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GENERALIZED ROOT-LOCI THEORY FOR THE STATIC SCHERBIUS DRIVE

B. Lequesne,

A. R. Miles, Member, IEEE

University of Missouri
Rolla, Missouri 65401

Abstract - Generalized root-loci techniques, developed
in the mid 70's for squirrel cage motors, have been extended
in the static Scherbius configuration to wound rotor, slip en-
ergy, recovery systems. This arrangement is now applied to
large power drives in the 0.5 to 50 MW range. In this paper,
general results applicable to all machines are presented for
the open-loop control scheme, but only the subsynchronous
mode of operation in which a voltage source type inverter is
used is addressed.

INTRODUCTION

The static Scherbius drive is well known for its adjust-
able speed characteristics and performance efficiency. A re-
cent account [1] of these favorable characteristics and the
moderate cost of the drive suggest that it is still very much
favored for very large drives on the order of 50 MW.

The drive has received the attention of several research-
ers. Lavi and Polge [2] analyzed both the steady state and
transient state by using a voltage source inverter, but their
closed form model does not take into account the effects of
motor leakage inductance. However, they later used an iter-
ative method to assess the leakage. For the transient state,
they presented only a reduced (second) order model. Miljanic
[3] introduced a through-pass inverter to improve the power
factor, and Shepherd and Stanway [4] recommended the stator
feedback method for the same purpose but at the cost of less
efficiency. Bird and Mehta [5] addressed the matter of regen-
eration, and Smith [6] discussed the use of a cycloconverter
instead of an inverter from the standpoint of steady state analy-
sis only and reported that the experimental dynamic response
was satisfactory. Pavlov et al. [7] developed a hybrid drive
in which the subsynchronous Scherbius was one mode of opera-
tion. They did include the motor leakage reactances in their
steady state analysis but did not make a transient analysis. A
_very complete analysis of a closed-loop system was made by
Giannakopou]os and Galanos [8], who did not linearize but
numerically integrated the differential equations. They also
used the fifth order motor model and accounted for the differ-
ent circuit topology introduced by thyristor switching. Because
their technique is numerical, it is disadvantageous because no
general conclusions can be drawn with it immediately. Mittle
and his coworkers [9,10] used the fifth order model for tran-
sient analyses but neglected the effect of leakage inductances.
Tsuchiya [11], as did Smith [6] used a cycloconverter on the
low order model of the system but updated his analysis by in-
troducing a microprocessor. Franz and Meyer [12] made an
analysis that is similar to the one made by Giannakopoulos and
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Galanos [8], and Smith [13] substituted a current source type
inverter for the voltage s6urce type used previously.

In the present paper, the operation of the Scherbius drive
with a voltage source type of inverter is examined in both the
steady state and dynamic state with emphasis being placed on
the latter. Specifically, the so-called generalized root-loci
theory [14-17] is extended to this type of drive. To date, only
the open-loop operation has been considered, but work is now
being conducted on closed-loop feedback situations. The full
fifth order model is used in the analysis, and account is taken
of motor leakage reactances. The switching of the power elec-
tronics is considered to be ideal.

SYSTEM CONFIGURATION

The system that is being studied is presented in Figure 1.

INDUCTION MOTOR

Wy fart

ROTOR

STATOR

RF LF IR

$3 %

System Configuration

£ 4 ¢

Fig. 1.

The excess energy in the rotor can be brought back into
the stator through the rectifier-inverter loop. The amount of
that energy is controlled by the firing-angle of the thyristors
of the inverter. In the process, the rotor voltage is deter-
mined. The intermediate dc voltage must be filtered in order
to limit the harmonic content in the rotor as much as possible.
This is the role of the inductance, Ly. The resistance, Ry,
models 21l the Joule losses in the different elements, particu-
larly the inductance.

The machine model employed in the present study is a
conventional, idealized machine with power invariant, two-
phase variables. The equations are condensed by writing them
in a complex form, and the small signal equations and transfer
functions can be derived in the same complex form. The equa-
tions are expressed in a synchronous reference frame.

In this simplified approach, the influence of the harmon-
ics is neglected. Even though the rectifier-inverter, by its
nature, induces some harmonics into the rotor, it has been
shown that they produce relatively small torques [2]. Also,
the diodes and thyristors are assumed to be ideal and do not
interfere with the dynamics of the system.

0018-9510/84/0600-1304$01.00 © 1984 IEEE
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STEADY-STATE

The induction machine is represented in its.complex form
by the three equations noted below in which by convention the
real part represents the direct axis and the imaginary part the
quadratic axis. In the equations, a complex entity is denoted
by a line over its symbol, an asterix indicates a complex con-
jugate, and the subscript zero signifies a steady-state value.
The symbols are defined in Appendix A.

v =Z 1 +Z_ 1 (1)
v =7, 1 +7Z_ 1 @)

T = nM Im (is_ T*) = (@/mpay, +Tp (3
] o o

Because the choice of the axes is arbitrary, the direct
axis can be placed alongside the rotor voltage, i.e., vry_is
equal to zero, and vy_ is equal to a real number. 1

The rectifier can only pump energy from the three wind-
ings of the rotor, and there is no periodic exchange of energy
between the two sides of the rectifier. Therefore, the recti-
fier is only a passive element, such as a resistance is [2].
This principle is translated by stating that the rotor voltage
(the voltage across the rotor windings) and rotor current must
be in phase (such as they would be across a resistance). This
means, in view of the choice of axes, that iroq is equal to zero,
and ir, is a real number.

The rectifier-inverter is represented by the following
equations across each bridge:

_82 5
V=S |vso|cosy 4
and
S32 (5)
R 7 r,

In these equations, | vg | is the modulus of the complex number
Vgyand v the firing aagle of the thyristors. The energy con-
servation principle yields

I == i .
VR R™ 'r 'r (6)
o o

Finally, on the dc side

Rp Iy (7

Because the harmonics are neglected, only the direct compon-
ent is considered, thus the ripple is supposed to be completely
smoothed by Ly, which is not included in Eq. (7) but is used in
the dynamics.

Equations (4) through (7) can be summarized as follows:

V V

2

}vsal cosy = vro + ﬁ RF 1ro (8)

Because vr, can be written as

v =2 i +Z 1 @)
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and because

Zr = Rr + erws 9)
o o

it should be noted that R (with its coefficient 72/18) is merely
added to the rotor resistance,Ry.

This development must be completed by some reflexions
about the signs. For example, Eq. (2) can be divided into two
equations on the direct (Eq. (10)) and quadratic (Eq. (11)) axes.

-Mw 1 (10)
+Mw_ i 11

When energy leaves the rotor, vy, is the voltage across it, and
Eq. (10), with the rotor winding resistance Ry, implies that
Vroiro i8 less than zero. The directions of VR and IR shown in
Figure 1 imply that VRIR is greater than zero, thus justifying
the minus sign in Eq. (6). Because energy flows back to the
stator, the firing angle, y, must be greater than 90 degrees,
and Vi, VR, and then vy, are negative as implied in Eqs. (4),
(5), and (8). In conclusion, vy is negative, and iro is, there-
fore positive. In fact, this sign system corresponds merely

to the choice of a direction for the direct axis, and vyro and ipg
can be written as

in_ _
e = |vr°|<0 (12)

and

T I
i -|;r_|c =+[i > 0. (13)

T
o o

These equations are all that one needs to solve the
steady-state problem for a given firing-angle, ¥, and they can
be used in the following manner: | vgo| can be computed with
Eq. (1) and compared with Eq. (8) in which Vo can be replaced
by Eq. (10). This leads to an equation, which involves only
the currents, that can ultimately be expressed in terms of the
ratio S = isoq/iro (gq-component of stator current over rotor
current) as follows:

R2L2
[(R2+L2w2) $? +2MR_ s+< e -Mz)w2>]
s 8o 8 o0 2 rs o
M

2

T 2
S-® +1g RF)] . a4

b4 coszy = [Mwso

The ratio S, as expressed in Eq. (14), is linked to the oper-
ating point through the rotor frequency, wgq, only. It will be
of interest later on.

After Eqs. (3) and (13), the torque can be expressed in a
real form, as follows:

Ty=nM i i . (15)

Because the torque is positive, it is clear that S must be posi-
tive, thus one of the two solutions of Eq. (14) can be selected
without question.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 17,2023 at 13:33:30 UTC from IEEE Xplore. Restrictions apply.
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The torque-slip characteristics for different y are shown
in Figure 2.

sup A

»
TORQUE

Fig. 2.
different v.

Torque-slip characteristics for

The value of slip for which the torque is zero can be
found as follows: From Eq. (15), the torque is zero when i,

is zero (igoq = 0 does not yield a solution). The use of this
idea in the steady-state equations yields
l Rs Li . Ls
8=~ —i{—T cosy - p COBY ~-cosy (16)

DYNAMICS

Block Diagram

The transfer function of main interest links a variation
of torque to a variation in the rotor speed, wy. In the case of
the induction motor, this means a fictitious closed-loop sys -
tem, as represented in Fig. 3a. Both stator voltage and net-
work frequency are kept constant, but the rotor voltage may
vary. Figure 3b shows the specific link created by the recti-
fier-inverter, which associates variations of rotor voltage to
variations of rotor current, which in turn can be linked through
the general equations of the machine to wy. The study of the
dynamics is completed by first finding the overall open-loop
transfer function, G} = -(AT/Awy), and then associating it
with the inertia transfer function, Gj =1/[(J/n)pl, in the
closed loop shown in Figure 3b.

The small variations technique applied to the general
equations of the machine, Egs. (1) and (2), yield for a con-
stant supply frequency, w,

Av =7 Al +2 Al an)
s s 8 m T
and

&v =7 AT +7 Al - jtbrkor (18)

AT

AV + 1 Aw

AV Al
R AVR R |aA IR
A IR AwR
Filter Machine
Equations Equations
I |
(b)
Fig. 3. Open-loop transfer function, G'r.

in which
+MI_ =Li +Mi +jMi_ -, (19)
8 rr 8 8 -
o] o (] (o] o] [o]
d q

and Zg, Zm, Zg, and Z, are operational impedances (see

Appendix A). Because of Eq. (11), & can be simplified to
¢ro = jMis . (20)
[]
q
Also,
AT = nMIm(i 1*+1* Al o) (21)
hence,

= i -i* Al
AT =nM Im (ir0 Ais iso Alr). (22)
The stator supplies a constant voltage, implying that
| Avs| = 0. I the axes are allowed to swing along with vg,
one can assume that the phase of vg remains constant. Alto-
gether,
Avs =0 (23)
Equation (23) enables one to express AIB in Eq. (17).
Then

- £ -
Av =-— AL +M A“’r (24)
8 0q
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and

Zmiro tZ ;;0 rd V
AT = -nM Im (—Z—-—i— AT (25)
8

in which § = Zszr - Zmzd'

This equation system can be completed by taking the rectifier-
inverter loop into consideration. During the variations, the
rectifier always remains a passive load. Therefore, Vrlr* is
real, which means that ¥, and ir stay on the same axis and
have the same phase shift, A9, from their respective steady-
state values. Hence, Eqgs. (12) and (13) become

av_=-4| vrl +iv, A6 (26)

and

Air = 4| 1r| +il Ae. 27

To the rectifier-inverter loop, Eqs. (4) through (7), one
can also apply small variations as follows:

Alvs} =0=> AVI=0, (28)
3V2 -

avp =~ Alv |, (29)

AVI =0= AVR - (RF + LFp) AIR, (30)
and

A(vr!r) = - A(VRIR). (31)
They yield

A 6r| = XL Aﬁr| (32)
in which

ﬂz
Xp =15 ®Rp*+Lgp). (33)

Equations (32), (26), (27), and (24) give
. i ) g\ *
Air (vro (Zs Iro) 34)

O ) ey Py

Gy =~ AT/Awr) can be readily deduced from Egs. (25) and
(34). After some rearrangement,

2
* i -
G = M iao [(Zstso +Zm1ro)(zs*v E*lro]

- (35)

Voo Flz | v, -xpiro)Re(gzs )-1m} 512
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An analysis of Eq. (34) shows that the rotor resistance,
Ry, and the filter resistance, Ry, (multiplied by the coef-
ficient 1r2/18), whenever they appear, are added together,
thus confirming the idea that they play an identical role with
respect to the machine in the steady state as well as the dy-
namic state.

It is interesting to group the steady-state terms as much
as possible. By using Eq. (10) for vy and the ratio, S, as
defined and expressed in Eq. (14), it is possible to extract the
steady-state torque, as expressed in Eq. (15), from Eq. (35)
as follows:

* %*
Im EMZ -L Z ~MZ S)R_Z -{-MZ w S)] (36)
G' =-T m Ir 8 S r 8 8 8O0
r

o 2 * 2"
xF| zsl ® -Mw,_ S)*+R -Mo_ S-X_)Re(£Z | ) &

Because, as demonstrated by Eq. (14), S is an explicit
function of the slip only, the above expression separates Ty on
the one hand and machine parameters and slip on the other
hand.

Fictitious Closed-Loop Transfer Function

The open loop transfer function, G}, must be associated
with the inertia transfer function, G; (Flg. 3), to form the fol-
lowing "fictitious" closed-loop transfer function, Gjl1+G;Grl,
in which

I.-

G = 37
i (37)

p

B e

The behavior of the machine can be determined by com-
puting the roots of the characteristic equation :

1+ GJG' = (38)

with G; expressed in Eq. (37) and G} in Eq. (36). This consti-
tutes a fifth-order polynomial equation in p. It can be fed in
this form to the computer to yield the roots. However, in this
form, only the usual parameters of the machine appear, and it
may seem desirable to reduce their number to sxmphfy the
analysis.

Normalized Coefficients

Work has been conducted by Novotny and his coworkers
[14-16] to achieve this goal, and a set of nondimensional
parameters has been devised for a short-circuited rotor
(Table 1).

This set of parameters will be modified and augmented
in such a way that it will encompass the specific terms intro-
duced by the rectifier-inverter loop, namely the firing-angle,
7, and the filter parameters, Ry and L.

As far as Ry is concerned, it is clear that its role is
analogous to that of Ry, and the two are always added to each
other. It seems, therefore, convenient to modify the defini-
tion of ay (and hence of a) to take this new factor into account
as follows:

2
(R +LR )/crL . (39)

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 17,2023 at 13:33:30 UTC from IEEE Xplore. Restrictions apply.
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Table 1

Nondimensional Parameters

S
a
r
R
; 1 __r
with ar = T;‘ =g X
Inverses of rotor and stator
R transient time constants
. S
%=1 =37
8 8

o=1- MZ/(Ler) Leakage parameter

w= w/ar ’
- Normalized frequencies
w =w /a
8 8 r
A= p/atr Normalized eigenvalue

The case of Ly is not as simple, because it intervenes in
a different manner in the steady state and the dynamics; how-~
ever, it is always associated with Ly (rotor inductance), and
it is convenient to define the following dimensionless param-
eter:

[X)
=
)

n

boL=18

(40)

[ ]
Q
|l

It is possible at this point to express each parameter of
the machine in terms of L, and Lg, with the help of one or
another of the above parameters. The function G} can be split
into its numerator and denominator as follows:

Numerator:

222 3 ~ 2
oL LT M8®o A azoansofals 5 )
ID’ x oL ( w,
80 r
Msa
+ cL (l +A a(1+a) +)L(caz +w )

- &g 2 (A2+ 20\ ral+ GOZ) (41)

Denominator:

MS&
(02L Lo )x LDL( o) <A3+2oaxz+(02a2+502)k

MS@woo\ /.3 2 2 .2
+ aLr (A +A"(1+a+oa )t A (20a+oa +@ )

2 2 ~~ . ~2
- +
+o'a +(1 o)awowso w, )

+ 1 0@ onloa® 3 ya-0ea @, )

+A +A Q+2a)+X (a+a2+ua+63 2+¢’£:'w2)
+ A(cazﬂ'b‘ 2, zaw 2)
~ o~ 2 ~ 2
+ 1-00d B, 8, @& - (42)

These equations include terms in S, as defined in Eq.
(14), which always appears in the following form:

U =-EL—- S. (43)

Equation (14) can also be expressed with the dimension~
less parameters. Moreover, if the change of variables, Eq.
(43), is applied to.Eq. (14), one obtains

oty ? @ 2
“ U2+2 = U+a2+ i cos —(U-1)2=o
~ 2 a&jso %o M L4 :
“s0 49
In Eq. (44), cosy appears in the form of
Ls
Cy = -ﬁ cosy . (45)

It can also be noted by examining Eqs. (41) and (42)
that cosy comes into the picture, as far as the study of the
dynamics is concerned, always through the bias of S (or U) in
Eq. (44). Therefore, it seems convenient to consider the
firing-angle always in the form of Eq. (45). This enables one
to suppress in Egs. (41) and (42) any term that is not one of
the nondimensional coefficients as defined so far, including
Cy (except for the factorizing terms).

Actually, Cy allows for additional compactness in the
present analysis. Indeed, the operating slip varies greatly
according to which firing-angle is chosen (Fig. 2), which may
hinder easy comparison of the stability of two operating points
or two machines. However, the rotor frequency correspond-
ing to a zero torque has been found to be [16]

R2+L2 2

2 cos Y . (46)
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Expressed in a dimensionless form, this is

L 2
~2 _,22 .2 (s 222 2
& T=°-(g o +“’o)<ﬁ cosy) =0y o‘a @) (47)

If the operating rotor frequency, & , is expressed
with respect to Wgp—y, Eq. (47) indicates it it will be pos-
sible to link (g to simple parameters and have relatively
simple analysis and comparisons.

Finally, it is interesting to note that many of the terms
factorizing the numerator and the denominator cancel out, and
their ratio reduces to

T T
2 = —2 (48)
Yso¥r  “so

Once associated with the inertia transfir function, this ratio
forms in Eq. (38) the closed-loop gain,K,as follows:

- nTo
K=———"". (49)

It can be noted that the gain, K, as expressed in Eq. (49) is
the same as the one emerging from the study of the short-
circuited case [14].

In conclusion, Table 2 completes Table 1 in collecting
the parameters examined so far. They are enough to encom-
pass all the different actual parameters of the machine, and
the study of the root loci will be made with respect to them.

Table 2

New Nondimensional Parameters

2

m
= +=—
@ T (Rr 18 RF)/Cr Lr

New definition

Lol
18cL

T

DL Filter inductance parameter

Firing-angle parameter

K=—2 Closed-loop gain

ROOT LOCI

For a given set of dimensionless parameters, the roots
can be plotted, and the variation of K (closed-loop gain) from
zero to infinity will generate the root loci. The loci for
typical parameters is presented first, after which the influ-
ence of each parameter is studied by comparison. Actually,
these are very similar to the squirrel-cage loci [14].

1309

General Form of the Root Loci

The basic form of the root loci is shown in Figure 4. It
includes a branch that starts from the real axis. This moves
up and eventually reaches instability before it crosses back to
the end zero, the imaginary part of which actually corresponds
approximately to & . It should be noted that the portion of the
branch between the real axis and this accumulation area (in-
cluding unstable points) corresponds to a small range of values
of K. Moreover, this range of values depends greatly on the
different parameters. The other branch starts from a nearby
point and finally follows an asymptote, which is vertical when
there is no filter inductance.

These plots must be completed by considering the third
root, necessarily real. This root is negative for smaller
values of slip and becomes positive beyond the peak torque.
Two more roots, with negative imaginary parts, are located
symmetrically with respect to the real axis and are not repre~
sented.

The root loci do not change significantly when o or ¢
changes. Their influence is not considered here, and all the
plots are computed for @ =1 aad 0 = 0.05. Novotny and his
coworkers [14,16] studied them in other settings, and many
of their conclusions are still true in this case.

The values of the other parameters are given on each
plot. As far as the slip is concerned, it must be compared
with the no-load slip (noted st—;), and both are written on
each plot. In fact, 8 - sT—g is the entity which allows the
comparison of different curves.

Influence of the Slip

For a given normalized stator frequency, ?0’0, the slip,
s, is associated with the normalized rotor current frequency,
Wgo» s follows:

By =8, (50)

As the slip (or @go) increases, the values of K that may
lead to instability are larger. While the final and initial
points remain at the same location, the lower branch tends to
move upward and finally meets the upper branch. A new con-
figuration then occurs (Fig. 5a) where the two former bran-
ches form a somewhat vertical locus, while the other roots
form a loop close to the imaginary axis (slow mode).

For values. of slip close to no-load slip, the magnitude
of the third, real root is very large. It can be approximated
by

MW

i
80!
A=-U=-—80 2 (51)
o ro

and, indeed, the steady-state torque and rotor current become
zero together, explaining the large magnitude of A\. This root
depends very little on K.

When K is equal to zero, there is always a root at the
origin (inertia pole), and it is provided at low slips by the
lowest part of one of the two branches that includes part of the
real axis (Figs. 4 and 5a).

For higher slips, however, this situation reverses. The
real root starts from zero and moves on the real axis toward
the value of A = ~U but does not reach it. At the same time,
none of the two other roots are purely real anymore (Fig. 5b).
As for the values of slip of practical use, this configuration
occurs only in special cases, for example when %o is small or
y is large.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 17,2023 at 13:33:30 UTC from IEEE Xplore. Restrictions apply.
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Influence of the Firing-Angle Influence of the Normalized Frequency, &g

Figure 6a represents the roots for y = 90 degrees, which Figure 7a represents a low normalized frequency (Wo=2)
in fact is the short circuited rotor case. Figure 4 corresponds and Figure 7b a large value (Wo=16).
to y = 120 degrees, and Figure 6b to y = 140 degrees. All The final point of the lower branch (K==) and the initial
three are for the same ''relative' slip, 8 - sT—. The lower point of the upper one (R=o) always have nearly the same
branch in the short-circuited case features a wider loop, imaginary parts. _Their values are very close to &@,. There-
which shrinks as y becomes larger, leading eventually to the fore, changes in wo indicate a stretching of the loci along the
configuration with a vertical branch and a loop close to the imaginary axis,
imaginary axis (Fig. 6b). The unstable values of K decrease The sensitivity on the slip, as it has been explained, is
as y becomes larger. greater for smaller normalized frequencies. For 50=2, the

small loop representing a slow mode for all values of & appears
even at a slip close to no-load, making such operations some-
what unstable,

R B 4 | 1 \
- 12j = - 12j B - - - 24j
1.5 .
, 10— 100 .
- 10j - 10j - ~10j - 10j - 10j L 20
1.
3.5
| 50. s 1. 3.
Q)_( ' O~ 100. w
1. 3.5 . 3 ' _
.6 . 4 2.
2. 7. 50.
- 6i i - ‘ - B - 12
2k
' 1.4
~4i i 3 - B = 4 ~8j
1.5 10—
.1 |
-2] b 1 - - o .06 1 ...41
.20
021 04} 29
s 1 _
¥——%  %——% oad—1, J(O Ry e, e x——
a0 1. %8 o6 2. -1 -1 -1 1.
Fig. 4 Fig. Sa Fig. Sb Fig. 6a Fig. 6b Fig. 7a Fig. 7b

Fig. 4. Basic configuration: w, = 8, C‘y= -0.5, 8 =0.51, S0 = 0. 50.

Fig. 5. Influence of slip s: Go =8, C'y =-0.5, (a) 8 =0.55, 8 0" 0.50; (b) s = 0.65, s o " 0. 50.

T= T

0" 0.0; (b) C7=-0.766, 8=0.776, ST=0=0. 766.

Fig. 6. Influence of firing-angle y: Go =8, (a) Cy =0, 8=0.01, 5, _

Fig. 7. Influence of normalized frequency GO: C‘y= -0.5, 8 = 0.51, 8, =0.50; (a) & =2; (b) ﬁo =16.

T
Notes: Different points on the curves correspond to different values of K, some of which are on the plots.
The same scale is always used except for Fig. 5b (real axis), and Fig. 7b (imaginary axis). All

curves are drawn for o =1, ¢ = 0. 05, and LF =0.
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Influence of the Filter Inductance
An idea of the evolution of the locus with respect to

the filter inductance is given on Figure 8. Two curves are
drawn, one for L_ = 0, the other one for L_ ~0.9 L_ (l.e.,

=10). The basic configuration is the same, the
presence of the inductance produces a concentration of the
complex roots around the imaginary axis. In other words,
the inductance is slowing down the rate of decay of the
transients.

// A
/ . L 12
//
/—-(1.
/ .
/ - 10
—o0.8
\\ 10.
~ _—
06 % 741(1
.~
0.6 F——xr—"] 1
— .
el L §
o 4H/ ] j
/
/
/ 2.0 4
0.1 —{
I .
| &
| 0.2
on—
_'*— T - — _*L* T
-1.7 -1, -0.15  +0.2

Fig. 8. Influence of the filter inductance. Both curves
drawn for a=1, 0=0.05, & =8, C =-0.5, 8=0.51, s
0.50. Dotted line: no filter induct¥nce. Solid line: T=0 =
LDL =10 ¢= >LF ~ 0, 9Lr.

USE OF THE LOCI

The use of the general loci can be illustrated by means
of an example taken from the work of Mittle et al. [10].

Static Scherbius Drive

5 HP, 400 V, 4 pole, 50 Hz motor
Steady-state torque: 10.96 N.m
Steady-state slip: 0.4039

Firing angle: y = 110°

R.s =2.49 Q; Rr =3.09 Q; RF =03 LF =0
Ls = 0.4096 H; Lr =0.4096 H; M = 0.3960 H
H=0.0758, (J = 0.0227 kg. m?)
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The following are computed:

2. 49)(0. 4096
a = £2:49)(0. 4096) _
(3.09)(0. 4096) - -t

1 - .t
ar = m—:)Tg'(%.%j =115 s-l
50 =%§= 2.73; Gso =%= 1.10
% 2 10.96 _( ooo

T115(0.0227) 127

The normalized eigenvalues for shaft speed disturbances are
taken from Figure 9. These are:

-0.8+j0.4
-0.23+j2.5
-11.

These are denormalized by being multiplied by @, to obtain:

-92 +j46 rad/s
- 26 +j 287 rad/s
- 1265 rad/s

If a designer wishes to see what effect a doubling of
rotor resistance has, for example, he just recomputes the
new &, ar, @o, To, and Wgo values and proceeds in a simi-
lar manner. Several designs can be evaluated in a matter of
minutes.

A
2.5»—-‘ -5j
% = 2.73
(o]
o = 0.806
= 0.066 : : -4
C_ =-0.354
v Q
Y = 110
1 — )
Lp= 0 - 3j
s = 0.4039 .
Sp_y = 0.3539 fﬁ_é
.4 .
.25
= 1]’
.066
-—Qr TN/ 0
-11. -10. -2, -1.

Fig. 9. The general loci for the cited example.
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A stability analysis can be conducted, and in order to
see the connection between the general loci and the stability
boundaries in Mittle et al. [107, the torque for crossover
into the right-hand plane is computed from the correspond-
ing K value of 0.6, in Fig. 8, using the K equation in Table
2. This is done for several firing angles (figures similar
to Fig. 9, but not included here). If the crossover K values
are attainable physically, we can compute the stability
boundaries as given in [ 10] by plotting these torques versus
firing angle.

CONCLUSIONS

The set of existing generalized root loci has been exten-
ded to include the static Scherbius machine in the subsynchron-
ous mode. It was determined that these new loci are similar
to those of the squirrel-cage machine and allow design options
to be quickly evaluated without the computer.

It is fitting to mention, in addition, that these results
do not necessarily imply more precision than previously
used models. The main thrust of the paper is on the gen-
eralized nature of the results obtained.

The open-loop case was evaluated, and work is now
underway to consider closed-loop configurations.
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APPENDIX A: DEFINITIONS AND SYMH)LS

The machine inpedances are defined in a d-q ams frame
under their opérational form as follows:

Zs N Rs * Lsp * jLs@
Zn = Mp+jMw

Zr = ‘Rr * Ll‘p * JLrws
Zq ™ Mo + My

The terms in p vanish when steady-state values are con-

sidered.
Nofations
i a.c. currents
IR direct current (see Fig. 1)
J inertia
L sél.t‘—iﬁdqctances
M tﬁutual inductances
n ' ﬂuniber of pairs of poles
R resistgncés ‘
8 © slip
T electric torque
TL meqhatﬁcal torque
\4 a.c. voltages
VI’VR Qirect voltagés (see Fig. 1)
Z complex impedances (see above)
w stator current frequency
w, electric rotor velocity
wg rotor current frequeqcy
Subscripts
~ o d direct axis
q quadratic axis
T rotor
8 stator
o steadyfstate
F filter parameters (see Fig. 1)

Also, .. on a symbol denotes its normalized value. Re(z),
Im(z), and z* denote respectively the real part, imaginary
part, and conjugate of the complex entity z.
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