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Hunting Characteristics of Reluctance Motors
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Abrtract. This paper describes the characteristics of damping and synchronising torques which are pro-
duced during hunting of a synchronous reluctance motor. The damping torque is divided into its individual
components as produced by various windings. Theoretical results are presented whith show the influence
of various parameters on hunting performance of reluctance motors.

Expressions are developed for the direct — and quadrature — axis components of damping torque.
These are obtained by analysing the d- and g- axis equivalent circuits. The expressions lead to a much
improved understanding of the influence of the different parameters on stability, and indicate direction
in which improved behaviour may be obtained. The results ohiained using these expressions are found to
be in reasonably good agreement with those obtained using more detailed modelling.

List of Symbols
G = torque matrix
H = inertiaconstant, Sec.
i, = current,p.u.
J = inertia, p.u.
LM = p.u. self and mutual inductances, respectively.
v,V = voltage,p.u.
R = resistance, p.u.
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p.u.total and leakage reactances, respectively.
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= angle turned through, rad.
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Q = frequency of oscillation, p.u.

wy = synchronous speed of equivalent 2-pole machine at rated frequency,
radfsec,

m = angular frequency of supply, p.u.

~AV,8V = apparentand absolute changesin voltage, respectively.

Al 81 = apparent and absolute changesin current, respectively.
AT = change intorque.
p = differential operator,
Subscripts
a = armature
dg = direct and quandrature axes, respectively.
kd,kq = rotor(d-,q-axes)
ad,uq = mutual (d—,q- axes)
L = load
M = mechanical
T = transpose

I. Introduction

Synchronous reluctance motors are used in some industrial applications. This is due
to the fact that such motors offer the possibility of precise speed and position control
as well as synchronisation between multi-motor drive systems.

Steady state stability of reluctance motors is of considerable importance. Lipo
and Krause (1] have used Nyquist’s stability criterion to analyze the stability of reluc-
tance motors. Liapmuov’s method has been applied by Hoft [2] to analyze unstable
modes in polyphase reluctance motors. Lawrenson and Bowes [3] have used the D—
decomposition approach for the multiparameter stability analysis of reluctance
machines. Honsinger [4] has developed a simplified treatment based on polynomial
analysis for stability studies.

Itis well known that the damping and synchronising torques influence the steady
state stability of synchronous machines [5,6]. This paper describes a method to com-
pute these torques for a three-phase reluctance motor. Furthermore, the contribu-
tions of the individual motor windings to the total damping torque are separated. The
results point out clearly the role of different windings as well as its parameters on the
overall damping characteristics of the motor. The results also illustrate how mutual
interactions between various winding influence the stability of the machine. Using d-
and g-axis equivalent circuits, expressions are derived for the different contributions
to the damping torque and the conditions under which maximum damping can occur.
It is further shown that like other methods the present method of analysis permits the
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computation of damping and synchronizing torques and the frequency of oscilla-
tions. However, this method has the advantage that it also permits evaluation of the
contribution of the individual machine members to the total damping torque. Such
information is helpful for optimum design of the reluctance motor from the stability
point of view. Furthermore, the anatysis of the equivalent circuit provides a clear
understanding of the influence of various parameters on the hunting characteristics
of reluctance motors,

2. Mathematical Analysis
2.1, Linearized Equations in Park’s d—q Axes
The equations of Park’s d—q reference frame describing a synchronous reluc-
tance molor operating from a balanced three~phase supply can be expressed as fol-
lows [7].
vy = Ry + pipg — Wy
v = R, + pyg + 0y

‘ 1
0 =Ryyig + P Weg
0 =Ry, iy, + P¥yq
Yy L, Mg o i,
Yoa ~ M, Lig coomeerierierenannnnniennncnnnnnes g @
Yy | T e Lq M“l 1.q
‘qu .............................. Maq qu lkq
vy=VSind )}
v, = -V Cosd
Tog = Waiy — ¥, i (4)
0y, =Ty - T, (5)
Wy, = pl (6)

For steady state stability analysis of such machines, these non-linear equations are
lincarized about a steady state operating point. Consequently, the following
motional-impedance matrix, which describes the machine behaviour during hunting
oscillations, is obtained.
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where Z, is the electrical impedance matrix for a reluctance machine, Z, is the vol-
tage deviation vector [A V] and Z; = —i;[G + G| where G is the torque matrix, com-
priscd of terms containing w in the Z, matrix.

Using matrix reduction techniques, equation (8) can be reduced to:
AT={2,-Z2,2]' Z)] | A9] )

which defines the equation of motion. The general torque equation of the rotor of an
electrical machine during free oscillations is given by;

I AB+Tp AB+T,A8=0 (10)

where T, and T, are the damping and synchronising torque coefficients respectively.
From equations (9) and (10}, we can write

T, = - Imaginary [Z,Z;' Z,}yQ
T,= - Real (Z,Z;' Z,]
Ip? = Z, = 2 Hp?

Since equation (7) is expressed in per unit time [8] and contains complex num-
bers, the operator p can be replaced by j2 where Q is the perunit hunting frequency.

(11
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2.2, Calculation of the Hunting Frequency

The hunting frequency can be obtaincd by using an iterative procedure. Assum-
ing an initial value for §2;, the damping and synchronizing torque coefficients T, and
T, are cvaluated from equation (11). Then a new value £, is calculated by using the
following expression [6];

/T (day
'nn_ J_“ (211) (12)

£, is then compared with £),. When the difference between two successive value of
Q is within a specified limit the solution is reached.

2.3, Linearized Equations in Kron’s Reference System
The relationship between absolute changes (8i , §V) of Kron’s axes and the

apparent changes ( Ai, AV)of Park’s axes can be obtained as follows. The absolute
and apparent changes in the armature current are related by [6]

biy = Ai, —i, Ak
S (13
Biy = Ay +ig LA
These equations may be rewritten in the matrix form as
di= Ai+pi Ak (14)

The relationship between absolute and apparent changes in the voltages is as follows

BV = AV —pp. V.AA (15)

The hunting equations expressed in Kron's axes are obtained by substituting 8i and
&V from equations (14) and {15) into Park’s hunting equations {6]. This leads to the
foltowing system of equations:
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- 1
5V, (L—Lip—(Ly—L)igph | | 8
8V, Z, fromeqn. (7) & (8) (Ld—Lq)idp+(Ld—Lq)iqu 8i,
0 [= M, p Aigl  (18)
0 -M,isp iy,
AT Z, fromeqn. {7} & (8) Ip*+ (La—L)iga—igiy) Adk

An analysis similar to that applied for equation {7) can also be used for equation (16)
to calculate the total damping and synchronizing torque coefficients, Consequently,

Ty = — Imaginary [2,Z;' Z,J/Q

. (17
T, = - Real [Z,Z}' 2,] + (L, - L) (11~ L 1)

2.4. Components of the Damping Torque

The contribution of the different windings can be found by splitting the total
damping torquc into its direct and quadrature axis components. The total damping
torque is given by:

12
1,=2%, (18)

where i represents the real deviation in current occuring in various windings, and r
is given by R/Q or R/(Q 1) depending upon whether the winding is on the rotor or
the stator, respectively,

The current deviation (Ai) in Park’s axes does not represent the real changes (bi) in
the armature cusrent, It is, therefore, necessary to use Kron's system to compute the
contribution of the armature winding to the damping torque.

Alternatively, the damping torque contributed by the armature winding may be cal-
culated by an indirect method. In such an approach, the total damping torque is cal-
culated using Park’s equations as described earlier. Then the damping torque contti-
buted by the rotor circuits are calculated from A2 R/Q. For the rotor circuits Aj =
&i in both Park’s and Kron's axes. The difference between damping of the rotor and
the total damping torque gives the damping torque contributed by the stator wind-
ing. Hence, the armature damping torque is:

= T, - gr[ i Ry + (2 Ry (19)
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Both of the above methods give exactly the same results.

The oscillating current [Ai] or [6i] may be obtained from equations (7) or (16),
respectively. The respective equations may be written as:

[ail=[Z,]' [aV]
(61 = [Z,]" [8V]

2.5. Simplified Analysis Using the Equivalent Circuits

Although detailed system modelling of the reluctance motor is available, it is
always of great assistance to represent the machine in the simplest possible way. The
equivalent circuit of complex electromagnetic systems, has always appealed to
engineers as it allows an insight into some of the more complicated physical
phenomena inside the machine, without resorting 1o the tedious mathematics or
computing necessary to obtain resuits.

(20)

Consider the q-axis equivalent circuit of a synchronous reluctance motor, Figure 1a.
To find the conditions for maximum damping torque contributed by the quadrature
axis rotor winding (i.e. a condition for maximum I2R loss in the g-axis rotor resis-
tance), the equivalent circuit is reduced to the circuit shown in Figure 1b, where

Xa
B, = 9, ="
th d Zq
= X1, Kag (21)
VR + x?
a q
Zy = Ry + Xy (22)
Ra %
) E
m
¥ X kd <
4 aq . Zyn B Pyn z Wl?
kq
e tn
(a) (b)

Fig, 1. (a) q-axis equivalent cireuit of reluctance motors.
(b} Thevenin’s Equivalent circnit of Fig.1 (n).
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where
2 2
Ry, :Mand Xp = Xiq _ﬁ'i_ﬁ
R? + X2 R+ X2
a q a q

The maximum power loss in the rotor resistance occurs when

or

242 242
R, = @ \/ Hig Xy = Yoo + R Xeg (23)
L] zz
G

The damping torque contributed by the g-axis rotor circuit is given by;
¥ 4 g Y
E? R
T, = o = (24
R Q
(S8 + R + X

The maximum contribution can be obtained from equation (24) by substituting Ry
from equation (23).

The above analysis may be further simplified by neglecting the armature resistance,
in which case:

X
E, = Vcoss —-

(25)

2
Xn = X X

ky xq

Mazximum damping by the rotor g-axis occurs when %‘l = Xy therefore,
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. E2, (Voosdp  Xao
d(max) T T T eaow.
or Ry 20Xy X (26
I x:x
= £ o o
20 X, X2
X, = X_then, = X" where X” is the quadvature-axis sub-transicnt reactance
kg = q q q q

as defined for synchromous alternators. Equation (26) demonstrates clearly the
dependence of the damping torque on direct-axis/quadrature-axis reactance ratio,
frequency of oscillations, and Joad angle. It also shows the dependence on the leak-
age reactance as inciuded in the term X .

To obtain cotresponding expression for the d-axis rotor circuit contributions to the
total damping, replace suffix q in equation (21-26) with suffix d.

3, Results and Discussion

The present approach was used to calculate the hunting performance of a three-
phase reluctance motor. The parameters of this motor are given in the Table (1).
Unless otherwise stated, system inertia is taken as 10 times motor inertia. Consider-
ation has been only given 1o fixed normal frequency operation.

Table 1, Per mmit parameter of a 4-pole reluctance motor (7).

X, X X, = Ny = Ry, X X R, Ry =Ry, 1

1.82 0.365 0.0546 1.82 0.365 0.0685 0.0365 34.4

Figure 2 shows the variation of the synchronizing torque as well as different compo-
nents of the damping torque. The contribution of the g-axis rotor decreases while
that of the d-axis increases with an increase of the load angle 8. The contribution of
the armature winding is always negative. The total damping torgue increases margi-
nally with load angle whereas the total synchronising torque decreases {reducing also
the frequency of oscillations) until it reaches zero at the pull-out load angle of about
38°, in which case the machine becomes unstable.

Figure 3 and 4 shows the effect of the g-axis rotor resistance on the hunting charac-
teristic of the reluctance motor. In Fig. 3 the total damping and synchronising tor-
ques are shown for two different load angles. In Fig. 4 the contributions of individual
windings to the total damping torgue are shown. It is clear that the q-axis produces
maximum damping at a value of Ry, which agrees with that given by equation (23).
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At very small values of qu, the contributions of both the rotor d-axis and the armna-
ture windings show positive and negative peak valucs respectively. After that these
torques decreases to low constant values. This is due to the fact that a low vatue of
R,, causes an increase in the g-axis current during hunting oscillations which
increases the speed voltages induced in the d-axis circuits. The total damping torque
is negative for values of Ry, below 0.005 p.u., indicating instability.

The influence of the direct axis rotor resistance on the damping and synchronising
torques is shown in Fig. 5. It is clear from Fig. 4 and 5 that as expected the behaviour
of d and q-axis rotor circuits are similar, although the g-axis contributes more damp-
ing than the d-axis does.

Figures 6 and 7 respectively show the influence of the stator resistance and leakage
reactance on the damping characteristics. Both of these figures show reduction in the
total damping torque when R, or x, are incrcased respectively. It is generally
assumed that the armature leakage reactance equals the damper leakage reactance
on both the d- and g-axes. The dotted line in Fig. 6 shows the total damping (d-q axis
rotor) obtained from the equivalent circuits i.e. using equation (24) and a corres-
ponding expression for the d-axis rotor contribution. It is clear from Fig. 6 that the
results from the equivalent and detailed analysis are in complete agreement when the
armature resistance is neglected (R, = 0). When R, is present, there is some differ-
ence between the two curves, However, for R, values of practical interest the differ-
ence between the two curves is not sinificant and the equivalent circuits gives result
of reasonable accuracy.

The influence of system inertia on the damping and synchronising torques is
shown in Fig. 8. The damping torque increases while the synchronising lorque
decreases when the inertia is increased. The synchronising torque in all cases
decreases gradually to zero with increasing load angle indicating instability at the
pull-out load angle.

4. Conclusions

The total damping and synchronising torque are calculated for a 3-phase reluc-
tance motor. The contribution of the rotor to the damping torque is split into its d-q
axis components. The effects of moter parameters on the hunting performance have
been assessed quantitatively.

d- and g-axis equivalent circuits have been used to analyze the damping characteris-
fics of reluctance motors. The derived expressions demonstrate the influence of
motor parameters on damping. The results obtained from equivalent circuits are in
reasonable agreement with those obtained from more detailed studies.
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Fig.

4. Effect of quadraiure-axis rotor resistance on damping torque components.
a) Total damping torque
b} Dnmping torgque contrituted by g-axis rotor resistance
<) Damping lorgue contributed by d-axis rotor resistance
d) Damping torgwe coutributesd by armature

Fig.

5. Kffect of direct-axis rotor resistance on damping and synchronising torques.
a} Total damping torgue
b) Damping torgoe: contributed by q-axis retor resistunce
¢) Damping torque contributed by d-axis rotor resistance
d) Damping torque contributed by armature
¢) Totad synchronising torque.



173

Hunting Charactertstics of Reluctance Motors

10~
5=
TS
—
0 | | |
q 12.05 0.1 0.15 Ry Pou

Fig. 6. Influence of stator resistance on damping and synchronising torques.

——— detailed system model
——- analytical expression

Flg. 7. Influence of leakage reactance on damping and synchronising {orgues
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Fig. 8, Influence of inertia constant on damping and synchronising torques.
) Inertia constant H equal to 5 x that of rofor
b) Interia constant H equal to 10 x that or rotor
c) Ivertia constunt H equal to 20 x that of rotor
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