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A VSS Speed Controller With Model Reference
Response for Induction Motor Drive

Chang-Ming Liaw, Member, IEEE, Yeong-May Lin, and Kuei-Hsiang Chao

Abstract—This paper is mainly concerned with the devel-
opment of a variable-structure system (VSS) controller with
model reference speed response for an induction motor drive. An
indirect-field-oriented (IFO) induction motor drive is first imple-
mented, and its dynamic model at a nominal operating condition
is estimated from measured data. Then, a two-degrees-of-freedom
linear model-following controller (2DOFLMFC) is designed to
meet the prescribed tracking and load regulation speed responses
at the nominal case. As the variations of system parameters and
operating condition occur, the prescribed control specifications
may not be satisfied further. To improve this, a VSS controller is
developed to generate a compensation control signal to reduce the
control performance degradation. The proposed VSS controller is
easy to implement, since only the output variable is sensed. The
existence condition of sliding-mode control is derived, and the
chattering suppression during the static period is also considered.
Good model-following tracking and load regulation speed re-
sponses are obtained by the designed VSS controller. Effectiveness
of the proposed controller and the performance of the resulting
drive system are confirmed by some simulation and measured
results.

Index Terms—Chattering suppression, induction motor, model
reference control, speed control, variable-structure system.

I. INTRODUCTION

I T IS KNOWN that indirect-field-oriented (IFO) control has
made the induction motor possess torque-generating capa-

bility like a dc motor, and it has been successfully employed in
many industry applications. However, its decoupling character-
istic is highly sensitive to the rotor parameters [1]. If the rotor
parameters set in the field-orientation scheme cannot be tuned
according to their actual values, the torque-generating charac-
teristics will become sluggish and oscillatory. Although many
control strategies have been proposed [2], [3] to make the tuning
of the field-orientation mechanism for obtaining better decou-
pling characteristics, the success in ideal decoupling is still lim-
ited. It follows that the development of sophisticated control
techniques to improve the control performance of the detuned
IFO induction motor drive is very important.

A high-performance speed motor drive should possess good
command tracking and load regulation dynamic responses, and
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these responses should be insensitive to the operating condi-
tion and the parameter variations. The proportional (P), pro-
portional plus integral (PI), IP, proportional plus integral plus
derivative (PID), I-PD, and PI-D conventional controllers are
very easy to design and implement, but can obtain only the
compromised tracking and regulation responses owing to their
one-degree-of-freedom (1DOF) structure. A 2DOF controller
and its systematic design procedure developed in [4] has been
successfully incorporated the quantitative tracking and regula-
tion control specifications into the design of controller. Based
on this type of 2DOF controller, some modified controllers were
proposed [5], [6] to let the motor drive preserve the prescribed
drive specifications as the system parameters and operation con-
ditions are changed. In addition to these, many other advanced
control techniques have also been developed in the past years for
the speed control of induction motor drives, see for example, the
optimal control in [7], adaptive control in [1], [8], robust control
in [9], variable-structure system (VSS) control in [10] and [11],
and intelligent control in [5], [6], and [12].

It is known that the VSS control is one of the most effec-
tive methods to reduce the performance degradation due to
large system parameter changes and disturbances. Generally
speaking, the VSS controller has some limitations: 1) all system
states should be accessible; 2) like the fuzzy logic controller
[13], it possesses the inherent chattering problem; this high-
frequency switching phenomenon will result in large control
energy dissipation and large noise and, moreover, it may also
excite the unmodeled dynamics causing stability problems;
and 3) the tracking and regulation responses are rather difficult
to be quantitatively achieved simultaneously; the chattering
occurs mainly due to the switching with infinite speed can not
be fulfilled. Much research [11], [14], [15] has been focused
on eliminating or reducing the chattering effects. These can
be roughly classified into two types. In the first type, the sign
function used in the control law is replaced with some kinds
of continuous functions [11], [14]. As to the second type, the
chattering is reduced through tuning the parameters of the
control law [15]. Recently, intelligent control has been widely
applied to many control applications. A combination of fuzzy
control and sliding-mode control, called fuzzy sliding-mode
control [13], is a simple and effective approach. It can satisfy
both the requirements of robustness and chattering reduction.
In addition, some variable-structure model reference adaptive
controllers (VS-MRAC) have also been proposed [16], [17].
They are simple to implement since only the input and output
measurements are needed.

In this paper, a VSS controller is developed for the speed con-
trol of an IFO induction motor drive. First, a 2DOF model-fol-
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Fig. 1. An indirect-field-oriented induction motor drive. (a) System configuration. (b) Control system block diagram.

lowing controller is designed at the nominal case according to
the estimated plant model and prescribed tracking and regula-
tion speed responses. Then, an output feedback VSS controller
is proposed and used to reduce the effects of system parameter
changes on the desired speed responses. The proposed VSS con-
troller is easy to implement, since only the plant output informa-
tion is needed for the control. The inherent chattering problem
during the steady-state period is eliminated through applying
the boundary-layer method. The theoretical basis of the pro-
posed VSS controller is derived in detail, and its effectiveness
is demonstrated by some simulation and measured results.

II. IFO INDUCTION MOTOR DRIVE

The block diagram of an IFO induction motor drive system
is shown in Fig. 1(a). It consists of an outer speed controller
loop, indirect-field-orientation mechanism, current-controlled
pulsewidth-modulation (PWM) voltage-source inverter (VSI),
and induction motor. In order to test the load regulation char-

acteristics of the drive system, the induction motor is mechani-
cally coupled to a dc generator with switched load resistances.
The induction motor used here is 2 P, 5.4 A, 120 V, and 2000
r/min, having the following single-phase equivalent circuit pa-
rameters:

H

H

H (1)

The meanings of the above parameters are clear from [1].
For an ideally decoupled induction motor, its rotor flux

linkage is forced to be aligned with the axis of sthe yn-
chronously rotating frame, i.e.,

and (2)
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being the -axis rotor flux linkage. Basically, the field-ori-
entation control is a kind of predictive control. It can be derived
that the -axis rotor flux linkage and the estimate of slip an-
gular speed required to achieve the ideal decoupling are as
follows:

(3)

where is the -axis stator current command and
. Generally, the electrical time constant in (3) is

much smaller than the mechanical time. If neglected, we could
further get

(4)

For an ideal field-oriented induction motor drive, the torque
equation becomes

(5)

where is the number of poles, is the total
damping factor, and is the total mechanical
inertia constant. Thus, the dynamic behavior of an ideal IFO in-
duction motor drive shown in Fig. 1(a) can be reasonably repre-
sented by the control system block diagram drawn in Fig. 1(b),
in which, is the torque constant defined in (5),
here) denotes the conversion ratio from the measured speed to
the sensed signal, and the parameters of the plant are de-
fined as

(6)

Although the parameters of the dynamic model blocks shown
in Fig. 1(b) can be determined by the physical derivation intro-
duced above, their accurate values are rather difficult to obtain.
It follows that the estimation method [18] is employed as an al-
ternative, and the following estimated results:

(7)

will be used for making the controller design.

III. CONFIGURATION AND PROBLEM STATEMENT OF THE

PROPOSEDVSS SPEEDCONTROLLER

The system configuration of the proposed VSS speed con-
troller for an IFO induction motor drive is shown in Fig. 2(a).
It basically consists of the induction motor drive, a 2DOF
controller, a linear model-following controller, and a VSS
controller. First, at the nominal operating condition, a 2DOF
controller is designed based on the known plant model to let
the motor drive possess the desired tracking and regulation
speed control performance. Then, a reference model, which is

equal to the closed-loop transfer function of the motor drive
using the designed 2DOF controller, is defined, and the linear
model-following control gains are found.

As the parameter changes of motor and mechanical load
occur, the speed responses of the detuned induction motor
drive will deviate from the prescribed ones. A control force

is generated by the proposed VSS
controller to automatically compensate this performance degra-
dation. In the proposed VSS controller, the boundary-layer
method is used for eliminating the chattering when entering the
static period.

IV. 2DOFLMFC

A. Quantitative Design of the 2DOF Speed Controller

For directly incorporating the tracking and regulation speed
control specifications of the motor drive into the controller de-
sign stage, the 2DOF controller shown in Fig. 2(b) is employed.
It consists of a feedback controller and a command feed-
forward controller

(8)

For the ease of deviation, let

(9)

where

(10)

While is emphasized in dealing with the load regula-
tion control, is arranged to modify the command, such
that the desired tracking response is obtained. To achieve this
goal, the denominator of is chosen to cancel the nu-

merator of , and the numer-
ator of is designed to meet the prescribed step command
tracking response. Accordingly, the structure of can be
rewritten as

(11)

and the closed-loop tracking transfer function can be expressed
as

(12)

where

(13)

Authorized licensed use limited to: Chin-Yi University of Technology. Downloaded on November 3, 2008 at 02:45 from IEEE Xplore.  Restrictions apply.



LIAW et al.: VSS SPEED CONTROLLER WITH MODEL REFERENCE RESPONSE 1139

Fig. 2. (a) System configuration of the proposed VSS speed controller for the IFO induction motor drive. (b) Detailed configuration of the 2DOF controller.

Generally speaking, the performance requirements of a motor
drive can be listed as follows.

1) The step tracking and regulation speed responses should
contain no steady-state error.

2) The step tracking speed response should contain no over-
shoot.

3) The response time , which is designed as the time
that the unit-step tracking speed response rises from 0%
to 90% of its steady-state value.

4) The maximum speed dip due to unit-step load change
( ) is

(14)

The formulations associated with the control requirements
listed above can be derived to be [4]

(15)

(16)

(17)

(18)

Having solved the variables , , , and in (15)–(18),
the parameters of and can be derived from
(11)–(13)

(19)

(20)
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Design Example:The control specifications of this IFO in-
duction motor drive are prescribed to be those listed in (14) with

s and r/min. Using the estimated plant
dynamic model parameters listed in (7) and the given specifica-
tions, the parameters of and are found following
the proposed design procedure to be

(21)

The simulation results (not shown here) show that the given
specifications are completely satisfied.

B. LMFC

The design of an output feedback LMFC has been introduced
in detail in [5], and only a brief description is given here. Sup-
pose that the plant to be controlled and the selected reference
model can be expressed as

(22)

(23)

where , , , , ,
. For the following control law:

(24)

(25)

it is found that if , , , , and are chosen to let
be a Hurwitz matrix and ,

, and , then the output of
the controlled plant will follow the output of reference model
asymptotically.

In real operation, the actual plant parameters may deviate
significantly from the nominal ones used in the controller de-
sign. The LMFC with fixed gains fails to yield control perfor-
mance with parameter-insensitive characteristics. To solve this
problem, a VSS controller is employed to generate an adapta-
tion signal to compensate the performance deviation.

Reference Model Selection:From the designed results
presented in Section IV-A, one can find the tracking transfer
function of the motor drive controlled by the 2DOF controller
(2DOFC):

(26)

The state-space expression of (26) can be found to be

(27)

is chosen as a reference model since it represents the
desired tracking response at the nominal case. Since the transfer
functions of the controlled motor drive by the 2DOF controller
at the nominal case and the reference model are identical, it
follows from (25) that and .

V. PROPOSEDVSS SPEEDCONTROLLER

For the control system shown in Fig. 1, the dynamic behavior
of the model-following tracking error due to the system un-
certainty and the control yielded by the VSS controller can be
implicitly modeled in Fig. 3 and expressed by

(28)

where the nominal dynamicis zero since the 2DOFLMFC has
been properly designed at the nominal case to let the tracking
error always be zero. The uncertain dynamic function de-
notes the error dynamic caused by system parameter variations,
and denotes the control effect yielded by the proposed
VSS controller to eliminate the model-following tracking error
as the operating conditions and system parameters are deviated
from those at the nominal case. In the design of the proposed
VSS controller, the desired error vector is set as

. In addition, it also lets .

A. Sliding-Mode Control Without Chattering Suppression

For achieving sliding-mode control, a switching line and a
sliding-mode control law are chosen as

(29)

(30)

The continuous control is a compensation signal, which helps
to reduce the model-following error during the initial transient
period and, thus, bring the phase portrait of the error dynamic
system toward the switching line, and the discontinuous control

is actuated to achieve the sliding-mode control. The detailed
configuration of the proposed VSS controller is shown in Fig. 3.

In realizing the control law listed in (30), the estimate of
is found from (28)

(31)
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Fig. 3. Detailed configuration of the proposed VSS controller.

and and are obtained from through a practical differen-
tiator, which is implemented using a low-pass filter

(32)

Although serves as a differentiator within the main dy-
namic frequency range, it will become a low pass filter for the
high-frequency noises. The magnitude of the chosen discontin-
uous control will gradually decrease accompanying with the
convergence of tracking error. It follows that the switching of
control action is greatly reduced, and moreover, the steady-state
error of is not existed.

As the operating condition and/or the system parameters de-
viate from those of nominal case, to let the model following
error be quickly decayed to zero along the chosen sliding line, it
is required that the following sufficient sliding condition is sat-
isfied:

(33)

By substituting (28)–(30) into (33), one can derive:

(34)

It is obvious from (34) that the sufficient condition to make in-
equality of (33) be satisfied is:

(35)

Comments:Some properties of the proposed VSS controller
corresponding to (28)–(35) can be predicted:

i) As the disturbance is suddenly occurred, the compensa-
tion term in (30) will be dominant during the initial
transient period. But when the phase portrait is
forced to approach the neighborhood of switching line,
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(a)

(b)

Fig. 4. (a) Simulated rotor speeds of the 2DOF controller due to the step speed command�! (100 r/min) change at! = 1000 r/min,R = 77:6 
 with
J = J , J = 5J , andJ = 1=5J . (b) Simulated rotor speed responses due to the step load torque�T = 1 N�m at the same conditions as (a).

the condition of (35) will be satisfied automatically and
then the error dynamic system enters the sliding con-
trol mode by the control with invariance property of
VSS. The parameter is used to adjust the sensitivity of
switching behavior.

ii) Since no soft switching control strategies are employed
for the discontinuous control in (30), the chattering
is always existed during the static period. The extent of
chattering is dependent on the chosen parametersand
.

B. Sliding Mode Control With Chattering Suppression

For eliminating the chattering phenomena existed in the VSS
controller introduced above, the control law in (30) is modified
using the simple boundary-layer method as follows:

(36)

where the saturation function is defined as:

if ,

if ,
(37)

with being half of the width of the boundary layer.

Comments:

i) The phase portrait dynamic behavior governed by the two
control parts and is similar to those described in
Section V-A .

ii) Due to the incorporation of the boundary layer, the chat-
tering is eliminated in steady-state. The small stead-state
error caused by boundary layer will be eliminated by the
integration action existed in the feedback controller of the
2DOFC.

C. Simulation Results

1) 2DOF Controller: The simulated rotor speeds of the
2DOF controller due to a step speed command change of

V (100 rpm) at ( rpm, )
with inertia constants , and are shown
in Fig. 4(a). At the same conditions, the simulated rotor speed
responses due to a step load torque change of
are shown in Fig. 4(b). The results shown in Fig. 4(a) and (b)
clearly indicate that as the variations of system parameters
occurred, the responses deviate significantly from those of
nominal case.

2) Sliding Mode Controller Without Chattering Suppres-
sion: The sliding line and the control law of the proposed
controller listed in (29) and (30) are chosen as:

(38)

(39)
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(a)

(b)

(c)

(d)

Fig. 5. Simulated results of the proposed VSS controller without chattering suppression at the same conditions as Fig. 4. (a) Step tracking responseswith J = 5J .
(b) Step tracking responses withJ = 1=5J . (c) Step regulation response withJ = 5J . (d) Step regulation response withJ = 1=5J .

where and are chosen. The low pass
filter in (32) to get the derivative of error vector is set as:

(40)

For the same conditions as those in Fig. 4, the simulated step
speed tracking responses with and of the pro-
posed VSS controller without chattering suppression are shown
in Fig. 5(a) and (b), respectively. As to the step regulation
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(a)

(b)

Fig. 6. Simulated rotor speeds and torque currentsi of the proposed VSS controller with chattering suppression at the same conditions as Fig. 4. (a) Step
tracking responses withJ = 1=5J , J = J , andJ = 5J . (b) Phase portrait(e ; _e ) with J = 5J .

response, Fig. 5(c) and (d) shows the speed responses with
and . The results shown in Fig. 5(a)–(d) confirm

the correct operation of the designed VSS controller. However,
unfortunately, the chattering phenomena are observed from the
results.

3) Sliding-Mode Controller With Chattering Suppres-
sion: The parameters of the proposed VSS control law in (36)
are chosen to be

(41)
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(a)

(b)

Fig. 7. Simulated rotor speeds and torque currentsi of the proposed VSS controller with chattering suppression at the same conditions as Fig. 4. (a) Step
regulation responses withJ = 1=5J , J = J , andJ = 5J . (b) Phase portrait(e ; _e ) with J = 5J .

For the same conditions as those in Fig. 4(a) and (b), the simu-
lated tracking step speed responses and the resulting torque cur-
rents with , , and of the proposed VSS
controller are shown in Fig. 6(a). The corresponding phase por-

trait with is shown in Fig. 6(b). As to the reg-
ulation responses, Fig. 7(a) shows the speed and torque current
responses at the cases of , , and . The
phase portrait with is shown in Fig. 7(b). From
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Fig. 8. (a) Measured rotor speeds due to step command change (1000! 1100
r/min at nominal case (! = 1000 r/min,R = 77:6 
, 2.7 A) by only the
2DOFC. (b) Proposed VSS controller with chattering suppression at the same
conditions as (a). (c) Measured rotor speeds due to step load resistance change
(77:6 ! 27:4 
) at nominal case by only the 2DOFC. (d) Proposed VSS
controller with chattering suppression at the same conditions as (c).

Figs. 6 and 7, one can observe that the large initial transient
model-following error is quickly reduced by the continuous con-
trol effort, as the value of becomes negative, the reaching
condition is satisfied and, thus, the corresponding phase portrait
approaches the sliding line and within the boundary layer. Then,
the error converges to zero asymptotically without chattering,
owing to the boundary layer and the integration action in the
2DOFC. Good model-following tracking responses at all cases
are observed from these results, and the resulting regulation re-
sponses are also much better (in both speed dip and restore time)
than those obtained by the 2DOFC only.

D. Experimental Results

The proposed control system shown in Figs. 2 and 3 is digi-
tally implemented in a personal computer using C language. All
the blocks, including the 2DOFC, LMFC, and VSS controller
are transformed into digital control algorithms by bilinear trans-
form method.

The IFO induction motor drive with the designed 2DOFC is
normally operated at the chosen nominal case (

Fig. 9. (a) Measured rotor speeds due to step command change (2000! 2100
r/min) at! = 2000 r/min,R = 52:3 
 by only the 2DOFC. (b) Proposed
VSS controller with chattering suppression at the same conditions as (a). (c)
Measured rotor speeds due to step load resistance change (77.6! 52.3
) at
! = 2000 r/min, R = 77:6 
 by only the 2DOFC. (d) Proposed VSS
controller with chattering suppression at the same conditions as (c).

r/min, , 2.7 A). The measured rotor speed re-
sponses due to the step command change (10001100 r/min)
without and with the proposed VSS controller with chattering
suppression are shown in Fig. 8(a) and (b). The measured rotor
speed responses due to the step load resistance change (77.6
27.4 ) at the nominal case without and with the proposed VSS
controller with chattering suppression are shown in Fig. 8(c) and
(d). From the results in Fig. 8(c) and the torque constant listed
in (7), one can find that the maximum speed dip of 62 r/min
corresponds to the step load torque 2.550.759 1.935 Nm
( A), i.e., a 1-Nm load torque change causes a
maximum speed dip of 32 r/min; this is rather close to those
prescribed in Section IV-A. After employing the proposed VSS
control, a much smaller speed dip with zero steady-state error
for the same case is observed from the results shown in Fig. 8(d).

Because suitable equipment for changing the load inertia con-
stant and damping ratio is not available, for the convenience of
making a further test of the effectiveness of the proposed VSS
controller under large plant parameter variations, the changes of
flux current command from 3.3 A (the rated value) to 1.65

Authorized licensed use limited to: Chin-Yi University of Technology. Downloaded on November 3, 2008 at 02:45 from IEEE Xplore.  Restrictions apply.



LIAW et al.: VSS SPEED CONTROLLER WITH MODEL REFERENCE RESPONSE 1147

A and the rotor resistance set in the field-orientation mech-
anism from 1.3 (the nominal value) to 1.5 are made as an
alternative. In this detuned IFO induction motor drive, the mea-
sured rotor speed responses due to the step command change
(2000 2100 r/min) at r/min and
without and with the proposed VSS controller are shown in
Fig. 9(a) and (b). The measured rotor speed responses due to
the step load resistance change (77.652.3 ) at
r/min and without and with the proposed VSS
controller are shown in Fig. 9(c) and (d). The correctness and
the performance improvements both in tracking and regulation
responses of the proposed VSS controller can be clearly seen
from the results given in Fig. 9(a)–(d).

VI. CONCLUSIONS

The development of a VSS controller for the speed control
of an IFO induction motor drive has been presented. First, the
motor drive is set up and its dynamic model is estimated from
measurements. According to the estimated drive model at the
nominal case, a 2DOFLMFC is quantitatively designed to match
the prescribed control specifications. Then, an output feedback
VSS controller is proposed to preserve the desired tracking and
regulation control performance as the operating condition and
parameter variations occur. In the proposed VSS controller, the
boundary-layer method is employed to eliminate the steady-
state chattering, which exists inherently in the traditional VSS
controllers. The proposed VSS controller is easy to implement,
since only the plant output is sensed. The simulation and mea-
sured results have confirmed that good and robust model-fol-
lowing tracking and load regulation speed responses are ob-
tained by the designed VSS controller.
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