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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 pridov a napdti, momentu a charakteristika
T = flw), z ktorej je mozné ziskat trakcnii charakteristiku. Uvedené
su aj priebehy strdt a iicinnosti. 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 meni¢ov a novych polovodi¢ovych Struk-
tar 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 rozs§irovanie 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 pouZzitie vysoko vykonovych pohonov s IM,
ku ktorym patri aj elektricka trakcia. To umoznil az v poslednej
dobe rozvoj mikropocéita¢ov a polovodi¢ovych §truktur s vysokym
zavernym napétim a priepustnym priadom. Tym zacali pohony s IM
vazne konkurovatf 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, nenaroCna udrzba (nie je tam komutator, ktory
pri jednosmernych strojoch predstavuje najhlavnejSiu Cast pri
udrzbe), vysoky hmotny vykon, pri su¢asnom zvazeni, Ze vyrobné
naklady striedaca su vyssie ako vyrobné naklady impulzného
menic¢a. 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 zvySujui 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 si priamo merané, ale su vypocCitavané z modelu stroja na
zaklade meranych veli¢in ako su prudy, napitia a otacky.

Rozvoj vykonovej elektroniky spustil aj vyvoj pohonov, ktoré
sa oznacuju ako ,moderné®, aj ked akéné Cleny v tychto pohonoch
vyuzivaju principy objavené uz v 19. storoc¢i. 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 voci IM
hlavne jednoduchSou konstrukciou a teda aj jednoduchsSou a lac-
nejSou sériovou vyrobou, vysSou robustnostou, mensimi narokmi
na udrzbu. Menig, 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 (T = f(n)), hoci je napajany z menica, sa vel mi
podoba trakénej charakteristike. Preto aj z tohoto dévodu sa stava
vaznym konkurentom ostatnym, doteraz pouZivanym motorom
v elektrickej trakcii. Na druhej strane je potrebné spomenut 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 pdl, t. j. vyjadreny vystupok statora na vnutornom
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
mozu 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 7 a napatia u v zavislosti od ¢asu i,u = f{(t) a charakte-
ristika T'= 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, pricom 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 trojfizového 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{0,i) v zavislosti od vel'kosti
prudu i a polohy rotora ®. Nahradna schéma jednej fazy je na
obr. 2, ktora pozostava z odporu vinutia fazy R, fazovej indukc-
nosti L a indukovaného napdtia u;. Dolezitym rozdielom oproti
nahradnym schémam ostatnych motorov je ten, ze indukénost
L sa meni s velkostou pridu a polohou rotora L = f(0,i), to
znamena, Ze je zavisla od dvoch premennych. Vzajomna induk¢-
nost medzi fazami je vel' mi 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 hodndt spriahnutého toku vysSetrovaného
motora vidime na obr. 3. Hodnoty toku su 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 = {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{0,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{®,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 indukénosti 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:()

‘1’ e=const.

Obr. 2. Ndahradnd 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-
tuji dva bezné pristupy:

1. Jednotlivé hodnoty indukénosti

(namerané, alebo vypocCitané) su  #i

zadané tabul'kovo pouZitim line-  #£3% .

arnej, kubickej alebo kubicko- #

splinovej interpolacie medzi

jednotlivymi hodnotami. B
2. Nazéklade tabulkovych hodnot ;.

je urobena analyticka aproxima-

cia vyjadrena spojitou funkciou.

Tato metéda nemusi byt celkom 1E

presna, pretoze sa velmi fazko .

hlada analyticka funkcia, ktora

by presne zodpovedala namera- LY

nym alebo vypocitanym tabul'ko-

vym hodnotam. Ale je potrebné

vziat do uvahy, Ze tato metoda

je ovela rychlejsia [2].

3. Matematicky model SRM

V predchadzajicej kapitole sme uviedli nahradnu schému
SRM pre jednu fazu, ktori moZeme popisat rovnicou pre okam-
Zitt hodnotu napatia:

dy(i,0) dy(i,0)
=Rit+——=ug+—— 1
T Ty TR T Ty M
kde u - je svorkové napitie a uy je ubytok napétia 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(0,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.

W
[Wb] o
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0.294 T s 50
0.220 10°
0.147 150
0.073 —-22.5°
nalign éd
Nestiosové poloha
0
. . 9.6 12
2.4 4.8 7.2 I[A]

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
find the analytical function,
ER which exactly corresponds
with a table’s values (measu-
red or calculated). But take
into account that this method
is quicker [2].

Al praed
poten 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:

o dy(i,0) dy(i,0)
lt:R/l+T:uR+T (1)
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 ota¢ania a spdsobu ria-
denia. Preto je spriahnuty tok funkciou dvoch premennych: fazo-
vého prudu a polohy rotora a jeho Casova derivacia mozZe byt
vyjadrena nasledovne:

dp(i,®) 0y di 0dyY 00 0i 0y
@ oo T eea 9% e @
kde @ - 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 mo6Zeme napisat:
W) _ L(i,0) a + iwﬂ =u;, +u, 4)
dr dr de !

Prva ¢ast vztahu u, predstavuje induktivny ubytok napétia na
indukénosti a druha Cast vztahu predstavuje indukované napatie,

ktoré je umerné velkosti prudu, uhlovej rychlosti @ a pomeru
zmeny induk¢nosti od polohy rotora.

1000 T T T T T T T T T

voltage

0 0002 0004 0006 0008 001 0012 0014 00i6 00i8 002

phase current

T L 1 L L '

1 L 1 s
0 0002 0004 0006 OO0CE 001 0012 00i4 0016 00i8 002

04 T T T T T T T T T ]

flux - linkage
4] -

. . s ,{ms]
0012 0014 0016 0.018 0.02

L L 1
0006 0008 001

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

1 1
0 0.002 0004

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:

dy(i,0)  0y0i 000 0y
a oior aear ®) taee O
where @ - is angular speed of rotor.

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:
dtﬂ(i,@)_L.@ a’z+. dL N A

e (i, )dt lwd@—uL 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 A L . A L . .
0 05 1 15 2 25 3 35 4 45 5
40 T T T T T T T T — 7
“l f\ - ﬁ\
current
0
0 4 4 5t[ms]s
04
o2f flux
linkage
0
0 4 4 st[mﬁl 5

b) n = 3000 minﬂ
b) n =3000 rpm

Obr. 5 Simulované priebehy napdtia, 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 napétovych rovnic. Pre jednu fazu ma napéatova
rovnica nasledovny tvar:

ay
=Ri+— R+
u=Ri i [/

Ak zanedbame vzajomné indukCnosti, tak potom moZeme
vyjadrit vyvijany elektromagneticky moment nasledovne:

dL(i,®) 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:

diy
=Ri+—=|R+
U= Ryi d [ s

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

dL(i,®) dO
de dr

} LG, @) — "

O = dL(zG)) 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
L, =Ti=J—" @)
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 induk¢nosti, 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 pridu, napéatia a spriahnutého toku
pre niZsie rychlosti (obr. 5a) n = 500 min~ ' a pre vys§ie rychlosti
(obr. 5b) n = 3000 min~ !, ked zatazovy moment bol rovny meno-
vitému momentu 11,8 Nm. Na obr.6 mdzZeme 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, napéti a ostatnych veli¢in pri vysSich a nizZSich rychlos-
tiach je urobena v [7].

4. Straty a ucinnost SRM

Ako sme uviedli v uvode, pri vybere trakéného pohonu je
potrebné mat na zreteli jeho ucinnost a s fnou suvisiace straty. Vo
vSeobecnosti sa v elektrickych motoroch uvazuje o styroch druhoch

T, T,=J do 7
in 1 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:

0 = [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 pradu
klesne, tym klesnu aj straty vo vinuti. Straty v Zeleze narastali so
zvySujicimi sa otaCkami, pretoZe narasta aj ¢asova 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
APV 55

300 //

250 A —— AP [W]

200 ——4= + —a— AP, [W]

150 // >< —— AP, [W)

100 / /

50 M

0 T T T T

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 prud budeme udrziavat na konstantnej hodnote
vhodnym druhom regulatora. Tuto regulaciu je mozné robif iba
v uritom 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 @, a vypnutia @ (obr. 6a).

Uhol vodivosti @, = O, — O, ma konstantnu 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 zvac¢Senim uhlu
vodivosti O . Vyvijany moment klesa, pretoZe sa zniZuje hodnota
fazového prudu [7].

Ak budeme zvysovat rychlost motora otackovym regulatorom
pri menovitom napéti 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 iicinnosti 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 ziskal
charakteristiku 7 = f(n) ana-

Chopping,
current - limited

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

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

Natural
O = fixed

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 napifové rovnice pre kazdu fazu (5), blok T.E. pred-
stavuje momentova rovnica (6) a treti blok predstavuje otackovu
rovnicu (7) a z vypoctového bloku skuto¢nej polohy rotora. Ako
je vidiet z obr. 9, do PID regulatora vstupuje rozdiel Ziadanych
a skutoénych otacok e,,. Vystup z PID regulatora je Ziadana hod-
nota prudu. V menici sa porovnava skutocna 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 sumernom 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 pdlovému 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+3)® ©
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 i1
+ o) ®
€n Lreq u; i2 Te 1
PID |—P|CONVERTER V.E. » TE. RE.(qf» — |—
. S
us 13
WOger ]
® 1] 12$3
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-
tazovy moment bol menovity. 20

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
15°, and the load torque was rated

Otacky vySetrovaného SRM boli

one. The converter has limited the

obmedzené menicom, a preto sa 7 [Nm]15

pri merani nedali zvysit na také

10 .’H_-__-\.\.‘

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

—e— 15° simulated

—m— 22.5° simulated

otacky, aké boli pouzité v simu-

~N

rease them in the values used in simu-

—a— 15° measured

lacii. Ako mozeme 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 7 = f(w) sa podoba na
Y flw) 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 uvazovanim 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 n [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 otacania [min '] 1500 - 3000 1500 - 3000 Speed [RPM] 1500 - 3000 1500 - 3000
Magnetiza¢ny priad (1500 RPM) 13.1A 8.0 A Magnetising current (RMS) 13.1A 8.0A
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 53 kg
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 zotrvaénosti 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 265/55 W
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%
Utinnost meni¢a 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 s 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 Casové priebehy pridov 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 rozne 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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