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Microprocessor-Based Vector Control System for Induction Motor
Servo-Drive
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Astract - The time optimal position control design can be repeatedly taken from the
initial state of a dynamic system to a desired one as fast as possible in the industrial
drives. In this case, an induction machine parameters will vary due to temperature,
frequency, and saturation effects. In particular, the rotor resistance changes critically
with temperature and frequency. These changes affect the command values of the
stator current components and slip speed. There is a mismatch between the commanded
variables and actual ones of the induction motor drive, and this situation leads to
coupling of the vector controller from the plant, i.e. the induction motor.
Consequences of such a coupling include the initiation of oscillations of the rotor flux
and unsuitable switching of electromagnetic torque for the induction motor servo drive.
Therefore, this paper describes a rotor resistance parameter compensating method for
the induction motor. And the validity of the proposed design method is confirmed by
simulation studies and experiment results.

1. Introduction important modes of the optimum control is the

time optimal control mode, which is also aferred

The performance requirements of many to as the minimum control mode. The time optimal
dynamic systems, such as NC machines, paper control scheme hes successfully applied to the
mill, space vehicles, and guided missiles, include separately excited dc motor drive systems[1, 2].
optimization of the overall response to commands Most of the controlled electrical drives are at

in order to ensure successful mission. One of the present dc-drives. The control of a dc machine is
‘I & H Aok AP BRISH SL#EE straight forward due to the decoupled orthogonal
E & HommiEk Lk BRISHE B3ug- LT field and armature axis. However, the mechanical
L4 construction of these machine is complicated and

*IE & HAHEK Tk ERTHEH 28
2 U F1991% 6H 10H , .
1=k 15 ¥ : 19914 10H 23U {squirrel cage type) have a simpler and robust

the machine is expensive. In contrast, ac machines
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construction which permits high speed and reliable
maintanance-free operation.

In the case of induction motor, however, the
time optimal control scheme is rarely used because
of its high order and nonlinear dynamics. That is
very difficult to get the good transient characteris-
tics, compared with dc motors, for the coupling
effect between the flux and torque current.
Introducing the vector control by which the flux
and torque current is decoupled and controlled
independently, these difficulties can be overcome.
The induction motor with the vecotr control can
have the transient performance nearly equal or
even superior to that of the dc motor and it can be
modeled with the second order!3],

The strategy of time optimal control for CSI fed
induction motor servo system has been reported.
But at low frequency region, CSI fed induction
motor servo system cannot achieve good perfor-
mance[4]-[7], [14].

Current control of voltage fed PWM inverter
supplying induction motor can be achieved by
means of hysteresis control. It give fast response
and good accuracy. It can be implemented by
minimum hardware and does not require knowl-
edge of load parameters.

In this paper, the vector control system of the
current controlled PWM inverter fed induction
servo drive is proposed to obtain good dynamic
response, which has superior control characteristic
and can be implemented easily[8].

The performance of vector control by the slip
frequency control method, however, depends heav-
ily upon the accuracy of induction motor parame-
ters. It has been know that changes in rotor resis-
tance have a most dominant effect on control
process.

In time optimal control problem, the perfor-
mance index depends only on time. The control
input z(#) to minimize this performance index
should be determined by solving Hamiltonian
equation[9],

The time optimal position control scheme can be
repeatedly taken from the initial state of a
dynamic system to a desired one as fast as possible
at the industrial drives. In this case, an induction
machine parameters will very due to temperature,

REMEI] MHSHS AY vlO|ZZ T2 MM-HE HO| AlAY

frequency, and saturation effects. In particular, the
rotor resistance value changes dramatically with
temperature and frequency. These changes affect
the command values of the stator current compo-
nents and slip speed.

There is a mismatch between the commanded;
variables and actual ones of the induction motrr
drive, and this situation leads to coupling of ‘the
vector controller from the plant, i.e. the induc tion
motor. Consequences of such coupling inclucie the
initiation of oscillations of the rotor flvix and
unsuitable switching of electromagnetic tryrque of
the induction motor servo drive[10], [11],

Previous work in this area, rotor parameter
compensating methods for the induc.tion motor
have been developed[12] ~[17].

The proposed control scheme app.lied to current
controlled PWM inverter inductior: motor system.
It is an indirect flux sensing method wherein the
rotor flux is estimated from the stator current,
voltage, and/or rotor speed. The time optimal
position control will derive analytically and its
validity is verificad with the digital computer simu-
lations and the c2xperiments with the prototype of
5HP.

2. Influence: of Parameter Variation on the
Time Opt:imal Position Control of Indirect
Vector (Control Induction Motor

It is neces jsary for obtaining a high performance
response th.at the amplitude, frequency, and phase
of motor cC:urrent be operated and controlled so
that torque: produced by motor will follow a torque
command quickly and correctly. This control
method is know as a vector control. Functional
diagram o)f the inverter-fed induction motor drive
system is; shown in Fig. 1, along with corre-
sponding current phase diagram.

A few key equations are listed here to explain
the systeim under consideration and the compensa-
tion methiod which implements parameter adapta-
tion{12].

The iniduction motor system of the synchronous-
ly rotating reference frame is as follows:
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Fig. 1 Phasor diagram of the vector controlled
induction motor drive.
Vas Rs+Lsp wels
Vas —wels Rs+Lsp
o | | M  waM
] —waM  Mp
Mp weM igs
- a)eM MP ids (1\)
R,+L.p @wsl~ lqr

—ws1Lr Rr'#Lrp lar

The electromagnetic torque is
T:_:%P-M(l.qsl'dr_ l’dsl‘qr) (2)

where, P . number of pole pairs
The inputs to the vector controller are the tor-
que and flux command. The 4 and ¢ axis stator
currents and slip frequency commands are gener-
ated using the following equations:
Z.ds:% (3)
las=wsi 1 rlas (4)

The magnitude of stator current is

Is = Z’dsz + l’qs2 (5)
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q-8xis
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\ y 'ds= ¢

»— - —— d-axis

Fig. 2 Resolution of stator current along flux
phasor.

(Case where decoupling is perfect T,=
7T7*, wsi=suitable)

! “‘h

1 g .
98 P —‘d-axis

$as

Fig. 3 Resolution of stator current along rotor
flux phasor.
(Case where decoupling is not perfect 7
< T,* . too small)

ias is aligned along the rotor flux ¢, as shown Fig.

2
) 1:'1——1:‘3 ; We=ws1+ @ (6-a)
s Tr Tus ’ e 51 T

1 te (6-b)

*
W s1= ;
¢ Tr‘ tds

where, T,=L,/R,

T:* . normal value of rotor time constant

If the angle between flux and d-axis is defined
by 8 in Eq. (7), this is related A T, by the following
equation
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_ATy
1 Tr

das A_Ir,)_iq_s
.qs + <1 + Tr l.ds

o=tan~

where, AT, =T, - T;*

If Eq. (6-a) is satisfied, ¢-axis is coincide with
the flux axis. Fig. 2 shows the phasor diagram
in this case. If the relation of Eq. (6-a) is not
satisfied by the variation of 7, the phasor dia-
gram becomes as shown in Fig. 3. At this time the
flux axis displaces from d-axis.

If the flux and J-axis are not coincide, the field
current and torque current are expressed by the
following equation.

ir= z'ds<c056 +—Z—ssin6) (8)

z‘,=z'qs<cosa+%sina) (9)
qs

¢7:MZ'F (10)

In this case the developed torque is as following.
2
szff’jfrfriqsfd{ksinscosa
()]
las iqs

And we must compensate the slip angular fre-
quency by the Aws, which is proportional to AT,

A(I)slzwsl_(l)*sl:['};’" 7}*] Las

las

En 12

The flux vector is computed from stator termi-
nal voltages and currents using the following equa-
tions :

qs',:_[( Vi— Rsis)dt — (Lo + L)is (13)

The compensation signal D is the output of flux

regulator and proportional to ( 77? —1).
_I.*

7
_AR:”

D

-1

= . L+ L, constant (14)

7
where, AR, =R,—R,*

Consider the simplified open loop position con-
trol system in Fig. 4 whose dynamic are written

by
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TU(S)

I7(8}) o T(S}H+ ~ 7 ] B(s}
TIF $(5+8,/0)

Fig. 4 Simplified second order system of induc-

tion motor.
db/dt=w, (15)
a0/ dp=—L- 40 Kais (16)

u#()=1ir is used as control input in position
system, assuming.
()= 0(8) = Ores, x2(t)=2%:1(t)=+ wr

The state equation is obtained as follows :

ol Lo L) ) 0
%2(t) 0 —al L x(t) A
17

where, g is B/J

The system is initially equilibrium [x,(0)=0]
with a derivation from zero position [x(0)= 6(0)
~ Brer]. The final state must be in equilibrium with
zero deviation :

[21(0) x200)]"=[6(0)— Grer 0]7 (18)

[x:i) (T =[0 0]" (19)
The admissible control input is constrained by

Iu(l‘)\ < Z.Tmax (20)

The performance index for time optimal control
is time 7°*. Since we have

T
jlzj *dt=T* > min. 1)

Now the problem can be described as follows:
determine a time optimal control #(¢) which
minimizes the 7* from any initial state to the
origin of the second order system with constraint
on the control input[9],

3. Solution of Time Optimal Control
Problem

Hamiltonian euqation of the system is

H=1+p(t)x2{t) — aps{ # )2 t)

+ ’§ bt (22)




thus the minimum principle indicates that the
optimal control ¢*(#) must satisfy

(O u* ()< p* (D ult) (23)

And ¢ is positive real number. The eigenvalues of
this system equation (17} are 0 and — g ; thus, since
both eigenvalues are real and nonpositive, it has
been proved that there must exist for the system
on unique optimal control taking the system from
any initial state to the origin and has as most (»
—1) switchings{7], [9]. From the minimum princi-
ple, we obtain

— 17 for p*(¢) >0}

~+ir for p*(#)<0 = —senlp"(1))

u*(t)=
(24)

It is obvious that the control x(¢) can switch at
most 1 times and take piecewise constant sequence
(—ir, +1i7) or (+i7, —ir). We first determine the
set of points from which the origin can be reached
with %(#)= —ir(call this set 1;*), and the set of
points from which the origin can be reached with
u(t)=—ir(call this set V,7). Define V| to be the
set of all states from which the origin can be
reached in positive time by applying the single

constant control x(¢#)=i; or u(¢)= —ir. The solu-
tions are
_ 1 at ’
xz(t)*:;(l—e ) (25)

xl(t)zi%tta%e‘“‘l (26)

a

To determine 1%, use the upper sign (which corre-
sponds to u(t)=1ir), solve (25) for ¢, and substi-
tute in (26) to obtain the relationship

xlt)= -*a%hz(— a[xz(t)—%])»—%xz(t) 27)

The set of points in the x, —x. plane for which this
equation is satisfied is V;*. Similar reasoning
yields as expression for 17".

V1={x1(t), xa(#) xl(t)2%1n<a[xz(i)
+1])- L) (28)

Since Eq. (27) applies for x(¢)<0 and Eq. (28)
applies for x(#) >0, the expression for V,(the set
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of all points that are in either ;" or V™) is given
by

Vi=tu(0), x) - m(n=7248- 1,
i D1+ L)) =L i)} (29)
Thus the switching function is then
S =x( )~ P48 Ly (] w6y +L])
+Lt) (30)

So we have solved our problem to find the
optimal trajectory from an arbitrary starting
point. And contro law is expressed as follows :

— 1, for x(#) such that S(x(#))>0
+ir, for x(#) such that S(x(¢))<0
— {7, for x(t) such that S(x(¢))=0
and x(¢#)>0
— i, for x(t) such that S(x(¢))=0
and x.(1)<0
0, for xi(£)=x()=0 (31)

u(t)y=

An implementation of this optimal control law is
shown in Fig. 7; the required hardware consists of
a summing device, a sign changer, a nonlinear
function generator, and ideal relay.

4. Hardware Implementation

The proposed control strategy are applied to the
current controlled PWM inverter fed induction
motor follows. The 16bit
microprocessor-based control system has been
developed in the laboratory, which is suitable for

system as

implementing different control strategy. The
motor parameters are listed in appendix. The
microcomputer has a keyboard with versatile
command keys that will aid in developing and
debugging software for the control system. The
hardware configuration of experimental system is
shown in Fig. 5.

There are two feedback signals, the position and
the speed. The position data is obtained from 16bit
up/down counter which counts the pulse from the
pulse encoder. The speed measurement is based on
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Fig. 5 Hardware configuration of experimental
system.
(*indicates reference value)

Fig. 6 Rotor flux computation circuit.

the M/T method. Considering the mechanical and
electrical time constant, the position and speed
control loop are executed every 10[msec] and
current control loop every 2[msec], respectively.
D/A converters are used to display the internal
variables executed in the microprocessor.

The circuit diagram for the analog computation
of rotor flux is shown in Fig. 6. The two’s ¢—f as
fluxes are computed from analog circuit and read
into the microprocessor through 4 — ¢ axis trnsfor-
mation to obtain rotor flux[13].
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5. Software Configuration for The time
Optimal Position Control

Fig. 7 shows the overall block diagram of the
time optimal control. As shown in fig. 6, time
optimal controller is added to the conventional
vector control loop of the current controlled PWM
inverter fed induction motor. The field current jr
is usually kept constant to obtain high perfor-
mance drive, and torque current ;; is determined
by time optimal controller.

Switching function S(x(#)) is calculated by the
position error, rotor speed and function generator
and control input is determined to have through
the ideal relay, the positive or negative maximum
of torque current. Changes in temperature, current
and slip frequency vary the machine parameters
and hence indirectly influence both the steady
state and dynamic operation of the drive system,
ideally all parameters used in the vector controller
should be modified as they change in the machine.

By reason of them, we set up a compensator in
order to implement indirect vector control! on high
performance induction motor servo system.

By the time optimal controller, it takes the
minimum time to reach the commanded position
limiting the acceleration and deceleration rates

TTIME OFTIMAL
CONTROLLER

IDE AV " h LLENN
fRELAY R -

- sixtnt
SIGN /
canGeRr /) Brut

r,(xun] Xilr) o I/J x2l1)

W .
f -
suWM( O]
; et
-

W Xaln)

5

L Xt L
AR IK;(HIM LHESIIE S

Fig. 7 The proposed compensating method
block diagram.
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and also rotor speed within the tolerable range.

Therefore the speed pattern consists of the accel-

eration period, the constant speed period, and the
deceleration period.

6. Simulation Results

To confirm the validity of the proposed control
strategy, the digital simulation on system perfor-

[p.u}
$ar

Qlo s T, P 5l

% 8 The case of varied time constant and
without compensation.
(a) d axis component of rotor flux
(b) ¢ axis component of rotor flux

Fig. 9 The csae of varied time constant and with
compensation.
(a) o axis component of rotor flux
(b) ¢ axis component of rotor flux
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mance is executed. The system performance for
the case of without and with compensation are
compared to examine effectiveness of parameter
adaptation. If the predicted flux deviates from the
actual flux because of the variation rotor time
constant, the axis of actual flux displaces from
d-axis, and further the magnitude of the flux

(p.u]
bor

(p.u)
bar

Fig. 10 The case of fixed time constant(§=0).
(a) & axis component of rotor flux
(b) ¢ axis component of rotor flux

Torque

1 22
wr

(b}

wr ’ sec

(e) +Thets ertor L ———— ]
(c)

T T— sec.

[ A S ————

Theta 1 -—_ 2

d)

Fig. 11 The case of varied time constant and
without compensation at .. =20({rad].
(a) torque reference, (b) speed
(¢) position error, (d) position
(e) phase plane trajectory
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deviates.

The 4 and q component of the rotor flux are
shown in Fig. 8, Fig. 9 and Fig. 10.

In the simulation of Fig. 8~ 10, the ¢-¢ compo-
nent of rotor flux is caculated by the equations

Torque
- LLAAN T
1 H
wy
(b}
A T wy sec
e - Theta error 1 2
[{2]
sec
Theta 2
d)
9 20 10 i)
Y - n sec
. . ; 3

Fig. 12 The case of the fixed time constant at §,.,
=20(rad]
(a) torque reference, (b) speed
(c) position error, (d) position
(e) phase plane trajectory

Torque
sec
] 7 (@)
W
b
. we . sec
te) ~Thela srror 1 2
fc)
sec
Theta [ PN
d}
4
8 20 10 i
— B sec

Fig. 13 The case of varied time constant and with
compensation at &,,,=20(rad].
(a) torque reference, (b) speed
(c) position error, (d) position
(e) phase plane trajectory
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[p.u]
bl
- O
GO ERRAARRER T L T
, IS AN — sc iy
‘ FATRE v :
tp.u)
bu i
1 .
. R
: /L SEC 3

Fig. 14 Rotor flux waveform at the 100[rad].

(a) TY‘Z* =] (the case of fixed time con-

1225



12].
In Fig. 8, since the 7, is varied without compen-
sation, the flux are very different from command
value. The influence of the variation of the rotor
time constnat 7 is produced by the fact that the
optimum value of the slip angular frequency in-
dicated in Eq. {6-a) deviates from the slip angular
frequecny set value determined by Eq. (6-b).

In Fig. 9 the 7, is varied with compensation,
and in Fig. 10, the rotor flux are much more like
with the command value, comparing with the case
of Fig. 8.

Fig 8~10 shows ¢-¢ component of rotor flux at
the 100{rad/sec] such as Fig. 14,

Fig. 11, Fig. 12 and Fig. 13 shows the
response of the system in each figure, (a) is the
torque reference, (b) is the speed, (¢} is position
error, {d} is position and (e) is phase-plane trajec-
tory.

Fig. 11 is the case of the varied time constant
without compensation. Fig. 12 is the case when
compensation is not needed because the 7 is not
varied. Fig. 13 is the case of the varied time con-
stant with compensation. Fig. 13 shows the simi-
lar response with the case of Fig. 12, but in Fig. 11
the response is much deteriorated because of the
variation of 7. Fig. 14 shows the waveform of
rotor flux on stationary the reference frame. In the
case of (a}, the rotor flux is not deviated from the
normal value, but in the case of (b), it is deviated
largely because of the varied rotor time constant.
On the otherhand, in the case of (¢}, if compensa-
tion is made, it is as good as the case of {a).

Therefore the induction motor servo drive sys-
tem is necessary to compensate the variation of
control charateristic by correcting slip angular
velocity.

7. Experimental Results

Fig. 15 shows the software flow-chart. Software
is composed of key scanning program, conversion
program, time optimal control loop program, dis-
play program, main program including the time
optimal operation and speed & position mea sure-
ment program. Experimental results are sho'wn in
Fig. 16~18.
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Fig. 16 Rotor flux waveform.

In the Fig. 18, the response of (b) is slower than
{a) because of unsuitable switching.

8. Conclusion
On the basis of vector control, the time optimal

position control scheme is conceived for three
phase induction motor, which is driven by a cur-
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[rpo]
700

(3]

10[ )

Fig.

Fig. 17 Experimental results at §=60[rad].
ta) speed (upper), torque current (lower).(b) position error, position.

{c) phase plane portrait.

3.3

18 The waveform of speed and torque cur-

rent at ¢r,=100[rad]

*
Y;C -=1.5(with compensation)
i
TY'

(a)

(b} =1.5(without compensation)

rent controlled PWM inverter with hysteresis

controller. The following concluding remarks are

confirmed.

1)

2)

The induction motor system with the vector
control is regarded as the model equivalent
to the DC motors, and then the Pontryagin’s
principle is applied to the system for the time
optimal position control.

The vector
modeled with the second order plant, and
time optimal controller is constructed to

control induction motor is

TEMEY| MEPHME Y OIOIFARZZMIAM-HE WO AlAY

w
=

(4]

0 {rad]

derive control input from the Hamiltonian
equation.

The performance of coupling control
methods based on induction machine flux
model can be influenced by mismatch
between the parameters varies being used in
the controller and the actual

parameters. Therefore in this paper a param-

machine

eter adaptation scheme has been proposed to
compensate for the machine parameter vari-
ation.

Simulation and experiment are carried out to
verify the feasibility of the proposed control
strategy, and it is expected that the scheme
of the time optimal control is useful to the
high performance servo applications.
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Appendix

Motor Rating

Rated Voltage 220 V
Rated Current 15 A
Power 5 HP
Speed 1735 r/min
Frequency 60 Hz

Motor is three-phase delta connected with four
poles.

Motor Parameter

R,=0.434 Q
R,=0.356 Q
Ls=0.0463 H
L.=0.0557 H

M =0.0546 H

J =0.21 Kg - m?

B =0.019 kg - m?*/sec

NOMENCLATURE

Tas) lgs Two-phase d, ¢ axis motor stator
current variables
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ir Current of flux component

ir Current of torque component or output
of ideal relay

{rmax Maximum allowable current of torque
componet

Pas, Pas d, ¢ component of stator flux

Gar, Por d, g component of rotor flux

dr Rotor flux

Is Stator current vector

It Reference current vector

We Synchronous angular velocity

Wr Rotor angular velocity

Ws1 Slip angular velocity

G5 Synchronous angle

b Field angle

Bs1 Slip angle

6r Rotor angle

é Arbitrary fixed angle

P Number of pole pairs

M Mutual inductance

L Rotor leakage reactance

Ls Stator reactance

L, Rotor reactance

vce Vector control caculator
UveG Unit vector generator

FR Flux regulator

HCR Hysteresis current controller
SC Speed controller

K., Kr Torque constant

B Friction coefficient

J Moment of inertia of motor
Sx(1)) Switching function

z(t) Function generator
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