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STRACT

In this paper, Reluctance synchronous motor under hunting condition is studied in detail. Forward f and
- backward b wave components in the machine are observed and equivalent circuits in rotor and synchronous
. reference frames for both complete and true perturbation variables are developed. Electromechanical powers
- associated in the circuits are also studied, and the f, b components of torque coefficients are investigated.

INTRODUCTION

Reluctance synchronous machine is one of an important
in modern industry. It is used in the field of
able speed; such diverse areas of application, covering
ide range of unit powers, include metered puping in
¢ chemical industry, high speed cutting and grinding, and
e production of glass-fibre yarn. It is also required for
nged multiple motors, as in spinning machine drives in
¢ man-made-fibre industry, in table drives as part of a
ill system or in the sheet-glass industry. This motor as
art of variable speed drives when inverter fed, may
hibit lightly damped oscillations in speed around the
erage speed, following any sudden variation in the load
ndition [7], and in extreme cases it may exhibit sustained
stability in the form of oscillations of limited or
ponentially growing amplitudes.

[he aim of this paper is to understand as clearly as
ssible the physical implications of the mathematics
mount. It is believed that physical understanding is the
st aid to appreciating the way in which instability is
ected by machine parameters, load condition, operating
eed and frequency. Concentration is upon the inherent
ability characteristics without the complications of any
rther overall feedback control.

One important means for stability studies is to
ncentrate attention on the hunting condition and to
udy the forward and backward electromagnetic wave
mponents within theé machine [10] in this condition.
nalysis has been developed [1 to 6] for finding rotating
ld components (f and b) of damping torque coefficient
p and synchronising torque coefficient Tg in the hunting
ndition. This is based on the use of equivalent circuits,
 given by [1,6] for the synchronous machine.

However, it can be seen by the use of k-operator [9] that
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the f and b components of the excited synchronous
machine are easy to investigate in the rotor reference
frame [1], but can not be directly observed in the
synchronous flux wave reference frame. This is clearly
appreciated through the transformation of the perturbation
variables of the field winding, which exists on the rotor d-
axis, as can be seen by the r-frame. These variables have
two components on both d and q axes when viewed in the
synchronous reference frame. This important characteristic
is recognised in this paper, which does not appear to be
previously appreciated.

The reluctance synchronous machine overcome this
problem, since it has no field circuit; moreover, e-frame
does not oscillate with respect to r-frame, because the
steady-state d and q damper currents are zero (since the
slip is zero in this machine). Additionally, under the effect
of rotor shaft perturbation, the stator does not perturb; so
that the relative perturbation velocity between stator and
e-frame is zero (although the corresponding steady-state
velocity is of course w), which means that all stator
perturbation variables are of frequency equals zero, as
seen by the e-frame. By these facts, it should be noted
that perturbation currents in both stator and rotor coils
are true [10] in e-frame, rotor current is true in r-frame
but stator current is complete in r-frame. Thus, e-frame is
the ’true’ frame, while r-frame is for the complete’ frame.

In this paper, therefore, forward and backward
components of currents are investigated and equivalent
circuits in both e and r frames are developed. These are
all new, simple and physically meaningful; they are
obtained directly by the use of k-operator. Forward and
backward components of torque coefficients are also given
in terms of the power associated in the network of true
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variables (e-frame). Analytical forms are investigated for
the individual components of torque coefficients, which
must satisfy the physical appreciation of the forward and
backward waves in the machine, i consistant with the
power associated in the equivalent circuit derived in a
physical terms. The power and the corresponding
components of torque under hunting condition are
generated from the power oscillation restored on the rotor
shaft, which may be obtained by perturbing the shaft with
small oscillation of constant amplitude A at frequency B.
It is, therefore, expecting to see the spectrum of the
components of torque coefficients in frequency domain,
which relate to the real and reactive powers in the circuit.
Thus, analysis for developing these characteristics in time
domain are not observed in this paper (although it may be
valuable), since its calculations depend on the total
coefficients, T and Tg plus the inertial torque, not the f
and b components, and its behaviour should be studied at
a particular operating condition (may be by using Laplace
or Fourier transform).

2 VOLTAGE/CURRENT RELATION AND
EQUIVALENT CIRCUIT FOR COMPLETE
VARIABLES IN r-frame

The voltage/current equation for 2-axis reluctance
machine and the steady-state variables are given by [5,7],
which are expressed in the rotor reference frame. These
can be written in the general matrix form as follows:

o .T
v. =[R + Lp + (A}
Yaq = [R + Lp + G @]iy,
where
r . « I
% —-vsin i
r « T
v vcos &
of a5, o r qs
= = 1 =
_dq r b -dq 5
Vid 0 i
j T
v i
| "kq | 0 J | kq

[ . ) 2 ]
v(Lywcosd - Rgsin8)/(R] + LyL,0?)

2
s

V(Rgeos8 + Lyosin8) /(R + LyL 0?)

0
0
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R, ds

RS qs

I=
"

R, |k

r-frame is:

T

Avj, = [R+Lp+G 0]Aig +G g Acospt

Equation (1) is obtained by perturbing the shaft
forced oscillation of constant amplitude A at frequency
In this condition the flux in the stator coil oscillates W
respect to r-frame, which is represented by the e
Qeiqucoth. Moreover the steady-state velocity of‘_
rotor with respect to the stator is @ in the direction fi
d to q axis, which when viewed with respect to r-fram
will be seen that the coil rotates by frequency w in
direction from q to d, and hence the motional te
G A_idq represents the voltage induced in the stator ¢
due to the motion. The angular displacement of the stal

as seen by the rotor reference frame is:6: = ot =
for steady-state variables or AQ: = AsinBt/p
perturbation variables, both in the direction from q to

The perturbation voltage Al:,q is usually determined
follows: [7]



r r
r aqu 08 |, .r al/dq sinft
f = — — A0 = (1A
0% 89: o] B
1
vcosd

vcosd

Vsiﬂb Sinﬁt

R+Lp+G, 0]Aif, = Al

algs )

cosPt ]

Multiplying both sides of (2) by k! [9], we get:
-1 .T
K'[R+Lp+ Qsm]-K—A._lfb

6 . T ]
VCOSs quqs
vsind | 1 st )
= AK™ sinpt + | Lalas cosft ]
. G B ;

By multiplying the first row in (3) by B/(B+®) and the
nd by B/(B-w) we can easily derived the equivalent
uit of complete variables in r-frame, as shown in
Figure (1).
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Figure 1. Perturbation network for reluctance motor in r-
frame.

The effective slips (shown in Figure (1)) in the r-frame
are:

r ﬁ+m r_B-(o r_r_B_
st=_’sbs_ B ’Sfr'—sl')r-ﬁ”1

p

These are indentical to those in the e-frame, since there
is no steady-state relative motion between r and e frames
(steady-state slip S = 0).

The circuit of Figure (1) agreed with the circuit
established by [1,6] for the excited synchronous machine
in the r-frame. Figure (1) can be easily checked by
removing the field components from the network given in

[1].

The f and b driving voltages are:

VE = A Ysin(Bt+8) + w cos(Bt-a’)]/SE
" B
T A v . r r
Vi ArLinp-8) ¢ s Broe)ls,
2
r r r = \prs
‘ps = vq’dzs ¥ ‘vqi @ = tan 1(_:.3—)
v,
‘I’;S = Ldi;s ‘l’;s = Lqi‘;S
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It is interesting to see that the equivalent circuit of the
reluctance motor in r-frame Figure (1) relates to that for
induction motor [10] in r-frame. The saliency of the
former causes the f, b waves to be cross-coupled, whereas
in the cylindrical induction motor they co-exist without
interaction. Because of this cross-coupling, it seems clear
that we should only expect to find circuit of reasonable
simplicity for reluctance motor in either r or e frames:
only in these frames do f and b waves have the same
frequency, so that they can be readily depicted as
interacting.

The same problem for the driving voltage in induction
motor equivalent circuit in r-frame [10] appears in Figure
(1) for a reluctance motor in complete variables. It
involves steady-state voltage v in a manner that is
unsymmetrical, although it involves a symmetrical term in
steady-state flux linkage. This problem is physically hard
to understand and shall be removed in section 4 when a
circuit developed in e-frame.

3 TRANSFORMATION MATRICIES AND
RELATIVE VELOCITIES AMONG
PRINCIPAL REFERENCE FRAMES

When the rotor rotates with velocity w in the direction
from d to q at a steady-state operation, the positive
direction of the rotation is conventionally defined from q
to d, that is the load angle & is assumed to be positive for
motoring as measured from q to d. Therefore, the relative
motion of the rotor with respect to stator reference frame

is pQ: = -, where Gi = -(wt-38) from q to d.
Consequently, the stator speed as it refered to the rotor
is pG: = w, and 9: = wt-3. Since the relative velocity
between the rotor and the synchronous flux wave

reference frame is zero in the reluctance motor (because
the slip is zero), then the steady-state angle of

displacement is 6: = 0, consequently the stator coil is
seen to be rotating in e-frame with velocity pG: = W,

where O: = 6: = wt-3§.
From the above discussion, we conclude that when the
steady-state variables (voltages and currents? are

&etermineé Lm r-frame, they are identical to those
determined in e-frame, but variables in either r or e frame
are different from their corresponding variables in s-frame.
Thus, the transformation matrices D of the steady-state

B 60 Alexandria Engineering Journal, Vol. 30, No. 3, July 1991

variables can then be defined [8] among princi
reference frames as follows:

cos(wt-38) sin(wt-3)

DD -sin(wt-8) cos(wt-3)

3
\
q

cos(wt-38) sin(wt-38) :
-sin(wt-8) cos(wt-3)["

_ QseT o DsrT’ Qer = D' = I = identity matrix

By perturbing the shaft under forced oscillation |
constant amplitude A at frequency B in the direction fra
d to q, the rotor perturbation velocity as seen by stal

reference frame is conventionally p AB: = - Acos pt fro

q to d, where Aﬂi = -AsinBt/p. Consequently, t

stator coil is seen to have relative velocity in r-fram

equals pABZ = AcosPt ; AG: = AsinBt/p  su
behaviour of the wave having no oscillation between:

frame and e-frame, that is AB: = 0, but the rotor w:

is seen to be oscillating by velocity pA 6:’ = —Acospt
e-frame in the positive direction from q to d, whe

ABS = -AsinBt/p.

Therefore, it is shown from the above that t
transformation matrices AD of the perturbation variab
of the reluctance motor are easy to obtain, as follows:

sin(wt-3) cos(wt-3)
_|eos(@t-8) sin(wt-8) A‘i"
sin(wt-8) cos(wt-38)] B

-cos(wt-38) sin(wt-3)

Anlf =

_1p
|

Furthermore, the following are satisfied: y° = DY =V,

if =D =i+ =D, i = D, ... etc. Also




AV = Av'+ AD®'Y, Ai* = D*Ai%, Aif = D™Ai*+ AD™},

'. etc.

' The analysis is extended for the transformation’ process
of the voltage/current relation between two different
eference frames. This can simply be observed such as, for
example, the relation in the r-frame is transformed to e-
frame as follows:

l’ _\ re =
g - D qu [R+Lp+G m]D"’_dq

but D = [, then y; = [R + Lp + G olig,

Similarly, for the s-frame, we have:

D[R +Lp + G @]D™Aiy,
[R® + L°p + G 0]Aiy,

s
A qu

[}

It seems from the above that the coefficients in both r
and e frames are constant (independent of time), but they
are time-variant in the s-frame. This is because of the
saliency factor and due to the nonzero velocity between r
and s frames. Some elements in each matrix of R®, L°

d Q: being periodic in time, where
S s DSKEQXS

In this case, therefore, equivalent circuit in s-frame
cannot simply be developed, since the frame is non-
autonomous, hard to investigate, and its analysis does not
pursued in this paper.

'The f and b components of the complete perturbation
currents in r-frame can be expressed in terms of the true

currents ( _A_i:bs . _fbr) by the following analysis:

/A

s SySeg :€
dqs D A—dqs 4 A— D -dqs

Q'SKAxfbs AD’¢i _dqs , where

< lfbs

,f; FEAITE rsyse  -€
D™ = AD™D™, lags = -dqs

Q A'lfbs = K-IDISKAH,S + K IAD“ dqs

4
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Similarly, the f and b components of perturbation currents
in e-frame are expressed as follows:

Aigy, = DAy, where AD**=0,D%* =D"

.e —1NT1S .s (5a)
« Aip = KTDPKAip
gdqr D“Aldqt AD®” _dqr, where
D =1, Ld = (igq » Ixg) = (5b)
r
A-‘-fbr = Aip,,

from (4) and (5), it can be proved that perturbation
currents in e-frame are true currents and those in r-frame
are as follows:

Aig, = Aig,, + KT'AD™i],

4 EQUIVALENT CIRCUIT FOR TRUE
VARIABLES IN e-frame

Substituting for the complete currents of (6) into
equation (3), the left hand side of (3) remains the same in
e-frame, but the right hand side will be as follows:

TR
{vcosb Lq‘qs
vsind | | -L i’
AKY( sinft i d'ds cosBt)
0 p 0
0 0
-K'[R + Lp + G_w]AD" i}

s T =dq

which can be rearranged by considering the steady-state

o X
veosd = R_i'_ + Lywiy, and

voltage equations: slgs

-vsind = Rsnds - Lqmi(;s and assuming that the

differential operator p operates normally on sinBt.
Therefore the right hand side is:
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[
(Ld-Lq)(i;scospt

- iy sinBt) (B +o)
s (Ld—Lq)(i;scoth + iy sinpt) (B -w)
JZ—B (Mdl cosPt + M 1dssth)B

P

M_ig sinBt) B

Multiplying the first row by B/(B+w) (similarly as in
equation (3) and the network of Figure (1)) and the
second by B/(B-w), we derive the circuit of true variables
in e-frame, Figure (2).

R/sS. L B L Bk R
s/ fs "y 1k kd

,J\,m I'YLJ\,,_

it N Bk i¢
fs f Alg,

Vts G (‘) ";r
3

Wy K Ke
’h?_‘“ ]
b 'lkdn
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Vs aigy 3 ‘ CP i
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Lr\, a8 POk
Rigs  Yshk big® Ry

Figure 2. Perturbation network for reluctance motor in e-
frame.

Va1

The f and b driving voltages are:

e A

Y=o -—(Ld-Lq)iscOS(BHe:) 5 TORQUE COMPONENTS AND POWERS IN
2 THE CIRCUIT
‘e _ = A :y 5 _ ot
Vs = ~—=(Lg-Lg)icos(Bt-e,) 5.1 Torque components from torque equation
2
e A . . . \
Vg = - —"rscos(ﬁt‘“:s) The electrical perturbation torque expression on the
A rotor (= - the torque on stator) of the reluctance motor
is, in the general matrix form [7] in r-frame, as follows:
‘e A e
Vbr then —*rsCOS(Bbl'drs)
2
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where

. _ .c2+.e2
Is = Ylas * gs

\/(Mdi;)z + (Mgig,)®

.€

1
) -1, 'ds
SS = tan (T:-)
1qs
.
M.i
€y _ ~f d'ds
a  =tan ( S )
Mdlqs

In both Figures (1,2), the negative inductors are depi¢
as capacitors (following [1]). However, this is not g
symbolism, since the modulus values of these impedas
are proportional to B, whereas a capacitor would
course show inverse proportionality. The circuit of &
variables- Figure (2) is somewhat similar to Figure
except the driving voltage are on both sides of the cir
with four different sources, two for forward and two f
backward. In these effective voltages, terms of mutual fl
only are involved, there is no term involving v, as it oce
in the sourses of complete variables. Furtheremore, i
powers demanded at the shaft can be calculated from th
synchronous powers which represented by the sum ¢
Ai’R in the true circuit, just as the case of inductio
motor [10], which will be discussed in section 5. We als
note that the equivalent circuit of true variables Figure (2
is equally the equivalent circuits of induction moto
observed in [10] under the conditions of S = 0, § = 0 an
non-saliency.



igq(Gs + G, )ig, = - T,
Ly-L, —MJ
here G, + G Ld_Lq M @)
M,
_Mq

Expression (7) is divided into two separate terms by the
 ‘~:- ormation matrix K, one for forward and one for
backward, as follows:

T;l & ATII;
"é(Ld—L‘)[i;Ai;—i;kAi;] +MiLAiL +M,iLkAif
A T:' 75 AT;'
é (Ly-LOL AL +iLkAiL] +M,i5 Aif-M,iLkAif,

: ®
Note that Equations (8) are also available in the same
m for e-frame.)

To obtain expressions for the damping and synchronising
orque  coefficients for f and b components, we
gebraically solve equation (3) for RM in r-frame and
btaining the perturbation f and b currents, then
ibstituting these into (8), in a similar way as induction
motor [10], to get the torque coefficients, as follows:

r sinft

AT; = - AT = A(Tg + Tpcospt)

r r sinfPt

AT, = - AT, = A(Tg, + Tpy, cosBt)

; ¢ 4 { 4 T T
The coefficients Tge, T, Tg, and Ty, are

btained in terms of machine parameters, but their
pressions are not written here in this paper because of
enghthy and complexity. Figures (3) show the computed
esults of the f, b components of these coefficients in the
omplete r-frame, which will be discussed in section 6.

To obtain expressions for torque coefficients of f and b
pmponents in e-frame, we substitute for complete
urrents in (8) from (6) in terms of the true currents in e-
rame. The forms of the forward and backward
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components of torque in this frame are:

. T
AT A sinBt 17 Acospt - -B—sAcoth
A S AT -
2 2_‘3_(Ld—Lq)(lds-1qs)sm[3t
TS ASEBt e A
= Ystu + Tpg,Acospt
ATS Tk Asinﬂt r T
aoei® Ty + TDbAcoth s FAcoth
A T2 1 12k
_ ?E(Ld—Lq)(lds—lqs)sth
e sinPt
= Tg, A + TDbuAcoth
where
e s .
Tora = Tge - "'(Ld -L )(‘ds s)
e r 1 .12
TSbu = TS - 'Z'(Ld -L )('ds s)
T
[ T
Tpew ® Tpr — — ®)
B
T
€ r
Toow = Tpp *+ F

. .r
= (Ld—Lq)ldslqs
= steady-state torque
The coefficients are:

e .12
TSu > (Ld -L )(lds qs)
e r
T = TD

It is interesting to see from (9) that the true f b
components of Tp, Tg have the same behaviour to those
obtained for induction motor [10]. They are different from
the corresponding coefficients of complete components by
a similar expressions as induction machine. The physical
meaning of that is: in the r-frame, the steady-state stator
currents produce apparent currents which interact with the
salient-pole shape of the rotor to produce apparent torque
components as seen in that frame. But in the e-frame,
there are no apparent stator currents to interact with rotor
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saliency, and so no apparent torque components are
produced. As with the induction motor, Tgg, and Tg,, do
not include a component of Tg due to steady-state
currents only, which must be added separately, as
equations (9) show.

In summary, Tg is invariant in any reference frame, as
for the induction motor. But for the reluctance motor it
happens that the e-frame yields perturbation torque
variables that are true (because of the absence of steady-
state rotor current). Consequently, in e-frame, Tg is found

to be the sum of TSefu plus TSebu which are the true

components of Tg. In the r-frame TSf s ;b (which
appear in (9) and calculated from (8)) are physically
meaningless, since they involve complete perturbation
currents that contain apparent terms. There is thus a close
comparison between the situations in induction motor and
reluctance motor for Tg, and similarly for Tp,.

5.2 Relation between torque and powers in the circuit
of true variables

The important results between the power and torque
which were observed for the induction motor [10] are
reflected here in case of the reluctance machine. It can be
demonstrated that the f, b components of Ty, and Tg are
directly related, respectively, to the time-averaged power
and reactive power in the circuit of true variables in e-
frame.

Thus, by considering the forward part of the network
Figure (2), the currents are given by:

Aifes Alfsusul(efsu Bt) ?
Aig, = Alfmsm(em—m)

It is immediately seen that the time-averaged power is:

el )
2V2
+ vrsAiferuSin(eefru—a:s)]

aad 2k AL JPORRA L

A ks
—[(Lg-Ly)i Aig, cos(el,, +€7)
2y2
# vrsAlfrucos(efru a‘:s)]

These are related to Ty and Tg; respectively, which
obtained from (8) by the substitution of currentsAi
and Aifem; in which the same expressions of (8)
available in e-frame; and therefore, the time-avera

wer = A®T /2 and the reactive power
po Dfu

{

A*Tg, /2B. Similarly for the backward part of
network.

These results can be seen to follow immediately, th
each component of TDu relates to the sum of d
perturbation i ’R losses in the corresponding part of £
circuit, while each component of Tg, relates to the sum;
the perturbation i ’X in the corresponding part of
circuit However, in the circuit of true variables in e-fran
the cros-coupled saliency branch between the forward pa
and the backward part gives a further component of tt
coefficients Ty, Tg,. This component involves
forward and backward rotor perturbation currents, whi
produced due to saliency. The total coefficient of Tm‘
therefore, the sum of forward Tpy, plus the backwa
Tpy, Plus the saliency component Tpg. Similarly f
Te= TG ¥ Tey, + Ten

The power losses in the circuit of Fig(2) is:

Te2 S 5 A e s
L e Alfrude Albsu
p+w B-
R..-R
cre2 ‘e te (2 " kd kq
+ Albrude + (Alfru—A bxu) —T'
~ aned R,B 2e2 de'qu
= fsuﬁ fru 5
vz RB Ale2 Ryg~Ryg
* bsu * Blyy
B- 2

cc e it
i3 Alfru Albru Ryg qu)

The components of Ty, are:
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2. ned Rgh re2 Ryg+Ry
B = —(Ai PR - =
| Dfu 2 fsu B"’Q fru 2
i sez ‘R res Reg+R
me _ €2 s te2 Ttkd kq -
TDbu - _Z(A bsu i 1bru"'—__) (10)
A B-w 2

f ce
Tbe * ; All’ruAlbru(de _qu)

Similarly for Tg,.

'~ The results of (10) show that f and b components of Tp,
and Tg whose obtained from the complete variables
Eqn(8) or from the variables in e-frame Eqn(9) are
mathematically correct but physically ambiguous, since the
complete variables involve apparent components of torque
which is not true, and the saliency effect plays a rule for
producing an independent component of torque, specially
for the reluctance motor. The f and b components of
torque coefficients must now obtained from the real and
reactive powers associated in the circuit of true variables
in the e-frame. This new result seems to be applied as for
he induction machine [10] that each resistive term in the
b circuit may be precisely related to a separate
econdary circuit of a parasitic reluctance machine. There
are now five parasitic machines, four are similar to those
observed for the induction machine [10] plus one further
is particularly generated by the saliency coupling between
the two waves. Again, the perturbed shaft oscillation is
the mechanically primery member and all the five parasitic
machines which represented by the equivalent circuit are
he secondary members.

Figures (4) illustrate the three true components of Ty,
whose obtained from the power losses in the circuit of
(2) The detailed expression of (10) in terms of
machine parameters are not quoted here because of
_mlexlty and lenghthy. Computed results are given by

6 EXAMPLES OF APPLICATIONS

~ In this section, we discuss some examples of computed
torque coefficients and components for specific machines,
as functions of perturbation frequency. In Figs(3,4) the
vertical axis represents components or coefficient
magnitudes in per-unit, while B is plotted horizontally.
he comments offered below are for the machine as
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represented, at its specified working frequency w and
specified load, where the characteristics are plotted to a
B-value significantly exceeding w. The characteristics
applies to all the figures are: (—) for Tp(a) or Tg(b),
(—) for Tpga) or Tgy(b), (-.-) for Tpy(a) or Tg,(b), and
(---) for Tpg(a).

In all Figures the machine parameters are in per-unit,

ified as follows

stator resistance R, = 0045
rotor resistances R,y = 0.03, qu = 0.015
leakage inductances Lig; = Ly = 0.1, Lyq = 008
mutual inductances My = 20, Mq =05
moment of inertia J =77

The operating condition is at v = @ = 0.5, and 8 =
for Figures (3al,3bl,4a1,4bl) and is at v = @ = 0.8 and
& = 30° for the figures (3a2,3b2,4a2,4b2).

Figure (3al)

This machine works at zero load angle and half rated
frequency and voltage. The complete components of Tp in
r-frame are shown to be incorrect in their magnitude;
however, their behaviour demonstrate that Tpy is positive
over all B-range and Tp, exhibts negative range just
below B=w which is in keeping with the behaviour of the
bs parasitic machine

Ip ‘
100-

Figure 3al. Complete components of Tp,.
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Figure (3b1)

The machine and operating condition are the same as
for Fig(3al). The complete components of Tg in r-frame
are physically meaningless. The steady-state component of
Tg is absorbed (in two equal halves) in Tg and Tg,
respectively, so that Tg = Tg + Tg, and the only
coefficient having physical significance is Tg.

Figure 3bl. Complete components of T.

Figure (3a2)

The machine is now operating on load with little
increases in frequency.T{)ftcmains positive for all B
andT;)b has a negative region below B = @ which couses
the dymamic instability in the machine, but these
components are expressed in complete variables which
does not contribute the physical significance of the waves
in terms of the power associated in the equivalent circuit.

The behaviour is seem to be understood, but the values
are incorrect.

Figure (3b2)

The same operation of Figure (3a2) and the same
characteristics of T;f , Téb components of Figure (3b1).

T; = T;f + T;b is the synchronising torque coe

which causes the static instability. This may be occur
is negative at B = 0 [11].

30-

10+

-10- ﬁﬂl/ 0.8 1.2

Figure 3a2. Complete components of Ty,

o 04 08 127

Figure 3b2. Complete components of T,.

Figure (4al)

The machine and operating condition are the same
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€

or Figure (3al). T and Tlc)b‘l are the true f, b

% mponents of Ty, in e-frame which calculated from the
power losses in the equivalent circuit of true variables in

eframe Figure (2). Tp;, is positive as well as the

iency component T over all B-range, whilch;bu
exhibts negative region below B = . These components
are correct and physically significance.

D u

75

Figure 4al. True components of Ty,

: gure (4b1)

' The same machine of Fig(3bl). The steady-state
omponent of Tg disappeared from the true coefficient
5w Which seems to be negative at B = 0, while the
machine is statically stable since 8 = 0 [11]. The reason
s that Tg is the correct coefficient shown in Fig(3b1),

€

~ Tsr = Tg, + a steady-state component, butTg,

nd T ;bu are the true components which calculated from

i’X in the circuit, which when the steady-state component
§ added, it contributes Tg in the correct manner. Note

k. T
at, Tg = Tgpy + Tspu + Tsteadystate = Tgp + Tgp, and
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TSu
5.51

TSfu
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/" Tsby
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Figure 4bl. True components of T,

Yo

Fig(4a2)

The machine and operating condition are the

Figure (3al) Complete components of (T, - B) curves

Figure (4al) True components of (Tp, - B) curves

Figure (3a2) Complete components of (Tp, - B) curves

Figure (4a2) True components of (Tp,, - B) curves

same as for Figure (3a2). Tl;fu is always pos’live,T:)ﬂ,
is positive also in all cases over all B-range, since R4 >
qu and the f, b currents are in magnitude, as equations
(10) show, but T,  is capable of being negative which
accounts for the instability properties of the machine Note

that T;)bu is always positive for f > @ and the region of

negative T:)bu occurs below B = ® (where the bs
parasitic machine becomes a generator).

Figure (4b2)

This machine and operating condition are the same as

€

for Figure (3b2). The same behaviour of T;fu » Tgpy for
a machine operating on load as for a machine operating

at no load Figure (4b1). The actual coefficient is Tg, +

steady-state component, which equals Tg shown in Figure
(3b2).
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like induction motor [10] is investigated. Circuit in
variables discusses physical behaviour of f and b ¥
which is correct in all respects, while circuit :
Fig(3b1) Complete components of (Tg - B) curves
Fig(4b1) True components of (Tg, - B) curves
Fig(3b2) Complete components of (Tg - B) curves
Fig(4b2) True components of (Tg, - B) curves
in complete variables fails in all respects. The f a
components of the torque coefficients are derived ani
computed. It is shown that they are physically ambigt
when they investigated from the torque equation
complete variables, but they are physically meaningful
“T TS —— correct when they derived from the powers associated
the equivalent circuit in true variables. It is demo
. A that f, b waves in reluctance motor xs exactI)" consist
Q 4\ ﬂ 8 1.2 with a physical picture of five parasitic machines, wh
- secondaries are formed by stator, damper circuit and re
saliency, and whose primaries are non-electroma
being represented by the mechanical shaft perturbatio
Dynamic stability is determined by the net behavio '{‘
T the parasitic machines. This is confirmed when only
SU backward wave in stator parasite must be in a generali
W condition for instability to occur [10]. This is represent
by the backward component of the damping torg
coefficient when it is negative for some values of B in
range 0 < B < w, which has a capability to de-stabili
the machine. While the forward component of the sai
coefficient can never cause instability, because it is posit
for all possible values of B in the range 0 < B < ;¢
the analytical expresions indicated and confirmed by th
2 i \ 5 results. Static stability is determined by the total reactiy
}l / power in the circuit at steady-state condition; i.e. when th
/ |

¥

\ synchronising torque coefficient at B = 0 is negative,
/' instability occurs [11].

T s It might be important to investigate the characteristics

0 Q4 08 1.2 ’9 the f and b waves for the excited synchronous motor. Th

Figure 4b2. True components Tg,. work is left for future, because of that problei

(introduced in the introduction) which associated with tt

field components in e-frame. The 2-axis model of th

machine, with one shorted coil in rotor axis, may becon

vl = 8™ order in e-frame, while it is 7" order in r-frame. Tl
Equivalent circuits for f and b waves for the reluctance problem, therefore, should be carefully studied.

synchronous machine are developed. These are derived in On the other hand, it may be useful to investigate tl
both complete variables in r-frame and true variables in e- characteristics of the f and b components of T, and Tg

frame In r-frame the voltage source occurs in the stator the machine in time domain. This may show how far t

side, Wivie n e-fr.ame the_ Griviig v?ltage occurs on both stability margin, represented by the backward wave, fro
stator and rotor sides; typical behaviour for f and b waves the load condition and speed indication for cotributi

— —

Sereans ~,
i by A LTI T S PP Ry

47

Figure 4a2. True components of Tpy,.

7 CONCLUSION
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nstability. This can be measured in a range of sensible
alues of machine parameters at a particular operating
ondition. However, it should be noted that the time
haracteristics depend on the total coefficients TD’ and Tg
lus inertial torque; but not the f and b components.
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