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ABSTRACT

" A certain degree of unbalance in the voltages is always expected at the
.consumers end due to the non-uniform distribution of single-phase
loads. This will lead to violation of linear output-input relationship of
reluctance motors.

In this paper, an effort has been made to highlight the adverse effect of
the unbalanced voltages on the performance of 3-phase reluctance
motor. The scope of this paper is to provide a 3-element static
balancer, one for each phase , Which-enablés a 3-phase reluctance.
motor to operate satisfactorily from unbalanced supply .

In order to evaluate the proposed technique, the resulting non-linear
differential equations describing the whole system (feeder, balancer
and motor) are solved numerically using the Runge-Kutta method of
numerical integration. Also, a series of test results are presented to
confirm the validity of the theoretical prediction .

LIST OF MAIN SYMBOLS :

C = balancer capacitance

f . =frequency

J = moment of inertia » )
Lgylp = stator and rotor d-axis self inductance
Ly, Lo = stator and rotor g-axis self inductance
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L¢ = feeder inductance

Map = mutual coupling coefficient for d-axis

Mao = mutual coupling coefficient for g-axis

N = speed

p,P = number of pair poles , operator (-5—1-)
t

Ry = stator resistance

Rp,Rg =Rotor D & Q axis resistance

R¢ = feeder resistance

T, = electromagnetic torque

Ty, - . =load torque

0 = elect.angle between stator and rotor

0 - = angular velocity (rad./sec.)
Suffixes a, b and c denote phases a, b and ¢
Suffixes ~ d, qdenote stator d and q axis
Suffixes D, Q denote rotor d and q axis
Suffixes 8 , m source and motor respectively
INTRODUCTION

Operation of polyphase reluctance motors from an unbalanced voltages
may lead to decrease torque, excessive heating, poor efficiency and
unbalanced line currents [1-5] . The adverse effect of this unbalance
phenomenon on the performance of a reluctance motor, which is quite
commonly used nowadays, is not realised at all.

To compensate unbalanced voltages, a predetermined shunt capacuor
banks, for each phase, is suggisted and analytical expressmn is derived
to predict the value of the balancer capacitance in terms of machine
impedance parameters.

This paper presents a new techmque for predicting the behaviour of 3-
phase reluctance motors operated from unbalanced supply voltages,
using the d-q axis model. The method is shown to be a very powerful
tool in comparison with the method of symmetrical components. It is
shown that the present model is very convenient for digital simulation.
Moreover, experimental results are provided in order to demonstrate
the validity of the proposed technique.
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THEORETICAL BASES :

The system under consideration consists of a 3-phase reluctane motor
fed from unbalanced 3-phase supply through a feeder, and a static
balancer elements , one for each phase, as shown in Fig.(1). The motor
ratings are given in table (1) , while the motor parameters and
balancer capactiances are shown in table(2) .

For any degree of unbalanced voltages , the machine input impedance
per phase is determined . Next, the static balancer capacitance for each
phase is calculated from :

= L q
wc = ZiSm(DL\

where z; = motor input impedance / phase
@y = motor phase angle

The simulation model is adapted to predict the balancer capacitance-for
any unbalanced degree. The unbalance in supply voltages are taken
such that , the voltage of phase (a) is taken as the rated value, while 10
per cent reduction are presented for phases b & ¢ . The feeder
impedance is taken about 10% of the motor impedance at full- load (R¢
=4Q ,Lf=0.07H). -

MATHEMATICAL MODEL

A detaild description of the main equations [6] which lead to the
simulation are given in the Appindix . Assumptions and idealizations
made about reluctance machines are as follows : :

1) linear magnetic circuit .

2) identical stator windings .

3) space harmonics are neglicted .

To avoid inversion of the machine inductance matrix for reducing the
computation time , equation (A-1) is arranged in a state form as given
below :
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where: - Ky=LjLp-M?sp

Ky =LgLo- M0

Withoﬁt Static Balancers The unbalanced d-q axis voltages are
given by : -

vg= vgs - Reigs - Le Pigs + LB ig - ‘ (2)
Vc| = Vqs - Rf iqs - Lf Piqs - Lfé id ' (3)
where vgs and v are the supply d & q axes voltages,

ige and iq are the supply d & q axes currents .

The axis variables may related to the phase variables by :.

_ 1 1 1 -]
v 7z Tz Iz Va
d
[v s} = J3|Cos8  Cos(e-2L) Cos(8 + Z1) || V| (4)
s |
|sime sine-3h Sin(e+ZhH]He
Va
=[G]| Vy,
v
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where G is the transformation matrix
The supply voltages are given by :

v, =V, Sin (o) W
» 2, | '
v, =V, Sin (ot -~ 57)} (5)
v, =V, Sin (ot -39
With Static Balancers :The machine voltages may be evaluated‘
from :
PV, =_C1_a(isa' i) 6)
1 . .
Pv mb = 'E—; @ sb lmb) (7)
Prme =g (= ind @)
The d and q axes supply surrents are calculated from :
Pids =(vds-vd-Ri )/L—Gi (9)
Pig =(vgs—Vq~Rygd/ L~ -0i, 1 (10)
‘where :
: isa-
i
ds
.| = [Gl|1y
igs| g .i;
A L]
i e Tma-..
. imc__

The above equations are used for constructing the computer program .
The simulation results are reported for tran51ent and steady state

condition .
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EXPERIMENTAL VERIFICATION

In order to verify the validity of the simulation results , a series of
tests are carried out on an available laboratory 3-phase reluctance
motor , having the following ratings :

TABEL (1) : MOTOR DATA

rated voltage, V 220 /380
rated current, A 19/1.1
rated power, W 300
rated speed  1pm 1500
frequency H 50

The balancer capacitances are determined for a certain value of load
torque and used with the simulation as well as experimental results.
Table (2) contains the motor parameters and balancer capacitance
values .

TABLE (2) MOTOR PARAMETERS

Ra Xd Xa | de Xma XD XQ
27 258 102 236 . 80 337 190
Rp Rg p J G G G
78.3 89 2 0.00092 6.6 10.6 2.8

~ All resistances and reactances in ohms , J in kg.m2 and Cin uF .

SIMULATION AND TEST RESULTS

In order to obtain the motor behaviour either in transient or running
condition, the forgoing developed differential equations were solved
numerically using a digital computer and the Runge-Kutta numerical
integration technique . Simulated and experimental results for the
system with and without static balancers have been made and
compared. Unless otherwise stated in what follows, the unbalances are
performed: such that , the voltage of phases b , ¢ are reduced by :about
10% from its rated values , while the voltage of phase (a) is left
without any changing . :

Results and Observations

Without static balancers, the starting behaviour can be summarised as
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follows; Figures (2,3) show the computed and experimental variation !
of motor phase currents and speed with time . It may be observed that’
the 10 per cent unbalances in line voltages cause much larger:
unbalance in line currents (Fig. 2). It is well known that the

unbalanced currents produce an unbalanced spatial distribution of

heating in the stator, and this increasingly injurious to successful motor

operation . Fig.(3) illustrates that unstable operation prevail in which

the machine is not able to synchronise at all .

With staic balancers, similar starting behaviour are recorded in
Figures (4,5). Fig. (4) shows the variation of motor current with time.
Comparison between Fig. 4 and 2, reveals that the unbalance degree in
motor phase currents are impvoved, and smooth motor currents are
prevail. Correcting the unbalanced current assess in creating better
circular rotating field and in turh increasing the motor developed
torque as illustrated from the speed trace of Fig. (5) .

Finally, the predicted and experimental steady state performance of
motor voltages and currents are illustrated in Figures (6,7) ,-
respectively. The effect of employing phase balancers on increasing -
and balancing motor voltages and reducing the supply current are
evidently observable from these Figures. .

CONCLUSIONS

Three element capacitive balancers provide an alternative means for
balanced operation of a 3-phase synchronous reluctance motor from
unbalanced supply. Analytical expressions have been derived to predict
the values of the balancer elements in terms of machine impedance
parameters .

The paper has presented a mathematical model for predicting ‘the
machine behaviour .when operated from unbalanced supply. The
proposed technique has its outstanding advantages of simplicity,
accuracy and flexibility in comparison to other techniques. The
validity of the proposed method has been verified by the close
agreement between simulated and experimental results .. -

The study has skimmed the surface of a common problem, but it
sshould be emphasised that , the static balancer elements have to be
varied with the degree.of unbalance. This can be achieved by using
switched capacitor technique . ' | ) -
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APPENDIX 7

The transformed-voltage »;equatibns are given by [6] .

v,] |[Ra*PLy -Lgp  PM,, -M,H i
Vo | | L0 R,+PL, M, 6  PM,, iq (A—ii‘
Yp| | BM,p O Ry+PL, O 'p
| i
Yol | © PM,, 0 R +PLg [ o]

Electromagnetic torque in the transformed system is given by

To=2p (Lgig + Map ip) ig - (Lq i + MaqiQ) i) - (A2)
The mechanical equation is given by :

Po, =f(T,-T) . (A-3)

where @, =P, (A-4)
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Supply Voltages

Fig.(1)

Relutance -

motor with capacitive balancers .
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Fig.(6) : Simulated and Experimental results of motor voltages

Phase (a)
""""""" Phase (b) X X X Experimental -
_____ Phase (c¢)
.55 1
1.10 3 5
1.00 0,50 g /
©.20 ) L:“o.45 -: -
Loso go.w 3 /
@ 3 .
£070 i’o.zs 3 /
Q * 2 3
b0.00 2\...__’.':_—--"“""_ %0.30 3 <
L 025 3 e
E T /
. 0.40 g0 3 xen s
m m - : ** \\
=030 3 - AL _ .
Y X, % 3 %~ X
0.20 A LR X 3010 J % - .
a.10 : T 0.05 3
X P BASARAREAEEE R RN NN SN 0.00 FrrrrrrTTT T T TR YT T T T TR T T YT YT T T
0.00 oo 02 04 08 0B 10 12 1.4 00 02 D4 08 08 1.:[ M1 1.4
Load Torque (N.W.) Load Torque (N.M.
(i) Without balancers. (ii) With balancers.

Fig.(7) : Simulated and Experimental results of supply currents.

- 273 -



ML\-‘-&J‘ dasloadt uIS).» ‘L}T ‘5_\: O )_,_,_J[ \ ‘!? It ),\SL 1"

15 e -
"oa gl Al wia

=y - Qe )_.»: A—kﬁ—qul d‘)__l'.'j K A_é.?." U,_S.. OT K{ PN oo

Bmy — Sl aSsdl aagd o Jbod pditiall ol pae JI n

d A‘.t‘!Ll_Ln.“ dssladl @Byoed Jsally g3l dodle doliiul a—udy a”..u
v ol Gty olgadl ooy L) A ols P_.aﬁ Ly Lo

a.___gul |,| P..\_.:"_rk ctanll & b a_sJ,.b sl lia p..s_._s"u

_5w1 )ﬁumJJ d—taaall 4,.J=.>)UI a,,.Lols..Jl eYoleadl J> o5 ads o 4__,,&,.u
e da o0 ol ablaadl GlEESE @3 085 ¢ (et - SELI G5l
I ol sl e by el @liall al¥ay (Sobindl ol
ol g wloys oe oy G Aol KSR ol A ol
S —) 1 PSS |

ool dploeall dyyoidl Loy @5 4 dp bl wllosdl dse L3,
Boode )l 8 o mgy lEidly fadl o te dplasadl pSbull @il oL til)
ot tsall joe pstill sl a8y oAbl ddasall pstull o.;
il OJQI q...S, =SB lgedl pla il pae die adedl 2o Geldl
Oye g e o G——wf djgmcy Bymadl Jmitsy dpallall dbn e
- | o """"‘Pj T r

- 274 -



