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Decoupled Control of Induction Motors for both High Power Efficiency
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Abstract: In induction motor control, power ef-
ficiency as well as high dynamic performance is
important. We attempt to achieve both of them by
decoupled control of rotor speed and flux. A
nonlinear feedback controller with a well-known
rotor flux observer is proposed with its stability
analysis. Experimental results demonstrate that
the proposed control method based on recently
developed nonlinear feedback control theory is
of practical use.

1. Introduction

The recent rapid growth in microprocessor
technologies facilitates application of computa~
tionally complex control methods to be applied in
many industrial problems. Since the so called
vector control pioneered by Blaschke [1], there
have been a number of notable researches to-
ward high dynamic performance of induction
motors [2]-[6]. The underlying idea of their
control methods is to make the induction motor
behave like a DC motor by controlling the rotor
flux constant. A good survey on induction motor
control is found in [6].

Except for speed response, there are other
important factors to be considered in the con-
troller design of induction motors. Among them is
power efficiency. High power efficiency can be
obtained by minimizing iron losses and copper
losses. It is known that given a constant rotor
speed there is an optimal slip speed which leads
to maximal power efficiency. Various control
methods for high power efficiency can be found
in [7}-[11].

Along with remarkable advances in differential
geometric control theory [12]-[16], its recent re-
sults have been successfully applied to induction
motors [17], [18]. In this approach, the nonlinear
dynamic equations of the induction motor are
transformed into a linear system via appropriate
nonlinear feedback. Then, well-known results in
linear control theory are employed.

In this paper, wce attempt to achieve high
power efficiency as well as high dynamic perfor-
mance by means of decoupled contirol of rotor
speed and flux proposed in [19]. Recently devel-
oped nonlinear feedback control theories are uti-
lized. The approach in [19] differs from the
prior works in the following aspects. While the
prior results are promising and have their own
merits, full state feedback is required [17], [18]
or full linearization is not obtained [3]-[5]. In
practice, rotor fluxes can be measured directly
through flux-coils or Hall-probes {1], [20]. How-
ever, it is more cost-effective to estimate rotor
fluxes based on the rotor circuit equations [6],
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[21], [22], (23], [24]. Motivated by the prior re-
sults, we constiruct a nonlinear feedback con-
troller with a well-known rotor flux observer in
vector control [6]1, [21], [22]. After sufficient
time of motor operation, the speed dynamic char-
acteristics of the induction motor with our con-
troller become linear, while the slip speed is
automatically adjusled to be optimal for maximal
power efficiency. Thereby, we achieve high
power efficiency as well as high dynamic perfor-
mance. This is made possible by decoupled con-
trol of rotor speed and flux proposed in [19].

We provide the stability analysis of the
closed-loop system with our controller. Both sim-
ulation and experimental results are included to
demonstrate the practical significance of our re-
sult. In particular, our experimental results
contribute to showing that the proposed con-
roller based on recently developed nonlinear
feedback control techniques is of practical use.

2. Main Result
The dynamic equations of an induction motor
with p pole pairs can be written in the d-q co-

ordinate system rotating synchronously with an
angular speed ws as

:}.ds:‘&lids"‘Wsiq5+az¢dr+p8:‘<Ur¢vqr+ cVas
iqs":*l‘s ids~81iqs ~pasz@r dar +az dgr+ cVgs
“f'drf‘atl@dr*‘aSids'*‘(Ws'Pwr)d?'qr
‘.thr:'a4¢‘qr+85iq5‘(Ws‘pur)tl‘dr (2.])
(-Bwr + Te ~ Tu)

Wr = 3
J

(2.2)

where Te is the generated torque given by

Te = Kr(darigs - darids ). (2.3)
Here, Vas, Vys, w; are the control inputs
available to controller designers and ai, iz1,..,5
are the parameters of the induction motor.

Definitions of the symbols used frequently in the
developments are given in Nomenclature.

First, we describe our controller for high
power efficiency as well as high dynamic perfor-
mance in induction motors characterized by the
above (2.1)-(2.3). Our controller can provide a
fast/accurate dynamic response to the rotor
speed command and regulate the slip speed at



the optimum value for the maximal efficiency. The
controller has the form:

“SiQS

Vas -~ + a

c

u = =
pﬂr(ids+aa$dr) az |’

Vqs —_—e——e——— 7—

c dar

(2.4}

where $dr is obtained by the observer [6], [21],
{221,

Par = -aabar + asias, (2.5)
and
iqs
Ws = p®r + as (2.6)
dar
The new inputs {1, f{iz are given by the IP

(Integral-proportional) controllers. IP controllers
[25] can provide better transient dynamic re-
sponses than the usual PI controllers.

; %
Q1=-Kceias—Kpe $dr+KiQ '((k* [ﬁz ]‘E:dr)dt.
o]
. . (2.7)
ﬁzi—Kcu¢driqs—Kpn0r+Kiu[(wr*—0r)dt.
o

and Kiy, Kpe, Kogy Kiw, Kow, and Kew are the
coniroller gains. Here, w:* is the rotor speed
command, Ws* is the optimal slip speed for

maximal power efficiency when wr=w:*, and

cas %
(a1+as+cKcw)Ws 1 *

If $ar= ¢ar and ¢er= 0, the controller (2.4),
(2.6) linearly decouples the system (2.1)-(2.3)
with the output defined ¥=[¢ar ). The IP
controllers in (2.7) with (2.8) are to confirm @Wr»
Wt and wa>» wa* in the steady state when we*
and T. are constant.

k* = (2.8)

Before stating our theorem, some discussions
would be helpful for readers to caﬁch up the
Let xZ[x1---xs]T

main idea of our approach.

where Xl%ids, x2S dar, xsej(k’l Gz -dar)dt,
ngiqsy X5=Wry x6= | (wrr—wr)dt, X2 dar, and
xs=¢ar. Let y=®0r. Then, the closed-loop system

given by (2.1)-(2.8) can be written as

X =F(x,Wr*)+G(x)@r*+HTL, y=xs, (2.9)

where the detailed structures of F, G, and H are
given in Appendix A. The dynamic behavior of
the system (2.9) is hard to be analyzed in its
present form. For this reason, the following state
transformation is introduced. Let w2[z e]T,

22[z1---26]7 and e2[e1 ez]T. In the new
coordinate system of state variables defined by
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waT(x)=[x1 %2 xa (xzxa) Xs

xe x7 (x2-x8)]T, (2.10)

the system (2.9) is represented as

)

y=zs,

h(w)e

(2.11)

where t’}\1e detailed structures of f, h, g1, g2, A,
B, and H are given in Appendix A. Note that the
input-output dynamic characteristics of (2.11)
are the same as those of (2.9) since only the
state iransformation (2.10) is involved between
two systems (2.9) and (2.11).

Now, we discuss the special case of e=0 in
(2.11). The system (2.11) is then reduced to the
"almost" linear system:

zZn=AZatgz (Zm,Wr ¥ )+B“r**ﬁTL ,
(2.12)
Ym:(Zm)s.

The block diagram representation
shown in Fig.2.1. Observe that the system (2.12)
consists of a series connection of two indepen-
dent linear subsystems. The output response ym
to the command input w* is completely de-
termined by the lower subsystem. Hence, any
abrupt change in ®ea* will not affect the rotor
speed response.

of (2.12} is

It is shown in [7]-[9], [11] that, in the steady
state, (i) there is an optimal slip angular speed
wa* for maximum power efficiency and (ii) the
optimal glip angular speed is a funtion (say f} of
w: (that is, @s*=f(wr))., In particular, such an
optimal slip function f(®Wr) is obtained exeperi-
mentally rather than analytlically. Various control
methods to make ®Wx=f(W:) at steady state are
found in [7]-[9], [11].

In the next Theorem, we show that the dy-
namic behavior of the closed-loop system (2.1)-
(2.8) eventually approaches that of the ideal
system (2.12).

Theorem 2.1 Suppose that

A is a stable matrix.

For each w:*{0,0}» qz2, Tu:l0@)-*» arm,

and x(0) € qx, the system (2.1)-(2.8)
has a uni unique solution x:[0,z)*» Qx.

(A.1)
(A.2)

Then, the controller given by (2.4)-(2.8) assures
that

|y-yo | %0 and ¢qr> 0 as t> o (2.13)

where y, ya are the outputs of the systems
(2.11), (2.12), respectively. Furthermore, when
w,* and T. are constant,

Az+(f(w)+gr (w,wr*) )4e+g2 (z,@r*)+Bor*+ ﬁTL

|



@r* @r* and Ws12Ws1 % as t-» o (2.14)

Proof

Let w, zm denote the states of the systems
(2.11), (2.12), respectively., By the arguments
similar to those used in [19], it can be shown
that

[ (za=(2n)a) (25—(2m)s) (ze6~(2zm)6)]7T|

and Je|>» 0 as t-» o (2.15)

This imples (2.13). Next, suppose that we* and
T constant. The block diagram representation of

the system (2.12) is shown in Fig.2.1. From
Fig.2.1, we can easily see that
" (a1 +aa+cKcw) (Bwr*+TL)
tz-> y, Ym? wWr*,
cKr
(2.16)
(BWr*"'TL)
and (zm)q > ——————as t» .
T
By (2.7), (2.8), (2.15), and (2.16),
as (Bwr*+TvL)
@r> Wr¥, |dar* |2 ——m—————
Krws 1 *
(2.17)
(Bar *+Ty, )
and z4 - ~——————— as t-> g.
Kt
On the other hand, by (2.6) and (2.13),
za
Ws 1 Tas ——— at the steady state
{gar |2
(2.18)
Then, (2.14) follows from (2.16), (2.17) and the

Theorem in [19].

From Theorem 2.1, we see that the rotor
speed response of the closed-loop system (2.1)-
(2.8) follows closely that of the lower linear sub-
system of the system in Fig.2.1. Regardless of
any constant load torque, the rotor speed and

slip speed are regulated at their desired values’

wr¥ and ®Ws*, respectively, in the steady state.
Hence our controller (2.4)-{2.8) can drive the in-
duction motor (2.1)-(2.3) with high dynamic per-
formance and high power efficiency. Note that
the system in Fig.2.1 is basically the one ob-
tained by a series connection of two independent
subsystems in [19]. In fact, the system in Fig.2.1
provides the same linear dynamic chracteristics
of the rotor speed as the system in [19].

We need some comments on the assumptions
(A.1) and (A.2). From Fig.2.1, we see that (A.l)

can be always satisfied by appropriate choice of*

the controller gains, Kiy, Kp¢y Kcp, Kim, Kpw, and
Kew. The assumption (A.2) is needed for simplic-
ity of proof. It can be removed by imposing re-
strictions on the allowable sizes of qQixaqsr Qr,
and |[x(0)|. Then, the proof of Theorem 2.1 be-

854

(2.13) and

comes more complicated. Moreover,
(2.14) hold locally rather than globally.

Finally, we discuss at some length the prior
result related to our controller in the following
remarks.

Remark 2.1 In [10}, the optimal slip function
f(we) need not be predetermined. Instead, a
watt-meter is used to determine the input power.
Then, the rotor flux is continuously adjusted
until maximal power efficiency is reached. How-
ever, such changes in the rotor flux result in
undesirable disturbances in the rotor speed re-
sponse. This drawback can be removed by in-
coorperating our decoupled control approach into
his adaptive efficiency controller for the rotor
flux.

or  [Ke] + @+ 1 ([ = ()
c
+-| s - + |sr(ss+chee )| st+as
Kae o

Fig.2.1. The block diagram of the system (2.12)

3.Simulations and Experiments

The practical use of our controller developed
in the preceding section is examined through
simulations and experiments. The tested induction
motor is a squirrel cage type with 4 pair poles,
rated power 2.2 kW, and rated speed 1750 rpm.
The nominal values of its parameters are listed

in table 3.1. The controller gains used in the
simulations and experiments are
Kpe=104.295 Ki4=1210.0 Kce=3.0
(3.1)

Kpw=0.424 Kiw=1.997 Kcew=0.522

Before presenting simulation and experimental
results, we describe the microprocessor based
control system used as a test bed for our con-
troller. As is shown in Fig.3.1, it consists of a 16
bit microprocessor {Motolora 68000) with the CPU
clock rate of 8 MHz, a 3 kW peak rated PWM in-
verter, and the pre-described squirrel cage in-

Table 3.1. Nominal parameters of the tested

induction motor.

ZZOV/SSQV, 60Hz, Delia-Connected Stator
Re 0.687q Re 0.842¢
—
Y 83.97mH Le 85. 28mH
M 81.36mH J 0. 03Kgm?
B 0.01Kgm? /8| o 0.0766
ias (rated) 5.9 iqs (rated) 11A




duction motor. Signals between the microproces-
sor and the induction motor are processed
through 12bit A/D converters, D/A converters,
and 6821 peripheral interface adapters. The rotor
speed and position are detected by 6840
counter/timers and an optical encoder whose
resolution is 4000 pulses/rev. The DC generator
with rated power 2.2 kW and rated speed 1750
rpm was coupled with the induction motor for
the load test.

The 24-3¢ coordinate transformation in Fig.3.1
is required to convert the control inputs for d-q
axis stator voltages into those for the actual
phase voltages. It is given by

as sings cosgs ds

Vos |=l-sin(8s+n/3) —-sin(8s-x/6)

Ves -sin(@8s-n/3) -sin(8=+n/6) | WVas
(3.2)

where gs :[vs dt.

On the other hand, the 34-2¢ coordinate
transformation is to convert the measured stator
phase currents into the corresponding values in
the rotating d-q coordinate system. It is given

by
ids sin(gs—n/6) —cosss ias
] = (3.3)
igs sin(pgs+r/3) sings ibs

The overall control algorithm composed of (2.4)-

(2.8), (3.2), and (3.3) is executed every 0.5ms on
the Motolora 68000 microprocessor.

Two cases are examined in both simulations
and experiments. In practice, the optimal slip
speed function f{wr*) is obtained numerically or
experimentally. Our interest is not to find f(wr*)
but to show the feasibility of our controller for
power efficiency control. Therefore, we assume
without loss of generality:

k*= 0.0374 (3.4)

In the first case, w* is changed from 800 rpm
to 1200 rpm at 0.4 sec. Fig.3.2(a) and Fig.3.3(a)
show the simulation and experimental responses
of the first case. Both the rotor speed and flux
responses are satisfactory. Note that ¢ar is au-
tomatically adjusted to be 0.364 Wb at steady

'
microprocessor _1

eu
!

. Th d Vas 24 - 3¢ Ty, FiM
r e propoee b
- Vas coordipate ! inver—
controller Ve
transform. T ter
L] L
"

ias 34 - 24

ies coordinate

b

transform.
148 L

Fig.3.1. Configuration of the control system.
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(a) Responses for a step command of wrk.
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(b) Responses for a step load torque.

Fig.3.2. Simulation results

800 rpm-—=
0A o
3Ai-

0.244 Wb e

we:400rpm/div. ies:10A/div.

ias:3A/div,

$ar:0.24WB/div. x-axis:0.2sec/div.
(a) Responses for a slep command of wr*.

800 rpm —~

0A_o
3A——.

0.244 Wb —»

we:200rpm/div. iqe:10A/div.

ids:0.46A/div.
$ar:0.03WB/div. x-axis:0.2sec/div.
(b) Responses for a step load torque.

Fig.3.3. Experimental results



state which corresponds to wa*=5.7 rpm at
W*=1200 rpm. In the second case, the half of
the rated torque is applied at 0.8 sec, while w*
is set 800 rpm. Fig.3.2(b) and Fig.3.3(b) show
that ¢4ar is automatically changed to keep the
optimal slip speed determined by (3.4). Thus, the
controller given by (2.4)-(2.8) can provide good
rotor speed responses as well as high power ef-
ficiency.

As can be seen from Fig.3.2-Fig.3.3, the ex-
perimental results agree well with the simulation
results. However, our experimental results differ
slightly from simulation results. That may result
from mainly two reasons. First, the control algo-
rithm is performed through 16 bit word opera-
tions in the microprocessor, so there exist quan-
tization errors, roundoff. errors, and truncation
errors. Second, there exist mismatlches between
the actual parameters of the induction motor and
those used in the simulations. Such parameter
uncertainties may arise from magnetic satura-
tion, change of temperature, and so on.

4.Conclusion

Through simulations and experiments, we have
shown that the proposed control method can be
effectively used in induction motor control to
achieve high power efficiency as well as high
dynamic performance. Comparison of the results
affirms that the proposed control method is
robust against modelling uncertainties. However,
aging effect or high temperature may bring in
larger modelling uncertainties and, in turn, can
degenerate its performance badly. Further
researches should be directed toward improving
the proposed method in the respects of
computational load and robustness against large
modelling uncertainties.

Nomenclature
Vas (Vgs) d-axis (g-axis) stator voltage
Va (Vb,Ve) stator phase voltages
igs (ias) d-axis (q-axis) stator current
ia (ib,ic) stator line currents
dar (¢ar) d-axis (q-axis) rotor flux
or rotor angular speed
s 1 slip angular speed
w1 ¥ optimal slip angular speed for
maximum power efficiency
Rs (Rr ) stator (rotor) resistance
Ls (Lr) stator (rotor) self-inductance
M stator/rotor mutual inductance
p the number of pole pairs
o 1-M2 /Ls Lr : leakage coefficient
c 1/6Ls
a1 c(Rs +M2Rr /Lr2)
az cMRr /Lr2
as cM/Lr
aa Rr/Lr
a8s MRr /Lr
J rotor inertia of MG set
B damping coefficient of MG set
Tu torque disturbance :
x| the Euclidean norm of x ¢ Rt
mxQ2 a compact subset of R2
x a compact subset of R8 such
that oxn{xcRB:xa=0}= ¢
An (M) the minimum eigenvalue of a
symmetric matrix M
Appendix A

(1) F, G, and H in (2.9):

—{&1+cKeco )1 tazxz+cKigxa—cKpyxa+ pasxsxy
Xax7
as X1 —as Xz +as ~—~—
Xs
[cas (~Kewxz xa —Kpwxs +Ki uxs )] %

(a1+ag+cKew ) F(wr*)

asx13a+c (Kowxs ~Ki wxs )
~(81+cKcw) xa +az X7-PasXs (Xz—X@ )= — e
F(x,@r*)= Xe ;

Bxs Kr (x2xa—t1%7)
oDy lET T -
J J
—Xs

XaXa
85 Xa—~aaX7 a5 ~~——
X8

L asX1—2aXe J

) 1
G(x)=M 0000 10c0C) H:[oooo—ooo]
J .

(2) A, B, f, h, and & in (2.11):

—(ar1+cKcq) az—cKpe CKio: 0 0 0
as -as 0 : 0 0 0
1] -1 0 { 0 o] o]
a=["o 0 o ‘l—Zaz+a4+-cKc-) “CKow cKiw |,
[ KT B
0 0 0, - - 0
| 7 J
0 0 o ! 0 -1 0
! 1 00 1'c00
ﬁ"'=[000:0—A0], BT=|===d- -1,
N 000001
r paazs ! cKpe h
Ll
3524 )
' 0
z2{zz-ez2) H
il
0 ' 1
e m e e e e e e — 1
f(w)= as5za2 v czz2(Kiwzs—Kpwzs )—3521 24 s
+azzz ! —paszzzs
zz22(zz2-ez2) : z2(2zz-e2)
Kt :
-z ' 0
)
1
L 0 : 0 ]

00 gza:O 00
g (w, me*)T= -(-)-0— ?) TO-(;-O . gz(w,»r“)"=[0 0 ga)0 0 0},

[ cas 13 Hewza
gza= -
g2 (a1 +aqa+cKew) f{@r*), (/K(z)+Kxue224/zz+./ﬁ(z))zz

s

cas (—Hcexzxe ~Kpwxs HK1 wxs )%
K(z)=—Kcwza—Kpwzs +Kiwzs, ga=
(av+aa+cKew) [{wr*)
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