
272 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 50, NO. 2, APRIL 2003

Design and Analysis of a Plug-In Robust
Compensator: An Application to
Indirect-Field-Oriented-Control

Induction Machine Drives
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Abstract—It is well known that the system performance for
an indirect-field-oriented-control induction motor drive degrades
under the variation of rotor resistance and in the presence of ex-
ternal load torque. In this paper, a plug-in robust compensator for
speed and position control enhancement of an indirect-field-ori-
ented-control induction machine drive is developed. In the case
where a controller for the induction machine already exists or
is in operation with satisfactory nominal tracking performance,
this plug-in compensator, designed using the loop-shaping
techniques, can be plugged into the existing controller without
affecting the already satisfactory nominal tracking performance
of the existing closed-loop system but with the capability to im-
prove the system performance under plant parameter variations
and in the presence of external disturbances. Simulation and
experimental results are given to validate the proposed plug-in
robust compensator.

Index Terms— loop-shaping design, indirect-field-oriented-
control induction machine drive, plug-in robust compensator,
rotor resistance change.

I. INTRODUCTION

A ROBUST MOTOR control system should exhibit good
speed and position tracking and disturbance rejection even

under plant parameter variations. Although indirect-field-ori-
ented control (IFOC) can transform a nonlinear induction motor
into a linear system [1], it is well known that under IFOC, the
output response is sensitive to the plant parameter variations
such as rotor resistance change [2]. Different approaches have
been applied to tackle the plant parameter variation problem.

In [3], mixed-sensitivity optimization is applied to solve
the plant parameter variation problem; however, weighting
function selection is not an easy task and the order of the
final controller, which is designed by mixed-sensitivity
optimization, is usually high. In [4], a fuzzy logic control
approach is employed to enhance the system robustness but
the design of proper fuzzy rules is not straightforward and the
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knowledge from a skillful tuning operator may be needed to
generate meaningful fuzzy rules. In [5], an adaptive scheme
is developed to estimate the rotor resistance so that the output
speed performance can still be guaranteed when the rotor re-
sistance changes during operation. However, the zero external
torque assumption required by this adaptive controller may
not be valid in real applications and its computational burden
may be too demanding for a low-cost digital signal processor
(DSP)/microcontroller. Furthermore, the tracking performance
and the system robustness cannot be designed separately in
[3]–[5]. As in many cases, the nominal/existing controllers for
tracking performance are in operation or already designed prop-
erly by employing a low-order and simple controller such as
proportional–derivative (PD), proportional–integral (PI), pro-
portional–integral–derivative (PID), or lead/lag compensators.
However, these controllers may not have sufficient robustness
against plant parameter variations or external disturbance such
as the rotor resistance change in an IFOC induction motor
system; hence, a good way to solve this problem is to design a
plug-in compensator which can enhance the system robustness
without affecting the nominal tracking performance.

The idea of plug-in compensators is based on the Youla
parameterization of all two-degrees-of-freedom (2DOF) stabi-
lizing controllers [15]. The parameterization can be constructed
from the existing controller in such a way that one of the free
parameters in the 2DOF structure has no effect on the nominal
tracking performance but can be used to improve, among other
things, the feedback loop robustness against plant uncertainties
and external disturbances. The use of certain versions of such
plug-in compensators has been reported in [6], [7], [9], and
[17] with successful applications in dc motor control, control
of a gyroscope system, and vibration suppression control. The
design of a plug-in compensator boils down to the design of
the free parameter in the Youla parameterization. In our appli-
cation, we wish to use the plug-in compensator to improve the
robustness of the closed-loop system against the rotor resistance
change in an IFOC induction motor drive and against the ex-
ternal torque disturbances. Since the rotor resistance enters the
linear model of the IFOC system in a highly nonlinear way and
there are possibly other parameter uncertainties from unknown
sources, it is very hard to obtain the structural and magnitude
information of the uncertainties. Therefore, we propose to
use the loop-shaping design technique [10], [11], [13] to
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design the plug-in compensator. Theoretically, this technique is
optimal in dealing with unstructured uncertainty described by
the gap metric or the-gap metric. Practically, it is effective in
cases when the uncertainty has unknown sources and is hard to
measure. Comparing to other controller design methods
such as mixed sensitivity optimization, the loop-shaping design
turns the difficult task of external weighting function selection
into the relatively easy choice of loop-shaping functions and
eliminates the time-consuming-iteration, which is required
in usual optimization, in the computation of the optimal
controller.

This paper is organized as follows. Section II gives a brief re-
view on the IFOC of induction motors and the detuning of IFOC
driver systems. In Section III, the structure for the plug-in robust
compensator is first introduced and then a systematic design
procedure is given. Section IV presents the simulation results
of the proposed controller. In Section V, experimental results
are compared with the simulation results to validate our con-
trol methodology. Some concluding remarks are given in Sec-
tion VI.

II. IFOC OF INDUCTION MOTORS

The modeling and IFOC of induction motors are reviewed in
this section. A three-phase squirrel-cage induction motor can be
modeled in frame by the following equations [1]:

stator voltage balancing equations

(1)

(2)

flux linkage equations

rotor voltage balancing equations

torque equations

Here, the parameters and variables have the following mean-
ings:

, – -axes stator voltages;
, – -axes stator currents;
, referred – -axes rotor currents;
, – -axes stator fluxes;
, referred – -axes rotor fluxes;

to – frame transformation velocity;

rotor electrical velocity;
rotor mechanical velocity;
electromechanical torque;
load torque;
differentiation operator;
stator resistance;
stator inductance;
referred rotor resistance;
referred rotor inductance;
mutual inductance;
number of poles (even number);
moment of inertia;
friction constant.

The stator voltage balancing equations (1) and (2) can be ne-
glected if we use a fast current-regulated voltage-source inverter.
The stator currents and then become the new control
input variables. IFOC is an effective linearization control algo-
rithm for a highly nonlinear induction motor [1]. With the rotor
flux oriented at the axis, i.e., , the above nonlinear
equations can be transformed onto the synchronous frame
and described by the following equations:

(3)

(4)

(5)

(6)

(7)

(8)

where
, – synchronous axes stator currents;
, – synchronous axes rotor currents;
, – synchronous axes rotor fluxes.

Fig. 1(a) shows the general block diagram of an indirect-field-
oriented induction machine drive. By using IFOC, a highly non-
linear induction motor can be converted into a linear system.
Fig. 1(b) is the block diagram representation of the linearized
induction motor. In the diagram, is the command torque
input, is the system output which can select between or

for speed and position control, respectively, is the
external disturbance, and is assumed to be a constant load
torque. The rotor flux is assumed to be kept at a constant
value.

Note that the calculation of the slip frequency in
(8) depends on the rotor resistance. Owing to saturation and
heating, the rotor resistance changes and hence the slip fre-
quency is either over or under estimated. Eventually, the rotor
flux and the stator-axis current will be no longer de-
coupled in (7) and the instantaneous torque control is lost. Fur-
thermore, the electromechanical torque generation is reduced at
steady state under the plant parameter variations and hence the
machine will work in a low-efficiency region [1], [2]. Finally,
the variation of the parameters and is common in real
applications. For instance, the bearing friction will change after
the motor has run for a period of time.
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(a)

(b)

Fig. 1. (a) Block diagram of an IFOC induction machine drive. (b) Linearized
induction motor model.

In order to solve the detuning problem, a plug-in robust
compensator, using loop-shaping design technique, was
employed to compensate the system degradation due to plant
parameter variations and in the presence of external load torque.

III. CONTROLLER DESIGN

In a general controller design process, the system plant model
is usually not perfectly known. The designer often only knows
a nominal model of the plant and a simple controller can be
designed to achieve a satisfactory tracking performance for the
nominal plant. In this paper, we do not address the issue of how
such a controller can be designed. We simply assume that such
a controller has already been designed or, in some cases, is even
already in operation in the real system. However, it is often the
case that this controller may not work well when the plant is
perturbed and/or external disturbance presents. In this situation,
an additional controller is needed to improve the robustness of
the overall system against plant uncertainties and external dis-
turbances. It is desirable that this additional controller can be
plugged into the existing control system without dismantling the
existing controller and without affecting the already satisfactory
nominal tracking performance. This is why we call such an ad-
ditional controller a plug-in robust compensator. In this section,
we propose to design such a plug-in robust compensator using
the loop-shaping technique.

A. Controller Structure

Consider the feedback system in Fig. 2(a). Here,is a single-
input–single-output (SISO) strictly proper nominal system and

is a 2DOF controller. Assume initially that a

(a)

(b)

(c)

Fig. 2. (a) General 2DOF controller. (b) Proposed plug-in robust compensator.
(c) Block digram for the design of the plug-in compensatorQ.

controller is either already available or in
operation with satisfactory nominal tracking performance, i.e.,
the transfer function from referenceto output

is satisfactory. How to design is not the concern of this paper.
It can be a simple PI controller tuned in an online fashion or it
can be designed by any other methods such as the one given in
[8]. Let a coprime factorization of be given as

where , . Since is a stabilizing 2DOF controller
for , for any coprime factorization
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where , and . It is shown in [15, Sec. 5.6, Th.
15] that all 2DOF stabilizing controllers can be parameterized
as

(9)

where and are arbitrary stable systems. The
nominal controller is obtained when and .
The transfer function from to , which determines the nominal
tracking performance, is

which is independent of . Therefore, the set of all stabilizing
2DOF controllers which gives the same nominal tracking per-
formance is given by

The loop property of the feedback system, which depends on
and only, now depends on only. For any stable system

, which can even be nonlinear and time varying, the nom-
inal tracking performance is unaffected and the closed-loop sta-
bility is guaranteed [12], [16]. Suppose that ais chosen; the-
oretically, there are two ways to implement the new controller

. One is to explictly obtain from (9) and implement as in
Fig. 2(a). The other way is to use the structure in Fig. 2(b). Exter-
nally, the controllers in Fig. 2(a) and (b) are identical. Internally,
they are different. Firstly, if the controller structure shown in
Fig. 2(b) is employed, the command tracking performance and
the system robustness specification can be designed separately
by the blocks , , and [16]. Hence, this leads to the
controller plug-in feature when , , form the existing
controller while is the plug-in robust compensator. Secondly,
the output of the block can be used as a fault detection signal
[7], [17], [18] to estimate and compensate for the system faults
and monitor the system deviation from the nominal plant. Fi-
nally, the free parameter can be changed adaptively using the
information provided by the closed-loop system identification
to perform the autotuning and further improve the system per-
formance [6].

B. Loop-Shaping Plug-in Compensator Design

Since the purpose of is to improve the loop property of
the feedback system, the tracking issue is not of concern in its
design. The feedback loop part of the whole system is redrawn in
Fig. 2(c) with the reference injection part ignored. Fig. 2(c) can
be simplified to Fig. 3(a) with .
Our idea in the design of a stableis to design a stabilizing
and then back substitute to getusing

(10)

which is obtained from (9). Since all stabilizing are obtained
from

(a)

(b)

Fig. 3. (a) Standard feedback configuration. (b)H loop-shaping controller
design procedure.

over all stable , it follows that obtained from (10) for a
stabilizing has to be stable.

The design of the controller is further divided into two
steps. The first step is to choose a proper pre-filter and
post-filter so that the shaped plant, , has a de-
sired open-loop frequency response according to some well-de-
fined specifications such as bandwidth or steady state error re-
quirement. Then an optimal robust controller is found
to minimize

(11)

This can be done using the solution in [13] or the command
ncfsynof MATLAB -Analysis and Synthesis Toolbox [14].
The controller is obtained by combining the pre-filters ,
post-filter and the controller as .
Fig. 3(b) shows the loop-shaping controller design proce-
dure. Finally, the block can be found in (10).

The main advantage of the loop-shaping controller over
the mixed-sensitivity controller is that the proper selec-
tion of the weighting functions, which is difficult in practice, is
avoided in the design process. Instead, the pre-filter and post-
filter are used to shape the open loop plant to achieve a de-
sired frequency response according to some well defined design
specifications such as bandwidth and steady-state error. Further-
more, the time-consuming-iteration in computing the optimal
robust controller is no longer necessary. Finally, the norm
minimization of the four closed-loop transfer functions defined
in (11) actually achieves a good balance of the sensitivity and
complementary functions so as to improve the overall system
robustness against parameter variations such as rotor resistance
change in IFOC induction machine drives, motor inertia, and
frictional torque change, as well as the disturbance rejection per-
formances against external load torque and sensor noise.
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C. Speed Controller Design for the Induction Motor Control
System

Following the approach in [8],

is employed to robustly track a step reference and reject a con-
stant external disturbance. The robustness in tracking a step ref-
erence requires .

For speed control, our plant is a SISO strictly proper stable
system. It follows that and can be as-
signed and is the nominal plant model.
Now, the problem is reduced to the choices of proper pre-filter
and post-filter. As our plant is a SISO system, we can simply as-
sign and only put emphasis on the choice of .
As the nominal controller has already had an integrator to
reject the constant disturbance, the choice of here is equal
to so that the nominal loop frequency response can be
optimized according to the norm in (11), andis a constant used
to adjust the bandwidth of the shaped plant. Since the rotor re-
sistance enters the linear model of the IFOC system in a highly
nonlinear way and there are possibly other parameter uncertain-
ties from unknown sources, the selection of the pre-filter does
not depend on the structural and magnitude information of the
uncertainties. In our design, unstructured uncertainty for IFOC
induction drive systems is considered and the pre-filter
is chosen to improve the robustness of the overall system that
inherently includes that against the rotor resistance change.

In this design example, ,
, , and

are first assumed, then
the pre-filter is assigned as .

is the shaped plant
where is a constant to adjust the bandwidth. Following the
solution in [13], the controller, , is a first-order system
and the final solution can be found from (10).

D. Position Controller Design for the Induction Motor Control
System

In a position control system, a desired nominal tracking re-
sponse can be achieved using a PID controller. The nominal con-
troller we employ in this section is a 2DOF PID controller

The robustness in tracking a step reference requires .
The plug-in compensator design is more difficult for posi-

tion control because the plant is now a SISO strictly proper
unstable system. However, our controller design algorithm is
still capable of handling such a system. The coprime factor-
ization of the is first performed and it follows that

and where is
any positive constant. is the nominal
plant model. Again, the choice of is equal to so
that the controller has an integrator to reject the constant distur-

TABLE I
MOTOR PARAMETERS

bance and is a constant used to adjust the bandwidth of the
shaped plant.

For this position control design example,
,

and can be first assumed, then
the pre-filter is assigned as .

is the shaped
plant. Following the solution in [13], the controller, , is
a second order stable transfer function and the final solution
can be found from (10).

IV. SIMULATION RESULTS

A 1.5-kW induction motor was used in our simulations and
experimental tests. The motor parameters are listed in Table I.
To show the effectiveness of the plug-in compensators, the nom-
inal controllers were used for comparison in speed and position
control, respectively.

A. Simulation Results for the Speed Controller

In reference to [8], the nominal controller

(12)

was obtained. The corresponding closed-loop poles were
located at 84.7262 and 53.1176 respectively while the
closed-loop zero was equal to55.38.

For the design of the block defined in Section III, the
pre-filter was chosen. Fig. 4(a)
shows the Bode plot of the pre-filter . The constant was
chosen to be 8 so that the crossover frequency of the shaped
plant was around 160 Hz as shown in Fig. 4(b), which was ad-
equate for torque rejection loop because the bandwidth of the
outer velocity loop was in the order of 10 Hz, generally.

By using the commandncfsynof MATLAB -Analysis and
Synthesis Toolbox, was
found and then from (10), the optimal plug-in compensator

(13)

was obtained.
In the following simulation experiments, the nominal

controller defined in (12) without the plug-in compensator
was used for comparison. In the first simulation, a constant
reference speed r/min was applied at 2 s, so that the
constant rotor flux condition can be assumed. Fig. 5(a) shows
the simulation results and we found that the transient tracking
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(a)

(b)

Fig. 4. (a) Bode plot of the prefilterW . (b) Bode plot of the shaped plant
P = W P .

performance was not affected by the addition of the plug-in
compensator.

Then, a 2-Nm load torque was applied at 2.5 s. The upper
section of Fig. 5(b) shows the speed responses of the nom-
inal controller and the one with the plug-in robust compen-
sator. It is clear that the external torque can be rejected faster
with the addition of the proposed plug-in robust compensator.
The lower section of Fig. 5(b) shows the speed response when
the rotor resistance was doubled suddenly at three seconds
while the load torque was still being applied. Without the help
of the plug-in robust compensator, the output speed oscillates
with amplitude approximately equals20 r/min; however, the
output speed only shakes slightly and settles down quickly when
the proposed plug-in robust compensator was used. Fig. 5(c)
shows the phase—A current and the command currentfor
the proposed plug-in compensator. Both of them are within the
current limit of the motor driver and the motor winding and
this validates that the proposed controller can be implemented
practically.

Fig. 5. Speed control. (a) Transient tracking response comparison. (b) System
robustness test. (c) Phase-A current and command currenti .

From the simulation results, there is no doubt that the distur-
bance rejection performance and robustness against plant pa-

Authorized licensed use limited to: Hong Kong University of Science and Technology. Downloaded on April 12,2021 at 08:45:42 UTC from IEEE Xplore.  Restrictions apply. 



278 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 50, NO. 2, APRIL 2003

rameter variations have both been improved by using the plug-in
robust compensator. The only extra cost is the implementation
of the extra linear blocks and .

B. Simulation Results for the Position Controller

The nominal controller for position loop control

(14)

was obtained to robustly track a step reference and reject a
constant external disturbance. The corresponding closed-loop
poles were approximately located at and 52.4,
respectively, while the closed-loop zeros were approximately
equal to .

For the design of the block defined in Section III, the
pre-filter was chosen.
As described in Section IV-A, the constantwas chosen to be 4
so that the cross-over frequency of the shaped plant was around
160 Hz, which was adequate for torque rejection loop because
the bandwidth of the outer position loop was in the order of 10
Hz, generally.

By using the commandncfsynof MATLAB -Analysis and
Synthesis Toolbox again, the controller

was found and then from (10), the optimal plug-in robust com-
pensator

was obtained. Using the Hankel norm model reduction with dc
gain matching [10], we obtain a third-order approximation of
the optimal plug-in robust compensator

(15)

In the following simulation experiments, the nominal con-
troller without the plug-in compensator in (14) was used for
comparison. A constant reference position rad was ap-
plied at 2 s, so that the constant rotor flux condition can be as-
sumed. Fig. 6(a) shows the simulation results. We found that the
transient tracking response was not affected by the addition of
the plug-in robust compensator.

Next, a 2-Nm load torque was applied at 2.5 s. The upper
section of Fig. 6(b) shows the position responses of the nominal
controller alone and the one with the plug-in robust compen-
sator. It is clear that disturbance rejection performance is much
better with the help of the plug-in robust compensator. In addi-
tion, the output performance of the approximation of the optimal
plug-in compensator is almost the same as that of the optimal
plug-in compensator.

The lower section of Fig. 6(b) shows the position response
when the rotor resistance was doubled suddenly at 3 s while

Fig. 6. Position control. (a) Transient tracking response comparison. (b) Sys-
tem robustness test. (c) Phase-A current and command currenti .

the load torque was still being applied. Without the help of the
plug-in robust compensator, the output position oscillates signif-
icantly; however, the output position is almost not affected when
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Fig. 7. Motor test platform at HKUST.

the proposed plug-in robust compensator was used. Fig. 6(c)
shows the phase A current and the command currentfor
the approximation of the optimal plug-in compensator. Both of
them are within the current limit of the motor driver and the
motor winding.

The simulation results in this section show the effectiveness
of the proposed plug-in compensator. It is clear that the pro-
posed compensator can greatly enhance the system robustness
for an IFOC induction motor drive system. The mechanical out-
puts (speed and position) are recorded to illustrate the desirable
system response while the internal electrical variables such as

and are also captured for inspection to ensure that the
internal stability remains.

V. EXPERIMENTAL RESULTS

Experiments are performed to verify the effectiveness of
our proposed controllers. Basically, the hardware setup is
constructed as in Fig. 1(a). A dSPACE DS1102 DSP controller
board was used as our motion controller to implement the
velocity/position controller and the IFOC algorithm. In con-
nection with MATLAB real-time workshop and SIMULINK,
a fast prototyping working environment was achieved and
hence the code development time can be saved. The DSP
controller implements all control algorithms with a sampling
frequency 2 kHz. In every control cycle, the controller reads
the motor encoder, performs the control algorithm calculation
and then outputs two phase current reference commands to
the current tracking amplifier. An Advanced Motion Controls
Inc. S30A40B current-tracking driver was used and the 1.5-kW
three-phase induction motor was from Baldor Inc. with the
parameters listed in Table I. A Magtrol Inc. dynamometer was
used to generate the load torque in this experiment. Fig. 7
shows the induction motor under a load torque test at the motor
control laboratory in the Hong Kong University of Science and
Technology (HKUST).

The proposed plug-in robust compensators, (13) and (15), and
the nominal controllers of speed and position control, (12) and
(14), stated in Section IV were used in the actual experiment. In

(a)

(b)

Fig. 8. Speed control. (a) Transient tracking response comparison. (b) Chan-
nel 2: actual phase-A current (10 A/div); channel 3: phase–A current command.

total, there were six experiments conducted to verify the effec-
tiveness of the proposed compensator.

A. Experimental Results for the Speed Controller

Fig. 8(a) shows the speed-tracking performance without any
load disturbances and plant parameter variations. As mentioned
in Section III, the plug-in compensator does not affect the tran-
sient tracking response. The current tracking response is shown
in Fig. 8(b) for one reference cycle when the plug-in compen-
sator was turned on. The actual current tracks closely with the
command value. This proves the current loop bandwidth is ad-
equate for our application and the internal electrical current be-
haves satisfactorily with the plug-in compensator.

With a fully computer-controlled dynamometer, a step load
can be easily applied to the motor system in order to verify the
disturbance rejection performance. Fig. 9(a) shows the exper-
imental results, it is clear that the system controlled using the
plug-in compensator did not have any significant speed drop
under a 2-Nm load torque; however, a 30-r/min speed drop and
a 0.3-s recovery time resulted if the nominal controller was used
alone. The current commands of the nominal controller and
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Fig. 9. Speed control. (a) Disturbance rejection comparison. (b) Current
commandi comparison. (c) Speed tracking response comparison under plant
parameter variation.

the one with the plug-in compensator are shown in Fig. 9(b), it
can be observed that the torque compensation using the plug-in

(a)

(b)

Fig. 10. Position control. (a) Transient tracking response comparison. (b)
Channel 2: actual phase-A current (10 A/div); channel 3: phase-A current
command.

compensator is much faster than that of the nominal controller
and hence the speed regulation can still be maintained.

The third experiment is to verify how the plug-in robust
compensator can improve the system performance under plant
parameter variations. In this experiment, the valuein the
controller was artificially doubled and then the output speed
response was recorded. Fig. 9(c) shows the experimental
results. From the upper section of Fig. 9(c), the nominal
controller cannot compensate the plant parameter variation and
hence the rise time is prolonged. In addition, the overshoot and
steady-state error are present. If the plug-in robust compen-
sator was used, the output speed response did not show any
significant degradation under the plant parameter variations.

B. Experimental Results for the Position Controller

Fig. 10(a) shows the position-tracking performance without
any load disturbance and plant parameter variations. The ad-
dition of the plug-in compensator does not affect the transient
tracking response. The current tracking response for phase
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(a)

(b)

(c)

Fig. 11. Position control. (a) Disturbance rejection comparison. (b) Current
commandi comparison. (c) Position tracking response comparison under
plant parameter variation.

winding A is shown in Fig. 10(b) for one reference cycle when
the plug-in compensator was turned on. The actual current
tracks closely with the command value and falls within the
driver and motor limit. This proves the internal electrical
current is still stable when the plug-in compensator was on.

As in the speed-loop load-torque test, a step load torque
was applied using a dynamometer. Fig. 11(a) shows the ex-
perimental results; it is clear that the system controlled with

the plug-in compensator did not have any significant position
variation under a 2-Nm load torque; however, a 0.1-rad posi-
tion variation was recorded if the nominal controller was used
alone. The current commands of the nominal controller and
the one with the plug-in compensator are shown in Fig. 11(b).
It can be observed that the torque compensation using the
plug-in compensator is much faster than that using the nominal
controller alone and, hence, the position regulation can still be
maintained.

The final experiment in this section is to verify the robustness
enhancement of the proposed plug-in compensator. In this ex-
periment, the value in the controller was artificially doubled
and then the output position response was measured. Fig. 11(c)
shows the experimental results. There are overshoots and os-
cillations in the transient tracking response if the nominal con-
troller was used alone. However, a good tracking response with
no overshoot was achieved by turning on the plug-in compen-
sator although the rise time is prolonged slightly.

From the above experimental results, we found that the re-
sults match well with the simulation results in Section IV. This
validates the effectiveness of the proposed plug-in robust com-
pensator.

VI. CONCLUSIONS

In this paper, a simple and effective method is proposed for
the design of a plug-in robust compensator for IFOC induc-
tion machine drives. With this plug-in robust compensator, the
IFOC induction machine drivers achieve good system output
responses even under plant parameter variations such as rotor
resistance change and in the presence of the external distur-
bances.

The nominal command tracking response and the system
robustness performance of the proposed controller can be
designed separately [16]. The nominal command tracking
response can be taken care using simple nominal or existing
controllers such as PID and lead–lag compensators while the
system robustness and the disturbance rejection response can
be improved using the proposed plug-in robust compensator. In
the design of the plug-in compensator, the loop-shaping
technique is employed to compensate for the unstructured
model uncertainties such as the rotor resistance change in IFOC
machine drives that is difficult to model. In comparison to other
robust controller design, the selection of the weighting func-
tions in loop-shaping controller design is sample as the
weighting functions are chosen according to some well-defined
system specifications such as bandwidth and steady-state error
requirement. In addition, the loop-shaping controller can
be found without any iterative computation.

The proposed plug-in robust compensator is not only appli-
cable for IFOC induction motor drive systems, but is also ca-
pable of handling more general systems subject to disturbance
and modeled/un-modeled uncertainties. The proposed plug-in
compensator had been successfully applied to an accurate posi-
tion control of a linear switched reluctance motor [19]. In addi-
tion, the input and output signals of the blockcan be used for
fault tolerant control [7], [17], [18] and, hence, a more reliable
system can be achieved.
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