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Abstract

This paper presents a method for =tabilizing the low-frequency
oscillations in reluctence motors. This method is based on
modulating the input voltage by a feedback slgnal. This aignal is
abtained by using a epeed feed back through a lead/lag coumpensating
network. The parameters of this network are desligned uBing an
mrigenvaluss shift technigue &nd the values which give maximum
damping were determined. The obtained regults illustrate a
significant increase in damping and indicates that substantial
improvement in reluctance motor performance cen bé achieved by
using a siaple electric circuit.

1. INTRODUCTION

Fron among the clectric drive systems, reluctence motors
exhibit a relatively poor dynamic performance. This is indicated by
a limited =table operating region and small-amplitude low—frequency
oscillations about the synchronous speed. Dynemic instability has
been a subject of drowing interest since the early 70’s and
proper understanding of thisz instabllity, as affected by dosciy
parameters, has been reported ({1-4]. Bowever, problems assaciat
with the low-frequency oscilletions are atill, te¢ the authe
knowledge, unsolved. These oscillations dateriorate +the dyn
performance that follows small disturbancea and, under
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canditiang, they build-up in magnitude, leading to motor
instability. These problems, in the euthors point of view, are
limitieng the wide opread appliocetion of reluotence motors.

To overcome this problem, positive demping must be addecd to the
motor to compensate for its low ipherent demping. The edditional
damping may be introduced either internslly, via a proper design of
the motor parameters, or externally, by using a suitable control
streategy. Lawrenson et AL indicated that overall internal damping
is affected by some of the motor parameters [3]. The problem of how
to inerease the internal damping has been recently invsstigated
using the damping and synchronizing torque technique, It has been
concluded [5,8] thet the internal damping can be substantially
improved by a auitable choice of both the q-axis resistance =and
the axes reesctances ratio. The externa)l additional dawping was
firstly discussed by Krause who suggested methods for stabilizing
reluctance motors, based on s proportional feedbeck (71].
Alternatively, thia paper examines the introduction of additionel
external damping using both proportiocnal and integral feedback.

The object of this paper is to design and test e compensating
network to stabilize the low-frequency oscillations in reluctance
motora. Thia 1ia achieved by uring n leed/lag compensator and =a
speed feedbeck signal. The speed ctabilizer paremeters have been
considered and their optimum values are obtained using an
eigenvalues shift technique. The effects of this stabilizer on
dynamic performance is investigeted. Results illustrate a
substantial improvement in both motor damping and overall
performance usirg this appraach. The obtained results ara of
interest to both users and designers due to the fact that the
improved performance is achieved using e simple circuit.

2. STABILIZATION CONCEPT

Small amplitude end low-frequency ascillatians often persist on
the shaft of reluctance matoars for a long periad of time, limiting
the stable region and deteriorating the motor performance. The
basic function of tho stabilizer is to sdd positive damping to
these oscillations so that the dynamic performance is improved. To
provide damping, the stebilizer must produce & componant of
electrical torque in phese wilth the speed variations. Also, ths
transfer funcbion of the stebilizer must compensate for the motors’
gein and phase characteristica. Moreover, the phase compensation of
the stabilizer should cover the interested range of frequencies.

Stebilizing the low-frequency oscillations is a well known
technique 1in synchronou= machines [8-~10]. Newvertheless, ita
epplication to reluctance motors is still uninvestigated. In
aynchronous mechines, the stabilizing signal 1is added to the
exciter reference point, a mstter that yields positive damping to
oompensate for deterioration in damping following
disturbances([8,10). In reluctance motors, the stabilizing signal is
added to the input voltage which modulates the axes flux in a way
thet produces vpositive damping. The stabilizing network used in
this investigation 1is shewn in Fig.1l. It consists of two time
constante( T, & T, ) and a galn, ¢,. This lead/lag network can be
easily configured from a simple RLC cirecuit, with a suitable choice
of the time constants and the gain (11]. The ratio of the time
constant affects the range of stabilized frequencies and it
generally depends on the machine type. In conventional synchronous
machines this time-constant ratio 1ism about (0 {10) and in
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ind denerators it reeches 50 (12]. In reluctance motors

previcus published values ooncarning the stabilizar
nd carveful attention musl be givem +to theair choice.

to the fact that an iwmprorer choices of stabilizer
mey lead to motor instability aewven from stable
In thie vork, theaa parameters are deaigned based an an
shift technxque. to predict those values wvhich increase
he frequency range of interest.

Input Ge(1+Tys) Outpul

(i +T25)

Fig. | Stabilizing Transfer Function

ING VARTARLES

:nt accessidbility, steady-state values and the
mping are Heneraelly, the measurece tu ba considared for
P a specific variabls as a stabilizer input 6ignal.
ilizing signals such as rotor speed, electrical torgue
:ion cen bhe wused [8). In reluctance motors, the
>ad cheanges require zero steady state value of the
»put signal. Although it gives good stabllizetion and
0o gteady state ~value, the rotor acceleration is not
ecause it is difficult to meesure in practice. The
ym synchronous speed is used es a stabilizing signal

eatiofies the above mentioned neasures. The
cs of this zignal are invsstigated later.

‘R REPRKSENTATION

.ally, transfer functionm end high~order polyaomials are
analysis of roluctence machines(2,4}. This, however,
e simplificetions which, in same cases, neglects
.rametersa in the analysis of motor dynamical
1. Recently, a lineer. time-invarient, e&tate-space
ined for reluctance motnrs which takes account of all
paremeters [13]. The nonlinear equetions of polyphase
tors are perturbed sbout an operating point, leading
ing state space model in which the state vector is

Jas¥ 0¥ W) t
a7, 2

he motor matrix;
ae input matrix;
ne state vector.
1e input voltage,measured fromw a reference point
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The A matrix 1is the open loop matrix end the eidenvalues
abtained using this matrix are used to ssses the incresce in
danping due to aome stabllizer parameters, To include tha
stabilizer in the above state space mndel, additional etate
variable %. is introduced as shown in Fig.2, leading to theo
following equationg

AX, = G (}-T /Ty} dw-4x,1/T, 3
4y, = (6,-T\/T,) dw+4X, 4

Equation 2 can be augmented to include Equatipn 3 by adding:

A(7,2)=C,(1-T /7. . A(7.7)=-1/T, S

The contrelled ifnput cean alsc be modified to be:

Au=(0 ¢, T,/T3 0 0 0 0 1)'x 8
Eqn.8 can be simply written as:
Au=[F)]- X 7

Substituting from Ean. 7 into Egn. 2, the clagsed lcop matrix can be
obtained as:

Xeo[A4 +B-F} X 8
“~Ax 9

Where 1 1o the closed loop matrix. Tho raots of thie metrix
represent the new motdr roats.

Fig. 2 5tate Representation Of Stabilizing Network

5. DESIGN ASPECTS

Normally, the stabilizer wust improve the motor performence
about the severe low-frequency mode, Therefore, the center of the
network compensetion renge may be w®met to the huntind mode. This
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frequency can be cbtained, for the network in Fig.1, as [8]:

! Hz 10

21T\ T,
where the time constant ratio g [-'T,/T,) > 1

fe =

2rnj R

Substitutina the huntind frequency, obtalned from the open loop
matrix Eqn. 2, ina Eqn.ll, the time constanta can be obtained, To
illustrate the effeets of stabilizer paraneters on the motor
dynanic performance, the eigenvelues of the closed-loop matrix,
Eqn. 3, mre obtained for different valuera of time coastant ratia,
R, and gain ¢,. The loci of the dominant roots are shown in Fig.3.
This result illustrates that, far a Epecific value of R, inoreasing
€, up to a ¢ertain value, increaces motor damping and reducea the
occillation frequency. A further inercasce in 6, reduces motor
damping. This result also illustiretes that, for each time constant
ratioc there is a value of stabilizer gain at which maximum damping
occurs as observed from Fig.4. Therefore, for eaech time constant
ratio, the pptimum stabilizer geain c¢.,. can be defined as the
value which gives meximum demping. The results indicate that a
decrease in the ¢time constant ratio increases motor demping.
However, tha range of compensating frequencies 1is reduced as the
time-constant retio incremses as shown in Fig. 5. Therefore, <the
choice of R ic a compromise between increasing wmotor damping and
decreasing the range of compenseting frequencies. A value of R =
5.0 hes been found suitable for proper stabilization of reluctance
motors. This time-constant ratio ig within the practicual range ufl
compensating networzs [(11)

T, = Hz 1]
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Figd.3 Effscts of Stabilizer Gain on the
Loci of fominant Eigenvalues
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6. COMPARISON OF KIGENVALULS

Table-1 shows n comparison between the eigenvalues of the
reluctance motor with and without speed stabillzer. The above
recommended parameters of the gtabilizer were used. It ie clear
that the establlizer shifts the roots towarde the negative real
axis, indiceting an increase in demping end an improvement of the
dynenic performence.

Table-1 : EFFECTS OF STABILIZER ON EIGENVALUES

Mode of Eigenvalues
Oscillations
Without With
Motor Circui stabilizer stabilizer
Stator Circuit - 467+j3 110.0 -240.68+1424.5
Rotor Circuit -10.6+j58.9 -19.7+333.2
Damper Circuits -85%.4,-151.8 -65.20 , -44.4
Stebilizer Mode 0 -53.7

7. TECUNIQUE VERIFICATION

The abeve mentioned technique, used to choose the stabilizer
parameters, is based on the eigenvalues analysis of linear motor
equations. The object of this section is to evealuate sand confirm
the results uning the time response analysis of nonlinear equetions
[(6,10). Following a load change on the motor sheft, the resulting
electrical Lorque can be decompased into dampind and synchronizing
torqgue components mrs follows

AT 1= Kpor Aw + K 4o+ A6 12

Where X..XK.. Aare time-invarient coefficients of demping and
synchronizing torque, respectively. The stabilizer must add =
Lorque component in time phase with the rotor bpeed. This leads to
the following equation:

AT o= (K pg+ K pg)- A+ (K 4o+ K )+ A8 13

Where K...K,, are the increece in damping Bnd Esynchronizing
torques, respectively, due to the stabilizer _action. Fig.6
illustrates the damping torque coefficient using the damping and
synchronizing torque technique. It confirms the remarks explained
in the above section, indicating that, for each time-constant ratio
R, there is an optimum value of stebilizer gein et which maximum
damping occurs. The time response of tha speed deviation due to a
step loed disturbance is shown in Fig.7 for a reluctance motor
without and with stabilizer at different values of R. It can - be
observed that the increase in motor dempingd, even with a higher
value of R , about 400 X of the original motor damping, i3
sufficient to provide excellent motor performence following a load
disturbance. Although higher valugs of R, increese the range of
stabilizing frequencies, they are not recommended as the stabilizer
becomes sensitive to system noise. Therefore, velues of R = 5 and
stebilizer gain below 0.05 are recommended to give good
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steabilization of raeluctance motors. Fig. B illustrates the effect
of ths otabilizer in increaning wntor damping following load
changes.

8. IMPLEMENTATION

To verify this developed stabilizing technique, a detailed
nonlinear simulation, taking all nonlinearities and constraints
into accaunt, is constructed. The motor time respunse to a pulsc
load disturbance, with and without stabilizer, is shown in Fig.S§.
This result illustrates substantial improvement in motor
performance using speed stabilizing signal to modulate the input
voltega, The cffect of this signal on modifying the d-exis flux is
also demonstrated in the figure. To further elucidets the effect of
the stabilizer, a step load increanse is applied on the motar shaft
and the motar response is shown in Fig.10. The motor, with the
stabilizer, moved to the new load conditions without excessive
displacement of losd engle, and with well-demped rotor swings.
Furthermore, the starting characteristics of the mator, with and
without gtabilizer, are compared in Fig.ll. Thig reasult illustrates
that the stabilizer has no adverse effects on motor starting
performence.

8. CONCLUS1ONS

A method for stabilizing polyphase reluctance motors has been
introduced and extensively evaluated. This is besed on feeding back
a bignel proportional te rotor syeed, through a lead/led
compensating-network, to modulate the input voltege, The choice of
the cowmpensating-network paremeters (i.e time constant ratio and

70 bBS
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Fig.6 Damping Torque Coefficients Versus Stebilizer Gein
for Different Tiwe-Constant Ratios, R
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stabilizer gain) which must be defined to add sufficient positive
damping is of prime impertence. A time constart ratio of S was
found admquats for reluctance molor oompensating wnetworks. The
results illustrate outstanding improvement in motor performence
using this technique.

10. REFERENCES
[1) Lipo.T. A. and Krouse,P.C." Stability anelysie of & reluctance
synchronous machine " [EEE Trena. PAS-66, 1867,pp. 82%-634.

{2) Mahraj,K. and Mchanty. A. K. Stebility of reluctencoc motors”
IEEE Trans. PAS-67, 1966, pp. 2009-2015,



E. 19 F.M.Abdel Kader and S.M.0Osheba

.15 4
- 1] -
[

3 0

;010
2 .08 4 a W '
a [ [}
4 - v
] 4 :
g © 0051 \
qa - :
= o :

C [l
g ac- S 0o ‘\
‘B c e
E e ‘1
2 5 005 ¥

U -0, - 1
= c K

> Y

@

- T T T T -0.\0 T T T T > e
%0%%  om  ow ok ok 1% 000 = 020 048 053  Ot0 100
Time sec Time,sec

Fig.B8 Damping and Synchronizing Torgques
...... Hithout stabilizer
HWith Stabilizer

[3] Lawrenson,P. . J. and Baws,SR." Stability of reluctance machines”
PROC. IEE ,118,1971,pp. 356-3689.

{4] Honsinger,V.B. "Stability of reluctence motors” IEEE Trans.
PAS~91, 1972, pp. 1536-1543.

(5) Abdel Kader., F.M.,and Osheba, S.M., "Improving trensient
performance of reluctence motors” Presented et the IEEE Summer
Power Meeting, Portlend, Oregon, July 24-29,1988.

(6) Osheba,S.H and Abdel Kader,F. M, "Dynamic perforhrnce analysis
of reluctance motors using damping and synchronizing torgues’
Faper submitted for publication.

(7] Krause,P.C."” Methods of stabilizing reluctance synchronous
machines” IEEE Trans. PAS-B7, 1968, pp.641-649.

[6] Osheba, S.M. “State—-space controllers for AC turbogenerators in
s multi-machine system” Ph.D thesia, Liverpool University,UK,
May, 19681.

[9) Larsen, E.V. and Swann, D.A. "Aplying Power system Stabilizer®
1EEE trans., Vol. PAS-100, June,1961.

(L0)Osheba, S.M., Hassen, S5.A. and Moursi, G. A., “Parformance
pridiction of controlled turbodensretor units using damping end
synchronizing torgues”, Proc. UPEC’84, Dundee, UK, 10-12
April, {984,

(11)D’szz0, J.J., and Roupis,C.R., “Feedbeck control system
enalysias.and symthesis’ (McGraw-Hill)



Hansoura Engineering Journal (MEJ' VOL . 14 , KO , 1, June 1989 . E. 26

0.20 (%13

ats 4
2 3
a )

.10 a—n.u
- ~~
g €
[
& ] !
& 008 =
by 2
c » ]
H o.c0 lI:,:).m:b
- C ¥
CELE i
7] ¥

-01a 4 _ e —— - 0.13 - -

0 00 04g 0.82 053 1.0 0200 D10 v.40 0.63 0.0 180
TiMe,seC Tima.38c

200 4 I 110 4
4
100 ’
g inc;-
<l @
“A
R (N
D Erco 1
- -
z‘, 600 ~
"
o 2o
T g ~
o
g
[77) Caed
-1.00 )
[a)

~300 L'—r— oes
otg | alo 13 ko ol & che ol alo  ada ek )

Time,sec Time,sec

Fig.9. Respeonse To a Pulge Disturbance
R=5.0, T:=0.16 & G,=0.03

{12} Osheba, S.M,, Alyen,M.A. and Rahim,Y.aA., "Comperison of
transient performance of superconducting eand conventional
genereators in 2 nulti-machine cydtem" IEE

Proceedingy,Yol. 135,Pt. C, No.5, Sept, 188B.

{131F.M. Abdel Kedcr,and S.M. Osheba, "Anaelysis of “dynemic
stability o? reluctance motors when opcreting from varieble

supply”, Proc. 19th Annual cooference on Modelling and
Simulaetion, University of Pittsburgh, USA, May, 4-5, 1BB8.
[l41Lowrenson,P.J. ,Methur, RRM. and Stephenson, J. M." Transient

performence of reluctance wmachines” PROC. IEE, 18,1871, pp.
777-783.



E.. .21 F.M.Avdel Kader and S.M.Osheba .

weo! w|
i ;
', w| R
. %3
& g xs0
-s 250 4 ~
T 100 1
@ -
= > 1.00 4
E [3
o
0 ) 0.00 -
gam 9
=~ Q-0 1
-2.00 i
A\l
€60 -
oge " ede " ole  odo T odo R 3% o0 00 odn " odo 1.5
Time,sec ' Time.sec
0.60
018 . ..
- \\
Fig.10 Motor Response to a Step 4 .
Load Increase S5 0% s - i
------ Hithout Stabilizer a i :
With Stabilizer Lo ;
g
=00 A 4
4
,
Af
0. o
R im 260 ado
.5 1
1.0 4 3.0
1.5
3 = 20
a e a
“os ] .
[ ) i
3 3 0 ~\
T 00 - g '
[e) D
Y - {-\
] 0.0 4 J .U
=1.0 1
~1.3 T T T T ng r + ~-1.0 T T T T T T r—Tr—
0.0 100.0 200.0 300.0 400.0 0.0 100 0 200.0 300.3 400.0
Speed , rod/sec Speed , rgd/sec
a

Fig.1ll Starting Performance
Q - Without Stabilizer
b- With Stabilizer



