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METODIKA NAVRHU ELEKTRICKEHO POHONU TRAKCNEHO
VOZIDLA S ASYNCHRONNYMI MOTORMI

A METHOD OF PROJECTING OF ELECTRIC DRIVE FOR THE TRACTION VEHICLE

WITH AN ASYNCHRONOUS MOTOR

Prispevok sa zaoberd metodikou ndvrhu trvalého vykonu trak-
¢ného vozidla a typového vykonu indukcnych trakénych motorov.
Pojedndva o spésobe urcenia pravdepodobnych mechanickych a elek-
trickych parametrov. Uvddza vztahy a postup pri vypocte pravdepo-
dobnych trakcnych charakteristik vozidla.

Uvod

Pre projektovanie el. trakénych vozidiel s jednosmernymi
motormi si zname postupy navrhu typového vykonu trakénych
motorov a prenosu trakéného vykonu z motorov na osi hnacich
kolies [1], [10], [11]. Existuju tieZ metodiky na urcenie hlavnych
elektrickych parametrov a rozmerov zakladnych Casti jednosmer-
nych motorov [11], [1], [2]. V programe vyucby predmetu
Elektricka trakcia je toto dolezita Cast.

Nie je nam doteraz znama z literatiry ucelena metodika
navrhu trakéného pohonu s asynchronnymi motormi (ASM)
a preto sme sa pokusili o vlastny prispevok. Formou tohto pris-
pevku, chceme spristupnit danu problematiku SirSej odbornej
verejnosti.

Prispevok sa zaobera otazkou navrhu typového trakéného
vykonu, regulacného rozsahu a navrhu hlavnych mechanickych roz-
merov asynchronneho motora. Je rozobrany pristup k navrhu prav-
depodobnych elektrickych parametrov ASM. V posledne;j Casti sa
podrobnejSie rozobera sposob vysetrenia pravdepodobnych trak-
¢nych charakteristik vozidla a prudu motora pri ré6znych pracov-
nych rezimoch.

1. Navrh typového vykonu

Pri navrhu el. pohonu trakéného vozidla je potrebné predovset-
kym urcit menovity trvaly trakény vykon. Ak mame k dispozicii
trakénu zataz, konkrétny trakény profil a pozadovanu jazdnu rychlost
v jednotlivych usekoch danej trate, moZeme potrebné trakéné vykony
v konkrétnych usekoch vypocitat znamymi metodami trakcnej dyna-

This contribution describes a computing method of the contin-
uous rating for the traction vehicle with induction traction motors.
A method of specifying probable mechanical and electrical parameters
and characteristics of the asynchronous motor as well as relationships
and methods for calculation of probable traction characteristics of the
vehicle will be shown.

Introduction

Methods of estimation of the traction motor type output and
transmission of traction effort from the motor to the driven axle
of traction vehicle with DC traction motors are well known [1],
[10], [11], as well as methods for specifying main electrical
parameters for fundamental parts of DC motors [11], [1], [2].
These are important parts of the education programme in
teaching the subject Electrical Traction at the Dept. of Electrical
Traction and Energetics ZU.

However, a method for estimation of asynchronous traction
motor main parameters has not been described well enough for
teaching purposes in the literature. This paper contributes to this
purpose.

Computing of induction traction type output, control range
and fitting of its main mechanical dimensions will be described.
The calculating method of the supposed motor electrical
parameters and the vehicle traction effort characteristics will be
analysed in various vehicle operating modes.

1. Calculation of traction vehicle type output

It is necessary to specify at first the traction drive nominal
output of the traction vehicle. The necessary traction output in
concrete track section can be calculated by well-known methods
of traction dynamics [10], [12]. It depends on the value of
traction load (wagons mass), concrete traction slope profiles and

* Doc. Ing. Bernard Bednarik, CSc., E-mail: bednarik@fel.utc.sk; Ing. Milan Pospisil, CSc., E-mail: pospisil@kete.utc.sk; Doc. Ing. Jiii Drabek, CSc.,

E-mail: drabek@kete.utc.sk; Ing. Jan Valuska, E-mail: valuska@kete.utc.sk;

All authors: Univesity of Zilina, Faculty of Electrical Engineering, Dept. of Electric Traction and Energetics, Velky diel, SK-010 26 Zilina, Slovakia,

Tel./Fax: +421-89-54963

18 © KOMUNIKACIE / COMMUNICATIONS 1/99



miky [10], [12]. Na zaklade tychto udajov mozno stanovif maxi-
malne poZiadavky na trakény motor pri jednotlivych rychlostiach.

Po tomto zisteni mézeme podla povodnych metodik navrhnut
odpovedajuci typovy vykon pre jednosmerny trakény motor, navr-
hnut jeho nominalnu a maximalnu rychlost a pre tieto tidaje vypoci-
tat pravdepodobné hlavné rozmery motora [11]. Dalej pomocou
normalovych charakteristik [11] vySetrit jeho mechanicki charakte-
ristiku pri menovitom napati, pripadne i celti siet mechanickych cha-
rakteristik v riadiacom rozsahu. Na zaklade tychto pravdepodobnych
mechanickych charakteristik je mozné si overit, ¢i navrhovany motor
a teda i trakcné vozidlo vsetky pozadované trakéné podmienky splni.
Pre jednosmerné trakéné motory su tieto metodiky zname.

V pripade navrhu trakénych kolajovych vozidiel pre rozsiahlejSie
trate a premenlivé voziové zatazenie sa pri navrhu typového vykonu
vychadza z urcitych medznych poziadaviek a empirickych udajov,
kde napr. podla jednej znamej metodiky [1] je mozno optimalny
vykon navrhovaného trakéného vozidla urit pomocou vztahu

E.
P =273 103 5%

opt U

kde m -adhézna hmotnost
V,nax - j& maximalna pozadovana rychlost
€ - suCinitel vyuzZitia adhéznej hmotnosti
¢, -sucinitel adhézie pri nulovej rychlosti na suchych
kolajniciach
p - sucinitel optimalneho adhézneho pretazenia
v - optimalny regulacny rychlostny sucinitel.

Udaje m a Vmax SU zékladné poZadované parametre vyplyva-
juce z predpokladanej zataze a pripustnej prevadzkovej rychlosti.

Sucinitel' € zavisi predovsetkym od usporiadania podvozku
a plynulosti riadenia pohonu. V pripade, Ze vSetky osi trak¢ného
vozidla su, hnané pohybuje sa € v medziach cca 0,9 - 0,94.

Sucinitel ¢, podla merani v naSich podmienkach sa zvyCajne
udava v medziach 300-340 N/kN

Sucinitel p je definovany pomerom taznych sil a dany vztahom:

Ftadh
=——>1 1.2
P F. (1.2)
F, - j€ maximalna tazna sila pri rozjazde [kN]
F,., -je taina sila pri menovitom trvalom vykone
a menovitej rychlosti V, [kN]

Sucinitel v je definovany pomerom rychlosti:

Voo [
v=—= <1 (1.3)

v, ,

max max

V. - jerychlost vozidla pri trvalom menovitom vykone vozidla
- je odpovedajuca uhlova rychlost trakénych motorov
pri trvalom menovitom vykone vozidla.

Optimalne hodnoty sucinitelov adhézneho pretaZenia p
a pomernej regulacnej rychlosti v boli ziskané empirickym sledo-
vanim vlastnosti realizovanych vozidiel a st uvedené v tabul'ke 1.1.

max *
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allowed track sections speeds. This information enables one to
determine both the main traction motor parameters and the
traction vehicle designed output characteristics.

In this way the DC-traction motor nominal output, nominal
and maximum speed and the propable main motor dimensions
can be calculated [11]. The principle of the DC-motors
characteristics similarity [11] help us to determine the DC-motor
mechanical characteristics by nominal voltage as well as all the
other characteristics in the whole traction motor control range.
Traction characteristics of the traction vehicle can be determined
then which allow verification that the DC-motor and vehicle
design were determined correctly.

The optimized output of the designed traction vehicle can be
calculated by equation [1]:

m [kW: 1, N/KN; 1, km/h, t, 1] (1.1)

where m - adhesion mass,
Vmax - Maximum vehicle speed,
€ - coefficient of adhesion mass utilization,
¢, -adhesion coefficient by v =0,
p - optimal adhesion overload,

v - optimal velocity rate.

The quantities m and v,,,, are required parameters relating to
supposed wagon load and to allowed working velocity.

Coefficient € depends on the arrangement of traction vehicle
bogie and on the kind of electric drive control. In the case where
all axles of the traction vehicle are driven, the value of € can be
between cca 0.9 - 0.94.

Coefficient ¢, can be well under traction circumstances (dry
rails) from 300 to 340 N/kN.

Factor p is defined by the relation:

Ftadh
= Ltadh
P=F

oo

(1.2)
F,q4, - maximum traction effort [kN],
F,., - traction effort by continuous output and contin-

uous speed V_ [kN],

Coefficient v is defined by the equation:

(1.3)

Y w

max max

V.  -speed at the vehicle continuous output,
w,, - corresponding rotor electric angular speed of
traction motor by continuous output of the vehicle.

Optimal values of adhesion overload coefficients p and
velocity rate v were obtained by an empirical way (comparison
with similar traction vehicles) and are in Table 1.1.
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Pri navrhu el. prenosu trakéného vykonu u dieselelektrickych
vozidiel sa vyuZiva vztahu:

PO'ng'nsrm'nm'nu'p

v, = 367.2 €., m

kde je:

P, - najvacsi vykon prvotného motora poskytovany na
trakciu

Mg - energeticka ucinnost generatora

Ngm - energeticka ucinnost sériovo zaradenych statickych
menicov

Nin - energetickd ucinnost trakénych motorov

n, - energeticka ucinnost mechanickej prevodovky

p.€ ¢, m - uZ uvadzané vo vztahu (1.1)

Table. 1.1: Values of p and v

The equation (1.4) is used to determine the continuous
vehicle speed by diesel-electric traction vehicles:

[km/h; kW, 1, 1, 1, 1, 1,1, N/KN, t] (1.4)

where

P, - maximum diesel motor output used for
traction,

Mg - traction generator efficiency,

Ny - power semiconductors inerters
efficiency,

N - traction motor efficiency,

un - mechanical gearbox efficiency,

p.€ ¢, m - described in (1.1).

Electric traction supply system | Vehicle type Railway service type p ) Note
DC locomotive long-distance express train 2.0 0.65
express train 2.0 0.55
passenger train 1.8 0.55
universal 1.9 0.5
shunting 2.4 0.42
multiple unit long-distance express train 5-6 0.7 1)
quick suburban passenger train 3.2 0.6 1)
passenger train 1.8 0.43
city tramway 1.75 0.45
quick city light trains 3.0 0.43 1)
AC l-phase low frequency locomotive express train 2.4 0.95
with 1-phase commutator quick passenger train, quick
motors goods train 1.85 0.85
passenger train 1.75 0.8
heavy goods train 1.6 0.75
diesel-electric transmission locomotive speed and passenger train 1.6 0.15
goods train 1.45 + 2)
universal shunt train 1.8 0.3

1)

p in this event doesn’t qualify the actual torque overload of traction drive by acceleration. Electric multiple units of this type do not

accelerate at the adhesion limit but with the constant motor current, at which the traction effort is essentially lower then than by

adhesion maximum.

2) Continuous speed V_. is limited with the diesel motor output..

Pri navrhu DE vozidla s el. prenosom trakéného vykonu sa
obvykle postupuje tak, Ze sa zo znamych radov vhodnych dieselo-
vych motorov vyberie (po Uvahe a zrovnaniach) primerany
prvotny motor a od tohto vykonu sa pomocou vztahu (1.4)
odvodia zodpovedajtce vykony a rychlosti el. trakénych motorov.

Uvedena metoda dovoluje rychlo a jednoznacne urcit navrh
vykonu trakéného vozidla a zodpovedajucich trakénych motorov.

The available types and outputs of diesel-motors on the
market decide the primary diesel-electric traction vehicle
performance. The traction motors output and revolutions can be
determined by (1.4) after selection of the suitable diesel-motor
type.

As a result, the output can be quickly and nearly calculated
both of the traction vehicle and of traction motors. But values of

2) ¢ KOMUNIKACIE / COMMUNICATIONS 1/99
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Prehlad optimdlnych hodnot sucinitlov adhézneho pretaZenia a pomernej regulacnej rychlosti Tab. 1.1
Pradova sustava vozidla Druh vozidla Ugel vozidla P v Pozndmka
Jednosmerna lokomotiva dial'kové expresy 2,0 0,65
rychliky 2,0 0,55
osobné zastavkové vlaky 1,8 0,55
univerzalne pouzitie 1,9 0,5
univerzalna posunovacia sluzba 2,4 0,42
el. trakéné vozne, dial'kové expresy 5-6 0,7 1)
pripadne ucelené | 1ychle predmestské zastavkové viaky 3.2 0,6 1)
jednotky miestne zastavkové vlaky 1,8 0,43
mestska elektricka 1,75 0,45
mestska rychlodraha 3,0 0,43 1)
Jednofazova lokomotiva expresné vlaky 2,4 0,95
zrychlené osobné vlaky,
rychle lahké naklad. 1,85 0,85
osobné zastavkové vlaky 1,75 0,8
tazké nakladné vlaky 1,6 0,75
Dieselelektricky lokomotiva rychliky, os. vlaky 1,6 0,15
prenos nakladné vlaky 1,45 az 2)
univerzalne posun. vlaky 1,8 0,3

1) p v tomto pripade nevyjadruje skutoéné momentové pretazenie trakéného motora pri rozjazde. El. trakéné vozne tohto druhu sa
rozbiehaji na medzi adhézie. Obvykle sa v tomto vlak rozbieha konst. prudom, ktory zodpoveda podst. niZsej sile ako by

umoznovala adhézia.
2) Trvala rychlost V_ je dana vykonom prvotného motora.

Tabulkou uvadzané hodnoty p a v nemusia byt najvhodnejsie pre
vsetky druhy vozidiel. Tu treba uplatnit skuisenost riesitelov, pri-
padne porovnanie podla inych kritérii, a tym vypocCitané hlavné
udaje vhodne skorigovat (naladif).

Hlavné rozmery trakéného motora je mozné vypocitat po
urceni menovitého trvalého vykonu motora ako aj charakteristik
motora a vozidla.

2. Navrh hlavnych parametrov asynchronneho
trakéného motora

Mozno vyslovit nazor, ze postup navrhu typového vykonu
popisany v 1. stati je v podstate vhodny i pri navrhu el. trakéného
pohonu kolajového vozidla s frekvenéne riadenymi asynchrénnymi
motormi.

Odlisnost je v postupe stanovenia elektrickych parametrov
a rozmerov. Pre potreby frekvencne riadeného trakéného pohonu
s asynchronnymi motormi sa v zasade uvazuje s motorom
s kotvou nakratko. Drazky a klietkové vinutie as. motora sa robia
spravidla jednoduché tak, aby vypocet odporu a rozptylovej reak-
tancie jednotlivych ty¢i bol jednoznacny. Dvojita klietka, resp.
jednoducha klietka s hlbokymi virovymi drazkami tu neprinasaju

p and v according to Tab. 1.1 are not applicable in all cases for all
traction vehicle types. They can be corrected according to the
knowledge of vehicle designers.

The traction motor main dimensions can be calculated after
determination of the motor continuous output as well as the
motor and vehicle characteristics.

2. Calculation of the asynchronous traction motor
main parameters

It can be said that the nominal output of the traction drive
using the inverter-fed frequency- controlled asynchronous motors
can be calculated in the same way as the nominal output given
above. In this case, the differences in the design of the traction
machine are given by the determination of the dimensions of the
machine and in the determination of the machine electric
parameters. Frequency controlled asynchronous drives often use
the squirrel cage induction machine. The calculations of the
resistances and leakage reactances are easier if the simple squirrel
cage is used. Double cage or deep bar cage have no other
advantages in the frequency controlled drive. Hence the simple
squirrel cage is often used. The torque of the machine must be
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Ziadnu vyhodu. V celom rozsahu riadenia by mal motor pracovat
s hodnotami momentov pod uroviilou momentu zvratu v priamej
Casti mechanickej charakteristiky.

Tiaz indukéného stroja je o 30 - 40 % nizSia ako tiaz cudzo
budeného DC motora s rovnakym menovitym vykonom.
Zotrvacnost rotora indukéného stroja je menej ako polovicna
oproti cudzo budenému DC stroju. Dalsou hlavnou vyhodou
indukéného stroja je, Ze mozZe byt konstruovany na vyssie otacky
ako DC cudzo budeny. Vseobecne sa pouziva na prenos vykonu
od hriadela pohonného stroja na hnaciu napravu jednostupnovy
prevod. Z tychto dovodov sa konstruuju indukéné trakéné stroje
ako Stvor- alebo Sestpolové.

3. Urcenie hlavnych elektrickych parametrov motora
pre navrh matematického modelu a vypocet
pravdepodobnych statickych charakteristik

Z navrhu trvalého trakéného vykonu, max. rychlosti
a sposobu rieSenia prenosu mechanického vykonu z hriadelov
motorov na osi hnacich naprav sa urci trvaly vykon jedného trak-
¢ného motora a maximalna otacava rychlost, pri ktorej sa dosa-
huje pozadovana maximalna rychlost trakéného vozidla.

U asynchronneho motora sa pre zvySenie regulaéného
rozsahu otacavej rychlosti taktieZ vyuziva oblast zoslabovania
budenia. Je tu teda problém, do akej hodnoty rozsahu uvazovanej
regulacnej rychlosti je vhodné udrzat plny magneticky tok stroja.
Prijmime predpoklad, Ze do hodnoty V_, =vV,,. .

Podla poctu zvolenych pdlovych parov p je potom mozno
uréit potrebnu napdajaciu frekvenciu napdtia motora f; y pre trvalu
otacavu rychlost w, a maximalnu frekvenciu flmax pre maxi-
malnu otacavu rychlost w,,,, -

Pre priblizny navrh zakladnych el. parametrov asynchron-
neho trakéného motora mame teda tieto vychodiskové udaje:

1. Py - menovity trvaly vykon [kW]
2.p - pocet polovych dvojic [-]
3. fiy - menovitu frekvenciu statorového napétia [Hz]|

4. fimax - maximalnu frekvenciu statorového napdtia [Hz]

5. w,, - otacavi rychlost motora pri menovitom trvalom
vykone [s]
6. w,,,. -otacavi rychlost motora pri maximalnej rychlosti

vozidla [s'l ].

K urceniu el. parametrov motora je dalej potrebné zvolit efektiv-
nu hodnotu prvej harmonickej fazového napitia motora U . Tuto
hodnotu mozno volit v pomerne Sirokom rozsahu. Pre motory do
50 kW cca od hodnoty 250 do hodnoty 400 V, pre motory od 50 do
200 kW od 300 do 600 V, pre motory nad 200 kW cca od 500 V do
900 V. Pri vol'be tohto napétia treba prihliadat na pouzité vykonové
polovodiCové spinacie prvky striedaca a jeho celkové rieSenie.
Taktiez vol'bu 1. harmonickej zdruzeného trojfazového napétia moze
ovplyvnit druh a hodnota napétia v trolejovom vedeni.

Dalej je potrebné odhadnut pravdepodobné menovité
hodnoty ucinnosti n,, cos ¢, a hodnotu pridu naprazdno I, pri

lower than the breakdown torque in the whole range of the motor
operation.

The induction machine weight is 30-40 % less than the
separately excited DC motor with the same nominal output.
Inertia of the induction machine rotor is lower than half of that
one by the separately excited DC machine. The next main
advantage of the induction machine is that it can be designed for
higher revolutions than separately excited DC machine. One step
gearing is generally used for power transmission from the shaft of
the driving machine to the axle. The maximum revolutions of the
induction motor is given by the maximum feasible ratio one step
gearing. For these reasons the induction traction machines are
usually designed to have four or six poles.

3. Determination of main electric induction motor
parameters for the motor mathematical model
design and calculation of probable steady
state motor characteristics

The continuous output power of a traction motor and its
maximum revolutions can be determined by knowledge of the
continuous traction output, maximum vehicle velocity and the
design of power transmission between the motor and driven
axle.

The field weakening is utilized for extention of induction
motor control range. We suppose that the full machine field will
be held to the continuous vehicle speed V, =ul,,, ..

The necessary supplied motor frequency f;y by rotating
velocity w_, can be then determined when the number of polepairs
p is chosen as well as maximum frequency flmax for maximum

rotating velocity w,,,,, .

The basic asynchronous traction motor electric parameters
can be computed if the following data are known:

1. Py nominal continuous output [KW],
2.p number of polepairs [-],
3. fiy  nominal frequency of the stator voltage [Hz],

4. fimax Maximum stator voltage frequency [Hz],

5. w., motor rotating velocity by the nominal continuous
output [s],

6. w,,,, Maximum motor rotating velocity by the highest
vehicle speed [s'].

The one phase motor first harmonic voltage r.m.s. value
U,y must then be chosen. It can be chosen in a wide voltage value
range: for motors output to 50 kW cca from value 250 to value
400 V, for motors output from 50 to 200 kW from 300 to 600 V,
for motors output up to 200 kW cca and from 500 to 900 V. The
inverter semiconductor elements limiting parameters affect this
voltage value selection. The trolley wire voltage value and its kind
also have an influence on the 1. harmonic line-to-line three phases
motor voltage choice.

Then it is necessary to estimate the probable nominal values
of the efficiency my, cos ¢y and no-load current value /,,, by
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uvaZovanych menovitych hodnotach U,y a fi5. K tomuto je
mozno vyuZzif zavislosti tychto hodndt u realizovanych el.
motorov. Tieto sa najdu bezne v priruckach pre navrh a vypocet
el.strojov a priruckach pre projektovanie el. pohonov [2], [3],
[13], pripadne v katalogoch renomovanych firiem.

Za predpokladu znalosti uvadzanych parametrov postup
uréenia dalSich je nasledovny:

1. Ur¢i sa menovity prid motora
Py
Ly=—7"——"" [AWV11] (3.1
3Uy -my- cosoy

2. Ur€i sa stratovy vykon motora

APy = Py(1 — 1) (3.2)

o

. Straty naprazdno, t. . straty mechanické, straty v Zeleze a straty
dodato¢né mozno odhadnut na 20 % celkovych strat:

APy, = 0.2 AP, (3.3)

4. Straty vo vinuti statora a rotora mozno pre predbeZny navrh
pokladat za rovnaké:

APy = 0,4 APy

APy = 0,4 AP, (3.4)

Z toho pre odpor Ry = R, a prepocitany odpor rotora na

stator R, = R,, budu

0,4 APy
30y

Poznambka: Pre vicsie klietkové motory obycajne byva R, > R,,,

bude preto bliZsie k realite, ak prijmeme pracovnii hodnotu
R, = L1 Ry, ateda

04APN &, R_09504APN

lN 31 1IN

Ry =Ry = (3.5)

R, =R, =105———

5. Rozptylové reaktancie vinuti statora a rotora prepocitané na
stator sa urcia z odhadnutej hodnoty prudu nakratko
1, g (v spominanych priruckéach [2], [3], [13], pripadne kata-
l6goch asynchrénnych motorov je mozno pre motory podob-
ného vykonu a menovitej otacavej rychlosti s dostacujucou
presnostou najst hodnotu pomeru /,//,,. Pri predbeznom
odhade mozno uvazovat s hodnotou I,x/l;y = (5 + 7)

UIN

Nakolko [ 4= - (3.6)
VR, + Ry) + Ky + X))
bude
VU2, — P«R, + R
Xa- - Xo-l + Xg-21 — 1IN lK( 1 21) (37)

IIK

Pre predbezny navrh taktiez je prijatelné predpokladat, ze

Xy
Xo1 = Xoo1 = 7 (3.8)
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selected nominal values U,y and fj,. They can be found in
handbooks for projects and calculations of electric machines and
electric drives [2] [3] [13] or in the motor production plants
catalogues.

Determination of the next values can be made when we know
the values of above mentioned parameters:
1. The nominal motor current
Py

Iy=——2"— [AWVII] 3.1
3Uy -my - cosey

2. The motor losses
APy = Py(1 — my) (3.2)

3. The no-load loses = mechanical losses , losses in iron and
secondary losses: estimated as cca 20 % of total motor losses.

APy, = 0.2 AP, (3.3)

4. Losses in the stator and rotor winding are preliminary
determined at the same value, which is

APys = 0.4 APy
APyg = 0.4 APy, 3.4)
The resistance Rg = R, and R = R,, are

0.4 APy

R =Ry = (3.5)
3Ly

Note: for greater squirrel-cage induction motor is usually
R, > R,,, then the assumption R, = 1,1 R,, is more exact:
0.4 APN 0.4 APN
R =R, =105——— a Ry =R, =095——F-—
3[ 1IN lN

5. The stator and rotor windings leakage reactances converted
on the stator winding will be determined from the short-
circuit current /. (in handbooks [2],[3],[13] or in
catalogues of asynchronous motors is possible to find for the
motors with similar output and nominal rotating velocity the
rate value of 1, /I, 5). The rate value [, /I,y = (5 + 7) can be
assumed by preliminary calculation.

UlN

Because [z = > > (3.6)
VIR, + Ry)* + (X1 + X))
then
VUl — BR, + Ry)
X, =X, + X, = iv — iRy 21 G
[1[(
For preliminary design, it is acceptable to assume that
X(Y
Xo1 = Xopy = EX (3.8)
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prudu naprazdno [, k menovi-
tému prudu v zavislosti od
velkosti nominélneho vykonu Py
podla krivky uvedenej na obr. 3.1.
Pre 6-polové motory vychadzaju
hodnoty tohto pomeru prakticky
v celom uvedenom rozsahu
1,087-krat vyssie a pre 8-polové
motory 1,21-krat vysSie. Magnetizaény prud motora /,,, byva
od prudu naprazdno len nepatrne mensi (obvykle menej ako
0 2 %). Preto mozno hodnotu hlavnej reaktancie vypocitat zo
vztahu:

_ Ui Un(-g)

W= (3.10)
' [ 01N IOIN
kde je
U,; -indukované napitie v jedne;j faze statorového vinutia
£ - pomerny ubytok napitia na rozptylovej reaktancii

jednej fazy statorového vinutia.

Obvykle je moZno uvazovat s hodnotou &, = 0,02.
U ASM s nominalnou frekvenciou 50 Hz mozno tiez prud
naprazdno I0IN odhadnut podla vztahu:

Ioiy = (0,65 —0,9) I,y V1 — cos’gy

Pricom hornej medzi korekénej konstanty 0,9 zodpovedaju
prudy naprazdno motorov s vykonmi bliziacim sa k vykonom
cca 20 kW a dolnej medzi korekénej konStanty 0,65 prudy
naprazdno motorov s vykonmi bliZiacim sa cca 1000 kW.
Hladana hodnota vzajomnej induk¢nosti teda bude:

(3.11)

Obr. 3.1. Pomer hodnét pridu naprdzdno k hodnotam
menovitého priidu v zavislosti od menovitého vykonu
4-pélovych asynchronnych motorov
Fig. 3.1 Ratio of the value of no-load current by member
of nominal current independent on nominal the output
of 4-poles asynchronous motor.

for

z toho hence
L =] =Z2c X, (3.9) L =1 X, X, (3.9)
ol o021 2 w, 477_le . ol 021 2 w, 47Tf1N .

. Hlavnu reaktanciu motora X, 6. The main motor reactance
a jej zodpovedajucu hodnotu vza- 08 X, and its corresponding
jomnej indukénosti L, je mozno o value mutual inductance
uréit z odhadnutej hodnoty g L, can be determined from
prudu motora naprazdno. Hod- T estimated no-load current
nota prudu naprazdno I, pri 03 values. The value of no-
menovitom napéti U, a frekven- load current [y, by
cii f;y u asynchrénnych motorov s T nominal voltage U,y and
vo vykonovom rozmedzi od | frequency fiy is by
20 kW do 1000 kW sa pohybuje 015 asynchronous motors in the
v medziach [y = (0,3 + 0,22) power range from 20 kW to
Iy o 1000 kW within limits
Napr. lit. [3, str. 436] pre 4-polové © 2 5 10 20 % 100 200 500 1000 Ty = (0.3 +0.22) I}
motory udava pomerné hodnoty P W]

S—

The curve of the rate
Iy n/1y in dependence on
the nominal output value
Py according to [3] is
shown in Fig. 3.1.

This rate is for the 6-poles
motors 1.087-times higher and
8-poles motors 1.21-times higher. Magneziting current

I,,, value used to be rather lower than no-load current value
(usually about to 2 %). Hence the main reactance value can be cal-

culated:
U; UMl —e¢
= 1i — IN( 1) ( 310)
[ 01NV IO]N
where
U,;, -induced voltage in one stator winding phase,
& - relative voltage drop value on leakage reactance of one

stator winding phase.

Usually it is possible to consider the value & = 0.02.
The no-load current value can be estimated by asynchronous
motor with nominal frequency of 50 Hz according to relation.

Ioiy = (0.65 — 0.9) Iy V1 — cos’py

The value of 0,9 is given for the motor outputs about 20 kW
and value of 0,65 for outputs up to 1000 kW.
The value of the mutual inductance is:

(.11

L= (3.12)
X h :
L,=—"— (3.12) 27w
27fin
7. Takto sme ziskali vSetky pravdepodobné hodnoty pre nahradnu 7. Obtainment of all probable quantities values is necessary for
obvodovu schému jednej fazy projektovaného motora. Pre prehlad- the construction of the substitution diagram for the one phase
nost oznacenia a vyznam predpokladanych hodnét je uvazovana of the motor projected. The simplified substitution diagram is
zjednodusena nahradna obvodova schéma uvedena na obr. 3.2. shown in Fig. 3.2.
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Zaroven sme ziskali i hodnoty
potrebné pre zostavenie sys-
tému diferencialnych rovnic
(dynamicky matematicky mo-
del) pre vySetrenie dynamic-
kého chovania ind. motora

Ry, Ry, Lyys Looys Ly a teda aj
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Also, obtainment of the
values is necessary for con-
struction of the differential
equations system (dynamic
model motor) describing the
inductance motor dynamics -

Ry, Ry, Lyys Ly Ly, thus

Ly=L,+L, a

Ly =L, + Ly,

Obr. 3.2. Zjednodusend ndhradnd schéma jednej fizy ASM

L,=L,+L, and

Ly =L, + Ly

Fig. 3.2 Reduction equivalent diagram of one-phase ASM

. K uplnosti hodnot pre vySetrenie dynamického chovania

motora potrebujeme aspon orientacne stanovit jeho moment
zotrvacnosti. Tento je mozno stanovit porovnanim katalogo-
vych tudajov motorov rovnakych menovitych vykonov a rov-
nakych synchrénnych otacavych rychlosti.

Zodpovedajuci moment zotrvacnosti J navrhovaného induk-
¢ného motora je mozno tieZ dostatocne presne urcit z hodnoty
tzv. menovitého ¢asu rozbehu ind. motora 7 podla vztahu:

T..P

J=-L [kem? s, W, s'] (3.13)
w ms

kdeje P, -menovity vykon motora

w,,s - synchronna otacava rychlost hriadela motora

Lit. [3, s. 460] udava zavislost
uz realizovanych motorov
Siemens prepocitant na jeden
polovy par menovitého vyko-
nu. Spomenuta zavislost je
uvedena na obr. 3.3.

|

9.

Tymto mame vSetky potrebné

Determination of the motor moment of inertia. It is possible
to determine by comparison of similar motors in catalogues
(with the same nominal outputs and the same synchronous
rotating velocities).

The corresponding moment of inertia J of the inductive motor

projected is able to specify exactly enough with knowledge of

the nominal acceleration time induction motor value 7
T.P

_ Jj "N
J=—"5
(0]

[kgm?, s, W, s-'] (3.13)

ms
where
Py

1)

- nominal motor output,
- synchronous rotating speed of motor shaft.

ms

T

Literature [3, page 460] specifies
dependence J already realised
motors Siemens related on the
one pole pair-motor nominal
output (Fig. 3.3).

10. In this way, completion of all

hodnoty pre zostavenie zna- 05
meho dynamického matema-
tického modelu pravdepodob-

quantity values necessary for the
construction of well-known dynam-

R . . .
ic mathematical model of designed

4

AR

ného asynchronneho motora
napr. [7, s. 242 - 255]. Ide
o matematicky model trojfa-

Obr. 3.3. Menovité casy rozbehu T, asynchronnych motorov
s kotvou nakrdtko v zdvislosti od vykonu na polovy pdr
Fig. 3.3 Nominal time of start T; asynchronous motor with

asynchronous motor is accom-
plished (for example [7, pages 242-
255]. It is a mathematical model

zového symetrického asyn-
chronneho motora s kotvou
nakratko prepoCitany do dvojosovej sustavy «, [ pevne
spojeny so statorom. Tento model mdézZeme pouzit na zosta-
venie pocitacového simulacného modelu.

V sulade s konStatovanim v 7. odseku mozno pre rychle vySet-
rovanie stacionarnych stavov a charakteristik podla ziskanych
hodnét zostrojif zodpovedajuci kruhovy diagram. Z tohto
lahko uréime moment zvratu v motorickej oblasti pri nomi-
nalnej frekvencii. Mozeme tiez rychlo posudif, ¢i niektoré
parametre motora su nedostacujice alebo nejako neobvyklé.
Taktiez z tohto diagramu lahko posudime, o je treba pozme-
nif, aby parametre vyhovovali pozadovanym potrebam. Napr.
zmenSenim rozptylovych reaktancii vzrastie priemer kruznice

short-circuit armature independent on output to member of poles.

ja—

of the 3-phases symmetrical asyn-
chronous squirrel cage motor
converted into the 2-axial system «, B connected with
a stator. This model will be used for the simulation model
construction.

. It is possible (as to section 7) to construct the corresponding

circle diagram which enables the quick check of the stationary
motor states and characteristics. So it can be easy to deter-
mine the breakdown torque in motor-operating area by the
nominal frequency. It can also be quickly evaluated from the
circle diagram whether some parameters of the motor are
deficient or infrequent. These parameters can be changed for
more satisfying motor design.
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prudov pri jednotlivych sklzoch a vzrastie napr. hodnota
momentu zvratu vo¢i momentu menovitému a pod.

4. Navrh parametrov asynchronnych motorov trakénych
vozidiel a vySetrenie pravdepodobnych trakcnych
charakteristik

V predoslej Casti bol popisany pristup k navrhu pohonu trak-
¢ného vozidla a k navrhu typového vykonu a hlavnych parametrov
asynchronneho trakéného motora. Pre takyto predpokladany motor
bola navrhnuta metodika uréenia jeho pravdepodobnych mechanic-
kych a elektrickych parametrov, ktoré mozno vyuzit pre popis jeho
chovania v dynamickom, resp. v stacionarnom pracovnom rezime.

Pre rozne ucely vySetrenia vlastnosti vozidla v stacionarnom
rezime prevadzky je pochopitelne potrebné poznat sposob a para-
metre mechanického prenosu vykonu trakénych motorov na
hnacie osi a mechanické a elektromechanické charakteristiky
trakéného motora. Nakolko sa jedna o spojite riaditelny el.
pohon, pojde tu najmé o znalost medznej mechanickej charakte-
ristiky motora v rozsahu riadenia, pripadne celej siete mechanic-
kych alebo elektromechanickych charakteristik. Zrejme je tiez
potrebné stanovit rotorové a statorové pridy motora pri danej
jazdnej rychlosti a faznej sile diktovanej odporovou jazdnou cha-
rakteristikou vozidla. Pri rieSeni tychto uloh mozno vychadzat
z navrhnutych pravdepodobnych parametrov asynchronneho
trakéného motora a zo vSeobecne znameho vztahu pre moment
v zavislosti na sklze:

3pRy U %
M= -~ . e ; 4.1)
r (Rl + T) + Xoy + Xoo1)

kde je

w; — W
s=— . relativny sklz rotora za rychlosfou otacavého pola

@y

w, = 2mf; - elektricka synchronna rychlost
f - frekvencia statorového napétia
w - elektricka uhlova rychlost rotora

- elektricka uhlova rychlost sklzu rotora za el.
uhlovou rychlostou otacavého pola

D - poCet polovych parov stroja

w,, = w/p - skutoc¢na (mechanicka) otacava rychlost rotora

W, =W — o

Zavedenim zavislosti momentu stroja v rovnici (4.1) od frek-
vencie statorového napitia f; a el. uhlovej rychlosti rotora w dosta-
neme vztah:

3pR, U 27fy — w)

4. Estimation of probable traction effort/speed
characteristics of the vehicle with ASM

The previous part of this contribution describes a method
showing how to determine or to estimate the main mechanical
and electrical induction traction motor parameters which enable
the creation of both the steady state and dynamical models of the
motor. These models create the possibility to simulate the
induction traction motor behaviour in service.

The knowledge of mechanical and electromechanical motor
characteristics together with the knowledge of the mechanical
transmission motor-to-driven axle parameters makes it possible
to determine the traction vehicle qualities and characteristics in
static mode. The inverterfed motor has the stepless output
control and thus there exists an endless number of its mechani-
cal and electric-mechanical characteristics (characteristics
network).

Next, values of the stator and rotor currents corresponding
with traction vehicle traction effort/speed characteristics ought to
be calculated. The above determined induction motor parameters
make it possible to solve this task by using the well-known
equation for torque:

3pR U3
M= — (1)
;.8 21 2
R, + -~ + (X, + Xy01)
where
W~ w . . L
s =——— -relative rotor slip (related to rotating field speed)
W
w, =27f; - electric synchronous angular speed
A - stator voltage frequency
1) - rotor electric angular speed

- slip electric angular speed related to electric
angular speed of rotating field

J/ - number of motor poles actual (mechanical)
w,, = olp - speed of rotor rotation

W, =0~

Using the dependence of the motor torque on the stator
voltage frequency f; and the rotor electric angular speed w in
equation (4.1) is:

M=
[R,Q27f; = @) + Ry 27/’ + [27f; (Lo + Loy) Q7fy — @)

V pripade ak moment vyjadrime v zavislosti od f; a sklzovej
uhlovej rychlosti w, dostaneme:

(4.2)

For the torque depending on f; and the slip angular speed w,:
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M= 5 > 212
[Ry 0" + Ry 27fi)” + [27f) (Lyy + Lyay) @7]

Pre prepocitant hodnotu rotorového pridu /,, v zavislosti od
/1 a o, resp. f; a w, dostaneme:

(4.3)

For calculated rotor current value /,; depending on f; and w,
or f; and w, respectively is:

121

_ U Qnf, — w) (4.4)
VIR, @t — @) + Ry 27/, + 271, (Lys + Lopy) Q7fs — @) '
I S (4.5)

Upravou znamych rovnic pre sklz zvratu a moment zvratu
s vyjadrenim zavislosti od statorovej frekvencie f; dostavame
vztahy:

VIR, 0, + Ry 27fi > + 27/, (Lyy + o)) 03]

Adapting the known equations for breakdown slip and
breakdown torque with expression of dependence on the stator
frequency f; is:

Ry Ry
5, ==* (4.6) S, == (4.6)
VR + QfP(Lgr + Lo VR + Qaf) Loy + Lo
3pU; 3pUL
M, = i @n | M= = 1)
4mf, {Rl = VE+ Q)L + LUZI)Z] 4, [Rl = VR + Qrf) L + Lﬁl)z}
pri¢om platia vztahy: Following relations are valid:
Sin =£1(1 = s,,) - frekvencia zvratu iz = fi(1 — s.,) - breakdown frequency
., = 27f,,, - elektrickd uhlova rychlost zvratu ., = 2mf,,, - electric angular breakdown speed
Jozy =115 - sklzova frekvencia zvratu Jom =115z - slip breakdown frequency
,., = 2mf,., - elektrickd uhlova rychlost sklzu zvratu (4.8) | w,., = 2mf,., - slip electric angular breakdown speed  (4.8)
a dalej tiez priblizne plati: and it is also approximately valid:
M M
Ly = | 2 4.9) Ly = | —2 (4.9)
3pRy 3pR,,
U, U, Ui U
Iy=—F=—"T— (4.10) Iy=—="—"7"— (4.10)
X, 2wfiL, X, 2wfiL,
kde 1, je magnetizacny prud jednej fazy vinutia statora where I, is the magnetizing current for one phasis of stator
winding, and then
L=V + 1 411 L=V +1 (4.11)
KOMUNIKACIE / COMMUNICATIONS 1/99 o 27



[OVINIKOCIE

C O MMUNICATION:S

Explicitnym vyjadrenim veli€iny w, z rovnice (3) dostdvame

vztah:

3pU? 9°U%  24mpR,U?
Ry, D 1_47TR1fli\/p 1 £ATPRy /i

For w, from equation (3) is explicitly:

MZ

— 42 Ly

- L(er)z

@25

pomocou ktorého pri danych hodnotach U, f; a M mdzZeme urcit
zodpovedajtcu elektricku sklzovii uhlova rychlost w, a teda tiez
i mechanicku sklzovu rychlost rotora oproti mechanickej synch-

ronnej rychlosti daného ASM.

(Pozndamka: PouZitelny vysle-
dok zo vztahu (4. 12) ddva len koren
w, s minusom pred odmocninou)

Vztahy (4.6), (4.7) a (4.8)
mozno vyuZit na vysetrenie prie-
behu medznej mechanickej cha-
rakteristiky ASM pri frekvenénom
riadeni pri zvolenej zavislosti
zmeny statorového napdtia U, na
napdjacej frekvencii f; tak, ako je
zrejmé z prikladov znazornenych
na obr. 4.1.

Vyssie uvedené vzfahy boli
pouZité pri vypocte siete trakénych
charakteristik (so Styrmi 4-polo-
vymi ASM, s trvalym menovitym
vykonom 134 kW kazdého jednot-
livého motora). Siete charakteris-
tik su uvedené na obr. 4.3 vratane
uvaZovanej riadiacej charakteris-
tiky U, = ¢ (/)

Zaver

RieSenu problematiku navrhu
trvalého vykonu el. trakéného
vozidla s ASM bude potrebné este
doplnit Statistickym prehladom
trvalych vykonov uz realizovanych
vozidiel ako aj prehladom elektric-
kych a rozmerovych parametrov
pouzitych asynchronnych motorov.

Metodiku navrhu el. paramet-
rov a konstant asynchronnych
trakénych motorov by bolo vhodné
v budicnosti doplnit alternativ-
nym postupom vychadzajicim
z pozadovaného sklzu motora pri
typovom vykone. Dalej tiez bude

2[Rf + (27Tf1)2(La-l + Lo'21)2]

—E
— G

Uy= "7 ()
U= 7 [4)
sz=(‘-"n.[f|]
Mas g (h

— H

— fl

Obr. 4.1. Priklad priebehu vysetrenych medznych mechanickych
charakteristik w, a w, pre rozne priebehy riadenia
statorového napdtia ¢, a @,

Fig. 4.1 Asynchronous motor limiting mechanical characteristics
W, and w, for two different methods of stator voltage
control ¢, and @,

MU U= Ga
Mam gD
r'r__.-a"‘_‘ i
/"_—’ |‘l'd—
n‘f ‘l
L / My f; Moz Mot
/ ./ ‘II [
' ! )
) II
Sy :
.7“\;5__ N
\ f\ n
':!le ‘\I \ . Ve
0 f11 flz fiz fu —
—

Obr. 4.2. Siet mechanickych charakteristik ASM pre rézne
statorové frekvencie f, az f, pri priebehu statorového
napdtia U, = ¢ (f;)

Fig. 4.2 Net of asynchronous motor mechanical characteristics
for different stator frequenciess f,, - f,4 and the stator voltage
shape U, = ¢ (f,).

(4.12)

We can determine the slip electrical angular speed w, and the
rotor mechanical slip speed related to the ASM synchronous
mechanical speed when U, f; and M is given.

(Note: Only the root w, with
minus before the square root sign in
equation (4.12) is valid)

The relations (4.6), (4.7) and
(4.8) can be utilized for
computing of asynchronous motor
limiting mechanical characteristics
by frequency control and by given
dependence on control of the
stator voltage U, and the stator
frequency f;. One example is
shown in Fig. 4.1.

The relations mentioned
above were used by computing
diesel-electric traction vehicle
traction characteristics net (with
four 4-poles ASM, continuous
rated output 134 kW each) shown
in Fig. 4.3 as well as dependence
U, = ¢ (f;) proposed.

Conclusions

This project of continuous
output value of the electric
traction vehicle with asynchronous
motors should be completed with
a statistic review of continuous
power values of already realized
vehicles as well as with overview of
electric and size parameters of
asynchronous motors used in
traction vehicles.

Another variant of the
traction motor project can be
based on the calculation of the
demanded motor slip at the
nominal motor output point.
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potrebné ju doplnit vhodnym kon-
krétnym prikladom.
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The method ought to be

Us T completed with an example of the

Popisana metodika vypoétu a5 I
pravdepodobnych charakteristik je IR
odvodena zo zjednoduSeného sta- ]
cionarneho matematického mode-

Iu ASM. Napriek tomu v oblasti 400 1

10 - 100 % maximalnej pracovnej

Fa.f1a

=

Fs f15

calculation.

The described method of cal-
culations of probable characteris-
tics ASM and the traction vehicle
with ASM is based on the simpli-
fied static mathematics model of

frekvencie rozdiely oproti skutoc-
nym hodnotam zodpovedajucich
charakteristik chyby nepresiahnu

an asynchronous motor. The
accuracy of this model is well
within the range of 10 % and

5-10 %. V oblasti nizSich pracov- 50

—f Hz 100 % of maximum working fre-

nych frekvencii je v podstate
mozné percentualne rozdiely
udrzaf na nizkych hodnotach, ak
sa v zavislosti statorového napétia
od frekvencie zohladnia ubytky na
¢innych odporoch a rozptylovych
reaktanciach. Je to mozZné ak sa
vychadza zo stacionarneho mate-
matického mode-lu nezjednoduse-
ného, ¢o je mozno najst v [14] na
str. 3.17. Tu je zrejmé, Ze riadiaci
priebeh U, = f(f,) pri dodrZani konStantného toku statora ¢, zavisi
i od elektrickej sklzovej pracovnej uhlovej rychlosti w,. Potom pre
riadiacu charakteristiku U; = ¢ (w,, w,) dostdvame vztah

Obr. 4.3. Siet trakénych charakteristik vozidla pri réznych
statorovych frekvencidch a priebeh pridu statora I, pr
pri konstantnom trakénom vykone.

Fig. 4.3 The net of traction characteristics (traction effort/speed)
by different ASM stator frequencies and dependence of stator
current I, pr = f(V) calculated according (2.12), (2.5), (2.10)

at the constant traction output Py for diesel-electric traction
vehicle.

TVl quency and compared with real

ASM characteristic is better then
10 %. It is possible to also use this
method in the area of lower fre-
quencies when the resistance
voltage drops and leakage induc-
tance voltage drops are taken into
account. Then the nonsimplified
ASM static model should be
used, see page 3.17 in [14]. Here
it is evident that the control of
U,= f(f;) by the constant stator flux i, depends on the slip elec-
tric working angular speed w, as well. For the control characte-
ristic U; = ¢ (0, w,):

U, =

7 Vie+ PAT + (0,03 T, — P,y + 0w, Ty + o, T)

o7,

kde
Y, je celkovy magneticky tok statora, za ktory moZeme dosadit
stalu hodnotu

o = LIy

o je celkovy Cinitel rozptylu dany vztahom
L;

LyLy

su elektrické casové konstanty vinuti statora a rotora,
ktoré ur¢ime pomocou vztahov

o=1-—

T,. T,

w; je elektrickd synchrénna rychlost to¢ivého pola plynuca zo
vztahu
w, =27f;

w, je elektricka sklzova rychlost rotora plynica zo vztahu

w, = 2mf,
kde za f, mozno dosadit frekvenciu pridu rotora f,, vznikajicu
pri zatazeni ASM menovitym momentom pri U, y a fiy t. j.

D Wpyn

sz_le_ 2

(4.13)

1+ (0w, Ty)?

where
Y, is the whole stator magnetic flux. We can appoint the con-
stant value:

P10 = L Loy

o s the leakage factor:
L;

LyLy

are the electrical time constant of both rotor and stator
windings:

o=1-—

T,. T,

w; is the electric synchronous angular speed
w, = 2mf

w, is the electric angular slip speed related to the electric angular
speed of rotating field:

w, =2mf,
where f, can be calculated as the slip breakdown frequency f,y by
the nominal torque load asynchronous motors by nominal U, y a f .

D Wpn

sz—le_ 2o
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Vyhodou prezentovanej metodiky je, Ze dovoluje zhodnotif
vlastnosti projektovaného trak¢ného pohonu a v pripade ich
nevhodnosti umoznuje projektované parametre vcas upravit.
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This method enables to check the qualities of the traction

drive project. The projected parameters can be then modified or
changed.
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