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Multimicroprocessor-Based Robust Control of an 
AC Induction Servo Motor 

Abstract-A multiloop feedback control system supplemented by a 
complementary controller is used to improve the drive performance of 
an ac induction servo motor and reduce sensitivity to parameter varia- 
tions, nonlinear effects, and load disturbances. Based on the principle 
of field-oriented vector control, a software-based current-decoupled con- 
troller has been proposed. A simplified model of the current-decoupled 
induction motor has been used for the design and simulation of the 
proposed robust controller. Experimental results based on multimicro- 
processor implementation are presented to illustrate improved response 
and reduced sensitivity. 

I. INTRODUCTION 

HE AC induction motor with its inherent low stator and T rotor leakage reactance and lower rotor inertia can achieve 
significantly faster transient torque response and rotation at 
higher speed than the dc motor. Advances in microelectron- 
ics and variable-frequency static inverters now has made it 
possible to devise very sophisticated digital ac-servo drives of 
synchronous or asynchronous motors by using modern con- 
trol system design methodology [ 13, 121. Inverter-fed ac mo- 
tors controlled by field-oriented vector control strategy im- 
plemented by state-of-the-art digital control methods are re- 
placing dc motors in many applications where fast response 
is required, such as feed drives and spindle drives for high- 
performance machine tools. 

Because of the fast development in automation technology, 
the demand for high-performance electrical servos has been 
increasing. To meet these high-performance servo require- 
ments, it has become necessary to develop a controller that 
overcomes 1) the influence of nonlinear friction, 2) the influ- 
ence of varying the motor’s parameters, and 3) the influence 
of changing loads (such as inertia and viscous friction, etc.). 

One of the servo mechanism systems, which guarantees 
asymptotic tracking and regulation independent of distur- 
bances and arbitrary perturbations in the plant parameters, 
is called the robust controller by Davison [3]. However, as 
the robust controller has only an assurance of no steady-state 
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error for assumed reference signals and disturbances, the im- 
provement of transient responses in the presence of parameter 
variations is left, without any guide lines, to the controller 
designer. 

Robust controllers that guarantee both the transient and 
steady-state responses of dc servo mechanism systems within 
specified bounds under large plant uncertainty due to param- 
eter and load variations have become an important issue in 
recent years [4], [5]. A complementary controller based on 
the concept of two degrees of freedom [6] and a robust po- 
sition controller based on the internal model principle [7] 
have been proposed by Ohishi et al. [8]. A feedforward 
integral-proportional (IP) controller with specified dominant 
pole has also been proposed by Bai and Tagawa [9]. These 
methods work satisfactorily for dc servo motor control but are 
scarcely used for high-performance ac induction servo motor 
control. One reason may be the model complexity of the in- 
duction machine, the other may be some unknown factors in 
digital controller realization and lack of experiences. 

This paper presents the design and implementation of a 
multimicroprocessor-based digital ac induction servo drive 
by adopting the field-oriented vector control scheme for the 
torque-loop control and model reference complementary con- 
trol schemes for velocity- and position-loop control. 

A simplified model of the current-decoupled induction mo- 
tor has been used for the design and simulation of the proposed 
robust controller. Simulation and experimental results have 
shown the effectiveness of the simplified model. Experimen- 
tal results have also shown that the digital-type complemen- 
tary controller based on two-degree-of-freedom theory with a 
multiloop robust position controller can effectively reduce the 
system sensitivity for both the parameter variations and the 
load torque disturbances. 

11. DECOUPLING CONTROL AND MODELING 

The dynamic properties of an induction motor as a con- 
trolled plant can be described by a set of nonlinear differen- 
tial equations linking the stator and rotor currents and voltages 
with the mechanical quantities torque, speed, and angular po- 
sition. The analysis and control of such a plant becomes com- 
plicated because of intricate coupling between all the control 
inputs. This problem can be overcome by the control of field- 
oriented quantities which reduces the control of an ac induction 
motor to that of a separately excited dc motor [ 101. In devel- 
oping the field-oriented vector control techniques, the rotor 
flux may be characterized by an equivalent stator-based mag- 
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Fig. 1. Principle of field-oriented vector control. 

Fig. 2. Rotor flux model in synchronous rotating reference frame 

netizing current containing a component for magnetic leakage 
(Fig. 1) 

imr = i; + ( 1  + or)ireje = imrejP (1) 

where U ,  = (L ,  - Lm) /Lm is the rotor leakage factor. All 
symbols are listed in th,e Nomenclature at the end of the paper. 
The rotor flux vector $ can be expressed as 

t j  = Lmim,e-je. (2) 

Based on the d-q two-axis theory and field-oriented vector 
control principle, when fixing the d axis on the synchronously 
rotating rotor flux vector $, the torque generation of a sym- 
metrical induction motor under decoupling control can be de- 
rived as [ l l] 

( 3 )  

Its mechanical dynamics with the lumped inertia J ,  and the 
net load torque TI  can be expressed as 

(7) 

Having up-to-date information of the rotor flux vector is 
essential for decoupling control since this is the basis of coor- 
dinate transformation. A flux model based on the field coordi- 
nate as shown in Fig. 2 has been used for the computation of 
the rotor flux. This flux model in field coordinates is prefer- 
able because of its simplicity and potential accuracy, because 
the output signals are constant in steady state, and because 
the flux sensing can operate down to zero frequency since no 

Fig. 3 .  Current-decoupled control of induction motor. 
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Fig. 4. (a) Block diagram of induction motor model under current- 
decoupled control. (b) Simplified model in constant-torque operation range. 

open-ended integration is needed which would be subject to 
drift. 

The mathematical model of a current-decoupled ac induc- 
tion motor (Fig. 3) is shown in Fig. 4(a). When the motor 
is operating in its constant-torque region (with fixed field ex- 
citing current) this model can be reduced to a second-order 
system as shown in Fig. 4(b). Note that the current-controlled 
PWM inverter has also been included in this simplified equiv- 
alent model. Therefore, its input is the desired torque current 
command. This simplified model has been used to illustrate 
the design procedure of the proposed robust servo controller 
which can be further applied to the complete model when 
operating over the full speed control range. 

The transfer function of this current-decoupled ac servo 
motor can be written as 

3 P  L m  . 
2 2 1 + U ,  K T = - - -  1 mi (9) 

where Om and wm are the load-shaft angular position and ve- 
locity, respectively, i ,  is the torque current command sent to 
the current-decoupled vector controller, i,, is the magnetiz- 
ing current, re and K ,  are the corresponding electrical time 
constant and gain of the current loop controller, and rm and 
Km are the equivalent mechanical time constant and gain of 
the connected load. Note that T~ and Km of the simplified 
model are defined to model the mechanical dynamics of the 
motor and its connected load. These parameters can be ob- 
tained either by measurements or some system identification 
techniques. MKS units are used throughout this paper. 
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i 
Fig. 5 .  Simplified structure of robust ac induction servo system. 

111. ROBUST CONTROL STRATEGY 
The simplified structure of the proposed robust control 

scheme of an ac induction servo motor is shown in Fig. 5 .  
This digital robust ac induction servo controller is composed 
of four major units: 1) the PWM controller, 2) the torque 
decoupling controller, 3) the model reference complementary 
controller, and 4) the servo-loop controller. 

As a control system is usually designed on the basis of the 
mathematical model representing the nominal dynamics of the 
plant, the designed target may not be attained when plant dy- 
namics vary significantly from nominal values. The model ref- 
erence complementary controller determines the sensitivity to 
parameter and load variations, while the servo-loop controller 
determines the overall performance indices such as rise time, 
damping characteristics, stiffness, and steady-state error. This 
complementary controller acts as a conditional feedback con- 
troller because the nominal model is explicitly included in the 
control system. The merit of this design method is that any 
type of controller can be adopted as a servo-loop controller 
because there is no interference between the complementary 
controller and servo-loop controller [6] ,  [8]. 

The detailed block diagram of the proposed multiloop ro- 
bust position servo controller is shown in Fig. 6, where P ( s )  
represents the plant dynamics, P,(s)  is the reference model 
representing the nominal plant dynamics, H ( s )  is the plant de- 
viation compensator chosen to be a gain times the inverse of 
the nominal dynamics, and D ( s )  is the servo-loop controller. 
As /3 is increased, the complemented plant dynamics will be 
reduced to the transfer function of the nominal plant dynam- 
ics; therefore, the system is more insensitive to parameter 
variations. 

IV. DESIGN PROCEDURE 

The design procedure of the proposed multiloop robust con- 
troller can best be illustrated by the following example. 

Step I-Define the Nominal Plant Pm(s) 
According to the plant load and parameter variations range 

as shown in Table I, the designer can classify some extreme 
testing conditions as shown in Table 11. Their corresponding 
frequency and time responses are shown in Fig. 7(a) and (b). 
For consideration of equal deviations from the normal oper- 
ating condition when the system experiences parameter and 
load variations, the nominal plant is set at the normal operat- 
ing (NO) condition. 

Step 2-Determination of the sampling Period Th 
Digital implementation of the complementary controller 

may become unstable due to unsuitable selection of the sam- 

I 
L _ _  - - - -- 

Fig. 6. Block diagram of proposed multiloop robust position servo con- 
troller. 

TABLE I 
MOTOR PARAMETER VARIATIONS 

K,  1.0 (A/A) current gain 
7, 0.004 - 0.008 (s) electrical time constant 
K r  0.5 - 1.0 ( N - d A )  torque constant 
K ,  200 - 250 (rad/s)/Nm motor gain 

1.0 - 5.0 (s) mechanical time constant 7, 

Gain gOO(rad/s 1 Velocity 
60 l d B  1 I 

40 

20 

0 

-20 
10-2 101 (rad/s  ) 10’ 

(C) (4 
Fig. 7 .  Time and frequency responses of plant under parameter variations. 

(a), (b) Without complementary controller. (c), (d) With complementary 
controller. 

pling period Th . In practical situation, maximum computation 
time of the complementary controller by the microprocessor 
was chosen as the sampling period. In the designed system, 
Th is set at 1 ms. 

Step 3-Determination of and T 

stabilizing condition [8] 
When implementing the digital complementary controller, 
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Fig. 8. (a) Simplified system model when plant was compensated by com- 
plementary controller. (b) Location of dominant poles. 

must be satisfied. For larger 0, T must be increased to ensure 
its stability, but this will deteriorate the performance of the 
complementary controller. In the designed system the sensi- 
tivity reduction gain 0 is set at 10 and the reference model 
realization time constant T is chosen as 10 ms. The open-loop 
frequency and time responses of the complemented plant un- 
der parameter variations are shown in Fig. 7(c) and (d), it can 
be seen from this figure that significant sensitivity reduction 
has been obtained by using the complementary controller. 

Step 4-Determination of K I ,  K2, and K3 

With the complementary controller, the block diagram of 
the control system (Fig. 6 )  can be simplified to Fig. 8(a). Ac- 
cording to the design specifications, dominant complex poles 
( - a  i b j )  with a far away real pole ( -c)  can be specified as 
shown in Fig. 8(b) [12]. By using the coefficients comparison 
method, K I ,  K2, and K3 can be obtained as functions of a, 
b, and c.  

In the designed system, -21 k j 1 7  have been chosen as the 
dominant poles and the far away pole is set at -300, K ,  = 17, 
K2 = 280, and K3 = 7 can be easily obtained by coefficients 
comparison. The closed-loop frequency and unit-step time re- 
sponse of the designed system under parameter variations of 
Table I1 is shown in Fig. 9(a) and (b). The pole distribution 
is shown in Fig. 9(c), and the corresponding numerical values 
are listed in Table 111. It can be observed from Fig. 10 and 
Table I11 that the dominant poles are clustered at -21 i j 1 7  
and are insensitive to large parameter and load variations. 

v. CONFIGURATION OF EXPEFUMENTAL SYSTEM 

The configuration of the proposed multimicroprocessor- 
based ac induction servo drive is shown in Fig. 10. The motor 
drive system is composed of a power supply, power transistor- 
based current-controlled inverter (CCI), induction motor, and 
the multimicroprocessor-based positioning controller. 

This multimicroprocessor-based controller is composed of 
various module control units (MCU's). Each MCU is an 
8088-based programmable digital controller. Its detailed cir- 
cuit schematics is shown in Fig. 11. The MCU communicates 
with the system controller or other MCU's via the dual-port 
common memorv and a svstem communication controller. The 

1000 - 1 

- 1000 
-200 -150 -100 -50 0 

Real 

(C ) 
Fig. 9. Closed-loop control system (Fig. 6 )  under load and parameter vari- 

ations (Table 11). (a) Frequency response. (b) Time response. (c) Pole 
distribution. 
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Fig. 10. Configuration of multimicroprocessor-based robust ac induction 
servo drive. 
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Fig. 11. Hardware architecture of modularized control unit. 
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TABLE 111 
CLOSED-LOOP POLES DISTRIBUTION 

~ _ _ _ _ _ _ _ _ ~ ~ .  

NO f l , 2  = - 20.829 k j17.631 
NI - 20.841 k j17.638 
N2 = - 21.099-t j17.731 
N3 -20.887kj17.655 
N4 --20.803+j17.618 
N5 PI,>= -20.904-tj17.655 

P 3 , 4 =  - 174.251 *-j1607.521 Ps = - 860.466 
f3.4= - 171.382*j1430.193 Ps = - 866.555 
f3.4= - 58.619kj423.415 f s =  -965.764 
f3.4= - 108.344kj869.509 Ps= -908.538 
P3,4= -181.151+j2299.966 f s =  -847.093 
P3.4 = - 76.004 f j689.033 Ps = - 93 1.385 

Fig. 12. Dual-port RAM-based multimicroprocessor architecture 

MCU consists of two major parts, one is the CPU unit (CPU- 
board) which includes the 8088 microprocessor, 8087 numer- 
ical data processor, 16K dual-port RAM, 16K EPROM, 8254 
programmable interval timer (PIT), and 8259 programmable 
interrupt controller (PIC). The other is named I/O unit (IO 
board) which may include programmable digital I/O con- 
troller, programmable duty-cycle controller, quadrature pho- 
toencoder decoder, AID, D/A, etc., depends on various appli- 
cations. The MCU can either be integrated together or work 
alone, depending on the application. 

In the experimental system, a dual-port memory architec- 
ture (Fig. 12) has been adopted for the interprocessor commu- 
nication of this multimicroprocessor system. With this dual- 
port RAM-based multimicroprocessor system, independent 
programs can run concurrently and asynchronously. This is 
beneficial for software development and system integration. 

Three MCU’s are used for the induction motor position 
and speed control, as shown in Fig. 10. MCU1, the servo- 
loop controller, performs two major tasks: 1) servo-loop reg- 
ulation by software processing of the digital compensator to 
generate the desired field and torque currents, and 2) torque 
decoupling control by using the coordinate transformations 
based on the field-oriented vector control scheme to generate 
the desired three-phase currents. The power transistor-based 
CCI regulates the phase currents by using hysteresis control 
techniques. MCU2, the rotor flux calculator, computes the 
rotating rotor flux vector based on the flux model as shown 
in Fig. 2. MCU3, the complementary controller, compensates 
the parameter and load variations based on the passive adap- 
tive theory [8]. 

This RAM-based multimicroprocessor controller has advan- 
tages of flexibility and modularity. The proposed control struc- 
ture can be easily implemented on this hardware architecture. 
Various PWM control strategies, vector control algorithms, 
and control methods can be independently programmed by 
software and incorporated into this system. A system con- 
troller, which resides on a 16-bit microcomputer, provides 
task coordination, external interfaces, motion profile control, 

parameter tuning, and signal recording, and can also be used 
to monitor the operational status of individual processors. 

VI. EXPERIMENTAL RESULTS 

Experimental results of the velocity step response are shown 
in Fig. 13. The parameters of the induction servo motor used 
in this experiment are listed in Table IV. Fig. 13 is the dy- 
namic start-stop responses of (a) rotor velocity U,, (b) torque 
current i,,, and (c) stator phase current i,, of the induction 
motor from standstill to loo0 r/min. Fig. 13(d)-(f) show the 
corresponding responses with the motor running from - lo00 
to +loo0 r/min. The stator phase current is limited to 12 A for 
protection of the inverter transistors. The dynamic responses 
of the rotor velocity and torque current show the effective- 
ness of the software-based decoupling control scheme. Fig. 
14 shows the dynamic responses of the induction drive posi- 
tion control under various operating conditions. 

Fig. 15 is the steady-state responses when the motor is 
running at 100 r/min. The magnetic exciting current is set at 
3 A when running within the constant-torque operating range. 
The sinusoidal stator phase current i,, and the constant id, and 
i,, in the synchronously rotating reference frame show the 
perfect decouping control of the magnetic and torque current 
components, and this is the fundamental requirement of high- 
performance induction servo drive. 

Experimental results of the induction motor positioning 
control under external torque disturbances are shown in Fig. 
16. Fig. 16(a) and (b) are the position and corresponding 
velocity responses of the induction servo motor upon receiv- 
ing a steplike 4-N.m external torque disturbance by a direct- 
coupled dc servo motor. This dc servo motor is driven by a 
current-controlled PWM amplifier. The corresponding torque 
currents of the dc servo motor and the induction servo motor 
are shown in Fig. 16(c) and (d), respectively. The robustness 
of this induction motor position drive can be seen from the 
fast dynamic responses to external torque disturbances. 

VII. CONCLUSION 

The proposed multiloop complementary control scheme has 
advantages of robustness and modularity. On the one hand, it 
combines characteristics of the conventional cascaded servo- 
loop design techniques with modern robust servo controller 
design methodology. On the other hand, because of its modu- 
larity the proposed method is suitable for multimicroprocessor 
implementation. An experimental prototype has been imple- 
mented to verify the proposed control scheme. Laboratory 
testing with consideration of large motor parameter and load 
variations have been carried out. Experimental results have 
shown the effectiveness of the proposed control scheme and 



446 

1500 

1000 

5 500 

0 

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 26, NO. 3, MAY/JUNE 1990 

-500 
1.5 sec 2 0 0.5 I 

-20 I I I 

0 0.5 1 1.5 sec 2 

-20 I I I I 
0 0.5 I 1.5 2 

(C) 

I5O0 

-1500 I 

0 1 0.5 1.5 sec 2 

-20' I 
0 0 .5  1 1.5 sec 2 

10 

-10 

-20 : 
0 0.5 1 1.5 sec 2 

(f) 
Fig. 13. Dynamic velocity step responses under various operating conditions. (a) Rotor velocity w r .  (b) Torque current iqs.  (c) Stator 

current of phase-o i,, of induction motor from standstill to 1OOO rlrnin. (d)-(f) Corresponding responses with motor running from 
-1OOO to +lo00 r/min. 

TABLE IV 
PARAMETERS OF THE INDUCTION SERVO MOTOR 

Type: 3-phase, 2-pole, 800 W Induction Servo Motor 

L,= 144.6 mH 
L,= 144.6 mH 
L,= 136.0 mH 

R,= 1.0 Q 
R,= 1.3 Q 

the feasibility of implementing complex control algorithm by 
using the multimicroprocessor strategy. 

NOMENCLATURE 

P Number of poles. 
R,, Rr Stator and rotor resistance. 

Stator and rotor resistance. 
Mutual magnetizing inductance. 
=(Lr - Lm)/Lm, rotor leakage coefficient. 
Stator current in synchronous frame. 
Stator and rotor current vector. 
Magnetizing current. 
Rotor flux linkage vector. 
Torque and magnetizing current. 
=Ls /Rs , stator time constant. 
=L, / R ,  , rotor time constant. 
Time constant of current-controlled inverter. 
Motor load equivalent mechanical time constant. 
Time constant of the reference model. 
Reference model realization time constant. 
Current-controlled inverter gain. 
Motor load equivalent gain. 
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Fig. 14. Dynmaic position step responses under various operating conditions. (a) Rotor position (8000 pulse&). (b) Rotor velocity 
w r .  (c) Torque current iqs. (d) Stator current of phase-a i,, of induction motor under step positioning command of 4000 pulses. 
(e)-(h) Corresponding responses for step positioning command of 100 pulses. 
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