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ABSTRACT

In many instances, reluctance motors become unstable due to loss of
damping the natural oscillatory mode that occures when the machine is
subjected to small changes in load, supply voltage, ...., etc.This is
undesirable since the application of reluctance motors is aimed at
automated and continous flow processes which require complete
synchronism between the various functions of the system .

This paper descibes modelling and linearised analysis of reluctance
motors when working with static balancers in the presence of feeder
impedance using the state-space approach. The non linear mathematical
model based on d-q axis equations, is perturbed about an operating
point and then arranged as a muiti-input muliti-output time - invarient
linear model. ;

Dynamic performance of the motor is predicted and compared with
the releavant experimental values as a function of supply condition.
Also the results of increasing the load torque as well as the balancers
capacitive reactance are demonstrated to enable physical inter pretation,
of the instability causes . |

LIST OF MAIN SYMBOLS :

C = balancer capacitance

f . = frequency
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J = moment of inertia

K4 = friction constant

LqLp = stator and rotor d-axis self inductance
Lq, LQ = stator and rotor g-axis self inductance
L = feeder inductance |
Map = mutual coupling coefficient for d-axis
Mpo = mutual coupling coefficient for g-axis
N = speed |

p,P = number of pair poles , operator (Ed't')
R, = stator resistance

RD,RQ = Rotor D & Q axis resistance

Ry = feeder resistance

T, = electromagnetic torque

Ty, = load torque

9 = maximum voltage of supply input

0 = elect.angle between stator and rotor

W = angular velocity (rad./sec.)

o = load angle
Suffixes a, band c denote phasesa,band ¢
Suffixes d , q denote stator d and q axis
Suffixes D, Q denote rotor d and q axis
Suffixes 0 denote steady state quantities
Suffixes s , m source and motor respectively
Suffixe t denote transpose
INTRODUCTION

The problem of instability exists even for an ideal machine under ideal
conditions [1,2]. Parallel aperation brings special problems but the
present study is confined to an isolated machine. The complete
generalised -transient equations of a reluctance motor are nonlinear,
and hence extremely difficult to solve analyically. Several analogue-
computer solutions have been obtained for particular systems, but it is.
difficult to draw general conclusions from those particular resuls. In
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many cases, the transient performance is only required for small
oscillations about a steady -state condition, and the machine equations
may be linearised, allowing more normal techniques of solution to be
applied .

Instability problem of reluctance motors has had considerable practical
importance and has given a great attention in many previous work.

_Lawrenson [1] applied the D-decomposition technique to study the

effects of all motor parameters on machine stability. Honsinger [2]
investigate motor instability in a simpler manner. Hoft [3] used the

- first lyapunov method to asses reluctance motor instability with only a

single coil in the d-axis. This has been followed by tipo and krause {4]

who employed the Nyquist stability criterion and study the effect of:
electrical parameters on motor instability. Stability boundaries of .
reluctance motor without damper circuits is given in reference [5].

In some instances, it may be convenient to modify the machine
parameters so as to avoid machine instability. However, any significant
change in most machine parameters is not normally possible in practice
because an existing induction motor stator has normally to be
employed. Therefore, in this paper, the investigation are confined to
study the influence of load torque, supply voltage and balancers
capacitive reactance on machine stability. A simple mathematical
model for fast digital computation of reluctance motor transient
behaviour is presented. This model avoids numerical inversion of the
machine inductance matrix and in turn allows a large saving in
computation time. The validity of the comiputer model, has been
confirmed by the results obtained experimentally . The d-q axis non-
linear differential equations which describes the system under
consideration (machine, balancers and feeder) are arranged in state-
space form. The equations are then perturbed about an operating point,
leading to the time-inveriant state-space model. Dynamic stability of
the machine is then predicted and the results are presented .

NONLINEAR MATHEMATICAL MODEL :

Prediction, of transient behaviour of a polyphase reluctance motor, fed
from a balanced power supply, can be obtained by solving machine
equations along with mechanical system equations. The general non-.
linear equations of the machine are reported in reference [6] and they
given here for completeness.
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The transformed equations describing the electrical behaviour of the
machine are :

Vy=R,i, + P¥ ¥ 6
Vo= Ryig+ PP +¥,p6
0 =Ryiy + 0¥,
0 =RQiQ+p‘PQ | (1)
The flux linkages equations are given by

szLdld + MADID

‘Pq = Lqiq+ MAQiQ
¥p=Lpip+Mypiy

‘-PQ.—.LQiQ-i-MAQqu )

The axes voltages can be written as follows :

A

V=V sind

A
Vq = —_V. COSS (3)

The electromagnetic torque and mechanical systém equations are given
by :
Tg=¥4lq~ ¥yl

“4)
Po,, = —}(TE -T, ~K,0p)

&)
where o, = PO ' _ 6)

To avoid matrix inversion of the machine inductance, equations (1-6)
were arranged in state-variable form as follows :
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—%d- 'LD/KI 0] "—MAD/KI 9] vd
. 1q B O LQ/K2 0 mMAQ/KZ Vg
ip|T|-M,p/K; O L,/K, O "D
_IQ_ ] 0 —MAQ/KZ 0 Lq/K2 ] Q

R, LS 0 -Mf)riy”

i

NI R, M, 8 O q

O ) Ry 0] ?D

9] 0] 0 R 1Q
- Q A5 J (7)

where : K;=L4yLp-Myp

The system under investigation is shown in Fig. (1) and the machine
voltages are evaluated from :

1 .. .
PV ia - C, (iga = ima) ()
Pvmp =, Oy = imp) | )
1 . .
PV e =C. (ige —imc) (10)

The d and q axes supply currents are calculated from :
Pi =(v, —v —Rfids)/Lf-qu (11)

lgs = (Vgs Vg = Rylge) /L= 01 (12)

where ;
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i ima
d .
[i Q:I = [Gl Tmb

lch

where G is the transformation matrix
Vgs» Vg are the d and q axes voltages

igg, Iqs arethe d and q axes currents

A digital computer program has been developed to solve the above
nonlinear equations, using a standard numerical integration technique.

VERIFICATION OF THE SIMULATION

A computer programe has been developed to simulate reluctance
motors. The resulting differential equation describing the transient
behaviour of the machine are inevitably nonlinear even when
simplified by the assumption of constant parameters (i.e. neglection of
saturation and skin effects). Equations (1-6) were then put in a state

variable form , and conveniently solved numerically using the Runge-" -

Kutta numerical integration method .

In order to confirm the validity of the simulation results , a series of -

tests are carried out on an available laboratory 3-phase reluctance
motor having the following particulars : ! /3 hp, 4 -pole , 50 Hz, 220 /
380 v. The motor parameters are given in Appendix (1) . A balanced
disturbance in the input voltage (10 percent reduction) is performed.
Fig. (2) shows good agreement between simulated and experimental
results of motor voltage and current for a load torque of 0.5 N.m. The
above results are recorded for illustration and to confirm the validity
of the simulation before embarking on any large scale of the
linearisation study .
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LINEARISED MODEL

The solutions of the complete nonlinear model give actual values for
currents, voltages, electromagnetic torque, etc. in transient and steady
state modes, but it does not readily give any indication of whether the
machine is stable at a particular operating point nor does it give any
quantitative information on the damping and the natural frequencies of
the various modes of oscillation. On the dther hand, the roots of the

‘characteristic equation describing the system do provide the above

information directly. A powerful method of finding the roots of the
characteristic equation is by the analysis of the linearised system
equations and this is computationally very efficient.

The nonlinear system equations are perturbed about an operating point
and a general time-invariant system state-space model is obtained in the
form(7].

AX=[A]-AX | (13)
where, ‘

AX =[Algy Algs Alpy Aig Alg Adg Avgg Avgy Ay AS It

Matrix A is called the system matrix and describe the dynamic
characteristic of the system including the reluctance motor under
specific loading and parameters. Dynamic response of the machine can -
be evaluated by examining the roots of the characteristic equation :

[rarmr-tarl=o0 (14)

The performed analysis to find the system matrix is tedious and not
given here for simplicity . The final result of matrix A can be
summarised in the following form, where the constants appear in
Applendix (2) . '
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A Bp Ag Ay 00 Ay 0 Ay 0
A21 A22 A23 A24 0 0 0 | A23 A29 0
Ap Ap o Ap Ay 00 Ay 0 Ay 0
Ay Mg Ag Ay 00 0 A Ay 0
- U 0. Ay Agg “ Ag 0 Ay Ag
G000 A Ay O Ag Ay Agg
A,“ 0 D 0 A75 0 0 A78 A79 0
0 Ay 0 0 0 Ay A, 0 Ay 0
A91 A92 A93 A94 0 0 0 0 Agg {
i 0 0 0 0 0 0 0 0 Alﬂg 0

RESULTS

A computer program has been proposed to pridict the oscillatory
modes from the characteristic equation (14). The system matrix is
computed and then the solution of the characteristic equation can be
obtained . The eigenvalues of matrix [A] are computed for different
values of load torque and capacitive reactance of the balancers.

Fig.(3) shows the effect of increasing load torque on the oscillatory
dominant mode at an input voltage and frequency equal to the rated
values. The Figure reveals that , the eigen - values of the system
initially decreases for light loads (region no. 1), then increases with
increasing load torque (region no. 2), followed by another decreasing
when the load torque is further increased . This means instability,

stability and instability for the three indicated regmns respectively
according to the applied load torque.

The effect of increasing the static balancer capacitance is illustrated in
fig. (4) . The response related to the rated values of input voltage,

frequency and load torque (full-load). It is clear that, when the
balancer capacitance inereases. to a certain limit (region no.l1), the
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eigen-values are increased ; and consequently the reliability of the
system is increased. Increasing the balancer capacitance more than the
above limit reduces the eigen - values (region no. 2) and hance the
reliability of the system is reduced .

CONCLUSIONS

This paper presents a simple mathematical model for fast computation
time of the transient performance of polyphase reluctance motor with
terminal balancers in the presence of feeder impedance . Simulation

results for starting behaviour is given and proved to be satisfactory

when compared with the experimental results. The implementation of
the state-space approach has been used to predict the eigen values
associated with the system under investigation .

The study is restricted to establish the range of operating conditions of
load torque and balancer capacitance under which the machine will be
stable . No attempt has been made to define precise parameter
boundaries which divide satisfactory operation from unsatisfactory
operation , since these boundaries are fully reported in the literature .
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Appendix (1)

The pararneiers of the employed motor are :

R,=27Q
Rp=89Q
Ly=0.8216 H

Lp=1.0732 H

My =0.7516

H

Rp=783Q
J=92 x 1075 Kg. m?

. Ly=03248 H

Lo=0.6051 H
Mpg =0.2548 H

The feeder and shunt balancer parameters are :
R¢,=4Q , Ly =0.07 H and C=7uF

Applenidx (2)

The following quantities are used for evaluating the system matrix

A1=-RyLp/K;
Ay3=Map Rp/Ky

A17=Lp/K;

Ay =Lg@Lg /Ky
Ag3=-MppbLo/Ky

Agg=Lo /Ky

.
’

-

» e

,A31 =Ra MAD/K], ;

Azz=-RpLg/Kj

Az7=-Mpp/

K4

Aqr=MpolLlq /Ky
Agz3=MapMpq0/Ky ;

Agg=MpQ /Ky
Ass=-Rg/L¢
Asy=-1/Lg
-_[3 &
Asip= 7 2 L,
Agg=-Re/Lg

A12=Lq BLD/KI
Aa=LpMag /Ky

A =LpL, Liso /Ky
Axpy=-Ry Lo /Ky
Agy=MaoRo/Ko

Agg =Lqlgs0 Lo/ K2
Agp=-LqOMsp /Ky
Azg=-MpQ 89 Map /Ky
Azg=-MpapLyIgs0 /Ky
Ay =R Mpo /Ky
Agq=-RqLy/Ky
Ag9=Mpo LglgsoK2
Asg =9

A59=Iqo
Ags=—8,

Agg=-1/L¢




A69 == Ido

A71 =-1/C
Aqg=8p
Agy=-1/C
Ag7 =8

_3P,
917 2 1°as

=3P
A93 217 MADIQSO

A

oLy - L

; Agg = V_qso :
: Age =1/C
’ - Agg=- Vg
QiAgp =37l Ly
; Ay, =—>-M, I
;o Ao =-1p
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