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Abstract

An adaptive speed control with load torque compensation
for ac servo induction motors is proposed. This adaptive con-
trol loop that precedes the field oriented control loop con-
sists of a proportional plus integral (PI) controller and a
load torque compensator. Their control gains are adjusted
adaptively in terms of estimated parameters of an estimation
model. The estimation model is a simple first-order predictor
with a nonlinear load term, whose parameters are functions
of motor time constant, moment of inertia of the rotor, load
torque and sampling time of the discrete-time motor model.
The total control law is then a combination of the adaptive
PI control gain and the load compensation, resulting in a
torque command that is fed into the field oriented control
loop. Simulation and experimental results show that the pro-
posed adaptive control strategy is robust to the load change
and system parameters variation.

1. Introduction

There exist two control loops in the speed control design

of an induction motor: the decoupling control loop and the-

speed regulation loop. The decoupling control loop carries
out the field oriented control algorithms, while the speed reg-
ulator generates the command torque that is fed into the de-
coupling loop. Many researchers focused on the design of the
decoupling control loop, while staying with a conventional
speed regulator with constant PI gains [5, 8]. By lineariz-
ing nonlinear motor equations, it is possible to obtain desired
performances, such as quick speed response and robustness
to the disturbance and system parameters change, around a
certain operating point. However, system dynamical param-
eters and load variations are not perfectly known, and they
can vary with the change of environmental temperature, op-
eration condition, process and measurement noises, etc. Par-
ticularly, the decoupling control is sensitive to the deviation
of rotor resistance. In recent years, various adaptive control
technologies have interested many induction motor control
designers to improve the robustness of the control system.
The adaptive speed control of induction motors can be clas-
sified into two categories: the adaptive flux control [3, 6, 9]
and the adaptive speed regulation {1, 4]. The former usually
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consists of a flux controller and a rotor flux vector estimator in
the two-axis decoupling loop, including the generation of the
rotor flux reference and the identification of rotor time con-~
stant or rotor resistance. Its speed regulation loop is usunally
a conventional PI controller with constant gains. In contrast,
the adaptive speed regulation concerns the adaptive tuning of
speed regulator parameters, and its cascade decoupling loop
preserves the conventional method through the use of slip
frequency control.

The self-tuning regulator addressed in this paper consist-
s of a simple and compact system estimation model for the
adaptive speed control of an ac servo induction motor with
variable load torques. The estimation model represents sys-
tem dynamics sufficiently in terms of unknown parameters of
various motor constants, viscous friction and load torques. In
practice, the load torque occurs often in industrial machine
systems [7], and is a major disturbance to the machine sys-
tem. The adaptive speed regulator is the combination of a
PI controller and a load compensator, whose gains are tuned
simply according to three parameters estimated adaptively.
The three parameters account for all inherent first-order rotor
system dynamics, load variation, environmental disturbances,
and even nonlinear frictions. Thus, a high rate of parameter
estimation convergence and quick, precise speed control can
be easily achieved.

2. Dynamical modeling of AC induction motor

The dynamic behavior of a three-phase three-wire induc-
tion motor with a Y-type squirrel-cage rotor can be conve-
niently described by state-space equations in a rotating ref-
erence frame. As shown in Fig. 1, the three-phase axes of
the stator are denoted by as, bs and cs, respectively, and
the stationary reference frame (a, ) is in fixed relation to
the three axes, in which the a-axis is assumed to be aligned
with the as-axis. Therefore, the angle between the stationary
reference frame (o, 3) and the synchronously rotating frame
(d, ) can be arbitrarily defined, and the flux angle between
the flux linkage and the a-axis is denoted by p. With sinu-
soidal supply, the induced rotor current and flux observed on
the synchronously rotating frame appear as dc quantities in
steady-state conditions.
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~here w; = w, — wy is termed the slip speed, and
L, =1L, - M?/L,. (2)

’2) Rotor-load dynamics model:

%(Jm-‘%;—' + Bpw) =T, - Tp 3)
~here the developed torque is
T, = 2(5)boriar ~ bariar), @
n which
Uds,Vgs  stator voltages in field coordinates
45, 8qs stator current in field coordinates
t3r,igr  induced rotor current in field coordinates
&g, dar  rotor flux linkages in field coordinates
Jm, Bm moment of inertia and viscous coefficients
of the motor
R,, R, stator resistance and rotor resistance
L,, L, stator and rotor self-inductances
M mutual or magnetizing inductance
We stator angular frequency, rad/sec
wy rotor electrical speed, rad/sec
P =d/dt, differential operator
P number of poles of the motor
T., Ty  electromagnetic and mechanical load torques

The above equations give the complete description of the
lectromechanical dynamics of an ac induction machine with
:horted rotor windings. For a singly fed machine, the voltage
igr and v, should be assumed as zero.

3. Field oriented control strategy

The field orientation is achieved by adjusting the magni-
ude and angular frequency of rotor flux vectors. The former
s controlled by the primary current and, at the same instant,
he latter is tuned synchronously with the primary angular
‘requency. This control method is called field oriented or vec-
‘or conirol method, in which the ac machine is controlled like
= separately excited dc machine in steady-state conditions.

In order to apply the field oriented control, the following
:onditions must be satisfied by assuming that the drive sys-
em operates in steady state:

Gar =Po Ggr =0 igr =0 iy = I (5)

The first condition is that the ®,-axis should be positioned

on the d-axis, whose position is defined by the angle p and

determined by the combination of the motor rotor angle p,
and the slip angle p,, i.e.,

p=/wedt=pr+ps- (6)

The rotor angle can be measured by a position encoder, while
the slip angle must be identified accurately during the on-line
operation. Moreover, the rotor flux $; must be constant to
satisfy the second condition igr = 0. From Eq. (4) and the
third and fourth rows of Eq. (1), the desired decoupling cur-
rents in the (d, ¢) frame and the corresponding slip frequency

can be derived as follows:
w @
Tig, = —Mg (7)
. 4Ty L,
1, = ®)
@ 3PM?,
and MR,
w’: = mi;’. (9)

These quantities must be calculated in the field oriented
control loop, and used as commands to the power inverter.
The torque command 7 is generated from a speed regulator
by feeding back the rotor electrical speed w,. One usually
selects the PI controller for speed regulation for its reliable
characteristics of robustness and zero steady-state errors in
the closed loop. For the ideal state decoupling the developed
torque becomes analogous to the DC machine as follows:

3 P M, .
Te = 5(5)2‘:@0143. (10)

4. Adaptive estimation model
The transfer function of Eq. (3) without load disturbance
can be written as
Wy P
=—(8) = —"——. 1
G(s) Te (3) 2(Jms + Bm) ( )

The discrete-time model can be obtained through a zero-
order-hold device as follows:

we(k) + aw,(k — 1) = bTe(k — 1) — bTp(k - 1) (12)

where a = —exp(—Bmh/Jm), b = (1 + a)P/2B,, and h is
the sampling time. For adaptive control and parameter esti-
mation problems, Eq. (12) is usually expressed in a predictor
form:

G (k,0) = ¥ (k — 1)8(k — 1) (13)
where the regression vector is
YT(k—1) = [~w(k—1) Te(k-1) -1, (14)
and (k) is an estimate of system parameter
0T =[a b c. (15)

The ¢, namely the load parameter, denotes the load torque
4T that may vary during the motor control operation.
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5. Adaptive Speed Controller

The adaptive controller for the ac servo induction motor
consists of an on-line parameter estimator, a Pl-based adap-
tive control loop, and a load torque compensator. The un-
known parameter vector 8 of the predictor (13) is estimated
by the usual recursive least-squares algorithm [2]

b(k) = bk — 1) + K(k)fwe (k) — vT (k — 1)f(k - 1)] (16)
K(k) = C(k=1)p(k—1)A+9T (k—1)C(k—1)p(k~1)] (17)
C(k)=[I- K(k)yT(k—-1)]C(k—1)/x ,0<A<1 (18)

for given initial value 8(0) and C(~1) = Co. To accommodate
varying parameters and keep the information content of the
estimator constant, the forgetting factor is adjusted as follows

(11]
ME) = 3 {n(8) + V(B + Tu(R)} (19)
in which
n(k) = 1 — w(k) — e(k)? /oo (20)
w(k) = 7 (k - C(k - Dk - 1) (21)

where 09 is a tuning parameter, and the estimation error is
defined as

e(k) = wp (k) — $T(k — 1)d(k - 1). (22)

The conventional digital PI controller is considered for its

robust nature. Its transfer function is usually written as

h

Ge(s) = kp + kil —=7)- (23)

The characteristic equation of the closed-loop system without
loading becomes

22 +[a+b(kp + kih) — 1)z — (a + bkp) = 0. (24)

According to the pole placement design method, the closed-

loop poles are assigned at @; & jb; so that the system has

desired rise time and maximum overshoot to a step response.

Whenever the parameters & and b are estimated on-line by
Eqgs. (16)-(18), the PI gains can be tuned as

_&+a§+bf

_1,1-2a;—a
ki = p(—————k) (26)

The total control law is thus a combination of the adaptive
PI control gain and the load compensation of the estimate
Ty = é/b. (27)

The closed-loop scheme of the adaptive controller is shown in
Fig. 2.

6. Digital Simulation Study

In the simulations, all the system parameters are the same
as those we have in experiments. The sampling time is 0.002
sec. The desired speed control performance is specified so
that the closed-loop system has no overshoot and the settling
time is 0.3 second for a unit-step command. Therefore, the
closed-loop system has a damping ratio of 1 and a undamped
natural frequency 20 rad/sec, hence a; = 0.9608 and b, = 0.

System parameters are estimated by Eqgs. (16)-(18) when-
ever the motor speed is measured at each sampling instant.
The tuning parameter og in Eq. (20) is 10. The control law is
then generated as soon as the PI gains are calculated based
on Egs. (25) and (26) and the load torque is compensated by
Eq. (27).

Learning period

We found that a learning period was necessary for the adap-
tive controller to identify the system parameters before driv-
ing the motor to the desired speed. Figure 3 shows that the
motor is driven to 500 rpm without learning period. The es-
timated Ty is erroneous before a 2 Nt.m. load is added at
the 3rd second, and the estimator is not able to identify the
load change. This results in a large oscillation in the motor
speed. But when the system is driven with learning as shown
in Fig. 4, the adaptive controller is intelligent enough to adapt
to load variation with minor disturbance in the motor speed,
which is restored in about 0.3 second after the load changes.

In the following simulations, the adaptive controller has
learnt system dynamics for 4 seconds, then the system is
controlled at zero velocity before the new command is giv-
en. However, the covariance matrix C in the recursive least-
squares algorithm may become too small to adjust system
estimation model to the load change. That means there is
much confidence in the current parameters, and thus they
tend to change little when new information is coming in. It
is then desirable to recover the sensitivity of the estimator by
assigning a minimum value, to which C is reset whenever it
is smaller.

Covariance resetiing

The resetting criterion that works best is to reset the third
diagonal element C(3, 3) but to maintain other elements of C.
This is because the corresponding parameter to C(3,3) is ¢
that accounts for the load variation, while parameters a and b
are kept no change for no variation in the machine parameters.
The minimum value of C(3,3) is set at 1000 whenever the
motor velocity exceeds +0.5 rad/sec off the command signal.
Figure 5 shows that the estimator updates the load parameter
é, hence T, immediately when a load of 2 Nt.m. is added
at the 3rd second and the covariance matrix is reset. The
load torque is then compensated accurately so that the motor
velocity is restored sooner than the case in Fig. 4 where the
covariance matrix was not reset.

7. Experiments

The implementation of the adaptive controller with load
torque compensator is set up with an ac servo induction mo-
tor IM-408 of Teco Electric & Machinery Co., Ltd., Taiwan.
As shown in Fig. 6, the whole control system consists of a

2032



3-phase current-controlled PWM inverter, magnetic powder
brake dynamometer, and a 16 bit PC with a 12 bit ADC/DAC
card for data translation and conversion. The sampling fre-
quency is 500 Hz.
Covariance reselting and load compensation

Figure 7 shows that C(3,3) is reset as soon as the veloc-
ity shifts off its command when the load torque varies, and
the velocity response oscillates within 25 rpm off the desired
velocity and settles down in half a second. The load compen-
sator obtains a quick and correct information on the estimate
3 and then feeds T to the field oriented control loop in real
iime (actually there is one sampling-time delay).

8. Summary and Conclusions

This paper provides a simple and efficient method for con-
‘rolling an ac servo mechanism with viscous friction and time-
varying load torque. This method can also be applied to
;ystems with stiction and Coulomb friction, which produce
riction torque on the servo system. Further study on the po-
ition and torque control of precision mechanisms with var-
ous nonlinearities and time-varying dynamics is potentially
ewarding.
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Fig. 2: Adaptive velocity control of ac servo induction motor

with load compensation
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Fig. 6: The experimental setup
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period and covariance matrix resetting
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