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Abstract——In this paper, we attempt to control induction motors with high power
efficiency as well as high dynamic performance by utilizing the recently developed
theories: singular perturbation technigque and noninteracting feedback control. Our

controller does not need the transformation between a d-q synchronously rotatling

frame and a x-y

practical significance of our resulls,

stator-fixed frame.
Furthermore, it does not depend on

It is computationally quite simple.

the rotor resistance. To illuminate the

present simulation and experimental

results as well as mathematical performance analysis,

1. INTRODUCTION

Along with the rapid growth in
microelectronics and power electronics
technologies, various advanced c¢ontrol methods
for ac motors have been successfully implemented
in real time and shown to be useful in controlling
induction motors with high dynamic performance.
The controllers proposed in Ohnishi et al. {1985)
¢an control the induction motors to behave like
de motors but can not decouple motor torgque and
rotor flux dynamically. Consequently, the changes
in the rotor flux required for power efficiency
control can degenerate the dynamic performance
of the induclion motors., On the other hand, the
contirollers proposed in Krzeminski (1987), Ho and
Sen (1988), and Kim et al. {1989) can control the
inductlion motors with rotor speed (or motor
torque) and rotor flux linearly decoupled. The
recently developed feedback linearization
technique was utilized for decoupling of rotor
speed {or motor torque) and rotor flux. Some
experimental results are also presented in Kim ot
al. (1989).

in this paper, we propose a nonlinear
feedback controller that can control the induction
motors with high power efficiency as well as high
dynamic performance. Our controller consists of
three subcontrollers; a saturation current
controller, a decoupling controller, and a well-
known flux simulator. The saturation current
controller is used for direct control of the stator
currents. The decoupling controller decouples
rotor speed (or motor torque) and rotor flux
linearly. The well-known flux simulator is
employed to estimate the rotor fluxes indirectly.
During transients, the rotor fluxes are regulated
to their rated wvalues for maximal torque per
ampere of sgtator current. Under steady slate
condition, the rotor fluxes are adjusted to keep
the slip speed at the optimum value for maximal
power efficiency. By virtue of decoupling of rotor
flux and rotor speed, this can be successfully
done without interfering rotor speed responses.
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As mentioned above, induction motors with
our controller can attain high dynamic
performance and high power efficiency
simultaneously. Like Krzeminski’s controller in
Krzeminski (1987), our coniroller does nol need
the transformation between a d-g synchronously
rotating frame and a x-y stator-fixed frame. Like
the controllers in Krzeminski (1987), Ho and Son
(1988), and Kim et al. (1989), ours can decouple
rotor speed{or motor torque) and the rotor flux.
ln Krzeminski (1987) and Ho and Sen (1988),
however, power efficiency was not considered.
Our controller is computationally much simpler
than the controllers in Krzeminski (1987) and Kim
et al. (1989). Furthermore, our controller is less
gensitive to variations of the machine parameters
than the controllers in Krzeminski (1987) and Ho
and Sen (1988) since ours do not depend on th:
rotor resistance which varies most widely as the
machine temperature rises. To illuminate the
practical significance of our resulls, we present
simulation and experimental results as well as
rathematical performance analysis.

2. CONTROLLER DESIGN

In this section, we describe our approach io
control of the induction molors whose dynamic
equations are described, in the x-y stator-fixed
frame, as

ixe = —~mixs + 82éxr + pRIWrdyr + aoVxs,

1..;5 = -aliys - pAIWréxr + 82éyr  + aoVys,

:,‘vxr = —a:l¢xr - DWrédyr + asixe, (1)
;ﬁyr Z —asdyr + pPwrdxr + aslys,

wr = —aswr + ar{Te - Ti),

where u = [Vxs Vys]T is the control input and T.
is the generated torque given by



Te = Kr(éxr iys — éyr ixs) . (2)

Here, the constants Kr and ai, i = 1,,7 are Lhe
parameters of the induction wotor. See tho
Nomenclature for the symbols and notalions that
appear frequently in our developments.

In many industrial applications of induction
motors, high dynamic performance and high
power efficiency are equally important. It is
shown in Kusko and Galler (1983) that if wr and
11 are conslant, (a) there is an oplimal slip
speed wsi* that leads to maximal power efficiency
aud (b) the oplimal slip speed is a funclion (say,
f}) of wr. The slip speed ws can be exprossed in
lterms of the generated torque and rolor [luxes
(Joetten and Maeder, 1983):

wsl = (as/Ke) Te / 0, (3)

where ¢ = dx?  + dyrl When we and Ti. are
constant, we can wrile the slip speed as

wal = (as/Kn)l (as/andwe  + Tii/ . (1)
This follows easily from (3) and the last equation
of (1). From (4), we see that, if ¢ is regulated to
the value (as/Kr) [(as/az)wr  + Til / ws*, the
slip speed can be kept at its optimal value arnd
hence maximal power efficiency can be achieved
in the steady state. For these reasons, the
output to be controlled is chosen as

y = Iy ¥} = fwe T (8)

1If a high-gain or bang-bang current
controller is employed, the stalor currents ixs,
i« can be direclly controlled. Here, we propose a
saturation current controller:

Vis K satl (01 ~ be)/s )
uw o= = (1)
Vys K osul( (G2 - ivs)/6 ),
. ~ ~
where K, § are some positive constants, u = [u,

~ . . .
vz]T is the new input, and

S i <1,
BRI T

The above saturalion current controller may be
viewed as a continuous approximation of thoe
discontinuous bang-bang current controller,
Furthermore, the high-gain current controller
sotually | functions  as 2 saturation  current
controller in face of physical limitations. Later,
we will discuss roles of the free parameters ¥
and §.

saL(}l) (6)°

When the stator currents are directly
controlled by the above saturation current
controller in (6), the dynamic equations of the
induction motor in (1) and (2) can ba
spproximated Lo

3 ~

dxt T —da $xr — P Wr éye + as i,

: ¢ ~

dyr = -as gyr + P Wr éxr + as Uz, (n’
. A n ‘

wr = -aewr + arKr(fxruz—Fyrur) - arT.

Then, one can easily check that if ¢ ¢ 0, the
reduced system consisting of (1) and (5) with T
= 0 satisfies the well-known conditions for
decoupling in Singh and Rugh (1972), Ha (1988),
and other literature. Following directly the
computation procedures in Singh and Rugh (1972)
and Ha (1988}, one can find the nonlinear
feedback controller 0 that decouples the reduced
system consisting of (1)’ and (5).

1 "¢yr ¢Xl’

Uz — G, (M)
[ $xv byr

where G = [ G217 is the new input. As the

result, the input-output dynamic characterigtics

¢’ the closed-loop system given by (1), (5), and

(7) are determined by the following linear
dacoupled sysiem.

wr T o-ae wr +oar (Ke - Ty,

¢ = -Zas ¢ + 2as U, (8)

;'l = Wr, Yz = ¢,

In order lo oblain desirable transient and
steady state performances, the new inputs Gi, i

are chosen as the following IP (Integral-
Proportional) controlleors.
1
G1 = ~kpt wr + kuj (we¥ -~ wr)dt,
o (9)
t
C: = -hp2 &+ ki J(CD* ~ ¢)dt,
o
vwhere the constanls  ky;, kij, j = 1, 2 are

controller gains and  we, $* represent tho
command inputs for wr, b, respectively.

Letti&ng Z = (2" %Y, where 51 = [Zu ZaefT
= [wr jb(wr” ~ wo)dt]® and zZ: = (Fa1 Ze:T = (¢
jﬁb" - 9)dt]?, the closed-loop system given by ()
%nd (9) can be represented in the state space as

s 7 At Zi + b we*r + 1Ty
Zz|. | =

7z Az Zz + b ¢* y (10)
Vi =c Zi, i= 1, 2,

where the detailed structures of Ay, 1 =1, 2, b,
¢, and L. are given in Appendix A, Tts block
diagram representation is shown in Fig, 1.

Note that the responses of rotor gpeed and
rotor flux are dynamically linear and decoupled.
The rotor flux can be adjusted to achieve maximal
power efficiency wilhout interfering rotor speed
responses. The control strategy of ¢ for maximal
power efficiency will be presented in Section 4.

Remark 1. By appropriate choice of the
controller gains in (9), the linear system (10} can
be made BIBS (Bounded Input Bounded State)
slable. One can easily check that although the
decoupled linear system (8) has less dimension
lhan  ihe reduced system (1), BIRS stability of
the linear system (10) always implies BIBS
stability of the closed-loop system given by (1),
(7), and (9}.
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wet ;x(:Wr)
¥t 2as Ya(= )

" 8+2a4

Fig. 1. The block diagram of the decoupled
linear system (10).

Thus, the controller consisting of (6), (7),
and (9) can control the induction motors with
high  dynamic performance and high power
efficiency. Besgides, our controller is
computationally simple. 1In contrast to most of
previously known field oriented control methods,

it does not need Lhe transformation between a d-
q synchronously rotating frame and a x-y stator--
fixed frame. It is robust with respect to
variations of the machine parameters since it
depends on none of the machine parameters.

The proposed controller needs information of

rotor  fluzes.

1. is more cost-effective and
practical to estimate indirectly rotor fluxes than
Ly imstall flux sensors on the stator. For this

reason, we adopt the following well-known rotor

flux  simulator based on the stator circuit!
~ t
$xr = {(@ao/aa) J(an—Rﬁixs)dt—(1/aa)ixs+av,
o 1
t
~ . LA
Gyr = (Bo/aa) [(Vys—Rs]ys)dt*(l/as)lys*’\]y.
[+]

~ .
Here, 8“, éyr r;eprefent, the estimated values of

éxr, $Hyr and ux, Uy represent the estimated
values of ux = ¢xr(0) + xs(0)/a3, uy = $ye(0) +
iys(0)/a3, respectively. It can be easily seen
that if ux = ux and ﬁy = uy, then, éxr = éar,
yr = édyr, t = 0. In this paper, we propose the
{following estimation method for wux, uy. Under no
load conditicn {i.e. Tr = 0), control the stator
currents  ixs, iys directly by the saluration
current controller in (6) with Ui = lo (a nonzero
("\(ms/t\ant) and uz = 0. After sufficient time, take
ux, Uy by

Se = (1/aa + M) To, Oy =0, (12)

regpectively. This method can yield fairly good
cstimation of ux, uy since the dynamic equations
of the induction motor in (1) and (2) with tho
saturation current controller in  (6) can be
approximated to (1)’ (see (21) in Section 3) and
then

ios® o

= loy $xrs = Mlo, = gyrh 0. (13)

iys

The decoupling controller in (7) and the IP
controllers in (9) need be modified so as to be
based on the estimated values of rotor fluxes.
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1 ~$yr bxr
R I 7
[ bxr  Byc
1
U = -kpt wr + knl' {(we* ~- wr)dt ,
o 9y’
v
2 = -kez G) + kiz j(d" - g)dl, s

The final
of  threc
controllers
tho
and

n n ” ”~
vwhere ¢ is defined by ¢ = ¢xr? + ¢yt
form of our controller consists
sabcontrollers; the saturation current
in (6), the rotor flux simulator in (11), and
saymplotically decoupling controller in (7)’
(9Y'.

Remark 2. A drawback of the rotor flux
siimulator in (11} is poor behavior at low rotor
speeds. The new flux observers based on the
rotor circuit in Verghese and Sanders (1988) may
replace the rotor flux simulator in (11). However,
{hese new observers may be more sensitive to
the variations of the rotor resistance than thy
flux simulator in (11). Note that the rotor flux
gimulator in (11) does not depend on the rotor
resistance.

3. PERFORMANCE ANALYSIS

Since the rotor flux simulator presented at the

end of Section 2 can estimate éxr, $yc with fairly
good accuracy, we assume that

»
(A1) bxr = bxr, er =z byry t > 0.
Let x = [x1 » x7]T where X1 = ixsy, X2z = dys, Xa =
bxry Xq, = dyry, Xs T Wr, X6 = t(Wr* - wr)dt, and
x» = {{¢* - ¢)dt. Let u* = Turx w2 = [wet
$*]T. °

For technical simplicity, we assume Lhat

{A.2) For each u*:[0,m) » qi, 1 = 1, 2, Tu[0,@) »
ar, and x(0) & qx, the closed-loop system (1),
(2), (5), (6), (11), (7) and (9)’ has a unique

solution x:[0,@) » Qx.

That is, we assume thal the system (1), (2), (5),
(6), {11), (7} and (9)’ has a well-defined solution
and is BIBS (Bounded Input Bounded State).
See Remark 3 for further comments on (A.2).

Let, &= [ €,
2. Let z = [2a7 227]T,
[xs x6]T and 22 = [za1 z22]T = [x3% + x2  x9]T.
Then, the derivatives of €, z along the solution
irajectories of the system (1), (2), (5), (6), (11},
{7} and (9)’ can be written as

N N
€:]T where € = w - x, iz 1,
where zi [z11 7117

aocKsat(£1/6) + gi(x,u%,Ti)

. € —a1€1 -

e=|. |= (14)
€2 -a1€2 - aoKsat(€2/6) + ga(x,ut,Ti) |,

. Z1 A1 z1 + b we* + hi{(x})€ + L Tw

z 3 |= (15)
Z2 Az zz2 + b ¢% + ha(x) € ’

ywzcau, 1i=1,2,



where the detailed structures of g, hi, i = 1, 2,
are given in Kim, G. S. et al. {1989).

By (A.2) and the continuity of gi, hi, i = 1,
2, there exist positive constants dij, | = 1, 2, j =
1, 2 such that
| gi(x,u¥,Tr) | <dia,  fhi(x)<die, {1 = 1,2. (16)
Simple calculations show that if the controller
gaing are chosen as kpr > -B/Kr and kp2 > -1/M,
all eigenvalues of A1 and Az have negative real

parts. Therefore, we can assume

(A.3) A1 and A2 are stable matrices.

lLet @& & R be positive definite symmetiric

matrices. By (A.3), there exist positive definite

symmetric matrices Pi ¢ R#2  galisfying

AT Py o+ PP A= -Qi, 1 z1,2. (17}
Finally, we need the following notalions in

order to state our result on the input-output

dynamic behavior of the closed-loop system in

(1), (2), (5), (6), (11), (7)Y and (9)".

dai = (dii 6/a1)1/2/2,

da = 2An(Pi) | Pif dia{dai+daz)/ A w(Pi) An{Qi),

dsi = 2] Prjdiz{| €1(0)|+] €2(0)|) (18)
/An(P){ An(Qi)/ Au(Pi} - 2ai),

mu = Am(Q))/2AM(Pi), 131, 2
Theorem 1 Suppose that (A.1)-(A.3) are

satisfied. Then, the controller given by (6), (11),

(7Y, and (9)’ with K max(diz, d21)/a0
guaranlees thal, for i = 1, 2 and for t > 0,
[Ei(L)] < da + |&4(0)] e-ait, (19)
|¥i(t) - ¥:i(t)| < da + dsie~?it
- {dai + dsi)e®yit, (20)
and that if u* and Ti are constant,
¢2 = ¢F and  wr® = wek (21)
Theorem 1 siales that the outpul responses
of the induction motor with our controller
asymplotically follow those of the decoupled

linear aystem (10} with bounded errors. By (18),
di » 0 and ds » 0, i 1, 2 as & » 0.
Consequently, from (19)-(20), we see that lim|€i]
= 0 and %E"in - ¥l =0,i=1,2, as § » D" Note
that as & » 0, the saturation current controller
in  (6) tends be a bang-bang current
controller. Thus, Theorem 1 suggests that the
bang~bang current controller may provide betler
control performances than the saturation current

to

controller. However, the bang-bang curreni
controller can cause undesirable chattering
phenomena.

See Kim, G. S.
proof of Theorem 1.

et al. (1989) for the detailed

Remark 3 By (A.2), we priorly assumed that
the closed-loop syslem (1), (2}, (5), (6), {11), (7)’

and (9)’ is BIBS. By (A.3), the decoupled linear
system (10) is also BIBS. Under Lthese
assumptions, Theorem 1 shows that the output

responses of the closed-loop system (1), (2), (5),
(6}, (11), (7)’ and (9)' can be made to follow the
desired ones (i.e. the oulput responses of the
decoupled linear system (10)) as clogsely as
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desired by decreasing the free
the saturation current controller in (6). Theo
assumption (A.2) can be removed by imposing
restrictions on the allowable sizes of @i, ¢ qr,
and |x(0)|. However, the statement and proof of
Theorem | gets extremely complicated without
much gain.

parameter § of

4. POWER EFFICIENCY CONTROIL

In this section, we show that high power
efficiency as well as high dynamic performance
can be easily achieved by utilizing these features
of our controller. In Section 2, we have seen
that, when 7T. and wr are constant, wsa is
inversely related to ¢ (See the equalion (4)) and
that wse* s a function of wr. The ftunction is
assumed to be known a-priori. Il is usually
obtained experimentally rather than analytically.
Assume that

Theorem 2. all hypotheses of

Theorem 1 are satisfied. If w* and T. are
constant, change the rotor flux command ¢* as
¢r, until the closed-loop system
(1), (2), (5), (6), (11), (7)' and (9)’
$* = reaches the steady state, (22)

acpe U185/ UoPwaik, if the closed-loop
system (1), (2),

(5), (8), (11), (7)’, and (9)’

with ¢*=¢; reaches the steady state,
where ¢r denotes the rated value of ¢. Then,
wal? - ws* kit da kiz as ds2
< +
wal® | B8 a4 dr
(23)
kiin kiz as da de
+ ~t
as ¢r |uis) .
We have chosen ¢¥ as a piecewise constlant

function. However, rotor speed responses will be
little affected by such a slep change in ¢* since
the input-output dynamic characteristics of the
induction motor with our controller closely follow
those of the decoupled linear system (10), as has
been shown in Theorem 1. Note that, during
transients, the rotor fluxes are regulated to their
rated values. This is to obtain maximum possible
torque per ampere of stator current. Theorem 2
states that if ¢* is chosen as (22), the slip speed
can be kept around the optimal slip speed in the
steady state. From (23), we see thal wa » waX
as § » 0.

See Kim, G. S. et al. (1989) for detailed proof
of Theorem 2.

5. SIMULATION AND EXPERIMENTAL RESULTS

The performances of our control scheme
developed in the preceding sections were studied
through simulations and experiments. For
experimental work, we huave chosen a squirrel-
cage induction motor. Its motor data are listed in
Table 1. For load test, the induction motor was
coupled with a 2.2 kW dc generator. The
microprocessor-based control system designed for
the induction motor is shown in Fig. 2.

Based on the decoupled linear system (10},
we chose the controller gains as



K = 140, ku = 1.275, kpi = 0.228,
(24)
& = 0.05, kiz = 187.032, kpz = 9.291.
we have assuwmed in  our simulations and
experiments that ws* = 30, 70 rpm for w# = 650,
1400 rpm, respectively.
Nameplate data Nominal parameters
220V 60Hz Re 0.687q
3-phase Rr 0.842q
delta~connected Ls 83.97mH
4 poles Lr 85.28mH
rated power 2.2kW M 81.36mH
rated speed 1750rpm J 0.03Kgm?
rated rotor flux 0.48Wb B 0.01Xgm?/s
rated current 8.82A(rms) p 0.0756

Table 1. Motor data of the induction motor
chosen for simulation study.

In this situation, wr* was step-changed from
650 rpm to 1400 rpm. To provide maximal power
efficiency in the steady stlate, ¢* was adjusted
according to {35). The simulation and experimental
results for this case are shown in Fig. 3 (a) and
(b). Observe that the step change in $* made for
power efficiency does not disturb the rotor speed
response at all, while the steady state value of
the slip speed approaches 70 rpm{the optimal slip
speed for maximal power efficiency at wr = 1400
rpm). Next, we applied the rated load torque 12
Nm for 1 second at wr = 1200 rpm and ¢ 0.23
Wb2. The simulation and experimental results in
Fig. 4 (a) and (b) show that the rotor flux
response is not affected by the load torque while
the rotor speed promptly recovers its commanded
value.

The simulation and experimental resulls shown
in Fig. 3 and Fig. 4 demonstrate that our control
scheme is useful in controlling induction molors
with high power efficiency well as high
from Fig. 3

as

T el w. [350rpm/div]

650 rpm —w

o

lllllleW M!‘l‘l‘i

,‘M AR s (208 /dtiv)

|

0 A —-

U iya [23A/dhv]

i

VWWWf

§ 10.25Wb2/div]

! wu[250rpm/div]
i

we [350rpm/div)

[24A7.1iv]

ixe

iy {24A7div]

0.06 Wo? oo o8 3 [0.25Whizaiv)

wa[2680rpm/div]
30 rpmn —-

0.2 sec/div
Fig. 3. (b) Experimental results for the case
of step change in rotor speed
command from 650 rpm to 1400 rpm.
; 1
1200 rpm_.T L L (450rpmrdiv
Pl
‘ .
j .
o~ i lflt(,‘,l,"|1|lil|‘J(uldllwwlw’i"[v‘1’:‘1“““”“’”""”""""“""’"W" w28/
' L1 i
O A e P Wailllilllllllljlllll] \'w]'ililﬂl‘ﬂ“” 'w'] il ,‘(‘M‘v‘l‘vﬂﬁﬁ‘"v‘ﬁ’-‘v“""w e (248/div]
0.23 Wb? e . d 3 B 1025w div]

dynamic performance. As can be seen e
and Fig. 4, the experimental results agree well Pig. 4. (a) Simulation results
with the gimulation results. Slight differences RN
between the simulation and experimental results
are unavoidable due 1lo imperfect hardware 302};5?3
8 ce
o ~
wr' uL ug
; Saturation P W M
Decoupling gurrant Controller H -
Cantroller Controller Bnas
~ )
by e uz (6 Driver )
Algorithm : “‘—“4
for o T1~Te
Power ko |+ P
t— Efficiency ¥ —— - éxr |
-1 s "
(22) [k L
il ixs + ibs
7 py S
~ Rolor ire 4 iae
¢ Flux
Simulat v + Vbs
2 -
(1 Vys Vae
Wwr

Fig. 2 Configuration of the microprocessor-based control scheme

for induction motors

encoder
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1200 rpm o we {150rpm/div]

s {24A/div]

s [20A/div]

0.23 Wh? _o 3 10.25Wb2/div)

0.2 sec/div

Fig. 4. (b) Experimental results for a rectangular
load torque.

mmplementation, some uncerlainties in the motor
data, and etc.

6. CONCLUSION

Our power efficiency control method needs
the prior-knowledge of optimal slip speeds al
various rotor speeds. This extra labor may be
avoided by employing such an on-line search
method for optimal  slip speed as the one
proposed by Kirschen et all (1887). In Kirschen
et al. (1987}, the flux command is continuously
adjusted until measured power efficiency rveaches
the maximum. In our control scheme, this can be
done without deteriorating the dynamic
performance of the rotor speed.

The underlying approach taken in this
paper can be viewed as an extension of the
simplified feedback linearization technique
proposed by Ha et al. (1989) in that a saturation
utilized for the

type controller has been
gimplified design process instead of the usual
high gain feedback controller. The underlying

approach should be applicable to other industrial
systems.

Nomenclature

ao 1/oLs

ax BO(RB + MZRr/er)

az a0MRr/L¢?

aa acM/ Ly

as Rr/Le

as MR:/Lr

as B/J

ar 177

Ti external load torque

Ix} Euclidean norm of x ¢ Re

fA} induced norm of a matrix A

xT transpose of a vector x

v steady state value of the variable v

Q1,0Q2,QT compact subsets of R

Qx compact subset of Rr such that g
0 {XER?: x34x42=0]} is empty

A=(Q)(An(Q)) minimum(maximum) eigenvalue of

a symmetric matrix Q

Appendix A

(1) A, i=1,2, b,c and L in (10)

-ae-Krarkp:  Krarki -2a4-2askpz  2askiz
A = Az =
-1 0 , -1 0
b=1{0 1}, cz=[1 0], L = [~ar oJT,

REFERENCES

f1] Ha, I. J.(1988). The standard decomposed
system and noninteracting feedback conlrol of
nonlinear systems. SIAM J. of Contr. and Optimiz.,
26, 1235-1249.

{2] Ha, I. J.,, A. K. Tugcu, and N. M. Boustany
(1989). Feedback Linearizing Control of Vehicle
Longitudinal Acceleration. IEEE Trans. Aulomat.
Contr., AC-34, 689-698.

[3) Ho, E. Y. Y. and P. C. Sen (1988). Decoupling
control of induction motor drives. IEEE Trans.
Ind., Flec., TE-35, 253-262.

[4] Joetten, R. and G. Maeder (1983). Control
methods for good dynamic performance induction
motor drives based on current and voltage as
measured quantlities. IEKEE Trans. Ind. Appl., I1A-
19, 356-363.

151 Kim, D. 1., M. S. Ko, and l. J. Ha (1989).
Linear decoupling control of rotor speed and
rotor flux in induction moltor for high dynamic
performance and maximal power efficiency. Int. J.
Conlr., Lo appear.

[6]1 Kim, G. S., 1. J. Ha, M. S. Ko, D. 1. Kim, and J.
W. Park (1989). Speed and efficiency control of
induction motors via asymplotic decoupling. 20th
Annual TEEE PESC Conf. 931-938.

[7] Kirschen, D. S., D. W. Novolny, and T. A. Lipo
(1987). Optimal efficiency control of an induction
motor drive. IEEE Trans. Energy Conversion, ECG-
2, 70-75, 1987.

[81 Krzeminski, Z. (1987). Nonlinear control of
induction motor. Proc. 10th IFAC World Congress
on Automatic Control, Munich.

[9] Kusko, A. and D. Galler (1983). Control means
for minimization of losses in AC and DC motor
drives., TEEE Trans. Ind. Appl.,, TA~19, 561-570.

[10] Liu, T. H.,, C. M. Young, and C. H. Liu (1988).
Microprocessor-based controller design and
simulation for a permanent magnet synchronous
motor drive. IEEE Trans. Ind. Elec., 1E-35, 516~
523.

[11] Nandam, P. K. and P. . Sen ({1986). A
Comparative study of proportional-integral{P~1)
and integral-proportional(I-P) controllers for de
motor drives, Int. J. Contr., 44, 283-297.

[12] Ohnishi, K., H. Suzuki, K. Miyachi, and M.
Terashima (1985). Decoupling control of secondary
flux and secondary current in induction motor
drive with controlled voltage source and its
comparison with volis/hertz control. IEEE Trans.
Ind. Appl,, 1A-21, 241-246.

[13] Singh, 8. N. and W. J. Rugh (1972).
Decoupling in a class of rnonlinear systems by
state variable feedback. ASME J. Dynam. Syst.,
Measurement Contr., 94, 323-329.

[14) Verghese, G. C. and S. R. Sanders (1988).
Observers for flux estimation in  induction
machines. TEEE Trans. Ind. Elec., TE~35, 8H-94,

1046



