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ABSTRACT

Steady-state stability studies of a synchronous-reluctance machine
operated from a variable frequency volﬁage source are performed by linear-
izing the equations describing the behavior of the machine during small
perturbations about a steady-state operating point and then applying the
Nyquist stability criterion.

An investigation of stability is made from the results of a
digital computer study, and from experiments. Machine instability is
fevealed to occur mainly at low operating frequencies even though balanced,

constant amplitude voltéges are applied to the stator terminals.
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CHAPTER 1

INTRODUCTION

A. GENERAL INTRODUCTION

Synchronous-reluctance machines have been considered as constant
speed machines and their applications have been on constant frequency
systems. Modern controlled semiconductors and their use in inverters
have now made possible the application of synchronous-reluctance
machines in controlled variable speed drives. Control of both speed
and direction of rotation of the machine has been made practical by
controlling the frequency and voltage, and phase sequence respectively.
As controlled drives begin to be widely employed in industrial and
traction applications, analysis of machine stability over the frequency
range is needed.

In the stability analysis the behévior of the synchronous-reluct-
ance machine is described by the basic equations similar to those
employed in synchronous machine theory. Transformation to the d-q-0

axes fixed on the rotor is performed. The equations obtained by

allowing small changes about a steady-state operating point are nonlinear.

To reduce the complexity, these equations are linearized, and machine
stability is predicted applying the Nyquist stability criterion for
various speeds and different system parameters. Experimental tests
are performed and compared to the predicted results on the stability
of the machines.

It is shown that the machine stability is dependent on both

[1]




the amplitude and frequency of the applied voltages, the system inertia,
and the electrical parameters of the machine. Machine instability occurs
with balanced applied voltages which are independent of load currents.
instability is therefore not due to an interaction between the machine
~and the voltage source, and instability is found to be inherent at low

frequencies (machine speeds).

B. ALTERNATE APPROACHES

Stability analysis of electric machines has been traditionally
performed by analog computers. Attempts by the author to study the
steady-state stabilitx of the synchronous-reluctance machines at
variable speeds were made using the analog computer. However, the
simulation requirements are not met due to the large number of multipliers
needed to‘simulate the approximately rectangular voltages from the
inverter. If the supply voltages are assumed to be sinusoidal, analog
computer techniques would produce modes of machine stability very close
to those predicted by the digital computer program because the system
models are the same for both cases.

Other familiar techniques involved in the investigation of
machine steady-state stability are the root locus method and Routh-
Hurwitz method. The root locus method is inconvenient because the
method requires immense work in plotting the root loci of a very high
order system (a minimum order of 4). The Routh-Huxrwitz criterion gives
the same results as the Nyquist criterion, but the digital computer
program for the Nyquist criterion is more easily programmed and the

results more readily show the machine stability modes (See Chapter IV,

[2]



Section (C)).
Another method recently used by Lawrenson is the D-decomposition

[

technique This method also detects machine instability at higher
.supply frequencies. However, machine tests performed by the author
of this thesis did not exhibit unstable steady-state operation with
the chosen machine parameters and operating conditions at high
frequencies. Analyses of synchronous machine stability have also been
made employing phase space approach[z], Volterra series approach[sl,
.and Liapunov stability approach[4]. These methods are very effective
in analyzing nonlinear systems, and in these analyses linearization
of the equations describing the behavior of the machine is not used.
These methods can be extended to study the stability of synchronous-
reluctance machines. But in this thesis the analysis employing

Nyquist stability criterion also serves the same purpose as far as

steady-state stability is concerned, and the method is fairly simple.

[3]




CHAPTER 11

BASIC EQUATIONS

The generalized machine theory is employed to describe the tran-
sient and steady-state performance of an idealized synchronous-reluctance
machine. In the development of this theory the following assumptions are
made:

| (1) Each stator winding is distributed so as to produce a sinu-
soidal MMF wave along the air gap.

(2) Irregularity of the cylindrical magnetic structure of the
stator introduced by the presence of slots produce negligible
variations in the self-inductances of the rotor windings.

(3) Saturation of the magnetic circuitvis negiected.

(4) Balanced sinusoidal voltages are supplied from a zero-imped-
ance source.

The idealized machine considered is a four-pole, three-phase

- synchronous-reluctance machine as shown in Figure 1. The analysis can

be extended to machines with any number of pole ‘pairs. The amortisseur
windings are embedded in the rotor which is made cylindrical in shape.

The amortisseur windings are very useful in damping out oscillations in
rotor speed, and in providing the machine with a self-starting capability,

the torque for which is produced by induction.

(A) FUNDAMENTAL EQUATIONS

‘The appropriate voltage equation for each of the windings, with
the appropriate subscript, that is, as, bs, cs, qr, or dr, can be expressed

as

[4]



qr-axis

dr-axis

Figure 1. Four-pole, 3-phase Synchronous-reluctance machine
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V= pA o+ ri | : | (1)

The flux linkages may be expressed as

L L L L L
as asas "bsas ~csas “dras qras
Abs Lasbs Lbsbs Lcsbs Ldrbs Lqrbs
=L L L . . L L X
cs ascs bscs cscs T Udres  Tgres
Adr Lasdr Lpsar Lesdr Ldrdr LQTér
A L L L L L
qr asqr bsqr “csqr drqr qrqr
S . B . —
i
as
Tbs
tes (2)
tdr
i
qr |
_—

By the assumptions we have made the self-inductances of the rotor
circuits (dr and qr) are constants, independent of Gr. Becau;e of
the symmetry of the rotor, the stator self-inductances and the mutual
inductances between stator windings are expressed as a series of cosines

[7, pp. 10-12]

of even harmonics of angle ﬁr _ With the sinusoidal

winding distribution only the first two terms of each series are

[6]



significant and other terms of the series are neglected. Because only

sinusoidal MMF is produced along the air gap it is realized that stator-
to-rotor mutual inductances vary sinusoidally with er.

equations describe the inductances which were given in (2).

. Stator self-inductances:

Lasas = LlS + LSO - le cos (29r)
LbSbS = Lls + LSO - le cos 2(6r - 27/ 3)
LCSCS = L1S + LSO - le cos 2(6r + 27m/3).

Rotor self-inductances:

Ldrdr - ler * LdrO

= L + L

Lqrqr iqr qro’

Stator-to-stator mutual inductances:

asbs Lbsas 0 sl

e
[
B

ascs Lcsas 0 sl

)
!

Lbscs Lcsbs - 0 sl

Rotor-to-rotor mutual inductances:

Ldrqr B

Lqrdr B

Stator-to-rotor mutual inductances:

Lasdr - Ldras - Lsdr sin er

L7]

- 1/2 LS - L cos 2(6r - m/3)
- 1/2 LS - L cos 2(6r + 1m/3)

- 1/2 LS - L cos 2(6r + ).

The following

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11

(12)




L =L =L cos © ‘ (13)

asqr qras sqr T
Lbsdr = Ldrbs = LSdr sin (Br - 2m/3) (14)
Lbsqr = Lqrbs = qur cos (er - 2m/3) - (15)
Lcsdr = Ldrcs = Lsdr sin (er + 2m/3) (16)
esqr = Lqrcs = qur cos (er + 2m/3). (17)

In the above equations the subscripts 1s, 1dr, 1qr denote the leakage
inductances of the stator, dr and qr windings, respectively. The
constant terms and the coefficients of the second terms of the Fourier

Series are denoted by s0 and sl respectively.

(B) TRANSFORMATION OF STATOR QUANTITIES TO REFERENCE FRAME FIXED ON ROTOR

To simplify the mathematical procedure in the analysis of synchronous-
reluctance machines the stator and rotor variables are transformed to a
common frame of reference fixed in the rotor. In this reference frame
the voltage equations do not contain any time varying coefficients at syn-
chronous speed. The stator variables are transformed to the reference

frame fixed on the rotor by

qu = v2/3 {:%as cos O+ f  cos (6, - 27/ 3)
+ fCS cos (er + 2&/3):] (18)

fds = /773'[:%as sin Gr + fbs siﬁ (er - 27/3)
| + fcs sin (6r + 2ﬂ/3):] (19)

8]




f .

Os:,/ITzT (£, 0+ £+ f '] ' | (20)

bs cSs

In the above three equations the variable £ can represent
either voltage, current, or flux-linkage. As the stator is a symmetrical,
balanced three-phase system, the third transform variable fOS is zero.
After referring the rotor quantities to the stator windings by
the appropriate turns ratio and transforming the stator voltages and
currents to the reference frame fixed in the rotor where the symmetry

exists, the voltage equations may be expressed as

Vqs = p}\qs + de per + I‘Slqs : (21)
Vas T Phas - qu PO, * Tolgs (22)
1 L 1
Vqr = pqu + rqr Lo (23)
1 t t
Var 7 p>\d * Tar tdr (24)
t
where qu = L, ios + Laq (lqs + ior ) (25)
t
Ads = Lls tds * Lad (1ds Tl ) (26)
A . 1 . 1 . . t
qu -=-L1qr - + Laq (lqs + 1qr ) (27)
' ' - ' . . '
Adr = ler Tdr * Lad (1ds ¥ Lar ) (28)
and where
Lad = 3/2 (Lsd * le)
= 3/2 (Ns/Ndr) Lsdr
- 32 (N, )P L (29)
s’ dr dr0 i

[9]




Lyg = 32 Ugp - Lgp)
= 3/2 (Ns/qu) qur
= 3/2 N /N )L
s’ qr qro
! 2
ler = 3/2 (Ns/Ndr) ler

. 1 . . 2
dr 3/2 NG/ gy Tar

1

T

i

idr 2/3 (Ndf/Ns) idr

1

Vdr (Ns/Ndr) Vdr'

(30)

(31)

(32)

(33)

(34)

!
The equations relating qr and qr quantities are similar to

. t
those relating dr and dr quantities, and N denotes the number of

turns of the corresponding windings. The primed rotor quantities are

‘rotor quantites referred to the stator windings.

[10]
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CHAPTER III -

APPLICATION OF SMALL-DISPLACEMENT THEOQRY

TO SYNCHRONOUS-RELUCTANCE MACHINES

The small-displacement theory enables us to establish linear
relatioﬁships between the machine variables for small changes about a
steady—stéte operating point. The small-displacement equations are not
valid for large excursions of the variables from the operating point,
but in conjunction with the Nyquist stability criterion the linearized

relationships offer an approach to investigate the machine stability.

A. STEADY-STATE OPERATION

The rotor circuits of the synchronous-reluctance machine are
short-circuited (Vqr = Vip = 0). During balanced, steady-state
operation wherein the reluctance machine rotates at an electrical
angular velocity corresponding to that of the applied voltages, the
rotor currents (iqr and idr) are zero. The equations describing

the steady-state operation can be obtained from (21) through (28) by

setting

and are expressed as

¥ cos 60 = de fr 140 ¥ Te quO (35)

[11]




V sin 60 = - qu fr lqsO *Troise (36)

where V denotes the amplitude of the balanced applied stator voltages,

the letter 0 in the subscript denotes steady-state quantities and

de = Y * (Lls " Lad) - Xls * Xad (37)
qu - we (Lls ¥ Laq) - Xls " Xaq (38)
84 - 0. -w t ' (39)
£, = wro/we. (40)

For motor action the steady-state rotor load angle 60 is
negative. The electrical angular‘velocity w, is the chosen base
frequency which is 60 Hz. w9 is the steady-state electrical angular
velocity of the rotor which is determined by the applied stator voltages.

The steady-state torque for a 4-pole, three-phase machine is

~given by

T = 3/2 x P/we X (de - X

el qs) tds0 lqsO' (41)

where P = 2 for a 4-pole machine.

Equation (21) through (28) can be expressed in matrix form as

VqsO V cos 60
Vis0 V sin 60
e =
Vqu vO
]
VdrO Q

[12]




P “10 p Y10 177
Ts * o Xgs w_ ds % Xa w_ ad 14s0
e 4 e e 24 e 4
w P p
- X _x0 r + —X - £ X i
qs W, s W, ds aq 'r w “ad ds0
x
p 1 P '
=X, 0 T, t er r 0 0
e 24 q e 4
p + P '
0 % tad 0 Tar * B;Xdr 0
(42)
By letting p. be zero in (42) we can solve for iqsO and
idSO’ and consequently TeO from (41):
i . =(r Vecos,-f X, Vsin8) / (r.2+ £2 X, X_)(43)
qs0 s 0 T “ds 0 s r “ds "gs
i, = (r.Vsind - f X _vVsind) / (r2+ £2x. X )(44)
ds0 S 0 r gs -0 s r “ds "gs
1 3 2 2 2
Teo = o, (Xgs - qu) VI g £ Xy quz]
2.
r.~ sin 260 - fr Ty de.+ fr T de cos 2 60
+f v X +f r X cos 286
T s Qs r s 'gs 0
-£°%X, X _ sin2$ (45)
r “ds “gs 0 _

B. SMALL-DISPLACEMENT FROM STEADY-STATE OPERATING POINT

By allowing the variables in (42) to change by small amounts

about the initial steady-state operating point, we have

[13]



V cos (60 + AS)

V sin (60 + AS)

0
0
p W * w P ro T AW
s T qu de( w ) aq Xad( w )
e e e e
w_ .+ Aw P w o+ Aw p
. r0 i 0 L -
- Nﬁ( B ) s * o tas B aq( ) o Yad
e e e
P 1 b 1
(,—0.- aq 0 I'qr + Je—er 0
p 1 p 1
0 _——Xad 0 rdI‘ * —(D——Xdr
lqsO + Alqs
laso * Blgs
X . (46)
A
qr
. 1
Aldr

where

[14]




Dw, = phS (473

L] 1 t
Xgp = Xpar ¥ *aq = Wellygr * L9 (48)

1 1 t
X = X + X w (
qr 1qr aq e

Ligr * Lag)- (49)

.For small changes in the rotor angle & the following approxima-

tions hold:

V cos (60 + AS)

12

V cos 60 - V (sin 60) AS (50)

144

V sin (60 + AS) V sin 60 + V (cos SO) AS (51)

1

By substituting (50) and (51) into (46) and.thensubtrécting the

resul tant matrix from (42) we can eliminate all the.terms which describe

R WO 5§ P

. . T
- V (sin 60) AS - de l4s0 T

Aw
T

Vv i —
(cos 60] AS qu 1qsO my

4

[15]



p W P w_ ., + Aw
r o+ —X x, =0 s X (=0 T
s W gs ds w w “aq ad w
e e e
Aw P W g+ Aw P
T Tgs w s Y g - Xyq ¢ : w ) % Xad
q e S a e € @
X
P v P 1
- 0 T + —X 0
w_aq qr W, qr
% v P '
0 % Xad 0 Tar * u tdr
e e
Ai
gs
Aids
(52)
t
Ai
qr
A
tdr
From (52) the rotor currents can be expressed in terms of stator
currents:
A5 1 p . v P '
1q1‘ = (- a—e-xaq Alqs) / (I‘qr + a)'—e—xqr ) (53)
Lo P . 1 P '
Aldr = (- 5;xad Alds) / (rdr + ngdr ). (54)

By substituting (53) and (54) into (52) and neglecting second

order differences, we obtain the following small-displacement equations:

_ . —_
- v - o .

v( sin 60 wede ldso)
AS

i

V o .
cos 60 + wequ 1qsO

[16]




P2 2 2
P Wy aq @w-"1r a
*s " o igs " ' ' Xgs 1 - ' '
e 4 T + B2y s T oy + X
qr w_qr dr w “dr
e e
p X
s 2 (__92 x 2
W T Taq P W ad
- £+ 1 r.o + =X - el 0
qs "r + Py o s w,Sds + P x
qr w, qr dr w “dr

(55)

During small changes about a steady-state operating point the

torque expression becomes

3 . . . .
e0 * ATeo = o= (Kyg - qu) (gso * Blgg) (lqsO ¥ Alqs)

T

3 . . . !
¥ EE'Xad (1q50V+ Alqs) Mgy

- Xaq (1dsO + Alds) Alqr (56)

t
EIw

Neglecting second-order differences and expressing the rotor
currents in terms of stator currents, and then eliminating the steady-

state torque expression (41) from (56), the small-displacement torque

expression becomes

3 . .
AT, = W [E%ds B X ) (Bggp M q T 1gs0 byggd -

[17]



U—Xad lqso E—_Xaq 1d50
e . e . N
; - Ald + : - Al (57)
r, o+ By S or o+ Py s
dr w “dr qr w qr
e e
When (55) is solved for Aiqs and Aids and the results substituted

into (57), the following expression can be obtained (See Appendix B):
ATe = G(p)As. ' (58)

This equation denotes a linear, small-displacement relationship between
the electromagnetic torque and the rotor load angle.

To simplify computation all quantities are converted to per
unit quantities by selecting the base voltage, current, and frequency
to correspond to the rating of the machine.

The small-displacement equation describing the dynamics of the
~mechanical system during small changes about an initial operating speed
can be obtained from the steady-state electromagnetic torque equation
by allowing small changes in the variables:

TLO + ATL = TeO + ATe —ﬂf;g
PN . " T W S 5

(59)

¢ <

where the notation ~ denotes per unit quantities. Since in the steady-
state, TLO = TeO where TLO is the steady-state load torque including

friction and windage losses, and since Vv = o s the small-displacement

o X
equation obtained from (59) is
ATL = ATe ~‘J P w, (60)
N Nt S o
2H 2
or ATL = ATe =D AS. (61)
L4 Rt €

[18]




CHAPTER 1V

METHOD OF DETERMINING MACHINE STABILITY

A. APPLICATION OF NYQUIST STABILITY CRITERION

From equations (58) and (61) we can construct the system block
diagram which is shown in Figure 2. Since the system which approximately
represents the synchronous-reluctance machine is linear, we can investi-
gate the stability of the synchronous-reluctance machine as if it was
a linear feedback system, in the frequency domain employing the Nyquist
stability ériterion.

The open-loop transfer function of the system in Figure 2 is

expressed as
F(p) = - ——— (62)

By replacing p by the Laplace variable s (62) becomes

OR G(s)

2 H 52

F(s) = - (622a)

By setting s in (62a) equal to jv, the open-loop transfer

function becomes

w_  G(jv)
F(jv) = + ———— (63)
2 Hwv
Writing G(jv) = a(v) + j b(v) (61) becomes
Yo
F(jv) = > [a(v) « j bW \ , (64)
2HwvV

The stability of the closed-loop system can be determined from

[19]
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ATL ‘ t’o B we

2 H p2

L
\_

G(p)

AT

Figure 2. Small-displacement closed-loop system.
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the locus of F(jv) as Vv varies from -« to +», The Nyquist
stability criterion states that a feedback system is stable if and only
if the locus of F(jv) does not encircle the (-1, 0) point when the
number of poles of F(s) in the right-hand s-plane is zero [6]. For
the synchronous-reluctance machine the expression F(s) does not have
poles in the right-hand s-plane,therefore the feedback system is stable
only if the locus of F(jv) does not pass through or encircle the

(-1, 0) point.

The expression G(jv) 1is given in Appendix C.

By analysing the locus of the frequency response of the system
which represents the synchronous-reluctance machine under small changes
about its steady-state opérating point, it is fairly easy to predict the
machine stability when balanced voltages of constant rms value and
constant frequency are applied to the stator windings.

With the appropriate machine parameters and steady-state operating
conditions, the plot of F(jv) in the Nyquist diagrams are similar to
the one shéwn in Figure 3(a). Since the locus of F(jv) is symmetrical
about the real axis we can obtain only the locus of F(jv) as v is
varied from 0 to +~ and then reflect it about the real axis to
obtain the complete contour. The three plots of F(jv) shown in Figure
3(b) correspond to the initial operating points:

Machine operated at rated stator voltage (1 p.u. voltage), Teo = 0;

and (a) machine speed of 123 electrical radians per second
(f. = 0.36),
(b) machine speed of 226 electrical radians per second

(fr = 0.60),

[21]



(c) machine speed of 368 electrical radians per second
(fr = 0.96).

The machine tested was designated ALACN (See Chapter V, Section
(A)). With the operating conditions of point (a), the locus of F(jv)
encircles the (-1, 0) point as Vv varies from - to +x, The
system is unstable. At the initial operating conditons of point (b) the
locus of F(jv) passes through the (-1, 0) point, suggesting that the
machine is operating on its stability bouhdary and the machine would
display sustained oscillations when it is subjected to a small disturb-
ance. At the initial operating conditions of point (c) the locus of
F(jv) fails to encircle or pass through the (=1, 0) point; the system
is stable.

Thus the small-displacement theory enables us to determine
machine stability under various initiél operating conditions. The
- machine used in the experiment was found to be quite stable when
loaded with a mechanical load of noticeable magnitude less than the
rated value; the mechanical load helps in damping out the rotor
oscillations caused by small disturbances to the machine. These small
disturbances may be a change in the supply voltage, or mechanical load.
Therefore we conducted our tests on the machine which was not loaded fo
locate the stability boundary for the worst case --- that of the unloaded

machine.

B. THE DIGITAL COMPUTER PROGRAM

The digital computer is programmed appropriately to give the

locus points of F(jv) as Vv is varied from 0.08 radians per second

[22]
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Figure 3. Nyquist Diagrams for the plot of F(jv).
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to 138 radians per second for each initial operating point. By examining
where the locus crosses the Re[F(jv)] axis, that is, when Im[f(jv)] is
zefo; we determine whether the machince is. stable or unstable, or the
machine is operating at the stability boundary conditionms.

The above range of Vv 1is chosen because the natural frequency of
oscillations of the rotor is always less than the frequency of the applied
voltage, and because this range of v produces loci near the (-1, 0)
point on the Nyquist diagram, giving sufficient information for the
determination of the stability of the machine.

The digital computer program is shown in Appendix D. This cémputer
program can be modified-to give any initial operating conditions by inserting

a Te loop for the machine load, or/and by varying the machine parameters.

0

[24]




CHAPTER V

TECHNICAL CONSIDERATIONS

A. MACHINES TESTED

The machine stability tests were performed on the same Westing-
house 3-horsepower Life Line 4-pole induction motor stator, with one of

the following three rotors[SJJ

(1) Axially laminated anisotropic narrow-pole-pitched rotor,
denoted as ALASN;

(2) Axially laminated anisotropic broad-pole-pitched rotor,

denoted as ALASB;

(3) Axially laminated anisotropic with copper foil inter-leaving

narrow-pole-pitched rotor, denoted as ALACN.
With the corresponding rotor in place the synchronous-reluctance machine
has the parameter values as shown in Table 1. (Refer to Chapter V,

Section (c)).

B. VOLTAGE SOURCE AND EFFECTS OF STEP-UP TRANSFORMERS

Since there is no access to a three-phase voltage source the
magnitude and frequency of which can be varied to the desired values,
a Ward-Leonard system with elementary feedback control was set up to
drive a 3-phase synchrénous generator at variable speed. The ampiitude
of the generated voltage per cycle from this synchronous machine was
controlled by adjusting its field excitation voltage while the frequency

was controlled by adjusting the speed at which the generator was being



Table 1.

Machine parameters.

Rotor ALACN ALASN ALASB ALASB
Jr(kg—mz) 0.01647] 0.01839 0.01876 0.10097
10.866 0.8063 0.8063 0.8063 0.8063
r () 1.000 0.8262 0.8262 0.8262 0.8262
1.133 0.8780 0.8780 0.8780 0.8780
0.866 0.8515 0.8515 0.8515 0.8515
Xis ) 1.000 0.8468 0.8468 0.8468 0.8468
1.133 0.9028 0.9028 0.9028 0.9028
1
Xigp @0 0.7125 1.3280 0.5724 0.5724
t
X ) 0.9037 0.8161 1.0254 1.0254
lgr
!
Tep 0.4352 1.0518 0.8468 0.8468
1
rqr () 0.8693 0.8227 1.0559 1.0559
*
PE 23.70 21.45 20.45 20.45
0.866 | 12.90 13.20 13.60 13.60
* %k
X,q GO joOP 1.000 8.00 10.50 10.00 10.00
1.133 5.40 8.20 6.70 6.70
PE 2.20 2.20 3.20 3.20
0.866 1.70 2.40 3.20 3.20
* %
Xaq () | OP 1.000 1.70 2.40 3.20 3.20
1.133 1.70 2.40 3.20 3.20
* PE denotes peak value; ** OP denotes operating value.
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driven. Hence a 3-phase voltage source of variable frequency and
variable magnitude of volt-per-cycle was obtained. These balanced volt-
ages were applied to the stator windings of the synchronous-reluctance
machine. However, this whole system became unstable when there were

very small oscillations in the synchronoué—reluctance machine. That is,
the voltage source interacts with the synchronous-reluctance machine, and
the synchronous generator coupled to the Ward-Leonard system was not able
to supply balanced, sinusoidal voltages which are independent of the

load currents.

The tests were therefore performed using a three-phase static
converter with variable frequency control. The magnitude of the output
voltages of the converter was approximately proportional to the frequency,
ie., VZ fr Vm in per unit quantities,with resistance compensated
characteristics. The outpﬁt voltages are approximately rectangular in-
stead of sinusoidal, as shown in Figure 4.

To obtain the desired value of rated voltage it is necessary
to step up the output voltages from the converter using three power
transformers, one for each phase. These transformers inherently introd-
uée winding resistances and leakage reactances. Therefore the resist-
ances, and leakage reactances of the transformers must be included as

part of the stator resistances and leakage reactances respectively. The

q-axis equivalent-circuit of the resultant circuit is shown in Figure 5(b).

The resultant d-axis equivalent-circuit is also realized by an identical
method. The magnetizing impedances of the transformers are neglected
because the voltage regulation of each transformer is dependent mainly

on the winding resistance and leakage reactance.

[27]




(a) Operation at 16.7 Hz.;;Horizéntal scale: 10 ms/div.
Voltage (curve at top): Vert. scale: 50 V/div.
Current (curve at bottom): Vert. scale: 20~ A/div..

(B) Operation at 60 Hz. Horizontal scale: 5 ms/div.
Voltage (curve at top): Vert. scale: 200 V/div.

Current (curve at bottom): Vert. scale: 20 A/div.,

Figure 4. Waveforms of line-to-line voltages and line currents in the

stator windines w

th rotor ALASB in place.
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C.

DETERMINATION OF MACHINE PARAMETERS

(a)

(b)

(<)

Moments of inertia of rotors

The moments of inertia of the rotors were determined by the
simple torsional pendulum method[lo]. Each rotor was suspended
from a steel wire by a bolt which was tightened into a centre
hole drilled on one end of the rotor shaft. The period of
simple harmonic torsional oscillations of each rotor was
compared to the period of a standard cylinder of known mass and
dimensions from which the moment of inertia of the cylinder was
calculated. The moment of’inertia of each rotor was computed
using the equation:

J_ = (;_f—-)z Iy (65)
cy

where J = l-M R2.
. cy 2

Stator leakage reactance (Xls)

The stator leakage reactance was found by locked-rotor-test
on the machine with the squirrel-cage induction rotor in place.

Neglecting the magnetizing impedance the total impedance

1 ]
(rs o, )+ JCXls + Xlr } as seen from the stator terminals

was measured. The stator leakage reactance Xls was assumed

to be equal to the equivalent rotor leakage reactance X

t

ir

Stator resistance (rs)

The stator resistances were found by d-c resistance bridge

[30]




(d)

(e)

()

measurements and were found to be equal.

Direct-axis and quadrature-axis synchronous reactances

(de and qu)

The d-axis and gq-axis synchronous reactances for each machine
setup were measured using d-c inductancebridge for various

stator currents over the full working range. The variation of

qu with stator currents was found to be very small and was
considered constant. The value of de varies considerably
with stator currents. The value of de used in the stability

analysis is the value corresponding to the respective magnetic
flux level. For low voltages the changes in magnetic fluxes

are small and the value of X used is the peak value (See

ds

Section (f) below).

Direct-axis and quadrature-axis magnetizing reactances

(Xad and Xaq)

The Xad and Xaq values were calculated from the equations

(37) and (38):-

Xad = de - x1s (66)

Xaq = Xgs = ¥is (67)

Direct-axis equivalent rotor resistance and equivalent rotor

t
leakage reactance (rdr and der )

—_n
The d-axis subtransient impedance Zd for each machine

[31]




(g)

setup was measured by locked-rotor-test (Figure 6(a)). The
rotor was locked at the position where minimum torque was
sensed when the stator windings were energized. From the

equivalent circuit as shown in Figure 7(a) both the equivalent

L

rotor resistance T
dr
1"

t -
der in the d-axis were calculated when Zd s T and Xls

and equivalent rotor leakage reactance

were known, Xad being the peak value which occurs at low

voltages.

Quadrature-axis equivalent rotor resistance and equivalent rotor

t

t
leakage reactance (rqr and qur )

. on
The g-axis subtransient impedance Zq for each machine

setup was measured by locked-rotor-test (Figure 6(b)). The

rotor was locked in the same position as in Section (£) above.
t

Employing similar method as in (f) above, both the rqr and

qur were calculated from the equivalent circuit as shown

in Figure 7(b).
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CHAPTER VI

ANALYSIS OF THE RESULTS

Stability analysis was performed for each of the three machines at
three magnetic flux levels, that is, at Vm = 0,866 p.u., Vm = 1.00 p.u.,
and Vm = 1.133 p.u. In the machine tests, a stroboscope was employed
to check the stability of the machine. The stroboscope which was used
to illuminate the rotor shaft was triggered from the line—to-neutral
voltage of the stator winding and the position of a mark on the rotor
shaft was observed. At.the same time the waveforms of the stator currents
were observed on an oscilloscope. The machine was first synchronized at
fr = 1.25 p.u., then the supply frequency was lowered very slowly until
unstable operation of the machine was observed. The machine was regarded
as unstable when the rotor was observed to undergo sustained oscillations
about a mean position and when the amplitudes of the stator currents show
noticeable sustained fluctuations. The machine was otherwise considered
* stable in the steady-state.

Figure 8, 9, and 10 show all the results from both the computer
program and experiments. In one program the values of Xad and Xaq
are constant, and respectively correspond to the values at normal flux
level. 1In another program each value of Xad and Xaq has been corrected
to the value measured at the particular flux level. Figure 8 also shows
the effect of including a source impedance of (0.02 + j0.02) p.u. for the
machine operated at normal flux level, that is, Vm = 1,00 p.u. Figure 9
also indicates the influence of rotor direct-axis resistance on the

machine stability at normal flux level. Figure 10 also provides informations
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0.8 0.9 1.0 1.1 1.2
Magnetic flux level, p.u.
Stability boundaries for machine with rotor ALACN.

experimental boundary;

theoretical bopndary, Xad and Xaq values constant for
different Vm values;
theoretical boundary, corrected Xad and Xaq values at
different Vm values;

theoretical boundary, a source impedarice included.
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Figure 9.

X

0.8 0.9 1.0 1.1 1.2
Magnetic flux level, p.u.
Stability boundaries for machine with rotorvALASN.

experimental boundary;
theoretical boundary, Xad and Xaq values constant for
different Vm values;

theoretical boundary, corrected Xad and Xaq values

at different Vm values;

1
theoretical boundary, Tyr value increased by 5%.
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values constant for different Vm values;
———— (thick) theoretical boundary (H = 0.548), corrected Xad

and Xa values at different Vm values,

q
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to show the influence of rotor inertia on the steady-state stability of
the machine. In these three figures each machine is operated in the
unétable mode below the critical frequencies indicated.

The experimental results disagree with the results obtained from
the digital computer program in sevefal aspects, From Figures 8, 9, and
10, in contrast with the experimental results, at no-load the stability

boundaries predicted by the program, in which the X and Xaq are

ad

constant, occur at higher frequencies with raised magnetic flux level.

This is due to the fact that the values of Xa and Xaq change with

d

different flux levels, while the values of Xa and Xaq in the computer

d
program were instructed to stay constant at the values corresponding to
normal flux level. The changes in the magnetic parameters were not taken
into account in the program.

The tests on the machines show that each machine at no-load tends
to be more stable at lower frequencies when the magnetic flux level is
raised. This corresponds well with the digital computer prediction made
by Lipo and Krause[g], and also with the results in this thesis, from the
computer program in which each value of Xad and Xaq has been corrected
to the proper value at different magnetic flux levels. This can be real-
ized as the effect of magnetic saturation at higher magnetic flux levels;
saturation reduces the ratio of Xad/Xaq and the machine becomes more
stable. Therefore, it is invalid to predict machine steady-state stability

by assuming the same values of Xa and Xaq for different Vm values.

d

At each flux level, the correct xad and Xaq values, and possibly also
1 1
ldr ° qur and Xls values, should be employed in the

prediction of machine behavior.

the correct X

[39]




By comparing the regions of instability for the machine with the
rotor designated as ALASB for two different values of polar moment of
inértia while all other parameters are unchanged, machine tests reveal
that the machine becomes less stable at low frequencies when it has a
higher polar moment of inertia. This increased region of instability
is indicated for all the three magnetic flux levels. Prediction from
the program does not show the shift of the region of stability in the
same direction for Vm = 0.866 and for Vm = 1,000, but for Vm = 1,133
the stability boundaries are the same for both inertia values. The machine
tests also show more or less the same stability boundary for all three
flux levels with the higher value of inertia constant. Therefore, with
a larger polar moment of inertia, the effect of changes‘in the magnetic
flux level, on the size and location of the region of steady-state
stability, is reduced as compared to the results obtained from tests on
the machine with the lower moment of inertia wherein increasing the mag-
netic flux level improves the steady-state stability of the machine. How-
ever, we should not draw the conclusions that the machine with increased
inertia should be less stable at low frequencies than with a lower inertia,
and that the stability boundary tends to the same for different magnetic
flux levels when the inertia is increased. We can only make such con-
clusions after many tests on different machines have confirmed that the
same general trend is being followed. Tests on the machine with other
rotors were not performed with increased inertia due to mechanical limit-
ations.

The regions of instability at low operating frequencies, obtained

from machine tests, are in all cases greater than those regions of
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instability predicted by the digital computer program output with the

correct Xa and Xa values for each flux level. These are due to

‘ d
one or more of the following:

1. The voltages supplied by the static converter are not sin-
usoidal while the prediction of machine behavior is based on
the assumption that voltages applied to the stator terminals
are sinusoidal. The approximately rectangular voltages from
the static converter contain harmonics which tend to cause
instability.

2. The 3-phase voltage source, the static converter, is in real-
ity not a zero-impedance source. The output voltages vary,
though slightly, with different loads. This means that there
are interactions between the static converter and the reluct-
ance machine to which the converter is delivering electrical
power. The synchronous-reluctance machine is less stable when
the voltage source interacts with the synchronous-reluctance
machine. Yet in the theory developed in this thesis the
voltage source is assumed to be independent of the machine to
which it is supplying power. The effect of taking a source
impedance into account is readily seen by examining the results
shown in Figure 8. With the particular source impedance chosen
the machine is less stable at low frequencies. However, there
is no general method which enables us to measure the output
impedance from the static converter, and this impedance varies
with different loads.

3. The stator windings have different resistances and leakage

[41]



reactances, and the resistances and leakage reactances of the
three step-up transformers are different. Hence the resultant
resistance as well as the resultant leakage reactance of each
stator phase is slightly different. The turns ratio of the

three transformers are also not exactly equal. These give

rise to both unbalance in the stator quantities and unbalance

in the voltages supplied to the synchronous-reluctance machine.
However, the values of these parameters fed into the computer
program are the respective mean values, and balance is assumed

in the program.

The measured machine parameter values are not accurate enough.
Slight changes in any one of the parameters, for example, a 5%
increase in the rotor direct-axis resistance, will cause fairly
large shift in the steady-state stability boundary (see Figure 9).
The resistances and dimensions of the machine are temperature
variant. All these may cause disagreement in the relative size
and location of the region of instability between values obtained

from the computer program and from tests.
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CHAPTER VII
CONCLUSIONS AND PROBLEMS FOR FUTURE STUDIES

The equations which describe the behavior of a synchronous-reluc-
tance motor have been developed and these equations have been linearized
employing the theory of small displacements. The Nyquist stability
criterion has then been applied to predict the steady-state stability
of the machine operating at variable frequency. Both machine tests
and predictions obtained from the digital computer program applying
the Nyquist stability criterion reveal regions of unstable opération
at low operating frequencies when the machine is at no-load.

These regions of instability were found to be dependent upon the
amplitude of the applied stator voltages, machine inertia, and machine
parameters. The static converter is essentially a zero-impedance
source and machine instability may occur at low frequencies due to in-
sufficient damping within the machine.

In spite of the disagreemehts between the actual machine tests
and the prediction applying the theory, this computer aided stability
.study employing the Nyquist stability criterion is able to predict
the machine behavior during small disturbances from an operating point,
regardless of the number of degree of the equations describing the
machine behavior. This approach has the advantage over other techni-

[See Chapter I, Section B] that the mathematical complexity in

ques
solving these high order equations[g] numerically is avoided while the

modes of machine operation are readily found.
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The future of the synchronous-reluctance machine appears to be
in the adaptability to nonsinusoidal power supplies, such as those
characteristic of the static converters used in variable-speed drives.
Future studies should be made for machine behavior with different
machine parameters, magnetic fluk levels and machine inertia in order

to correlate the machine behavior with nonsinusoidal power supplies to

the machine behavior when it is subjected to sinusoidal power supplies.

However, new methods should be developed for more accurate nonlinear
analysis of machines operated from nonsinusoidal power supplies so as
to establish criteria governing the design and improved performance-

control of reluctance machines.
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APPENDIX A

LIST OF SYMBOLS

SYMBOLS:

f = frequency (Hz); or variables used in equations (18)
through (20).
fr = steady-state frequency, defined by eqn. (40) (Hz).
F(jv) = function, defined in eqn. (63).
G(jv) = function, defined in Appendix C.
H = inertiél constant of machine (s).
i = instantaneous current (A).
I = curreﬁt, either peak or rms value (A).
J = imaginary part of a quantity.
J = polar moment of inertia (kg - mz).
L = inductance (H).
M = mass of standard cylinder (kg).
N = number of turns in the winding.
n = turns ratio of transformer.
p = oOperator g;—. ‘‘‘‘‘‘‘
P = number of pole pairs.
r = phase-winding resistance ().
R = radius of standard cyliner (m).
t = time (s).
Vv = instantaneous voltage (V).
V = terminal voltage, amplitude or rms value ).
Vm = terminal voltage at base frequency (V).

= Laplace variable.
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SUPERSCRIPTS:

SUBSCRIPTS:
a, b, and ¢

d, q

il

1

real power (W).

reactance (R2).

impedance ().

subtransient impedance ({2).

small changés in a variable.

angle by which the direct axis leads the stator potential
in electrical radians.

instantaneous position of rotor, in electrical radians.
instantaneous position of rotor, in mechanical radians.
magnetic flux linkage in volt-seconds.

numerical constant, equals 3.14159....

periodlof oscillétions, in measurement of polar moment
of inertia (s).

summation of (Einstein's notation).

torque (Nem).

frequency of oscillations of rotor (rad/s).

angular frequency (rad/s).

ohms,

mathematical notation, equals infinity.

phasor quantities.

prime rotor quantities, referred to stator winding side.

stator phase quantities.

direct and quadrature axes quantities.
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standard cylinder quantities.
rotor and stator quantities.
damper winding quantities.
leakage quantities.
steady-state quantities.
electrical quantities.
mechanical load quantities.
actual machine quantities.
per unit quantities.

transformer quantities.

(511



APPENDIX B

SOLVING FOR Aiqs AND Al IN EQN. (55) AND FOR AT_ IN EQN. (57)

In this appendix all quantities, except p and W, are in per

unit values. Equations (55) can be written as:

(E__)Z 2
-Vsin 6. + - X, i AS = P_x Ye ks AL
0 Wy ds “dso0 _rs+we qs~r'+p__x' as
qr W qr
e
8— £ X::Ld2
e "
+ X, £ - Ai (68)
ds "r - ' + P x ' ds
dr We, dr
— P, 5
v 5.+ 2 x AS , e T ™
cos + —— i = |- X f + Al
0 Yo @ as0 @ Ty '+LX ' 4s
qr W, “qr
B P2y 2
P (we) Xad
+ rs+wexds_r '+P_X : Alds (69)
dr o dr

By eliminating Aiqs in (68) and (69) we can solve for AidS:

Agg = 9Tkalfr * B # [E?d(Ez t Bt XelBy ESE]D * [E?d(ES + By

* XyqBy + B :] [:?d 4% *xaBs + B :] " Yxa B

2
(Egg * Eyg) + (Byy * BygdD *+ (Bpy + BypJD7 + Ejg D7+ By D j>

[52]




for Ai
qs

By eliminating Aids from equations (68) and (69) we can solve

Ai
qs

and the following may be obtained:

Tiq Pyt Byd t [T By ¢ Bgd ¢ X (By + BYID

2 3
1 1kq(83 + B6) + X]q(BZ + BS) D™ + rkq B7 + qu(B3 + B6) D

-
N

+
o<
o]
lw)

kq 37 AS (B12 + Bl7) + (Blo + BlS) D + (Bll +

2
B14)D

(71)

In obtaining equations (70) and (71) we use the following symbols:

D = 2.
W
e

i
[t}
=

[53]



10

11

12

15

16

17

13

14~

! 2

Xas X*ar ~ Xaa
1
4 X - X 2
qs qr aq
fr rkd de V cos 60

erDVcoscSO+f T

T

r Tkd Xas qu Tqs0

XD qu lqs 0

T Ty V sin 60

RD V sin 60 + T

X

DX

D “ds *dsO

ds 1dsO

[54]

s Tra *ds taso




E. =1r r V cos 60

1 s "kq

E, = RQ V cos 8¢ * T kq qu iqso

By = Xq V e0s §p+ Xoo Ry dog

E4 = qu XQ iqso

E5 = - fr rkq qu V sin 60

E6 _ fr XQ V sin 50 - fr rkq qu de idsO
By = - £ Xas Xq Taso

o=’

10 © %s Tkd "kq

11 7 T (Mg Rg * Tiq B

el
!

XD) + R_R

12 = T (g Xq * Tiq p g

ElS = RD XQ + RQ XD
E;y = Xp X,
E,;. = £ 2 r, ,r X, X
15 7 "r "kd "kq “ds “gs
2 2 .
Ble = fr Txa %as XQ r kq qu D
E,.=f£%% X

writing Ai and AiqS in (70) and (71) as

ds

!

ALy, = Aj(p) 48 A (72)

~and Ai

as Az(p) AS (73)

[55]



and after substituting these values of Aids and Aiqs into (57) we

obtain the following:

2
[ G X, 1
z
_ 9 oy e .
ATe - W, I (de >\qs) ¥ s @ +P_yx ! tdso AZ(p) AS
qr W Tqr
e
E~'Xad2
e .
+ X - X - i A AS
( ds qs) r ! L Py ! qsQ 1(p)
dr dr
e
P_x 2
2 (X, - X ) e 1 A, (p)
= + i P
W d qs . b P_x ! ds0 "2
qr o ar
{
— 2 '
gg-xad —1
Oy - X - A ,J L4s0 A1 (P)
dr w dr
e
X AS (74)
p_y 2
. 3 we aq
With G(p) = 6;— (de - qu) + - - Ty 11450 Az(p)
qr w_oqr
. e
P_ 2
we Xad 1
i O\ds i )\qs) ) T L B_x ‘ lqso Al(p)
dr we dr
equation (74) becomes (58):
(58)

ATe = G(p) AS

[56]




APPENDIX

C

EXPRESSION FOR G(jv)

In this appendix all quantities are expressed in per unit values.

The following terms are used for convenience to express G{jv):

s = v/we
oo 2
Xp = Xgs Xqr - Xog
t
X = _x 2

X X
QA “gs Tqr aq

' . 2 ,
RVS = rqr V sin 60 -5 ds er
t 6 2 .
RVC = rqr V cos 0~ S gs er
t . . H
XVS = er V sin 60 + de rqr i
1 1
XVC = er V cos 60 + qu rqr
t 2 '
Nio = 7 | Tap - 8T X |Ryg
t
Nll - fr Tar de RVC
2
=
Nig =87 Ry Xq
2
Nig=s £.X, Xve

-,
Plo = = s If; Tar TS XQ:] *ys

[57]




i}

1]
s fr rdr de XVC
s Ry Ryg

[ fr XD RVC
2 2
0" s XQ

t t t
(rdr 4V cos & qu Xdr 1q50) (rs rqr -s )

t

X
qs

. 2 r
f r V sin 60 - s de Xdr 1dsO)

t
r qr (rdr

2 ' '
s R V cos 60 + qu Tir lqsO)

Q (Xdr

2

t t
fr XQ (Xdr V sin 60 + de Tir 1dsO)

2 X

t ) .
s RQ (rdr V cos 60 -'s qs Xdr 1q50)

1

Xdr idso)

X

! ‘h S 2
V sin 0~ S ds

wn

fr XQ (rdr

2 ',
s X qs Tdr lqsO)

1]
Q) (Xdr V cos 60 + X

V sin 50 + X

1
ds Tdr Ldaso?

dr XQ

2
-s"r
qs s

de X T

[58]
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AS (Xd B qs) Tdr quO
A =5 X X X ) X 2 1
6 dr d qs ad qs0
Ay = P15 - Prg - Pry * Py
Ag = 510 = S11 % 812 7 813
_ 2 ' 2
A9 = H10 ~ S rs rqr XD -'s RQ RD - le
A = K + K - s R.X. - s3 R. X
10 - 10 T M1l D "Q Q "D
. 1
All rqr
t
A12 s er
1]
A3z = Tar
1
Mg = s Xgp

The expression for G(jv) can be written as

SCiv) - (Al + A2)(A3 + A4) . (A5 + ] A6)(A7 + A8) 75)
(Ag + 3 Ajgd (A + T A) (A = 3 A (Ao + 5 Ay)

By employing the conventional rules of complex numbers, the expres-

sion for G(jv) can be written as:

G(jv) = a() + j b(v) (76)

[59]



But in the calculation of F(jv), it is not necessary to convert

the expression for G(jv) to its simpler form as in (76). The form as

defined in (75) is used in the computer program. Note that the term

w
e

3 in the electric torque expression vanishes when all the other

quantities in that expression are expressed in per unit quantities.

Hence

» G(jv) does not contain the term %—.

[

The transfer function G(jv) in Laplace transform notation for

the machine ALACN operated at Vm = 1.0 p.u. and fr = 0.96 p.u.

(See Chapter IV, Section A) is

or

where

G(s)

G(s)

S

1%

~

{(-1.6024) (251.0 + 884.4s)(9.97 + 74.30s + 175.0152 + 167.5153

¢ 125.475M) 7 (2.0 + 14.435 + 32.925% + 28.61s°

+ 14.845%)

{-1.815 x 1073(s + 0.284) (s + 0.335)(s + 0.277)(s + 0.361 +
j0.854)(s + 0.361 - j0.854)} / {(s + 0.373)(s + 0.282)

(s + 0.639 + j0.926) (s + 0.639 - j0.926)}

is the Laplace variable.

[60]
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APPENDIX D

DIGITAL COMPUTER PROGRAM USED TO
GENERATE DATA POINTS FOR THE

PLOT OF F(jv)

[61]



i

ALEVEL 2001 MATHN DATE = 72024 11711749

1
t
t
t
¢
|
i
i
i
¢
i
|
i

STEADY=STATE STARILITY STUDIES OF A SYNCHRONDUS-RELUCTANCE MACHINE,
EMDLAYTHG FYQUIST >TA3IL;TY CRITERION

INST ——— STEADY-STATE D-AXIS STATOR CURRENT IN PER ynITS 7~
. IQST ——— STEADY-STATE Q-AXIS STATIR CURRENT [N PER UNITS

WE === BASE FREQUENCY IN RADTANS PER SECAND 7 e

RAVL ——=— RATED STATOR LINE \/”LTAGF IN VoL TS RMS

i

RAIP ——=— RATED STATDR PHASE CURRENTS IN AMPE&CS RMS
RS === STATOR RESISTANCE PER PHASE IN OHMS
XLS ==~ STATNR LFAKAGE REACTAMCE PER PHASE IN OHMS
L XAD, XAQ —== D-AXIS AND Q-AXIS MAGNETIZING REACTANCES IN 0HMS o
XLKDy XLKQ ——— D-AXIS AMD Q-AXIS LEAKAGE REACTANCES OF DAMPER CIRCUITS 1°
OHMS

RKDy RKD === D-AXIS AND Q-AXIS DAPER WINDING RESTSTANCES TN GHMS”

CTWC TIMES BASE FREQUENCY)

CIN ——— RASE IMPEDANCE OF STATAGR CIRCUTT

S XDSy XQS —=—= "D-AXIS AND Q-AXIS SYNCHRONNIS REACTANCES DF STATOR IN PER
UNITS

conoonbonnnnbananalhanol

VM# ——— MAGNETIC FLUX LFV(l, EQUALS PER UMIT STATAR VOLTAGE AT BASE

- REGUERCY EwlALS> riR UMET STATHR A ALt AT BASE
V¥ ——= PER UNIT STATOR VOLTAGE AT A PARTICULAR FREQUENCY

CTEN === STEADY-STATE ELECTRIC TORQOUE TN PER UMITS S
FR —=—— PER UNIT FRENUENCY "F VCOLTAGE SUpPLY

SHE mom IMERTIA CONSTAMT OF ROTOR (PER UMIT MOMENT OF INERTIA DIVIDED BY

XKDy XK T2 AX TS AND QA TS REACTANCES CF DAYPER " CIRCTUIT TN "PERUNTTS

NP —=— FREQUEMCY TF RNTOR OSCILLATIONS TN RADTANS PERSECHND

V —== PER UMIT FREQUENCY 2F RITCR 2SCILLATION .
S GJV ——=— TRAMNSFER FUNCTION FROM CHANGES IN DELTD T“'CHAchs IN FLECTRIC
LIoRQue o

FGV —=— 0OPEN=LONP TRANSFER FUNCTION ©F SYSTEM™ AS DERIVED FROM THEARY

Al oo oo oooo oo

.RFAL L ‘1’ "‘. ‘< e o

CREAL INSO, 1Qsa
REAL N10,M114M12,N13,K10,K11,K12,N1

BB EX Pl g DK 1UsRL1,K1Z,4N]
COMPILEX CMN1,CN2,CK3,CN4,CDL,CD2,C03,GJV,FGY

i

xEx BASE QUANTITIES 777

s ks s Rz lakz

RAVL=220.0
_RAIP=8,5

CIN=RAVL/SORT(3.CO)/RAIP T T )
T

STATOR QUANTITIES

Aea T

VHM=0, 366
RS=0.8063
XLS=0.8515

ao

. " - o [62] . .. o



L BEAT I 1

vArD = 204

RATOR AL RS e e
L R

1y/711/740%

HC=0.,102
. e XAD=13, 6 ‘ - i
XAQ=3.2
_XLKD=0.5724 5
XLKQ=1.0254
. . RKD=0,8468 ) -
RKQ=1.0550
- C 3 h b S e epmn ot 4 < L -
C ROTOR ALASB B
C
C DATA END
o
C _#%* NORMALIZATICN —-— CHANGE ALL QUANTITIES TQ PER UNIT QUANTITIES
o
CXAQ=XAQ/ZIN A )
KB R LK g gh e e ; .
_XLKQ=XLKQ/ZN .
RKD=RKD/ 7N T T
RKO=RKQ/ N
2 RS=RS/7N B
LXLS=XLS /7N -
XAD=XAN/ ZN
c
- T UNARMALIZATION ENpS T
c
o PRINT OUT VMACHINE DATA -
C
WRITE (6, 3) o i
3 FTRMAT (/17" ROTOR ALASB'//G10.5) A o
CWRITE (6, 8) Z8, RS, XLS,XADy XAQ s XLKD, XLKQ,RKD KD~ 7
8 FORMAT (/777 TN =V F8 4,1 RS =% ,F7.4,! XLS =V, FT.4,1
U XAD =0 7 4, T T RA R R T AT KR R R T A, T T XL SV ET L4
21' 2KD ='9F7."+7' RKO :'1F701?////)
. TR TTE Gy L LSS LD e
6 FORMAT{1H1)
¢ SAUIILIE S-S S ~
c
XNS=XAD+XLS
XQAS=XAQ+XLS
. e — .
XKO=XLKQ+XAQ
o /\ 1 - RSS{:*Z ’ T - - - - - -
A3=XDS5S-X0S
A4=XDS+XQS
XD=XD Sk XK D= X Ak D
e =R K X ) § AR G Ky e e i
XQ=XQSHXK Q=X AQk?
i CRQ=RKAEXQS+RS=HXKY T i - i B
C -
C VMM NP
C
M R R N . e .
. e FR=0.030 I B} e
"
30 VM=FREYMM




IV G LEVEL 20.1 MATIN DATE = 72024 11711749 |

F T R —
A A A

M1=AB%xD
D1=VMEE2%A3 o
REES=N1/D1 "
i e BEA2-A1 e e e e — i e
C=FR%RS*A&
o CK=FR*RS%A3 . R S
: .
C TEQ Lonp
c
- TEN=0.00 R ~ ~
C
L e
C CALCHLATION OF STEADY-STATE ELECTRIC LOAD ANGLE DELTO i
G
40 AA=TEDXREFS%2.,000 -
86=AA+CK
o - 34 R= g::.zqgcc* CoAG R AR T - T -
[F (RAB LT. C.0) G2 TD 500
. S EEART ™ TR s
DELTD= —0.50%ATAN (A6/D2) + 0.50 *ATAN (C/R)
C
L i . o o L
o CALCULATION OF STFADY-STATE STATAR CURRENTS  I1DSN AND [Qsn 77 =
C .
VS=VMESTNINELT ) I T
VE=VMECNS(DELTN)
IDSO=(RS*VS+FRAXQS*VC) /A5 o
i TQSD=(RSHVC-FREXDSHYS ) /A5 e ,
o
. C VPRINT QUT VMM, FR, TEC 4 DELTO, 1IDSO, AND IQS9. .
C
70 WRITE (6, 75) VMM,FR,TED,DELTD, 1057, IQS7
75 FARMAT (/v vuv‘—';F7 Gy U RR R TG E N TS R T IV TTTTTTY T
1RELTD =0, 7,441 ITDSD =, F7.4,! IS0 =1 ,F7.4)
o
.G CALCuLATE Gy )
¢
90 D0 101 I=2,24
UP={ 15%%3+0,00) /110,00
V=UP/WE
Ty S e
i} o L=A3%RKIXIDSN - )
M=V ( XKOXAZEXAQ¥%2 VX[ DNST ) T T
XX1=R SERKND=V VXD
XX2=RSEIK A=Y Y% X0
RVS=RKQ*VS=VVY%XNSAXKQA*INSN
- T WRV'(",I:-'RKQ*V(_‘,—V\/*XQQ:‘z)(KQ*{QSC} I o T "
XV S=XKQEYS+XNSHRKQ*TINSO
T CXVE=XKARVOHXQSHREA*TQSe . )
N10==XX1%RVS
NIT=FRERKND=XDSHRYVE
MIZ:VV*RD*XVS

’\' N 0-“31 ] +Nl7+"1'3 o

CP10=—VEXX1%XVS ) ) o )
P11=V*FRARKDEXDSHXVC

[64]




TG LEVEL 20.1 o  MAIN S DATE = 72024 11711749

P12=V#RD*RVS
PI3=VAFRAXD#RYC

P=P10-P11-P12-P13

Q=A3*RKN*1QSN

R=V% (XKD¥AZ=XAD®%2)%1QSN

 S10=RKDHYC-VVXXQSHXKDXIQSN ) )

S11=RKD*VS=VVYRXDSHXKD%EIDSN

) C S12=XKD*VC+XQS*RKD*I QSN
S13=XKDEVS+XDSHRRKD*IDST
$20=XX2%S10 3 N
SPTEFRERKD* X0$%S11
S22=YV#ERO*S1 2 - i B -
S23=VVRFRAXQ*S13 -

] S=S20- 571 -§22+523 i ) S
T20=VERQ%S10 o i
T21=Vx% FR <XQ*S11
T22=V#XX2%S12 T
T23=VHEFRHRKOHXIS%S] 3
ST 51+ T2 9o 5 3 e e e
H10=A1%=RKIERKD+A2 HPKQHRKN=VV* RS* PKD XQ
B C HI1==VV#RSHRKQHXD-VV%RQ%*RD T

H12=VVx{FR%&%D -V ) =X QXD
H=H10+HI1ZH12 -
K10=VERSHRKDAXRI+VARSHRKQERD

} UKL= VERRASDHRK D% XD S K6 VAF REHDARKOEKQSEKTy e e
K12=—VVEVERDHXQ=VVH VERD%XD

K=K10+K11+K12
W=RK ()
X=V=XKQ
LY=RKD
7=ViXKD T
CCH1=CMPLX{L M)
CNP=CHPLX (M, P)
CNI=CMPLX(H,K)
CO2=CHPLX (4, X)
CH3=CMPLX{04R)
“cm4gcmpLx(5,r;‘””“W”
CD3=CHPLX(Y,27)
TGV = CNI/CD2H(CN2/CDL) T+ CMN3/7CD3H(CNATCDLY

CALCULATE FGV

DY O OY

CFGV=E WEXGIV/ (2. 00%HCRUp*x2)

PRINT FGV
RRG=RFAL (GJV)
'“An ATHAS(GYY)
=REAL (FGV) ,
WAIMFG=AIM«G(FGv)“”“““””
WRITE (5, 100) RRG, AG, RFG, AIMFG
TI00 TRARMAT (10 L EL1Z.5,5H yE12.5, 15H yEL2.5
3, 54 1£12.5)
AT ea e Tt
e GELTRO00

c
C IF THE SQUARE ROOT IS IMAGINARY NUMBER, THEN MACHINE WQULD BE UNSTABLE

s faEaiie)

[65]



EVEL 20,1 MATIN _ DATE = 72024 S 11/11/749

~ THFM SKIP THE CALCULATION OF THE PLOT, PRINT OUT THAT MACHINE 1S UNSTASL

C
e
500 ARITE (645 505) VMM FR,TED
505 FORMAT (1M ,//3(5H 3F10.7)//7/20H UNSTABLE5(/))

500 COMTINUE

TEC LO3OP ENDS

3akals

FR=FR+0.02
IF (FR oGT. 1920) FP:FR+0.03
e JE (R GLT. 0030) GO TC 30

R R NS

CHANGE VMY T0O ANMDTHER VALUE

AMD CHANMGF
'W”fHE”CCQQFSPCNDfMCWRSmﬂﬁDwXES”OUE'TGMﬁIFFERENTMTRAﬂSFSQMER“LEAKAGEWWWWMM”

REACTANCES AND WINDINE,RESLST&?QESMFQBMQIFFEKﬁ¥TWV¥ﬁmLEYEF§WW”MWWM

OO 0060 oo o)

IF (VMM JEQ. 1.00) 60 79 700
LLyMM=1.00 0
RS=0.8262
XL$=0.84683

Com [F (V"4 ,FQ. 1.133) 6T T0 900

CXAD=10.0
50 TD 2
700 vMu=1.133
‘ RS=0.8780 S o ) )
gl o n g
L XAD=6.T7 . B
GO TO 2
¢ B
o VMM L 0OP ENDS
r
900 STNP
END

o AVeTage Total Computer Time For 2-Stage Search For Stability Boundaries

For each set of Machine Parameters at aMagnetic Flux Level: . ... ... ...

0, 30 Minutes CPU Time._




