or brake out of operation.
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Obr. 2. Zdznam presnosti dojazdov elektrickej jednotky radu 471
- jedna stanica, rozne vlaky
Fig. 2. The record of stoppings of EMU class 471
- one station, different trains

Podobne, t. j. statisticky, je vhodné hodnotit vysledky ¢innosti
optimalizatora jazdy.

Dalgou oblastou posudzovania kvality regulatorov je ich ¢innost
v pripade vonkajSieho zasahu do regulovaného procesu.

Zatial ¢o pri regulatore rychlosti je vonkajSie naruSenie procesu
regulacie (t. j. vtomto pripade pouzitie brzdy rusnovodi¢om) viac-
menej vynimocné a oSetrenie situacie je zalezitostou podporujicej
logiky regulatora a nie vlastného regulacného jadra, pri cielovom
brzdeni dochadza k podobnym naruseniam podstatne CastejSie.
NajcastejSimi su Smyk naprav a vypadok dynamickej brzdy v prie-
behu brzdenia.

Optimalizator jazdy sa potom musi vyrovnat hlavne s vypad-
kom pohonu v priebehu rozjazdu a s neplanovanym obmedzenim
rychlosti zavinenym dopravnou situaciou.

Dalsou situaciou, podla ktorej je nutné posudzovat kvalitu regu-
latorov, je ich odozva na technicku poruchu vlastnu alebo perifér-
nych zariadeni. Aj ked nami vyvinuté regulatory nemaju atribut
bezpecnych (fail-safe) zariadeni, s vytvorené tak, aby vsetky dete-
kované nedostatky navodili pokial mozno bezpecne;jsi stav.

V pripade poruchy je reakcia systému zavisla od zavaznosti
poruchy. Poruchy mozno rozdelit na nezavazné a zavazné. Ako
priklad uvedieme Clenenie pri regulatore cielového brzdenia - za
nezavazné povazujeme napr. neprecitanie tratového informa¢ného
bodu na S§irej trati, kedy systém po vyCerpani drahovej tolerancie
v priebehu ktorej este akceptuje Citanie informacného bodu reaguje
tak, ako keby bol bod precitany v predpokladanom mieste. V tomto
pripade iba nedochadza k upresneniu chyby polohy vzniknutej
nepresnostou nastavenia priemeru kolies a vplyvom $Smykov a sklzov,
avsak nemoze dojst k strate informacie o tratovej ¢i stanicnej kolaji.
Na upresnenie dodavame, Ze tolerancia tejto chyby je obmedzena
na ur€itu drahu od posledného korektne precitaného informac-
ného bodu.

Za zavaznu chybu sa naopak povaZuje napr. neprecitanie infor-
macéného bodu za rozvetvenim kolaji, kde sa straca informacia
o tom, po ktorej stani¢nej i trafovej kolaji vlak dalej pokracuje.
V tomto pripade systém ohlasi rusnovodiCovi stratu orientacie,
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Obr. 3. Statistika dojazdov elektrickej jednotky radu 471 - dva viaky,
rozne stanice. A - suchd kolaj, viak 9355, 22. 03. 2000, B - mokrd
kolaj, viak 9308, 28. 3. 2000. Stupnica osy x je od —2 do +2 m
Fig. 3. The statistics of stoppings of EMU class 471 - two trains,
different stations. A - dry rails, train nr. 9355, 22. Mar. 2000
B - wet rails, train nr. 9308, 28. Mar. 2000 The range of x-axis
is —2 to +2 meters

In a similar way, i.e. using statistics, the appreciation of an
energy-saving regulator should be done.

The behavior of regulators should be watched also in the case
of external intervention in a controlled process. While this inter-
vention is more or less extraordinary in a speed regulation process
(the application of an emergency brake can be considered as this
kind of intervention) and it is solved by auxiliary logic of speed
regulator, the target braking regulation is intervened much more
frequently. The most frequent causes are skids and rheostatic brake
failures.

The energy optimization regulator primarily must solve short-
time traction failures and unplanned speed restrictions because of
the traffic situation.

Another criteria describing the quality of regulators are their
responses on their own failures or failures of peripheral devices.
Although our regulators don’t have a fail-safe attribute, they are
made in such a way so every detected failure should lead to a safe
state. In case of failure, the reaction of the system depends on the
consequence of the failure. The failures can be consequential or
non-consequential. For instance we can describe the sorting of fail-
ures of target-braking regulation - the non-consequential failure is
e.g. the missing information point in the track between stations,
the system adds the track information so as the information point
had been read correctly. In this case, only the precision of distance
measuring is lowered because of skids and slips, but the funda-
mental information about the number of the track or station line
is not lost. We notice that the tolerance to this failure is limited to
a certain distance measured from the last correctly read informa-
tion point. On the other hand, the consequential failure is, for
instance, the missing information point behind the track branching
(junction points, stations). In this case, the information about the
line number is lost, and the train cannot continue running. The
system writes the warning message on the driver’s screen, and if
the driver won’t switch the regulator off and start to control the
train manually, the system will start the braking. Other failures are
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Obr. 4. Priebeh cielového brzdenia s vypadkom dynamickej brzdy (471.002, 22. 10.2 000, Tuklaty)

Vypadok nastdva v 15. sekunde zdznamu (stopa 4), nastdva zdskok doplnkovou brzdou (st. 2), odrychlenie klesd (st. 5), riadiaci signdl
PT narasta (st. 3) a aktivuje priebeznii vzduchovii brzdu (st. 1)
Fig. 4. The course of target braking with rheostatic brake failure (EMU 471.002, 22. Oct. 2000, Tuklaty)
The failure occurs in 15th second of the record (channel 4), the additional pneumatic brake comes into operation (ch. 2), the deceleration sinks
(ch. 5), the control singnal PT (ch. 3) rises and enables the pneumatic train brake (ch. 1)

zacne brzdit a vyzve rusnovodica na prevzatie riadenia pod svoju
kontrolu. Pokial tak rusnovodi¢ neurobi, dojde k prevadzkovému
zastaveniu vlaku. Vidime, ze tu nie je Ziaden priestor pre fuzzy spra-
vanie systému. Obdobne st oSetrené aj dalSie poruchy systému.
Specificky je problém zistovania skutoénej rychlosti vozidla.
Je vSeobecne zname, Ze z iduceho vozidla je pomerne obtiazne
zistit jeho skutocni rychlost. Ak pominieme atypické riesenia, ako
je radar (obtiazna Cinnost napr. pri zasneZenej trati - rusenie zvi-
renym snehom, celkova mala odolnost voéi Zeleznicnému prost-
rediu atd.), ineréné snimace (ovplyviované sklonom a nekvalitou
kolajového zvrsku) ¢i GPS (signal nepresny, oneskoreny, kvanto-
vany - absolutne nevhodny na regulaciu), zostava iba jediné pou-
Zitelné a v skutocnosti aj pouzivané meranie otacavej rychlosti

solved in a similar way. It is clear that there is no space for fuzzy
behavior of the target-braking regulator.

A specific problem exists - measuring the real speed of
a vehicle. It is generally known that it is difficult to obtain real
speed value on a moving vehicle. When we exclude the atypical
methods like radar (difficult operation on a snow covered track,
low resistance to railway environment, etc.), inertial sensors (sen-
sibility to gradients and places with bad track geometry) or GPS
(signal with low precision, delayed, discrete - absolutely not suit-
able for regulation purposes), only one method remains: the wheel
revolutions measuring method, and it is usually used on vehicles.
The precision of measuring depends on the precision of the setting
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jednotlivych naprav vozidla. Vyhodnotenie skuto¢nej rychlosti je
ovplyvnené presnostou nastavenia priemeru kolies. Pri vozidlach
bez cielového brzdenia je presnost tohto nastavenia vSeobecne
vel'mi nizka (my sme zaznamenali az 8 % odchylku od skuto¢ného
priemeru), av§ak vozidla opatrené cielovym brzdenim su nastavo-
vané velmi presne. InakSie by nebolo cielové brzdenie funkéné
(z praktickej skusenosti mozeme povedat, ze vSetkych 14 vozidiel
vybavenych cielovym brzdenim ma toho Casu priemery kolies
nastavené s presnostou lepsou ako 2 promile).

Presné, rychle a kvalitné (v zmysle derivovatel'nosti na ziska-
nie okamzitého zrychlenia) meranie rychlosti je nutnou podmien-
kou na vytvorenie kvalitného regulatora rychlosti. Tieto poziadavky
uZ nespifiaji bezné metddy merania rychlosti zaloZené na merani
Casu medzi dvoma impulzmi snimaca alebo na merani poctu
impulzov snimaca za jednotku casu, popripade ich jednoducha
kombinacia. Preto bol vo vSetkych naSich aplikaciach pouzity
celkom novy - samozrejme konvenény - pristup na spracovanie
signalu bezného rychlostného snimaca. Jeho opis by sa vSak
vymykal zameraniu tohoto ¢lanku.

Otacava rychlost je snimana snima¢mi, ktoré osobitne v urci-
tych obdobiach (typicky po velkom dazdi ¢i prejazde umyvacim
strojom) vykazuji zna¢nu poruchovost, ktora vsak po niekolkych
hodindch sama poklesne takmer na nulu. Tu sa teda vyskytuje
nahodna porucha majuca za nasledok skreslenie udaja rychlosti.
Aj Smyk dvojkolesia pri brzdeni €i sklz pri rozjazde sa prejavi
obdobne ako nahly skok rychlosti.

Meranie rychlosti musi byf preto robené na ¢o najva¢Som
pocte naprav vozidla, aby sa vylucili vysSie spominané chyby vznik-
nuté nahodnymi vplyvmi a pri niektorych aplikaciach este dalej
porovnavané s tzv. fiktivnou napravou na obmedzenie vplyvu
synchronnych Smykov a sklzov. Vsetky nase aplikacie regulatorov
rychlosti preto vyuzivaju signaly vsetkych dostupnych napravo-
vych rychlostnych snimacov.

Problémom presnosti merania rychlosti sa zaobera [1]. Zavery
Clanku su vSak v rozpore s nami zistenymi vysledkami cinnosti
naSich konvencnych regulatorov cielového brzdenia. Tak uvaha,
Ze je mozné vyuzit dva snimace z ktorych jeden je umiesteny na
trakénom motore a druhy na hnacej naprave je nespravna, lebo
oba tieto prvky su mechanicky zviazané a ich rychlost je vzajomne
umerna. Dalej nie je pravda (ako dokdZeme dalej), Ze na riesenie
tohto problému je nevyhnutné pouzitie fuzzy logiky. Aj pouzity
simulacny model vykazuje isté odliSnosti od skutocného priebehu:
Casovy priebeh rychlosti pri cielovom brzdeni nie je funkcia expo-
nencialna, ale linearna s parabolickymi prechodovymi dejmi. Aj
poruchovy priebeh byva malokedy trvaly, vykazuje nahodné pre-
pady; t. j. relativna chyba merania rychlosti koliSe v znacnom
rozsahu. Otazne teda je, ako by uvedeny fuzzy regulator zareago-
val na takyto priebeh oboch signalov rychlosti (spravneho i naruse-
ného), lebo v tom momente neplati zakladny predpoklad simulacie
o konStantnej relativnej chybe merania, ani z tohto predpokladu
odvodené tvrdenia o tvare priebehu funkcie miery vierohodnosti
a o tvare regulacnej plochy fuzzy komparatora, ani zavery o kvalite
fuzzy regulacného systému.
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of the wheels’ diameters. The vehicles without a target-braking
regulator usually have diameters set with a low precision (we have
detected few vehicles with an 8% difference from a real value of
diameter). On the other hand, vehicles that are equipped with the
target-braking regulator have the diameters set very precisely; in
the other case the target-braking regulator won’t work (from our
practical experience, we can say that all 14 vehicles, which are cur-
rently equipped with the target-braking regulator, have the diame-
ters set with precision better than 2 per mile).

The accurate, quick and first-rate (in sense of possibility of
being derived to obtain the signal of real acceleration) speed
measuring is a necessary condition for building a quality speed
regulator. The usual methods of speed measuring, based on time
measuring between two sensor pulses or on the counting of sensor
pulses in certain time, or simple combination of these basic methods
do not fulfill these requirements. That is why a totally new appro-
ach to the pulse processing of speed sensors (of course conven-
tional), has been used in all our applications. Unfortunately, its
description would exceed the frame of this article.

The speed sensors have, in some periods (typically after
a hard rain or after passing a washing machine), a very low relia-
bility, but after few hours these failures disappear. These random
failures distort the value of real speed. Alike a speed jump, the slip
or the skid of the wheel would be displayed. That is why speed
measuring must be done on the most possible number of axles to
eliminate the above-mentioned random failures. In some applica-
tions a so-called fictive axle is used for elimination of synchronous
slips and skids. All our applications of speed regulators use the
speed signals of all accessible speed sensors.

The problem of speed measuring accuracy is discussed in [1].
Unfortunately, the conclusions of this article are at variance with
the results of work of our conventional regulators, which we have
stated. First, the consideration about the use of two sensors, one
on a traction engine and the other on a driven axle, is wrong
because both of these elements are mechanically coupled and
their speeds are proportional. Secondly, it is not true (as we shall
demonstrate next) that it is necessary to use fuzzy logic to solve
of this problem. Next, the simulation model differs from a real
course: during the target braking the time course of speed is not
an exponential one, but a linear one with parabolic transient pro-
cesses; the failure state seldom uses a constant, but it shows
random changes, i.e., the relative error of speed measuring fluc-
tuates in a wide range. It is a question of how would this fuzzy
regulator react on a real course of both signals (right and distor-
ted) because the initial premise of simulation - the constant rela-
tive error of measuring - is not fulfilled and also, the deduced
assertions about the figure of the credibility curve, about the
figure of regulating area as so as the conclusions about the quality
of fuzzy regulator, are not valid.

The authors also count on a 5 % relative error of speed
measuring in regard to the conventional regulator and on the basis
of that value they compare a fuzzy and conventional regulator. As
we have said, there was a 2 per mille relative error of speed mea-
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V [1] sa dalej uvazuje s 5 % chybou merania rychlosti kon-
venéného regulatora a na zaklade tejto hodnoty porovnavaju fuzzy
a konvencny regulator. Ako vsak bolo uvedené, chyba merania
rychlosti pri vozidlach opatrenych cielovym brzdenim je asi 2
promile, teda cca 25x menSia ako uvadzaju autori. Regulator,
ktory by meral rychlost a nasledne drahu s presnostou 5 % by bol
v praxi nepouZitelny.

Zavery [1] tiez nie su pravdivé: v pripade odchylky merania
rychlosti medzi jednotlivymi kanalmi nie je mozné zacat skimat
vierohodnost udajov jednotlivych kanalov (naviac so zna¢nym
Casovym oneskorenim), avSak bezpodmienecne nutné je konat
bezpeénym spdsobom - v pripade brzdenia vybrat najrychlejsiu
napravu (t. j. presne opacne, ako sa zachova navrhovany fuzzy regu-
lator, ktory prisudil pravdivy idaj pomalSiemu kanalu). V opacnom
pripade hrozi redlne nebezpecie prebehnutia ciela, zatial' co nedo-
behnutie do ciela nie je z hladiska bezpecnosti problémom. Aby
bola vec komplikovanejsia, pri jazde tahom sa za vierohodny udaj
povazuje idaj najpomalSieho kanala. Je to spdsobené tym, Ze pri
jazde tahom dochadza ku sklzu, t. j. k poruchovému narastu rych-
losti jednej (Ci viacerych) naprav, zatial' o pri brzdeni dochadza
ku $myku, t. j. k poruchovému spomaleniu naprav. V oboch pri-
padoch sa vSak uvazuje o spravnom merani rychlosti. Naviac, ak sa
pri odchylke rychlosti jedného kanala od zvysnych troch (tu vidiet
vyhodu merania rychlosti na vSetkych napravach vozidla) vacsej
ako urcitej prekroCi vopred urcena medza, povazuje sa tento kanal
za nefunkény (chybou vlastného snimaca a prislusnych vstupnych
obvodov) a ru$iovodi¢ ma povinnost tento kanal z merania
vyradit. Aj ked’ posledna veta moze byt aplikovana iba na regula-
tory merajlce rychlost na viacerych napravach ako na dvoch,
predchadzajice vety su platné aj pri iba dvojkanalovom merani
rychlosti.

Pri akejkolvek poruche merania rychlosti je v§ak nevyhnutné
ju ihned rusnovodicovi indikovat a ponechat na jeho voli rozhod-
nutie o dalSom postupe, lebo za priebeh jazdy je zodpovedny on.

S tym suvisi dalsi omyl [1] - arbitrazny vyznam signalu o vie-
rohodnosti meranej rychlosti. Registracné a zabezpecovacie zaria-
denia prechadzajui doslednym schvalovacim procesom, v priebehu
ktorého sa robi analyza vsetkych programovych blokov. Pre pro-
gramovanie su schvalené iba prekladace urcitych jazykov a nepri-
Nezda sa preto pravdepodobné, Ze by do tejto citlivej oblasti bola
vpustena fuzzy logika.

Na zaciatku ¢lanku spominané nekorektné porovnavanie vlast-
nosti je mozné dokladovat napr. v [2]. Pri podrobnom skumani
vysledkov vSak dochdadzame k zaujimavym zaverom:

Napr. pri porovnavani dynamiky navadzania na nizku rych-
lost vidief podstatne horSie spravanie konvencného regulatora
oproti fuzzy. Pri podrobnom pohlade vsak zistime, Ze fuzzy regu-
lator navadzal vozidlo na rychlost 5 km/h, zatial' ¢o konven¢ny na
rychlost 3 km/h. Vzhladom na v§eobecny problém merania malych
rychlosti beznymi snima¢mi je tento rozdiel velmi podstatny
a porovnanie preto nekorektné. Dalej sa pise, Ze v pripade prazd-
nej supravy sa oba regulatory spravali rovnako, ale pri siprave
s cestujucimi si fuzzy regulator viedol podstatne lepSie ako kon-

suring on vehicles equipped with the target-braking regulator. That
is 25 times less than the authors say. The target-braking regulator,
which would measure speed and consequently also distance with
S % accuracy, would be unusable in practice.

Not even the conclusions of the article are true: in regard to
the difference between the channels of speed measuring, it is not
possible to start examining the credibility of channels (on the top,
with a great delay), but it is unconditionally necessary to behave
in a safe way - in regard to braking to choose the quicker (or the
most quick) axle (i.e. just in the opposite way than the proposed
fuzzy regulator does, it adjudicates the true value to slower channel).
Otherwise there is a real danger of passing the target while stop-
ping short of target is not a safety problem. To make the problem
a bit complicated, during the running with traction, the value from
a slower channel is taken as credible. This is caused by slips, i.e.
failure increase of speed of one (or more) axles, while at braking
skidding can occur, i. e. failure sinking of speed. In both cases, the
right speed of measuring is considered. To make the problem more
complicated, if one channel has a great difference from the others
(the advantage of measuring on three or four axles is clearly seen
here), it is considered as non-functional (by failure of sensor,
cabling or respective input circuits). In such cases, the driver is
obliged to switch this channel out of measuring. Although the last
sentences can be applied only on regulators with three- or four-
axle speed measuring, the previous sentences are valid also for
two-axle speed measuring.

If any failure occurs, it is necessary to inform the driver imme-
diately and let him decide about the next procedures because he
is responsible for the course of running.

With this, the next authors’ error is connected - the arbitrary
meaning of the speed measuring credibility rate signal. The record-
ing and train protecting devices must pass consequential validat-
ing process, during which the analysis of all program blocks is
made. Only some programming languages are allowed. Any fun-
ctions with decreased transparency are forbidden. It doesn’t seem
probable to admit fuzzy logic into this sensitive domain.

An incorrect comparison of features in the beginning of the
article was noticed.We can demonstrate it for example in [2].
When we analyze the results in details, interesting conclusions
occur.

For example, the comparison of achieving low speeds displays
the worse behavior of conventional regulator than of the fuzzy
one. During the detailed look, we find out that the fuzzy regulator
has to reach the speed of 5 km/h, while the conventional one has
to reach the speed of 3 km/h. With respect to common problems
of measuring low speed by normal sensors, the difference is very
essential and hence the comparison is incorrect. Next, we find
that both regulators have the same behavior in the case of empty
trains, but with full trains, the fuzzy regulator behaves better than
the conventional one and was less sensitive to the accurate setting
of train mass. We notice that our conventional regulators (both
speed and target braking and both railway and underground) need
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vencény a bol menej citlivy na spravne zadani hmotnost supravy.
K tomu poznamenavame, Ze vSetky nase regulatory, ¢i uz rychlosti
alebo cielového brzdenia, sa bez nastavovania hmotnosti supravy
celkom zaobidu, a to tak v metre, ako aj na Zeleznici. Citlivost na
hmotnost supravy je nulova a teda ovela mensia nez akakolvek
nenulova citlivost fuzzy regulatora. Tvrdenie odporuje aj empirii -
dlhsi vlak sa sprava lepSie ako kratky.

Preto konStatujeme, Ze nas uvedené clanky nepresvedcili
o vhodnosti a uz vobec nie o nutnosti riesit regulator rychlosti ¢i
regulator cielového brzdenia fuzzy logikou. V ziadnom parametri
sa totiz zatial ani zdaleka nepriblizuju nasim prevadzkovanym
regulatorom konvenénym. Mame pocit, Ze ten, kto problém regu-
lacie rychlosti ¢i cielového brzdenia plne pochopil do vsetkych
detailov nielen teoretickych, ale aj praktickych, je schopny vytvo-
rit kvalitny regulator konvencny, a ze fuzzy regulacia je v tomto
odvetvi snad modnou zalezitostou. Zial, zaleZitostou podporova-
nou silnymi vyrobcami softvérovych nastrojov a tieZ obecnym
upadkom kvality programatorov. Preto jestvuje realne nebezpe-
¢enstvo, Ze obchodna politika zvitazi nad technickym rieSenim, ¢o
sa Uz viac raz (nielen na Zeleznici) stalo.
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no setting of the train mass. Therefore, their sense to train mass is
zero, which is much less than any non-zero value. The facts written
in the article also contradict our experience: it is easier to control
a longer and heavier train than a shorter and lighter one.

This is why we can only state that the mentioned articles did
not convince us either of suitability or, by no means, necessity of
using the fuzzy logic for solving the speed or target-braking regu-
lator. By far, they did not approach our daily used conventional
regulators in any parameter. The conviction that somebody who
fully understands all the problems of speed or target-braking regu-
lation, in all details both theoretical and practical, makes it pos-
sible to design a first-rate conventional regulator, grows stronger
and stronger in our minds. Fuzzy logic is only a mode affair in this
branch. Unfortunately, a mode affair supported by strong manu-
facturers of software tools and also by common degeneration of
the quality of programmers, so a real danger exists in that the
market policy would win over technological solutions, which has
happened many times (not only by railway).

[1] SPALEK, J; MOLNAROVA, M.: Pouzitie fuzzy logiky v riadeni kritickych procesov, Komunikacie vol. 1, no. 1, 1999; p. 13-17

[2] VOIT, F., VOSS, H. J; SCHNIEDER, E.; PRIEBE, O.: Fuzzy Control versus konventionelle Regelung am Beispiel der Metro Mialand,
Automatisierungstechnik vol. 42, no. 9; Sept. 1994; p. 400-10
[3] PRIEBE, O.; SCHAPER. B.; VOSS, H. J.: Automatic Train Operation LZB700 - Eine leistungsfaehige Steuerung fuer den Nahverkehr
mit Fuzzy Control, Elektrotechnische Rundschau. vol. 43, no. 1-2, Jan.-Feb. 1994; p. 63-70
[4] FENG, XIAOYUN; JIA, JUNBO; LI. ZHI: The research of fuzzy predicting and its application in train’s automatic control, Proceed-
ings 2000 International Workshop on Autonomous Decentralized System (Cat. No. 00EX449). IEEE Comput. Soc, Los Alami-
tos, USA; 2000; xiv+241 pp., p. 82-86
[5] SEUNGSOO-LEE; JONGKYOU-KIM; HYUNG-LEE-KWANG: Adaptive subway regulation based on fuzzy control, Journal-of-
KISS(B)-(Software-and-Applications). vol. 25, no. 12; Dec. 1998; p. 1797-1804
[6] KHANBAGHI, M.; MALHAME, RP.: Reducing travel energy costs for a subway train via fuzzy logic controls, Proceedings of the
1994 IEEE International Symposium on Intelligent Control (Cat. No. 94CH3453-8). IEEE, New York, USA; 1994; 387 pp., p.
99-104
[7] OSHIMA, H.; ARAI, T.; KAWAHATA, S.: Computer control systems for the Sendai subway Hitachi-Review. vol. 37, no. 6; Dec.
1988; p. 385-392
[8] CHENG, HUA-CHANG:; LI, MIN-JIA; NING, SHOU-XU; XI, DI-ZZHANG: The application of fuzzy control to automatic train ope-
ration
[9] GERTLER, J. J..; CRUZ, J. B. - JR.; PESHKIN, M., MASTEN, M., MITCHELL, J. R., PERRIN, J. P, MOHLEIJI, S. C.: Proce-
edings of the 13th World Congress, International Federation of Automatic Control. Vol. P. Aerospace, Transportation Systems. Perga-
mon, Oxford, UK; 1997; x+378 pp., p. 349-354
[10] SHIUH, JER-HUANG; SHANG, LIN-HER: Fuzzy control of automatic train operation system International-Journal-of-Modelling-
and-Simulation. vol. 17, no. 2; 1997; p. 143-150
[11] YASUNOBU, S.: 4 fuzzy control for train operation, Systems-and-Control. vol. 32, no. 11; Nov. 1988; p. 629-636
[12] prEN 50128 Railway applications - Software for railway control and protection systems, final draft, July 1998

KOMUNIKACIE / COMMUNICATIONS 2-3/2001 =« 37



KOMNIKOCIe

C O M MUNICATI ON:S

Pavol Rafajdus - Valéria Hrabovcova - Ladislav Janousek - Peter Hudak *

SPINANY RELUKTANCNY MOTOR A JEHO VYUZITIE

V TRAKCNE] APLIKACII

SWITCHED RELUCTANCE MOTOR AND ITS UTILIZATION IN TRACTION APPLICATIONS

Cldnok sa zaoberd viastnostami spinaného reluktancného motora
(SRM) a jeho vyuZitim v elektrickej trakcii. V clanku si uvedené
vysledky vysetrovania parametrov ndhradnej schémy SRM meranim
a vypoctom pomocou metody konecnych prvkov. Vypocitané a name-
rané parametre su pouzité ako vstupné iidaje do matematického
modelu, ktory bol pouZity na simuldciu. Vystupom zo simuldcie su
priebehy fdazovych priidov a napdti, momentu a charakteristika
T = flw), z ktorej je mozné ziskat trakcnii charakteristiku. Uvedené
sil aj priebehy strdt a ucinnosti. V zdvere uvddzame krdtke porovna-
nie vybranych parametrov SRM a indukéného motora.

1. Uvod

V minulosti mali jednosmerné sériové motory jednoznacné
postavenie v elektrickej trakcii, pretoze ich prirodzena mechanicka
charakteristika sa najviac priblizovala trakénym poziadavkam.
S rozvojom impulznych menicov a novych polovodicovych struk-
tur sa postupne na ich miesto dostavali jednosmerné cudzobudené
motory, ktorych kotva a budenie boli napajané z dvoch nezavis-
lych menicov, co umoznovalo upravu tvrdej mechanickej charak-
teristiky tohto druhu motora na makku charakteristiku tak, aby sa
¢o najviac podobala trakénej charakteristike. Rozvoj polovodicovej
a riadiacej techniky vSak sposobil aj rozsirovanie pohonov s induk¢-
nymi motormi (IM). Riadenie tychto strojov, ¢i uz skalarne alebo
vektorové, bolo teoreticky a simulacne vyrieSené uz predtym, ale
vykonové zatazenia vtedy pouZivanych striedacov a riadiaca elek-
tronika neumoznovali pouzitie vysoko vykonovych pohonov s IM,
ku ktorym patri aj elektricka trakcia. To umoznil aZ v poslednej
dobe rozvoj mikropocitacov a polovodi¢ovych struktur s vysokym
zavernym napétim a priepustnym priadom. Tym zacali pohony s IM
vazne konkurovaf pohonom s jednosmernymi strojmi, pretoze
z ekonomického hladiska zacali vynikat vyhody IM voci jedno-
smernym strojom: jednoducha konstrukcia, nizsie vyrobné naklady
a teda aj cena, nenarofna udrzba (nie je tam komutator, ktory
pri jednosmernych strojoch predstavuje najhlavnejSiu Cast pri
udrzbe), vysoky hmotny vykon, pri sucasnom zvazeni, Ze vyrobné
naklady striedaca su vyssie ako vyrobné naklady impulzného
menica. AvSak pohon s IM musi byt vektorovo riadeny, aby sa
dosiahlo nezavislé riadenie toku a momentu stroja, tak ako je to
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This paper deals with the performances of switched reluctance
motor (SRM) and with its utilization in electric traction. The investi-
gation of SRM equivalent circuit parameters by measurement and by
finite element method is described. The calculated and measured
values of parameters are used in the mathematical model of SRM,
which was simulated. The simulation outputs are time profiles of the
phase currents, voltages and torque and also the torque/speed cha-
racteristic, which can be used for the traction characteristic calcula-
tion. The dependencies of the losses and efficiency on the speed are
shown. The comparison of performances of induction machine and
SRM is shown at the end.

1. Introduction

The DC series machine had a unique status in electric trac-
tion drives in the past because of its natural mechanical characte-
ristic approaches to traction demand. The development of DC
choppers with new semiconductor structures has caused DC series
machines to be replaced by DC separately excited ones, whose
field and armature winding are fed from two independent DC
choppers to improve its hard characteristic to the soft one, so it is
similar with traction characteristic. However, the development of
the semiconductor and control electronics has also caused the
spread usage of drives with induction machines (IM). The control
techniques of IM, scalar or vector, had been theoretically brought
under control and from the simulations point of view many years
ago, but the power stresses of inverters and control electronics
used in that time did not allow use of high power drives with IM,
where electric traction also takes place. Only in the recent deve-
lopment of microcontrollers and semiconductor structures with
high reverse blocking voltage and current density has the usage of
the IM drives in electric traction been enabled.

They have become a very strong competitor to the DC drives
because some advantages of the IM, such as simple construction,
lower production costs and price, maintenance-free operation (there
is no commutator which is the key part during the DC machine
maintenance), and higher power density. Therefore, IM have come
to the forefront with DC machines considering the parallel that
production costs of the inverter are higher as that of DC chop-
pers. But the IM drive has to be vector controlled to achieve
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prirodzene dané v jednosmernom stroji, ¢im sa zvySuji naroky na
riadenie a riadiacu elektroniku. To isté plati aj o tom, Ze prirodzena
charakteristika 7= flw) IM je v oblasti prevadzkovych sklzov
tvrda a preto musi byt vystupna charakteristika pohonu, podobne
ako pri cudzobudenom jednosmernom motore, upravena riadenim
pre trakéné poziadavky. Vektorové riadenie IM ma aj nevyhody
ktorymi st hlavne zavislost presnosti riadenia od presnej znalosti
parametrov stroja, pretoze riadené veliiny - tok a moment stroja
nie su priamo merané, ale si vypocitavané z modelu stroja na
zaklade meranych velic¢in ako su prudy, napitia a otacky.

Rozvoj vykonovej elektroniky spustil aj vyvoj pohonov, ktoré
sa oznacuju ako ,moderné®, aj ked akéné €leny v tychto pohonoch
vyuzivaju principy objavené uz v 19. storoci. Jednym z takychto
pohonov je pohon so spinanym reluktanénym motorom, ktorého
princip ¢innosti bol objaveny v roku 1838. A prave tento pohon sa
stava vaznym konkurentom pohonov s IM. SRM vynika vo¢i IM
hlavne jednoduchSou konstrukciou a teda aj jednoduchsou a lac-
nejSou sériovou vyrobou, vyssou robustnostou, mensimi narokmi
na udrzbu. Menic, ktory je z principu €innosti pri SRM nutny, je
ale jednoduchsi ako striedac pohonov s IM a teda aj financne
menej nakladny. To isté plati aj o riadeni SRM. To je tieZ z prin-
cipu €innosti nutné, avsak je ovela jednoduchsie ako pri IM, pretoze
pri SRM riadime len velkost prudu fazy a dizku jej zopnutia, ¢o je
zavislé od rychlosti a tato nelinearna zavislost moze byt v riadiacom
mikropo¢itaéi zadana tabulkovo. DalSou nespornou vyhodou je
moznost riadenia v otvorenej slucke, samozrejme za cenu zmen-
Senia prevadzkovej oblasti, resp. moznost bezsnimacového riadenia,
¢o je sucasnym vedeckym trendom v riadeni IM. Tvar prirodzenej
charakteristiky SRM (7" = f{n)), hoci je napajany z menica, sa velmi
podoba trakénej charakteristike. Preto aj z tohoto dovodu sa stava
vaznym konkurentom ostatnym, doteraz pouZivanym motorom
v elektrickej trakcii. Na druhej strane je potrebné spomenuf aj
zopar nevyhod, medzi ktoré patri najma zvineny vyvijany moment,
ktory je dany konstrukciou motora a spinanim jednotlivych faz,
magneticky hluk a potreba snimaca polohy pre spolahlivy chod.
Z hladiska uvedenych vlastnosti boli urobené podrobné analyzy
SRM pre trakéné ucely elektromobilov [2] a lokomotiv [3].

Ako bolo spomenuté vyssie, konstrukcia SRM je jednoducha,
na statore a rotore ma vyjadrené poly, ktoré je vhodnejsie volat
zuby, pretoZe pojem polu motora reluktanéného typu vyjadruje
len fyzicky pol, t. j. vyjadreny vystupok statora na vnuitornom
obvode a rotora na vonkajsom obvode. Rotor aj stator st vrstvené
z plechov. Napajacie (budiace) vinutie je umiestnené iba na statore,
rotor je pasivny a ma maly moment zotrvacnosti. Kazdy statorovy
zub ma budiace vinutie navinuté priamo na nom. Protilahlé zuby
mozZu byt spojené do série alebo paralelne a tvoria jednu fazu
(napr. A, obr.la). Prierez trojfazového 6/4 SRM (m = 3, m je
pocet faz), ktory ma Sest zubov na statore N, = 6 a Styri na rotore
N, = 4, moZeme vidiet na obr. la. V tomto stroji sa pri zopnuti
jednotlivych faz vytvara vzdy 2-polové pole.

Cielom tohoto ¢lanku je poukazat na vlastnosti SRM z hla-
diska trakcnej aplikacie, uviest metody pre identifikaciu hlavnych
parametrov SRM, ktoré su pouZzité v matematickom modeli. Tento
model je aplikovany v simulacii, ktorej vystupom su priebehy fazo-
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decoupled flux and torque control of the machine as it is naturally
given in DC machines. It increases claim for the controlling and
control electronics. Vector control of IM drives also has draw-
backs, mainly the dependence of control preciseness on the exact
knowledge of the machine equivalent circuit parameters because
the controlled quantities - flux and torque are not measured
directly, but they are calculated from the machine model based on
the measured quantities like currents, voltages and speed.

The power electronics evolution has also started the develop-
ment of drives, called “modern”, although the actuators used in
these drives work based on the principles invented in the 19th
century. Switched reluctance machine (SRM) is one of them. Its
principle of operation was invented in 1838. And just the drive
with this machine is becoming a very strong competitor to the
drives with IM. SRM has simpler construction and, therefore,
lower production costs, higher robustness and lower maintenance
demands as the drives with IM. The SRM can work only if it is fed
from an inverter, but the inverter of SRM is simpler and, there-
fore, cheaper than the one used to feed IM. The same conclusion
is also valid for controlling SRM. Basically, it is also needed for
the SRM operation, but it is simpler as the vector control for
drives with IM, because only the values of the phase currents and
the switching time, which are speed dependent, are controlled and
these non-linear dependencies can be given in table form and put
to the microcontroler. The next indisputable advantage of the
SRM drive is that it can be controlled in the open speed loop and
also sensorlessly in the closed speed loop, which is the up-to-date
trend in IM drives. The profile of the SRM torque/speed charac-
teristics (7 = f(n)), although it is fed from the inverter, looks
similar to traction characteristics. That is why the SRM is becom-
ing a very strong competitor to the IM. On the other hand, we
should mention also that the drawbacks of the SRM is the torque
ripples, which are given by the teeth construction and phase swit-
ching, magnetic noise and speed sensor necessity if the unfailing
operation is desired. From the SRM performances point of view
mentioned above, the detailed analyses of the SRM used in elect-
romobiles and locomotives are given in [2], [3].

As it was mentioned earlier, the construction of SRM is very
simple. It has salient poles on stator as well as on rotor. It is pre-
ferable to name these poles as teeth, because the term of pole in
the SRM expresses only the physical pole, which means salience
on the inner surface of stator and outer surface of rotor. Both the
stator and rotor are laminated. The field windings are located only
on the stator; the rotor is passive and has a low moment of inertia.
Each stator tooth has a field winding on it. The windings of the
teeth, which are geometrically opposite, are connected in series,
and they create one phase (for example A, Fig. 1a). The cross
section area of the three phase m = 3 (m - number of phases), 6/4,
which means that the machine has six poles on the stator N, = 6
and four poles on the rotor N, = 6, SRM is shown on Fig. 1a.
A two-poles field is created in this machine if the individual
phases are switched.

The aims of this paper are to point out the performances of
SRM from the traction application point of view and to show how
the parameters of the SRM used in its model can be identified.
The SRM model, described below, has been used in simulation.
The results are time profiles of phase currents / and voltages u; i,
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vého prudu / a napéatia u v zavislosti od ¢asu i,u = f{t) a charakte-
ristika 7= f(n), od ktorej je velmi blizko k trakcnej charakteris-
tike. Na ilustraciu st uvedené priebehy strat a ucinnosti. Aby bolo
mozné overit simulované priebehy, bol analyzovany konkrétny
SRM (jeho prierez je zobrazeny na obr.1.b), ktory ma nasledovné
Stitkové udaje: m = 3, (12/8, priom S§tyri zuby tvoria jednu fazu
a vytvara sa 4-pélové pole) 3,7 kW; 11,8 Nm; 3000 ot/min. V zavere
je kratke porovnanie niektorych parametrov SRM a indukéného
motora, napajaného z menica podla [3] a [9].

a) prierez trojfazového SRM 6/4
a) cross-section of three phase 6/4 SRM

u= f(t) and torque/speed characteristic 7' = f{(n), from which the
traction characteristic can be constructed. The dependencies of
the losses and efficiency on the speed are illustrated. The SRM
(its cross section area is shown on Fig. 1b) with nameplate: m = 3,
12/8 (four teeth create one phase and a four-pole field is in the
machine) 3.7 kW, 11.8 Nm, 3000 rpm has been analyzed to prove
the simulation results. The comparison of the performances of the
IM, fed from the inverter, and SRM with the same rated power
and speed based on [3] and [9] is shown at the end.

b) prierez analyzovaného SRM 12/8
b)cross-section of analyzed SRM 12/8

Obr. 1. Prierezy SRM
Fig. 1. Cross-sections of SRM

2. Analyza parametrov SRM

Jednym z najdolezitejSich parametrov SRM st magnetizacné
charakteristiky spriahnutého toku ¢ = f{©,i) v zavislosti od velkosti
prudu i a polohy rotora ®. Nahradna schéma jednej fazy je na
obr. 2, ktora pozostava z odporu vinutia fazy R, fazovej induké-
nosti L a indukovaného napdtia u,. Dolezitym rozdielom oproti
nahradnym schémam ostatnych motorov je ten, ze indukénost
L sa meni s velkostou prudu a polohou rotora L = f(0,i), to
znamena, Ze je zavisla od dvoch premennych. Vzajomna induk¢-
nost medzi fazami je velmi mala, preto sa vo vSeobecnosti zaned-
bava. Charakteristiky spriahnutého toku je mozné ziskat viacerymi
metddami: statickym meranim, metdédou koneénych prvkov
(MKP) alebo analytickym vypoctom, ak je napajana iba jedna faza.
Priebeh nameranych hodnét spriahnutého toku vySetrovaného
motora vidime na obr. 3. Hodnoty toku si uvedené iba do hodnoty
prudu 12 A, pretoze pri vysSej hodnote prudu motor vyvijal taky
moment, pri ktorom sa nedala s dostato¢nou presnostou udrzat
konStantna poloha rotora, ktord sa menila po jednom stupni
(mechanickom). Pre vyssie hodnoty prudu bol spriahnuty tok vypo-
¢itany pomocou MKP [ 4].

2. The analysis of SRM parameters

One of the most important parameters of SRM are magneti-
zation curves of flux-linkage( versus current i and rotor position
0, given as iy = f{0,i). The equivalent circuit of one phase is in
Fig. 2, consisting of winding resistance R,, phase inductance
L and induced voltage u;. The important difference between the
equivalent circuit of SRM and other motors is that the inductance
varies with current and rotor position L = f{®,i), which means the
inductance depends on two variables. Mutual inductance between
phases is very low; consequently, it may be neglected. It is possible
to obtain the magnetization curves of ¢y = f{0,i) by many methods:
by static measurement, by finite element method (FEM), or by
analytical approach, only when one phase is supplied. The profile
of measured values of the investigated motor flux-linkage can be
seen on Fig. 3. Values of flux-linkage ¢ are presented only for
current to 12 A, because it was very difficult to maintain the rotor
in the stable position for such a high value of torque if the current
was over 12 A. The rotor position was changed by 1 mechanical
degree. For higher values of current the flux-linkage has been com-
puted by means of FEM [4]. It is possible to calculate phase
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Zo spriahnutého toku je mozné vypocitat na zaklade pradu
pre danu polohu rotora fazovu indukénost. Na obr. 4 je znazor-
neny priebeh fazovej indukcnosti L = f{0,i) vySetrovaného SRM,
ktora je vypocCitana pomocou MKP. Fazova indukénost je jednym
zo vstupnych parametrov matematického modelu SRM.

VR
VR
VR

VL:O

‘l’ e=const.

Obr. 2. Nahradnd schéma jednej fiazy SRM
Fig. 2. Equivalent circuit of one phase of SRM

Délezitu ulohu v simulacii ma matematicky popis zmeny
indukénosti v zavislosti od fazového prudu a polohy rotora. Exis-
tuju dva bezné pristupy:

1. Jednotlivé hodnoty indukénosti
(namerané, alebo vypoCitané) su &
zadané tabul'kovo pouzitim line- ##% .
arnej, kubickej alebo kubicko- #®
splinovej interpolacie medzi ##as.
jednotlivymi hodnotami. T

2. Na zaklade tabulkovych hodnot ;.4
je urobena analyticka aproxima- |
cia vyjadrend spojitou funkciou. ..
Tato metdéda nemusi byt celkom 1E
presna, pretoZe sa velmi tazko
hlada analyticka funkcia, ktora
by presne zodpovedala namera- LY
nym alebo vypocitanym tabul'ko-
vym hodnotam. Ale je potrebné
vziat do Gvahy, Ze tato metdoda
je ovela rychlejsia [2].

3. Matematicky model SRM

V predchadzajucej kapitole sme uviedli nahradnu schému
SRM pre jednu fazu, ktori moZeme popisat rovnicou pre okam-
Zitd hodnotu napétia:

dy(i,0) dy(i,0)
=Ri+——=yupt+—— 1
e dt "k d D
kde u - je svorkové napitie a uj je ubytok napitia na odpore.

Pretoze SRM ma vyjadrené zuby na statore aj rotore, pocas
jeho prevadzky neexistuje ustaleny stav, v ktorom ma priebeh

Obr. 4. Fizovd indukcnost L = f(©,i)
Fig. 4. Phase inductance L = f(©,i)
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inductance for a given current and rotor position from flux-linkage.
The profile of phase inductance L = {0,i) of investigated SRM
computed by means of FEM is shown on Fig. 4. The phase induc-
tance is one of the input parameters of the SRM mathematical
model.

7
[Wb] 0
0.367
Stosové poloha Aligned 0°
0.220 10°
0.147 150
0.073 = 225°
naligned
Nestiosova poloha
0
2.4 48 72 9.6 ITA] 12

Obr. 3. yYri charakteristiky
Fig. 3. Magnetization curves yri

The very important position in simulation takes the mathe-
matical description of inductance versus phase current and rotor
position. There are two common approaches:

1. The values of inductance

(measured or calculated) are

given in the table form with

using linear, cubic or cubic-
spline interpolation.

Analytical approximation

expressed by continual func-

tion is done on the basis of

a table’s values. This method

would not be too accurate,

T because it is very difficult to

T find the analytical function,

Y n which exactly corresponds

v eri with a table’s values (measu-

red or calculated). But take

into account that this method

is quicker [2].

Al g

pamimn 2.

3. Mathematical model of SRM

One-phase equivalent circuit of the SRM shown above can be
described by the equation for the instantaneous value of voltage:

api®) . d(i,0)

= Ri+ 1
AT Ty TR Ty &

where u - is the terminal voltage and uy is the voltage drop

due to resistance.

Because the SRM has salient poles on the stator as well as on
the rotor, there is no steady state condition during its running, in
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prudu alebo napitia konstantnu alebo ustalenu hodnotu, pretoze
prud aj spriahnuty tok narastaju pocas kazdého pracovného cyklu
z nulovej hodnoty v zavislosti od rychlosti otacania a spdsobu ria-
denia. Preto je spriahnuty tok funkciou dvoch premennych: fazo-
vého prudu a polohy rotora a jeho Casova derivacia moze byt
vyjadrena nasledovne:

dp(i,®) 0y 0i dY 00 0i 0y
= = JR— + R
d sior T e0a L9 e @
kde w - je uhlova rychlost rotora.

Vieme, Ze spriahnuty tok je dany su¢inom induk¢nosti a prudu

W(i,0) = L(i,0)i 3

Ak dosadime do vztahu (2) vztah (3), tak mozeme napisat:

diiO) i dL
T

=u; +u 4)

Prva ¢ast vztahu u; predstavuje induktivny ubytok napédtia na
indukénosti a druha Cast vztahu predstavuje indukované napatie,
ktoré je umerné velkosti prudu, uhlovej rychlosti @ a pomeru
zmeny indukénosti od polohy rotora.

1000 T T T T T T T T T

voltage

0 0.002 0004 0006 0008 001 0012 00i4 0016 00i8 002

phase current

0 0002 0004 0006 OOCE 001 0012 00i4 0016 00i8 002

04 T T T T T T T T T —

flux - linkage
4] -

s , . \ . . s . ,Hms]
0 0002 0004 0006 OO0 001 0012 00i4 0016 00i8 002

a)n = 500 min~!
a)n = 500 rpm

which the current or voltage would have constant value, because
the current and flux-linkage are established from zero every stroke
depending on speed and on control strategy. Therefore, the flux-
linkage depends on both variables: phase current and rotor posi-
tion, and its time derivation can be expressed as follows:

dp(i®) 0ydi o0
d 0ot 00 dr

- is angular speed of rotor.

9y
+ B¢ O

= L(i, ®)
where

As it is known, the product of inductance and current gives
the flux-linkage

W(i,0) = L(i,0)i 3)

If equation (3) is included, the equation (2) can be rewritten:

dii0) i dL
P TRET

=u; +u 4)

The first part of the equation u, presents a voltage drop due
to inductance, and the second part is induced voltage, which is
proportional to the current, angular speed w and position varia-
tion of the inductance.

1000 T T T T T T T T T
voltage
t[ms]
_1000 L L . L L n L n
0 05 i 15 2 25 3 35 4 45 5
40 T T T T T T T T ™ T
1 r\ - f\
current
0
0 4 45t[ms]s
04
o2f fhux
linkage
0
0 4 4 st[mﬂl 5

b) n = 3000 mzn*’
b) n=3000 rpm

Obr. 5 Simulované priebehy napitia, pridu a spriahnutého toku
Fig. 5 Simulated profiles of voltage, current and linkage flux

Aby sme mohli ziskat priebehy prechodovych dejov SRM je
potrebné riesit m napatovych rovnic. Pre jednu fazu ma napitova
rovnica nasledovny tvar:

d
u= R+ dtﬁ [Rf

Ak zanedbame vzajomné indukcnosti, tak potom mozZeme
vyjadrit vyvijany elektromagneticky moment nasledovne:

dL(i,0) dO
de  dt

} L, @) — 5

To get the profiles of SRM transients, it is necessary to solve
m voltage equations. For one phase the voltage equation form is
as follows:

d dL(i,0) dO
u=Ri+— v |:Rf+ (+9)

de dt

- } LG, ®) — "

If mutual inductances are neglected, then it is possible to
express a developed electromagnetic torque in this form:

O = dL(z@) 6 O = dL(z ®) 6
T,(0.,) = 10 (6) T,(0,) = 10 (6)
a sticasne and also
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Obr. 6. Namerané priebehy napdtia a pridu
Fig. 6 Measured profiles of voltage and current

dw
T,=Ti=J—- O
kde J -je moment zotrvacnosti vSetkych rotujucich Castia T} je
zatazovy moment.

Z principu ¢innosti SRM vyplyva, ze potrebujeme vediet aj
aktualnu polohu rotora, ktora zavisi od uhlovej rychlosti rotora:

0 = [wdr (8)

Aby bolo mozné vyriesit vSetky uvedené rovnice, je nevyhnutné
zadat okrem svorkového napitia, odporu vinutia a momentu zotr-
vacnosti aj hodnoty indukénosti, ktoré su zavislé od fazového
prudu a polohy rotora. Na zadavanie hodnot indukénosti je pouzity
pristup €. 1 popisany v kapitole 2. Matematicky model bol napro-
gramovany a rieSeny prostrednictvom simulacného jazyka MAT-
LAB/SIMULINK, pouZzitim numerickej matematickej metddy na
rieSenie diferencialnych rovnic Runge - Kutta. Na obr. 5 vidime
simulované priebehy fazového prudu, napétia a spriahnutého toku
pre niZsie rychlosti (obr. 5a) n = 500 min ! a pre vyssie rychlosti
(obr. 5b) n = 3000 min ! ked zatazovy moment bol rovny meno-
vitému momentu 11,8 Nm. Na obr.6 mozeme vidief namerané prie-
behy napitia a prudu pre tie isté podmienky, ktoré boli pouzité
v simulacii. Na zaklade dobrej zhody simulovanych a nameranych
priebehov (obr. 5 a 6), mozeme vyuzif simulaciu aj na navrh
a optimalizaciu parametrov SRM. Podrobnejsia analyza priebehov
prudov, napiti a ostatnych veli¢in pri vysSich a niZSich rychlos-
tiach je urobena v [7].

4. Straty a uc¢innost SRM
Ako sme uviedli v uvode, pri vybere trakéného pohonu je

potrebné mat na zreteli jeho ucinnost a s nou suvisiace straty. Vo
vseobecnosti sa v elektrickych motoroch uvazuje o Styroch druhoch

T, T,=J do (7)
in I dt
where J - is moment of inertia of all rotating parts and 7 is load
torque.

From the principles of SRM operation follows, that it is neces-
sary to know an actual rotor position ®, which depends on the
angular rotor speed w:

© = [wdr (8)

To solve all given equations, it is necessary to know terminal
voltage, winding resistance and moment of inertia, and the values
of inductance, depending on the phase current and rotor position.
To set the inductance values, approach No. 1, described in chapter
2., has been used. A mathematical model has been solved by means
of simulation language MATLAB/SIMULINK, solving differen-
tial equations on the basis of numerical mathematical method
Runge-Kutta.

In Fig. 5 simulated phase current, voltage and flux-linkage
profiles for lower speed (Fig. 5a), n = 500 rpm, and for higher
speed n = 3000 rpm (Fig. 5b), can be seen if load torque was
equal to rated torque 11.8 Nm. In Fig. 6 measured voltage and
current profiles for the same conditions as in simulations can be
seen. On the basis of good coincidence simulated and measured
values (Fig. 5 and 6), the simulation can be used also for SRM
design and parameters optimization. More detailed analysis of the
current, voltage and other variables profiles for higher and lower
speed is made in [7].

4. SRM Losses and Efficiency

As mentioned in the introduction, in the process of the trac-
tion drive choice the losses and efficiency must be taken into
account. Generally, in electrical machines four kinds of losses are
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strat: straty vo vinuti (Jouleove straty) AP;, straty v Zeleze APy,
mechanické straty AP,, a dodatocné straty AP,,. Pre ilustraciu je
na obr. 7 uvedeny priebeh strat tu vysetrovaného SRM urcenych
pre rozne hodnoty otacok, pricom moment bol udrziavany na kon-
Stantnej hodnote hysteréznym regulatorom prudu (dvojpolohovy
regulator) 7= 11,8 Nm, pokial to technické podmienky dovolo-
vali. Analyzu sme urobili prostrednictvom programu PC-SRD,
VERSION 4., uvedeného v [5]. Z priebehov je vidiet, Ze pokial
bolo mozné moment udrziavat na konstantnej hodnote (obr. 11),
tak straty vo vinuti sa takmer nemenili. Boli dané tvarom prudu,
ktory zavisi nielen od zatazového momentu, ale aj od rychlosti
otacania. Naopak, pri vysSich rychlostiach efektivna hodnota prudu
klesne, tym klesnu aj straty vo vinuti. Straty v Zeleze narastali so
zvysujucimi sa otaCkami, pretoZe narasta aj casova zmena spriah-
nutého magnetického toku. Mechanické straty narastali tiez v zavis-
losti od otacok. Na obr. 8 je uvedeny priebeh ucinnosti v zavislosti
od otacok, vypocitany na zaklade priebehov strat z obr. 7.

400
APIW] o

300 //

250 / ——AP; [W]

200 e ~7 - ~ —a APp, [W]

150 P />< —— AP, [W]

100 7 ol

50 M

0 4 . . .

0 1000 2000 3000 4000 7 [rpm]

Obr. 7. Priebeh strat SRM v zdvislosti od otdcok
Fig.7. The profile of SRM losses depending on speed

5. Mechanicka charakteristika SRM

Ako sme spomenuli v uvode, prirodzeny tvar charakteristiky
SRM T = flw) (obr. 9) sa podoba na trakénu charakteristiku.
Tato charakteristika sa sklada z troch zakladnych casti.

V prvej Casti vidime konStantny priebeh momentu. Ten docie-
lime tak, Ze fazovy prid budeme udrZiavat na konstantnej hodnote
vhodnym druhom regulatora. Tuto regulaciu je mozné robit iba
v ur¢itom rozsahu rychlosti maximalne po bod B. Bod B, alebo
rychlost wg, je maximalna rychlost, pri ktorej moZeme dodavat
do SRM maximalny prud pri menovitom napati s konstantnym
uhlom zopnutia 0, a vypnutia @ (obr. 6a).

Uhol vodivosti ®,, = 0, — ®, ma konstantni velkost.

V druhej Casti mechanickej charakteristiky medzi bodmi B
a P vidime regulaciu na konstantny vykon (P = Tw) aZ po bod P.
Tato Cast charakteristiky 7= flw) sa da docielit zva¢Senim uhlu
vodivosti @, Vyvijany moment klesa, pretoZe sa zniZuje hodnota
fazového prudu [7].

Ak budeme zvysovat rychlost motora otackovym regulatorom
pri menovitom napdti a uhol vodivosti bude maximalny a kon-
Stantny, tak moment bude klesat so Stvorcom rychlosti, comu zod-
poveda tretia Cast charakteristiky 7= flw) od bodu P smerom
doprava. Podobne ako v druhej Casti charakteristiky aj v tejto Casti

considered: winding losses AP;, iron losses APp,, rotational losses
and additional losses AP,,. The Fig. 7 illustrates the profile of the
losses of the investigated SRM, determined for various values of
speed, if torque has been kept on the constant value 7= 11.8 Nm
by means of hysteresis current controller, until technical condi-
tion allowed it. The analysis has been made by means of program
PC-SRD, VERSION 4, seen in [5]. As seen in the profiles, until
the torque can be kept in the constant value (Fig. 11), winding
losses are not changing. The losses are given by the profiles of
current, depending not only on the load, but also on the speed of
rotation. In opposite, at the higher speeds the RMS value of the
current decreases and, therefore, also decreases winding losses.
Iron losses increase with increasing speed, because the time chan-
ging of flux-linkage also increases. Rotational losses also increase
with speed. In Fig. 8 there is an efficiency/speed curve calculated
on the basis of losses from Fig. 7.
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Obr. 8. Priebeh icinnosti SRM v zavislosti od otdcok
Fig.8. The profile of SRM efficiency depending on speed

5. Torque/speed characteristic of SRM

As mentioned in the introduction, the inherent form of the
SRM torque/speed characteristic (Fig. 9) is similar to traction
characteristic. This characteristic consists of three basic parts.

In the first part a constant torque can be seen. It can be ob-
tained by keeping the phase current on the constant value by a sui-
table kind of controller. This control is possible to carry out only
in the limited speed range, maximum until the point B. At point
B, the speed wy, is the highest speed at which a maximum current
can be supplied at a rated voltage, with fixed firing angles ®,, and
commutation angles O (Fig. 6a). The conduction angle or dwell
angle ©®, = O, — 0, has constant value.

In the second part of the torque/speed characteristic, between
the point B and P, the control mode on the constant power (P =
Tw) can be seen (till the point P). This part of the torque/speed
characteristic is possible to obtain by increasing of the conduction
angle ©,. The developed torque decreases, because the value of
phase current decreases [7].

If the speed controller at the rated voltage will increase the
motor speed and the conduction angle will be maximum and con-
stant, the torque will decrease with the square of the speed, which
corresponds to the third part of the torque/speed characteristic
from the point P towards the right. Similar to the second part the
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klesa hodnota prudu, ktory uz nie je mozné udrziavat na pozado-
vanej hodnote danej regulatorom.

Aby sme mohli ziskat
charakteristiku 7= f{(n) ana-

Chopping,
current - limited

‘ ®)p increasing
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current decreases because it is not possible to keep it on the re-
quired value given by the controller.

Natural
Op = fixed

To get the torque/speed characteris-
tic T = f(n) of the investigated SRM, it

lyzovaného SRM, je potreb-
né aplikovat a pouzif mate-
maticky model SRM, uvede-
ny v kapitole 3 a v blokovej
schéme na obr. 9. Blokova
schéma sa sklada z PID re-
gulatora, matematického mo-
delu menica (bez uvaZovania

‘ B

T=const

was necessary to use the SRM mathema-
tical model, shown in chapter 3 and in
block diagram, in Fig. 10. The block
diagram consists of: 1) the PID control-
ler, 2) the mathematical model of the con-
verter (the voltage drop due to semi-
conductor elements is not taken into
account), 3) the SRM mathematical

ubytkov napiti na polovodi- @b
¢ovych prvkoch), matematic-
kého modelu SRM, ktory je
rozdeleny na tri bloky: blok
V.E. tvoria napafové rovnice pre kazdu fazu (5), blok T.E. pred-
stavuje momentova rovnica (6) a treti blok predstavuje otackovu
rovnicu (7) a z vypoctového bloku skutocnej polohy rotora. Ako
je vidiet z obr. 9, do PID regulatora vstupuje rozdiel Ziadanych
a skuto¢nych otacok e,,. Vystup z PID regultora je Ziadana hod-
nota prudu. V menici sa porovnava skutoc¢na a Ziadana hodnota
prudu a na zaklade ich rozdielu a podla polohy rotora sa pripaja
napitie na jednotlivé fazy. Ak chceme ziskat vystupné charakte-
ristiky momentu v zavislosti od rychlosti otacania rotora, je po-
trebné uvazovat s uhlom zopnutia a vypnutia fazového prudu, pre-
toze tvar charakteristiky 7 = flw) je zavisly aj od uhla vodivosti
(obr. 9), pozdiz ktorého sa vytvara elektromagneticky moment
(obr. 6a). V [1] je definovana momentova oblast, v ktorej je vytva-
rany nenulovy moment danou fazou. V suimernom motore je tato
oblast ur¢ena vztahom 7/N,. V nasom pripade je to 22,5° mecha-
nickych, pretoze N, = 8. Dalej je definovana efektivna momen-
tova oblast, ktora predstavuje uhol, pozdiZ ktorého jedna fiza
vytvara moment porovnatelny s menovitym momentom. Tento
uhol zodpoveda tomu polovému obluku z dvoch prekryvajucich sa
polov, ktory je mensi. V naSom pripade je mensi statorovy obluk,
ktorého vel'kost je 15° mech. Preto efektivna momentova oblast
tu vySetrovaného SRM je 15° mech.

2+, ©
Obr. 9. Prirodzend charakteristika T = flw) SRM
Fig. 9. General torque/speed characteristic of SRM

model, divided into three blocks: a) the
block V.E. represents the voltage equa-
tions for each phase (5), b) the block T.E.
represents torque equation (6), and c)
the block represents speed equation (7), and from the block for
calculation of the real rotor position. As it is seen in Fig. 10, the
difference between required and real speed e, enters the PID con-
troller. The output of the PID controller is the required value of
the current. In the converter the real and required values of
current are compared, and on the basis of their difference and
according to the rotor position the voltage is applied to the indi-
vidual phases.

If the output torque/speed characteristic is required, it is
necessary to take into account the firing angles and commutation
angles, because the profile of the torque/speed characteristic
depends also on the conduction angle (Fig. 9), along which an
internal torque is developed (Fig. 6a). In [1] an absolute torque
zone is defined, in which a non-zero torque is produced by the
given phase. In a symmetrical motor this zone is given by the value
of the ratio 7r/N,. In here investigated SRM it is 22.5° mechanical,
because N, = 8. Further it is defined an effective torque zone,
which represents an angle, along which one phase produces
a torque comparable with the rated one. This angle corresponds
to this pole arc from the both overlapping poles, which is smaller.
In this case the smaller is a stator pole, and its value is 15° mech.
Therefore, the effective torque zone of here investigated SRM is
15° mech.

SRM
(Dreq | Tl
Uuj iI
+ ® ®
€n lreq u; iz Te 1
PID |—P|CONVERTER V.E. » TE. RE.(qf» — |—
. S
us 3
Oger A
© 1] 12T13
Obr. 10. Blokovd schéma pohonu so SRM
Fig. 10. Block diagram of the SRM drive
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Na obr. 11 vidime T = f(w) charakteristiku SRM pre uhol
vodivosti 22.5° a 15°.

Tieto charakteristiky su vystupom zo simulacie. Pre porovna-
nie bolo urobené meranie, pricom uhol vodivosti bol nastaveny
(vyrobcom) v menici na 15° a za-

In Fig. 11 the SRM torque/speed characteristics for the con-
duction angles of 22.5° and 15° can be seen. These characteristics
have been given as outputs of the simulation. For the comparison
a measurement has been made, at which the conduction angle set

in the converter by the producer was

tazovy moment bol menovity. 20
Otacky vySetrovaného SRM boli

15°, and the load torque was rated
one. The converter has limited the

obmedzené menicom, a preto sa 7 [Nm]15

pri merani nedali zvysit na také

speed of the investigated SRM, and
therefore, it was not possible to inc-

—e— 15° simulated

otacky, aké boli pouzité v simu-

IOM—."“_"—%\\:

—m— 22.5° simulated

rease them in the values used in simu-

—a— 15° measured

lacii. Ako mozZeme vidiet z prie- 5
behov na obr. 11, tvar charakte-

lation. As seen in Fig. 11, the profile
of the SRM torque/speed characte-

0 T

ristiky T = f{ sa podoba na
y flw) sa p 0 2000

trakénu charakteristiku a zodpo-
veda prirodzenej charakteristike
na obr. 9. Pre konkrétnu trakénu
aplikaciu je potrebné prepocitat
moment na trakénu silu s uvaZzovanim vSetkych jazdnych odporov
a otacky prepocitat na rychlost trakéného vozidla.

Na zaver uvadzame porovnanie niektorych parametrov SRM
a induk¢ného motora podla [9], ktoré si uvedené v tab. 1. Boli
porovnavané motory s rovnakym menovitym vykonom a rovna-
kymi menovitymi otaCkami, ktorych katalégové udaje su: m = 3,
uplne uzavreté, chladené ventilatorom, trieda izolacie F.

Obr. 11. Charakteristiky SRM T = f(n)
Fig. 11. SRM torque/speed characteristics

T

ristic is similar to the traction one
4000 7 [RPM]

and corresponds to its general cha-
racteristic shown in Fig. 9. For the
certain traction application it is
necessary to convert the torque on
the traction effort, taking into account all traction resistances and
the angular or rotating SRM speed convert to the speed of the
traction vehicle.

In the end a comparison of some SRM and IM parameters are
shown in the table 1., according to [9]. The motors with equal
rated power and rated speed have been compared. Their catalogue
data are as follows: m = 3, totally closed, cooled by the fan, the
insulation class F.

Tab. 1 Table 1.
Udaje motora SRM M Motor’s data SRM ™M
Vykon 7.5 kW 7.5 kW Output power 7.5 kW 7.5 kW
Rychlost otaéania [min~'] 1500 - 3000 1500 - 3000 Speed [RPM] 1500 - 3000 | 1500 - 3000
Magnetizacny prud (1500 RPM) 13.1A 8.0A Magnetising current (RMS) 13.1 A 80A
Vonkajsi priemer statora 210 mm 122 mm Output stator diameter 210 mm 122 mm
Merny vykon na hmotnost 0.115 kW/kg 0.141 kW/kg Power density 0.115 kW/kg 0.141 kW/kg
Hmotnost motora 65 kg 53 kg Motor weight 65 kg 53kg
Pocet zubov: stator/rotor 12/8 48/36 Tooth number 12/8 48/36
Dizka Zeleza 193 mm 135 mm Stack length 193 mm 135 mm
Moment zotrva¢nosti rotora 0.0195 kgm? 0.024 kgm? Rotor moment of inertia 0.0195 kgm? 0.024 kgm?
Priemer rotora 120 mm 122 mm Rotor diameter 120 mm 122 mm
Straty v Fe / mechanické straty 200/165 W 265/55 W Iron / friction & windage losses 200/165 W 265/55W
Straty vo vinuti: stator/rotor 595/0 W 650/350 W Joule loss 595/0 W 650/350 W
Utinnost motora 89.8 % 85.5% Motor efficiency 89.8 % 85.5%
Ucinnost menica 96.6 % 97.0 % Inverter efficiency 96.6 % 97.0 %
Ucinnost pohonu 86.7 % 82.6 % Drive efficiency 86.7 % 82.6 %

Z porovnania vyplyva, Ze aj napriek vy§Siemu magnetizac-
nému pridu SRM ma vys$§i hmotny vykon a ucinnost pohonu so
SRM je o 4 % vyssia ako ucinnost pohonu s IM.

6. Zaver

Clanok sa zaobera vy§etrovanim parametrov a vlastnosti SRM
z hladiska jeho vyuzitia v elektrickej trakcii. Popisané si parametre

It can be seen from the comparison that in spite of the higher
magnetizing current and lower power density, the SRM efficiency
is raised by 4 % in comparison with the IM drive.

6. Conclusion

The paper deals with the SRM parameters and performance
investigation from the point of view of its application in electrical
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nahradnej schémy, najmé L,y = f(0,i), pre konkrétny motor. Bol
zostaveny matematicky model, ktorého rovnice su riesené v MAT-
LABE/SIMULINKU. Vysledné ¢asové priebehy priudov a napati
su porovnané pre nizke a vyssie rychlosti s meranymi priebehmi.
Na zaklade blokovej schémy a matematického modelu boli vypoci-
tané charakteristiky 7 = f(n) pre rdzne uhly vodivosti a porovnané
s meranim. V ¢lanku je popisany vzajomny suvis medzi charakte-
ristikami 7' = f(n) SRM a trakénou charakteristikou. Na zaver je
uvedené porovnanie niektorych parametrov SRM a indukéného
motora. Z vysledkov vyplyva, Ze SRM je vhodny na trakcné apli-
kacie a moZe nahradit v sucasnosti pouzivané IM.
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traction. The methods of the important equivalent circuit parame-
ters investigation are presented, mainly L,iy = f(©,i). A mathe-
matical model has been created, the equations of which are solved
in the MATLAB/SIMULINK program. The time profiles of the
current and voltage for low and higher speed have been compared
with measured ones. On the basis of block diagrams and mathe-
matical model, the torque/speed characteristics 7' = f{n) for various
conduction angles have been calculated and compared with the
measured ones. The paper has shown a mutual correspondence
between SRM torque/speed and traction characteristics. In the
end, a comparison of some SRM and IM parameters have been
given. From the results it can be said that SRM is suitable for trac-
tion application and can replace at present used IM.
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Juraj Altus - Milan Novak - Alena Otc¢enasova - Michal Pokorny - Adam Szelag *

KVALITATIVNE PARAMETRE ELEKTRICKE] ENERGIE
ODOBERANE) ELEKTRICKYMI DRAHAMI

QUALITY PARAMETERS OF ELECTRICITY SUPPLIED TO ELECTRIC RAILWAYS

V prispevku sa pojedndva o najzdvaznejsich nepriaznivych vply-
voch striedavej elektrickej trakcie na kvalitativne parametre doddvanej
elektrickej energie ako sii uicinnik zdkladnej harmonickej a skutocny
ucinnik, harmonické zlozky priidu a napdtia, nesymetria a ucinniky
v nesymetricky zataZenych vedeniach, flicker efekt - blikanie. Na potvr-
denie niektorych zdverov v prispevku uvddzame vysledky z merania
v trakénej transformovni ZSR Nové Zdmky a tieZ naznacujeme moz-
nosti odstranenia nepriaznivych vplyvov prostrednictvom filtracno-
kompenzacnej stanice a pomocou aktivnych filtrov.

1. Uvod

Vzajomnym ovplyviiovanim sa jednotlivych zariadeni a ich
schopnostou pracovat vyhovujiicim spésobom vo svojom elektro-
magnetickom prostredi bez vytvarania nepripustného elektromag-
netického ruSenia pre ¢okolvek v tomto prostredi, sa zaobera me-
dziodborova vedecko-technicka disciplina so vS§eobecnym nazvom
elektromagnetickd kompatibilita (EMC). Jednou z jej sucasti je
oblast zaoberajlica sa kvalitou elektrickej energie.

Za kvalitu elektrickej energie zodpoveda jej dodavatel (distri-
butor) aj ked' zhorSovanie kvality moze vychadzat z energetickych
zariadeni odberatela. Preto pri uzatvarani zmluv na dodavku alebo
odber elektrickej energie je potrebna sucinnost obidvoch zaintere-
sovanych stran. Nemozno sa vsak spoliehat len na trzné principy,
ale dodavatel elektrickej energie musi chranit svoje zaujmy a zaujmy
ostatnych odberatelov. Je to mozné prostrednictvom urcenych
podmienok pre pripojovanie energetickych zariadeni (spotrebiCov
a zdrojov elektrickej energie), medzinarodnymi normami a mera-
nim jednotlivych kvalitativnych parametrov.

V norme STN 50160 ,Napétové charakteristiky elektrickej
energie dodavanej verejnymi rozvodnymi sustavami“ [5] su defi-
nované kvalitativne parametre elektrickej energie a ich kompati-
bilné urovne - dovolené hodnoty pre napatové urovne nn a vn.

Za kvalitativne parametre dodavanej elektrickej energie sa
povazuju:

The paper analyses the most relevant unfavourable impact of AC
electric traction on the quality parameters of supplied electric energy.
These are: power factor of fundamental harmonic and power factor,
voltage a current harmonic components, unbalance and power factors
in asymmetrically loaded lines and flicker. To confirm some proposi-
tions, the paper presents results of measurements in traction transfor-
mer substation ZSR Nové Zdamky. Also, the possibilities of unfavourable
impact elimination using filtering and compensating substation and
power active filters are mentioned.

1. Introduction

Various parts of electrical equipment are mutually affected.
Each appliance is less or more able to operate satisfactorily in its
electromagnetic environment without introducing intolerable elec-
tromagnetic disturbances to other appliances placed in the same
location. An inter-disciplinary scientific branch generally called
Electromagnetic Compatibility (EMC) deals with mentioned pro-
blems. One of its parts is the domain dealing with the quality of
electricity.

The supplier (distributing company) always guarantees quality
of electricity, even in the case when the quality deterioration is
caused by the electrical installation owned by a consumer. Hence
a cooperation of both parties involved (supplier, consumer) is re-
quired during the process of creating an agreement for electricity
supply. But the market principles are not the only criterion; a sup-
plier also has to protect its own priorities, and the interests of other
consumers. It could come to fruition through the established con-
ditions for connecting electric installations (appliances and electri-
city sources), international standards and measurement of various
quality parameters.

The quality parameters of electricity are defined in the Slovak
standard STN 50160 “Voltage characteristics of electricity supplied
by public distribution systems” [5], together with their compatibi-
lity levels, i.e. acceptable values for LV and MV voltage systems.

The following parameters are considered as the quality para-
meters of electricity:

* 1Dgc. Ing. Juraj Altus, PhD., Doc. Ing. Milan Novak, PhD., Doc. Ing. Alena Otéenasova, PhD., Doc. Ing. Michal Pokorny, PhD.,

Dr. Adam Szelag El.Eng. MIEE

"Department of Electric Traction and Energetics, Faculty of Electrical Engineering, University of Zilina, Vel'ky Diel, 010 26 Zilina, Slovak Republic,

E-mail otcenas@fel.utc.sk

2Electric Traction Division, Faculty of Electrical Engineering, Warsaw University of Technology, Plac Politechniky 1, 00-661 Warszawa, Poland,

E-mail aszelag@nov.iem.pw.edu.pl

48 + KOMUNIKACIE / COMMUNICATIONS 2-3/2001



« napdtie a jeho odchylky,

« kratkodobé prerusenia, poklesy a prekroCenia menovitych hodnot
napétia,

« ucinnik zakladnej harmonickej,

« frekvencia siete,

« nesymetria napitia,

« obsah harmonickych zloziek napiti a pridov,

» medziharmonické,

« rychle zmeny a kolisanie napatia, miera vnemu blikania (flicker).

Doteraz neboli u nas sledované vSetky zmienené kvalitativne
parametre elektrickej energie a spatné vplyvy nelinearnych spotre-
bi¢ov na napajaciu siet, avSak tlak na zvySovanie kvality elektrickej
energie nuti dodavatelov k ich postupnému meraniu a vyhodno-
covaniu.

2. U¢innik zakladnej harmonickej

Donedavna mali Zeleznice Slovenskej republiky (ZSR) uréité
vynimky v dodrziavani kvalitativnych parametrov elektrickej energie.
V sucasnosti dodavatelia elektrickej energie voéi ZSR uplatiujt
rovnaké poziadavky ako voci ostatnym odberatelom. Predpoklada
sa, ze vSetky odbery sa budu uskuto¢novat pri induktivnom ucin-
niku cose = 0,95 az 1. Pokial tuto z4vdzni hodnotu ucinnika
odberatel nedodrzi, plati dodavatelovi cenovu prirazku za zvyse-
nie strat v elektrizacnej sustave.

ZSR v sucasnosti prevadzkuju elektricku trakciu pomocou
dvoch systémov - jednosmerného a striedavého. Pre jednosmernu
elektricku trakciu plati teoreticky, a je to potvrdené aj mnohymi
meraniami, Ze prudovy odber je uskutocniovany s ucinnikom, ktory
je priaznivy a nie je penalizovany zo strany dodavatela elektrickej
energie. Naproti tomu sucasné hnacie vozidla striedavej elektric-
kej trakcie systému 25 kV, 50 Hz dosahuju priemerny ucinnik
okolo hodnoty 0,83.

Potreba jalového vykonu v elektrickej vozbe je ovplyviiovana
hlavne trakénym rezimom hnacich vozidiel, s ktorym suvisi mag-
netizacny prud transformatora, rozptylova reaktancia transforma-
tora, komutacia usmernovaca s vyhladzovacou tlmivkou a hlavne
fazové riadenie tyristorovych menicov - usmernovac¢ov. Magneti-
zacny prud transformatora trakcnej transformovne a jeho rozpty-
lova reaktancia, ako aj impedancia trakéného vedenia sa tiez
podielaju na zhorSenom ucinniku.

Striedava elektricka trakcia je typickym velkym spotrebicom
s nesymetrickym odberom elektrickej energie. Stykovym miestom
medzi trak¢nym vedenim a elektrickou siefou energetiky su trakéné
transformovne, ktoré spravidla obsahuju dva trak¢éné transforma-
tory 110/27 kV. Podla toho, ¢i pracuje jeden alebo dva transfor-
matory, hovorime o ,,T“ alebo ,V* type spojenia. Transformatory
su vzdy pripojené na zdruzené napitia vedenia 110 kV (obr. 1)
a predstavuju pre sief znacne nesymetricky spotrebi¢. Ucinniky
a vykony su v pripade nesymetrickych odberov rozne na zatazi
a vo vedeni a na rozdiel od symetrickej zataze su rozne aj v jed-
notlivych fazach vedenia.
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« voltage and its deviation limits,

« short-time voltage interruptions, dips and swells (as related to
the voltage nominal value),

« power factor of the fundamental harmonic,

« frequency,

« voltage unbalance,

« content of voltage and current harmonics,

« interharmonics,

« rapid voltage changes and fluctuations, rate of flicker.

Mentioned quality parameters of electricity and negative influ-
ences of non-linear appliances upon the electric network were not
universally monitored. Present needs for the highest quality para-
meters force the electricity suppliers to measure and evaluate
these quantities.

2. Power factor of the fundamental harmonic

For the Railways of Slovak Republic (ZSR) some exceptions
were valid in keeping the quality parameters of electric energy
until recently. Now, electricity suppliers call ZSR to operate under
the same rules as other consumers. It is expected that all loads will
have inductive power factor within the range of cose = 0.95 - 1.
In this case, when the consumer does not keep these obligatory
values of power factor, he is obligated to pay an additional charge
to electricity supplier because of the increasing loss in electric
network.

ZSR actually operates electric railways under two different
current systems - DC and AC. Current taken off the network by
the DC traction system has a favourable power factor. It is confirm-
ed theoretically and also by number of measurements carried out.
In this case electricity suppliers do not fine ZSR for low power
factor values. On the other hand, contemporary electric vehicles
used in the AC traction system 25 kV, 50 Hz handle an average
power factor only around the value of 0.83.

The need of reactive power in the electric traction is affected
mainly by the traction mode of electric vehicles. This mode
determines magnetizing current of transformer and its leakage
reactance, commutation of rectifier with smoothing inductor and
the major phase control of thyristor converters - rectifiers. The
magnetizing current of the transformer in the traction substation
and its leakage reactance as well as the impedance of traction
overhead line contribute to the inferior values of power factor.

AC electric traction is the typical big consumer who creates the
asymmetrical loads. The points of common coupling between the
HV electric network and electric railways are the traction trans-
former substations usually equipped by two traction transformers
110/27 kV. When only one transformer is in operation, we talk
about a “T” connection, in the case of two transformers in opera-
tion - “V” connection. Transformers are always connected to the
line-to-line voltage 110 kV (Fig. 1) and thus represent a consider-
able asymmetrical load for the network. In the case of asymmetri-
cal loads the power factors and powers in appliance differ from
those in the electric line. Power factors and powers are also differ-
ent in each phase of the line in contrast to the symmetrical load
line.
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Obr. 1. Pripojenie trakcnych transformdtorov na vedenie 110 kV, a) T - spojenie, b) V - spojenie
Fig. 1. Traction transformers connection to 110 kV line, a) T - connection, b) V - connection

2.1 Ucinniky v nesymetricky zatazenych vedeniach
T - spojenie

Uvazujeme jeden jednofazovy spotrebi¢ v T - spojeni (obr. 1a),
pripojeny na zdruZené napitie Uz, ktory odobera prud /5 (v har-
monickej oblasti) s uc¢innikom cos¢, induktivneho charakteru.
Induktivny charakter odberov je najbeznejsi a dokonca predpisy
dodavatelov elektrickej energie kapacitny charakter odberu nepri-
dov je na obr. 2. Fazové prudy, napétia a fazové posuny vo vedeni
maju oznacenie s jednym indexom. Z geometrickych pomerov na
obr. 2 je mozné zistit, Ze medzi u€innikmi vo fazach vedenia a na
spotrebiCi platia nasledovné vztahy

cospy = cos(@up — 30°) }

cospp = cos(@p + 30°) ()

Obr. 2. Fizorovy diagram napdti a pridov pre T - spojenie
Fig. 2. Phasor diagram of voltages and currents for T - connection

Z tychto vztahov vyplyva, Ze pri zistovani G¢innikov vo vedeni
je mozné v niektorej faze namerat kapacitny charakter ucinnika
a v inej faze zasa pomerne nizke hodnoty ucinnika induktivneho

2.1 Power factors in asymmetrically loaded lines
T - connection

Let’s talk about one single-phase appliance in T - connection
(Fig. 1a), connected to line-to-line voltage U,;. It takes off the
(harmonic) current [,z with inductive power factor cos¢, . Induc-
tive power factor is the most common one and also electricity
supplier’s rules do not allow capacitive power factors (as men-
tioned above). Phasor diagram of voltages and currents is in Fig
2. Phase voltages, currents and phase shifts in the line are denoted
with one character subscript. It is possible to determine (from the
geometrical situation at Fig. 2), that the following formulae are
valid between the power factors in the line and phase shifts in the
appliance

cosp, = cos(pyp — 30°)
cosgg = cos(¢,p + 30°) M
+ C
IBC
PBC
U
UBC UC CA
Pc IC
ls
+— IA
Uz
UB Pa
Un A
B I (PAB UAB +1
AB

Obr. 3. Fazorovy diagram napdti a priidov pre V - spojenie
Fig. 3. Phasor diagram of voltages and currents for V - connection

These formulae indicate that power factor in one phase of the
line could have a capacitive value, while the value of the other
phase is inductive and low. It is happening even in the case when
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charakteru a to aj v tom pripade, Ze u¢innik jednofazového spo-
trebica je v povolenom pasme 0,95 az 1,00.

V - spojenie

Fazorovy diagram pre V - spojenie je na obr. 3. Z geometric-
kych pomerov na tomto obrazku je opaf mozné jednoducho zistit
vztahy pre ucinniky krajnych faz 4 a C

}

Zostava najst vzfah pre Gcinnik v strednej faze B. I tu sa
vychadza z geometrie na obr. 3, pricom je vhodné zaviest nasle-
dovné oznacCenie pre pomer vel'kosti prudov spotrebiov

cosg, = cos(@p — 30°)

cospe = cos(ppe + 30°) &)
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the power factor of a single-phase appliance is within the allowed
range.

V - connection

Phasor diagram for the V - connection is in Fig. 3. From the
geometrical situation at Fig. 3 the following formulae are valid for
power factors in the line for phases 4, B

}

The power factor in phase B is to be derived. Here again, the
geometrical situation at Fig. 3 is the base for the calculations. The
following denotation for the magnitudes of an appliance’s currents
ratio is advisable

cosp, = cos(¢,p — 30°)

cospe = cos(ppe + 30°%) @

1
k= % () Ipe
w = 3)
AB
Vseobecny vztah pre faizovy posun ¢z ma tvar A general formula for the phase shift ¢ is
V3 k- cospge — k - singge — 2 - sin
05 = 30° — arcig Ppc Ppc Pan 4)
k- cosope + V3ek- sinpge+ 2+ cosgp

Vztah (4) je mozné upravit s pouZitim nasledovného oznace-
nia pre sucet fazovych posunov

0= 9@t @5

Zo vztahu (4) je teraz mozné vylucit ¢, a dostdvame

Equation (4) can be re-arranged with the use of the following
denotation for the sum of the phase shifts

@ =30°— arclg[

V pripade, Ze velkosti priudov oboch
1

(%) 0= ¢t ¢pc (%)
Thus ¢, can be eliminated from equation (4), so
(tgppe) * (2 - cosa — k) + (\/5 <k —2-sing) ©)
(2 - coso + k) + (tgppe) (\/5 ~k+ 2 sino)

In the case when magnitudes of both

zatazi si rovnaké, t. j. ked Iz = Iz _M\ appliances are equal, i.e. when [,z = Iz
a k = 1, nie je hodnota fazového posunu 0.8 HA-cap| “TAcind] | and k = 1, the value of phase shift ¢,
¢p zavisla od jednotlivych fazovych o 06 @ does not depend on the values of each
posunov zafaze @,z a @gc, ale len odich S 04 phase shift of the appliances ¢,z and @z,
suctu, podla nasledujiceho vztahu 02 @ but only on their sum, according to the
0 following formula
¢p=30° — 1 09 08 07 06 05
\/3 — 2 - sino COSP B ¢p = 30"~

Obr. 4. Ucinniky vo
rovnaké spotre
Fig. 4. Power factors

- arctg( ) (7)

V pripade, ak su obidve zataze vo V -
spojeni rovnaké nielen vel'kostou, ale maju
aj rovnaké ucinniky (t. j. k=1a ¢, =
= @pc), sprava sa strednd faza rovnako ako v pripade sumernej
sustavy a pre fazovy posun strednej fazy ¢ dostaneme zo vztahu

(N
} = PuB

Pre uvedené zjednodusené podmienky rovnakych spotrebicov
vo V - spojeni je na obr. 4 vyneseny priebeh ucinnikov v jednotli-
vych fazach vedenia v zavislosti od ucinnikov zataZe, ktoré su
induktivneho charakteru (podla vztahov (2) a (8)). Uéinnik vo
faze A meni svoj charakter z kapacitného na induktivny pri
poklese ucinnika zataze pod hodnotu 0,866.

1+ 2-coso

sin(30° — ¢,p)

c0s(30° = ) ®

@ = 30° — arctg[

appliances in V - connections

fazach vedenia pre dva
bice vo V - spojeni
in the line for two equal

\/§—2~sina

1+ 2-coso

- arclg( ) 7

In the case when both V - connected
loads are equal not only by current mag-
nitudes but also by their power factors (i.e. k = 1 and ¢ 5 = @p0),
phase B acts the same way as for the symmetrically loaded line.
Formula for the phase shift ¢z of phase B can be derived from

equation (7)

Fig. 4 presents graphs of power factors of the phases of the
line vs. power factor of the load (which is of inductive character)
- for above mentioned simplified conditions - two equal appliances.
The graphs were calculated in accordance with equations (2) and
(8). Power factor in phase A changes its capacitive character to
inductive one when the load power factor decreases below 0.866.

sin(30° — ¢,p)
cos(30° — ¢ p)

Pap (8)

¢ =30°— arctg[
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3. Harmonické zlozky napitia a prudu

Dalsim kvalitativaym ukazovatelom, ktory ma byt v najblizsej
buducnosti sledovany zo strany energetiky, je dodrziavanie kom-
patibilnych urovni obsahu harmonickych napiti v dohodnutom
spolo¢nom napajacom bode. Toto obmedzenie bude znamenat, Ze
odberné zariadenie pripojené na rozvodné zariadenie dodavatela
bude musiet byt vybavené dostupnymi technickymi prostriedkami
obmedzujucimi vplyv spatného pdsobenia na kvalitu dodavane;j
elektrickej energie ostatnym odberatelom a nesmie ovplyviovat
funkciu riadiacej, meracej a zabezpecovacej techniky a ¢innost
systému hromadného dialkového ovladania.

Jednosmerna elektricka trakcia teoreticky, ale opat aj na zaklade
merani, nie je povodcom vyznamnych harmonickych zloziek prudu
a nasledne napitia, ¢o je zdovodnitelIné tym, Ze v trakénej meniarni
je trojfazovy usmernovac s dvanast impulzovym usmernenim.

Usmernova¢ umiestneny na hnacom vozidle striedavej trak¢-
nej prudovej sustavy predstavuje zdroj pridovych harmonickych,
o je potvrdené meraniami aj simulacnymi experimentami. Pretoze
ide o jednofazovy menic s dvojimpulzovym usmernenim, spektrum
prudu odoberaného jednofazovym rusnom obsahuje minimalne
vsetky neparne nasobky zakladnej frekvencie 50 Hz. Velkost pru-
dovych harmonickych je priblizne nepriamo umerna radu harmo-
nicke;j.

Vel'kost harmonickych zloziek prudu v trakénej transformovni
vsak zavisi nielen od vel'kosti prudovych harmonickych rusna, ale
aj od konfiguracie napajaného obvodu. Prenosové cesty harmonic-
kych prudu rusna ako zdroja predstavuju elektricky R-L-C obvod
s rozlozenymi parametrami, v ktorom dochadza vplyvom vlastnosti
prvkov trakéného vedenia, trakéného transformatora a nadradenej
sustavy k paralelnej aj sériovej rezonancii. Frekvencia, pri ktorej
dochadza k paralelnej rezonancii, zavisi predovietkym od dizky
napajaného useku, od parametrov trakéného vedenia a transfor-
matora trakénej transformovne. So vzrastom dizky napajaného
useku frekvencia rezonancie klesa [1], [2].

Pri paralelnej rezonancii napajacej sustavy impedancia zod-
povedajuca rezonancnej frekvencii dosahuje hodnoty radovo desia-
tok k(). Potom harmonické zlozky prudu elektrickych hnacich
vozidiel (radovo jednotky ampérov), blizke rezonancnej frekvencii
napajacej sustavy, vyvolavaju napafové kmity, ktoré na konci
vedenia mozu dosiahnut pre rezonanc¢nu frekvenciu niekolko kV.
Na zaciatku vedenia prenikaju cez trakény transformator do elek-
trizacnej sustavy.

Pradové harmonické produkované rusnom, zodpovedajuce
rezonancnej frekvencii, su v napajacom obvode niekol'konasobne
zosilnované. Cez trakény transformator sa pridové harmonické
prenesu na jeho primarnu stranu.

Metodika vypoctu Sirenia harmonickych zloziek prudu traké-
nym vedenim a modelovanie napajania striedavej trakénej prudo-
vej sustavy su uvedené v [1], [2].

Trakény obvod, z ktorého hnacie vozidlo odobera vykon, je
mozné vSeobecne povazovat za elektricky dlhé vedenie, dané pre-

3. Harmonic components of voltage and current

The next quality parameter, which will be monitored by elec-
tricity distributing companies in the near future, is the meeting of
compatible levels of the content of voltage harmonics in the points
of common coupling. It means that any appliance connected to
the distribution network operated by a given electricity supplier
will have to be equipped by available technological means for
reduction of backward influence of the appliance on the quality of
the electricity supplied to other consumers. The appliance is also
not allowed to affect the functioning of control, measurement and
security technologies and ripple control system.

DC electric traction system is not the source of any consi-
derable current harmonic components (consequently nor voltage
harmonics). It could be proved by calculations and is also proved
by number of measurements accomplished (12-pulse, 3-phase rec-
tifiers are used in the traction substations).

A rectifier placed in the electric vehicle of an AC traction
system stands for the source of current harmonics - this is proved
theoretically and also by accomplished measurements and simu-
lation experiments. The thing is that the rectifier is the single-
phase converter with 2-impulse rectification. So the spectrum of
the current taken off by the single-phase vehicle includes at least
all odd multiples of the fundamental frequency 50 Hz. The mag-
nitudes of current harmonics are (approximately) proportional to
the inverse values of harmonic order.

The magnitudes of current harmonics in the traction trans-
former substation do not depend on the magnitudes of the current
harmonics of the vehicle only, but also on the supply circuit con-
figuration. Transmission path of the current harmonics from the
source (vehicle) represents electric R-L-C circuit with distributed
parameters. In that circuit the serial and parallel resonance can
occur as a result of the nature of elements of a traction overhead
line, traction transformer and HV electric network. Primarily, the
lengths of the supplied section, parameters of traction overhead
line and traction transformer affect the frequency of parallel reso-
nance. For longer length of the supplied section the resonance fre-
quency decreases [1], [2].

The impedance of the supply circuit can reach values of tens
of k() at the parallel resonance conditions. Then, the current har-
monics produced by the electric vehicles (approximately amperes)
close to resonance frequency cause voltage oscillations, which can
reach the values of some kV at the end of the section (for the reso-
nance frequency). These oscillations penetrate the electric network
via the traction transformer.

Current harmonics produced by the electric vehicles at the
resonance frequency are amplified in the supply circuit. Current
harmonics are transformed via the traction transformer to its
primary side.

Calculation methodology of current harmonic propagation
via traction overhead lines and modeling of the AC traction supply
system are introduced in [1], [2].

A traction circuit that supplies electric vehicles is mainly
created by traction overhead line, which can be considered as
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dovsetkym trakénym vedenim, ktoré je budené v niektorom bode
z prudového zdroja harmonickych, ktory predstavuje hnacie
vozidlo. Pri jednostrannom napajani (charakteristické pre striedavi
trakénu prudovu sustavu), je jeden koniec tohto dlhého vedenia
otvoreny, druhy koniec je pripojeny k sekundarnemu vinutiu trak¢-
ného transformatora v trakénej transformovni.

Nahradny obvod pre zistovanie spektra priudu odoberaného
hnacim vozidlom a spektra pridu v napajaci trakcnej transfor-
movne potom pozostava z tychto Casti:

« nahradna schéma nadradenej sustavy,

« nahradna schéma trakénej transformovne,

« nahradna schéma trakéného vedenia,

« nahradna schéma otvoreného konca trak¢ného vedenia.

Nahradny model je nutné uvazovaf pre kazdu harmonicku
zvlast, nakol'ko parametre obvodu su frekvencne zavislé.
4. Skutocny ucinnik (faktor vykonu)

Skutocny zdanlivy vykon v jednofazovej sustave s deformova-
nym prudom a napitim je dany rovnicou

S=VP+Q@+D=VP+P )

kde P je c¢inny vvkon harmonickych zloZiek pridu a napatia toho
istetho radu k a predstavuje sucet ¢innych vykonov jednotlivych
harmonickych

P= (10)

-
fingk

Up I - cosg = ZPk’
=0

Q je jalovy vykon harmonickych zloziek prudu a napéitia toho
istého radu k a predstavuje sucet jalovych vykonov jednotlivych
harmonickych

0= /Z U/k Iy sing, = /ZOQ/{!

0

D je deformacny vykon
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a electrically long line. This line is fed in a given point by the
current source of the current harmonic components - by the
vehicle. Usually used one-side feeding (typical for AC electric trac-
tion) means, one end of that long line is opened, while the other
end is connected to the secondary winding of the traction trans-
former in the substation.

An equivalent electric circuit used for investigation of the
current spectrum of electric vehicle and current spectrum of the
substation’s feeder consists from the following elements
« equivalent circuit of HV electric distribution system,

« equivalent circuit of traction substation,
« equivalent circuit of traction overhead line,
« equivalent circuit of the open end of traction overhead line.

An equivalent model has to be created for each harmonic order
separately, as the circuit parameters are frequency dependent.
4. Power factor

An actual apparent power in a single-phase system with distor-
ted current and voltage is given by following formula

S=VP+ @+ D =VP+P ©)

where P is the active power of the harmonic components of current
and voltage of the same order k and represents sum of real powers
of single harmonics

p= (10)

[]e

Up - I - cosg = ZP/{!
=0

k=0

Q is the reactive power of the harmonic components of current and
voltage of the same order k and represents sum of reactive powers
of single harmonics

Deformacny vykon suvisi s de-
formaciou kriviek prudu a napatia
voci harmonickému priebehu. Nu-
lovy je vtedy, ak krivka napétia
a prudu obsahuje tie isté harmonic- Q
ké, pricom pomer efektivnych hod-
not napétia a prudu je pre kazdu
harmonicku rovnaky, t. j. komplex-

1

(11) Q=> Uy I sing. = > 0, (11)
k=0 k=0
D is the deformative power
DIk I+ U I =2 Uy~ Uy I - L cos(g — )] (12)

Deformative power is connected with
current and voltage waveshape distortion
compared to harmonic (sinusoidal) shape.
Its value is equal to zero in the case, when
both voltage and current curve contain
the same harmonic components and the
ratio between RMS values of voltage and
current is the same for harmonics of all

na impedancia obvodu je frekvenc-
ne nezavisla. Deformacny vykon je D
spolu s jalovym vykonom zakladne;j

orders - i.e. complex circuit impedance
does not depend on frequency. Both
deformative power and reactive power of

harmonickej odoberany zo siete P
a patri medzi neaktivne vykony.
Nevykonava pracu a podiela sa na
stratach vykonu.

Obr. 5. Vztahy medzi vykonmi
Fig. 5. Relations among powers

+1 fundamental harmonic taken off the
network are non-active powers. They do
not produce electric work, but take a part
on creation of losses.

KOMUNIKACIE / COMMUNICATIONS 2-3/2001 =« 23



KOMNIKOCIe

C O M MUNICATI ON:S

P, je fiktivny vykon.

Vo vseobecnej trojfazovej sustave je celkovy ¢inny a jalovy
vykon dany opét sictom tychto velicin pre jednotlivé harmonické
vo vsetkych troch fazach.

Pomer ¢inného vykonu k zdanlivému pre neharmonické prie-
behy sa nazyva skutocnym icinnikom (faktorom vykonu) a oznacuje
sa A (na rozdiel od u¢innika zakladnej harmonickej cos¢; )

T %

1 T
— [ utoy - it

Pis the fictitious power.

In general, 3-phase system the overall active and reactive powers
are again the sums of respective powers of single harmonics for all
three phases.

The ratio between active and apparent powers for non-har-
monic quantities is denoted as power factor A. (contrary to power
factor of fundamental harmonic cos¢,)

Z Up " I cosgy,

= k=0

P
A= )
—_ T2 . _
JTL/UW JT

kde u(¢) a i(t) su casové priebehy neharmonického napétia a pradu.

Vzajomny vztah medzi cos¢ (a¢innikom zékladnej harmonic-
kej, index ,1“ sa obvykle vynechava) a A je dany nasledujucim
vyrazom

P P

A=—=

T 08¢ " g;
S VP+Q+ D ¢

(14)

kde g; je cinitel deformadcie, definovany ako pomer efektivnej
hodnoty zakladnej harmonickej prudu k efektivnej hodnote defor-
movaného prudu.

Pretoze trakény prud odoberany hnacim vozidlom striedavej
elektrickej trakcie je znacne skresleny harmonickymi prudu, je
nasledne aj skutocny ucinnik A o 10 az 15 % nizsi oproti cose -
ucinniku zakladnej harmonickej. Jednosmerna trakcia opit
nespdsobuje neprijemnosti s ohladom na uvadzany parameter.

5. Nesymetria

K dal§im kvalitativnym parametrom, ktorych porusenia zatial
nie st finanéne postihované, patri hodnota Cinitela napatovej nesy-
metrie. Dodavatelia elektrickej energie by mali rozdelovat povo-
lené 2 % Cinitela napatovej nesymetrie v dohodnutom spolocnom
napajacom bode v pomere vykonu odoberaného jednym odbera-
telom k prenosovym moznostiam daného bodu. Takto ur¢ené per-
cento zniZenia povoleného odoberaného vykonu sa uplatnuje
i v pripade, ked' v spolo¢nom napajacom bode je len jediny odbe-
ratel. Aj pri merani nesymetrie je problém jednoznacne oddelit
vplyv daného odberatela od ,pozadia napajacej sustavy“. Mnohé
merania preukazali, Ze jednofazovy trakcny odber nie je jediny,
ktory napétovu nesymetriu sposobuje.

Norma STN EN 50160 uvadza, Ze v priebehu normalneho pre-
vadzkového stavu ma byt pocas kazdého obdobia jedného tyzdna
95 % 10-minutovych strednych efektivnych hodnot spatnej zlozky
napajacieho napétia v rozsahu 0 az 2 % suslednej zlozky. Teoreticky
sa Cinitel prudovej nesymetrie pre striedavu elektricku trakciu
moze pohybovat v rozpiti od 0 do o %, podla vel'kosti a fazovych
uhlov nesymetrickej zataze. Nasledna napitova nesymetria (dosle-
dok prudovej) zavisi od trojfazového skratového vykonu v mieste
pripojenia odberatela. Priblizny vztah pre vypocet napétovej nesy-
metrie pre jednofazovy odber je mozny podla vztahu:

ﬂ%m
0

(13)

RO IO
=0 k=0

where u(f) and i(¢) are the instantaneous values of distorted voltage
and current.

The relationship between cos¢ (power factor of fundamental
harmonic, subscript “1” is usually omitted) and A is described by
following formula

A P P

N P+ @+ D? e
where g; is the distortion factor, defined as the ratio between effec-
tive value of current fundamental harmonic to effective value of
distorted current.

(14)

As the traction current supplied to an AC electric traction
vehicle is considerably distorted by current harmonics, the power
factor A is then by 10 - 15 % lower than power factor of funda-
mental harmonic cos¢. A DC electric traction does not cause any
specific problem connected with mentioned parameter.

5. Unbalance

Another quality parameter - voltage unbalance is not moni-
tored yet and consumers are not fined for exceeding the limits of
coefficient of voltage unbalance. Electricity suppliers should divide
an allowable range of 2 % of coefficient of voltage unbalance in
the point of common coupling according to the ratio of the load
of the given consumer to the maximum load that could be coupled
at that point. The percentage reduction of the load determined
this way comes into play also when only a single consumer at the
point of common coupling is coupled. Generally, it is not easy to
separate the influence of the given consumer form the “background
of network” during the measurement of unbalance. A number of
measurements proved that traction load is not the only load
causing voltage unbalance.

According to the standard STN EN 50160 a negative se-
quence component of the voltage should be within the range of 0
- 2 % of the positive sequence component of the voltage at normal
operation. This must be satisfied for at least 95 % of medium values
of effective values of voltages, calculated for 10-minute periods.
According to the magnitudes and phase angles of asymmetrical
load, coefficient of current unbalance for electric traction load can
theoretically reach the values of 0 to o %. Follow up voltage unba-
lance (as a consequence of current unbalance) depends on the 3-
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kde S, je zdanlivy vykon odoberany jednofazovym spotrebicom
pri menovitom napiti,
S} je sumerny trojfazovy skratovy vykon siete v mieste
pripojenia jednofazového odberu.

Tento vzfah umoznuje pomerne jednoducho odhadnut velkost
napatovej nesymetrie, pretoze velkosti skratovych vykonov v dole-
Zitych bodoch elektrizanej sustavy ma prevadzkovatel k dispozi-
cii a pri zmenach konfiguracie siete ich priebezne aktualizuje.
Vypocet skratovych vykonov v mieste pripojenia je potom mozny,
ak pozname parametre jednotlivych prvkov sustavy.

Dalsi znamy vztah umoziiuje vypocet sucinitela napéfovej
nesymetrie iba na zaklade znalosti vel'kosti zdruzenych napéti

KOMNIKOCIe

C O MMUNICATION:S

phase short circuit power in the point where consumer is coupled.
An approximate formula for coefficient of voltage unbalance cal-
culation for single-phase load is as follows

S
pll:#. 100

k3

(15)

where S, is the apparent power of single-phase load at nominal
voltage,
S is the symmetrical 3-phase short circuit apparent power
of the network in the point, where the single-phase load
is coupled.

The mentioned equation helps to easily estimate the values of
voltage unbalance as the values of short circuit powers in impor-
tant points of the network are well known and network operators
actualize these values regularly. Calculations of short circuit powers
in the points of common coupling are then possible if the para-
meters of elements of network are known.

Uy + Ube+ Uy = V3 (Ulp+ Uk + U2 — 6 (Uly + Upe + Uk

Pu =

Tento vztah je mozné s uspechom pouzit najmi pri merani
nesymetrie, pretoze nepotrebujeme poznat polohu fazorov v Gaus-
sovej rovine. Plati obdobne aj pre sustavu prudov, pricom sa apli-
kuje na prudy vo fazach vedenia.

Z pohladu hodnotenia nesymetrie spdsobenej elektrickou
trakciou je mozné tvrdit, Ze jednosmerna elektricka trakcia nie je
povodcom nesymetrie v trojfazovom napajacom vedeni, pretoze
obyCajne v trakCnej meniarni je symetricky trojfazovy menic
s dvanast impulzovym usmernenim. Striedava elektricka trakcia
v niektorych pripadoch, hlavne pri vi¢Som trakénom odbere, moze
spOsobit napatovu nesymetriu vacsiu ako je dovolena hodnota 2 %
stanovena normou STN 50160 [5].

6. Flicker efekt - blikanie

Dalsou poziadavkou, ktora je spolocna pre obe trakéné
prudové sustavy, je tlak dodavatela elektrickej energie na zrovno-
mernenie odoberaného vykonu teoreticky na konStantnu hodnotu
z dévodu odstranenia javu zvaného flicker efekt - blikanie. Ide
o odstranenie neprijemného vnemu kolisania intenzity osvetlenia
sposobeného blikanim Ziaroviek v dosledku rychlych zmien napa-
jacieho napitia, ktoré je v tomto pripade sposobené prave velkym
premenlivym odberom, ktory je charakteristicky pre elektricku
trakciu.

Na zaklade vysledkov merania vSak nebol zisteny stav, pri
ktorom by boli prekrocené stanovené Ciselné hodnoty pre blikanie
dané normou. Je skuto¢nostou, Ze pocas celej doby prevadzky
obidvoch trakénych prudovych ststav nebol pozorovany ani
v trakénych napajacich staniciach negativny vnem blikania svetla
Ziaroviek a prave tu by mal byt tento jav najviac pozorovatelny.
Mohol by nastat v mieste nie dostatocne ,tvrdej“ siete dodavatela
a jednoznaénym technickym rieSenim pre odstranenie tohoto

Uy + Ube+ Ul + V3 (U + Upe+ U2 — 6+ (Uly + Upe + Uk

- 100 (%) (16)

Another well-known formula allows calculation of coefficient
of voltage unbalance using only line-to-line voltages

This equation is frequently used mainly for voltage unbalance
measurement as the position of phasors in Gauss plane need not
to be identified. It is also valid for currents when applied to the
phase currents of the line.

From the point of view of the voltage unbalance caused by
electric traction, the DC electric traction does not create unba-
lance in the HV network, as the traction rectifier substation usually
comprises symmetrical 3-phase 12-pulse converter. An AC electric
traction can cause voltage unbalance of more than 2 % allowed by
standard STN 50160 [5], mostly during the periods of heavy trac-
tion load.

6. Flicker

Further, a requirement common for both traction current
systems is the variability of power taken off the network. Electri-
city suppliers force ZSR to have as steady load currents as it is
possible to cut down the phenomena called flicker. The reason for
it is the elimination of the uncomfortableness caused by illumina-
tion intensity fluctuations as a result of rapid feeding voltage
changes. These changes are here in pursuance of the big variable
traction loads, which are specific for electric railways.

During various measurements carried out, the states were not
detected when compatible numerical levels valid for flicker given
by standard are exceeded. As a matter of fact, the displeasing per-
ceptions of electric bulbs light fluctuations were not observed
even in traction substations (where should mostly be expected)
during the whole period of electric railways of both current
systems operation. Described phenomenon could occur in the
point of relatively “soft” supply HV network. In that case, increas-
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vplyvu sposobeného trakénym odberom by bolo zvysenie skrato-
vého vykonu v spolo¢nom napajacom bode tejto siete.

7. Netrakény odber ZSR

Problematika netrakénych odberov sa dnes eSte nejavi taka
zavazna z hladiska elektromagnetickej kompatibility ako je odber
pre elektricku trakciu. Nie su tu v sucasnej dobe problémy s harmo-
nickymi vzhladom na charakter a mnoZstvo spotrebicov. Problém
mozZe nastat pri pouZivani vybojkového osvetlenia alebo spotrebi-
¢ov s usmernovacmi a spinanymi zdrojmi (napr. isporné ziarivky).
Induktivny ucinnik je pri netrakénych odberoch udrzovany v povo-
lenych medziach bez problémov kompenzovanim jednotlivych spo-
trebiCov alebo kompenzacnymi rozvadza¢mi pri vacSich odberoch.

Problémom vsak zacina byt nevyZiadana dodavka elektrickej
energie s kapacitnym uéinnikom, ktora zatial nema, ale mala by
mat v cenniku elektrickej energie samostatnu sadzbu vo forme
cenovej prirazky k zakladnej cene energie, a to za kazdu kvar.h.
V case rekonstrukcie napajacej siete v Zeleznicnych staniciach
a uzloch boli v minulosti nové kablové rozvody dimenzované
s velkou rezervou. A prave prevadzka takto dimenzovanych, menej
zatazenych a nekompenzovanych kablovych sieti spdsobuje dnes
problémy. Z tychto dévodov st ZSR nasledne nutené kompenzo-
vat kablové rozvody v Zelezni¢nych staniciach a uzloch.

8. Priklady nameranych hodnot

Na potvrdenie niektorych z predchadzajucich konstatovani st
dalej uvedené vysledky merania v trakénej transformovni ZSR
Nové Zamky. Merania pridov a napéti sa vykonali pomocou ana-
lyzatora TOPAS 1000 prepojeného s pocitacom. Pri merani bol
analyzator pripojeny cez pristrojové transformatory prudu a napéitia
na vystupe transformatorov 110/27 kV T1 a T11. Meranie prebiehalo
v novembri roku 2000 pocas troch dni. V ¢ase merania bolo po-
trebné pre poruchu na 110 kV priechodke transformatora 110/27 kV
vypnuf rozvodiu 110 kV na
5,5 hodin. i

Jednopdlova schéma zapo- cireuit breaker

jenia trakcnej transformovne
phases L1, L3

ing the short circuit power at the point of common coupling in
distributing network could eliminate flicker.

7. Non-tractive consumption of ZSR

From the point of view of EMC the problems of non-tractive
consumption does not seem to be as important today as tractive
consumption. Regarding the amount and character of existing
appliances, the occurrence of harmonics is negligible. In the
future some troubles can be expected in connection with massive
usage of discharge lamps or appliance with rectifiers and switched
sources (e.g. compact fluorescent lamps). The power factor (induc-
tive) for non-tractive consumption is kept by compensating for
single appliances or by using compensating switchboards for bigger
groups of appliances without problem .

The problem, which will have to be handled, appears to be
a disagreed take off of electricity with capacitive power factor.
Such an item is not yet included in the electricity price list, but it
should be as a separate entry in the form of supplementary charge
to the basic charge of electricity - for each kvar.h. Electricity distri-
bution cables in railway stations and in railway junctions, which
were re-constructed, are designed with considerable redundancy.
Operation of such over-equipped, little-loaded and non-compensat-
ed cable networks is the source of problems today. Hence ZSR is
forced to compensate cable networks in railway stations and in
railway junctions.

8. Examples of measured values

To confirm some of above-mentioned propositions this
section presents results of measurements carried out in the trac-
tion transformer substation ZSR Nové Zamky. Voltage and
current measurement were executed using analyzer TOPAS 1000
connected to a personal computer. The analyzer was during meas-
urement connected via instrument voltage and current transform-
ers to the secondary of transformers 110/27 kV T1 and T11.
Measurements lasted three days in November 2000. During that
time 110 kV switchgear was discon-
nected for 5.5 hours. The reason
was the failure of 110 kV bushing of
a 110/27 kV transformer.

circuit breaker

phases L1, L2

je uvedena na obr. 6, kde st
zaroven vyznaCené miesta,
v ktorych boli vykonané mera-

transformer T11
11027 kV

g

A single-pole diagram of trac-
tion substation is in Fig. 6, where
the points of measurement are

transformer T1
11027 kV

nia. Na dalSich obrazkoch su

marked out. The following figures

Casové priebehy meranych ve-
licin: zdanlivy vykon odobera-
ny transformatormi T1 a T11
(obr. 7), ucinnik zakladnej
harmonickej v oboch meracich \

O
point of measurement :ga

single-phase
circuit braker

show the time variability of meas-
ured quantities: apparent power of
transformers T1 and T11 (Fig. 7),
power factor of fundamental har-
monic in both points of meas-

Ei point of measurement

single-phase
circuit braker

miestach (obr. 8), faktor vyko- <
nu v oboch meracich miestach 00 Q0

urement (Fig. 8), power factor in

86 86 both points of measurement (Fig.

(obr. 9), THD v oboch mera-
cich miestach pre napitie

Obr. 6. Jednopdlovd schéma trakcnej transformovne Nové Zamky
Fig. 6. Single-pole diagram of traction substation Nové Zamky

9), voltage and current THD in
both points of measurement (Fig.
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Obr. 7. Priebeh zdanlivého vykonu odoberaného transformdtormi T1 a T11
Fig. 7. Apparent power of transformers T1 and T11 vs time
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Obr. 8. Priebeh iicinnika zdkladnej harmonickej v oboch meracich miestach
Fig. 8. Power factor of fundamental harmonic in both points of measurement vs time
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Obr. 9. Priebeh faktoru vykonu v oboch meracich miestach
Fig. 9. Power factor in both points of measurement vs time
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Obr. 10. Priebehy THD v oboch meracich miestach pre napdtie a prid
Fig. 10. Voltage and current THD in both points of measurement vs time
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Obr. 11. Harmonické napdtia a pridu v oboch meracich miestach
Fig. 11. Voltage and current harmonics in both points of measurement vs time

a prud (obr. 10). Na obr. 11 st vysledky harmonickej analyzy na-
patia a prudu v oboch meracich miestach.

Harmonické prudu na obr. 11 su zobrazené v ampéroch a har-
monické napdtia v sulade s normou [4] v percentach zo zakladnej
harmonickej napatia. Obsah harmonickych zloziek charakterizuje
Cinitel celkového harmonického skreslenia THD, uvedeny na obr.
10. Udava mieru skreslenia ¢asového priebehu prislusnej nehar-
monickej veli¢iny.

40 R U,
THD, = - 100 (%), kde w, ="
n=2 1

Analogicky vzfah plati aj pre THDI.

Vysledky merania potvrdili teoreticky predpoklad, Ze menic
napajajuci trakéné motory je zdrojom harmonickych zloziek pradu
vsetkych neparnych radov, ktorych velkost je priblizne nepriamo
umerna radu harmonickej. Harmonické priudu sa prenasaju trakc-
nym vedenim a su pretransformované do nadradenej sustavy cez

(7

10). The results of harmonic analysis of voltage and current in
both points of measurement are in Fig. 11.

Current harmonics in Fig. 11 are in amperes and voltage har-
monic in per-cent values of fundamental voltage harmonic accord-
ing to the standard [4]. Content of harmonic components des-
cribes total harmonic distortion factor (THD) (Fig. 10). It informs
about the rate of distortion of vaweshape of given non-harmonic
quantity.

40 U
THD, = u?- 100 (%), where u, = 7
n=2 1

A similar formula is also valid for THDI.

Measurement results verified theoretical assumption that a con-
verter for traction motors feeding is the source of current har-
monics of all odd orders, whose magnitudes are approximately
proportional to the inverse values of harmonic order. Current har-
monics are propagating along a traction overhead line and are

(17)
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trakény transformator. V dosledku prenosu prudovych harmonic-
kych po impedanciach napajacej sustavy dochadza k vzniku zod-
povedajucich napatovych harmonickych. Zvysenie 15. a 17. napa-
tovej harmonickej je dosledkom paralelnej rezonancie spdsobene;j
R, L a C prvkami napajacej sustavy.

Kompatibilné urovne koeficienta celkového harmonického
skreslenia THD, pre prid norma neudava. Kompatibilna Groven
THD,, pre napitie vo vn sieti je 8 %. Hodnoty THD;, na obr. 10 sa
pohybuju v rozpiti 2 aZ 7 %. V sustave 110 kV je hodnota THD,,
eSte nizSia, pretoze skratovy vykon sustavy je dostatocne velky.
V SR plati v sucasnosti norma STN EN 50160 [5], ktora udava
medzné hodnoty harmonickych napétia pre siete nn a vn. Ohra-
nicenie prudovych harmonickych zloziek pre napafové hladiny vn
a vvn zatial nie je obsahom Ziadnej normy, ani medzinarodne;j.

9. Zavery, perspektivy

Striedava elektricka trakcia vyrazne zhorSuje kvalitu dodavanej
elektrickej energie a preto sa stava stredobodom zaujmu energe-
tiky. V snahe zabranit penalizacii uz boli prijaté niektoré rieSenia.
Prva filtraéno-kompenzaéna stanica (FKS) v trakénej transformovni
Bratislava - Vinohrady plni svoju ulohu a kompenzuje u€innik strie-
davej trakcie na neutralny, t. j. na hodnotu 0,95 a filtruje 3. a 5.
harmonickt prudu s pozadovanou uéinnosfou. Usetri ZSR 0,5
mil. Sk mesacne. Navratnost FKS je cca 2,5 roka.

Dalsie kvalitativne parametre elektrickej energie ako faktor
vykonu, nesymetria 3-fazovej sustavy a flicker efekt, ktorych zhor-
Senie sposobuje striedava elektricka trakcia, su zatial' len sledo-
vané a nie penalizované, a preto neboli prijaté konkrétne riesenia
pre ich odstranenie.

Univerzalnej$im zariadenim pre odstranenie vymenovanych
nepriaznivych vplyvov si vykonové aktivne filtre. Su to statické
polovodicové zariadenia - menice, ktoré aktivnym spinanim na
zaklade kontinualneho merania priebehu prudu odoberaného zata-
Zou a napitia v priebehu jednej periody vygeneruju kompenzacny
prud, ¢im vlastne odfiltruji vysSie harmonické a aj fazovy posun
zakladnej harmonickej pridu zafaze. Ich najvacsou vyhodou je, Ze
mozu vylepsit prud, napitie, alebo oboje sucasne.

Aktivne filtre m6zu pracovat v obvodoch jednosmerného i strie-
davého prudu. Podla systémovej konfiguracie mozu byt aktivne
filtre paralelné a sériové. MoZu sa spajat s pasivnymi filtrami, ¢im
vznikaju zmieSané (hybridné) filtre. Zakladnou ulohou hybridnych
typov filtrov je znizit poCiato¢né vydavky a zvysit efektivitu. Para-
lelny pasivny filter sa sklada z jedného alebo viacerych laditel-
nych LC filtrov alebo Sirokopasmového filtra.

Ako vykonové obvody st pouzivané napitové SIM - striedade
s IGBT modulmi. Ich vykonovy rozsah je 50 az 500 kV.A. Taktiez
boli, aj su pouzivané, GTO tyristory pre kompenzaciu vykonov 5
az 50 MV.A.
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transformed to UHV network via traction transformer. As a result
of current harmonics propagation, voltage harmonics of corres-
ponding orders are originated at the electric network impedances.
Increased magnitudes of voltage harmonics of the 15™ and 17™
orders are caused by parallel resonance due to R, L and C ele-
ments of supply system.

Compatible levels of THD, factor are not stated in standards
for current. Compatible level of THD, factor is 8 % for voltages in
HYV networks. Values of THD,, in Fig. 10 are within the range of 2
- 7 %. The actual values of THD;,in UHV networks are even lower,
as the short circuit power of the system is big enough. STN EN
50160 [5] is the valid standard, which assigns the limits for
voltage harmonics in LV and HV networks. Current harmonics’
limits for HV and UHV levels are not yet stated in any existing
Slovak or international standard.

9. Conclusions and future outlook

An AC electric traction substantially deteriorates the quality
of supplied electricity and becomes a crucial point of power distri-
buting companies. Operators of electric railways have already in-
troduced some measures to keep themselves clear of possible
financial penalties. The first in Slovakia filtering and compensating
substation (FCS) is in operation in a traction substation in Brati-
slava - Vinohrady. It compensates power factor of AC electric
traction to the value of 0.95 and filters the 3™ and 5™ current har-
monics with required efficiency. It saves 0.5 mil monthly. SKK for
ZSR and its return of investments is approximately 2.5 years.

Other electricity quality parameters, whose deterioration is
caused by electric traction as power factor, voltage unbalance of 3-
phase system and flicker, are now only monitored but not fined by
penalties. The appropriate measures for their limitation were not
yet adopted.

The power active filter (PAF) is a more versatile facility for the
mentioned unfavourable impact elimination. PAFs are the semi-
conductor devices - inverters that generate compensating current
during the time of one period to filter current harmonic compo-
nents and compensate power factor of fundamental harmonic of
load by active switching. Compensating current generation is based
on the continuous measurement of instantaneous values of load
current and voltage. Their considerable advantage is the possibi-
lity to improve current, voltage or both.

PAFs can be used both in DC and AC circuits. According to
their configuration the PAFs are either parallel or serial. PAFs can
also be connected with passive filters to create hybrid filters. The
primary role of hybrid filters is to decrease the initial expenditures
and increase effectiveness. A parallel passive filter can be made out
of one or more adjustable LC filters, or a broadband filter can be
used.

Voltage PWM inverters with IGBT modules are used for power
circuits of PAFs. The power range of these PAFs is 50 - 500 kV.A.
Also GTO thyristors are used for PAFs dedicated for compen-
sating power 5 - 50 MV.A.
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Princip ¢innosti menica jednofazového vykonového aktivneho Principles of an inverter in single-phase PAF in a steady state
filtra v ustalenom stave ako aj moznosti realizacie dynamického | as well as possible implementation of dynamic power active filter
vykonového aktivneho filtra boli blizSie popisané v [3]. were described in [3] in more detail.
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A. Binder - Th. Werle *

VYUZITIE LINEARNYCH MOTOROV PRI VOZIDLACH
S MAGNETICKOU LEVITACIOU A PRI ZELEZNICNYCH VOZIDLACH

LINEAR MOTORS UTILIZATION FOR BOTH MAGLEV AND RAILWAY VEHICLES

Trakcné systémy s linedrnymi strojmi sa skumajii dlhy cas. Existovali a existujui niektoré aplikdcie so synchronnym linedarnym strojom
s dlhym statorom, napr. demonstracnd linka maglevu v Berline MAGNETBAHN vybudovand v roku 1983, vysokorychlostnd trat
TRANSRAPID, na ktorej sa skiisalo vozidlo TR06 od roku 1984, ¢i skiisobnd trat YAMANASHI postavend v roku 1990 v Japonsku. Technika
linedrneho motora sa nemusi vyuzivat len na pohon novych linedrnych viakov. Ak uvdzime adhézne problémy konvencnych rusnov pri vihkom
pocasi, je tiez mozné vyuzit pritazlivii silu linedrnych strojov na zvysenie taznej sily rusna podmienenej adhéziou medzi kolesom a kolajnicou.

Traction Systems with Linear Machines have been under investigation for a long time. There were and are several applications with
synchronous long stator linear machines, e.g. the maglev demonstration line in Berlin MAGNETBAHN (built in 1983), the high speed maglev
line TRANSRAPID where the TR06 has been tested since 1984 or the YAMANASHI Test Line in Japan, built in 1990. The linear - motor
technology cannot only be used for propulsion of new linear trains. When thinking of adhesion problems of conventional locomotives under
wet weather conditions, it is also possible to use the magnetic attraction force produced by linear machines to increase the adhesion - based

tractive effort between wheel and rail.

1. Introduction

Conventional modern electric railway drive systems consist of
inverter-fed rotating AC machines (mainly induction machines,
apart from special solutions such as TGV, 1% generation, with elec-
trically excited synchronous motors). Via gear, flexible suspension
such as cardan hollow shaft and the wheel-rail contact, tractive
effort is generated. As an alternative, inverter-fed linear electric
motors are much more simple. Gearing and mechanical transmis-
sion parts can be omitted. In the case of magnetic levitation even
wheel and rail is no longer needed. Thus, linear drives have long
been of common interest. The linear three-phase AC winding is
either installed as a “long - stator” on the track with the secondary,
e.g. DC - excited poles within the transportation vehicle, yielding
a long stator linear synchronous machine. If the secondary, e.g.
a linear cage, is mounted on the track, with a short linear three-
phase AC - winding fixed to the vehicle, one gets a so-called “short
- stator” linear induc-tion machine. Both short and long stator
version of synchronous and asynchronous linear machines have
been utilized in the past but proved to be rather expensive soluti-
ons when compared with the conventional drive train. Therefore,
their technical use is commonly restricted to those applications,
where due to magnetic levitation (“Maglev”) no wheels are used.
In addition, recently small linear machines as additional thrust
(“Boosters”) are discussed, which should yield additional tractive
effort. This additional thrust is needed, when under wet weather
conditions the adhesion force between wheel and rail is reduced.

* A. Binder, Th. Werle

Basic principle of the AC linear machine is the electromagnet-
ic traveling wave in the air gap & between primary (carrying the
AC winding) and the secondary (cage, reactive part, DC pole or
permanent magnet arrangement). The speed v, of the traveling
wave is exactly the speed of the train in the case of a synchronous
motor, or nearly the speed of the train - due to slip s - in the case
of linear induction motors. The inverter generates a three-phase
voltage system with variable frequency f, feeding the linear AC
winding, thus generating the traveling magnetic field in the air gap.
For example, with the synchronous linear motor data of the German
TRANSRAPID 06 high-speed maglev train (data see Table 3),
a maximum speed of

v =2 foax T, =2 215Hz- 0258 m =

syn,max

= 111 m/s = 400 km/h (1)

is achieved (7,: pole pitch). In comparison, a linear booster motor,
designed for accelerating assistance in the low-speed range (data
see Table 6) operates up to

Vsynmax

:2.fmax.7p=2'74HZ'O.16m=
=23.7 m/s = 85 km/h. )

Its dimensions are much smaller than those of the linear drive
solution of a TRANSRAPID or YAMANASHI (Japanese maglev,

Department of Electrical Energy Conversion, Darmstadt University of Technology, Landgraf-Georg-Str. 4, 64283 Darmstadt, Germany.
Tel.: ++49-6151-162767, E-mail: abinder@ew.tu-darmstadt.de, Tel.: +49-6151-165598, E-mail: twerle@ew.tu-darmstadt.de
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Table 4) concept, as the booster force should be only about 20 %

- 30 % of the nominal tractive effort. Two effects generate addi-

tional tractive effort due to booster motors:

- tangential linear thrust force F; of the linear booster,

- increased wheel - rail adhesion force AF, due to attractive force
F,, of the linear booster.

For example, the nominal vertical force per wheel of German
heavy-duty loco class 152 is about 107.5 kN. With an adhesion
coefficient f, = 0.35 (dry rails) a maximum tractive effort (2 bogies,
4 wheelsets) of

F.=2-4-0.35-107.5 kN = 300 kN 3)

is possible, which may decrease under wet weather conditions down
to f. = 0.25.

F.,=2-4-0.25-107.5 kN = 215 kN 4)

If two boosters per bogie with an attractive force per booster
of 30 kN are mounted, an additional tractive effort of

AF,=4-0.25-30 kN = 30 kN =14 % of 215 kN (%)

is possible. With an additional thrust F, = 35 kN a total tractive
effort of

F, =215 kN + 30 kN + 10 kN = 255 kN (6)

is achieved. In the following applications of linear motors for elec-
tric traction are briefly reviewed and summarized. Technical data
are given and actual limits of booster machines are discussed.

Magnetic Transportation systems thus can be divided in low
speed, high speed, and booster applications. For low-speed appli-
cations one can mention e.g. Maglev line MAGNETBAHN Berlin,
the Maglev line Qingcheng - Mountain - Dujiang - Barrage in
China, the Maglev Line at Birmingham airport or the HSST in
Japan. High-speed applications are e.g. the TRANSRAPID high
speed train in Germany and the YAMANASHI test - line near
Tokyo in Japan. Booster applications are currently under investi-
gation at several universities and research labs of electrical vehicle
manufacturers.

2. Linear motors for low speed applications

Pseudo-Maglev line MAGNETBAHN Berlin

As a local transportation system the synchronous long stator
maglev line Berlin started operation in 1989. It was a so called
“people - mover”. The excitation of this permanent magnet syn-
chronous long stator arrangement was done by permanent magnets
within the vehicle. The length of the track was about 1.6 km. Small
passenger wagons (Fig. 1) controlled by a fully automatic train
control system were operated as a shuttle between the railway sta-
tions “Kemperplatz” and “Gleisdreieck” in Western - Berlin. The
permanent magnets were also used for electromagnetic levitation

of the cars. Uncontrolled electromagnetic levitation is unstable,
so a rather complicated design of additional wheels between car
an track was necessary to provide a constant clearance between
magnets and track. Thus, the vehicles were running on wheels
with reduced wheel-set load due to the levitation force.

Fig. 1. Maglev-vehicle MAGNETBAHN Berlin [1]

In 1991 the line gained license for passenger carriage. A part of
the track of MAGNETBAHN was placed on a part of the under-
ground-line U2, which was out of order since the Berlin wall
divided Berlin into East and West Berlin. After the destruction of
the wall in 1989 there was the decision to rebuild the under-
ground-line U2. So the MAGNETBAHN had to be dismantled.
Nowadays one of the MAGNETBAHN wagons can be seen at the
museum of transportation in Nuernberg, Germany.

Technical data of MAGNETBAHN [2] Table 1
Mass per wagon 9.5t | Length of wagon 11.76 m
Passengers per wagon 80 | Width of wagon 231 m
Wagons per train 1-4 | Height of wagon 23m

Maglev line Qingcheng - Dujiang in China

The people mover in China will start operation in 2001. It will
be a 3-wagon application carrying a maximum of 80 passengers.
The length of the track is about 10 km connecting Qingcheng and
Dujiang. It is a synchronous long stator motor application using
conventional excitation coils. Magnetic levitation with controlled
magnets is applied.

Technical data of Chinese people - mover Quingcheng Table 2
Mass per wagon 10t | Length of wagon 11.2m
Passengers per wagon 80 | Controlled air gap 8 mm
Wagons per train 3 | Maximum velocity 80 km/h

Birmingham Maglev line

From 1984 until 1995 a shuttle was in operation along a 700 m
distance between the Birmingham airport and the Birmingham
railway station. It was an asynchronous short stator motor appli-
cation with controlled magnets for levitation. Refurbishment was

02 + KOMUNIKACIE / COMMUNICATIONS 2-3/2001



too expensive so the company shut down the service when invest-
ments where necessary in 1995 to refurbish the electrical equip-
ment. Now there are intentions to replace this line by a cable car
shuttle. Meanwhile bus transfer operates transportation between
railway station and airport.

3. Linear motors for high speed applications

TRANSRAPID

In comparison to MAGNETBAHN the TRANSRAPID is
a high-speed transport system. The TRANSRAPID vehicles are
levitated and guided by controlled electromagnets. The TRANS-
RAPID is propelled by a synchronous linear long stator motor
mounted on the underside of the guide way. When levitation
magnets are energized, the vehicle is lifted towards the guide way.
The air gap then is about 10 - 15 mm. To maximize energy effi-
ciency, the long stator motor is divided into sections, which are
automatically energized as the train approaches and are deactivat-
ed after the train leaves the considered section of the track. The
stator coils with one coil per pole and phase (¢ = 1) are distributed
in two rows beneath the guide way resulting in two linear motors,
operating parallel to each other. Inside the vehicle there are levi-
tation magnets supplied with power from on-board batteries.
Linear generators charge the batteries when the vehicle is moving
at a speed higher than 120 km/h. At the EMSLAND Test Line in
Northern Germany several generations of TRANSRAPID vehi-

i, =,

Fig. 2. TRANSRAPID 06 at EMSLAND Test Track
in Northern Germany [3]
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cles were tested, e.g. the TRANSRAPID 06 (Fig. 2, Table 3),
which established a speed record of 412 km/h in 1988 [4]. After-
wards it was replaced by a new version TRANSRAPID 07, which
can travel with a velocity of about 500 km/h (Fig. 3).

| _.’{ mndance

Levitation
magnets

r:|1;|j::ru;l:-c

Fig. 4. Magnets of vehicle TRANSRAPID. The levitation magnets are
also used as secondary of the long stator linear synchronous motor

Data of the TRANSRAPID vehicle T06 11 Table 3

Length of two Weight (empty
sections 54 m | vehicle, two sections) 120 t
Width 3.7m | Controlled air gap |10 - 15 mm
Height 4.2 m | Power on board 450 kW
Max. speed 400 km/h | Maximum thrust 85 kN
Motor current 1200 A | Motor voltage 4250V
Frequency 0...215 Hz | Efficiency

(at 400km/h) 0.93
Pole pitch 258 mm | Power factor

(at 400km/h) 0.84

On January 23, 2001 a contract was signed between Germany
and China to erect a TRANSRAPID line in China. The application
concerns a 30 km shuttle connection between Pudong Shanghai

Fig. 3. TRANSRAPID 07 at the EMSLAND Test Track [5]

Fig. 5. TRANSRAPID in Shanghai (paste-up) [5]
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International Airport and the Shanghai financial district Lujiazui
(Fig. 5). The first operation is planned with a maximum speed of
430 km/h for the beginning of 2003.

YAMANASHI Test Line in Japan

The YAMANASHI Test Line of 43 km (Fig. 6) between Saka-
igawa and Akiyama near Tokyo is the Japanese MAGLEYV high-
speed project. The vehicles are levitated electrodynamically,
different to TRANSRAPID. The vehicles are equipped with super-
conducting magnets cooled with liquid helium at 4.2 K. Along the
track two types of copper coils are installed. A three-phase long
stator winding (without iron back) is designed for propulsion as
synchronous linear motor. The second ones are short-circuited coils
for electrodynamic levitation. Due to the electrodynamic levita-
tion principle at low speed (v < 100 km/h) the levitation forces
are too low, thus the vehicles are running on rubber tires. The levi-
tation and guidance coils are installed within the sidewalls of the
guide way. Passing at high speed the superconducting magnets of
the vehicle are inducing eddy currents in the short-circuited coils.
Due to the forces produced by these currents the train is levitated.
In 1999 with vehicle MLXO01 (Fig. 7) a maximum cruising speed
was achieved at 552 km/h [6, 7].

Fig. 6. YAMANSHI TEST LINE, short open air segment
between two tunnels [8]

Fig. 7. Vehicle MLX0I, being operated unmanned for testing
up to 550 km/h [8]

The feeding system of the YAMANASHI Test Line is a triplex
feeding system, so that the power conversion system consists of
three inverter units. The propulsion coils of the three-phase long
stator winding are installed on both sides of the guide way. There

are sections on both sides of the track overlapping each other. For
that two inverters are needed operating at the same time. Due to
the superconducting DC magnets high flux densities of several
Tesla, and a big levitation and motor air gap of about 15 cm are
possible. Human exposure to high DC fields must be avoided due
to the magnetic forces acting on iron parts such as keys. Pace-
makers are not inflicted by DC magnetic fields. Thus, magneto-
static shielding of the passenger cabins is necessary.

Inverter specification (GTO) of Japanese Table 4
YAMANASHI train system
Rated output 38 MVA | Voltage 0-22kV
Rated output Rated modulation
current 960 A | frequency 500 Hz
Rated output frequency | 56.6 Hz | Control method PWM

4. Booster applications

Several industrial and research institutions are investigating
linear motors for electric traction application. At the Institute for
Electrical Energy Conversion at Darmstadt University of Techno-
logy there are induction motors and magnets under investigation,
which should improve the tractive effort between wheel and rail of
a standard high-power electrical locomotive (Fig. 8). This can be
achieved by using the rails of the track as secondary or by installing
an additional reaction plate or linear cage on the track. This idea is
completely different from the solutions mentioned above. As there
should be no active components in the track the first two versions,
which will be presented as asynchronous short stator machines,
similar to the Birmingham maglev line. The third one is a DC-
actuator.

Fig. 8. Class 152 heavy duty locomotive (86 t, 140 km/h, 6.4 MW),
which could be equipped with boosters

ASYNCHRONOUS LINEAR MACHINE (ALIM) using the rails
as a secondary

Supported by the German railway company Deutsche Bahn,
an investigation on the application of asynchronous linear motors
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for railway systems was completed. The main task was to develop
a machine with nearly the same major dimensions as the eddy-
current brake of ICE 3 [9], but with additional features such as
speed - independent attractive force and thrust. The braking capa-
bility of the eddy-current brake which is already in operation with
the German high-speed train ICE 3 (Fig. 9) should be used as
a benchmark for the development of the linear motor.

The new booster should be able to get similar braking forces
as the eddy current brake, and furthermore, it should be possible
to obtain attracting, braking and accelerating forces independently
from each other and from the train speed. To fulfill these require-
ments, a frequency inverter is needed to control the mode of ope-
ration of the asynchronous machine.

The complex geometry of the linear machine and of the rail
demands a 3-D numerical calculation. Accompanying 2-D calcu-
lations in numerical and analytical way shall give deeper insight
into the basic functions of the machine [10,11,15].

Since the ALIM should be mounted on the bogie of existing
locomotives, it is necessary to stay within the limits, which are
demanded by regulations [12]. The maximum space limits for the
ALIM are listed in Table 5.

Fig. 9. Eddy-current-brake mounted on ICE 3 bogie [9], showing
the available space for the booster

Maximum sizes available for the ALIM Table 5
Length Width Height
1413 mm 135 mm 250 mm

In order to realize short winding-overhangs and to avoid cros-
sing of phases, a fractional slot winding with the number of slots
per pole and phase ¢ = 1/2 was chosen, yielding three coils U, V, W
per pole pair (Fig. 10). The mechanical air gap of about = 6.5 mm
is reduced to about 4 mm under load due to the bending of the
structure caused by the magnetic attractive force.

The drawback of the fractional slot winding is the generation
of additional MMF space harmonics, which result in a drastic
reduction of electromagnetic thrust force. The low conductivity of

KOMNIKOCIe
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Fig. 10. 3-D numerical model for force calculation of
an asynchronous linear booster motor

the rail and the rather large air gap of about 4 mm (in the middle
of the rail) yield a big amount of magnetizing current (cose = 0.1)
and a rather low thrust force production. Further, the booster ope-
ration allows only a small increase of attractive force, e.g. for loco
class 152 the vertical force per wheel of 107.5 kN can be increas-
ed by about 12.5 kN without generating a braking force. Thus
a reduction of adhesion coefficient of only 12 % can be compen-
sated.

ALIM parameters (conventional rail as secondary) Table 6
Number of phases m 3 | Overall width 135 mm
Slots per pole and Overall length 1390 mm
phase ¢ 0.5
Frequency f 0..74Hz | cosep 0.1
Pole pitch 7, 160 mm | Ampere turns @ 22 kA
Air gap under load & 4 mm

ASYNCHRONOUS LINEAR MACHINE using an extra secondary
in the track

By using an extra secondary, e.g. a linear copper cage and iron
back, the forces can be increased. The ALIM shall provide addi-
tional accelerating and braking forces and an attractive force
between wheel and rail. With the asynchronous linear machine it
should be possible to substitute an additional second locomotive,
which usually is used for banking heavy trains on steep slopes, in
combination with the standard locomotive. The primary part with
the three-phase winding will be mounted on the bogie between the
two wheel-shafts as a short stator motor (two ALIMs per bogie, Fig.
11). The secondary will be a linear cage and iron stack, mounted on
the track between the two rails of the track. Using the ALIM only
at low velocity below the rated speed, it is possible to feed the
driving inverter from the DC link of the locomotive [13].

The ALIM should operate up to a maximum velocity of
85 km/h, using the power reserve of the locomotive’s AC/DC con-
verters. The loco investigated is the German heavy-rail loco class
152 for heavy-duty traction [13]. It is a four-axle 6.4 MW locomo-
tive. Its tractive effort at standstill is about F, = 300 kN (Fig. 12).
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Fig. 11. Bogie of loco class 152 with ALIM front view

Due to the additional thrust and attractive force of the ALIM the
tractive effort F, of the loco increases.

E=F+0)-F, @)

The adhesion coefficient f(v) is depending on velocity accord-
ing to measurements of CURTIUS and KNIFFLER, performed
during the late 1940’s [14].

fiv) = +0.08, £,(0) = 0.25 (wet rails) (8)

v [km/h] + 44

As already mentioned, the use of the ALIM will be restricted to
tracks with steep slopes where the motor could substitute a second
locomotive. On these tracks of limited distance it is possible to
mount an extra reaction rail (a linear cage) as secondary part of
the ALIM on the track.

The advantage of such an arrangement in comparison to the
iron rails of the track as secondary is the lower current-force ratio
due to the higher conductivity of the copper cage and larger motor
surface.

ALIM parameters (linear copper cage as secondary) Table 7
Number of phases m 3 | Overall width 440 mm
Slots per pole and Overall length 1390 mm
phase ¢ 2
Frequency f 0-74Hz | cosp 0.5
Pole pitch 7, 160 mm | Ampere turns © 2.4 kA
Air gap under load & 4 mm

Of course, the mounting space is larger as it would be when
using the rail as secondary. Due to the necessity of the reaction
cage in the middle of the track the ALIM booster operation is not
possible on normal tracks. It has to be ensured that it is possible
for the locomotive with such an ALIM primary to drive on
international tracks. For that the ALIM is lifted up by a hydraulic
mechanism so that the small air gap distance at working position
(4 mm) increases to get the demanded UIC clearance of 80 mm.

DC ACTUATOR
Linear motors with an extra secondary mounted on the track
are expensive. Using the rail as a secondary is much cheaper but

T ,“.n.qftfr]g,‘{QﬁtfﬁL}?y?_qurrent with ALIM
300 F o N ifield weakening range
i resulting tractive effort wi{r; <~ power limit of four-quadrant
kN linear booster of Table 7 1 converter
200 N ‘
100 L / addi;ﬁonal tractive effort due to
attractive vertical force of ALIM
tractive effort without ALIM at ‘
bad weather conditions, f,(0)=0.25 ‘
o . . . '

1 i 1 1 J
0 20 40 60 80 | 100 120 140
rated velocity v/ km/F—™
Fig. 12. Tractive effort vs. velocity of loco class 152 with linear
booster of Table 7. Adhesion coefficient f(v) [14], attractive and
tangential forces at the wheel F,, F,

the amount of reactive power is large. Further, only the additional
attractive force gives the booster effect, as the thrust force is rather
small. Therefore, a DC-fed actuator mounted in the bogie of a loco-
motive is proposed. The actuator has two DC-poles. The poles
are symmetrical to the middle of the rail. The secondary again is
the conventional rail. For that only one half of the actuator is
modeled in Fig. 13. The excitation winding is placed in the middle
of the two poles. This design of the booster also has to fit the
restricted mounting volume demanded by regulations. The chosen
arrangement is to get high attractive forces, whereas the parasitic
tangential braking force should be low. This is achieved by redu-
cing the percentage of end effects. As it is a DC-excitation, the
flux-density in the middle part of the actuator is constant. For that
there are no induced currents in the secondary. Only at the front
and rear end of the machine the flux-density distribution is chan-
ging, thus inducing eddy-currents in the secondary (end effects).

' 2 Symmetry axis

' excitation

| I coil

Fig. 13. View of one half of the DCactuator
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DC actuator Table 8
Pole arrangement DC 2 pole | Stator length / 1200 mm
Ampere turns © 20 kA | Stator width b 130 mm
Air gap 6 5 mm | Excitation power 10 - 15 kW

Comparison of Booster Applications
In Table 9 the performances of the three booster applications
are compared for an air gap of about 4 mm. Excitation of the three

Comparison of performance of different boosters and brakes Table 9

Forces per wheel set Max. attractive Max. tangential

force F, "V force F, (—) braking;
(+) thrust
ALIM with rail 25 kN +0.75kN/ =3 kN
ALIM with linear
copper cage 30 kN + 10kN / =10 kN

DC actuator 35 kN (at standstill) | —0.4 kN (at 90km/h)
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boosters is designed for air-cooling and short-time operation of 3
min. Forces produced by the short stator ALIM with the rail as
a secondary are rather low due to the mentioned restrictions.
Forces produced by the linear motor using a linear copper cage as
a secondary are significantly higher. Nevertheless, it is restricted
to tracks were this reaction-part is installed. The DC actuator only
produces attractive forces but no thrust. Due to the special pole
arrangement braking forces are very small. So this is a rather
cheap solution for increasing of tractive effort when weather con-
ditions lead to wet rails and decreased adhesion coefficients.

5. Conclusions

In the paper a brief overview of different linear motor
applications is given. Due to their rather big overall costs, linear
motors for electrical traction are still an exotic solution, which of
course is technically necessary if magnetic levitation is used.
Nevertheless, for high-speed transportation they are an interesting
alternative, considering the difficult mechanism of wheel-rail

DC eddy current

contact and guidance at high speed. Also linear boosters or
brake (ICE 3)

actuators as boosters could be an interesting option for traction
assistance under wet weather conditions, helping to reduce time
delays and extra cost for a second locomotive.

70 kN (at standstill) | —10 kN (at 60 km/h)

*]) Attractive force is restricted not to damage the track (e.g. movable parts
of switches) and to fit the maximum allowed axle load of 25 t.
*2) Too high for operation; therefore, excitation should be reduced at low

velocities
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RLL\DENIE’RYCHLOSTI ASYNCHBONNEHO MOTORA
S ORIENTACIOU NA STATOROVY TOK BEZ SNIMACA
PRE TRAKCIU

SPEED-SENSORLESS STATOR FLUX-ORIENTED CONTROL
OF INDUCTION MOTOR DRIVES IN TRACTION

Nepriame riadenie statorovych kvantit (Indirect Stator Quantities Control - ISC) kombinuje v sebe princip orientdcie na statorovy tok,
lispesne overeny ako priame momentové riadenie (Direct Self-Control) s impulzne Sirkovou moduldciou (PWM). Tym sa dosahuje vysokd
dynamika momentu a robustné chovanie odolné voc¢i napdtovym poruchdm v celom operacnom rozsahu vrdatane oblasti zoslabovania budenia.
Po starostlivej korekcii chyb v napdti striedaca sa rozdiel v priestorovych vektoroch statorovych priidov motora a modelu pouzivaného v riadeni
wuziva na odhad rychlosti, ¢o dovoluje odstranit snimac rychlosti. Specidlne riadenie toku dovoluje nekonecne pomalii zmenu medzi traké-
nym a brzdnym reZimom.

Indirect Stator-Quantities Control (ISC) combines the principle of stator flux-orientation proven successful in Direct Self Control (DSC)
with Pulse Width Modulation (PWM). High torque dynamics and robust behavior against input voltage disturbance are achieved in the whole
operation range including field-weakening. After careful correction of inverter voltage errors the difference of the stator current space vectors in
the machine and in the control model is employed for speed estimation, allowing dispensing with speed sensors. A special flux management

allows an infinitely slow change between driving and braking.

1. Introduction

In the 1980’s Vector Control of Induction Machine,successful
with industrial drives, already was introduced in traction[1]. It
impresses the components of the stator current space vector in
orientation to the rotor flux space vector by means of control. In
high power traction drives this approach was limited; as the switch-
ing frequency is, in general too low to sufficiently impress; the
current.

In 1984 M. Depenbrock proposed ([2]) orienting the space
vector of the stator voltage directly to the space vector of stator
flux, which is obtained in a very simple manner as the integral of
the stator voltage, according to Faraday’s Law. In Direct Self
Control (DSC) the stator flux activates the suited next voltage
switching when it reaches predetermined thresholds. Thus it
guides itself on its trajectory and controls the magnetization of the
machine. Torque is controlled by the track speed in DSC by extre-
mely simple means of a torque hysteresis controller which guides
pulsing and makes a separate Pulse Width Modulator unnecessary.

Flux Self Guidance makes the drive insensitive to input voltage
disturbations that are met typically in traction, as e.g. by panto-
graph bouncing. Asynchronous pulsing exploits the limited switch-
ing frequency best compared to synchronized pulse patterns [3]
used elsewhere.

In the nineties IGBT inverters thrusted aside GTO inverters
in the range of low and medium powers typical for Light Rail
applications, allowing distinctly higher switching frequencies. The
question arose how to transfer the advantages of Direct Stator
Flux Control to these new inverters which made some of the old
restrictions obsolete. With a sufficient ratio of switching to stator
base frequency sinusoidal PWM can be used without any draw-
back, making the traction drive easier to adapt to severe line har-
monics limitations. It was already employed with DSC-controlled
GTO inverters in the starting region [4] where DSC shows some
complications [1].

As Stator Flux-Oriented Control already uses the complete
machine model it can be well applied for estimation of speed from
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the terminal quantities. As additional broadband voltage sensors
are often not wanted a careful compensation of the inverter errors
is necessary when the voltage is modeled from measured DC link
voltage and switching commands. But then robust observers
schemes can be applied to estimate two parameters, €. g. the speed
and stator resistance, from the difference of the space vectors of
machine and model current. As the model is of the linear funda-
mental type the system is in principle unobservable at stator fre-
quency equal zero. Special management of the flux magnitude
enables the drive to operate permanently at any speed around
zZero.

2. Model of the Machine

Each highly dynamic flux-oriented control needs a model of
the induction machine as exact as possible in order to calculate
non-measurable fluxes. On the other hand, it must be calculable
by a Digital Signal Processor (DSP) in sufficiently short time. Space
Vector (SV) notation [5] is, as most commonly used for description,
denoted by arrows under the symbol. For the stator-flux-orienta-
tion the “canonical” I" - Equivalent Circuit Diagram (ECD) (with
the leakage inductance concentrated in the rotor mesh) using the
stator-fixed reference system is most convenient (Fig. 1):

joy,

Fig. I. Equivalent Circuit Diagram of induction machine in Space
Vector notation, statorfixed reference frame

It correctly describes the fundamental values of all quantities.
Saturation of the main inductance L, is measured off-line and taken
into account by a characteristic dependent on stator flux magni-
tude. The stator resistance Rg must be identified on-line.

The state equations can be derived according to this ECD:

¥, =v, — R, (1
J, =R-i, +j 0¥, )
The stator current is:
g =1, t1 [ 1 + 1 } U 1 ¥, (3)
ip =i i =|—+—" ——
R 4 L, L,| > L, >~
Torque can be given by two equations

3
= Imly i) @
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3

1
T=7-p 7= Og,0 040 sind (%)

o

with ¢ = &(if,,) — &(tf,), p number of pole pairs. The first equa-

tion is used within the DSP program, the second is more suitable
for basic deliberations. It is well known from the synchronous
machine theory, and it will be taken to illustrate the basic idea of
torque control.

3. Stator-Flux-Oriented Control

The basic task of machine control is to produce the demanded
torque and to keep the (stator) flux on its demanded value.

Stator-flux-orientation leads the tip of the stator flux SV on
a predetermined trajectory - which in case of high switching fre-
quency is a multi-corner polygon, nearly a circle. The radius of the
trajectory will be defined by control of the modulus of the stator
flux SV; the tracking speed - in the sampled system the angular
increment - results from the output of a torque controller [6]. In
the following we assume that the modulation period 7,, equal to
the half switching period is small against to the rotor leakage time-
constant 7, = L_/R, and the fundamental period T;.

A
P stator flux
~trajectory

Su®
Y
AV (v)
—H
AZ (V)
Au -
/ o
Yuv-D

Fig. 2. Stator flux trajectory and stator flux increment
Atp” per modulation period v

Fig. 2 shows the stator flux SV at the beginning and the end
of a modulation period 7,, (equal to processor cycle); in the most
general case the stator flux is stretched by k,(v) and rotated by
Ax,(v):

P = {1+ ky(0)) - &20) g (v = 1) (6)
and thus changed by

Ay, 0) = 4,0 = Y0 - D=

= (L + ky ) - 0 = 1} - g, (v = 1) (M

KOMUNIKACIE / COMMUNICATIONS 2-3/2001 =« 69



KOMNIKOCIe

C O M M UNICATI ON:S

Fig. 3 shows the basic structure of the controller; k,(v) is deli-
vered by a P-type flux modulus controller. The torque set (7*%) and
actual value (T) are first transformed to slip angular frequencies
by multiplication with R,/(3/2p - 1,0,2). Thus break-down can be
easily prevented by limiting the set value. Then both values are
compared in a PI-type controller delivering the dynamic part of the
angular increment, Ax,,p,,,. The integral channel will be relieved
by a stationary feed-forward

AX/J,SIGI = ((l) + w’;) ! Tm (8)
The following block calculates Atp“(v) by expanding (7) in

a Taylor series, broken after the fourth member:

1
A, () = ky0) - {1 - EAX,ZL(V)} L7 U

1
- {Axﬂ(v) s Ax,i(v)} Y= 1) ©)

Slip Frequency
Controller

Flux Modulus
Controller

V)A‘
Fig. 3. Basic structure of Indirect StatorQuantities Control (ISC)

The stator flux increment SV will then be multiplied with 1/7,,
yielding the magnetizing voltage v,, , to which the resistive stator

voltage dropR; - i; will be added. Finally, division by v, - /2 deli-
vers the voltage control SV a handed to the PWM unit. Please,

note that there are no underlaid current component controllers
anymore!

The issue of low frequencies will be discussed in detail. The
stator flux in the model will always be controlled correctly, even
at zero frequency. But at low frequency the coincidence of model
and real machine currents may be insufficient, mainly due to errors
caused by the temperature-dependent stator resistance and of the
inverter voltages modeled from measured DC link voltage v,, and
switching signals.

Fig. 4 shows the complete machine model acc. to equ. (1) ...
(3). The very left blocks, in dashed lines, are current balancing
controllers comparing measured (i,,(g),,) and model current (i;,g)
coordinates, to correct these errors in a Luenberger observer struc-
ture. The gain has to be decreased with increasing speed, so that

the model works as an i-n-model at low and as a v--model at high
speed. If as already shown, the stator voltage drop is calculated
with the model currents, the control acts only on the model, the
true machine will only be “chained” to the model by the current
balancing controllers. This enables e. g. testing of the control
without powering the real drive.

-
o i [Tl
s | Lo

| |

| |

Nl
- ' =
t Lo

I |

| |

| |

[0} ] |

| |

| |

| |
Vsp } O : :{'
o

| |

o

| |
et M
I spw JI = 1_,,|‘

Fig. 4. Complete induction machine model
(with current balancing controllers)

4. Field-Weakening Operation

For high power traction drives the limitation of output voltage
by sinusoidal PWM to less than 90 % of the maximum possible
value of the fundamental at square-wave modulation is disadvan-
tageous as the break-down torque at high speed will be limited to
less than 80 %. By means of suitable overmodulation schemes [7]
some 95 % of the break-down torque can be reached, with compar-
able dynamics. But finally, the transition to square-wave modula-
tion has to be performed. In the range of maximum voltage - it may
be sinusoidal, “overmodulated” or square-wave - the torque (con-
stant power range) can only be controlled by field-weakening.

Fig. 5 shows the completion of the control structure by a field-
weakening controller.

Ay uStat

Slip Frequency
Controller

Field-Weakening
Controller

- X
ql,f Flux Modulus

Controller

Fig. 5. Structure of ISC with Field-Weakening Controller

The stationary field-weakening via the factor 1/yy (y=
Ul W rareqs 161t part) works in forward mode by amplifying the flux
modulus feed-back. The angular increase Ay, necessary for torque
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increase cannot be gained as before, because the voltage is at its
maximum. Here, Dynamic Field Weakening developed for DSC
[1] is again helpful [6].

Fig. 6 shows the transient for a torque step out of idling
operation, with the two stationary circular flux trajectories with
radii g (before) and ygc (after the step). For short time the
rotor flux SV moves further-on on the trajectory with the radius
ves» While the stator flux SV takes the ,cut-off” trajectory AC
having the same length as AB, weakening the stator flux modulus
intermediately to v,,,. The angle ¥ is increased from zero to the
sta-tionary value in the fastest possible way. The command for
the dynamic field-weakening 1/v,, is derived from the dynamic re-
sponse of the slip frequency controller, Ay,,p,, increasing the flux
feedback additionally.

A torque increase is thus performed in less than 1/3 of the
fundamental period. At a negative torque step the dynamics are
achieved only by variation of the control factor a. After that the
stator flux modulus is guided rather slowly (taking into account
the rotor leakage time-constant) to the stationary value, to avoid
too big leakage flux and thus, over-current.

Fig. 6. Trajectories of stator and rotor flux SV
at Dynamic Field Weakening

5. Correction of Inverter Voltage Errors

Each model-based control structure is as good as the quality
of the modeled quantities and parameters. The major source of
uncertainty is the modeling of the stator voltage from the measu-
red DC link voltage and the switching signals. The errors are due
to:

« Voltage drop across semiconductor devices

« Differences in the switching delay times

« Different influence of the interlocking time dependent on the
sign of the inverter output (= stator) current

« Differences between motor and model ECD parameters

The first three error types depend mainly on the value and the
sign of the inverter output current. In the structure described up
to now the current coordinate balancing controller will compen-
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sate them, but only to the degree that is limited by the stability of
the control.

Sab.c
™oy s
" :

Inv. ps| IM %H;C Ig O\éer]-q C(;_rrec- 6
Model["[Model[ ;7| OO Moee ( A‘rlj)vrio)#
T"d "PWM"

VTO ab.c

Fig. 7. Correction scheme for inverter errors in recent ISC

Fig. 7 shows the block structure of the correction system
applied with ISC [7]; [9]. Control hands the set value for the stator
voltage control SV to the Over-modulation block, where the zero
sequence system for Symmetrized Sinusoidal Modulation is added
and over-modulation is introduced, if needed.

In the Correction block the switching time errors are correct-
ed and the device voltage drops is calculated, using the model
stator current SV. Now the real switching edges will coincide with
the ideal ones. The demanded switching commands S, , . are given
back - together with the correction voltage drop signals - to the
Inverter Model calculating the model stator voltages so that they
are identical to those of the real motor.

It is now possible to operate the drive without current balanc-
ing controllers. The information set free by this can now be used
to estimate, e.g. the speed. The most important ECD parameter at
low frequency is stator resistance as it influences the stator current
directly. It must be estimated on-line for high performance drives.

6. Sensorless Identification of Speed

Speed sensors in traction induction motors have always been
a bottleneck as spoiling the robustness and/or control performance
of the simple squirrel-cage motor: They are either robust - then
the angular resolution is limited and the signal delay at low speed
is high, or they have a high resolution and good dynamic re-sponse,
but then, they are sensitive to shock and hazard.

In the last years the demand on the speed sensor has grown,
e. g. for the aforementioned speed feed-forward or for speed control
as a part of adhesion control systems. In low-floor Light Rail
Vehicles the sensors considerably increase the volume of the indi-
vidual small motors. Cost is not negligible for the sensor itself as
well as for planning, mounting and commissioning, and is an
important component of Life Cycle Cost.

Open-loop speed estimation schemes are already widely in-
troduced in industrial applications. They are extremely dependent
on parameters. Much more robust are observer schemes, as, e. g.
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the one described in [8], which has been extended and specially
improved by the following scheme ([7], [9], [10]).

The basis is the linear fundamental wave model used already
in ISC; no parasitic effects as slotting or saliency are used. For
purpose of investigation the real machine is described by an iden-
tical ECD; the quantities in the real machine will be designated by
the index ‘w’. The differences are Ax = x — x,,.

If both machine and model are fed by identical voltages as
supposed and there is no difference in the parameters, the same
current would flow in each. If the difference of the stator voltage
drops is not too big at different speeds, both can be described in
steady-state by the same Heyland circle diagram (Fig. 8).

Y =¥
SU O lw

=
Lu Luw

Fig. 8. Heyland Circle Diagram for real machine (x,,) and model (x),
fed with identical voltages

It is obvious that the different speeds lead to different slip
values and thus to different stator currents. If all other parameters
are identical this difference can be employed to speed estimation.
From the figure it can be seen that e. g. the component of Ai, being

perpendicular to the stator flux SV ¢, will be suitable as indicator.

At the critical point of the stator frequency being zero the
speed identification is not possible in the stationary state: The
whole DC stator voltage drops over the stator resistance, the rotor
mesh is short-circuited by the magnetizing inductance. Only
a change of flux or speed can induce a current difference, which
may be evaluated for speed identification.

The mathematical analysis of the stator current difference
leads to a quasi differential equation of second order (12). To make
it more compact some abbreviations and normalizations will be
introduced. First, the time-constant factor:

L R

" r
and the leakage factor
_LtL,

3 .

"

o (11)

The rotational frequency is normalized to rotor breakdown
angular frequency w,, = R, /L, and designated by ‘»’, time is nor-
malized to the inverse of w,,. The derivatives to the normalized
time are marked by x. Then, the differential equation can be written
as:

Aij+ (p+1—jn)- A+ (p—jn,) - Al =

1 o
=j 7 An ) (12)

o
The excitation of the system and by that the stator current
difference vanishes if the following conditions are fulfilled:

« The speed difference or the rotor flux are permanently equal to
zero (trivial case)

« The derivative of both quantities is zero. The last condition
marks the case when speed identification fails at zero stator fre-
quency.

In the stationary case under sinusoidal conditions the first
and second time-derivative of the stator current difference can be
expressed by the difference itself and the normalized stator fre-
quency n:

Ni, =jengc Ay, Al = —ne A, (13)

—_—

Then the solution of the differential equation for stationary
operation is given by

nS
A = e =y + A +J - [pn, + Am) + ]
An 14
ey, (14)

o

This is a rotating space vector containing the information
about the speed difference. After multiplication with the conjugate
complex rotor flux SV, the leakage inductivity L, an additional
suited working-point-dependent complex factor K and division by
\Iff a resting quantity is obtained. The real part is parallel and the
imaginary part perpendicular to the product of i, ,. and K*.

oy
Im{_d;z’ - K- Aig ~L0}=Gl-2~An
; =

The perpendicular component to be used for speed identifi-
cation in an observer structure is proportional to the speed diffe-
rence and a function of the machine and operating parameters
and will be summarized in a factor G, . In the prevailing operation
range the factor K is chosen equal to

K=0+j-nlo)V1+n?

(15)

(16)

showing a rather uniform negative gain. Only in the range of very
low stator frequency with opposite signs of torque and speed the
indicator would change its sign [9] and defeat a stable control.
The factor is then to be chosen as shown in [10] to

K=(+j nlo)V1+nlo) (17)

That case is depicted in Fig. 9 dependent on stator frequency
ng, up to about double rated speed, with the normalized slip fre-
quency n, as the main parameter.

At the critical zero stator frequency the indicator G, vanishes
in both cases, the machine is unobservable. Outside this region
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the left part of equ. (15) can be used as error function for a Pl-con-
troller adjusting the speed signal in the observer. The practical
settling time is about one third of the rotor leakage time-constant
T, [9]

Braking Motoring

Fig. 9. Factor G,, = f(n,, n,); equ. (17)

The excellent quality of this speed observer scheme will be
demonstrated by experimental results of a 120 kW traction motor
fed from a 500 kVA IGBT traction inverter with a nominal d. c.
link voltage of 750 V.

Fig. 10 shows the speed estimation under dynamic conditions.
If a torque set value step sequence is applied to the induction
machine coupled with a DC machine, speed follows mainly in
a triangular fashion. Real speed w,,. (measured with an incremental
encoder with 2000 pulse/rev.) and estimated speed w are shown,
together with the torque functions.

0.1 L

Fig. 10. Estimated (w) and measured speed (w,,) at acceleration
and braking with up to 100 % rated torque

Estimated speed follows the measured speed astonishingly
exactly, including the oscillation of the two-masses-spring-system.
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The peaks in @ when the torque changes very fast are due to
the current displacement effects in the rotor bars reducing L,,. So
the real rotor currents rise faster than those in the model, which-
does not take into consideration this effect. This will be interpre-
ted by the speed observer as a negative speed error. It has no vital
consequence on the quality of speed estimation as the set value
and actual torque differ anyway during such extremely fast transi-
ents.

With such a scheme speed reversals with a change rate of
24 min~!/s and permanent full load operation at minimum stator
frequency of only 0.33 Hz can be safely managed. But it must be
kept in mind that at still lower values or rates of change the
scheme will fail. An escape of the problem will be given in sect.
8.

7. Stator Resistance Estimation

An indispensable prerequisite is exact on-line identification of
the stator resistance which changes severely with temperature.
Obviously thermal sensors are not wanted.

The same change of temperature in stator and rotor shall be
assumed as the first approach. So, the value of p does not change
when R, changes. Then an equation similar to (14) can be found
for the appertaining stator current SV difference caused by the dif-
ference AR, [11]. For small values of AR, and p = p,, this equa-
tion can be written as:

n?—o*—j-20m, AR,

Ai, = — . 18

g Z L& % (18)
with

Z=|p-o—n.-nl+j-[p-n +n]. (19)

Multiplying the sum of equ. (14) and equ. (18) with the con-
jugate-complex rotor flux SV, L, the complex (mainly imaginary)
factor Z and 1 /\If,2 yields again a resting quantity. The imaginary
part of this is proportional to AR:

AN AR,

Im ?r(A—li +ﬂR)'LU'Z =GRS-Tr (20)

In steady state An has no influence on the result, as it con-
tains the real part only. As the stator resistance changes only slowly
an integral controller will be used for identification. The left side
of equ. (20) multiplied by the sign of #,, is taken as its input. This
method is independent of the speed identification scheme for
small differences of speed and stator resistance.

Fig. 11 shows that speed estimation at very low stator frequ-
ency needs to correct the values of R;. The drive (the same as in
Fig. 10) operates at standstill with 100 % rated torque (= 35% of
breakdown torque 7}). The model stator resistance value is ini-
tialized to 80 % of its nominal value. Due to this mismatch the
estimations of the stator flux and, correspondingly, those of the
speed are wrong. The ripple frequency is six times the stator fre-
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Fig. 11. On-line identification of stator resistance at standstill

quency due to malfunctioning of the inverter correction circuit
(Fig. 7) by a severe difference between Ai, and Ai,, . The initial

sw e
—_—

error in speed is 1 % of rated speed. At 1 = 1.9 s the identification
of R, starts, the actual value of 1.018 R, is found within 2 ... 3 s.
Simultaneously, all state variables converge to their correct values,
the ripple vanishes and speed reaches the correct zero value. The
method operates well in the range of small frequencies where the
influence of the stator resistance is relevant (and where this iden-
tification is necessary).

8. Operation with Infinitely Slow Change between
Driving and Braking

The speed of a linearly modeled induction machine cannot be
observed at zero stator frequency without injecting test signals
providing a change of flux. The test signals are often not wanted
as they may be disturbing or cannot be injected sufficiently with
the low switching frequency of high power inverters.

As it has been shown that slow transients through the region
of very low stator frequencies can be safely managed, the question
is whether an operation mode is possible which simply avoids sta-
tionary working in the region below 0.4 ... 0.5 Hz (a value that can
safely be mastered with the described control structure).

To that purpose a scheme has been proposed and successfully
implemented [11] which avoids operation with too low stator
frequency by manipulating the stator flux modulus. For a given
(non-zero) torque a reduction of the rotor flux modulus increases
the necessary slip frequency:

R.-2
0w =—""
T 3epedy
The function of the operation management is explained for
the reversion of speed at constant torque. Fig. 12 shows the nor-
malized slip frequency 7, as a function of normalized speed. In the

diagram, the working points with constant normalized stator fre-
quency #n, are joined by straight lines with gradient —1. Speed

(21)

identification works safely for stator frequencies with an absolute
value = 7,. Thus the drive must not work stationarily in the region
between the lines n, = —#, and n, = 5 in Fig. 12.

Starting at point A, the machine brakes with negative speed
and positive (non-zero) torque and slip frequency; the absolute
values of speed and stator frequency decrease. At point B the
stator frequency reaches its limit n, = —1#,.

A,

=Y

Fig. 12. Normalized slip frequency n, vs. normalized speed n
at constant torque

Now, there are two choices to produce the wanted torque:
With full flux, minimal slip frequency and negative stator frequ-
ency (point B) or with reduced flux magnitude and a slip frequ-
ency increased by An,, (point C), where the stator frequency is
already positive and = +17i,. The operation management decides
to decrease the flux so that the crossing of the stator frequency
through the “forbidden zone” is sufficiently fast. On the other
hand, the transition must be slow with regard to the rotor leakage
time-constant 7, to avoid an inadmissibly dynamic increase of
the leakage flux and thus stator current.

As speed further changes, the operation point moves along
the line n, = +7, towards point D, while the flux is continuously
increasing again, so that the drive is operated with maximum
permissible flux and minimum stator current. This is done by
stator frequency control. At point D normal motoring operation
with full flux and constant slip frequency is reached again and
maintained until point E.

The opposite reversing starts at point E in the motoring
mode. With decreasing speed point D and n; = +7; is reached.
For further decreasing speed the flux must be decreased continu-
ously to keep the stator frequency at its upper limit +#,. The
control supervises whether the torque can be produced with full
flux and negative stator frequency = —17i,, too. When the condi-
tion is fulfilled at point C, the drives change sharply to point B.

In practical operation an additional hysteresis avoids jittering.
Fig. 13 shows the time functions of such a very slow speed rever-
sal, measured at the 120 kW drive. The load machine is speed-con-
trolled and impresses the triangularly changing speed.
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Fig. 13. Very slow speed reversing operation with rated
torque. 120 kW motor.

The two upper traces show stator flux modulus and torque, in
the middle there is the observed stator frequency and the lower
traces slow the nearly perfectly coinciding values of true and
observed speed. For T,,,,, = 0.35 T,. The rated slip frequency is
0.187 wr,, = 2 - 0.89 1/s, which is more than the double of
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[11] shows how at no-load condition safe transition is reached
by switching on a minimum torque of less than 3.5 % of rated
torque. [12] reports on practical tests on a Combino® low-floor
tram. It shows that vehicles running down a slope can be smoothly
stopped, held at zero speed and accelerated in the opposite direc-
tion, without speed sensors.

9. Conclusion

Indirect Stator-Quantities Control (ISC) unifies the advan-
tages of stator-flux-orientation proven successful in Direct Self
Control with Pulse Width Modulation that is well suitable for fast-
switching IGBT inverters. Using the signals available in the control
model motor speed can be estimated so that no speed sensors are
needed anymore. With careful correction of inverter voltage errors
stator voltage sensors are not necessary. Additional work not
described here has been necessary for automatic parameter iden-
tification of machine and inverter model and for procedures of
magnetizing the machine with unknown speed and residual flux
without speed-sensor.

@, =2 - 0.331/s ; the frequency hysteresis is 0.02 wr,. Stator
flux is reduced down to 50 %.
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Jozef Kuchta - Miroslav Fulier *

ELEKTRICKE PRENOSY VYKONU

MODERNIZOVANYCH RUSNOV NEZAVISLE] TRAKCIE

ELECTRICAL TRANSMISSION OF MODERNIZED LOCOMOTIVES

OF INDEPEDENT TRACTION POWER

Prispevok sa zaoberd riesenim elektrickych prenosov vykonu mo-
dernizovanych rusriov nezdvislej - motorovej trakcie. Popisuje pristup
k vyvoju, konkrétne riesenie pre modernizovany rusen so zmieSanym
striedavo - jednosmernym prenosom vykonu a projektovany a rea-

lizujiici sa rusen s plne striedavym prenosom vykonu. Vyhodnost

a opodstatnenost modernizdcii s vyssim stupriom prenosu - predo-
vsetkym AC/AC dokladuje vypoctom vyslednej icinnosti ako aj tispo-
rami prvotného paliva, ktoré sii potvrdené prevadzkovym sledovanim.

1. Uvod

Elektrickym prenosom vykonu rozumieme taky prenos [1],
v ktorom sa meni prvotny mechanicky vykon na vykon elektricky,
ktory sluzi k napajaniu a regulovaniu elektrickych trakénych mo-
torov. Vyhodou elektrického prenosu je moznost prenosu vel'kych
vykonov na lubovolny pocet hnacich naprav pohananych jednot-
livo alebo skupinovo, plynula regulacia vykonu, rychlosti a taznej
sily s mensim poctom ozubenych prevodov, vel mi dobra ucinnost,
Zivotnost a spolahlivost. Vol'ba druhu elektrického prenosu vykonu
vystupuje do popredia hlavne pri modernizacii terajSich - doslu-
hujtcich rusnov nezavislej trakcie - hlavne dieselelektrickych. Pod-
statou dieselelektrického trakéného prenosu je, Ze mechanicky
vykon prvotného spalovacieho motora sa meni v dynamoelektric-
kom stroji (generatore) na elektricky vykon s regulovatelnym
napatim, ktorym sa napajaju elektrické trakéné motory. V zavis-
losti od pouzitej prudovej sustavy generatora, ktory meni mecha-
nicky vykon na elektricky a podla druhu elektrického trakéného
motora rozoznavame prenosy vykonov
- jednosmerné - DC/DC,
- zmie$ané - AC/DC,
- plne striedavé - AC/AC.

2. Zakladné charakteristiky jednotlivych elektrickych
prenosov vykonu

Zakladné schémy zapojenia jednotlivych elektrickych preno-
sov vykonu st uvedené na obr. la, b, c.

* Ing. Jozef Kuchta, Ing. Miroslav Fulier

The contribution addresses diesel-electric power transmission of
modernized locomotives for independent motor traction. It describes
the approach to development; the solution of modernized locomotives
with hybrid AC/DC power transmission, desiqued and realized loco-
motive with full AC/AC power transmission. Advantages and reaso-
nability of modernization with an advanced transmission degree
(namely as AC/AC) is confirmed by total efficiency calculation as
well as by benefits in basic fuel savings, which have been carried out
from the real operation.

1. Introduction

Electric power transmission means that the basis of mechanic-
al power is transformed into electric power. The electric power
supplies and controls electric traction motors. An advantage of
electric power transmission is the possibility to convey a greater
amount of power onto arbitrary number of axles, which are single
or group driven. There are also advantages of smooth power, speed,
and tractive force control, allowing the use of less gearboxes, to
raise the entire efficiency, reliability, and total lifetime. The choos-
ing of electric power transmission types comes forward in upgrad-
ing existing locomotives especially for independent diesel-electric
traction. The origin of the mechanical power of a diesel engine is
converted into electric power with variable voltage using the elec-
tric generator, and this is the basis of diesel-electric traction. The
electric power supplies the traction motors. Depending on the
electric traction system used, it means the type of used generators
and traction motors, the following power transmissions are recog-
nized:

- direct one - DC/DC,
- hybrid one - AC/DC,
- alternate one - AC/AC.

2. Basic features of individual electric power
transmission

The fundamental flowchart of distinct electric power trans-
missions is depicted in Fig. 1 a), b), and c).

EVPU - Elektrotechnicky vyskumny a projektovy tstav, a.s., Trenéianska 19, 018 51 Nova Dubnica, SR
Tel.: ++421-827-4432475, Fax: ++421-827-4434252; E-mail: kuchtaj@pobox.sk
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Obr. 1. Principidlne schémy zapojeni siistav s elektrickym prenosom vykonu
Fig. 1. The principal schemes of connections of the systems with electric power transmission
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2.1 Jednosmerny prenos - DC/DC

Jednosmerny DC/DC prenos pozostava - pozri obr. 1a, z jed-
nosmerného regulacného generatora (dynama), ktory regulovatel-
nym napdtim napaja jednosmerné sériové trakéné motory.
Trakéné motory pracuju priblizne so stalym prikonom zavislym
len od prvotného spalovacieho motora SM. Regulacny rozsah
otaciek trakénych motorov sa zvacsuje v drvivej vacSine skokovitym
kontaktnym spdsobom zoslabovania (Suntovania) budenia. Tento
druh prenosu je zatial najrozsirenejSim druhom prenosu v triede
motorovych rusiov na ZSR. Nevyhodou tohoto prenosu predov-
Setkym je, Ze elektrické stroje to€ivé s ktorymi pracuje, obsahuju
klzny kontakt (uhlik - komutatorova lamela), ktory vo svojej pod-
state limituje: maximalne otacky a komutaciu, vyZaduje Castu a pra-
videlnu udrzbu a nie je ich mozné navrhovat (vzhladom na obme-
dzenie jazdného profilu) na vyssie vykony vzhladom na rozmery
a hmotnost.

2.2 Zmiesany prenos - AC/DC

Zmiesany striedavo - jednosmerny AC/DC prenos vykonu sa
vyznacuje tym, ze kontaktny a rozmerny trakény generator TG je
nahradeny striedavym generatorom - alternatorom (prevazne
s vyjadrenymi polmi) SG - pozri obr. 1b, v poslednom desatroci
kons$truovanym na bezkontaktnom principe budenia. Takyto gene-
rator je doplneny trakénym usmernovacom TUS 1, ktory usmer-
nuje striedavé napatie, ktorym su nasledne napajané jednosmerné
seriové trakéné motory M1 a M2 - pozri obr. 1b. Tento druh
pohonu prevazuje v sucasnosti v SR pri realizujucich sa moderni-
zaciach [2], [3] pre ZSR ako hlavného odberatela a uZivatela
modernizovanych vozidiel. Da sa povedat, Ze hlavnym dévodom
tychto modernizacii je v prvom rade remotorizacia, t. j. nahrada
povodného spalovacieho motora motorom novym (obvykle s uz
s niZzSou mernou spotrebou paliva - nafty), inStalidcia novej
vyzbroje charakteristickej zmieSanym prenosom vykonu (motivo-
vanym a podmienenym sucasnym ,,dostatkom“ povodnych trakc-
nych motorov), ¢asto novym konStrukénym rieSenim hrubej
stavby a dizajnom vozidla. Prikladom takto realizovaného
postupu je modernizacia motorového rusna povodného oznacenia
T669 (r. 770) na vozidlo r. 773. V tab. ¢. 1 uvadzame zakladné
parametre povodného a modernizovaného vozidla v takom
rozsahu a skladbe, aby z nej bolo mozno vidiet odlisnosti a hlavné
znaky modernizacie:

Pri vyvoji a konstrukcii uzlov modernizovaného vozidla bol
hlavne pri navrhu koncepcie elektrickej vyzbroje dosledne dodrzia-
vany princip komplexnosti a zohladnovanie nového rieSenia. Kon-
cepcia elektrickej vyzbroje bola uz popisana napr. v [2], preto sa
v danom prispevku obmedzim iba na dalSiu charakteristiku kom-
ponentov vyzbroje, podla principialnej schémy zapojenia 1-nej
motorovej skupiny, ktora je znazornena na obr. 2:

- Synchronny generator GG1 ma vinutie kotvy zapojené do 3-och
samostatnych hviezd, pricom kazda napaja usmerinova¢ GU,
ktory nasledne napaja jednu trakénu skupinu, t. j. dvojicu v sérii
zapojenych trakénych jednosmernych sériovych motorov typu
TEO006. Takéto rieSenie umoznuje priaznivejSie dimenzovanie

2.1 Direct transmission DC/DC

The direct transmission DC/DC consists of direct governable
generator i.e. dynamo, supplying DC series traction motor with
variable voltage. The traction motors operate almost with steady
input power, depending on the origin diesel engine SM. The speed
adjustment of DC traction motors employs field-weakening ap-
proach and is mostly performed using contact switching. This kind
of electric transmission is frequently used with diesel engine loco-
motives by ZSR. The main disadvantage of DC motor utilization
is a running contact (carbon-commutation lamella), which limits
the maximum speed, and it requires often and regular maintenance.
There is no possibility to design them for higher input power flow
because of size, weight restrictions and terrain profile.

2.2 Hybrid AC/DC

The basic feature of mixed AC/DC electric power transmis-
sion is that the alternating generator SG with salient poles replac-
es the massive traction generator see fig. 1b). In the last decade
semiconductor field energization is mostly applied. This genera-
tor is connected with traction rectifier TUS1 that rectify the alter-
nating voltage. Subsequently the rectified voltage supplies DC
series traction motors M1 and M2 see fig. 1b. This kind of trans-
mission prevails in SR of renewed locomotives. The ZSR is the
core customer of refurbished locomotives. The main reason of
these renovations is replacing existing diesel engines by more fuel
efficient ones and installing new electric equipment featuring
hybrid electric power transmission, and there is availability of origin
traction motors. The renovation goes with new vehicle construc-
tion and redesigned faire. There is locomotive T699 (r. 770) moder-
nization for new vehicle r. 773 being renewed. The table 1 shows
original locomotive parameters and other column discloses para-
meters of a renewed vehicle:

Under development and construction of a renewed vehicle
was taken into account complex electric equipment approach and
new design approach. The electric equipment concept was describ-
ed [2], and this article discusses only the features of electric equip-
ment components under the circuit scheme of first motor group,
see Fig. 2:

- Synchronous generator GG1 consists of three individually-con-
nected windings and each one supplies rectifier GU. Subsequently,
the rectifier feeds one traction group consisting of series-connect-
ed traction DC motors. This approach simplifies the traction
rectifier design, its short-circuitry resistance and improves gene-
rator reliability

- Electro-dynamic brake, the part of traction circuit, includes
braking resistance RB, partly switched 1:0,5:0,25 of total resis-
tance range by thyristors labeled 146 and 147. Breaking resistor
are two independent modules individually cooled by auxiliary
DC motors MV2, which are fed from resistance tap. DC motor
drives axial power pressure valve.
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Tab. 1 Table 1
Parameter T 669.0,1 r. 773 Parameters T699.0,1 r. 713
Hmotnost vozidla [t] 111/114 107/112 £3% Weight of vehicle [t] 111/114 107/112 £3%
Vykon spalovacieho motora Power diesel engine - Py [kW] 993 1300
- Py (kW] 993 1305 Type and the producer of the K6S 310DR | CATERPILLAR
Typ a vyrobca spalovacieho motora| K6S 310 DR | CATERPILLAR combustion engine CKD Praha 3512
CKD Praha 3512 DITA/2-USA
DITA/2-USA Specific fuel consumption
Merna spotreba paliva pri at Py [g/kWh] 227,6 2259
Py [g/kWh] 2216 2259 Maximum tractive force [kN] 290 340
Maximalna tazn sila [kN] 290 340 Steady tractive force [kN] 198 200
Trvald taznd sila [kN] 198 200 Length/width/height [mm] 17220 X 3150 | 17300 X 3080
Dlzka x Sirka x vyska vozidla [mm]| 17 220 X 3 150 | 17 300 X 3 080 X 4635 X 4600
X 4635 X 4600 Faire height [mm] 2835 1600
Vyska kapotaze [mm] 2835 1600 Maximum speed [knm—l] 90 100
Maximalna rychlost [km/h] 90 100 Traction generator DC AC
Typ trakéného generatora Jednosmerny Striedavy Power [kW] 885 1380 kKVA
-DC - AC -
. Weight [kg] 4795 5350
Vykon trakéného generatora [kW] 885 1 380 kVA - —

- — Traction rectifier - 3 X uncontroll-
Hmotnost trakéného ed bridge / air
generatora [kg] 4795 5350 cooling
Trakény usmerniova¢ - druh - 3 x neriadeny, Weight [kg] _

mostikovy, vzdu- -
chom chladeny Electro-dynamic brake-power [kW] - 1350
Hmotnost [kg] _ 145 Regime EDB - Downhlll/
- Stopping
Elektrodynamicka brzda - - -
- vikon [kW] _ 1350 Shunting Relay switch | Semiconductor
Rezim EDB _ spadovy/ Auxiliary drives Mechanical Electric
zastavovaci
Odbudzovanie Kontaktné, Bezkontaktné,
stykacové plynulé - the circuit posses a new way of connection for smooth, contact-
Pomocné pohony Mechanicko- | plne elektrické less field weakening of traction motor in DRIVE motoring mode
elektrické and separate excitation of traction motors MT1, MT2 in EDB

trakéného usmernovaca, jeho skratovii odolnost a prispieva aj
k zvySovaniu spolahlivosti generatora.

- Sucastou trakéného obvodu (-ov) je obvod elektrodynamicke;j
brzdy (EDB), tvorenej odpornikom RB, spinanym bezkontaktne
tyristormi (VS 144, 146) v podiele 1:0,5:0,25 celkovej ohmicke;j
hodnoty odpornika. Odporniky su rieSené ako 2 moduly, kazdy
chladeny jednosmernym motorom (MV2) napajanym z odbocky
odpornika pohanajucim vykonny axialny pretlakovy ventilator.

- Zapojenie disponuje novym plynulym, bezkontaktnym zoslabo-
vanim budenia trakénych motorov v rezime ,JAZDA® a cudzim
budenim trakénych motorov (MT1 a MT2) v rezime ,EDB*.
K tomuto ucelu sluzi paralelny meni¢ (VS 134, VS 136) pracu-
juci v 1. pripade ako invertor (rekuperujuci energiu budiacich
vinuti cez pomocny transformator TM1 do pomocného genera-
tora GG2 (na obr. 2 nie je znazorneny). V pripade EDB pracuje
meni¢ ako riadeny usmernovac, ktory napaja budiace vinutia
motorov regulovatelnym napatim z transformatora TM.

- Sucasfou elektrovyzbroje - v Casti trakcie je aj zapojenie pre
nudzovy pojazd vozidla z akumulatorovej batérie vozidla (24 V
js). Toto zapojenie umoznuje z batérie napajat bud’ 1-nu, resp.

mode. Parallel converters VS134, VS136 serve for this purpos-
es. In the first situation the converter performs as an inverter,
which regenerates electric power of field windings into auxi-
liary generator GG2 (is not depicted) over auxiliary transformer
TMI. In EDB mode, the inverter performs as controlled recti-
fier feeding field winding of motors with variable voltage from
transformer TM.

- In the traction section as part of electric equipment there is an

involvement for an emergency running down of vehicle. The
24 V battery feeds either one traction group only or all of them.
Under no operation of diesel engine, can the vehicle run at 2,5
kmbh-1 speed.

- Auxiliary drives are fully electric powered. The electric power

source is auxiliary generator GG2, which is driven, by main

generator GG1 using belt transmission. This generator supplies

four static frequency converters that subsequently feed:

1. Converter feeds induction motors of a new spiral compres-
sor and fans of compressor cooling (30kW, 1,5kW)

2. Converter feeds two induction machines for cooling diesel
engine (2 X 22kW) in frequency range 0 <+ 28 (36) Hz.
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Obr. 2. Schéma zapojenia trakénych obvodov 1. motorovej skupiny
Fig. 2. Ist motor class traction circuits layout

vSetky trak¢éné skupiny, co umoziuje manévrovat s vozidlom pri
nebeziacom spalovacom motore rychlostou do cca 2,5 kmh ™.

- Plne elektrické su pomocné pohony. Zdrojom elektrickej energie
je pomocny alternator GG2, ktory je pohanany remenovym
prevodom od hlavného generatora GG1. Z tohoto generatora
su napajané 4 ks statickych menicov frekvencie, ktoré postupne
napajaji:

1. menié napaja asynchronne motory nového - skrutkového
kompresora a ventilator chladenia kompresora (30 kW a 1,5
kW);

2. menic napaja 2 asynchronne motory chladenia chladica spa-
lovacieho motora (2 X 22 kW), napajané v rozsahu frek-
vencie 0 az 28 (36) Hz;

3. menic napaja 2 asynchrénne motory pohanajuce ventilatory
generujuce chladiaci vzduch pre chladenie trakénych moto-
rov (2 X 18,5 kW) a jeden asynchronny motor ventilatora
(0,55 kW) chladenia trakéného usmernovaca a spinacov
EDB a odbudzovania;

4. meniC napaja motory klimatizacie kabiny rusnovodica.

Sucastou pomocnych pohonov je aj nabijacka akumulatorovej
batérie a pripojka na verejnu siet umoznujica (pri stojacom SM)
zasobit vozidlo stlatenym vzduchom a dobit batériu vozidla.

Cela, horeuvedena a popisana vyzbroj bola realizovana v 5-tich
kusoch modernizovanych rusnov r. 773 a v rokoch 1999 - 2000
dana do uzivania v RD Zvolen. V sucasnosti (3/2001) kon¢i vyroba
dalsich 5-tich kusov. Ostava poznamenat, Ze cela trakéna vyzbroj
a elektronika pomocnych pohonov je rozmiestnena v kontejneri

3. Converter feeds two induction machines of fans for electric
traction motors (2 X 18,5 kW) and one induction motor of
fan (0,55 kW) for traction rectifier, field weakening and
EDB thyristors.

4. Converter feeds air-conditioning motor of driver cockpit.

The charger of accumulator batteries is the part of electric
equipment and the electric plug. The plug of public electric supply
network allows external charging of vehicle batteries and supply-
ing the vehicle with pressure air.

The aforementioned description of the entire electric power
equipment was realized for five renewed r. 773 locomotives in the
years 1999-2000 for RD Zvolen. Five other locomotives are being
finished by 3/2001. Complete electric power equipment and elec-
tronics of auxiliary drives are arranged in a container placed
behind the driver’s cockpit. The size is 2511 X 1737 X 1708 mm
and total weight 3250 kg. The vehicle and mechanical parts com-
pletion producer is ZTS-KYV, a. s., Dubnica nad Vahom.

2.3 AC/AC transmission

Under electrical power transmission, the electric traction motor
plays a key function for the following reasons:
« Size and weight
« Traction and control capabilities
« Maintenance
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umiestnenom za kabinou s rozmermi 2 511 X 1 737 X 1 708 mm
a s celkovou hmotnostou cca 3 250 kg (vratane kapotaze). Ostava
poznamenat, Ze finalistom vozidla a kompletatorom mechanickej
Casti je ZTS-KYV, a. s., Dubnica nad Vahom.

2.3 Plne striedavy prenos - AC/AC

Pri elektrickom prenose vykonu zohrava trakény motor roz-
hodujtcu ulohu z hladiska
« rozmerov a hmotnosti,
« trakénych a regula¢nych vlastnosti,
« obsluhy a udrzby,
« celkového vplyvu trakéného motora na dynamiku jazdy a zvrsku
(vplyv nevypruzenych hmot).

Snaha o odstranenie nedostatkov jednosmerného trakéného
motora viedla k vol'be iného druhu elektrického motora - motora
bezkontaktného - asynchronneho, s kotvou nakratko (ATM).
Okrem ATM st zname realizacie trakéného pohonu aj so synch-
ronnymi - ventilovymi motormi (byvalé ZSSR, Japonsko, Francuz-
sko), avSak v pocte realizovanych vozidiel neprevysili asynchronny
typ. Nakoniec prvy realizovany rusen s plne striedavym prenosom
vykonu bol predstaveny v r. 1970 [4] firmou HENSCHEL - BBC.
Je nutné poznamenat, Ze popredné europske firmy cca od r. 1980
vyrabaju vozidla uz iba s plne striedavym prenosom vykonu [5].
O potrebe modernizacie vozidiel s takymto typom prenosu sa
zatial nepodarilo presved¢it budicich uzivatelov - ZSR. Zakladna
principialna schéma plne striedavého prenosu je na obr. 1c. Oproti
zmieSanému prenosu sa vyznacuje dalSimi uzlami: - jednosmernym
medziobvodom - MO a trakénym frekvencnym menicom TMF1,
napajajucim asynchronne trakéné motory ATM. Z hladiska typu
TMF1 uvaZujeme v sucasnosti v podmienkach EVPU a. s. uz iba
s meniémi napitového typu so sinusovou SIM, realizovanych na
IGBT prvkoch. Snaha o realizaciu modernizacie vozidla odvode-
ného z vozidla r. 773 s plnymi AC/AC prenosom za viac ako 2,5
roéné Usilie nenasla u zodpovednych pracovnikov ZSR odozvu.

2.3.1 Projekt vozidla r. 774 AC

Vdaka dlhoroénému pdsobeniu EVPU a. s. v oblasti polovo-
dicovej techniky, bol v spolupraci so ZTS - Vyskum a vyvoj, a. s.
Dubnica nad Vahom spracovany projekt rusna s vykonom 1 500 kW,
s AC/AC prenosom vykonu. Projektantom a buducim dodavatelom
prevaznej Gasti elektrickej vyzbroje by bolo EVPU a. s. Koncepéne
projekt vozidla vychadza z vozidla r. 773 (nezmeneny tvar, rovnaké
kapotaze, spalovaci motor tych istych rozmerov ale zvySeného
vykonu, rozmerovo rovnaky trakény generator) a obsahuje novu
vyzbroj AC/AC typu. Principialna schéma zapojenia trakénych
a pomocnych pohonov rusia je na obr. 3 a jeho pracovné typové
oznacenie je 774 AC. Zdrojom prvotnej energie je spalovaci motor
firmy Caterpillar 3512B s vykonom 1 566 kW pri otackach 1 880
min~ . Merna spotreba paliva tohto motora pri menovitom vykone
¢ini 193,2 g/kWh. Trakény generator je z radu 1FC2, 6-polovy,
s bezkontaktnym budenim od firmy Siemens, s.r.o0. Napétie gene-
ratora je usmernené trakénym usmernovacom GU1, vystup ktorého
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« Overall traction motor influences on drive dynamics and coping
(non-elasticity mass)

There was always an effort to replace the DC motor by select-
ing another kind of electric motor. The squirrel cage induction
machine is usually chosen; however, some countries such as France,
former USSR, Japan attempted to use synchronous motors without
any significant achievements. The HENSCHEL-BBC Corporation
introduced the first diesel-electric locomotive with AC/AC trans-
mission in 1970 [4]. Since the 1980s, leading European companies
manufacture the traction vehicle with only AC/AC power trans-
mission. The ZSR Corporation didn’t find the aspects to operate
the locomotives with AC/AC power transmission in spite of the
general conviction of their usefulness. The fundamental schematic
of fully AC/AC power transmission is depicted in Fig. 1c). Atten-
tion is given to hybrid power transmission, the AC/AC features DC
link MO, and traction rectifier TMF1 supplying asynchronous
traction motors. Concerning the type of traction converter, EVPU
considers only the voltage source inverter with sinusoidal PWM
on IGBT basis. Although for almost 2.5 years there has been a ten-
dency to modernize a chosen vehicle derived from the vehicle
type 773 equipment with AC/AC transmission, it has not been
positively accepted by top managers of the Slovak Railways.

2.3.1 Vehicle No. 774 of series

Due to EVPU experiences in power electronics, the R&D
team developed the locomotive project of 1500kW power with
AC/AC transmission. EVPU was supposed to be the designer and
major manufacturer of electric power equipment. Prime concept-
ual design is taken from r. 773 vehicle with renewed electric power
equipment but using the same faire, diesel engine with higher
output power remaining the size, and the same traction generator
in size. The basic locomotive schematic of traction and auxiliary
drives is shown in Fig.3 labeling 774AC. As mentioned before, the
original power source is diesel engine Caterpillar 3512B with
output power 1566kW, 1880 min~'. Specific consumption of this
engine at nominal power is 193.2 g/kWh. The traction generator
is 1FC2 machine of Siemens with 6 poles and contactless field
energization. Traction rectifier GU1 rectifies the electric genera-
tor output voltage, which leads to a DC link circuit. The DC link
MO supplies the traction frequency converters TMF1 + 6, each
of these converters feeds the traction motors individually. The
complete electromagnetic and mechanical design of mentioned
traction motor was made in the project framework, and its rated
parameters are as follows:

Type: MAT 400 — TC
Number of poles: 6
Torque: 3894 Nm

power factor: 0.902

efficiency [%]: 94.7

temperature level: H

Voltage: 3 X 950 V Isolation/cooling: IP23/external air
Current: 284 A revolution: 981 min~*
Rated/maximum voltage frequency: 50/140Hz

Motor assembly: paw location, improved bearing

Weight: 1450 kg
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Obr. 3. Schéma zapojenia trakcénych a pomocnych pohonov rusia r. 774 s AC/AC prenosom
Fig. 3. Design connection of traction and auxiliary locomotive drive with AC/AC transmission

je vedeny do jednosmerného medziobvodu. Z jednosmerného
medziobvodu st napajané trak¢né frekvencné menice TMF1 az 6,
pricom kazdy z nich napaja jeden trakény asynchréonny motor
ATM s kotvou nakratko. V ramci navrhu projektu bol uskutocneny
kompletny elektromagneticky a konStrukény navrh predmetného
motora, ktorého Stitkové parametre su:
Typ: MAT 400 — TC Menovity ucinnik - 0,902
Pocet polov - 6 Menovita ucinnost [%] - 94,7
Menovity trvaly moment - 3 894 Nm  Teplotna trieda - H
Teoreticky trvaly vykon - 400 kW Krytie/chladenie - IP23/
cudzie, vzduchové
Menovité napitie - 3 X 950 V. Menovité otacky - 981 min-1
Menovity prud - 284 A Maximalne otacky - 3 300 min~—
Menovita/maximalna frekvencia napajacieho napétia [Hz] - 50/140
Vyhotovenie motora - tlapové, so zdokonalenym loZiskovym ulo-
Zenim
Hmotnost motora - 1 450 kg

1

Porovnanie rozmerov a tvaru novonavrhnut¢ho ATM s moto-
rom jednosmernym sériovym typu TE 006, ktory je pouzity vo
vozidle r. 773, je na obr. 4. Vyssi vykon motora je voleny preto, aby
(vzhladom na zna¢né naklady suvisiace s vyrobou opakovanych
kusov) ho bolo mozné inStalovat aj do podvozkov rusnov s vyko-
nom prvotného motora 2 000 az 2 500 kW. O takéto vykony preja-
vili zaujem hlavne stredoazijské krajiny byvalého ZSSR. Tieto

Comparison of the newly designed induction motor ATM and
the previous DC traction motor is shown in Fig. 4. The greater
output power of ATM is preferred because it simplifies mounting
into bogie of locomotive with greater diesel engine power 2000 +
2500 kW. The former Soviet Union countries of central Asia are
demanding this power range. The mentioned requirements were
taken into account in the 774 AC locomotive designs.

Power traction circuits include the circuit of electro-dynamic
brake with power resistance BR1 + BR2. These are air cooled by
pressure fans, which are driven with DC drives.

The source of auxiliary drives is the static converter MJN 1of
DC/DC type. This drives fully electric fed consisting of frequency
converters MPP1 + 4 and induction machine M1 + M10 see Fig. 3
right. This converter adjusts the DC link voltage into a constant
voltage level supplying DC link of MP1 + 4 converters. Auxiliary
circuits contain also battery charger supplied from vehicle MIN2,
public grid TR1, GU2, respectively.

The following table compares essential features of 774 AC
with top vehicle of AD Tranz corporation built in Kassel, Germany
and labeled as Blue Tiger - DE-AC33C with fully AC/AC power
transmission.
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MAT-400-TC

poziadavky boli zohladnované aj pri projekte
rusna 774 AC.

Trakéné obvody obsahuju aj obvod elektro-
dynamickej brzdy s odpornikmi (BR1 az BR4),
chladenymi axialnymi pretlakovymi ventilatormi
pohanajucimi js. motormi napajanymi z odbociek
podpornikov.

Zdrojom energie pomocnych pohonov (ktoré
su plne elektrické, tvorené frekvenénymi meni¢mi
MPP1 az 4 a asynchronnymi motormi M1 a M10
- pozri obr. 3 vpravo), je staticky meni¢ MIN1
typu DC/DC. Tento meni¢ upravuje meniace sa
napitie jednosmerného medziobvodu na kon-
Stantné jednosmerné napitie pre napajanie jed-
nosmernych medziobvodov frekvenénych meni-

¢ov MPP1 az 4. Pomocné obvody obsahuju este MOTOR $IRKA VYSKA DLZKA HMOTNOST
nabijacku batérie napajanu z vozidla (MIN2), fvp (mm) (mm) (mm) (ko)
resp. siete (TR1, GU2). TE 006 936 885 1246 2650

Pre porovnanie uvadzame v tab. ¢. 2 zaruco- MAT-400-TC | 862 725 1085 1450
vané vypocitané a konStrukéné parametre rusna

Obr. 4. Porovnanie obrysovych rozmerov asynchronneho trakéného motora MAT-400-TC
s jednosmernym trakénym motorom TE 006
Fig. 4. Comparison of outline dimensions of asynchronous motor MAT-400-TC
with a direct-line motor TE 006

r. 774 AC v porovnani so Spickovym vozidlom
firmy Adtranz a GE Transportation System posta-
venym v Kasseli (SRN) v r. 1996 s oznacenim
»Blue Tiger* - DE-AC33C a plne striedavym pre-

nosom [5]:
Tab. 2 Table 2
Parameter r. 774AC Blue Tiger Parameter r. 7714AC Blue Tiger
Rozchod 1435/1 524 1435/1 067 Track gauge [mm] 1435/1524 1435/1067
Usporiadanie naprav Co’Co’ Co’Co’ Wheel arrangement Co’Co’ Co’Co’
Hmotnost [min/max] 107/114 t 108/132 t Weight [min/max] 107/114 t 108/132 t
Vykon spalovacieho motora 1 566 kW 2460 kW (1640, Diesel engine power 1566 kW 2460 kW(1640,
3285kW) 3285 kW)
Maximalna tazna sila 340 kN 517/370 kN Maximum tractive force 340 kN 517/370 kN
Dizka vozidla [mm] 17 220 22 000 Length of vehicle [mm] 17220 22000
Sirka vozidla [mm)] 3150 2800 Width of vehicle [mm] 3150 2800
Vyska vozidla [mm] 4667 4 080/3 710 Height of vehicle [mm] 4667 4080/3710
Maximalna rychlost 100 kmh ™! 120 kmh ™! Maximum speed 100 kmh ™! 120 kmh ™!
(ndkl. Verzia) Traction generator AC AC
Typ trakéného generatora Striedavy - AC Striedavy - AC Traction rectifier Uncontrolled Uncontrolled
Trakény usmernovac Neriadeny Neriadeny Traction frequency converters IGBT GTO
Trakéné frekvenéné menice IGBT GTO Traction motor Induction motor | Induction motor
Trakény motor Asynchrénny Asynchronny Auxiliary drive source Static IGBT AC aux.
Zdroj pomoc. pohonov staticky - IGBT AC pomoc. Generator
Generator Motor of auxiliary drives IM, standard IM, integral
Motory pomoc. pohonov Asynchrénne, asynchron., Converters of auxiliary drives|  Freq. (smooth stepped-
Standard. integr. konst. control freq. control
Menice pomoc. pohonov frekvenc. stupnovita, frek.
- plynula reg. regul.
2.3.2 Projekt a realizacia vozidla DI 2201 2.3.2 DL 2201 project and its completion
Vyvoj komponentov pre striedavy prenos vykonu v EVPU a.s. Development of AC power transmission components of EVPU
podnietil EVPU a.s. a ZTS - Kolajové vozidla, a. s. Dubnica nad | a.s. and cooperation between EVPU and ZTS-KV opened an idea
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Vahom realizovat projekt modernizacie dvojnapravového rusna
povodného oznacenia T211.0. Povodny rusen sa vyuzival v zavod-
nej doprave a bol technicky opotrebovany. Z hladiska trakcie bol
vybaveny sériovo vyrabanym automobilovym motorom TATRA,
s naslednym mechanickym prenosom vykonu cez 4-stupnovu pre-
vodovku a nasledné prevodovky umiestnené v hnacich napravach.

Modernizovany rusen po skuskach v zavodnej doprave sa bude
pouzivat aj v tratovej sluzbe ZSR.

Modernizovany rusen zaklada na pouZziti nového spalovacieho
motora CATERPILLAR, typ 3406DI-TA, s menovitym vykonom
257 kW, pri otackach 650 <+ 1 800 min~ !, Zakladna schéma Zapo-
jenia trakénych a pomocnych obvodov rusna je na obr. 5. Spalovaci
motor SM1 pohdna cez pruznu spojku trojfazovy bezkontaktny
alternator G1. Vystupné napétie generatora je usmernené trakénym
usmernovacom GUI. Vystupné usmernené napitie je privadzané
na vstup do trakéného frekvencného menica TM1, ktory generuje
napitie premenlivej frekvencie urené pre napajanie asynchron-
neho trakéného motora ATM. Motoru je predradena tlmivka L1
zvySujuca rozptylové reaktancie motora a obmedzujica komu-
tacné Spicky spinacov IGBT. ATM pohana cez kardanovy hriadel
trakénu prevodovku s prevodom i = 4,76; z prevodovKy su na obe
strany pohanané napravové prevodovky s povodnym prevodom
i = 57/17. Pomocné pohony st podobne ako pri predchadzajicich
rusinoch plne elektrické. Zdrojom energie pomocnych pohonov
je meni¢ MIN1 typu DC/DC, ktory z meniaceho jednosmerného

_0

GU1

TTT111
SM1

of the project for renewing two-axle locomotive previously labeled
as T211.0. This railway engine was rather obsolete. From a traction
point of view, batch-produced diesel engine of TATRA Corpora-
tion powers two-axle bogie over four level gearboxes. Modernized
locomotive after tests in factory transport will also be used in the
track service of the Slovak railways.

Upgraded locomotives are based on the Caterpillar diesel
engine of 3406DI-TA type with output power 257 kW correspond-
ing 650 =+ 1800 min "~ '. The basic schematic of traction and auxi-
liary circuits is shown in Fig. 5. Diesel engine drives three-phase
contact-less generator G1 through slipping clutch. Traction recti-
fier GU1 rectifies the output voltage of generator G1, which goes
to traction converters TM Iterminals. A traction converter makes
voltage of adjustable frequency for supplying asynchronous trac-
tion motor. Leakage reactance limits commutation peaks of IGBTs
and is connected in series with the motor. Traction motor ATM
drives the gearbox (i = 4.76) over universal axle, and it drives both
bogie gearboxes of i = 57/17. Auxiliary drives are very similar with
the aforementioned ones and are fully electric powered. The
energy source of auxiliary drives is MIN1 converter of DC/DC
type, which adjusts variable DC voltage into a constant one. This
constant voltage is used for the converter DC link supply of MPP1
and MPP2. MPP1 converter feeds the motor of compressor, and
MPP?2 feeds induction machine of traction motor fan and the fan

MPP1

MOTOR KOMPRESORA

®

3%

MOTOR VENTILATORA
MPP2

™1

3
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ATM

MOTOR CHLADENIA
TRAKENEHO MENICA

3%

TRAKENA PREVODOVKA
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15.97576

Obr. 5. Zdkladnd schéma zapojenia trakénych a pomocnych obvodov rusnia DL 2201 s AC/AC prenosom
Fig. 5. The basic connection diagram of traction and auxiliary drives of the locomotive DL 2201 with AC/AC transmission

84 + KOMUNIKACIE / COMMUNICATIONS 2-3/2001



napatia vyraba konStantné jednosmerné napitie pre napajanie
medziobvodu striedacov MPP1 a MPP2. Strieda¢ MPP1 pohana
motor kompresora, striecda¢ MPP2 pohana asynchronny motor
ventilatora trak¢ného motora a asynchronny motor ventilacného
agregatu trakéného striedaca TM1. Vozidlo obsahuje aj odpornik
elektrodynamickej brzdy pre zastavovaci rezim s celkovym vykonom
100 kW.

Cela vyzbroj obsahujica trakény usmerfovac, trakény menic,
meni¢ MJN1 a menice MPP1 a MPP2 v¢itane istiacich prvkov je
umiestnena v samostatnom rozvadzaci v rozmeroch (§ X h X v)

KOMNIKOCIe
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of traction converter TM 1. The vehicle contains brake resistance
of electro-dynamic brake of 100 kW.

The entire electric power equipment includes traction rectifier,
traction converter, converter MJIN1 and MPP1, MPP2 are placed
in a container-like box in size of 1780 X 595 X 1400 mm.

The following table 3 compares some basic features of the pre-
vious and renewed traction vehicle:

~ 1780 X 595 X 1 400 mm. Table 3
Pre porovnanie uvadzame niektoré zakladné parametre povod- T1L0 DL2201
ného a modernizovaného vozidla: i
Wheel arrangement B B
Tab. 3 Diesel engine power 118 kW 257 kW
T211.0 DL2201 Maximum speed 40 kmh ™! 40 kmh ™!
Usporiadanie dvojkoli B B Weight of fully equipped loco 2t*3% 2t*+3%
Vykon spalovacieho motora 118 kW 25T kW Starting tractive effort 55.4 kN 71.7 kN
Maximdlna rychlost - Vmax 40 km/h 40 km/h Continous tractive effort 25.1 kN 58 kN
Hmotnost plne vyzbrojeného ~1 —1
rusiia 22000kg +3% | 22000kg+39% | | |Dreadyspeed 9-82 kmh 12 kmh
Tazna sila na medzi adhezie 554 kKN 717 kN Tractive effort for Vmax 9.6 kN 18 kN
Trvala tazna sila 25,1 kN 58 kN
Trvala rychlost 9,82 km/h 12 km/h
E— y - / / During the process of this paper the assembly of the first pro-
Tazni sila pri Vmax 9.6 kKN 18 kN totype was finished and testing of each aggregate of the system

V dobe spracovania tohoto prispevku koncila montaz prvého
prototypu a zacali sa skusky jednotlivych agregatov.

3. Porovnanie ucinnosti prenosovych systémov DC/DC
- AC/DC - AC/AC rusnov jednej kategorie

Pre posudenie a porovnanie ucinnosti jednotlivych prenoso-
vych systémov bola v [6] uskutonena analyza refazcov energe-
tickej premeny jednotlivych druhov prenosu rusna tzv. ,jednej
kategorie®, tzn. povodného vozidla r. 770(T669) s DC/DC preno-
som, modernizovaného r. 773 s AC/DC prenosom a projekéne
pripravovanym vozidlom s oznacenim 774AC s plne striedavym
prenosom AC/AC. Vzhladom na zameranie predmetného prispev-
ku, obmedzime sa iba na tzv. bod menovitého chodu, pre ktory
boli stanovené aj ucinnosti jednotlivych uzlov prenosu. Vysledné
refazce pre vSetky tri druhy elektrického prenosu rusna jednej
kategorie su na obr. 6. Vpravo od kazdého uzla je uvedena vypoci-
tana, resp. namerana jeho ucinnost v menovitom bode. Cielom
tejto analyzy okrem iného je aj dokazat uzivatelom vozidiel, ze
akakolvek vys§§ia modernizacia rusiov tejto kategdrie ma zmysel
a opodstatnenie vtedy, ak sa dosiahne vySSia Gcinnost prenosu
a z toho plyntca uspora prvotného paliva. Vysledkom vypoctu je
tabul’ka ¢. 4, ktora uvadza vysledné ucinnosti vozidla 7, a u€in-
nosti prenosu vykonu 7,,.

Konkrétny vypocet ucinnosti prenosov pre jednu ,kategdriu®
rusna ukazuje a potvrdzuje skutocnost, Ze najvyssou ucinnostou

has been started.

3. Efficiency comparison of DC/DC - AC/DC - and
AC/AC transmission systems of one-category
locomotives

The analysis of energetic transformation chains of each type
of transmission was done for comparison of their efficiency [6], at
the one-category locomotive, original vehicle type 770 (T669) of
DC/DC transmission, modenized type 773 with AC/DC trans-
mission and project-prepared vehicle type 774AC. Due to the dedi-
cation of this paper, it will just refer to rating point operation, for
that the efficiency of aggregate has been settled. All the schemes
for all three types of electric transmission of one-category loco-
motive are depicted in Fig. 6; right to each aggregate, the calcula-
ted and/or measured efficiency for rate working point is given.

The aim of this analysis (besides others) is to show vehicle
users that any advanced modernization of this category locomo-
tives is necessary in the case if the higher efficiency of the trans-
mission is reached and that means saving of the primary fuel The
resulting calculated efficiencies of vehicle and of power transmis-
sion are given in table 4.

The given calculation of the one-category locomotive trans-
mission efficiency shows the real fact that maximum efficiency is
presented just by AC/AC power transmission, which is can be
reached by:
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773, 774AC s roznymi druhmi elektrického prenosu vykonu

Fig. 6. Chains of energetic change in the traction vehicle r. 770, 773, 774AC with various kinds of electric power transmission

sa moze prezentovat iba AC/AC prenos vykonu, ktory je dosiah-

nutelny:

- aplikaciou spalovaciecho motora s nizkou mernou spotrebou
paliva, umocnovanou nizkymi emisnymi limitmi;

- inStalaciou elektrickych agregatov prevazne striedavého typu
a polovodicovych zariadeni s vyrazne vysSou prevadzkovou ucin-
nosfou (ktora musi byt pozadovana od jednotlivych dodavate-
lov);

- application of combustion motor with low specific fuel con-
sumption requested by low emission limits;

- installment of electric aggregates, mostly of AC type and semi-
conductor equipment with highly higher operational efficiency
(which must be required for individual suppliers);

- design and realization of fully electric auxiliary drives denoted
by higher efficiency.
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- navrhom a realizaciou plne elektrickych pomocnych pohonov
vyznacujucich sa vyssou ucinnostou.

Tab. 4
Druh prenosu DC/DC AC/DC AC/AC
Uéinnost vozidla M, 0,2951 0,3154 0,3817
Uéinnost prenosu vykonu Mpr 0,7929 0,8453 0,86421

Dalsou analyzou v [6] zameranou na pomer mernych spotrieb
paliva pre rozne druhy elektrického prenosu sme zistili vysledok,
ktory je uvedeny v nasledujucej tabulke ¢. 5 (spotreba DC/DC
prenosu je vzata ako jednotkova):

Tab. 5
Druh prenosu DC/DC AC/DC AC/AC
Merna spotreba [q/qp] 1 0,9311 0,7788

Vycislenie uspor pohonnych hmot uz iba zvyrazni rozdiel medzi
jednotlivymi druhmi prenosu znacnou prevahou v prospech AC/AC
prenosu.

Aby bolo mozné dokumentovat tuto usporu, sledovali sme ju
v prevadzke RD Zvolen na 5-tich kusoch modernizovanych rusinov
1. 773, postupne nasadzovanych do uZivania od 5/1999 do 7/2000
[7]. Za toto obdobie najazdili rusne celkom 187 445 km a pre-
pravili 81 471 477 tkm pri celkovej spotrebe 582 950 1 nafty, co
zodpoveda priemernej mernej spotrebe ¢ = 7,1553 1/103 tkm.
Paralelne bola sledovana merna spotreba na vozidlach r. 770 a 771
(s prvotnym DC/DC prenosom). Za rovnaké obdobie - 5/99 -
7/00 vozidlo r. 770 dosiahlo mernii spotrebu ¢;,, = 11,085 1/10°
tkm a u vozidla r. 771 bolo ¢ = 9,42 1/10° tkm. Potom pomer

973 _ ,64537, resp. 64.5 %
qm
q773
a —— = 0.7594, resp. 74.94 %
qm

Praktické uspory paliva v prevadzke su teda eSte vysSie, nez
vyplyvaju z rozboru retazca ucinnosti (¢o mozno vysvetlit nizSou
sucasnostou vyuZzitia elektrickych pomocnych pohonov a reku-
peraénym sposobom zoslabovania budenia). Experimentalne ove-
renie a porovnanie AC/AC prenosu vo¢i DC/DC, resp. AC/DC
zatial nebolo mozné realizovat, pretozZe takéto vozidlo nebolo eSte
v podmienkach slovenskej firmy resp. ZSR realizované (pripravuje
sa). Rozhodujiicou skutocnostou zostdva, Ze potreba a opodstatne-
nost dalsich modernizdcii uz len vo vizbe na vyrazné zniZenie
mernej spotreby prvotného paliva rusnov tejto kategorie je preukdza-
telna a ekonomicky vyhodnd.

4. Zaver

Cielom predchadzajucich kapitol bolo podat urcitu SirSiu infor-
maciu o pristupe k modernizaciam vybranej kategdrie rusiov s jed-
notlivymi druhmi prenosu vykonu. Prispevok sa obmedzil jednak
na popis definitivnych rieSeni, ktoré boli vyrobne overené a si uz
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Table 4
Type of transmission DC/DC AC/DC AC/AC
Vehicle efficiency 7, 0.2951 0.3154 0.3817
Efficiency of power
transmission 1), 0.7929 0.8453 0.86421

Further analysis [6] has been focused on the relation of spe-
cific fuel consumption depending on various types of electric
transmission. The result found is given in table 5 (consumption of
DC/DC transmission is taken as unity one):

Table 5
Type of transmission DC/DC AC/DC AC/AC
Specific consumption [¢/¢DC] 1 0.9311 0.7788

Calculation of fuel savings will make bigger differences between
the types of transmissions advantageous for AC/AC transmission.
As evidence of these savings, five modernized locomotives series
of 773 in operation unit of RD Zvolen have been watched. The
locomotives were in operation from May 1999 to July 2000 [7].
During this time they all ran at 187 445 km and have transferred
81 471 477 tkm at total consumption of 582 959 liters of petrol
(diesel oil) and specific consumption of 7.1553 litres/10% tkm. In
this time specific consumption of vehicles of 770- and 771 series
with original DC/DC transmission was watched. The specific
consumption of vehicle of 770 series was 11.085 liters/10° tkm
and 9.42 liters/103 tkm of 771 series vehicle, for the same time.
Thus, the relations between individual consumption of the vehic-
les are as follows:

973 _ 0.64537, resp. 64.5 %

qm

and 273 = 07594, resp. 74.94 %
am

The actual savings in real operation will be even higher as
mentioned, due to smaller simultaneous acting of auxiliary drives
and regenerative manner of the field weakening of the motors.
The experimental verification and comparison of AC/AC trans-
mission against DC/DC- and AC/DC ones have not been yet rea-
lized because such a vehicle is not produced by Slovak firms and
Slovak Railways (ZSR), so far, but it is being prepared for the near
future. The definite matter of fact is still that necessity and reason-
ability of further modernizations are evident and economically
advantageous due to decreasing of specific consumption of primary
fuel at locomotives of this category.

4. Conclusions

The aim of previous chapters has been to announce certain
information regarding an approach of modernization of the chosen
category of locomotives with individual types of power transmis-
sion. The paper has been concentrated on the description of defi-
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dlh§iu dobu v prevadzke, a tiez na pripravované - projektovo uza-
tvorené rieSenia s plne striedavym prenosom. Opodstatnenost
a ekonomicka efektivnost modernizacii na AC/DC a AC/AC prenos
je dokladovana stanovenim ucinnosti jednotlivych prenosov a pre-
ukazatelnymi tisporami paliva.

Je samozrejmé, Ze navrh vyzbroje pre AC/AC prenos je zloZita
vyvojovo-projekéna a experimentalna tuloha, tskalia ktorej nie je
mozno ozrejmit v jednom prispevku a mohli by byt nametom pre
dalsie prace a dalSie prispevky. Z hladiska dalSich prac a dalsieho
smerovania a zdokonalovania kompletnych vyzbroji je potrebné
riesit optimalizaciu parametrov synchrénneho generatora, obvo-
dovo a konstrukéne zdokonalit trakéné frekvencné menice a opti-
malizovat navrh a konstrukciu trakéného asynchronneho motora
vo vizbe na garantovanie momentov pri vyssich frekvenciach. Uplne
samostatnou problematikou, o ktorej sme sa v prispevku nezmie-
nili, je celkova koncepcia riadiaceho systému vozidla, jeho Struk-
tira, vlastnosti a pod. Tieto a dalSie ulohy su v suéasnosti
predmetom rieSenia ako v EVPU, a.s. Nova Dubnica, tak aj inych
tuzemskych a zahrani¢nych firmach a instituciach.
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STOCHASTICKE CASOVE RADY A MOZNOSTI ICH VYUZITIA
PRI URCOVANI VYBRANYCH MODALNYCH CHARAKTERISTIK

MECHANICKYCH KONSTRUKCII

STOCHASTIC TIME SERIES AND POSSIBILITIES OF THEIR USE FOR SELECTED MODAL
CHARACTERISTICS DETERMINATION OF MECHANICAL STRUCTURES

Prispevok je venovany mozZnosti vyuzitia matematického apardtu
teorie stochastickych casovych postupnosti k popisu a modelovaniu
stochastickych dynamickych systémov so zvldsStnym zameranim na
systémy mechanické. Jeho cielom je strucne charakterizovat zdakladné
pojmy a vztahy matematického apardtu tedrie stochastickych caso-
vych radov, popis algoritmu urcenia Statisticky adekvdtneho diskrét-
neho modelu stochastického dynamického systému, odvodenie
suvislosti medzi parametrami diskrétnych a spojitych modelov a nazna-
Cenie moznosti aplikdcie uvedeného pristupu pri urcovani niektorych
moddlnych charakteristik mechanickych konstrukcii.

1. Uvod

Jednym z mozZnych spdsobov analyzy komplexnych dynamic-
kych systémov, bez straty presnosti a bez nutnosti pouZitia kom-
plikovaného matematického aparatu, je pozorovanie systému pocas
jeho cinnosti a vyuzitie nim produkovanych udajov k jeho analyze.
Takto analyzované systémy nazyvame ddtami urcené systemy (DUS).
To znamena, Ze nepotrebujeme vedief ni¢ o Struktire systému
a vSetky zavery a vysledky st zaloZené iba na pozorovanych hod-
notach.

Udajmi uréené systémy su prezentované subormi vystupnych
spojitych signalov, ktorych diskretizaciou s konstantnym interva-
lom diskretizacie mozno ziskat postupnost udajov (hodnot), ktora
predstavuje podklad pre popis a analyzu skimaného systému.
Pritom hlavnym cielom je ziskanie mozZnosti predikcie a ovplyv-
nenia spravania sa systému, ¢o mozZe predstavovat jednoduchu
prevenciu, aby sa systém nedostal do nezZelateIného stavu [1].

K popisu DUS je mozné s vyhodou vyuZit autoregresné modely
s kizavymi priemermi tzv. ARMA modely. Ich vyhodou su hlavne
precizne formulované Statistické kritéria a pomerne jednoduchy
matematicky aparat Statistickej regresnej analyzy a testovania Sta-
tistickych hypotéz. Ich nevyhodou je komplikovanost programov
identifikacie aj napriek ich jednoduchému matematickému aparatu
a teda ich naro¢nost na pocitacovy Cas. Preto su vhodné iba k off-
line identifikacii a modelovaniu dynamickych systémov a ich

* Bohus$ Leitner, M.S.

The paper deals with the possibilities of using mathematical
apparatus of a stochastic time series for stochastic systems description
and modeling, especially mechanical ones. Its purpose is to briefly
characterise fundamental terms and equations of mathematical
apparatus of time series, to describe the algorithm of a statistically
adequate discrete model of a stochastically dynamic system to develop
relationship between parameters of discrete and continuous models
and to show some possibilities of developed strategy applications for
solution of selected modal characteristics of mechanical structures.

1. Introduction

One possible way of complex systems analysis without loss of
accuracy and without necessity of complicated mathematical appa-
ratus utilisation is the observation of a system during its work and
utilisation of produced data to its analyses. We call such an ana-
lysed system Data Dependent Systems (DDS). It means that we do
not need to know anything about composition of the system and
all analysis and conclusions are made just based on the observed
system output.

Data Dependent Systems are represented by sets of continu-
ous output signals gets a series of data (values) which forms a base
for description and analysis of the investigated system. The main
goal is to get a possibility of system behaviour forecasting and
eventually influencing its behaviour not to get the system in any
unwanted state [1].

For a description of DDS, one can use AutoRegressive Moving
Average Models - ARMA models. Their advantages are precisely
formulated statistical criteria and relatively simple mathematical
apparatus of statistical regressive analysis and testing of statistical
hypothesis. Their disadvantages are complications of identification
procedures and time-consuming computer calculations despite
relatively simple mathematical apparatus. Therefore, they are sui-
table only for off-line dynamic systems identification and modell-
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Tel.: ++421-89-7633320, 5620477, E-mail: leitner@fsi.utc.sk

KOMUNIKACIE / COMMUNICATIONS 2-3/2001 =« 89



KOMNIKOCIe

C O M MUNICATI ON:S

hlavna aplikacia pri predpovedani stavov dynamického systému
v buducnosti je mozna iba pri systémoch stacionarnych, pri ktorych
sa charakter systému s Casom nemeni.

V uvodnej kapitole prispevku su uvedené zakladné pojmy,
vztahy a charakteristiky teorie stochastickych ¢asovych postupnosti,
ako aj suvislosti s CastejSie vyuzivanym aparatom autokorelaénych
funkcii a spektralnej analyzy. Tretia kapitola je venovana algo-
ritmu urcenia Statisticky adekvatneho modelu zadanej Casovej
postupnosti a podmienkam posudenia adekvatnosti radu ARMA
modelu. Vo §tvrtej kapitole je na jednoduchej mechanickej sustave
demonsStrované odvodenie suvislosti medzi parametrami diskrét-
nych a spojitych modelov a zovSeobecnenie zistenych zavislosti.
V posledne;j kapitole je stru¢ne nazna¢ena moznost vyuZitia uve-
deného teoretického pristupu k urcovaniu vlastnych frekvencii,
relativnych tlmeni a tvarov kmitov ¢asti mechanickych konstruk-
cii.

2. Zakladné pojmy a vztahy

Zakladnou myslienkou autoregresného vyjadrenia diskrétneho
stacionarneho stochastického procesu (obr. 1.) je vyjadrenie
zavislosti kazdej okamzitej hodnoty procesu X, nie ako funkcie
Casu, ale ako funkcie hodnot predchadzajucich [2].

Najjednoduchs§im typom zavislosti je potom linearna zavislost
okamZitych hodndt X, od hodnot bezprostredne predchadzaju-
cich X,_, typu

X=a - -X_,+e, (1
ktora popisuje tzv. autoregresny model 1. rddu, oznacovany dalej
AR(1).

Skutocne, ak sa vy-
nesie do grafu (obr. 2)

051
zavislost X, = f(X,_,)
pre priebeh procesu  X(t) 0
z obr. 1, je z priebehu

051

hodnét zrejmy linearny
trend. To znamena, Ze 1)
mieru zavislosti - a; si-
Casnych hodnét X, od
hodnét predchadzajicich
X,_, moZno ur¢it aplika-
ciou metddy najmensSich
Stvorcov, minimalizuji-
cou sucet Stvorcov od-
chylok.

Tento pristup je moz- -1
né zovseobecnit na zavis-
lost hodnot X, od pred-
chadzajucich n hodnot,
ktori popisuje autore-
gresny model n-tého rddu
- AR(n) v tvare:

Obr. 1. Priklad diskretizovaného staciondrneho stochastického procesu
Fig. 1. An example of discrete stationary stochastic process

Obr. 2. Priebeh zavislosti X, = f(X,_,)
Fig. 2. The course of dependence of X, = f(X,_,)

ing and their main application - forecasting of dynamic system
behaviour is suitable just for stationary systems, which do not
change their parameters with time.

In the opening chapter of the paper the principal terms, rela-
tionships and characteristics of time series theory are introduced
as well as some coherence to the better known apparatus of auto-
correlation functions and power spectral density. The third chapter
deals with an algorithm of a statistically adequate order of given
time series and with conditions of tests of adequate ARMA model
order. The fourth chapter shows an example of the simplest mecha-
nical dynamic system to characterise the relationships between
parameters of discrete and continuous models and their abstrac-
tion. Possibility of proposed method utilization is shown in the
last chapter. It conserns mode informations as natural frequen-
cies, relative dampings and mode structures of tested mechanical
structures.

2. Principal conceptions and relationships

The principal idea of an autoregressive expression of a disc-
rete stationary stochastic process (Fig. 1) is to express dependence
of each immediate value of process X, not as a function of time but
as a function of former values [2].

Therefore, the simplest type of dependence will be the linear
dependence of immediate values X, on immediate previous values
X,_, of type

X=aX_,+e€, (D
which describes a so called autoregressive model of I order, next
signed AR(1).

Really, if one tries
to express dependence
(Fig. 1) X, =f(X,_)
graphically jets clear
linear trend (Fig. 2). It
means that measure a,
of dependence of im-
mediate values X, a pro-
ceeding ones X,_; can
be determined using
a linear least square
procedure which mini-
mises the sum of devia-
tion squares.

Time

This approach can
be generalised by de-
pendence of immediate
X, values on former n
values, which can be
described as autoregres-
sive model of n-th orders
- AR(n) as
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X=a - -X_,+ay, X, ,+..+a, X,_,+¢. 2)

Zakladnym predpokladom pre adekvatnost modelov AR(n) je
Statistickd nezavislost nahodnych odchylok e,, ktoré musia vytvarat
nekorelovanu postupnost. V pripade, Ze tento predpoklad splneny
nie je a plati, Ze €, je zavislé od €, _ |, €,_,, ... modely Cisto auto-
regresné prechadzaju do tzv. modelov autoregresnych s kizavym
priemerom - ARMA(n,m). Modelmi ARMA je mozné vyjadrit
podstatne komplexnejSi charakter vnutornych zavislosti procesu
a ako ukazeme v dalSom, ich parametre maju uzky suvis s fyzi-
kalnymi principmi skamanych procesov [2],[5].

Vseobecnym typom ARMA zavislosti je model n-tého radu

v autoregresnej Gasti a (n—1) radu v Gasti kizavého priemeru -
ARMA(n,n-1) popisany vztahom

X, X,

—ap X —apy Xy~ a0 X,
pre ktory sa predpoklada, Ze rezidualne odchylky €, majii normalne
rozdelenie s nulovou strednou hodnotou a disperziou o2 tzn.

(e, =N(0.02).

Zakladnymi charakteristikami ARMA modelov je funkcia
impulznej odozvy tzv. Greenova funkcia, pomocou ktorej je mozné
vyjadrit podmienky stability modelov a inverznd funkcia, ktora
popisuje dynamiku modelu vyjadrenim vplyvu minulych hodnét
procesu na sucasné [7].

Pre ich jednoduchsie vyjadrenie je vyhodné zaviest tzv. operd-
tor spdtného posunutia B, vo vieobecnom tvare definovany ako

B-X,=X,,, prip. Bj'Xt =X

=
a vyuzitim ktorého je mozné prepisat vSeobecny ARMA(n,n-1)
model z rovnice (3) na tvar

(1-a,-B—a,B>—..—a, B") - X, =

Greenova funkcia G, diferencnej rovnice (4) sluZi k vyjadre-
niu hodndt procesu X, ako linedrnej kombinacie odchylok e,

o

ZG/' €— =

J=0

X;

Podobne mozno vyjadrit X, ako linearnu kombinaciu hodnot
predchadzajucich. Funkciu koeficientov /; v tomto rozklade volame
sinverznd funkcia” a je definovana ako

X, =X )+e=1 X +L-X o+.+1-X ,+e, pip. =1 -1 B—1L B —.) X,
Jj=1

Podmienka stability modelu ARMA(n,n-1) je vSeobecne v tvare
A O< 1, pre k =1, 2, ..., n akde A, su korene charakteristickej
rovnice lavej strany vztahu ( 3 ) v tvare

0.

n

@)

NM—a N =g, N2 — . —a

=€~

(iGI . Bj) ‘€
=0

KOMNIKOCIe

C O MMUNICATION:S

X=a-X_,+a, X, ,+..+a, X,_,+E¢. (2)

The basic presumption of the adequacy of AR (n) model is the
independence of stochastic values €,, which must form an inde-
pendent series. If this presumption does not apply, it means that
€ dependson €, |, € _,, ... etc. The pure autoregressive models
change to Autoregressive Moving Average Models - ARMA, generally
of (n, m) order. With the use of ARMA models one can express
more complex types of internal dependencies, and as it will be
shown further, their parameters have a very narrow dependence
on the physical principal of followed processes [2], [5].

A general type of ARMA dependence is a model of n-th order
in an autoregressive part and (n—1)-th order in moving average
part - ARMA (n, n-1) described by

by €y by €y~ by s 3)
one can suppose, that residual deviations €, are of normal distri-
bution of probability with zero mean and dispersion of af

(e, =N(0,02))..

The basic characteristics of ARMA models are impulse response
function - so called Greens function which can express conditions
of stability of models and inverse finction describing dynamics of
models by expression if influence of former values of the process
on the present ones [7].

To express it more simply we can introduce a back shift ope-
rator B in general mode defined as

B-X,=X_, or B-X,=X,

and using this the general ARMA (n, n-1) model form from
equation (3) gets the form

(1—b,B—by-B—..—b,_,- B -e. (4)

Greens function G of difference equation (4) can be used to
express values of X, as a linear combination of deviations of ¢, as

=(Gy+ G, -B+G, B+ .) €. (5)

Similarly, the value of X, can be expressed as a linear combi-
nation of former values. Function of coefficients /; in this expres-
sion is called ,,inverse function“ which is defined as

(6)

The condition of stability of ARMA (n, n-1) is generally in
form (A, O< 1, for k = 1, 2, ..., n where A, are roots of characte-
ristic equation on the left-hand side of equation (3) in the form of

0.

n _ an—1 _ A2 _
A —a; - X a,* A . a,

@)
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Podobne podmienka invertibility je definovana v tvare [y, < 1,
pre k =1,2,...,n—1akde vy, su korene charakteristickej rovnice
pravej strany vztahu (3) v tvare

vl —b v = —b,_; =0. (8)
Prostrednictvom Greenovej funkcie mozno odvodit implicitné

vyjadrenie diskrétnych hodndt autokorelacnej funkcie (AKF) vse-
obecného ARMA(n,n-1) modelu v tvare [3], [5]

Ry=a R +a, R, +..+a, R, + (1 —b -G —b, G, — ...
Ry=a,-Ry+a, R +..+a, R, | +(—b, —

Rn—l
R.=a R, +a, R._,+..ta, R._,

Spektralnu vykonovi hustotu (SVH) potom mozno urcit
znamym spdsobom ako Fourierovu transformaciu AKF, alebo jed-
noduchsim spdsobom priamo zo vzfahu [4]

=a,"R, s +a,"R, 5+..+a, R —b

n—1

(E[-(n—l)-m_bl,Ez-(n—2)~w_

Similarly, we can define a condition of invertibility in form
< 1,fork=1,2,..,n—1 where vy, are roots of characte-
ristic equation on the right-hand side of relationship (3) in form of

vl = b v = = b, =0. (8)

Using Greens function one can develop an implicit expression
of discrete values of autocorrelation function (ACF), which
becomes the form [3], [5] of

- bn*l ' Gn*l) ' 0'3
by Gy = o= byyGyy) 0'2
)

2

o

fork=n

Power spectral density (PSD) can be determined using Fourier
transform of ACF or in a simpler way, directly [4] from the
formula

= b,_)?

S(w) = a?-

ktory plati pre w v intervale [(—7/Af) = w < (+7/Ar)], kde At
je interval vzorkovania.

Vhodnejsi odhad spektra cez celé frekvenéné pasmo je taktiez
mozné ziskat z modelu spojitého, ako je ukazané napr. v [5].

3. Algoritmus urcenia Statisticky adekvatneho
diskrétneho modelu

V stlade so zavermi predchadzajicej kapitoly je mozné si za
ciel identifikacie stanovit urenie radu # Statisticky adekvatneho
modelu ARMA (n, n-1), vypocet koeficientov lavej a pravej strany
rovnice (ay, a,, ..., a,, by, by, ..., b,_;) a sucet Stvorcov rezidudl-
nych odchylok Zef prip. ich rozptylu o-ﬁ.

Vzhladom na potrebu rekurentného ur€ovania odchylok €, od
pociatku je vysledny vztah z hladiska koeficientov nelinearny
a preto je potrebné k ich urCeniu aplikovat nelinedrnu metédu
najmensich stvorcov, zalozenu na niektorom z iteraénych postupov
uréenia minima suctu Stvorcov odchylok. Zvlastny pripad identifi-
kacie tvoria Cisto autoregresné modely typu AR(n), pretoZe pre
urcenie ich parametrov je vhodna linedrna metéda najmensich
Stvorcov. Hladany vektor koeficientov a = [a,, 4y, ..., a,]” autore-
gresného modelu AR(n) sa urci ako rieSenie sustavy rovnic

(€1~n-wial'€l'(ﬂ*1)'¢0,

) 10
= a,)? (10)
which holds for w in interval [(—7/Af) < w < (+7/Ar)], where
At is a sampling interval.

One can get a better estimate of power spectra through the
whole frequency band from continues model as it is shown in [5].

3. Algorithm of statistically adequate discrete
model determination

As indicated in the former chapter, the aim of identification
is to determine order n of statistically adequate model ARMA (n,
n-1), coefficients on the left and right-hand side (a;, a5, ..., a,, b;,
by, ..., b,_;) and sum of squares of residual deviations Zef (or
their dispersion aﬁ).

Because of the necessity of recurrent determination of devia-
tions €, from the start, the result is from the point of view of non-
linear coefficients. It is necessary to apply a non-linear least square
procedure looking in interactive steps for the minimum of sum of
squares. A special case of identification, therefore, forms pure
autoregressive models of n-th orders AR(n) because determina-
tion of its parameters a linear least squares procedure is suitable.

One gets the searched vector of coefficients a = [a,, a,, ...,
an]T of AR(n) model as a solution of matrix equation

S-a=T, (11) S-a=T, (11)
kde S =X7-XaT=X"-Y, pricom where § = X7 Xand T= X7 - ¥, while
X: Xn*l Xl Xn+l Xn Xn*] Xl Xn+l
Xn+1 Xn X2 Xn+2 Xn+1 n XZ Xn+2
X= , Y= . , X= Y= . ,
XN*I XN72 XN*n XN XN*I XN*Z Xan XN
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kde N je pocet hodnot postupnosti. Hladany rozptyl Uﬁ sa potom
ur¢i pomocou vyrazu

1 N
Z X—a "Xy —ay-

0'2:
€
N-—n t=n+1

Dalsi postup pri identifikacii, tzn. uréenie optimalneho radu
n modelu AR(n), je potom analogicky ako pri vSeobecnych mode-
loch ARMA (n,n-1) a je popisany v dalSom, prip. v [4].

3.1 Urcenie pociatoéného odhadu parametrov

Hlavnym problémom pri rieSeni efektivneho algoritmu identi-
fikacie modelu ARMA (n,n-1) je pociatocny odhad parametrov
modelu (a,, ay, ..., a,)?, (b, by, ..., b,_)® tak, aby bola zabez-
peCena konvergencia pouzitej iteracnej metody ich spresinovania
a aby potrebny pocet iteracnych krokov nebol prili§ vysoky.

Z viacerych preverovanych metdd [5] sa najefektivnejSou
ukazala metdda zaloZena na vyjadreni inverznej funkcie. Vztahy
pre vektory koeficientov st linearne pre kazdy typ modelu ARMA
(n, n-1). Ak teda vyjadrime vSeobecny model ARMA (n,n-1)
v operatorovom tvare (4) a za €, dosadime v stlade s definiciou
inverznej funkciee, = (1 =1, B — I, * B - ...) - X,, potom z rov-
nosti operatorov vyplyva sustava rovnic

a,=b, +1,
a,=b,—b, -1, +1,
ay=by—b L+ b, I, + L5 (13)

a=b—b Ly +by-[_,+.+b_ -1, +1]
pre vietky j a za predpokladu, ze b, = 0 pre > n—1)aa; = 0
pre (j > n) pre model ARMA(n,n-1). Pre (j > n) potom plati vztah
(1=b,-B=by-B—..—b, -B - [=0. (14)
Z toho vyplyva, Ze z rovnic (13) a (14) je mozné urcit parametre
a; a b;, ak su zname hodnoty inverznych funkcii /;. K ich urceniu
je mozné vyuzit Cisty autoregresny model, pre ktory zo sustavy
rovnic (13) plati L =a;, prej = ,2,...,pa I, =0, prej > p.

Postup urcenia pociatoéného odhadu parametrov a, b v§eobec-
ného ARMA(n,n-1) modelu je potom nasledovny:

a) urcenie parametrov a; modelu AR(p) pre p = 2 - n—1 a tym aj
hodnét inverznych funkcii 1,, I, ..., I,, |,

b) urcenie vektora parametrov kizavého priemeru b; zo sistavy line-
drnych rovnic ziskanych rozpisanim rovnice (14) pre j = n+1,
n+2, .. 2n—1,

C) urcenie vektora autoregresnych parametrov a; dosadenim za para-
metre kizavého priemeru b; do siistavy rovnic (13).

3.2 Kritérium adekvatnosti modelu ARMA (n, n-1)

Na postdenie adekvatnosti zvoleného radu » ARMA modelu
(prip. AR modelu) bol zvoleny postup Statistického testovania
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where N is length of time series. Searched dispersion Uﬁ can be
found as
1 N

—2 7 _an.)(t*n)z :mz E?.

=n+1

(12)

Further steps in an identification procedure (determination
of an optimum order » of AR(n) model) are similar to that of
general ARMA(n,n-1) model, which is shown in the next chapter
or in [4].

3.1 Determination of starting guess of parameters

The problem in the solution of effective identification
algorithm of ARMA (n, n-1) model is the guessing of (a;, a,, ...,
a,)®, (b, by, .., b,_ ) values to ensure convergence of the
used iterative method and not too big a number of iterative steps.

Far best of the tested methods [5] is the one based on expres-
sion of the inverse function. These formulas are then linear for
each type of ARMA (n, n-1) model. Using general ARMA (n, n-1)
in operator form (4) and for €,’s giving such a definition of inverse
functione, = (1 — [, - B— I, - B—.) - X,, comparing values by
same powers of operators one gets system of equations as

a,=b+1,
ay=b,— b "I, +1,
ay=by—b - L+by I, +1L; (13)

a,=b; —

J J

by D +by Dyt .tb I+,

which holds for each j, knowing, that b, = 0 for (j > n—1) and
a; = 0 for (j > n) for ARMA (n, n-1) model. Then for (j > n) is
(1=b,-B=b,-B—..—b, -B"H-,=0. (14)
It means that from equations (13) and (14) it is possible that
parameters a; and b; one can determine knowing values of inverse
functions I;. To solve the pure autoregressive model AR (p) can
be used for a system of equations (13) is /; = a;, forj = 1, 2, ..., p
and [; = 0 for (j > p).
Procedure of an initial guess of parameters a;, b; of general
ARMA (n, n-1) model is then as follows:
a) Solutions of parameters a; of an AR(p) model where p = 2 -
n—1 and values of inverse functions I; simultaneously.
b) Determination of moving average parameters b; by solving set of
linear equations using equation (14) forj = n+1,n+2, ..., 2n—1.
) Determination of autoregressive parameters a; using set of equa-
tions (13) and then parameters b,.

3.2 Criterion of ARMA (n, n-1) model adequacy

To judge adequacy of chooses order n of ARMA (n, n-1) model
(eventually AR(n) model) the procedure of statistical hypothesis
testing was used. The test of model adequacy is in a principle the
test of statistical independence of deviations ¢,.
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hypotéz. V principe spociva kontrola adekvatnosti modelu na tes-
tovani Statistickej nezavislosti odchylok e,.

Zvoleny bol standardny F-test Statistickej vyznamnosti rozdielu
medzi dvoma vyberovymi rozptylmi, upraveny ako test Statistickej
vyznamnosti poklesu suctu Stvorcov odchylok. Ak sa ma urcit, ¢i
u regresného modelu, ktory ma r parametrov, moze s z nich byt
povaZovanych za nulové pri N pozorovaniach, testovacie kritérium

je v tvare
Ay — 4,

F= 4 (15)

kde A, je sucet Stvorcov odchylok vysSieho radu modelu a 4, je
sucet Stvorcov odchylok modelu poévodného.

Vypocitana hodnota F sa porovna s hodnotou F,,;, ur¢enou
z tabuliek F - rozdelenia pre (N—r) a s stupfniov volnosti a zvolenu
hladinu vyznamnosti (obvykle 95 %). Ak plati, ze F> F,,,
(s, N—r)y 95, potom pokles stictu Stvorcov odchylok pri prechode
z modelu nizSieho na vyssi, bol Statisticky vyznamny a povodny
model nebol vhodny. Naopak, ak plati, ze F < Fy,;(s, N=r)yos,
potom pdvodny model bol statisticky adekvatny na danej hladine
vyznamnosti a prechodom na vyssi model sa nedosiahne zlepSe-
nie vysledkov [5].

3.3 Algoritmus urcenia optimalneho modelu

Vyuzitim vysSie uvedenych zavislosti a vztahov mozno algorit-
mus urcenia optimalneho modelu ARMA (n,n-1) popisat nasle-
dovne [5]:

1. Urcenie parametrov modelu ARMA (2n,2n—1) pre n = 1 a siictu
stvorcov odchylok Ay = > €.

2. ZvySenie rddu n o jedna a opdtovné urcenie parametrov modelu
ARMA (2n,2n—1) a jeho siictu Stvorcov odchylok A,.

3. Testovanie vyznamnosti poklesu siictu Stvorcov odchylok AA =
Ay — A,. Vpripade, ak je pokles Statisticky vyznamny, pokracuje
sa bodom 2, ak nie - Statisticky adekvdtny bol model pévodny.

4. Kontrola parametrov a,,, b,,_,, ci je ich hodnota blizka nule,
prip., ¢i ich interval spolahlivosti obsahuje nulu. Ak nie, model
ARMA (2n, 2n—1) je vhodny.

5. Ak ay,, by, st nulové alebo blizke 0, urcenie parametrov
modelu ARMA (2n—1, 2n—2).

6. Kontrola parametrov b; kizavého priemeru modelu ARMA (2n—1,
2n—2) a ak su niektoré z nich blizke nule, vytvorenie modelu
ARMA (2n—1,m) pre m < (2n—2) a urcenie jeho parametrov

Uvedeny algoritmus bol vyuzity aj pri spracovani programu
ARMAGET pre Windows 95/NT, ktory bol vytvoreny na praco-
visku autora. Uvedeny softvér je 32 bitova aplikacia vytvorena vo
vyvojovom prostredi DELPHI a pracujuca pod operacnym systé-
mom Windows 95 alebo NT.

Obsahuje uzivatelské menu, ktoré okrem zakladnych funkcii
so siiborom, konfiguracnych nastaveni, prace s oknami a funkciami

The standard F-test of statistical significance of two sample
differences was chosen and this test was modified as a test of a sta-
tistically significant decrease of the sum of squares. If one has to
specify when a regressive model with r parameters can be s of
them counted as zero having N observations, the test criterion
becomes form as

Ao B Al
s
F= 4, )
N—r

(15)

where A4, is sum of squares of higher order model, 4, sum of
squares of initial model.

Resulting value of F'is to be compared to value of F,,;, found
in the table of critical values of F - distribution for (N—r) and s
degrees of freedom and chosen level of probability (mostly 95 %).
When we get that F > F, (s, N—r), o5 then decrease the sum of
squares during a change to higher order model was statistically
significant and the initial model was not suitable. On the other
hand, if F<F,,,(s, N—r)yes, the initial model was statistically

adequate, then an increase of its order does not make sense [5].

3.3 An algorithm of optimum model determination

Using former shown dependencies and formulas one can
describe an optimum ARMA (n, n-1) model getting algorithm, in
other words, as follows [5]:

1. Calculation of ARMA (2n,2n—1) model parameters for n = 1
and its sum of squares A, = Ze,z

2. Increase the order n —» (n+1) and calculation of model para-
meters and sum of squares A,.

3. Testing the statistical significance of the sum of squares decrease
AA = Ay — A,. In case that decrease is statistically significant,
go to 2. In the other case the former model was statistical ade-
quate.

4. Test of a2n, b2n-1 parameters if their value is near zero or if their
internal of confidence contains zero. If not, then ARMA (2n, 2n-1)
model is suitable.

5. When a,,, b,,_, are zeros or near zero, calculation of ARMA
(2n—1, 2n—2) model parameters.

6. Testing of moving average parameters b; of ARMA (2n—1, 2n—2)
model. If some of them are near zero, construction of ARMA
(2n—1,m) model for m < (2n—2) and calculation of its para-
meters eventually of pure AR (2n—1) model.

Shown algorithm was used by developing of program ARMA-
GET for Windows 95/NT, this was developed on authors depart-
ment. Presented software is a 32-bit application made in developing
surroundings of DELPHI and working in the operating system
Windows 95 or NT. It contains users menu, which apart from
basic functions with file, configurations, work with windows and
help functions contains two submenus - submenu of “Simulation”
and submenu of “Identification” (Fig. 3).
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& Aumaliel pro Windows 5

napovedy obsahuje dve sub-
menu - submenu , Simuldcia“
a submenu ,, Identifikdcia“ (obr.
3).

Polozka , Simuldcia“ umoz-
fiuje upravy a konvertovanie
nekompatibilného suboru vstup-
nych hodnét postupnosti na
subor kompatibilny a simulaciu
(vygenerovanie) ¢asovej postup-
nosti na zaklade zadania radu
a parametrov AR(n) alebo

Sk Giglhien  derdifibcis  Eoehpabos Qe Naporseds
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Item “Simulation”
enables adjustment
and conversion of in-
compatible input files
of time series to com-
patible ones and simu-
lation (generation) of
time series basing on
given AR or ARMA
models order and pa-
rameters with possibi-
lities of mean and dis-

I I =

ARMA(n,n-1) modelu s moz-
nostou vol'by strednej hodnoty
a smerodajnej odchylky simulo-
vanej postupnosti.

Jadrom programu je submenu , Identifikdcia“, prostrednictvom
ktorého je mozné vykonat vyber metddy a sposobu identifikacie
zvolenej Gasovej postupnosti, pricom je mozné k identifikacii pouzit
adaptivne algoritmy alebo vykonat identifikaciu pomocou neline-
arnej metody najmensich Stvorcov. Identifikacia pomocou vyssie
spominanej nelinearnej (resp. pre modely AR - linearnej) metody
najmensich §tvorcov je pristupna v polozke menu - Identifikdcia
a jej submenu - NLINLS. Tu st v ponuke 4 mozZnosti.

Prvé dve - Model AR - po rdadoch a Model AR - 1iplny vypocet
pontkaju ako vysledok identifikacie model AR popisany rovnicou

(2).

Dalsia polozka - Model ARMA - po rddoch, umoziiuje uréit
koeficienty pre vopred zvoleny rad modelu ARMA(n,n-1). To
znamena, Ze je potrebné vopred urcit poZadovany rad (poznat pocet
koeficientov) autoregresnej Casti - a, a Gasti kizavych priemerov -
by, ktoré v podstate vyjadrujii na kolkych predchadzajucich hodno-
tach je prave pocitana hodnota Casovej postupnosti zavisla.

Pociatocny odhad koeficientov modelu ARMA(n,n-1) sa urci
tak, Ze koeficientom Gasti kizavych priemerov je priradena hod-
nota 0 a koeficienty autoregresnej Casti sa urcuju aplikaciou line-
arnej metody najmensSich Stvorcov. Sucasne je vypocCitany aj sucet
stvorcov odchylok, tzn. hodnota vyjadrujuca odchylku teoretic-
kého modelu od modelu skuto¢ného. Potom nasleduje samotny ite-
racny vypocet, ktorého vystupom su koeficienty zvoleného modelu
(obr. 4).

Wﬂ: x|

Obr. 4. Vysledky identifikdcie
Fig. 4. Results of identification

Obr. 3. Prostredie programu ARMAGET pre Windows
Fig. 3. The Integrated Environment of ARMAGET for Windows

persion selection of si-
mulated series.

The heart of the
program is submenu
“Identification”, by means of which it is possible to make selection
of the identification method and way of chosen time series, whe-
reupon it is possible to use either adaptive algorithm of time series
identification or make identification using non-linear least squares
method. Identification by means of higher presented non-linear
(respectively for AR models - linear) least square method is avai-
lable in item Identification and its sub-menu NLINLS. Here are
four options.

First two- Model AR - after orders and Model AR- complete cal-
culation give results as identification AR model, described by (2).

Next item - Model ARMA- after orders gives coefficients befo-
rehand of selected order of ARMA (n, n-1) models determination.
It means, that it is necessary beforehand to determine requir-ed
order (known number of coefficients) of autoregressive part - a;
and moving average part - b, which principally determine number
of former values the calculated value depends on. The inicial
guess is of ARMA (n, n-1) model coefficients is determined in the
following way: a zero value is assigned to coefficients of moving
average part and coefficients of autoregressive part are determi-
ned by the linear least square method.

Simultaneously the sum of squares of deviations value express-
ing deviation of theoretical model from real model is calculated.
Then the proper iterative calculation follows, which outputs are
the coefficients of model (Fig. 4).

HLIKLS - AR B i ot ] § Virbesdhoy aden il bz

Obr. 5. Vysledky urcenia rdadu a koeficientov optimdlneho modelu
Fig. 5. Results of an optimal ARMA model determination
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Poslednou dolezitou polozkou je polozka Model ARMA - tiplny
vypocet, ktorej ulohou je najst optimalny model ARMA (n,n-1),
ktory najlepSie popisuje stochasticky systém charakterizovany
casovou postupnostou. PretoZe vo vacSine pripadov nepozname
optimalny rad modelu je potrebné, aby program iteracnym postu-
pom uréil rad modelu, ktory je pre popis daného systému opti-
malny (obr. 5). Algoritmus hladania optimalneho autoregresného
modelu pouzity v programe zodpoveda algoritmu z Casti 3.3.

4. Suvis medzi spojitym a diskrétnym modelom

PretoZe vacsina systémov, s ktorymi sa pracuje v technickej
praxi a najma v dynamike mechanickych systémov je spojitych, je
pre tieto systémy spojity matematicky model v tvare diferencialne;j
rovnice prip. systému diferencialnych rovnic vyhodnejsi ako model
diskrétny. Diferencialne rovnice su zostavené z fyzikalnych zako-
nitosti systémov a ich parametre maju bezpros-tredny suvis
s najdolezitejSimi charakteristikami systémov (vlastné frekvencie,
tlmenie, stabilita atd’.).

V praxi v§ak tuto skuto¢nost nie je vacsinou mozné vyuZit,
pretoze numerické rieSenie vacsich sustav diferencialnych rovnic
je naroéné na Cas i vykon pocitaca a tak simulacia ¢innosti systé-
mu trva vacsinou dlhsie, ako ¢innost
realna [4], [5], [6].

The last important item is Model ARMA- complete calculation,
whose aim is to find an optimal ARMA (n, n-1) model. This model
is the best description of stochastic system, whose output is a time
series. Because, in most cases we don’t know optimal order of
model, it is necessary beforehand to determine by an iterative pro-
cedure of an optimal order of model for description of a given
system (Fig. 5). An algorithm of optimum autoregressive model
determination used in ARMAGET is identical as algorithm from
chapter 3.3.

4. Relationship between continuous and discrete models

Because most systems used in technical practice and dynamics
of mechanical systems are of continuous nature, continuous ma-
thematical model in form of differential equation eventually of diffe-
rential equations set is more suitable as the discrete one. Because
differential equations are formed on base of physical laws concern-
ing studied systems and their parameters (coefficients) have a stra-
ightway relationship to the most important characteristics of
systems (such a natural frequencies, damping, stability, etc.).

In practice, it is not possible to utilise this fact because a nume-
rical solution of large differential equation systems is time consum-
ing and needs very powerful computers so that simulation of

system performance lasts longer as a real
function [4], [5], [6].

Fit)
Suvis medzi diskrétnym mode- Relationships between a discrete
lom, ktory vznikne vzorkovanim spo- model, which one gets by sampling of
jitého signalu v konStantnych caso- m continuous signal in constant time inter-

vych intervaloch a povodnym systé-
mom spojitym, t. j. relacia medzi
parametrami diferencnej a diferen- k
cialnej rovnice popisujicej ten isty

val and an original continuous system,
means relationships between parame-
ters of differential and difference equati-
ons describing the same dynamic

|_J___|c

stochasticky dynamicky systém,
bude dokazany na jednoduchej I-
hmotovej mechanickej dynamickej
sustave (obr. 6), budenej nahodnou
silou F(t) s normalnym rozdelenim
N(O,5).

Znamu diferencialnu rovnicu v tvare

dx dx
m~?+c-z+k~x(t)=F(t), (16)
alebo po uprave
&x dx F1)
F+2-§-Q~E+Q ~x(z)=7,
je mozné previest na tzv. operatorovy tvar [5]
D*+ oy - D+ ap) - x(1) = Z(1). (17)

Uvedena rovnica popisuje spojity autoregresny model 2. radu -
SAR(2) a budiaca funkcia Z(¢) sa predpoklada vo forme spojitého
bieleho sumu, pre ktory plati E[Z(z)] = 0 a E[Z(¢) - Z(t + n)] =
o2+ 8(n), kde 8(n) je Diracova 8funkcia.

Obr. 6. Jednoduchd jednohmotova mechanickd
dynamickd sustava
Fig.6. The simple mechanical dynamic system

stochastic system, will be developed on
the simplest one-mass damped mechani-
cal dynamic system (1-D.O.F - one
degree of freedom) after Fig. 6 excited
by stochastic force F(t) with normal
distribution N(0,07).

Well-known differential equation in form

&x dx
+c-—+k-x(t) = K1),

C— 16
dr* dt (16)

m

or after adjustment

d’x e T )
—_— . . - —_— . l = — s
dr’ ¢ dt ==

is possible to simply arrange into so called operator form as

(D*+ a, - D + ap) - x(1) = Z(1). 17

This equation described continuous autoregressive model of
second order - CAR(2) and exciting functions Z(¢) is in continuous
white noise form, for which applied E[Z(¢)] = 0 and E[Z(¢) -
Z(t + n)] = 0%+ 8(n), where 8(n) is Diracs &function.
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Hodnoty «;, a «, predstavuju dolezité hodnoty netlmenej
vlastnej frekvencie a pomerného tlmenia stistavy a mozno ich
ziskat pomocou vztahov

a=2-¢Q a aOZQZ,

pricom

¢ c c qQ k
= — — a = —_
Chrit 2\/km m

Pre rieSenie je rozhodujuci tvar funkcie impulznej odozvy,
ktory je mozné s vyuzitim vlastnosti Diracovej 6-funkcie urcit ako
Hy r— e“'z !
G)=——7",
My = Mo

kde u, a u, st korene charakteristickej rovnice vztahu (17).

pret=0

(18)

Suvis medzi spojitym a diskrétnym modelom je mozné potom
urcif z porovnania tvaru autokorelacnej funkcie pre spojity a dis-
kretizovany model.

Autokorela¢na funkcia spojitého modelu je podla definicie [4]
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The values «, and «,, representing important values of
undamped natural frequency and relative damping of the system,
can be obtained by

a;=2-¢-Q and ap=Q7

while

o ¢ i 0 /?
=——=—_—7/— an = /.
Chrit 2Vk-m m

For the solution, the decisive form of impulse response func-
tion that is possible to determine uses characteristics of Diracs 6
function as

et — ettt
G(1) = , fort=0

(18)
My — Mo

where w, and u, are roots of the characteristics equation of
formula (17). Relationship between continuous and discrete
models can be determined using comparisons of Autocorrelation
Function (ACF) forms for continuous and discrete models.

Auto Correlation function of continuous model is after defi-
nition [4]

2
Oz

R(s) = 02 [ G) - GO + s)dv =

0 2y gt (0] — )

Po dosadeni s = k - At pre diskretizovany spojity model ma
AKF tvar
2

> (g - e " — e ") (19)

After giving s = k - Ar for uniformly sampled continuous
model ACF becomes form as

g
R = Rl 80) = e (g e ) =y A (20)
1 2 1 2
kde | where
0'2 0'2
d, z dy = z A =e* A and A, = e @1

2y (ui =)
Z tvaru AKF, ktora je linearnou kombindciou dvoch expo-
nencialnych funkcii vyplyva, Ze spojity systém 2. radu moze byt
pri vzorkovani s konStantnym krokom Az vyjadreny diferenénou
rovnicou modelu ARMA (2,1) v tvare

20y (uy — )]

Using the ACF form, which is a linear combination of two
exponential functions, one knows that a continuous second order
system can be (by constant interval sampling) expressed by a dif-
ference equation of ARMA (2,1) model in form

X—a X 1—a X, ,=€—b ¢, (22) Xo—a X | —ay X, ,=€—b €, (22)
kde where
ay=A t A=A A and gy = =) s A, = —el T A

Parametre b, a 0% su tiez funkciou korefiov charakteristickej
rovnice, ale ich vyjadrenie je podstatne zlozitejsie [5].

Vychadza sa z predpokladu, ze spojity a diskrétny model maju
rovnaku AKF. Z toho vyplyva, zZe si musia odpovedat nielen cha-
rakteristické Cisla, ale tieZ koeficienty d, a d, AKF. Z ich vyjadre-

Parameters of b, and o are functions of characteristic equa-
tion roots, but their expression is considerably complicated[5].

The basic assumption is the continuous and discrete models
have the same ACF. From this follows that they must correspond
not only eigenvalues but the coefficients of d; and d, of ACF too.
From expression of them, one can get a system of two equations

nia je mozné ziskat sustavu dvoch rovnic v tvare [5] in form
2 2 _ _ _
Oz o (A= b)) (A~ b _ Ay — by
2opc(pi—p) 0 LA LA -
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_ 0'% =0'z'()\2_b1) /\2_b1_ A= by
2oy (i) (A - ’

ktoré implicitne obsahuju hladané parametre pravej strany dife-
rencidlnej rovnice (22) b, a o..

Vzajomnym vydelenim oboch rovnic a Upravami je mozné
zistif pre b, vyraz v tvare

by=—-P+x VP -1

(24)

kde

(23)
1— A2

1 — AN
which implicitly contains searched parameters of the right-hand
side of differential equation (22) b, and o,.

By division of both equations, one another by some modifi-
cations, one can get for b, expression in form

by=—-P= VP —1

(24)

where

—p (LHAD (1= A) + py - (1 +AD) - (1= AD

P=

Pritom z dvoch ur¢enych hodnot b, sa berie ta, ktord spina
podmienku invertibility, tzn. pre ktoru plati [b,[] < 1. Obdobne
je mozné aj vyjadrenie hladaného rozptylu [5]. Vztahy (22) a (23)
urcuju jednoznacne parametre diskrétneho autoregresného modelu
ARMA (2,1) zo znamych parametrov modelu spojitého.

Skutocny postup pri identifikacii je v§ak opacny. To znamena,
Ze postupom uvedenym v predchadzajtcej kapitole sa urcia para-
metre diskrétneho modelu a,, a,, b, a 02, korene charakteristickej
rovnice A;, A, a prostrednictvom nich sa vyjadria parametre spo-
jitého systému u,, w,, 0%, pripadne a; a .

Pre jednohmotovu sustavu s podkritickym tlmenim, potom
pre hodnoty vlastnej frekvencie a relativneho tlmenia plati [5]

~ 1 [In(=ay)® a \[
0= Iy 2 + |:arccos(2\/_—az>]

In(— 2
. (In(~ay) 05

2
[ln(*az)]2 +4- |:arccos<2\;1_—az>:|

Uvedeny postup je mozné rozsirit a aplikovat tiez na vse-
obecné spojité systémy n-tého radu popisané napr. diferencialnou
rovnicou typu (v operatorovom tvare)

(D" + D" 4t Dt ag) Xy = (B D" By D"t By D+ By) - Z,

ktora uréuje spojity autoregresny model s kizavym priemerom -
SARMA(n,m).

Rovnakym sposobom sa z vyjadrenia AKF diskretizovaného
spojitého systému zisti, Ze zodpovedajicim diskrétnym modelom
je model typu ARMA (n, n-1) s parametrami

Ni= et A

a; = (_l)iJrl z/\kl * A e Ay
=1

2 [py oA - (1 _/\%)_Mz')\z'(l _A%)]

From two of determined values b, we take in account this one
for that holds the condition of invertibility, which mean it is
[h,0 < 1. In similar way it is possible to express the searched value
of dispersion too [5]. Formulas (22) and (23) determine unambi-
guous parameters of the discrete autoregressive model ARMA (2,1)
from known continuous model parameters.

The real procedure of the identification process is a reversed
one. It means that using a procedure shown in a former chapter,
one determines parameters of discrete model a,, a,, b, and o2,
roots of its characteristic equation A;, A, and with their help
parameters of continuous system i, i, 0%, eventually o, and
are determined.

For 1-D.O.F. system with subcritical damping for values of
eigenfrequency and relative damping holds

~ 1 [In(=ayP? a \[
Q0= Y 7 + |:arccos<2\/_—az>:|

In(— 2
. (In(~ay) o5)

2
[ln(*az)]2 +4- [arccos(ﬂjl_—az)}

The shown procedure can be expanded and applied for general
continuous systems of n-th order described by differential equa-
tion as (in operator form)

(26)

which determines the continuous autoregressive moving average
model - CARMA(n, m).

Using the same idea from an expression of discretized conti-
nuous model ACF one gets that corresponding discrete model is
ARMA (n, n-1) model with parameters

A= et A

a; = (_1)1.4rl 2)\/(1 “ A e Ay
=1
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ZP(;L,) P(u) -V, V, Zak AR
ij=1 1_1) k=0
" S Ry Py v 7 2!
) Py V7L
ij=1 ! ! (/'L1+I‘Lj)
oz [a A A1
o = P(u) - P(w) - V; - V, = (27
[‘le ’ Lot
kde
V=H (e
ij=1

n
V= (=D""*IT (u,
i,j=1
a P(u;) su hodnoty charakteristického polynomu pravej strany
rovnice (3) urcené pre hodnoty vlastnych Cisiel [avej strany w,.

Z toho vyplyva, Ze diskrétna reprezentacia spojitého procesu
SARMA (n,m) je vZdy model typu ARMA (n,n-1). To znamena,
Ze rad pravej strany diferencialnej rovnice spojitého systému nema
vplyv na jeho diskrétnu reprezentaciu. Uvedené vztahy mozno
vyuzif k urCeniu parametrov diskrétneho modelu, ak su zname
koeficienty diferencialnej rovnice.

Predmetom nasho zaujmu je vSak opaf pripad opacny, tzn. pri
ktorom su parametre spojitého systému nezname a je potrebné ich
urcif z diskrétneho modelu vzorkovaného s konstantnym interva-
lom At a preto postacuje pri syntéze mechanickych dynamickych
sustav s n stupiami volnosti charakteristickd rovnica lavej strany
modelu typu ARMA (2n ,2n - 1) v tvare

1:'[ A=A (A=)
kde A,, /\—eA’Q CH=iVI=8)
J

/\2n+za /\Zn i

(28)

Z toho vyplyva pre vlastné frekvencie a relativne timenia

2
Ik
+ A

- (30)
e

¢o su podobné vyrazy, aké boli odvodené v prechadzajucom pre
jednohmotovy systém.

[In(A, - L)I*

1
Q=—
’ At\/ 4

&=

. A+ A
arccos\| ——  /—=
2- VAN

J J

[In(A,, 1)12

[In(A; - A))* + 4 - [arccos(

Nejednoznacnost hodndt funkcie arccos v rovniciach (29),
(30) sposobuje taktiez nejednoznacnost hodnot Qj a §j Je mozné
vsak dokazat, Ze ak interval diskretizacie vyhovuje Nyquistovmu
teorému, t. j.

Q-\/l—§2< 1

2 2-

At’ (31)
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S Pu) - Pw) - 1] V, Zak AR
i,j=1 l_l) k=0
" S Py By v 7 L
ij=1 ! / / (/"Ll+/"_'Lj)
o = o [EP(,L) P(w) - V- Vi)\ A_l} 27)
¢ ij=1 ! ! /‘L[+lu’/'
where

) pre (i >)),

=), for (i>)),i,j#k

and P(u;) are values of characteristic polynom of the right-hand
side of equation (3) determined for eigenvalues of the left-hand
side u;.

From these results, discrete representation of continuous
process - CARMA (n,m) is always ARMA(n, n-1) model type. It
means, that in order for the right-hand side of differential equa-
tion of continuous system representation to have no influence on
its discrete representation. These relations are possible to exploit
for discrete model parameters determination if we know coeffici-
ents of differential equation.

Because the subject of our interest is again a reverse one it
means continuous parameters are determined from a discrete
uniform sampled model with interval of sampling Af the charac-
teristic equation of the left-hand side of ARMA (2r,2n—1) model
is sufficient for mechanical systems synthesis in form

2n n _

A =TT A= A) - (A= 1) (28)

i=1 j=1

3 . (i )
Where)\j,)\f:em Q- (=g =i \/ﬁ).

From that then for natural frequencies and relative dampings are

2
)} (29)
+ A

- (30)
e

which are similar formulas that were developed in a former part
for 1-D.O.F system.

[In(A, - M7

1
Q=—
4 At\/ 4

&=

. A+ A
arccos| —————rF/——
2- VAL

J

[In(A;, /)]2

[In(A, - A)P + 4 - |:arccos(

Multiplicity of arccos function values in formulas (29) and
(30) causes multiplicity of values (), and & too. However, it can
be proved that if an interval of discretization holds to Nyquist
theorem

Q-\/l—§2< 1

2.

A’ G

2
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mozno uvazovaf iba zakladni hodnotu arccos a potom su Q,
a &urcené jednoznacne.

5. Moznosti praktickych aplikacii navrhnutého postupu

Metodika urCovania Statisticky adekvatnych autoregresnych
modelov stochastickych systémov a odvodené suvislosti medzi
parametrami diskrétnych a spojitych modelov uvedenych v pred-
chadzajucich kapitolach boli tspesne overené na pripade identifi-
kacie mechanickej dynamickej stuistavy obrabacieho stroja pocas
obrabania s overovanim jeho aplikaénych moznosti pri adaptivnom
geometrickom riadeni v realnom case [3] a pri analyze spétno-
vazobného systému (obrabaci stroj - rezny proces) [4]. Uvedené
suvislosti vSak mozno s vyhodou vyuzit tieZ pri urCovani vybranych
moddlnych charakteristik mechanickych dynamickych siistav.

V stiCasnosti je najpouZivanejSim postupom pri experimental-
nom skiimani dynamickych charakteristik roznych systémov a kon-
Strukcii aplikacia metdd urCovania matic dynamickej poddajnosti
a modalnej analyzy tvarov kmitov konStrukcii.

Vdaka rozsireniu digitalnych analyzatorov spektier zalozenych
na aplikacii algoritmu rychlej Fourierovej transformacie je najcas-
tejsi postup zalozZeny na urcovani spektier budenia a odoziev sustavy.
Ich prostrednictvom mozno uréif prenosové funkcie, z ktorych sa
potom odvodzuju informacie o vlastnych frekvenciach a tvaroch
kmitov sustavy.

Vzhladom na prezentované suvislosti sa ukazuje ako mozny
postup ziskania niektorych modalnych informacii vyuZzitie experi-
mentalne ziskanych ¢asovych postupnosti hodnot vibracii sustavy
meranych sucasne vo viacerych miestach konstrukcie. To znamena
zovseobecnenie uvedenych poznatkov na tzv. Vektorové autoregresné
modely s kizavymi priemermi - VARMA modely, ktoré mozZno vo
vseobecnosti popisat maticovou rovnicou v operatorovom tvare
ako [3]

(A4y—A,-B'— A4, - B>—..—A4,-B")-X,=(l

pre ktoru plati podobne ako v skalarnom pripade

E(e)=0
E(e € ,) =8 0¢ (33)
akde X, a ¢, su vektory postupnosti merani a bieleho Sumu, 4;a D,
su matice parametrov sustavy, B je vektor operatorov spatného
posunutia, UEZ je matica rozptylu a vzajomnych korelacii a g, je
Kroneckerova delta funkcia.

X2¢ MECHANICAL
To znamena, Ze ak pri analyze ———®| DYNAMIC
L , Exciti SYSTEM
mechanickej sistavy vyuZijeme vy- Iffac;c’:sg

poctovu techniku a jej budiace sily
i vibracie su snimané v diskrétnych
Casovych intervaloch Az, je mozné
odvodit diskrétne modely popisu-
juce zavislosti vystupu systému
(vibracie) na vstupoch (budiace

Obr. 7. Blokovd schéma dynamiky mechanického systému
Fig. 7. Block scheme of mechanical system dynamics

then it is possible to take into account just the principal value of
arccos function and values of (), and & are the determined unam-
biguously.

5. Possibilities of proposed procedure practical
applications

The method for determinating of adequate autoregressive
models of stochastic systems and developed relationships between
parameters of discrete and continuous models shown in former
chapters were successfully verified on case of identification of
mechanical dynamic system of machine tool during cutting with
its application by adaptive geometrical control in real time [3] and
by analysis of feed-back system (machine tool - cutting) [4].
Shown connections can be utilized by determinating modal cha-
racteristics of mechanical dynamics systems, too.

The most used procedure of experimental investigation of
dynamic characteristics of different systems and structures at
present is the application of dynamic compliance matrices deter-
mination and analysis of structure modes. Due to digital analyzers
of spectra extension working on the principle of Fast Fourier
Transform the most frequently used procedure is the one based on
spectra determination of excitation and output of the system.
Using them one can get transfer functions of the system and con-
nected information of natural frequencies and structure modes.

Due to presented connections it shows as possible procedure
of some modal information obtaining use of experimentally acquir-
ed time series of structure vibrations measured simultaneously in
multiple points of the structure.

It means to generalise involved information to Vector AutoRe-
gressive Moving Average Models - VARMA models, which are in
general case described by matrix formulas in operator form [3] as

-D,-B'-D,B*—..-D,_,-B" V)¢ (32)
for which holds similarly as in scalar case attached

E)=0

Ee - €_,) =6, 02 (33)

and where X, and ¢, are vectors of measurements and white noise
series, A; and D, are matrix of system parameters, B is vector of
back-shift operators, af is matrix of dispersion and reciprocal
correlation’s and §, is Kronecker

X delta function.

Vibrations It means, if one analyses

DYNAMIC a mecha.mcal dynflmlc syst.em ?snth
NOISE a numerical technique and its vibra-
White * €10 tions and exciting forces measure in
Noise uniform sampling intervals Az, it is

possible to develop discrete models
to describe the relationship between
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sily). Potom blokovu schému modelu vhodného pre identifikaciu
meracieho miesta mechanickej dynamickej sustavy mozno zna-
zornit podla obr. 7.

Dynamika mechanickej ststavy je potom uréena diskrétnou
prenosovou funkciou v tvare
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output (vibration) and input (exciting forces). After block scheme
of available model for identification of measured location of
mechanical dynamic system, it is possible to plot after Fig. 7.

Dynamics of the mechanical system is after determined by
a discrete transfer function in form

er:?w): —mm+am'B+am;y+m“+mM;W , 34)
2(B) l—ay,-B—ay, B —..—ay, B
kde B je operator spatného posunutia (X,_; = B- X)) a ay su | where B is backshift operator (X,_; = B-X) and ay are

nezname hladané parametre.

Podobne mozno dynamiku Sumu vyjadrit prenosovou funk-
ciou v tvare

DB) 1—dy-B—dy, B —dy; B —

unknown searched parameters.

Similarly, it is possible to express noise dynamics by a discrete
transfer function in form

—1
v —dy1y B

NB=20® -

kde koeficienty d; je potrebné urcit.

Za predpokladu, Ze neexistuje spatna vazba medzi vibraciami
konstrukcie a budenim (Co je pri testoch konstrukcii splnené)
z rovnic (34) a (35) vyplyva vysledny model dynamiky konstruk-
cie v tvare

(I—-ay-B—ay,- B — .- ay, - B") - X,
+(1—dyy - B—dy, B~
v ktorom platia predpoklady uvedene vo vztahu (33).

Postup pri ziskavani statisticky adekvatnych modelov spocCiva
v nahradzovani vystupnych signalov (s vyuZitim nelinearnej metody
najmensSich §tvorcov) modelmi s postupne sa zvysujucim radom
dovtedy, pokial pokles suctu stvorcov odchylok prestane byt Sta-
tisticky vyznamny na zvolenej hladine vyznamnosti.

Fyzikalny zmysel tohto postupu spo€iva v tom, Ze sa systém
snazime nahradif modelom s najmenSim pocétom Statisticky
vyznamnych tvarov kmitov. Pritom kazdé zvySenie radu modelu
0 2, zavadza dalSi tvar kmitu (dalsi stupen vol'nosti), ktorého pris-
pevok k spravaniu sa konstrukcie je testovany na zvolenej hladine
vyznamnosti. Ak jeho prinos nie je vyznamny, za Statisticky ade-
kvatny sa berie predchadzajuci model.

Potom vysledny diskrétny model ziskany ako Statisticky ade-
kvatny a z neho odvodeny model spojity, znamena rozvoj odozvy
systému do najmenSieho Statisticky vyznamného poctu tvarov
kmitov, ktoré sa pritom ziskaju priamo, bez toho, ze by bolo
potrebné robit vopred nejaké subjektivne odhady [3], [5].

Po urceni adekvatnych modelov ARMA pre zmerany priebeh
vibracii moZno s vyuZitim rovnice (34) dosadenim za B = e® "’
urcif frekvencné charakteristiky (prenosové funkcie vo frekvenc-
nej oblasti).

Pre prenosovu funkciu v diskrétnom tvare plati

n

H(B) =

i=1

i

— 37
1-A-B &N

l—ay,-B-

_ . pn—=1)y |
dll(n—l) B )€,

n (35)
ay, B —..—a,, B

where coefficients dj is needed to determine.

Supposing non-existence of feedback between vibrations of
structure can be expressed in its excitation, (which holds for struc-
tures tests) from equations (34) and (35) one gets a resulting
model of structure dynamics in form

=(apot ap B+ ..tap, B X, +
(36)
where attached assumptions shown in formula (33).

Procedure of statistically adequate models is getting concen-
trated in principle of output signals substituting (using non-linear
least square method) with models of gradually increasing order
until the decreased sum of squares becomes statistically non-sig-
nificant on a chosen level of significance.

Physical meaning of such a procedure is that we are trying to
substitute the system with a model with the lowest number of sta-
tistically significant modes of vibrations. During this procedure,
each increase of model order by two introduces a further degree
of freedom. If its contribution is not significant, the former
model is taken as statistically adequate.

Then the resultant discrete model obtained as statistically ade-
quate and from it is developed a model continuous which means
the expansion of system response into minimum number of sta-
tistically significant modes which are obtained directly without
any prior subjective judgement [3], [5].

After adequate ARMA model determination for curves of
measured vibrations it is possible with using of equation (34) and
substitution for B = e® ’ to determine frequency characteristics
(transfer functions in frequency area).

For transfer functions in discrete form holds

n

HB) =>

i=1

i

— 37
1-A-B 7
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kde A, su korene charakteristickej rovnice prenosovej fumkcie (34)
v tvare

(1—ay, - B—a;, B — ..

Pretoze vacsinou realne ocelové konStrukcie maju nizke rela-
tivne timenie, korene A; si komplexné a vytvaraji komplexne zdru-
zené pary. Potom vlastné frekvencie a relativne timenie mozno
urcit zo vztahov (29), (30), kde A; a A; su komplexne zdruzené
korene.

S vyuzitim rovnice (37) a vyjadrenim komplexnych rezidui
v nej taktiez ako komplexne zdruzené pary 4, = g; + i . h; resp.
A% = g; — i . h; moZno ziskaf znamy vztah pre prenosovu funkciu
dynamickej mechanickej sustavy v spojitom case rozvojom do
vlastnych tvarov kmitov vo forme

H(s)=>

—a””'B":H(l = A B).

where A; are roots of characteristic equation of transfer function
(34) in form

(38)
i=1
Because real steel structures have a mostly low damping ratio,
A; roots are complex and form complex conjugate pairs. Then
natural frequencies and relatively damping is possible to determine
from (29), (30), where A;, A; are complex conjugate roots.

Exploiting equation (37) and expressing complex residuals in
form of complex conjugate pairs as 4, = g; +i. h;res. A5 =g, —
i. h; one can get a well known form of transfer function of mecha-
nical dynamic system in continuous time using expansion into
vibration modes in form

W22 gis+2g &0 =200 VA= §)

platného za predpokladu, Ze susedné vlastné frekvencie su dosta-
tocne vzdialené a modalna interferencia je zanedbatelna.

Suhrnne mozno navrhnuty postup uréovania modalnych cha-

rakteristik mechanickych konstrukcii vyjadrit nasledovne [6]:

1. Zdiznam budenia a odozvy konstrukcie v diskrétnych casovych
krokoch.

2. Ziskanie Statisticky adekvdtnych modelov typu ARMA(n,n-1)
resp. modelu VARMA.

3. Riesenie charakteristickej rovnice (38) a urcenie jej koreriov.

4. Vypocet moddlnych charakteristik - viastné frekvencie Q; a rela-
tivne timenia & (29), (30).

5. Wyjadrenie prenosovej funkcie systéemu (34) pomocou parcidl-
nych zlomkov (37) a urcenie komplexnych rezidui A;.

6. Urcenie prenosovej funkcie vibrdcii konstrukcie (35) prostrednic-
tvom zistenych komplexnych rezidui A;.

7. Wkreslenie prenosovych funkcii, tvarov kmitov atd.

Uvedeny teoreticky pristup bol overeny na niekol'kych apli-
kaénych prikladoch. Pre ilustraciu je
uvedeny pristup demonstrovany na
jednoduchej trojhmotovej mechanic-
kej sustave (obr. 8) a zloZitejSej
mechanickej konstrukcii - vyloZzniku
skutoéného Zeriava SZ 1645 P.1,
modelovaného prostrednictvom me-
tédy konecnych prvkov (obr. 10).

Pre prvotné posudenie navrhova-
ného postupu bol zvoleny jednodu-
chy trojhmotovy diskrétny model me-
chanického systému budeného nahod-
nou silou F(¢) s normalnym rozloZe-
nim amplitdd pdsobiacou v smere
podla obr. 8.

Znamym sposobom uréena sustava pohybovych rovnic

M-x+C-x+K-x=K1) (40)

= S+2£Q, 5+ 02

Obr. 8. Jednoduchy trojhmotovy mechanicky systém
Fig. 8. Simple 3 D.O.F. mechanical system

(39)

which holds for assumption that neighbour eigen-frequencies are
distant enough and modal interference can be neglected.

A summary of the procedure of the structure modal charac-

teristic identification is expressed as follows:

1. Recording of excitation and vibrations (output) in a uniform
discrete time interval.

2. Acquiring of statistically adequate models ARMA (n, n-1) res.
VARMA model.

3. Solution of characteristic equation and its roots determination.

4. Calculation of modal characteristics - eigen-frequencies (); and
relative damping & (29), (30).

5. Expression of system transfer function (34) in form of partial
fractions (37) and to determine complex residuals A;.

6. Determination of transfer function of structure vibrations (35) by
using to obtained complex residuals A;.

7. Drawing of transfer functions, modes of vibrations etc.

The shown theoretical approach was verified on more exam-
ples of applications. To illustrate
this the developed approach is
demonstrated on a simple 3 degree

Basic parameters of system

my =1 of freedom (3 D.O.F.) mechanical
msy = system (Fig. 8) and more compli-
koy = kiz = ky3 = 100 cated structure - a jib of a real
ko3 = 200 crane SZ 1645 P.I, which was

modelled by means of Finite Ele-
ment Method (Fig. 10).

¢y = 0.6
o3 = 1.6 For first tests of proposed pro-
o7 =10 cedure a simple 3 D.O.F. model

of mechanical system was chosen.
This was excited by random force
F(¢) with normal distribution which
acts in direction after Fig. 8.

Well-known system of differential equations has the form

M-x+C-x+K-x=F() (40)
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nadobudla v tomto pripade tvar ‘ in this case acquired form
100 X, 1,6 —0,4 —04 X 200 —100 0 Xy 110)
010 5 +]-04 18 —06 X |+ —100 200 —100 x|{=1 0|,
002 X3 -04 —0,6 2,6 X3 0 —100 300 X3 0

z ktorého lavej strany boli numericky urcené (aplikaciou Fadeje-
vovej a Bairstowovej metody) teoretické vlastné frekvencie. Cela
sustava bola rieSena pri simulovanom budeni silou F(¢). Pri zvole-

nom intervale vzorkovania (A7 = 0,1 s) bolo medzi kazdou vzorkou
vykonanych 10 numerickych integraénych krokov metédou
Runge-Kutta. Z kmitov kazdej hmoty bola vytvorena postupnost
2000 hodndt, pricom sa vzorky zacali ukladat az po ustaleni
amplitud vibracii.

Aplikaciou postupu uvedeného v kapitole 3 bol ziskany ako
Statisticky adekvatny model ARMA (6,5). Jeho parametre pre
kmity v hmotach su uvedené v tab. 1. Urené vlastné frekvencie
a relativne tlmenia v porovnani s teoretickymi hodnotami su
uvedené v tab. 2.

from its left hand side were determined in a numerical way (using
Fadejev and Bairstow methods) theoretical values of eigen-frequ-
encies. Next the whole system was solved using simulation excita-

tion of force (7). A sampling interval of Ar = 0,1 s was chosen
and between each sample were 10 steps of numerical integration
performed using Runge - Kutta method. A time serie of 2000
values from vibrations of each mass was made. These samples were
started after getting stationary values of vibrations amplitudes.

Using a procedure developed in chapter three, the ARMA
(6,5) model was obtained as statistically adequate. Its parameters
are presented in Tab. 1. Calculated values of eigen-frequencies and
relative damping and their comparison with theoretical values are
shown in Tab. 2.

Parametre autoregresnej ¢asti modelov ARMA Tab. 1
Parameters of autoregressive parts of ARMA models Tab. 1
a, a) as ay as 6
X, 1.5820 —2.8093 2.5325 —2.5329 1.2516 —0.7089
X, 1.3915 —2.4370 2.0704 =2.1175 0.9362 —0.5819
X, 1.5859 —2.8081 2.4854 —2.4907 1.2183 —0.7271
Hodnoty vlastnych frekvencii a relativnych tlmeni trojhmotovej sustavy Tab. 2
Values of eigen-frequencies and relative damping of 3 D.O.F. system Tab. 2
1* mode 2" mode 3 mode
Q, & Q, & Q; &
« X, 1.2958 0.04709 1.9647 0.06908 2.7945 0.02754
5 X, 1.2926 0.03468 2.1071 0.13760 2.8203 0.03408
<
X;, 1.2941 0.03069 1.9788 0.04885 2.8152 0.04163
Teoretické 1.2926 0.05289 2.0621 0.06664 2.8297 0.05945
Z uvedenych vysledkov je Vi L L2 From presented results

zrejmy dostatoény sulad experi-
mentalnych a teoretickych hodnot
netlmenych vlastnych frekvencii
W. Relativne nizsia presnost hod-
ndt pomerného tlmenia x bola za-
prifinena zvolenymi nizkymi hod-
notami koeficientov utlmu cij. Po
urceni korenov charakteristickej
rovnice boli ziskané i vlastné tvary
kmitov, ktorych priebeh porovna-
ny s priebehom teoretickym je vy-
kresleny na obr. 9.

Model vyloznika skuto¢ného
Zeriava bol vytvoreny v programe
COSMOS/M s vyuzitim prvkov

ARMA , -

a very good agreement betwe-
en experimental and theore-
tical values of eigen-frequen-
cies W. A relative lower ac-
curacy of relative damping
values x was caused probab-
ly by choosing of low values
of coefficients cij. After gett-
ing characteristic equations
roots the modes of vibration

2, tvar

Obr. 9. Ziskané tvary kmitov a ich porovnanie s teoretickymi hodnotami
Fig. 9. Obtained modes and their comparison with theoretical ones

were obtained. Their compa-
rison with theoretical values
is shown in Fig. 9.

The crane jib model was
made by means of program

3. tvar

theoretical values
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typu BEAM3D a TRUSS3D a odobraté prislu§né stupne volnosti.
MKP model vyloznika bol pri simulacii budeny pasmovo ohranice-
nym bielym Sumom. Numericka integracia bola realizovana New-
markovou metodou (10 krokov riesenia medzi kazdym bodom
diskretizacie) pri nulovych pociatoénych podmienkach. Bolo
zaznamenanych 2000 bodov priebehu vychyliek v kazdom sledo-
vanom bode, pricom zaciatok zaznamu bol vykonany az po dosi-
ahnuti stacionarity sledovanych procesov. Vysledky vykonanych
experimentov su prezentované v zostru¢nenej forme, prevazne vo
forme obrazkov a tabuliek (obr. 10-11, tab. 3).

COSMOS/M using elements of BEAM-3D and TRUSS3D type.
During simulation, the model was excited by band-limited white
noise. Numerical integration used Newmark method (10 steps of
solution for each point of discretization). Zero initial conditions
and 2000 points of amplitudes were recorded in each chosen
point of structure while the record started after the following pro-
cesses became stationary.

The results of performed experiments are presented in
a maximum brief, mostly of tables and pictures (Fig. 10-11 and
Tab. 3).

Porovnanie hodnét vlastnych frekvencii vyloznika Zeriava v sledovanom bode Tab. 3
Comparison of Natural frequencies values of crane jib in multiple point Tab. 3
1" Mode 2™ Mode 3" Mode 4™ Mode 5™ Mode 6™ Mode
FEM 0,100652 0,100653 0,100810 0,100819 0,423949 1,10373
ARMA Nonsign. Nonsign. Nonsign. Nonsign. Nonsign. 1,1042
7™ Mode 8™ Mode 9™ Mode 10™ Mode 11" Mode 12" Mode
FEM 1,767421 2,184288 2,235258 3,483133 4,334549 4,34834
ARMA 1,7648 Nonsign. 2.2338 3,4866 Nonsign. 4,3571

Mode=10
0.554338

Obr. 10. MKP model vyloZnika Zeriava a tvar konstrukcie v desiatom kroku simuldcie
Fig. 10. FEM model of crane jib and mode of structure in 10-th steps of simulation

Special attention should be paid to
the fact that the FEM model of crane jib

as a statistically adequate ARMA (10,9)
model was detected. That means that

only five modes of structure vibrations
(Fig. 11) have a statistically significant

contribution to dynamic behaviour of
structure (which differs from 12 modes

determined by the standard FEM proce-
dure). It is obvious that a proposed pro-

cedure can expressively reduce demands
on dynamic calculations of mechanical

J structures.

Pozornost je potrebné 1.7721
venovat faktu, Ze pri modeli
vyloznika Zeriava bol zisteny 1.518
ako Statisticky adekvatny
1.2859
model ARMA(10,9) a bolo
zistené, Ze iba 5 tvarov kmi-  Z
AR 1.0128
tov (obr. 11) ma Statisticky
vyznamny prinos k dynamic- 9.75965
kému spravaniu sa konstruk-
cie (na rozdiel od 12 tvarov 3.506853
uréenych Standardnym po-
stupom MKP). 3.25341
3.00028 4
6. Zaver .01

Uvedena problematika
bola navrhnuta a preverovana

7

FREQ(Rad/Sec)
6. Conclusions

Obr. 11. Spektrdlna vykonova hustota priebehu vibrdcii
v sledovanom bode modelu

Introduced problems were proposed

v ramci rieSenia grantovej Fig. I1. Power spectral density of vibrations in chosen point of model and verified in a frame of grant research
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ulohy VEGA ¢. 97/4226/97 , Identifikdcia, modelovanie a riadenie
stochastickych dynamickych systémov*, kde boli skimané niektoré
z moznych aplikacii navrhnutého postupu identifikacie. ISlo
najmi o spojenie navrhnutého identifikacného pristupu so systé-
mami rieSenia dynamiky zlozitych konstrukcii strojov metodou
konecénych prvkov.

Vyhoda vyuzitia autoregresnych modelov spociva v skutoc-
nosti, Ze ich parametre mozno ziskat priamo zo ziskanych ade-
kvatnych modelov bez toho, aby bolo potrebné¢ urcovat prenosové
funkcie. Navyse je vylucené akékol-vek subjektivne hodnotenie,
pretoZe testy Statistickej adekvatnosti su rigorézne definované.

Vystupy z rieSenia dalSich problémov aplikaciou navrhnutého
pristupu pri dynamickej analyze a identifikacii vybranych modal-
nych charakteristik mechanickych systémov vykazovali relativne
dobru zhodu medzi teoretickymi a identifikovanymi tvarmi kmitov,
hodnotami vlastnych frekvencii a hodnotami pomernych tlmeni.

Z prezentovanych skutocnosti mozno konstatovat, Ze vyssie
uvedené predpoklady a teoretické vychodiska su spravne a ze
uvedeny pristup moZe vyrazné zniZit narocnost a zvysit efektiv-
nost dynamickych vypoctov mechanickych konstrukeii.
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VEGA # 97/4226/97 ,Identification, modelling and control of sto-
chastic dynamic systems“ where some possible applications of the
proposed identification procedure were investigated. It was
namely a connection of proposed identification procedure with
systems of complicated machine structures solution using Finite
Elements Method.

The advantage of using autoregressive models consists of
model parameters that can be determined directly from these
models not to be necessary to determine transfer functions. In
addition, any subjective judgement is eliminated because statistic
adequacy tests are exactly defined.

Results of further problems using proposed procedure by
dynamic analysis and identification of modal characteristics of
mechanical systems showed a relatively good agreement between
theoretical and identified modes of vibrations, eigen-frequencies
and relative damping.

From the presented facts one can develop that above shown
assumptions and theoretical starting points are correct, and the
developed procedure can reduce the number of calculations in an
expressive way and improve efficiency of mechanical structures
dynamic calculation.
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PREHLADY / REVIEWS

ELEKTRIZOVANE DOPRAVNE SYSTEMY
- PERSPEKTIVA DOPRAVY PRE 3. TISICROCIE

ELECTRIFIED TRANSPORT SYSTEMS - PERSPECTIVE OF TRANSPORT

FOR THE THIRD MILLENNIUM

V siicasnom svete je energetika a doprava zaloZend vicsinou na
vyuzivani zdrojov fosilnych paliv (nafty, uhlia, zemného plynu). Ich
obrovskd spotreba sposobuje emisie CO, a NO,. a globdlne oteplova-
nie atmosféry. Zdroje fosilnych paliv si do budiicnosti obmedzené
najmd pri nafte, uzivanej v spalovacich motoroch cestnych vozidiel
a lietadiel. Za tychto okolnosti sii jazdnou drahou vedené dopravné
systémy s elektrickym pohonom energeticky a ekologicky vhodnym
riesenim rychlej a bezpecnej dopravy budiicnosti, lebo elektrickii energiu
Jje mozné ziskavat aj z obnovitelnych zdrojov (potencidlu vody, vetra,
slnecnej energie) alebo z jadrovej energie bez zmienenych emisii.

1. Energetické zdroje a spotreba energie vo svete

Statistiky a merania hodnotiace dostupné energetické zdroje
vo svete sa Casto liSia v jednotlivych €islach. Nejaké zdroje sa moézu
v buducnosti objavit, avsak tendencia veduca k vyCerpaniu zdrojov
predovsetkym nafty je kratkom Case celkom zrejma. Predpokla-
dané svetové zasoby zdrojov energie [1] s uvedené v tab. 1.

Energetics and transport in the contemporary world are based
mostly on exploitation of fossil fuels (petroleum, coal, natural gas).
Enormous consumption of fossil fuels causes emissions of CO, and
No. and global atmosphere warming. The supply of fossil fuels in the
future is mainly limited by petroleum used for combustion machines
of road vehicles and aeroplanes. Under these circumstances, the elec-
tric-propelled guided transport systems (electrified railways, maglev)
are energetically - and ecologically-suitable solutions for quick and
safe transport in the future because electrical energy can be produced
also from renewable sources (water potential, wind, sun energy) or
from nuclear energy without above-mentioned emissions.

1. Energy sources and energy consumption in the world

Statistics and documentation evaluating available energy
sources in the world often differ in single numbers. Some new
sources can be discovered in the future, but the trend leading espe-
cially to the exhaustion of world petroleum sources in the near
future is quite obvious. The assumed world energy sources [1] are
shown in Tab. 1.

Doba do vycerpania svetovych energetickych zasob Tab. 1
Zdroj energie VyuziteIné zasoby Geologické zasoby Time until the exhaustion of world energetic sources Tab. 1
[roky] [roky] Sort of energy source Usable sources Geological sources
Ropa 40 140 [years] [years]
Zemny plyn 55 100 Petroleum 40 140
Uhlie 250 1700 Natural gas 55 100
Uréan? 90 140 Coal 250 1700
Uran® 5400 8400 Uranium") 90 140
Pri vyuziti v: ¥ pomalych 2 rychlych nukledrnych reaktoroch Uranium® 3400 8400

Utility in: 7 slow % quick nuclear reactors

Vyuzitie tychto energetickych zdrojov je v réznych castiach
sveta velmi nerovnomerné. Tab. 2 [1] uvadza prehlad spotreby
energie v rozvinutych kapitalistickych (C), byvalych socialistickych
(S) a rozvojovych krajinach ,tretieho sveta“ (D).

Podobne nerovnomerné rozdelenie vidiet z tab. 3 [1], ktora
udava spotrebu energie na jedného obyvatela.

* Doc.Ing. Jiii Drabek, PhD.

Utilization of these energetic sources is extremely unequal in
different parts of the world. Table 2 [1] gives a review of energy
consumption in developed capitalist (C), former socialist (S) and
developing “third-world” countries (D).

A similarly unequal distribution can be seen in the Tab. 3 [1]
where energy consumption per one inhabitant is given.

Department of Electric Traction and Energetics, Faculty of Electrical Engineering, University of Zilina, SK-01026 Zilina, Slovak Republic, Tel./Fax

++421-89-5254963, drabek@kete.utc.sk, drabek@fel.utc.sk
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Rozdelenie spotreby energie vo svete Tab. 2 Distribution of energy consumption in the world Tab. 2
Staty C S D Countries C S D (incl.
(s Cinou) China)
Obyvatelstvo [% obyvatelov sveta] 15 8 71 Inhabitants [% of the world
Spotreba primarnych energetickych inhabitants] 15 8 n
zdrojov sveta [%] 50 25 25 Consumption of primary world
Podiel na svetovej spotrebe energy sources [%] 30 ) 25
elektrickej energie [%] 55 22 19 Consumption of produced
electrical energy [%] 55 22 19
Spotreba energie na obyvatela za rok Tab. 3 Energy consumption per one inhabitant in a year Tab. 3
Spotreba na obyvatela a rok C S D Consumption per 1 inhabitant C S D
Primérna energia [TO = ekviv. and year
1 t nafty] 5,1 5,0 0,5 Primary energy [TO = eq. to
Elektricka energia [KWh] 7800 5400 | 500 1 ton of oil] 3.1 5.0 0.5
Electrical energy [kWh] 7800 5400 500

Najvicsia cast fosilnych paliv sa spotrebuje na vyrobu elek-
trickej energie a vykurovanie obydli. Av§ak pri nafte, ktorej spalo-
vanie produkuje vo svete asi 35 % emisii CO,, sa najvacsi podiel
vyuziva na dopravu vo vysoko rozvinutych krajinach, hlavne na
individualne jazdy automobilmi.

Napriklad v USA [2] kazdy obCan cestuje roCne (v priemere)
27 000 km autom a 3500 km lietadlom a vyzaduje 20 000 tkm
dopravnej prace v nakladnej doprave.

Sucasné pravdepodobne pouZzite[né zasoby nafty vo svete su
asi 1000 miliard barelov. Svetova denna spotreba je asi 66 milio-
nov barelov; v USA je to 18 milionov barelov (27,3 %), z ktorych
2/3 (12 milionov) sa uzivaji na ucely dopravy! Podobna situacia
je v ostatnych rozvinutych krajinach.

Vyssie uvedené zasoby nafty mozu vydrzat (pri sicasnej vyske
spotreby) na buducich 40 rokov. Zivotna uroveii v krajinach , tre-
tiecho sveta“ vSak rastie. Ak by tam bola rovnaka spotreba nafty
ako v USA, denna spotreba nafty vo svete by vzrastla na 200 milio-
nov barelov a zasoby nafty by sa vyCerpali uz za 13 rokov.

Elektrifikované drahou vedené dopravné systémy (EDVDS)
poskytuju rozumnu alternativu k dopravnym prostriedkom spotre-
bujucim naftu. Valivy odpor kolo/kolajnica je pri tychto systémoch
niekol'kokrat nizsi (alebo pri magleve nulovy) ako pri cestnych
motorovych vozidlach, takze merna energeticka spotreba je pri
EDVDS podstatne niZsia a ucinnost vyssia. Vysokorychlostné Zelez-
nice premavaji dnes rychlostou az 300 km.h ™!, skugaju sa systémy
maglevu na rychlost az 500 km.h™~'. Ziadny automobil a dokonca
ani lietadlo (pri kratSich vzdialenostiach) nemoze dosiahnut taku
prevadzkovu rychlost. A elektricka energia bude urcite k dispozi-
cii v celom budticom tisicroéi.

2. Porovnanie vlastnosti dopravnych systémov

Hlavné charakteristiky zakladnych dopravnych systémov uzi-
vanych v sucasnosti a v buducnosti su porovnavané v tab. 4 [2],

(31, [4].

The greatest part of fossil fuels is used for electrical energy
production and house heating. But for oil, the combustion process
of which produces some 35 % of world emissions of CO,, the
greatest amount is utilized for transport in high-developed count-
ries, mainly for the individual automobile usage.

In the United States, e.g. [2], every citizen travels (in average)
27 000 km by car, 3500 km by plane, and requires 20,000-ton kilo-
metres of freight movement per year.

The current available world petroleum resources are about
1000 X 10° barrels. The daily world consumption is 66 million
barrels; in the United States it is 18 million barrels (27,3 %), of
which two-thirds (12 million) is used for transport purposes!
A similar situation exists in other developed countries.

The above-mentioned petroleum resources can last (by the
current consumption rate) for another 40 years. But the living
standard in the “third-world” countries is rising. If oil consumption
there was the same as in the United States, then the world daily
consumption would increase to 200 million barrels and the oil
resources would be exhausted in only 13 years.

Electrified guided transport systems (EGTS) give the wise
alternative to oil fuel-consuming transport means. The roll re-
sistance rail/wheel is many times lower (or zero by maglev) by
EGTS than that of automobiles, so the specific energy consump-
tion by EGTS is essentially lower, and its efficiency is higher.
High-speed railways operate at up to 300 km.h~' today and
maglev systems are tested at 500 km.h~!. No car or plane (by
shorter distances) can reach this operating speed. And the elec-
trical energy would surely be available throughout the next mil-
lennium.

2. Comparison of transport system characteristics

The main characteristics of basic transport systems currently
used and in future are compared in Tab. 4 [2], [3], [4].
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Porovnanie niektorych vlastnosti elektrizovanych Tab. 4 Comparison of some electrified guided Tab. 4
tratovych a cestnych dopravnych systémov and road transport systems characteristics
Parameter Doprava Poznamka Parameter Transport on Note
ZelezniCna : cestna railway : road
Valivy odpor koleso/ 1:(5az10) Maglev: 0 Roll resistance wheel/ 1:(5t010) By maglev: 0
kolaj : pneu/cesta rail : tyre drag
Merna spg)treba paliva 1:(4az6) Pre 2e1e/zniém’1. Specific fuel consump- 1:(4t06) For railway diesel
[dm’/tkm] motorovu trakciu tion [dm3 Jtkm] traction
Stredna Iperna ) 1:5 Nal?a]anle z Fepél' Average specific 1:5 Supply from therm-
spotrelzfi Ez]tlah{nuta} ,rlla 1:10 I\Illycfll‘ ele.ktrarn(ll energy consumption 1:10 al power stations
energeticky potencia apajanie z vod-
re-calculated on Supply from hydro
primarneho zdroja nych elektrarni . . PPy . v
energie [kJ/tkm] tkm = tonokilo- primary fuel potential -electric plant
elektgrické drihy ’ meter [kJ/tkm], electric tkm = ton kilometer
cestné vozidla railway : road cars
Priemerna cestovna (2az3):1 Na vysokorychlost- Average running speed 2t03):1 By hlgh speed
rychlost (4az5): 1 nych tratiach (4t05):1 railways
Pre maglev By maglev
Riziko nehody Vel'mi nizke : USA - cesty: Operating accidents Very small : USA - 45 000 died/
v prevadzke vel'mi vysoké 45 000 mftvych/rok risk very high year on roads
Negativny vplyv Maly/velmi maly : Tepelné, jadrové/ Negative environment-|  Small/very small : Thermal, nuclear/
na prostredie velmi velky vodné elektrarne al influences very large water power stations

Na doplnenie tab. 4, merna spotreba elektrickej energie [kJ/
osobokilometer| systémov maglev v porovnani s leteckou dopra-
vou &ini len asi 1/4 aZ 1/8 pri rychlosti maglevu 350 km.h ™! a asi
1/2 pri rychlosti 500 km.h~' [2]. Priame spojenie mestskych centier
je dalSou prednostou maglevu, Setriacou ¢as. Stpravy maglevu
nemaju ,hluché“ doby pocas prevadzky na rozdiel od letadiel,
ktorych motory musia pracovaf pred Startom, po pristati aj pri
Cakani na letiskach a vo vzduchu.

3. Elektrizované vysokorychlostné Zeleznice

Vlaky prevadzkované rychlostou 200 km.h ™! alebo vyssou su
vysokorychlostné (VR) vlaky. Prvé VR elektrické jednotky pome-
nované Shinkansen boli uvedené do pravidelnej prevadzky 1. 10.
1964 medzi Tokiom a Osakou (Tokaido-line, 25 kV, 60 Hz) v Japon-
sku. V Europe jazdili rusne DB typu E 03 s vlakmi od roku 1966
medzi Mnichovom a Augsburgom a neskorSie na niektorych dal-
Sich Castiach siete DB, rychlostou 200 km.h ™! (napajanie 15 kV,
16 2/3 Hz); prva trat urCena na vysoké rychlosti TGV-PSE (Pariz
- Lyon, Francuzsko) bola otvorena v roku 1981. Dvojsystémové
(1,5 kV jednosmerné a 25 kV, 50 Hz) jednotky TGV-PSE tam pre-
mévaji s maximalnou rychlostou 260 km.h ™.

Odvtedy sa siet vysokorychlostnych trati rozsirila v Japonsku,
krajinach EU a tieto trate sa stavaju aj inde, v Rusku, Juznej Korei,
na vychodnom pobrezi USA, atd. Svetovy rekord 513 km.h ™! dosia-
hol TGV-A vo Francuzsku a prevadzkova rychlost stupla na 300
km.h ™! (a ma vzrast na 350 km.h™!). Jazdny komfort, bezpec-
nost a kratke doby jazdy si atraktivnejSie ako pri automobiloch
alebo lietadlach (pri tych do prepravnej vzdialenosti asi 1000 km).
Co sa tyka bezpeénosti, jedina velka nehoda za celt éru prevadz-
kovania VR vlakov sa stala v Eschede, Nemecko; kazdoro¢ne v§ak

In addition to Tab. 4, the specific energy consumption [kJ/pas-
senger kilometer] of maglev systems compared with the air tran-
sport is only about 1/4 to 1/8 by the 350 km.h ™! maglev speed
and about 1/2 by the 500 km.h~' speed [2]. The direct city
centres connection is another time-saving maglev advantage. The
maglev train sets have no “deaf” time during their operation, con-
trary to aeroplanes, whose motors must operate before start, after
landing and while waiting at airports and in the air.

3. Electrified high-speed railways

Trains operating at a running speed of 200 km.h ™! or higher
are the “high-speed” (HS) trains. The first HS electric motor units
(EMU) called Shinkansen were set in normal operation on October
1, 1964 between Tokyo and Osaka, Japan (Tokaido-line, 25 kV, 60
Hz). In Europe, DB-locomotives E 03 have been operating since
1966 between Miinchen und Augsburg and later on in some other
parts of the DB-net at 200 kmh™! (supply 15 kV, 16 2/3 Hz); the
first special high-speed line TGV-PSE (Paris - Lyon, France)
opened in 1981. The two-system (1,5 kV DC and 25 kV, 50 Hz)
units TGV-PSE operate at a 260 km.h~' maximum speed.

Since the net of high-speed railways has widely spread in
Japan, EU countries and such lines have also been built in other
countries like in Russia, South Korea, on the United States’ East
Coast, etc. The speed record 513 km.h ™! was reached by TGV-A in
France, and the operating speed has increased up to 300 km.h ™"
(and it ought to increase up to 350 km.h ™). The ride comfort,
safety and short-travelling times are more attractive than by car or
air transport (by the latter up to about 1000 km travelling distance).
In regard to safety, the only major accident of high-speed train
operation era happened in Eschede, Germany, but 45,000 people
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zomiera 45 000 ludi v USA a vySe 40 000 v krajinach EU na
cestach a statisice utrpia zranenia. Aj pocet leteckych nehdd je
vysoky.

Tvrdi sa, Ze investicné naklady na vystavbu VR trati su vysoké.
Je to pravda, ale treba povedat aj to, Ze pravdepodobne eSte vyssie
naklady na cestnu dopravu platia priamo majitelia automobilov
v cenach vozidiel, paliva a poplatkoch. Napriklad [4], merna spo-
treba energie na osobu a 100 kilometrov zodpoveda pri systéme
TGV asi 1,5 dm® ekvivalentu nafty pri rychlosti jazdy 300 km/h.
To nedokaze ziadne cestné vozidlo. Prepravna kapacita dvojkolaj-
nej Zeleznice so sipravami TGV-Duplex (300 km.h ™, 1100 ces-
tujucich v suprave, nasledny interval vlakov 3 minuty) je 2 X
X 22 000 cestujucich/h. Na rovnaki prepravnu kapacitu by sa
musela postavit dialnica s 2 X 7 dopravnymi pruhmi, so vSetkymi
zlymi ekologickymi vplyvmi, zaberajiuca obrovsku plochu pody.
Avsak cela traf TGV-PSE zabera plochu adekvatnu ploche len
jedného velkého letiska v Parizi.

Tab. 5 dava prehlad o VR tratiach a vlakoch v Europe a Japon-
sku v roku 1995.

Od roku 1995 sa samozrejme vybudovali, buduju a planuju
nové trate; napr. trate Tohoku a Tokuriku (dlhé 270 resp. 118 km)
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die in the United States and more than 40,000 in EU countries on
roads every year, and hundreds of thousands sustain injuries. The
number of aeroplane catastrophes is also high.

The railway freight transport running speed has increased,
and now, it is 160 km.h ™! on many lines.

It is said that the investment costs for building high-speed
railway lines are high. It is true, but it must also be said that even
higher costs for road transport are paid directly by car owners in
prices of cars, fuel and taxes. For example [4], the specific energy
consumption per passenger and 100 kilometres by TGV-system at
300 km.h-1 corresponds to an equivalent of 1.5 dm? of oil fuel. No
road vehicle can reach it. The transport capacity of a two-way
railway with TGV-Duplex sets (300 km.h ™!, 1100 passengers per
set, train interval 3 minutes) is 2 X 22,000 passengers/h. For the
same transport capacity of road transportation, it would take
a speedway of 2 X 7 traffic lanes with all its ecological defects and
taking enormous area of soil. But the whole TGV-PSE line Paris -
Lyon takes the area corresponding to only one major airport in
Paris.

Tab. 5 introduces a review about HS lines and trains in Europe
and Japan in 1995.

However, since 1995 new lines have been or are being built or
projected; e.g. Tohoku and Tokuriku lines (270 and 118 km long)

Vysokorychlostné trate a supravy Tab.5
Europske VR Zeleznice [km] Vysokorychlostné vlaky v Europe
SNCF 1255 Zelezniéna sprava Typ vlaku Vinax Pocet Sedadiel
DB 427 [kmh™ 1] vlakov vo vlaku
RENFE 471 SNCF TGV-PSE-A, N, -D 270 - 300 293 368 - 545
FS 268 BR IC 225 225 31 550
BR 22 SNCF, SNCB, BR Eurostar 300 38 794
Europa celkove 2446 DB ICE 280 60 615
Japonské trate Shinkansen RENFE AVE 300 24 329
Japan Railways Group 1836 FS ETR 450, 460, 500 250 - 300 55 396 - 693
Japonsko + Eurdpa 4282 SJ X 2000 210 20 198
High-speed railway lines and train sets Tab. 5
European HS railways [km] High speed trains in Europe
SNCF 1255 Railway Train type Vinax Number Seats
DB 427 [km.h™ 1] of trains in a train
RENFE 471 SNCF TGV-PSE A, -N, -D 270 - 300 293 368 - 545
FS 268 BR IC 225 225 31 550
BR 22 SNCF, SNCB, BR Eurostar 300 38 794
Europe total 2446 DB ICE 280 60 615
Japanese Shinkansen railways RENFE AVE 300 24 329
Japan Railways Group 1836 FS ETR 450, 460, 500 250 - 300 55 396 - 693
Japan + Europe 4282 SJ X 2000 210 20 198
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v Japonsku; TGV-Méditerannée a TGV-Est vo Francuzsku (300
a 460 km); 1451 km novych trati (po roku 2000) v Nemecku;
Pariz - Brusel - Kolin/Amsterdam v EU. Aj Zeleznice v krajinach
strednej Eurdpy hodlaju zvySovat maximalnu rychlost na svojich
tratiach. VSetky tieto nové VR trate s napajané vysokonapétovymi
sustavami striedavého pridu. Nové VR trakéné vozidla su pohanané
asynchrénnymi trakénymi motormi napajanymi z menicov a opat-
rené modernym riadiacim a zabezpecovacim zariadenim. Vo vseo-
becnosti, v elektrickej trakcii nachadzaju uplatnenie najmodernejsie
technoldgie a naopak, toto odvetvie podnecuje vedecky a technicky
vyvoj v elektrotechnike.

4. Magneticky levitovana doprava (maglev)

Dalsi jazdnou drahou vedeny a elektrickou energiou napajany
systém je maglev. Hnacie vozidla maglevu su pohanané elektrody-
namicky linearnym motorom a pocas jazdy (letu) magneticky levi-
tované. Kolesa vozidla sa uzivaji na zaistenie polohy vozidla na
zastavkach a nesu ho pri rozjazde a brzdeni. Adhézna sila posobi
z kolesa na jazdnu drahu len pri nidzovom brzdeni alebo pri
brzdeni z nizSich rychlosti. Na zrychlovanie a prevadzkové brzde-
nie sa vyuziva elektrodynamicka sila vyvijana linearnym motorom.
Casto sa pouzivaju supravodivé magnety na zniZenie rozmerov
a strat magnetov.

Boli vyvinuté systémy maglevu liSiace sa podla druhu linear-
neho motora a sposobu levitacie. Dnes su v prevadzke niektoré
miestne trate maglevu s nizSou rychlostou, avsak nepritomnost vali-
vého odporu umoznuje vlakom maglevu napr. Transrapid v Nemecku
a MLXO0I v Japonsku jazdu velmi vysokou rychlostou okolo 500
km.h ™!, takZe tento systém moze konkurovat aj leteckej doprave.

4.1 Japonsky systém maglevu

Hornata konfiguracia japonskych ostrovov a vysoka hustota
obyvatelstva, ktoré Zije prevazne vo velkomestach na pobrezi, vyvo-
lali potrebu vykonného a rychleho
dopravného systému umoznujuceho
mobilitu [udi a tovaru v tejto prie-
myslovo vysoko vyspelej krajine. Po-
ziadavky mobility nebude v buduc-
nosti spinat dokonca ani Zelezniény
systém Shinkansen s prevadzkovou
rychlostou 300 km.h™'. Preto sa
zacali v 60-tych rokoch experimenty
0 systémom maglev.

Skusobna tratf maglevu Yamana-
shi (Yamanashi Maglev Test Line -
YMTL) nedaleko Tokia bola otvo-
rena v roku 1997. Na tejto 42,8 km
dlhej trati sa skusali vozidla maglevu
MLXO0I a v roku 1999 tu bol dosiah-
nuty novy svetovy rychlostny rekord
supravy 552 km.h ™! a zaznamenana

Obr. 1.Dva protiidiice viaky MLXO0I na skisobnej trati
maglevu v Yamanashi (podakovanie: RTRI Tokio)
Fig. 1. Two passing trains MLX0I at Yamanashi
Maglev Test Line (courtesy: RTRI Tokyo)
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in Japan; TGV-Méditerranée and TGV-Est in France (300 and
460 km); 1451 km of new lines (after 2000) in Germany; Paris -
Brussels - Koln/Amsterdam in the EU. Also railways in Central
Europe countries intend to increase the maximum speed on their
lines. All the new HS lines are supplied by AC high-voltage
systems. New HS traction vehicles are propelled by inverter-fed
asynchronous traction motors and equipped by high-tech control
and signal equipment. Generally, the most modern technologies
find their application in electric traction and so, on the contrary,
this branch instigates the scientific and technological develop-
ment in the electrotechnics.

4. Magnetic levitation (maglev) transport

Another electrical energy-supplied guided transport system is
maglev. Maglev driven vehicles are electrodynamically propelled
by a linear motor and magnetically levitated during their running
(or flight). Vehicle wheels are used for fixing the vehicle position
on stops and for supporting by acceleration and braking. The
adhesive force affects from a wheel on track or rail only by emer-
gency mechanical braking or during braking at lower speed. For
acceleration and operation braking, the electrodynamic force pro-
duced by the linear motor is used. Superconducting magnets are
often used to minimize size and loss of magnets.

Maglev systems different both in the kind of linear motor and
the levitation method were developed. Some local maglev lines ope-
rating at lower speed are in service today. But the absence of rolling
resistance enables the maglev trains e.g Transrapid in Germany
and MLX in Japan to run at very high speeds (about 500 km.h ™~ 1),
so the system can even compete with air transport.

4.1 The Japanese maglev system

The mountainous configuration of Japanese islands and the
high density of inhabitants living mostly in large cities on the sea
coast has evoked the need for a power-
ful and quick transport system enabl-
ing people and goods mobility in this
high industrially developed country.
Even the Shinkansen railway system
with 300-km.h™! - operation speed
cannot fulfil the mobility requests of
the future. It was the reason why
experiments with maglev systems
started in the 1960’s in Japan.

The Yamanashi Maglev Test Line
(YMTL) was opened in 1997 near
Tokyo. The MLXO01 maglev vehicles
have been tested on this 42.8 km-long
line where the new world record
speed of 552 km.h ™! was marked for
a single train and the relative speed
of two trains passing each other at
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relativna rychlost dvoch protiidicich suprav 1003 kmh™! 2],
[6], 171, [9], [10]. V roku 2000 sa zacala nova péatrocna skusobna
faza overovania dlhodobej odolnosti aj rozlicnych skusok zaria-
deni novovyvijanych za ucelom znizenia konstrukénych nakladov
v buducnosti prevadzkovanych trati.

4.2 Nemecky systém maglevu Transrapid

Nemecka suprava maglevu Transrapid sa liSi od japonskej
MLXOI v principe levitacie, ktory je pri Transrapide elektromag-
neticky, kym pri MLXO01 elektrodynamicky. Transrapid sa skusal
na skuisobnej trati v Emslande a je konstruovany na rychlost
450 km.h ™! [6], [8], [12]. Prva prevadzkovana trat v Nemecku mala
spajat Hamburg a Berlin v roku 2005, pripraveny projekt vsak
docasne pozastavili. Vyhody systému Transrapid si: nizka hlu¢nost;
mozZnost prepravy cestujicich aj tovaru (17 ton tovaru alebo 100
pasazierov v jednom vozidle, 2 az 10 vozidiel v stiprave); bezpec-
nost dopravy 700-krat vyssia ako pri cestnych vozidlach a 20-krat
vys§ia ako pri lietadlach; o 30 % nizsia spotreba energie v porov-
nani s vlakom a 3,5-krat nizsia (pri rychlosti 400 km.h™!) ako
u cestnych vozidiel; mala plocha pody potrebna pre trat maglevu
[12].

4.3 Zamery dopravy maglevom pre USA

Vysokorychlostna doprava maglevom vyuzivanym aj v naklad-
nej doprave by mohla byt vhodnym rieSenim mobility v USA po
roku 2000 [2]. Myslienkou je previest kamiony z dial'nic na trate
maglevu.

Prevadzkové naklady maglevu su nizke, asi 2 centy/osobokm
a 5 centov/tkm (bez amortizacie trate maglevu). Tieto naklady su
asi 9 centov/osobokm v leteckej doprave, 25 centov/vozidlovy kilo-
meter pre automobily a 18 centov/tkm pre kamiony.

Investi¢né naklady na trat maglevu st vsak prili§ vysoké, ak sa
maglev vyuZziva len v osobnej doprave [2]. Ale jeho vozidla mézu
byt upravené na prevoz kamionov a naloZenych navesov rychlostou
az 400 - 500 km.h ™. Priemernd prepravna vzdialenost v naklad-
nej doprave kamionmi je asi 600 km a naklady na kamionovu
dopravu ¢inia v USA ro¢ne asi 200 mld USD. Za tychto 200
miliard USD by pocas asi 20 rokov bolo mozné postavit siet trati
maglevu s dizkou 30 000 km, ktora by spajala metropolitné oblasti
s 95 % obyvatelov Spojenych Statov. 75 % obyvatelstva by Zilo vo
vzdialenosti mensej jako 25 km od stanic maglevu. Kamiony pre-
pravené maglevom by po vyloZeni mohli obsluhovat zakaznikov
v prilahlom okoli.

Zamyslana sief trati maglevu [2] je na obr. 2.

Zmiesany osobno-nakladny systém maglevu by mohol navra-
tit investicné naklady na trat za niekol'ko rokov. Napriklad pri
10 000 cestujucich a 2000 kamionoch denne (20 % kamionovej
dopravy Chicago - New York) je doba navratnosti trate s cenou
6 miliénov dolarov za kilometer len 3 roky.

V sucasnosti sa konStruuje 35 km dlha trat maglevu medzi
Space Coast Regional Airport a Port Canaveral (Florida). Tato
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1003 km.h ™! was recorded in 1999 [2], [6], [7]. [9], [10]. Since
2000 a new five-year phase of durability tests, as well as various
tests for newly developed equipment, began to reduce construc-
tion costs of the future service line.

4.2 The German maglev system Transrapid

The German maglev train Transrapid differs from the Japa-
nese MLXO01 in the principle of levitation, which is an electro-
magnetic one by Transrapid but electrodynamic by MLXO01. The
Transrapid had been tested on the test line in Emsland and is
fitted for the speed of 450 kmh™! [61, [8], [12]. The first service
line in Germany ought to connect Hamburg and Berlin in 2005,
but this project preparation was temporary suspended. Advanta-
ges of the Transrapid system are: a low noise level; the possibility
of both the passenger and freight transport (17 ton of goods or
100 passengers for 1 vehicle, 2 to 10 vehicles in a train); transport
safety estimated at 700-times higher than that by road vehicles and
20-times higher than that by planes; about 30 % lower energy con-
sumption compared with express trains and 3.5-times lower (at
400 km.hfl) than that by road vehicles; and, small area of soil
needed for the maglev guideway [12].

4.3 Maglev transport intention for the USA

The high-speed maglev transport used for freight transport
could also be a suitable solution to mobility in the United States
after 2000 [2]. The idea is to transfer trucks from expressways to
maglev lines.

The operating costs of maglev are low, some 2 cents/pas-
senger/km and 5 cents/tons.km(without the amortization of maglev
track). These costs are about 9 cents/passenger/km in air tran-
sport, 25 cents/vehicle/km with automobiles and 18 cents/tons.km
with trucks.

The investment costs of the maglev track, however, are too
high if the maglev is utilized for passenger transport only [2]. But
its vehicles can be configured to carry trucks and loaded trailers
at the speed up to 400 - 500 km.h L. The average distance by
freight trucks is about 600 km, and the costs of trucking are 200
milliard USD yearly in America. For these 200 milliard USD, it
would be possible to build a 30,000 km-long net of maglev lines
connecting metropolitan areas with 95 % of U.S. inhabitants over
20 years. Seventy-five percent of inhabitants would live less than
25 km from maglev stations. Trucks transferred by maglev could
attend to customers in an adjacent station area after their detrain-
ing.

The intended maglev line net [2] is shown in Fig. 2.

A dual passenger-freight maglev system could pay back the
guideway capital cost in a few years. For example, with 10,000 pas-
sengers and 2000 trailers daily (20 % of the Chicago - New York
truck traffic) the payback time for a guideway costing six million
dollars per km is only 3 years.

Currently, the 35 km-long maglev line is designed between
Space Coast Regional Airport and Port Canaveral (Florida). The
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Obr. 2. Planovand siet trati maglevu v Severnej Amerike
Fig. 2. The planned net of maglev lines in the North America

trat umozni ziskat skusenosti s dopravou maglevom a urobit ju
atraktivnou a popularnejsou.

5. Elektricka mestska hromadna doprava

Pohyb obyvatelstva vo velkomestach a aglomeraciach je nepred-
stavitelny bez vykonnych prostriedkov mestskej hromadnej dopravy.
Len elektrifikované trate elektriCiek, metra, mestskych lahkych
a rychlych Zeleznic su schopné prepravif mnozstvo cestujucich
rychlo a bezpecne v mestach, ktorych ulice a cesty st preplnené
automobilmi. Na rychle spojenie letisk s mestskymi centrami sa
stavaju Specialne Zeleznice. Vyhodami tychto systémov su nulové
exhalacie a nizka hladina hluku.

Vzrastajuca urbanizacia vo svete si vynuti Siroky rozvoj elekt-
rifikovanej mestskej hromadnej dopravy.

6. Cestné vozidla s elektrickym pohonom

Aj v buducnosti bude cestna doprava dolezita. Elektrickou
energiou napajané cestné vozidla sa dnes menej pozivaju, aj ked
trolejbusy a elektromobily premavaju v mnohych mestach. Ale
vyskum vykonnejsich batérii a modernych pohonov s motormi na
striedavy prud (asynchronnymi, s permanentnymi magnetmi, reluk-

line enables experience with the maglev transport and to make it
attractive and more popular.

5. Electric city mass transport

The inhabitants’ movement in large cities and agglomerations
cannot be imagined without powerful mass transport means. The
electrified lines of trams, undergrounds, urban light and express
railways are only able to move the mass of passengers quickly and
safely in cities with their streets and roads overfilled by cars. Special
railway lines are built for the quick connection of airports with
city centres. No pollution and a low noise level are advantages of
these systems.

The improving urbanisation of the world will enforce a large
development of the electrified city mass transport.

6. Road vehicles with electric drive

The road transport will also be very important in the future.
The electrical energy-supplied road vehicles are less used today;
though, trolleybuses and electromobiles are in service in many
cities. But the research of more powerful batteries and modern
drives with AC (asynchronous, permanent magnet, reluctance)
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tannymi) pre elektromobily uspeSne pokracuje. Vsetky velké
svetové automobilové a elektrické zariadenia vyrabajuce spoloc-
nosti pripravuju vlastné projekty v tomto priemyslovom odvetvi,
aby boli pripravené na rozmach vyroby elektrickych cestnych vozi-
diel ocakavany v buducnosti.

7. Zavery

Dopravné systémy spotrebuvajuce naftu nemozu zvladnut
rastuce naroky na dopravu v 21. storoCi. Elektricky napajané
systémy vysokorychlostnej a mestskej dopravy su schopné tieto
poziadavky riesit energeticky, ekologicky a ekonomicky prijatel-
nejSie ako jestvujice systémy. Prirodzene, ak bude svetova (nielen)
dopravna politika predvidat zmeny v zdrojoch energie oCakavané
v buducich desatrociach.
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motors for electromobiles goes on successfully. All big automobile
and electric equipment-producing companies in the world prepare
their projects in this industry branch to be ready for the boom
expected in electric road vehicle production in the future.

7. Conclusions

The improving transport demands in the 21® century and
later cannot be met by transport systems consuming fossil fuels.
Electrically powered systems both of high speed and city mass
transport are able to solve these demands in a more energy-, eco-
logically- and economically-friendly way than existing systems.
Naturally, if the world (not only) transport policy anticipates
expect changes in energy resources in the next few years.
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ELEKTRICKA VYZBROJ HNACICH KOI'AJOVYCH VOZIDIEL

SUCASNY STAV A PERSPEKTIVY

THE ELECTRIC EQUIPMENT OF TRACTION VEHICLES
CURRENT DEVELOPMENT AND PERSPECTIVES

Elektrickd vyzbroj kolajovych vozidiel presia v poslednom obdobi
velmi rychlym vyvinom. Zdsadne sa zmenil trakény pohon, kde sa
Jednoznacne presadili asynchronne motory. Riadenie asynchronnych
motorov si vyZaduje komplikované riadiace obvody pre riadenie sta-
tickych menicov, ktoré vyrabajii trojfazovy prud s premenlivou frek-
venciou a premenlivym napdtim. Vlastnosti pohonov a vozidiel sii
dané riadiacou technikou umoznujicou uplnu automatizdaciu jazdy
viaku tak, ako je to nevyhnutné najmd pre vysoké rychlosti.

1. Uvod

Viac ako 100-rocny vyvin elektrickych kolajovych vozidiel
ukazal, Ze hladanie optimalneho pohonného systému suvisi s riese-
nim troch okruhov problémov:

- vlastnosti trakéného motora,
- privod energie do vozidiel,
- vplyv elektrickej trakcie na energeticku sustavu.

Z vyvoja sa zachovali 3 zakladné pridové sustavy: 3 kV, js,
25 kV, 50 Hz; 15 kV, 16 2/3 Hz. Z motorov sa uplatiuju najma
motory jednosmerné (motor sériovy a motor s cudzim budenim),
motor jednofazovy komutatorovy a motor trojfazovy (synchronny
alebo asynchréonny).

Kombinaciou trakénych sustav a trakénych motorov vzniklo
mnozstvo variantov trakéného pohonu. V jednosmernej prudovej
sustave sa objavuju okrem jednosmernych motorov i motory troj-
fazové a rovnako v trakénych sustavach striedavych st bezné motory
jednosmerné aj striedavé, trojfazové i jednofazové. Vsetko to vyplyva
70 snahy optimalne riesit horeuvedené problémy pri roznom stupni
vyvinu technickych prostriedkov a dopravnych poziadaviek.

Poziadavky na elektricky pohon boli vzdy jednoznaéné: plynula
regulacia rychlosti a momentu s poziadavkou, aby maximalny
moment bol dosiahnutelny pri rozbehu z pokoja. Dalej mala
hmotnost, malé rozmery, pretazitelnost, jednoducha regulacia,
hladky priebeh otacavého momentu, nenarocna udrzba, spolahli-
vost, moznost automatického riadenia, nizka cena.
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The electric equipment of traction vehicles has undergone very
fast development during the last period. Traction drive was changed
dramatically where induction motors took over. Control of induction
motors needs sophisticated control circuitry for control of static con-
verters, which produce three-phase current of variable frequency and
variable voltage. Performance of the drives and vehicles are then deter-
mined by the control techniques, which enable complete automation of
the train motion, as it is demanded mainly for high-speed service.

1. Introduction

More than 100 years of old development of the electric traction
vehicles has shown that the investigation of an optimal drive system
is coupled with the technical solution of three basic problems:

- performances of traction motor,
- energy feeding of vehicles,
- interaction of the electric traction within energetic system.

Three basic supply systems 3kV, DC, 25 kV, 50 Hz and 15 kV,
16 2/3 Hz had survived historical development. The traction motors
currently exploited are mainly DC motors (series motor and sepa-
rately excited), single-phase commutated motor and three-phase
motor (synchronous or induction).

By the combination of traction systems and traction motors
many variants of traction drive were developed. There are DC
motors beside three-phase motors in the DC supply traction systems
as well as DC motors, and AC motors three-phase or single-phase
are exploited in AC supply traction systems. This is all a result of
looking for optimal solutions of the aforementioned problems at
various stages of development of technical means and traction
demands.

The demands on traction drive were always unambiguous: fluent
control of speed and torque with demand to achieve maximum
torque from standstill. Further, it is minimal weight, minimal
dimensions, possibility of overload, simple control, fluent torque
without ripple, non-pretentious maintenance, possibility of auto-
matic control and low price.
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2. Trakény pohon a trakéné pridové sustavy

Vicsinu spominanych zakladnych poziadaviek plni motor jed-
nosmerny, sériovy, ktorého prirodzené mechanické charakteris-
tiky sa takmer stotoznili s pozadovanou trakénou charakteristikou
hnacieho vozidla. Pri pouziti modernej regulac¢nej techniky a auto-
matizacie riadenia v oblasti pohonu i brzdenia sa k sériovému
motoru priradil i motor s cudzim budenim.

Ich nevyhodou st najma vécSie rozmery a hmotnost (pri
napiti 3000 V je to cez 3 kg.kW ™ "). Tieto sa nepriaznivo hodno-
tia najma pri vozidlach na vysoké rychlosti.

Vyhodné vlastnosti jednosmernych motorov spdsobili vznik
jednosmernej prudovej sustavy, ktora sa ukazala tiez ako optimalna
z hladiska posobenia na energeticku siet. Usmernovace v meniar-
nach zatazuju vsetky tri fazy energetickej siete symetricky s ucin-
nikom 0,95 a s nepatrnym obsahom vysSich harmonickych. Pro-
blémy nastavaju az pri prenosoch vel'mi vysokych vykonov (6 - 10
MW na jeden vlak), lebo vysoké prudy sposobuju velké ubytky
napitia v trolejovom vodici a zvySené straty prenosom. Je treba
zmens$ovat vzdialenosti medzi napdjacimi stanicami (na 10 - 15 km).
Neprijemnym dosledkom je i kordzia kovovych inzinierskych sieti
uloZenych v zemi vplyvom bludnych prudov.

Jednofazové prudové sustavy s napatim 25 kV a 15 kV odstra-
nuju tazkosti spésobené prenosom prudu do vozidiel. V minulosti
roz§ireniu striedavych ststav branili problémy s rieSenim trakc-
ného pohonu. Bolo treba najst motor na striedavy prud, ktory by
plnil horeuvedené zakladné poziadavky. Indukéné motory v jed-
nofazovom prevedeni sa pre velké vykony nedaju pouZit, preto bol
pouzity jednofazovy sériovy komutatorovy motor. Tento motor ma
trakéné i regulac¢né vlastnosti podobné motorom jednosmernym.
Bohuzial, trak¢ny motor okrem nevyhod uvedenych pri jednosmer-
nom motore ma este jednu neprijemnu vlastnost: Striedavé napaja-
cie napdtie vyvolava neodstranitelné iskrenie na komutatore a motor
ma najma pri rozbehu problémy s komutéaciou. Aj ked bola kon-
strukcia motora podriadena zlepSeniu komutacie - nizke svorkové
napatie, delené uhliky, vel’ky pocet polov, paralelny odpor k pomoc-
nym polom a najma zniZenie frekvencie v napajacej sieti na 16,2/3
Hz, motor prakticky neumoziuje tazké rozbehy vlakov s velkou
zatazou. Motor je vhodny pre Iahsie vlaky a vySSie rychlosti. Hmotny
vykon motora je asi 2,8 az 3 kg.kW_l.

Jednofazovy prud s napatim 15 kV a frekvenciou 16 2/3 Hz sa
ziskava dost zlozitou cestou v meniarnach alebo si draha vyraba
prud vo vlastnych elektrariach. Tato druha cesta sa ukazala byt
vyhodna, lebo sa odstranili problémy s plnenim prisnych poZziada-
viek energetiky ako na ucinnik, tak na nesymetriu a obsah vysSich
harmonickych. Pre tazkosti s jednofazovym motorom sa skumali
moznosti pouZit pri jednofazovom striedavom napajani vhodnejsi
motor - jednosmerny alebo trojfazovy. Vznikli tak vozidla opatrené
meni¢mi najskor rotaénymi, neskor statickymi. Odpadli problémy
so zniZovanim frekvencie a napétie sa zdvihlo na 25 kV.

Nevyhodou striedavej sustavy s napatim 25 kV, 50 Hz su
najma nepriaznivé vplyvy na energeticku siet:

KOMNIKOCIe

C O MMUNICATION:S

2. Traction drive and traction supply systems

A series DC motor fits all aforementioned basic demands the
best way because its natural mechanical characteristics are nearly
identical with the demanded traction characteristic of traction
vehicle. When modern control technique and automation during
the traction and braking mode is used the DC separately excited
motor belongs in the same group. Main disadvantages of the DC
motors are primarily higher dimensions and weight (it is approxi-
mately 3 kg.kW™! for supply system 3 kV DC). It is a negative
feature mainly for high-speed service vehicles.

Suitable performances of DC motors resulted in the develop-
ment of the DC traction supply system, which is optimal also
from the point of interaction between a traction supply system
and energetic network. The traction substation rectifiers load all
three phase of energetic network symmetrically with power factor
0.95 and with a very low content of higher harmonics. The pro-
blems are encountered only when transfer of high power is demand-
ed (6 - 10 MW for one train), because high currents introduce
high-voltage drops in overhead network resulting in an increase of
power loses. Then it is necessary to decrease the distance between
traction substations (up to 10 - 15 km). Negative influence of a DC
traction supply system is also corrosion of metal piping and metal
equipment placed in the earth due to eddy currents.

Single-phase traction supply systems at voltages 25 kV and 15
kV eliminate problems of vehicles’ energy feeding. Their historical
development had constraints in the solution of traction drive. It
was necessary to find such an AC motor, which suits all the men-
tioned basic demands. Induction motors constructed as single-
phase cannot be used due to high-power demands, and it was the
reason for development of single-phase series commutated motor.
This traction motor has similar performance as DC series motor.
Unfortunately, this traction motor beside the disadvantages men-
tioned in connection with DC motor has one more negative feature:
AC supply voltage resulted in unavoidable commutated sparking
and motor has problems with sparking during starting. Even if
construction of the motor underwent special design features to
improve commutation such as low terminal voltage, multiple poles,
divided brushes, parallel shunt to the commutating poles and mainly
a decrease of supply traction network frequency to 16 2/3 Hz, the
motor does not enable heavy-duty speed-up with heavy traction load.
The motor is suitable mainly for light trains and higher speeds.
Specific power of the motor is approximately from 2.8 up to 3
kgkW L

Single-phase supply traction system 15 kV at frequency 16 2/3
Hz is gained in a rather complicated way in converter power sta-
tions, or a railway produces it itself in its own power stations. This
second possibility has shown some advantages due to the fulfill-
ment of strict energy requirements on a power factor as well as an
asymmetrical load and higher harmonics content. Due to pro-
blems with a single-phase motor, the possibilities of exploitation
of a more suitable traction motor were researched - DC or three-
phase AC. It was reason for the development of vehicles with con-
verters, which were firstly rotational and later static. In such a way
the problems with the frequency changing disappeared, and voltage
was increased up to 25 kV.
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- jednofazovy odber sposobuje v trojfazovej sieti napdtova nesy-
metriu, ktora obmedzuje vel'kost odoberaného vykonu (zmen-
Senie vzdialenosti napajacich stanic),

- ru$ne pracuju so zhorSenym a velmi premenlivym tuc¢innikom
(cosp = 0,2 az 0,8). Je treba pouZit Specialne zapojenia riade-
nych usmernovacov s nitenou komutaciou tyristorov, ¢im sa
dari u¢innik na vozidle zlepSit na pozadované hodnoty. V zahra-
nici sa s oblubou pouZzivaju tzv. stvorkvadrantové impulzové
menice, pouzivané vo funkcii vstupného (aj rekuperacného)
impulzového usmernovaca.

3. Bezkomutatorové trakéné motory

Komutator v motoroch zvacsuje hmotnost a rozmery stroja,
obmedzuje jeho otacavi rychlost a zvySuje naroky na udrzbu. Dnes
pri poziadavke minimalizovat hmotnost podvozkov pri velmi vyso-
kom vykone motorov a pri vysokom naroku na spolahlivost je
potrebné pouZzit motory bez komutatorov [1, 2]. PouZivaju sa dva
druhy motorov:

a) motory synchronne (ventilové)
b) motory asynchronne s kotvou nakratko.

3.1 Synchronny trakc¢ny pohon

Trakéné pohony so synchronnym ventilovym motorom sa
napajaju trojfazovym prudom cez relativne jednoduchy staticky
meni¢. Budenie rotora sa vykonava jednosmernym prudom pri-
vadzanym cez kruzky. Regulacia momentu a otaCok sa robi
zmenou vysky svorkového napdtia a zmenou budenia podobne
ako pri jednosmernom motore. Regulaciu frekvencie napajacieho
prudu si zabezpecuje motor sam prostrednictvom snimaca polohy
rotora, ktory riadi spinanie tyristorov menica v zavislosti od ota-
Cavej rychlosti rotora. MeniCe moézu byt pripojené na napajacie
napdtie striedavé (jednofazové alebo trojfazové), alebo napitie jed-
nosmerné. Trakéné vlastnosti pohonu st obdobné ako pri jedno-
smernom motore. Takyto pohon je pouZity napr. na vysokorych-
lostnych jednotkach TGV francuzskych drah. Hmotny vykon
motora je okolo 2,5 kg. kW 1.

3.2 Asynchronny trakény pohon

Asynchronny motor s kotvou nakratko ma zo vsetkych uvede-
nych strojov najmensi hmotny vykon 1,2 kg.kW_l. Maximalne
otacky su obmedzené v sucasnosti pevnostou lozisk a prevodov-
kou. Motor je vel'mi spolahlivy a nenarocny na udrzbu. Stava sa
tak motorom, ktory ma najvacsie perspektivy.

Pre trakéné ucely je vSak treba zmenit jeho zakladné vlast-
nosti, ktoré pozname z klasickych aplikacii a vytvorit regulacny
pohon s vysokym zaberovym momentom. To sa dosiahne regula-
ciou frekvencie a svorkového napétia. Statické frekvenéné menice
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Disadvantages of the AC traction system 25 kV 50 Hz are
mainly negative influences on energetic network:

- single-phase traction load causes voltage asymmetry in the three-
phase network, which imposes a limit on maximum of fed trac-
tion power (decreased of the traction substations distance),

- locomotives work with decreased and variable power factor
(cos = 0.2 - 0.8). The special connection of control rectifiers
with forced commutation is necessary with possibility to improve
the power factor to the demanded value in return. The four-
quadrant impulse converters are widely used abroad in the func-
tion of input (also regenerative) impulse converter.

3. Commutator less traction motors

The commutator of the motor increases weight and volume of
the machine, limits its angular speed and increases maintenance
demands. To meet today’s demand on minimal weight of bogie at
very high motor power and high-reliability demand it is necessary
to employ motors without commutator [1, 2]. Two basic types of
motors are used:

a) brush-dess DC motors (electronically commutated synchronous
motors)
b) squirrel cage induction motors.

3.1. Traction drive with synchronous motors

Traction drives with electronically commutated synchronous
motors are supplied with three-phase AC current via relatively
simple static converter. The excitation is made by DC current
through rings. The torque and angular speed control is performed
with the change of terminal voltage value and with the change of
excitation similar way as it corresponds to the DC motor. The
control of supply current frequency is made by the motor itself by
means of rotor position sensor, which controls switching states of
semiconductor converter switches as a function of angular rotor
speed. The converters can be connected to the supply voltage
(single-phase or three-phase) or DC supply voltage. Traction per-
formances of the drive are then similar to the DC motor. Such
kind of the drive is exploited e.g. for TGV high-speed trains of the
French Railways. Power per unit of mass is approximately around
2.5 kgkW™ L.

3.2. Traction drive with induction motors

Squirrel-cage induction motor has the minimal specific mass
per unit of power of all listed motors, which is equal 1.2 kg. kW ™"
Nowadays, maximum rotational speed is only limited by mecha-
nical stress of bearings and gearbox. The motor is very reliable and
non-pretentious in maintenance. It becomes the most perspective
traction motor now.

But for traction applications it is necessary to change its basic
performance as it is known from classical applications and to
create controlled drives with high standstill torque. This is achieved
by the control of frequency and terminal voltage. Static frequency
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pracuju na principe zmeny jednosmerného napitia na napatie
striedavé.

Samotné riadenie asynchronneho trakéného motora je velmi
naroénym a zlozitym problémom a prebieha nepretrzitym vyvinom.
Podobne je to i s konS§truovanim samotného motora, ktory vyza-
duje pre trakéné pouzitie Specialnu konstrukciu.

Pre uspesnu aplikaciu indukénych strojov napajanych z meni-
¢ov v elektrickej trakcii bol rovnako ako vyvoj meniCov dolezity aj
vyvoj riadiacich metod a obvodov, akymi su mikroprocesory
a DSP. Zatial' ¢o prva generacia 3-fazovych lokomotiv uzivala
pomerne jednoduché ‘skaldrne riadenie’ charakteristik sklz/frek-
vencia, vznikol v 80. rokoch uspesny princip vektorového riadenia’
orientovaného na rotorové pole (,,vektorové riadenie“), kombino-
vany s impulznou sirkovou modulaciou - PSM (PWM). Koncom
80. rokov sa objavila priama samoreguldcia’ (DSC), orientovana
na statorovy tok, ktora ma zvlastny vyznam, lebo najlepsie vyuziva
obmedzenu spinaciu frekvenciu vykonnych GTO tyristorov. Pre
rychle tranzistory IGBT (trakéné menice pre lahké Zeleznice
a metro) je slubna volba ‘nepriame riadenie statorovych veli¢in’
(ISC - Indirect Stator Quantities Control), ktoré spaja dynamické
prednosti a robustnost orientacie na statorovy tok s osvedcenymi
vyhodami PWM [1, 3, 4, 5, 6, 7, 10].

4. Pomocné zariadenia vozidiel

Pomocné pohony - najma pohony kompresorov a ventilatorov
na vozidlach ZSR su stale jednosmerné. Napitie sa znizilo na 440
V a na ich spustanie sa pouzili statické menice. Toto rieSenie
umoznilo pouZzitf motory s mensou hmotnostou, odstranit preta-
Zenie pri rozbehu, regulovat vykon ventilatorov a nezavislost na
kolisani napéatia v trakénej sieti. Vyvin vo svete smeruje k asynch-
ronnym motorom aj pri pomocnych pohonoch.

Vsetky spominané druhy elektrickych pohonov umozauju elek-
trodynamické brzdenie - odporové i rekuperacné. Elektrodyna-
micka brzda sa stava zakladnym vybavenim hnacich vozidiel, ktoré
pouzivaju elektrické trakéné motory.

Riadiace systémy su dnes bezpochyby vel'mi doleZitou sucas-
tou hnacich vozidiel. Pri zvySovani rychlosti riadenia vozidiel
postupne prebera pocitac. Konstrukciu a vyrobu samoc¢inného ria-
denia prevzali najvyspelejSie firmy, ktoré sa zaoberaju riadenim
lietadiel a kozmickych rakiet. Z hladiska bezpecnosti a spolahlivosti
su to najviac kontrolované obvody. Cely rad snimacov umiestne-
nych vo vlaku i na trati sleduje technicky stav dolezitych uzlov,
udaje sa zaznamenavaju a poruchy hlasia dispecerovi.

5. Perspektivy a podmienky budiceho vyvoja

Ak vyrobcovia kolajovych vozidiel chcu nadviazat na byvalu
tradiciu a vstupit na svetové trhy, budi musiet podstatne zmenit
technicku uroven najméi elektrickej vyzbroje. Dnes nie je rozho-
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converters, which operate on principles of the conversion of DC
voltage to AC voltage, are employed.

Control of the induction motor itself is a very pretentious and
complicated problem, which is under permanent development. The
same can be said about construction of the motor, which needs
special construction for traction applications.

For successful implementation of the induction motors sup-
plied from static converters in electric traction the development of
control methods and their implementation via microprocessors
and DSPs was equivalently important as development of conver-
ters. While the first generation of three-phase locomotives was
controlled by the relatively simple scalar control’ of ‘slip-frequ-
ency’ characteristics, during 1980’s the ‘vector control’ with orien-
tation on rotor flux in combination with pulse-width modulation
(PWM) was established. At the end of the 1980’s the very impor-
tant control technique known as direct self control’ (DSC) with
orientation on stator flux was developed and took over the other
control techniques, because of the best way to utilize power GTO
thyristors switching frequency. Finally, for fast transistors IGBT,
construction elements of traction converters for light railways and
underground systems is a very suitable control technique known
as ‘Indirect stator quantities control’ (ISC) where the advantages of
dynamic performance and robustness of stator flux orientation are
combined with known advantages of PWM [1, 3, 4, 5, 6, 7, 10].

4. Auxiliary equipment of traction vehicles

Auxiliary equipment, mainly drives of compressors and fans
of traction vehicles of ZSR, are still DC. Their voltage was de-
creased to 440 V and static converters are used to increase speed.
This solution enabled exploitation of the lower-weight motors,
elimination of overload during speed-up, control of fan power and
independence of auxiliary equipment on voltage fluctuations. The
world development has direction to utilize induction motors also
for auxiliary equipment.

All aforementioned traction drive systems enable electro-
dynamical braking - resistive or regenerative. Electro-dynamic
brakes are standard equipment on traction vehicles, which utilize
electric traction motors.

Control systems are nowadays undoubtedly a very important
part of traction vehicles. With the increase of vehicle speed the
computer gradually takes control. The construction and produc-
tion of automatic control was taken over by the most sophisticated
firms involved in control of airplanes and space missiles. These
are the most checked circuitry from the safety and reliability point
of view. All complexes of sensors placed in the train and on route
sense the technical conditions of the most important parts and
while the data are stored, the failures are recorded and announced
to the dispatcher.

5. Perspectives and conditions of future development
If railway vehicle producers want to keep former tradition and

to enter the world market they will need to substantially change
their technical conception of electrical equipment. The prie is not
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dujuca cena, ale technicka uroven a koncepcia pohonu s jeho
vstupnymi technickymi i uzivatelskymi charakteristikami.

V osobnej doprave je tendencia pouzivat ucelené vlakové
supravy. Pritom nejde len o systémy, ktoré su konStruované na
rychlosti radovo 300 km.h ™ ?, ale i o supravy pre niZsie rychlosti.
tej technologii vozidiel, narokoch na trate i celu infrastruktiru. Vo
svete overené technické rieSenia umoznuju siroku unifikaciu designu
i technickych rieSeni medzi vozidlami suprav urenych pre rozne
druhy osobnej dopravy.

Vzhladom na medzinarodny charakter Zelezni¢nej dopravy je
treba budovat rychle vlaky pouzitelné pre vsetky tri pridové
sustavy: 3 kV, js.; 25 kV, 50 Hz; 15 kV, 16 2/3 Hz. Vychadzat
z vysokych narokov na mechanicku i elektricku Cast, nizku hmot-
nost a vysoku kvalitu. Vykonovu elektricku Cast je mozno charak-
terizovat asynchronnymi trakénymi motormi, napajanymi napéto-
vym striedacom, vstupny menic stvorkvadrantovy, elektrodynamicka
brzda [8, 9]. Pomocné pohony asynchrénne. Cislicové riadenie
vratane diagnostiky, zaClenené do automatizovaného systému riade-
nia Zeleznic¢nej dopravy. Pouzit informacny systém stipravy vratane
audio a video programu.

Vel'mi naroc¢nou tlohou je najméi dodrzanie nizkej hmotnosti
trojsystémového vozidla.

Z pohladu na sucasny stav techniky elektrickych zariadeni
hnacich vozidiel bude treba urobit velké pokroky v tychto zaklad-
nych skupinach:

« systémy elektronickych silovych menicov,
« trak¢éné motory,

« pristrojové vybavenie,

« menic¢ a motory pre pomocné pohony,

« riadiace systémy.

Koncepcia trakénych a pomocnych pohonov, vratane polovo-
dicovej techniky smeruje k znacnej unifikacii ich technologického
prevedenia. Moderné rieSenie meniCov typu usmernovaé, impul-
zovy menic, strieda¢ a dalSich, predpoklada pouzitie SpiCkovych
polovodicovych prvkov, ako st vysokovykonné diody (4500 A,
8000 V), GTO tyristory (2500 A, 5500 V), IGBT vykonové tran-
zistory (3000 A, 3300 V), a iné. Vykonové prvky spolu s pomocnymi
zariadeniami su konStrukéne usporiadané do blokov pre stavebni-
cové pouzitie. Je treba konstruovat kvapalinové alebo odparovacie
chladenie vykonovych prvkov s pouzitim ekologicky bezchybného
média. VyZaduju sa 4-kvadrantové impulzové usmernovace, impul-
zové meniCe a striedaCe napéatového typu ako aj viactroviiové
zapojenia trakénych menicov [7, 8, 9, 10, 12, 13].

Nie su pochybnosti o tom, Ze sa budu nadalej pouzivat
asynchrénne motory s kotvou nakratko. Bude vSak treba pre pers-
pektivne pouzitie stanovit vykonové, hmotnostné i rozmerové
poziadavky, ktoré su realizovatelné za predpokladu zvladnutia
technologie teplotnej odolnosti minimalne v triede H. Magneticky
obvod strojov bude rieSeny na baze malostratovych plechov. Vyko-
nové rady trakénych motorov budu dosahovat az 900 - 1200 kW
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decisive today but technical level and concept of the drive with its
technical and user’s characteristics.

There is a tendency to use complete train units in passenger
service. It is not only a question of the systems, which are con-
structed for speed of approximately 300 kmh ™! but also the train
units for lower speed. High-speed service means the highest step
in vehicle technology used including routes and infrastructure
requirements. The technical solutions verified in the world enable
a wide range of design unification and technical solutions among
the vehicles designed for various kinds of passenger transport-
ation.

From the point of view of international character of railway
transportation it is necessary to build fast trains, which enable
service for all three traction supply systems: 3 kV, dc; 25 kV, 50 Hz
and 15 kV, 16 2/3 Hz. At the same time, it is desirable to fulfill the
high demands on mechanical and electrical parts, low mass and
high quality. The characteristic of the electrical power part is deter-
mined by inducting traction motors supplied via voltage source
inverter, four-quadrants input converter and electro-dynamic brakes
[8, 9]. The motors of auxiliary equipment are induced. Digital
control including diagnostics is composed in automatic control
system of railway transport. The information system used must
include audio and video program.

A very challenging task is to keep low mass of a three-systems
vehicle.

From the point of view of present development of railway
vehicle electric equipment it will be necessary to make substantial
progress in the following basic groups:

« systems of electronic power converters,

« traction motors,

 apparatus equipment,

« converters and motors for auxiliary drives,
« control systems

The concept of traction and auxiliary drives including semi-
conductor converters is directed at the high unification of their
technological construction. Modern solution of such converter
types as rectifier, chopper, inverter and others suppose utilization
of the state-of-art semiconductor elements, such as high power
diodes (4500 A, 8000 V), GTO thyristors (2500 A, 5500 V), IGBT
transistors (3000 A, 3300 V) and others. Power equipment together
with auxiliary equipment is arranged in the construction blocks
for modular exploitation. It is necessary to construct liquid or vapor
cooling of power elements with ecologically friendly filling. Four
quadrant pulse converter, choppers and voltage type inverters are
demanded as well as multi-level connection of traction converters
[7,38,9, 10, 12, 13].

There is no doubt about the utilization of squirrel-cage induc-
tion motors. From the perspective view it will be necessary to pro-
perly adjust parameters of power, weight and volume for their
exploitation, which are producible under the assumption that the
technology of heat insulation class ‘H’ is mastered. The magnetic
cores will be constructed from low-loss sheets. Power types of
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s realizaciou riadenia rychlosti bez snimaca na hriadeli [8, 12, 13,
14].

Novu koncepciu bude treba volit i pri rieSeni transformatorov
a tlmiviek. Musia vyhovovat frekvencii 50 i 16 2/3 Hz, s usporia-
danim vinutia i magnetického obvodu vhodnym pre rozne typy
polovodi¢ovych meni¢ov. Najma z vahovych a rozmerovych pricin
treba pouzit kvalitné plechy, Spickovu izolaciu vodicov a nové chla-
diace systémy. TImivky v obvodoch menicov musia zvladnut frek-
vencie minimalne 1200 Hz. Bude treba zaviest nové hlavné vypinace
(striedavy s vakuovym zhasanim a rychly jednosmerny pre ochranu
najma polovodi¢ovych menicov). TieZ je nutné zaistit nové spina-
cie vykonové i bezvykonové spinace do trakénych i pomocnych
obvodov s poziadavkami na minimalne rozmery, hmotnost, vysoku
spolahlivost a zZivotnost.

Systémy riadiacej elektroniky na hnacich vozidlach i vagonoch
zaistuju vsetky funkcie spojené s riadenim pohonov, ochranami,
diagnostikou zariadeni i sluzbami obsahujucemu personalu a ces-
tujucim. Ide najmé o tieto bloky:

« riadiace obvody trakénych a pomocnych pohonov,
« automatické riadenie jazdy,

« ochranné a signaliza¢né obvody,

« diagnostické obvody,

« palubnu informatiku,

« ovladanie a riadenie pomocnych agregatov,

« zariadenie telefonneho a radiového spojenia,

« audio a video zariadenia pre cestujucich.

Pozadovany trakény asynchrénny pohon so statickymi menic-
mi a elektronickym riadenim s pouZzitim mikroprocesorov umoz-
fiuje cely proces riadenia vozidla projektovat na samych medziach
moznosti vyuZitia pohonu vozidla i poziadaviek automatizovanej
kolajovej dopravy [10].

Vozidlova diagnostika zaistuje priebeznu kontrolu délezitych
Casti vozidla s operativnou komunikaciou ¢lovek - stroj, aj zaznam
pre neskorSie opravarenské ukony.

Mikropocitacovy systém teraz pouzivany je v porovnani s pred-
tym pouzivanou analogovou technikou jednoduchsi, spolahlivejsi
a odolne;jsi proti ruSeniu.

Dolezitou stcastou riadiacich systémov bude ich programové
vybavenie, ktoré bude dielom projektantov vozidiel, ale aj vyvojo-
vych zloziek uzivatela. Je zname, Ze aj uroven automatizovanych
riadiacich systémov na kolajovych vozidlach vyzna¢ne ovplyviuje
uzitkovi hodnotu, t. j. predajnost a cenu vozidla.
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traction motors will reach up to 900 - 1200 kW with speed
control without shaft sensor [8, 12, 13, 14].

New conception must be developed for construction of trans-
formers and chokes. They must be suitable for frequency 50 Hz as
well as for 16 2/3 Hz with core and winding arrangement suitable
for various types of semiconductor converters. From the weight
and volume point of view it is necessary to use a high quality sheets,
top-class insulation of conductors and new cooling systems. The
chokes for converter circuitry must be capable of carrying frequ-
ency 1200 Hz. It will be necessary to introduce new main switches
(AC with vacuum extinguisher and very fast DC for semiconductor
elements protection). Also, it is essential to ensure a new power
and non-power switches for traction and auxiliary drives with the
demands of minimum volumes and mass and with high reliability
as well as long durability.

Electronic control systems of traction vehicles and carriages
ensure all activities coupled with main drive control, protection
devices, equipment diagnostic and services for railway personal
and travelers. It is a case mainly of the next blocks
« control systems of traction and auxiliary drives,

« automatic control of train movement,

« safety and signaling devices,

« diagnostic circuitry,

» on-board informatics,

« control of supplementary aggregates,

« apparatus for radio and telephone connections,
« audio and video equipment for passengers.

Demanded traction drive utilizing induction motor supplied
through static converters and microprocessor controlled enables
to design all process of vehicle control on the limits, which ensure
to utilize the maximum of the drive performance as well as the
demands of automatic railway transportation [10].

Vehicle diagnostics ensure the uninterruptible checking of the
vehicle’s most important parts including human-machine commu-
nication and recording of events for later repair services.

Now, the microprocessor system used is much more simple,
more reliable and less noise sensitive when compared with older
systems based on analogue technique.

The software is a very important part of the control systems,
which will be created not only by vehicle constructor but also the
user development center. It is known that the level and quality of
automatic control systems of railway vehicles play an important
role in its utilization value, e.g. marketability and price of the
vehicle.
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PREHTAD VEKTOROVYCH FILTROV PRE FAREBNE OBRAZY
ZNEHODNOTENE IMPULZOVYM SUMOM

A REVIEW OF VECTOR FILTERING SCHEMES FOR COLOR IMAGES

CORRUPTED BY IMPULSE NOISE

S rozvojom novych komunikacnych technologii, napr. systémov
pre videotelefony, videokonferencnych systémov, HDTV, internetu a digi-
talnej televizie, vyvstala aj poZiadavka cislicového spracovania fareb-
nych obrazov. Vzhladom na skutocnost, Ze farebné obrazy predstavujii
vektorovo-hodnotové signdly, déraz pri spracovani sa kladie na pouZi-
tie vektorovych technik. V pripade odstranovania Sumu v obrazoch sa
tento problém dotyka vektorovych filtrov. Z tychto dévodov je témou
tohto ¢lanku prehlad najcastejsie pouzivanych vektorovych filtrov pre
potldacanie impulzového Sumu vo farebnych obrazoch.

1. Uvod

Farebny obraz je vektorovo-hodnotovy signal, ktory je mozné
opisat troma zakladnymi farebnymi zloZzkami, napr. ¢ervena, zelena
a modra (red, green, blue - RGB) alebo inou trojicou zloZiek
(YUV, YIQ, atd.). Skladanim tychto zloziek [11, 14] je mozné
vyrobit [ubovolny farebny odtien, priCom v mnohych pripadoch
poskytovana farebna informacia o objektoch na scéne zjemnuje
a sprijemnuje ucinnost obrazovych systémov. V pripade poskode-
nia tejto informacie impulzovym Sumom je potrebné tento Sum
odstranit, t. j. filtrovat nielen z dovodu zlepSenia vizualnej kvality
obrazov, ale filtracia ulahCuje ich dalSie spracovanie, napr. pri
kompresii alebo segmentacii.

Charakteristickou ¢rtou vektorovo-hodnotovych signalov je,
Ze jednotlivé vzorky nie su korelované len vo vnutri snimky, ako
v pripade monochromatickych obrazov, ale pri spracovani sa uz
uvazuje a vyuZiva aj korelacia medzi farebnymi kanalmi [1, 8, 11,
17, 23]. Vzhladom na tuto skuto¢nost je mozné rozdelit filtracné
techniky na skalarne (zlozkové) a vektorové. Zvycajne sa v spraco-
vani viacrozmernych signalov pouzivaju zlozkové (t. j. kazdy kanal
osobitne) filtracné techniky bez uvazovania zavislosti medzi zloz-
kami, avSak takéto spracovanie je povazované za suboptimalne [7,
22]. Zlozkové techniky su preferované hlavne z dovodu lahSej
hardvérovej realizacie, ale zdokonalenim technoldgie integrovanych
obvodov sa tieto obmedzenia pre vektorové filtre stavaju irele-
vantné. Aplikovanim vektorovych filtrov [9-11, 17, 21] na vektorovo-
hodnotové signaly je signal spracovavany vo svojej prirodzenej
podobe, t. j. ako postupnost vektorov, ¢im sa vo vyslednom signali

* Rastislav Luka¢, Stanislav Marchevsky

The development of modern communication technologies such
as video phones, video conferencing systems, HDTV, Internet and
digital television requires color image digital processing. Concerning
the fact that color images represents vector-valued signals, the use of
vector techniques is demanded. In the case of noise removing the
problem is related with vector filters. On that reason, this paper is
focused on reviewing the most frequently used vector filters for impulse
noise suppression in color images.

1. Introduction

A color image is a vector-valued signal represented by tristi-
mulus values, e.g. it is red (R), green (G) and blue (B) for RGB
color space or another tristimulus values (YUYV, YIQ, etc.). Thus,
an arbitrary color tone can be specified by tristimulus values com-
position [11, 14]. In many situations provided color information
at objects in the scene accesses and makes a fair performance of
image systems. If color information is corrupted by the impulse
noise, on the ground of visual quality improvement it is needful to
remove (filter) the noise. In addition, filtering makes easier addi-
tional image processing such as compression or segmentation.

A characteristic feature of vector-valued signals is not only
a correlation within an image as in the case of gray-scale images;
however, the correlation between color channels is considered, as
well [1, 8, 11, 17, 23]. Accordingly, filtering techniques can be
divided into two classes: scalar or componentwise and vector tech-
niques. Usually, in vector-valued signal processing the component-
wise filter techniques applied separately on each color channel
without knowledge of color components dependency are preferred
for simpler hardware realization. However, the componentwise
processing is suboptimal [7, 22]. At present, when integrated
circuits technology is improved, above-mentioned constraints for
hardware realization of vector filters are irrelevant. If vector-valued
signals are processed by vector filters [9-11, 17, 21] according to
a signal character, where filter input set is a vector sequence, thus,
in a resulting signal the presence of artifacts i.e. color distortion
[15] is reduced. In general, in noise removing applications the sen-
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redukuju artefakty v podobe farebného skreslenia [15]. Hoci vo
vseobecnosti prevlada nazor, Ze zlozkové pristupy su z hladiska
potlacenia Sumu podstatne ucinnejsie ako vektorové techniky, nie
je to tak [4, 6, 10].

Cielom tohto prehladu je ozrejmit a spristupnit spdsoby a vlast-
nosti najcastejSie pouzivanych vektorovych filtrov, ako aj prezen-
tovat poznatky a skusenosti nadobudnuté pri filtracii impulzového
sumu vo farebnych obrazoch.

2. Triediace algoritmy

Na filtraciu impulzového sumu [1, 4-7, 16, 23] v monochro-
matickych obrazoch sa najcastejSie pouzivaju poriadkovo-Statis-
tické filtre, konkrétne rézne typy medianovych filtrov [3, 4, 11].
Spolo¢nou ¢rtou tychto filtraénych algoritmov je zoradovanie
vstupnej mnoziny, ktora je uréena operacnym oknom filtra. Vystup
filtra je potom spravidla jeden z prvkov zoradeného vektora v zavis-
losti od operacie, ktoru filter vykonava.

Na rozdiel od triedenia jednozlozkovych vzoriek, zoradovanie,
resp. triedenie viaczlozkovych vzoriek nema prirodzeny zaklad,
pretoZe priame rozsirenie triediacich algoritmov pre jednozloz-
kové vzorky na viaczlozkové vzorky nie je mozné. Z tohto dovodu
sa pre triedenie viaczlozkovych vzoriek pouZivaju najCastejSie
tieto sposoby [4,11,12,18]:

Zlozkové triedenie

Pri zlozkovom triedeni je triedenie vykonavané osobitne v kazdej
zlozke, resp. pri farebnych obrazoch osobitne v kazdom kanali.
Filtre so zlozkovym triedenim sa nazyvaju zlozkové filtre. Ich
najvacsou nevyhodou je produkcia farebnych artefaktov, pretoze
vystupny vektorovo-hodnotovy obrazovy prvok je vytvoreny zlo-
Zenim vystupov filtra z jednotlivych farebnych kanalov. Prave
touto operaciou vznikaju v ¢lenitych oblastiach obrazu nepri-
rodzené farebné odtiene, na ktoré je Iudsky vizualny systém
vel'mi citlivy.

» Podmienené triedenie
Pri podmienenom triedeni sa zoraduju len prvky jednej zlozky
(pri farebnych obrazoch je Castym pripadom zoradovanie zelenej
zlozky, ked'ze ta nesie najvacsiu informaciu). Ostatné zlozky sa
zoraduju jednoduchym vypisom podla pozicie (poradia) prislus-
nej referencnej zlozky. Hoci takyto spdsob filtracie nesposobuje
artefakty, pretoze na vystupe filtra bude jeden zo vstupnych
vektorov, filtracia s podmienenym triedenim sa vo vSeobecnosti
nepovazuje z dovodu slabSej u¢innosti za najvhodnejsie rieSenie.

Ciastoéné triedenie

Z matematického hladiska je Ciastocné triedenie [18] pravde-
podobne najatraktivnejSim spésobom zoradovania viachodno-
tovych vzoriek. Avsak z dovodu vysokej vypoctovej narocnosti
je jeho pouzitie vel'mi zriedkavé.

» Redukované triedenie
NajcastejSim a s ispechom pouZzivanym typom triedenia je redu-
kované triedenie, ktoré je zalozené na zoradovani vzoriek podla
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tence about the favorable use of componentwise filters in compa-
rison with vector filters dominates; however, this is not the case
[4, 6, 10].

For that reason, the aim of this paper is to present and de-
scribe the most frequently used vector filters. In addition, concer-
ning the performance of vector filters we propose experiences and
information achieved in denoising of color images by proposed
algorithms.

2. Sorting algorithms

In the case of impulse noise suppression in gray-scale images,
the order-statistic filters, concretely various median-type filters [3,
4, 11] are widely used in a smoothing application related with the
suppression of impulses [1, 4-7, 16, 23]. A common feature of
these filter algorithms is an ordering of an input filter set determin-
ed by a filter window. The filter output is generally a sample from
an ordered set according to the performed filter operation.

Unlike univariate ordering, multivariate ordering has no natural
character, since direct extension of univariate ordering algorithms
is impossible in the case of multivariate samples. For that reason,
to order multivariate samples, the following four approaches are
used [4, 11, 12, 18]:

« Marginal ordering

In marginal ordering, ordering is performed along each com-
ponent of multivariate samples. Filters based on the marginal
ordering are called componentwise filters. The main drawback
of componentwise filters is the making of artifacts, since the
output is composed from particular processed color channels.
Thus, in multiple image regions componentwise filters produce
no natural color tones on that the human visual system is very
sensitive.

« Conditional ordering
Conditional ordering orders only one of the components (fre-
quently used is ordering of green channel samples, since R com-
ponent is a carrier of more significant information). Others color
components are ordered according to a sample rank of the refe-
rence color channel. By this approach the filter output is still
passed on to one of input vectors. Although conditional orde-
ring does not generate artifacts for worse performance, the fil-
tering with conditional ordering is not found as useful solution.

« Partial ordering
Mathematically, a partial ordering scheme [18] is a very attrac-
tive method for multivariate ordering; however, according to
extreme computational complexity, the practical use of partial
ordering is infrequent.

« Reduced ordering
The frequently and successfully used ordering scheme is reduced
ordering that is based on sample ordering according to their
distances to a preselected central location. Consider input set
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ich vzdialenosti ku vopred zadanej hodnote. Pri uvaZovani vstup-
nej mnoZiny W obsahujucej vektory x,, x,, ..., Xy su tieto
vektory zoradované na zaklade ich vzdialenosti d; pre i = 1, 2,
..., N k ur€itému referencnému vektoru x,. Zvy€ajne je tato vse-
obecna vzdialenost vyjadrena ako

di= (= x)I (v, — x,) (1

kde pozitivne definitna matica I"' mozZe byt identicka matica,
matica disperzii, alebo diagondlna matica minimalne kvadratov
rozdielov medzi vzorkami.

3. Vektorové filtre medianového typu

NajznamejSim a najviac rozSirenym vektorovym filtrom je
vektorovy medianovy filter (VMF). V tejto Casti opiSeme aj rozsi-
renia VMF, konkrétne rozsirené VMF, vazené VMF a rozsirené
vazené VMF. Filtra¢na trieda vektorovych medianovych filtrov
a ich rozsireni je zalozena prave na redukovanom triedeni, pricom
referencny vektor v tomto pripade predstavuje vystup filtra.

« Vektorovy median
Za referencny filter v oblasti nelinearnych vektorovych filtrov
sa povazuje vektorovy medianovy filter (VMF), ktory bol prvy-
krat uvedeny v [1]. Vystup VMF filtra je definovany ako [1, 2,
7,8, 21]

N N
Z”yVMF - xi”L = Z” X, = xiHL pre j=1.,N (2)
i=1 i=1

kde yyrie vystup VME, x; pre i = 1, 2, ..., N st vstupné vektory,
N je vel'kost pracovného okna a L reprezentuje normu, najcas-
tejSie absolutnu alebo euklidovsku vzdialenost. Uprednostnenim
euklidovskej vzdialenosti bude filter lepsie potlacat Sum, zatial
¢o pri absolutnej vzdialenosti sa VMF bude vyznacovat lepsim
zachovanim detailov. V pripade, Ze Sum je vzhladom na jed-
notlivé farebné zlozky nezavisly, potom VMF nemdze vo vSe-
obecnosti dosiahnut taky utlm Sumu ako v pripade zlozkového
medianového filtra.

« Rozsireny vektorovy median

V niektorych aplikaciach sa mo6zu utlmové vlastnosti vektorového
medianového filtra prejavit nedostatocne. Z tohto dévodu bola
najdena modifikacia alebo rozsirenie Standardného VMF, ktoré
kombinuje VMF a spriemernovaci filter (AF). Vystupom rozsire-
ného vektorového medianového filtra (EVMF) [1, 4, 11] je vektor
korespondujuci bud vystupu VMF, alebo vystupu AF.

Vystup EVMF pre vstupnii mnoZinu vektorov x,, X,, ..., Xy je
dany vztahom [1, 8, 11]

N N
Yar ak Z||yAF -xl. = Z”)’VMF = x. 3
= =

Yvmr inak

)

YEVvmr =

kde y ,rje vystup spriemerfiovacieho filtra a y,, je vystup Stan-
dardného vektorového medianového filtra (2). Vystup spriemer-
novacieho filtra je vyjadreny rovnicou
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W including the set of vectors x,, x,, ..., Xy, then these vector
samples are ordered with respect to their distance d; for i = 1,
2, ..., N to a reference (central) location x,. Usually, a general
distance can be expressed as

4= (= x)I'(x; — x,) (1

where positive definite matrix I' may be the identity matrix,
sample dispersion matrix or diagonal matrix of minimal qua-
drates of sample differences.

3. Median-type vector filters

A widely known and used vector filter is the vector median
filter (VMF). In this section we describe the extension of VMF, as
well as, concretely extended VMF, weighted VMF and extended
weighted VMF. A filter class of vector median filters and their
extensions is based on the reduced ordering, where a reference
vector represents a filter output simultaneously.

« Vector median filter
Vector median filter (VMF) introduced in [1] is considered as
a reference filter in the area of nonlinear vector filters. The
output of VMF is defined as [1, 2, 7, 8, 21]

N N
2w =l =2 x5 =il for j=1,..N ©)
i=1 i=1

where y,,,r represents the output of VMF, x; fori = 1,2, .., N
are input vector, N is an operation (filter) window size and L
represents used norm, often absolute or Euclidean distance. If
the Euclidean distance is preferred a filter well suppresses the
noise. On the other hand, VMF, with absolute distance, performs
better signal-details preservation. If the noise and color compo-
nents of useful signal are independent, then vector median filter
can not generally achieve noise attenuation such as compo-
nentwise median filter.

« Extended vector median filter

In some applications the noise attenuation properties of VMF
can be shown as insufficient. For that reason the modification
or the extension of standard VMF was developed. This extension
combines the properties of VMF with average filter (AF). Thus,
the output of extended vector median filter (EVMF) [1, 4, 11]
is a vector corresponding with VMF or AF outputs.

For input set x,, x5, ..., Xy is the output of EVMF given by [1,
8, 11]

N N
Yar if Z||yAF - x, = Z”yVMF = x,
i=1 i=1 (C)

Yvmr otherwise

YEVvmr =

where y, is average filter output and y,,, is output of VMF
defined by (2). Average filter is defined by
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Yar =

-

X

: C))

=~

1

i

Je zrejmé, ze nasledkom uplatnenia spriemernovacieho filtra
byt vytvaranie farebnych artefaktov. Napriek skutocnosti, ze vystup
EVMF nemusi byt vidy jeden zo vstupnych vektorov, hlavne na
hranach sa EVMF vyznacuje lepsou ucinnostou nez VMF. Navyse,
pri si¢asnom pos§kodeni obrazu impulzovym aj Gaussovym Sumom,
t. j. mixovanym Sumom, sa pre impulzy bude uplatiiovat vystup
VME, zatial ¢o v pripade Gaussovho Sumu lepsi odhad poskytne
spriemernujuci filter.

« Vazeny vektorovy median

Podobne ako v pripade Standardnych medianovych filtrov [3, 4,
11], jeden z najprirodzenejSich postupov pri zlepSeni Gcinnosti
VMF vedie k zavedeniu vah, t. j. k urCeniu dolezitosti tej-ktorej
vzorky. V pripade, Ze existuju nezaporné celoCislené vahy w,
Wy, ..., Wy, ktoré koreSponduju so vstupnymi vektormi x|, x,, ...,
Xy, VEKLOT Yy i€ Vystupom vdZeného vektorového medianového
filtra (WVMF), ak prej = 1, 2, ..., N plati [6, 10, 11, 21]

N N

Z Wi”)’WVMFf)Ci”LS 2 Winjixi”L %)

= =
kde L je podobne ako v predchadzajucich pripadoch absolitna
alebo euklidovska vzdialenost. V zavislosti od normy L sa WVMF
sa vyznacuje lep§imi utlmovymi vlastnostami, alebo tento filter
bude lepsie chranit detaily. Vyznamnou vlastnostou WVMF,
podobne ako pri VMF, je skutoc¢nost, Ze vystup WVMF moze
byt jedine vektor zo vstupnej mnoZiny x;, x,, ..., Xy. Z (5) je
zrejmé, ze WVMF pre w; = 1,71 =1, 2, ..., N su totozné s VMF.

RozSireny vaZeny vektorovy median
Zavedenim vazeného spriemernujuceho filtra [21]

N
> W (6)

kde x,, x5, ..., Xy je vstupnd mnoZina a wy, w,, ..., Wy SU neza-
porné celociselné vahy, vystup rozsireného vazeného vektoro-
vého filtra (EWVMF) moze byt vyjadreny ako [8, 21]

Yoar  if
Yewvmr = i=1
Yvmr otherwise

kde yyparie vystup WVMF definovany v (5).

V pripade, ze w; = 1 (pre i = 1, 2, ..., N) definicia EWVMF (7)
je ekvivalentna definicii EVMF (3) a definicia AF (4) je
totozna s definiciou WAF (6).

4. Vektorové smerové filtre

Okrem vektorovych medianovych filtrov, pri ktorych sa vyuziva
vzdialenost medzi vstupnymi vektormi, existuju este vektorové
smerové filtre zaloZené na vzajomnej absolutnej uhlovej vzdiale-
nosti vstupnych vektorov x,, x,, ..., xy [4, 5, 11, 13]

N
ZW;
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Yar =

-

X, )

=| -

1

i

It is evident that the use of average filter can result in making
color artifacts, since AF produces a new vector sample. Even
though, especially near the edges EVMF is characterized by better
performance of filtering operation than of VMF. In addition, if an
image is corrupted simultaneously by impulsive noise and Gaussian
noise i.e. it results in mixed noise, in the case of impulses the output
of VMF will be active, whereas average filtering operation performs
better than the estimate in the presence of Gaussian noise.

« Weighted vector median filter

Similar to the case of standard median filters [3, 4, 11], one of
the most natural filter improvements leads to the introduction
of weights, i.e. to determination of sample importance. If exist
nonnegative integer weights w;, w,, ..., wy that correspond with
input vectors x|, X,, ..., Xy, then yy,,-is the output of a weigh-
ted vector median filter (WVMEF), then following expression is
valid [6, 10, 11, 21]

N N
Z Wil ywwaer — xll. = Z w,llx = x|, )

i=1 i=1

where L is similar to previous definitions absolute or Euclidean
distance. In the dependence on distance L, WVMEF is characte-
rized by better noise attenuation properties or filter will be better
preserve signal-details. Important property of WVME, similar
to VMF, is the fact that output of WVMF is forced to only be
a sample from input set x,, x,, ..., Xy. From (5) it is evident that
WVMF are identical if with VMF forw, = 1,i=1, 2, ..., N.

« Extended weighted vector median
If weighted average filter [21] is introduced

N
S W, (6)

where x|, x,, ..., Xy is input set and w,, w,, ..., wy are nonne-
gative integer weights, the output of extended weighted vector
median (EWVMF) can be expressed as [8,21]

N
‘yW«iF - Xz”L < Z w; ”yWVMF - x[”L

=1 (N

where yyy,r is the output of WVMF defined by (5).

In the case of w;, =1 (for i =1, 2, ..., N) the definition of
EWVMEF (7) is equivalent with the definition of EVMF (3) and
definition AF (4) is identical with definition of WAF (6).

4. Vector directional filters

Besides vector median filters that are based on the distances
between input vector samples, to suppress the noise vector direc-
tional filters with the sample outputting according to correspond-
ing angle distance of input set x, x,, ..., xy [4, 5, 11, 13] are used:

124+ KOMUNIKACIE / COMMUNICATIONS 2-3/200]1



PREHLADY / REVIEWS

=z

(®)

a; =

J

A(x;,x) pre i=1,2, ., N
1

kde A(x;, x;) urCuje uhol medzi m-rozmernymi vektormi x; = (x;;,

Xigs v Xim) X, = (X1, X;5, ..oy X;,,,) definovany vztahom

Alx,, x;) = cos~ " _mY (92)
(A DXID . Dx/D
4 XXt XpXp T XX,
= cos 2 2 2 /2 2 > | (Ob)
Xi1 + X2 +t Xim YV Xj1 + X2 Tt Xjm
Vo v§eobecnom pripade plati
0=A(x,x) = (10)

zatial Co pre farebné obrazy je platny nasledujuci vyraz [11, 19]

0=A(x;, x;) = m/2 (11)

Vektorové smerové filtre (VDF) [4, 5, 11, 13, 19] st zaloZené
na smerovej informacii, t. j. na informacii o smere a vel'kosti obra-
zovych vektorov. Tieto filtre produkuju optimalne odhady obrazo-
vych vektorov v zmysle smerovej informacie. VDF st velmi dolezité
v pripade filtracie farebnych obrazov, pretoze smery vektorov nazna-
¢uju chromatickost danej farby a pracuji optimalne v zmysle zacho-
vania smeru obrazového vektora.

Zoradenim prvkov ¢, ,, ..., ay podla

Q) = Q) =.= (7 =.= ) (12)
dojde aj ku koreSpondujucemu preusporiadaniu vektorov x;, x,,
...,y Xy, €0 je vyjadrené zapisom

WW=xP=<s =xP<. =x™

(13)
V zavislosti od vyberu vystupnej vzorky je mozné rozlisit:

« zakladny vektorovy smerovy filter
V pripade, Ze vystup smerového filtra bude vzorka x" defino-
vana (13), potom tento filter sa nazyva zakladny vektorovy
smerovy filter, oznacovany ako BVDF, ¢o je mozné vyjadrit
pomocou [4, 5, 11, 20]

YpvpF = x (14)

Dolezitou vlastnostou BVDF je, ze vystupom BVDF je jeden
vektor zo vstupnej mnoZiny, ktory minimalizuje sucet uhlov vo
vnutri vstupnej mnoZiny. Pouzitie BVDF limituje stupen znehod-
notenia a do zna¢nej miery zavisi od miery korelacie farebnych
zloziek zasumenych obrazovych prvkov [4, 11]. AvSak pri obrazoch
s malym stupnom poskodenia impulzovym Sumom, a pripadne aj
Gaussovym Sumom [13], BVDF poskytuje vo v§eobecnosti lepSie
odhady v porovnani s vektorovymi medianovymi filtrami.

Ako je vSak uvedené v [5, 13], existuju aj iné vztahy pre uhlové
vzdialenosti nez (8) a (9), napr. priemerna uhlova vzdialenost,
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=

(8)

o =

J

A(x;, xp) for i=1,2,., N
1

where A(x;, x;) denotes the angle between two m-dimensional
VeCtors X; = (X1, Xps wes Xg) @0 X; = (X;1, X, oons X;,), Where

(%a)

-1 X )
A(x[, x/.) = COoS m

1 XXt XpXp o X X,
= cos 2 2 2 /2 2 > | (O0)
Xyt xpt ot X, Vg +x, ot x,

In general case

0=A(x,x)=m (10)
is valid, whereas in the case of color image [11, 19]
0= A(x;, x) = 7/2 (11)

Vector directional filters (VDF) [4, 5, 11, 13, 19] are based on
directional information, i.e. they utilize direction and magnitude
of image vectors. Importance of VDF resides in the processing
concept, where vector directions indicate color chromaticity and
thus, VDF perform optimal filtering operation in the sense of
sample direction preservation.

Ordering angle distances «;, @,, ..., &y according to

QS Qo) = S0y S S gy, (12)
implies the same ordering to the corresponding input samples,
that can be expressed as

=P = ===

(13)

In the dependence on output choice we differentiate:

« Basic vector directional filter
If the output of vector directional filter is equal to x‘ (13),
then filter is called as basic vector directional filter (BVDF).
The corresponding filtering operation can be defined by [4, 5,
11, 20]

YpvpF = x (14)

An important property of BVDF is the filter output sampled
from the input set that minimizes the sum of angles with other
vectors. The use of BVDF is limited by the degree of noise cor-
ruption, and it is dependent on the correlation degree of color
components of corrupted image points [4, 11]. However, in the
case of images softly degraded by impulse noise or Gaussian noise
[13], BVDF generally provide better estimates in comparison with
vector median filters.

Besides absolute angle distance (8) and (9) additional angle
distances [5, 13] are used in accordance with directional filters,
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kvadraticka vzdialenost, ¢i priemerna kvadraticka vzdialenost.
S ohladom na tieto vzdialenosti je G¢innost BVDF prezentovana
v [5].

» vSeobecny vektorovy smerovy filter
V pripade, Ze vystup filtra bude vyjadreny ako mnozina prvych
r vyrazov z rovnice (13) a za predpokladu (12), potom je tento
filter oznaCovany ako vSeobecny vektorovy smerovy filter
(GVDF). Matematicky je mozné vystup GVDF zapisat ako [11,
13, 19]

O

Yavor = {x (15)

Vystupom GVDF je mnoZina r vektorov, ktoré sa vyznacuju
malou hodnotou suctu uhlovych vzdialenosti «;. Takto sa moZe
vystupna mnozina GVDF pouzit v druhej urovni ako vstupna
mnozina pre dalsi filter, kde bude uvazovana len vel'kost vektorov
0, xP X, pretoze tieto vektory sa vyznacuju priblizne rov-
nakym smerom vo vektorovom priestore. Jednoducho povedané,
produktom GVDF je mnoZina vektorov s priblizne rovnakym
smerom vo farebnom priestore, ¢im su eliminované vektory s aty-
pickymi smermi. Z tohto vyplyva, ze GVDF rozdeluje spracovanie
farebnych vektorov na smerové spracovanie a spracovanie podla
vel'kosti, kde sa vyuziva kaskadne zapojenie s filtrom vyuzivajicim
velkost vektorov. Najcastejsie sa v druhej urovni pouziva [11, 20]
a-upraveny spriemernujuci filter, viacuroviiovy medianovy filter
alebo niektoré morfologické filtre.

« sféricky medianovy filter
Do triedy vektorovych smerovych filtrov patria aj sférické media-
nov filtre (SMF) [20], ktorych vystupom je nahodny vektor
Xg = [Xg1, Xg2, s Xgp)s ktory minimalizuje
N
a= Z A(xg, xj) 17)
j=1
kde x; (prej = 1, 2, ..., N) je mnoZina vstupnych vektorov. SMF
vsak vnasaju do odhadu chybu, pretoZe vystup sférickych media-
novych filtrov nie je vektor zo vstupnej mnoziny, ¢im dochadza
prinajmensom k uhlovému skresleniu vysledného vektora.

5. Zaver

Charakter farebnych obrazov, ktoré predstavuju priklad vekto-
rovo-hodnotovych obrazovych signalov, podporuje pouZzitie vekto-
rovych metod pri ich spracovani. Tymto sa spracovanie vekto-
rovo-hodnotovych signalov stava optimalnym, bez produkovania
farebnych artefaktov, na ktoré je ludsky vizualny systém najviac
citlivy. Z tohto dovodu by sa mali pri odstrafiovani Sumu z fareb-
nych obrazov uprednostiiovat vektorové filtre, ktorym bol veno-
vany tento kratky prehlad.

Dalsi rozvoj v oblasti vektorovej filtracie podporuje aj ich pri-
padné vyuzitie v modernych komunikaénych technologiach, ako
aj v oblasti priemyslu, astronautiky, atd., kde sa velky doraz kladie
na zachovanie uzito¢nej farebnej informacie s vylu¢enim rusivych
vplyvov.
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such as mean (average) absolute distance, square distance and mean
square distance. Considering the mentioned angle distances, the
performance of BVDF is presented in [5].

« General vector directional filter
In the case, that a filter output can be expressed as the set of
first r terms of (13) with the simultaneous valid (12), the filter
is so called general vector directional filter (GVDF). Mathe-
matically, GVDF output is defined by [11, 13, 19]

(15)

Vevor = {x(l)’ x(2), " x(r)]

GVDF output, the set of vectors whose angle «; (fori = 1, 2,
..., N) from all other vectors, is small. Thus, the output set of
GVDF can be used in the second level as an input for additional
filter, where samples x", x?, ..., x” will be processed according
to their magnitude since these vectors have approximately equal
direction in a vector space. Simply and clearly, GVDF produce
a set of vectors with similar directions in color space, and thus,
samples with atypical directions are eliminated. It follows that
GVDF differentiate the processing of color vector on directional
processing and magnitude processing. In the case of the second
level, i.e. magnitude processing, the cascade connection of GVDF
and magnitude processing filter is utilized. Frequently, a~trimmed
average filter, multistage median filter MF and some morphologi-
cal filters are used [11,20].

« Spherical median filter
A class of vector directional filters includes spherical medians
(SMF) [20] that an output random vector xg = {Xg;, Xgp, -
Xg,,,] minimized
N
a= Zl A(xg, X)) )
J=
where X; (for j =1, 2, ..., N) is an input set. However, SMF
brings into estimate some error, since the output of SMF is not

a sample from an input set. to the angle distortion of output
vector

5. Conclusion

The character of color images (i.e. vector-valued image signals)
requires vector processing. Only this approach is optimal since
vector methods do not produce color artifacts, on that the human
visual system is sensitive. To perform the denoising process some
vector filters would be preferred. For that reason, in this paper we
propose a short review of vector filters.

Further development in the vector filters area is motivated by
the additional use in modern communication technologies, and
next in the industry field, astronautics etc., where preserving
useful color information is very important and spurious influen-
ces are needed to be eliminated.
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Dlhoroc¢ny profesor ZU akademikom

Dna 16. marca 2001 menovala Bieloruskd InZinierska Akadémia (BIA) v Minsku za svojho akademika byvalého
vediiceho Katedry technoldgie obrdbania a loziskovej vyroby SiF ZU v Ziline prof. Ing. Karola Vasilka, DrSc. Menovany
Jje v sticasnosti prodekanom pre VVC a rozvoj novozalozenej Fakulty vyrobnych technologii TU v Kosiciach, so sidlom
v Preove. Habilitoval aj inauguroval sa pocas posobenia na VSDS (1978-90). Prezident Akadémie V. A. Cerdyncev pri
predkladani ndavrhu ocenil najmd mimoriadnu vedeckii aktivitu prof. Vasilka, ktory md 13 monografii, resp. kniznych
vysokoskolskych ucebnic. Publikoval 130 vedeckych clankov v ¢asopisoch mnohych Stdtov sveta. Predniesol 153 prednd-
Sok na vedeckych konferenciach. Ma udelenych 48 patentov, vychoval doteraz 13 CSc. a napisal 25 skript. Tieto scien-
tometrické tidaje napliiajii aj prisne medzindrodné kritérid a kritérid BIA. Presne pred rokom bol prof. Vasilko menovany
clenom korespondentom a tispesne za toto obdobie naplnil iillohy vo vede a medzindrodnej spoluprdci. V republikdch
byvalého ZSSR je zndmy najmd medzi vedcami z Gruzinska, Ukrajiny, Bieloruska a Ruska. Md tu dlhodobii vedecko-
technicku spoluprdcu, ktord vyustila do realizdcie technologickych rieseni najmd v odbore leteckych motorov a valivych
loZisk. Na jeho prdce bolo doteraz zaznamenanych vyse 250 ohlasov a citdcii prakticky z celého sveta. Jeho prdce sii
vyraznym prinosom pre vedu v oblasti vyrobnych technologii. Zaoberal sa napr. sledovanim rychlych dejov v kvdzistatic-
kom stave. Ako prvy na svete vyvinul metodu, ktord umoZnuje zastavit napr. proces brisenia pri rychlosti 30 m/s a sle-
dovat priebeh plastickej deformdcie pred brisnym zrnom. Vyndlez bol oceneny zlatou medailou na svetovej vystave
vyndlezov a technickych noviniek v Brusseli. Vyvinul metodu na mnohondsobné zvysenie trvanlivosti reznych ndstro-
Jjov. Dopracoval a aplikoval spolu s ruskymi spolupracovnikmi metodu vysokoproduktivneho tzv. tangencidlneho
suistruzenia. Vyvinul rezné nastroje, ktorymi sa dosahuje podstatne vyssia kvalita drsnosti obrobeného povrchu.

Pri prileZitosti menovania akademikom Akadémia zaradila do planu svojho vydavatelstva na r. 2001 vydanie pre-
kladu monografie prof. Vasilka: , Historia techniky a technologie®. Bieloruskd Inzinierska Akadémia povaZuje jeho
menovanie za vyznamny prinos pre cinnost akadémie a medzindrodnii vedecko-technickii spoluprdcu medzi SR a Bie-
loruskou republiku.

The Professor working for many years in the University of Zilina
appointed an academician

On 16th of March 2001 Belorussian Engineering Academy (BIA) in Minsk appointed Professor Ing. Karol Vasilko,
DrSe. for its academician. Professor Vasilko was for some time head of the Department of Technology of Machining
and Bearing Production at the Faculty of Mechanical Engineering of the University of Zilina. At present he is a vice-dean
responsible for scientific and research activities and development of the newly established Faculty of Production tech-
nologies of the Technical University in KoSice with the seat in Presov. He received the degrees of reader and professor
while working in the College of Transport and Communications (1978-90). When President of the Academy V. A. Cer-
dyncev submitted the proposal, he pointed out extraordinary scientific activities of Professor Vasilko who has written 13
monographs or university textbooks. He has written 130 scientific articles published in journals in many countries of
the world. He has delivered 153 papers in scientific conferences. Professor Vasilko has been awarded 48 patents, has
been the tutor to 13 postgraduate students and has prepared 25 textbooks containing teaching material. These scien-
tometric data meet also strict international criteria as well as the criteria of Belo Russian Engineering Academy. Exactly
a year ago Professor Vasilko was appointed a member-correspondent and within the mentioned period he successfully
fulfilled tasks in the area of science and international cooperation. In the republics of the former Soviet Union is Pro-
fessor Vasilko famous mostly among scientists from Georgia, Ukraine, Belorussia and Russia. The long-term coopera-
tion has resulted into numerous technological solutions mostly in the area of aircraft engines and bearings with rolling
friction. There have been about 250 references and citations from his work almost from all over the world. He has greatly
contributed to the area of production technologies. He dealt, for example, with investigation of fast processes in quasi-
static state. He was the first in the world to develop the method enabling to stop, e.g. a grinding process at the velocity
of 30 m/s and observe the course of plastic deformation in front of a grinding grain. The invention was given the
golden medal in the world exhibition of inventions and technical innovations in Brussels. He also developed a method
of multiple increase of cutting tools service life. He completed and together with Russian co-workers implemented the
method of highly productive, the so-called tangential turning operation. He designed cutting tools giving considerably
less values of machined surface roughness.

On the occasion of the appointment for an academician the Academy included into its plan of books to be pub-
lished in the year 2001 the translation of Professor Vasilko's monograph “History of Technics and Technology”. Belo-
russian Engineering Academy considers this appointment to be a significant contribution to the activities of the
Academy and also to the international cooperation between the Slovak and Belorussian Republics

Prof. Ing. Viadimir Blagodarny, DrSc.
Academician of BIA
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Stavebno-technologicka priprava stavieb I
cast: stavebno-technologické projektovanie zemnych prdc v dopravnom stavitelstve

Vysokoskolskii ucebnicu autora Maridna Marcina vydala Redakcéno-vydavatelskd skupina
Fakulty Specidlneho inzinierstva Zilinskej univerzity v Ziline r. 2000. Obsahuje 169 strdn, 125 obrdz-
kov, 21 tabuliek, jednu prilohu, ISBN 80-88829-55-0.

Vysokoskolskd ucebnica poskytuje zdkladnui orientdciu v priprave realizdcie dopravnych stavieb.
Struktiiru a jej hlavaii obsahovii ndplii tvori stavebno-technologickd priprava stavebného diela
z pohladu zhotovitela. Déraz kladie na stavebno-technologické projektovanie zemnych prdc v doprav-
nom Sstavitelstve.

Celd problematika je metodicky vélenend do Siestich kapitol. Prvé dve kapitoly obsahujii iivahy
o pripravnych fdazach, vyzname a mieste stavebno-technologického projektovania v systéme pripravy
a realizdcie dopravnych stavieb. Tretia kapitola je venovand podkladom na spracovanie stavebno-
technologickych projektov, ktoré patria medzi neoddelitelné sucasti detailnejsich analyz vyznamu
a miesta kvality zemnych prdc. Vysvetlovacim sposobom to dokumentuje stvrtd kapitola. Piata sa
zaoberd mozZnymi sposobmi budovania liniovych dopravnych stavieb od pripravnych prdc, cez
hlavné az po prdce dokoncovacie. Prehlad aplikdcie niektorych matematickych metod a ich vyuzi-
tie v rdmci rieseni vystavbového procesu popisuje Siesta kapitola.

Vysokoskolska ucebnica je urcend Studentom inZinierskeho stiidia stavebnych zamerani, poslu-
chdacom roznych kvalifikacnych a zdokonalovacich kurzov v ramci celoZivotného vzdeldvania, ale

i organizdciam a pracovnikom z praxe.

prof. Ing. Pavel Poledndk, PhD.
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Vojenskd automobilova doprava

Vysokoskolskd ucebnica Vojenskd automobilovi doprava obsahuje zdkladné informdcie o mieste,
tlohdch, organizdcii, riadeni a zabezpeceni vojenskej automobilovej dopravy. Oboznamuje Citatelov
so siucasnym stavom vojenskej automobilovej dopravy v Armdde Slovenskej republiky a naznacuje
mozné vizby na civilnii cestnii dopravu. Je urcend pre Studentov vojenského inZinierskeho studia,
ticelovych kurzov a dalSich foriem celoZivotného vzdeldvania organizovaného na Fakulte Specidlneho
inzinierstva Zilinskej univerzity. V plnom rozsahu je vyuziteInd vo vysokoskolskej priprave na
ostatnych Skoldch v rezortu obrany a pre samostatnii pripravu funkciondrov dopravnych odbornosti
vo vojenskych siicastiach Armady Slovenskej republiky. Vybrané témy sui vhodné pre odbornikov
zabezpecujiicich riadenie dopravy v krizovych stavoch.

V ucebnici sii vysvetlené zdkladné pojmy pouzivané vo vojenskej automobilovej doprave. Tech-
nolégia vojenskej automobilovej dopravy je objasiiovand v kontexte s charakteristikou jednotlivych
prvkov dopravného systému porovndvanim odlisnosti medzi cestnou dopravou a vojenskou automo-
bilovou dopravou. Ramcovo sii uvedené riadiace organy a vykonné siicasti vojenskej automobilovej
dopravy a formulované jej hlavné a dalsie iilohy.

Problematika velenia vychddza zo vseobecnych zdsad riadenia tak systému ako aj procesu.
Charakterizované sii miesta velenia zriadované vykonnymi siicastami vojenskej automobilovej
dopravy, vrdtane otdzok spojenia. Podrobnejsie sa rozoberajii jednotlivé fizy rozhodovacieho procesu
velitela a jeho rdmcovy ¢asovy priebeh. Spracovdvand bojovd dokumentdcia je rozdelend do jedno-
tlivych skupin podla vyznamu aj obsahu.

Statické a dynamické fdazy dopravnej zdsobovacej cinnosti vykonnych siucasti vojenskej auto-
mobilovej dopravy sii rozobrané s dorazom na stanovenie zdakladnych casovych a priestorovych noriem.
Podrobne s vysvetlené sposoby vykondvania presunov s uvedenim hodnét reZimu jazdy. Poukazuje
sa na Specifikd riadenia presunov, ako aj odlisnosti pri presunoch v nestandardnych podmienkach.
V suvislosti s rozmiestiovanim dopravnych jednotiek a titvarov s vysvetlené hlavné poZiadavky na
vyber vhodnych priestorov a zdovodnené plosné velkosti potrebnych priestorov.

Dalsia oblast ¢innosti vpkonnych sicasti vojenskej automobilovej dopravy - manipuldcia s mate-
ridlom - kladie doraz na osobitnosti tejto vykondvania v polnych podmienkach. Sii definované
zdkladné pojmy manipulacného rajonu, poZiadavky na mechanizacné prostriedky a ich prehlad.
Okrem zdkladnych technologii prekldadky materidlu v cestnej doprave sa poukazuje na osobitnosti
manipuldcie s materidlom v nadviznosti na leteckii a potrubnii dopravu.

Specifickii vojenskii problematiku predstavuje vSestranné zabezpecenie ¢innosti vykonnych sicasti
vojenskej automobilovej dopravy, ktoré je rozdelené do oblasti bojového zabezpecenia, logistickej
podpory, zdravotnickeho a ostatnych druhov zabezpecenia. Bojové zabezpecenie sa sleduje v jeho
Jjednotlivych prvkoch s objasnenim cielov, obsahu a spésobu realizdcie s ohladom na redlne moz-
nosti vwkonnych sicasti vojenskej automobilovej dopravy. Toto je podloZené iicelovym prehladom sil
a prostriedkov urcenych alebo vyuZitelnych na bojové zabezpecenie, z ktorého vychddza aj ramcovy
metodicky ndvod na riesenie bojového zabezpecenia v statickych a dynamickych fazach c¢innosti.
Obdobnou Struktiirou je spracovand cast zaoberajiica sa logistickou podporou a ostatnymi druhmi
zabezpecenia. Popri cieloch a obsahu jednotlivych opatreni sii vysvetlené riadiace vizby funkciond-
rov zodpovednych za tieto otdzky.

Preprava 0sob ako jedna z moznych iiloh vykonnych siicasti vojenskej automobilovej dopravy je
postavend v dvoch rovindch - ako ndhradny sposob hromadnej prepravy vojsk a ako improvizovany
zdravotnicky odsun chorych a ranenych. Doraz sa kladie na zdkladné spésoby iipravy nakladnych
automobilov pre tieto iilohy a osobitnosti vSestranného zabezpecenia takejto prepravy.

Ucebnicu bohato dopliajii tabulky, schémy a vzory délezitych dokumentov. Je zamerne spra-
covand s urcitou volnostou. Tym sa mala zabezpecit co najdlhsia platnost v ¢ase vykondvanych
intenzivnych zmien v ozbrojenych sildach SR a sucasne umoznit jej maximdlne vyuZitie mimo ramec
vojenskej pripravy s rezimom utajovania.

Prof. Ing. Pavel Poledridk, PhD.
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Dizertacna praca:  Oscilatorické a asymptotické vlastnosti linearnych
neutralnych diferencialnych rovnic n-tého radu

Autor: Ing. Hussain Ali Mohamad
Vedny odbor: 11-14-9 Aplikovana matematika
Skoliace pracovisko: Zilinska univerzita v Ziline, Strojnicka fakulta, Fakulta prirodnych vied
Skolitel: doc. RNDr. Rudolf Olach, CSc.
Obhajoba: FPV ZU
Resume:

Doktorandskd dizertacnd prdca sa zaoberd neutralnymi diferencidlnymi rovnicami typu
d"ldt" (x(1) — p() x (o(D)) + g x (7(1)) =0, n=2 t=1 (N)

za predpokladov: p € C [[ty, ®); (0, ©)], o, 7, ¢ € C [[ty, ©); R]

g, T su rastice funkcie, tlitr(}o o(t) = oo, }irl;lo t)=00 a qi)#F0

riesenie x(t) sa nazyva oscilatorické, ak md mnozinu nulovych bodov sprava neohranicenii, inak
sa nazyva neoscilatorické. Cielom dizertdcie je skumat (asymptotické a oscilatorické) vlastnosti rieseni
rovnice (N). Problémy oscildcie putali pozornost fyzikov, astronémov, technikov a mozno povedat
celého ludstva. Rovnice s posunutym argumentom vystupuju v roznych modeloch z biomatematiky,
v technickych problémoch, v tedrii chemickych procesov. Dizertacnd prdca je rozdelend do Styroch
kapitol a oznacenie podmienok je v kaZdej kapitole osobitné. V prvej kapitole uvazujeme o neutrdlnej
diferencidlnej rovnici (N) druhého radu. Tu sme ziskali nové podmienky pre oscilatorické riesenie. Tito
kapitola obsahuje sest viet a dva priklady. V druhej kapitole sme ziskali nové podmienky pre neosci-
latorické riesenie rovnice (N) druhého radu, ktoré konverguje k nule pre t - . Tito cast dizertacnej
prdce obsahuje Styri vety a dva priklady. V tretej kapitole uvaZujeme o neutrdlnej diferencidlnej rovnici
n-tého radu. V tejto kapitole, ktora obsahuje sedem viet a dva priklady, sme ziskali nové podmienky
pre oscilatorické riesenie. V Stvrtej kapitole sme ziskali nové podmienky pre neoscilatorické rieSenie
rovnice (N), ktoré konverguje k nule pre t — . Tito cast obsahuje trindst viet a styri priklady.
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ZILINSKA UNIVERZITA V ZILINE
Strojnicka fakulta
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Dizertacni praca

OSCILATORICKE A ASYMPTOTICKE
VLASTNOSTI LINEARNYCH NEUTRALNYCH
DIFERENCIALNYCH ROVNIC N-TEHO RADU

Vedny obor:
11-149 Aplikovana matematika

Autor Ing. Hussain Ali Mohamad

Skolitel Doc. RNDr. Rudolf Olach, CSc.

Zilina 2000

Habilitacna praca: Optimalizacia toku jalovych vykonov v elektrizacnej sustave

Autor: Ing. Milan Novak, PhD.
Odbor: Silnoprudova elektrotechnika
Pracovisko: Zilinska univerzita v Ziline, Elektrotechnicka fakulta,
Katedra elektrickej trakcie a energetiky
Obhajoba: 1. 3. 2000 na EF ZU
Resume:

Dizertacna prdca sa zaoberd aktudlnou tematikou optimalizdcie toku jalovych vykonov v elek-
trizacnej sustave. Prenos velkych jalovych vykonov v nadradenej elektrizacnej siistave vplyva na
napdtové pomery a ndsledne na zvicsovanie cinnych strat. Optimalizdcia tokov jalovych vykonov
umoznuje prevadzkovat elektrizacnii sistavu s minimom strdt cinného vykonu v prenosoch, ¢o naj-
dalej od medze napcitovej stability pri respektovani noriem a zdsad bezpecnosti prevddzky. Z tohto
aspektu habilitacnd praca ukazuje na praktickych prikladoch moznosti rieSenia zdsahov do riade-
nia elektrizacnych siistav z hladiska ispor elektrickej energie a zlepSenia jej kvality.

V prdci sit vysvetlené zdakladné viastnosti reguldcie frekvencie a ¢innych vykonov ako aj napdtia
a jalovych vykonov. Vysvetlujui sa tu suvislosti medzi reguldciou frekvencie a napdtia. Poukazuje sa
na rozdiel medzi primdrnou, sekunddrnou a tercidrnou reguldciou. Venuje sa metodam optimali-
zacnych vypoctov, pouZitiu linedrneho a nelinedrneho programovania a fuzzy-pristupom pri progra-
movani, tvorby modelu a reprezentdcii zdtaze.

Privypoctoch ustdaleného chodu elektrizacnej suistavy na zdklade statickych modelov s uvedené
konkrétne modely prvkov siistavy - vedeni, transformatorov a zdatazi s moznostou ich modifikovania.
Odhad prevddzkového stavu je rozobrany so zretelom na statiku ale aj dynamiku odhadu. Pouka-
zuje na uplatnenie detekcie a identifikdcie velkych chyb v systéme zberu informdcii.

Vseobecné metody optimalizdcie su aplikované na toky jalového vykonu v elektrizacnych susta-
vdach, kde je formulovand iiloha optimalizdcie a postup pri numerickom rieseni optimalizdcie.

ZILINSKA UNIVERZITA V ZILINE
Elektrotechnicka fakulta
Katedra elektricke] trakeie a energetiky

Milan Novik

OPTIMALIZACIA TOKU
JALOVYCH VYKONOV
V ELEKTRIZACNEJ SUSTAVE

Habilitacna prica

Zilina september 1999
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VYSETROVANIE VLASTNOSTI
A IDENTIFIKACIA PARAMETROV
RELUKTANCNEHO SYNCHRONNEHO
MOTORA

Zilina, 2000

Dizertacna praca:  Vysetrovanie vlastnosti a identifikacia parametrov reluktancného
synchronneho motora
Autor: Ing. Miroslav Licko

Studijny odbor: 26-32-9 Silnoprudova elektrotechnika
Specializacia: Elektrické stroje a pristroje
Pracovisko: Zilinska univerzita v Ziline, Elektrotechnicka fakulta,
Katedra elektrickej trakcie a energetiky
Skolitel: doc. Ing. Valéria Hrabovcova, PhD.
Resumé:

Dizertacnd prdca sa zaoberd viastnostami reluktancného synchronneho motora (RSM) v celej
Jjeho komplexnosti, v silade s odbornym zdujmom zameranym na vyvoj elektrickych pohonov s bez-
kefovymi elektrickymi motormi. Sii vysSetrované dve zdkladné konstrukcné usporiadania tychto
motorov, a sice RSM s klietkovym, radidlne vrstvenym rotorom a RSM s axidlne vrstvenym rotorom.
V obidvoch pripadoch sii uvedené matematické modely na vySetrovanie ustdlenych aj prechodnych
stavov, véitane podrobného vysetrovania prvkov ndahradnej schémy. Obidva druhy motorov sii vySet-
rované teoreticky aj experimentdlne a ich vlastnosti su vzajomne porovnané.

Z vysledkov prvej casti prace vyphva, Ze klasicky RSM s klietkovym radidlne vrstvenym rotorom
md velmi nizke kvalitativne ukazovatele (pomer kW/kg, uicinnik a iicinnost). Preto je navrhnuty
novy rotor s modernou konstrukciou, axidlne vrstveny, ktory s pévodnym statorom tvori novy motor.
Tento novy motor bol skutocne vyrobeny a tym sa otvorila moznost porovndvat viastnosti oboch
typov motorov. Ako vyplyva z analyzy jeho vlastnosti, v prevadzke vykazuje tento motor vyssi uicinnik
aj vyssiu ucinnost.

ZILINSKA UNIVERZITA V ZILINE
Elektrotechnicki fakulta
Katedra elektricke] trakcie a energetiky

Alena Otéendsovi

Elektromagneticka kompatibilita
elektrickych drah ZSR

Habilitaéna praca

Zilina jun 1999

Habilitaéna praca: Elektromagneticka kompatibilita elektrickych drah ZSR
Autor: Ing. Alena Otc¢enasova, PhD.

Studijny odbor: Silnopridova elektrotechnika
Pracovisko: Zilinska univerzita v Ziline, elektrotechnicka fakulta,
Katedra elektrickej trakcie a energetiky
Menovana: 15. marca 2000
Resume:

Habilitacnd prdca sa zaoberd nepriaznivymi vplyvmi striedavej elektrickej trakcie na elektri-
zacnii sustavu, nakolko v praxi dochdadza k vyraznému zhorsovaniu kvality odoberanej elektrickej
energie. Zo sledovanych parametrov kvality je pozornost venovand predovsetkym vplyvu harmonic-
kych priidu, produkovanych hnacim vozidlom a prendsanych trakénym vedenim jednostranne napd-
Jjaného useku a ndsledne trakcnym transformdtorom do elektrizacnej sistavy.

V prdci je uvedené miesto harmonickych zloziek v Sirsej problematike definovanej ako elek-
tromagnetickd kompatibilita. Je dand zdkladnd charakteristika vplyvu harmonickych priidu a napitia,
ako aj spésoby modelovania napdjania striedavej trakcnej priidovej siistavy. Sirenie harmonickych
zloZiek prudu je simulované pomocou uvedenych modelov.

Sledované sii viastnosti trakcného vedenia pri prenose harmonickych cez napdjaciu stanicu do
elektrizacnej siistavy pomocou vypoctov frekvencnych charakteristik. V prdci su uvedené niektoré
konkrétne vysledky z merania harmonickych v trakcénej transformovni Nové Mesto nad Viahom, ako
aj na modeli napdjania striedavej elektrickej trakcie v laboratérnych podmienkach.

V poslednej kapitole su uvedené mozZnosti odstranenia nepriaznivych vplyvov prostrednictvom
Sfiltracno-kompenzacnych stanic (FKS). Je tu uvedeny postup pri ndavrhu stanice a tieZ sa tu nachddza
schéma zapojenia plynulo regulovatelnej FKS instalovanej v trakcnej transformovni Bratislava - Vino-
hrady, ktora filtruje 3. a 5. harmonickii s poZadovanou ii¢innostou a kompenzuje iicinnik striedavej
trakcie na neutrdlny, t. j. na hodnotu 0,95. Ukdzand je aj moznost potlacenia harmonickych priidu
a napdtia pomocou aktivnych filtrov.
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Habilitacna praca: Navrh hlavnych parametrov trakéného motora a vypocet pravdepodobnych
trakcnych charakteristik hnacieho vozidla

Autor: Mgr. Ing. Milan Pospisil, PhD.

Vedny odbor: 26-32-9 Silnopridova elektrotechnika

Specializacia: Elektricka trakcia

Pracovisko: Zilinska univerzita v Ziline, Elektrotechnicka fakulta,

Katedra elektrickej trakcie a energetiky
Obhajoba: 1. 3. 2000 na ZU EF

Resumé:

Habilitacnd prdca sa zaobera hospoddrnym dimenzovanim elektrickych trakcnych zariadent,
zvldst trakcénych motorov.

Urcenie optimdlneho trvalého trakéného vykonu konkrétneho hnacieho vozidla nie je jedno-
znacnd iloha. Vzhladom na premenlivost zataZenia resp. nepravidelnost dopravy dochddzalo pri
ndvrhu instalovaného vykonu hnacieho vozidla k jeho predimenzovaniu resp. poddimenzovaniu. Je
teda nutné uvdzit, aky trvaly vykon trakcnych motorov instalovat' do novych resp. modernizovanych
hnacich vozidiel a tiez aky druh trakcnych motorov pouZit.

Nielen spominané vstupy, ale aj cely rad dalsich poZiadaviek je mozné zapracovat do simulac-
nych metéd a pomocou nich urcit najvhodnejsi instalovany vykon, spésob prenosu trakcného vykonu
a overit, ¢i navrhované riesenie vyhovuje predpokladanym poZiadavkam. Podstata simuldcie spociva
v zostaveni vhodného matematického modelu navrhovaného pohonu, z ktorého je mozné riesenim
na pocitaci pre dané podmienky vysetrit a ocenit chovanie celého navrhovaného pohonu.

Prdca obsahuje problematiku modelovania jednosmerného sériového a cudzobudeného trak-
cného motora, spolu s vysledkami simuldcii. Dalej prica obsahuje metodiku ndvrhu a vysetrovania
trakcného pohonu s asynchronnymi motormi, co doteraz nebolo dostatocne publikované. Tdto pro-
blematika je pévodnym prispevkom ku zdokonaleniu dimenzovania hnacich vozidiel, pri urceni spo-
treby elektrickej energie, sposobu napdjania elektrickych drdh, pri tvorbe grafikonu viakovej dopravy
atd.
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NAVRH HLAVNYCH PARAMETROV
TRAKCNEHO MOTORA A VYPOCET
PRAVDEPODOBNYCH TRAKCNYCH

CHARAKTERISTIK HNACIEHO VOZIDLA
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Zilina méj 1999 Megr. Ing. Milan Pospisil, PhD.

Dizertacna praca:  Novy pristup k rieseniu elektromagnetického pola a strat v zeleze
v asynchronnych strojoch metodou kone¢nych prvkov
Autor: Ing. Julius Saitz

Pracovisko: Zilinska univerzita, Elektrotechnicka fakulta,
Katedra elektrickej trakcie a energetiky
Skolitel: doc. Ing. Valéria Hrabovcova, PhD.
Resume:

Dizertacnd prdaca sa zaoberd zahrnutim magnetickej hysterézy do analyzy elektromagnetic-
kého pola v indukcnych strojoch. Hysteréza je modelovand pomocou inverzného Preisachovho
modelu. Kombinovand sustava dvojrozmernej rovnice pola a napdtovych rovnic je riesend v pries-
tore metodou konecnych prvkov (MKP) a v case lichobeznikovou metodou konecnych diferencii.
Vysledna siistava algebraickych rovnic uvaZujiicich hysterézu je rieSend iteracnou metodou pevného
bodu v kazdom jednom casovom kroku.

Straty v Zeleze sii urcované z priebehov intenzity magnetického pola a magnetickej indukcie
v ustdlenom stave chodu motora naprdzdno, vypocitanych pomocou casovokrokovej analyzy pola
s uvazovanim hysterézy. Tento postup bol aplikovany na vypocet strdt v Zeleze trojfdzového Stvorpo-
lového 37 kW indukcného motora, napdjaného zo zdroja sinusového napdtia. Na zdklade porovnania
nameranych a vypocitanych hodnét mozno konstatovat, ze metoda je stabilnd, spolahlivo konver-
gujiica a ddva vysledky v dobrej zhode s nameranymi hodnotami.

ZILINSKA UNIVERZITA V ZILINE

Elektrotechnicka fakulta

Dizertacna praca

NOVY PRISTUP K RIESENIU
ELEKTROMAGNETICKEHO POLA A STRAT
V ZELEZE V ASYNCHRONNYCH STROJOCH
METODOU KONECNYCH PRVKOV

Autor: Ing.

Skolite! Do

Zilina, 2000
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POKYNY PRE AUTOROV PRISPEVKOV DO CASOPISU
KOMUNIKACIE - vedecké listy Zilinskej univerzity

Redakcia prijima iba prispevky doteraz nepublikované alebo inde nezaslané na uverejnenie.
Rukopis musi byt v jazyku slovenskom a anglickom (tyka sa autorov zo Slovenska). Dopo-
ruceny pocet stran prispevku je 7 stran pre kazdi jazykova mutdciu (format A4, pismo
Times Roman 12 bodové). K ¢lanku doda autor resumé v rozsahu maximalne 10 riadkov
v slovenskom a anglickom jazyku).

Prispevok prosime poslat: e-mailom, ako prilohu spracovanti vo Worde, na adresu holesa@
nic.utc.sk alebo polednak@fsi.utc.sk prip. vrablova@nic.utc.sk alebo dorucit na diskete 3,5 vo
Worde a jeden vytlacok ¢lanku na adresu Zilinska univerzita, OVaV, Moyzesova 20, 010 26
Zilina.

Skratky, ktoré nie su bezné, je nutné pri ich prvom pouziti rozpisat v plnom zneni.
Obrazky, grafy a schémy, pokial nie si spracované v Microsoft WORD, je potrebné
dorucit bud v digitalnej forme (ako GIF, JPG, CDR, BMP subory), pripadne nakreslit
kontrastne na bielom papieri a predlozit v jednom exemplari. Pri poziadavke na uverejne-
nie fotografie prilozif ako podklad kontrastnu fotografiu alebo diapozitiv. Pre obidve
mutacie spracovat jeden obrazok s popisom v slovenskom a anglickom, resp. len v anglic-
kom jazyku.

Odvolania na literaturu sa oznacuju v texte alebo v poznamkach pod €iarou prislusSnym
poradovym ¢islom v hranatej zatvorke. Zoznam pouzitej literatary je uvedeny za prispev-
kom. Citovanie literatiry musi byt podla zaviznej STN 01 0197 (ISO 690) ,Bibliografické
odkazy*“.

K rukopisu treba pripojit plné meno a priezvisko autora a adresu institicie v ktorej pracuje,
e-mail adresu a Cislo telefonu alebo faxu.

Prispevok posudi redakéna rada na svojom najblizSom zasadnuti a v pripade jeho zarade-
nia do niektorého z buducich Cisiel podrobi rukopis recenziam a jazykovej korekture.
Posledny obtah pred tla¢ou bude poslany autorovi na definitivnu kontrolu.

Terminy na dodanie prispevkov do Cisiel v roku su: 28. februar, 31. maj, 31. august a 30. novem-
ber.

V cislach 1/2002 a 2/2002 budu tieto nosné témy jednotlivych Cisiel: Modelovanie komu-
nikac¢nej obsluhy izemného celku a Materialové inZinierstvo.

COMMUNICATIONS - Scientific Letters of the University of Zilina
Writer’s Guidelines

Submissions for publication must be unpublished and not be a multiple submission.
Manuscripts written in English language must include abstract also written in English. The
submission should not exceed 7 pages (format A4, Times Roman size 12). The abstract
should not exceed 10 lines.

Submissions should be sent: by e-mail (as attachment in system Microsoft WORD) to one
of the following addresses: holesa@nic.utc.sk or vrablova@nic.utc.sk event. polednak@fsi.utc.sk
with a hard copy (to be assessed by the editorial board) or on a 3.5 diskette in (Microsoft
WORD) with a hard copy to the following address: Zilinska univerzita, OVaV, Moyzesova
20, SK-10 26 Zilina, Slovakia.

Abbreviations, which are not common, must be used in full when mentioned for the first
time.

Figures, graphs and diagrams, if not processed by Microsoft WORD, must be sent in elec-
tronic form (as GIF, JPG, CDR, BMP files) or drawn in contrast on white paper, one copy
enclosed. Photographs for publication must be either contrastive or on a slide.
References are to be marked either in the text or as footnotes numbered respectively.
Numbers must be in square brackets. The list of references should follow the paper (accord-
ing to ISO 690).

The author’s exact mailing address, full names, e-mail address, telephone or fax number, and
the address of the organisation where he works and contact information must be enclosed.
The editorial board will assess the submission in its following session. In the case that the
article will be accepted for future volumes, the board submits the manuscript to the editors
for review and language correction. After reviewing and incorporating the editor’s remarks,
the final draft (before printing) will be sent to authors for final review and adjustment.
The deadlines for submissions are as follows: February 28, May 31, August 31 and Novem-
ber 30.

. This year, each of the three issues will be dedicated to one of the following topics: Model-

ling of a Regional Communication Service and Material Engineering.
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