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Abstract—Integral control is one of the methods for reducing steady-state
error in a feedback control system. This method is frequently used in
manufacturing and industrial control processes. It is an important topic in the
control engineering curriculum. In this paper, a learning-by-doing approach for
teaching integral control is introduced by means of a set of laboratory
experiments. These experiments are designed to elucidate the operation of
integral control and to reveal its associated windup problems. Solutions to the
windup problems are introduced also. Such hands-on activities offer practical
experience to the students and enhance their understanding of integral control.
A laboratory station and the microcontroller tools for supporting the activities
are also described. These experiments can be included in controls or
microcontroller laboratory courses.
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1 Introduction

Steady-state error could occur in a feedback control system. If the steady-state
error is persistent, the integral of the steady-state error will increase over time. Such
integral can be leveraged as a control signal for reducing the steady-state error. This
control method is one of the effective methods for reducing steady state error in a
feedback control system. Its applications include speed control, liquid flow control,
temperature and pressure controls in industrial plants. Therefore, it is beneficial for
engineering students to understand integral control techniques.

A downside of integral control is its associated problem of integrator windup. This
problem could cause large overshoot or undershoot of the controlled variable away
from the set point and that is not desirable. It could also cause unwanted oscillation of
the controlled variable that could take too long to dissipate. It is important for
engineering students to recognize these windup problems and to derive solutions for
solving these problems.

There have been studies on integral control and anti-windup methods, e.g., [1], [2],
and [3] that emphasized on theoretical analysis and [4] that focused on the computer
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simulation aspect. There have been efforts of developing experiments for learning
control engineering in different modes of delivery, e.g., remote and virtual
laboratories [5] and [6], internet-based [7], and low-cost platforms [8] for control
engineering education. It is advantageous to supplement the above theoretical
analysis, computer simulation, remote, virtual, and internet-based settings with a
hands-on approach for learning integral control.

This work aims at developing a hands-on approach for learning integral control by
means of a set of laboratory experiments. Our objectives include:

e Develop a practical laboratory station to support the hands-on approach.

e Use a low-cost microcontroller to execute integral control and anti-windup
algorithms.

e Develop and verify a set of hands-on experiments to elucidate the operation of
integral control and to reveal its associated windup problems.

e Provide open-ended solutions to the problems that interested students can work on
them further.

2 Laboratory Set-up

The experiments considered in this paper are speed control experiments conducted
in a Feedback Mechanical Unit Model 33-100. A drawing of this unit is shown in Fig.
1. A simplified block diagram of this unit for the integral control experiments is
shown in Fig. 2.
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Fig. 1. Feedback Mechanical Unit Model 33-100
The H-bridge/motor/gears and the tachometer in Fig. 2 are the main part of the

Feedback Mechanical Unit. The H-bridge controls the motion of the output shaft of
the geared DC motor. It is driven by a pulse-width modulated (PWM) signal
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generated by the microcontroller. The output shaft of the geared motor is connected to
a tachometer for angular speed measurement. The output voltage of the tachometer,
Vi, is proportional to the angular velocity of the output shaft. The proportionality
constant is approximately 2.5 V DC per 1000 rpm. For clockwise rotation, Vi was
kept within the range of 0 to +5 V DC in the experiments. For counter-clockwise
rotation, Vi was kept within the range of 0 to -5 V DC.

Output
Desired speed Vi shaft
expressed in voltage ——| P.WMl H-bridae/motor/ angle
(set point) Vtacho Microcontroller signa -bridge/motor
gears
Signal
conditioning
circuit
Vit

Tachometer

Fig. 2. Block diagram of the speed control system

The microcontroller in Fig. 2 is a Freescale (now NXP) 16-bit microcontroller. The
model number is MC9S12C32 in the S12 family [9]. The integral controllers in the
experiments were implemented as C programs running in that microcontroller. These
C programs were developed in CodeWarrior Development Studio for HCS12(X)
Special Edition 5.1 [10]. It is an integrated development environment for developing
software in C and assembly. The microcontroller and the software development tool
were used in [11], [12], and [13] before.

In Fig. 2 the tachometer output signal Vi is in the range of -5 to 5 V; however, the
microcontroller accepts a signal in the range of 0 to 5 V only. This necessitates a
signal conditioning circuit for converting Vi in the range of -5 V to 5 V to Viacho in the
range of 0 V to 5 V. Such a circuit was described in [11] and was used in our
experiments.

The set point Vi and the controlled variable Vicno in Fig. 2 were read into the
microcontroller through its built-in analog-to-digital converter (ADC). The set point
Vi was limited to the range of 0 to 5 V. That corresponded to speeds from 0 to 2000
rpm in both clockwise and counter-clockwise rotations. If Viwas set to 0 V, it meant
that the desired speed was 2000 rpm in counter-clockwise direction. If Vi was set to
2.5V, it corresponded to O rpm. If Vi was 5 V, it corresponded to 2000 rpm in
clockwise direction. The relationship between Viand the desired speed is linear. The
signal Vtacho works the same way as Vi.

The geared motor in the Feedback Mechanical Unit operates in locked anti-phase
mode. Under this mode only one signal is used to control both motor speed and
direction. That signal is the PWM signal from the microcontroller in Fig. 2. The
operation is explained as follows: when the PWM signal is at 50% duty cycle, the
motor stops. When the duty cycle is less than 50%, the output shaft will rotate in the
clockwise direction. The smaller the duty cycle, the faster the rotation in the
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clockwise direction. If the duty cycle is more than 50%, the output shaft will rotate in
the counter-clockwise direction. The higher the duty cycle, the faster the rotation in
the counter-clockwise direction. This locked anti-phase mode was used in [11], [12],
and [13] before. The experiments performed on this laboratory station are described
in the next section.

3 Integral Control and Anti-Windup Experiments

First experiment: The purpose of the first experiment is to illustrate a drawback of
proportional controller for constant motor speed control. A block diagram of the
proportional controller is shown in Fig. 3. As indicated by its input and output signals,
this block diagram corresponds to the microcontroller block in Fig. 2.

Vi + ;
Kp Pulse width Ly RWM
modulator signal

Vtacho -

Fig. 3. Block diagram for the proportional controller

In Fig. 3 the error between the set point Vi and the controlled variable Viacho is
scaled by the gain factor K;. The scaled error modulates the duty cycle of the PWM
signal taking into account the locked anti-phase mode of operation of the motor. The
PWM signal drives the motor for about 1 ms. Then new values of Vi and Vicho are
obtained by the ADC. The error is re-calculated and is used to update the duty cycle
of the PWM signal. This process is done repeatedly. The code snippet of the C
program that implements the proportional controller is shown below. The
configurations of the PWM and ADC of the microcontroller are the same as that
discussed before in [11] and [13].

/3% 3 e st st s e st st sk s e stest s st st st skeste sk st sttt skekoskoskokoskokoskokskokok

Proportional controller
****************************************/
while(1) {

startADC(); // activate ADC

waitms(1);

vin=ATDDROH;

vtacho=ATDDR2H;

// vin and vtacho are Vi and Vtacho in Fig. 3
error=vin-vtacho;

n=-(error)/255/2*Kp + pwdty; //Kp=25, pwdty=0.5

n*=250;

/Mlimiting n and overcoming deadband

if (n>250) n=250;
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else if(n<0) n=0;

else if (n>110)&(n<=120)) n=110;
else if (n>=130)&(n<140)) n=140;
//setting register to new duty cycle
PWMDTY 0= (unsigned int) n;

} // end while loop

The C program containing the above snippet for the proportional controller was
tested in the Feedback Mechanical Unit at light and heavy loads. The tachometer
signal is shown in Fig. 4. The set point was chosen at about 3.3 V and that
corresponded to about 640 rpm. Under light load condition, there was steady-state
error as shown in Fig. 4. Notice that a non-zero steady-state error is necessary to keep
the motor spinning. If the error were zero, the output of the proportional controller
would be zero. That meant no actuation, thereby the motor would slow down and
produced a non-zero error.

Heavy load was |
applied I

Fig. 4. Tachometer signal under light and heavy loads

Under heavier load condition, the steady-state error was larger than that of the
lighter load condition. The larger error would produce a larger drive at the output of
the proportional controller trying to overcome the heavier load. As indicated in Fig. 4,
the proportional controller was not able to drive the controlled variable to the set
point. A solution for eliminating the steady-state error is by using integral control. It is
described in the next experiment.

Second experiment: The purpose of the second experiment is to illustrate the
benefit of integral control for eliminating the steady-state error and that will keep the
motor speed constant. The integral controller was added to the proportional controller
as shown in Fig. 5. This combination of proportional and integral (PI) controllers was
implemented by the same microcontroller in Fig. 2.
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Fig. 5. Block diagram for the PI controller

In Fig. 5 the error between Vi and Viacho 1s fed to the integral controller in addition
to the proportional controller. The error is integrated and scaled by the gain factor Ki
as indicated in the integral controller block. The same error is also scaled by Kp like
before in the proportional controller. The outputs of the two controllers are summed
together. The sum modulates the duty cycle of the PWM signal in the same way as in
the first experiment. The code snippet of the C program that implemented the PI
controller is shown below.

/3 3 e st st s e st st s s e st st s ke st st stttk st sttt skeskokoskoskoskokoskok skokok

PI controller
****************************************/
while(1) {
startADC(); // activate ADC
waitms(1);

vin=ATDDROH;

vtacho=ATDDR2H;

// vin and vtacho are Vi and Vtacho in Fig. 3
error=vin-vtacho;

integral += error;

// Kp=25, Ki=1 and pwdty=0.5
n=-(error)/255/2*Kp - integral/255/2*Ki + pwdty;
n*=250;

/Mlimiting n and overcoming deadband

if (n>250) n=250;

else if(n<0) n=0;

else if (n>110)&(n<=120)) n=110;

else if (n>=130)&(n<140)) n=140;

//setting register to new duty cycle
PWMDTY 0= (unsigned int) n;

}+ // end while loop

The C program containing the above snippet for the PI controller was tested in the
Feedback Mechanical Unit with light load. The tachometer signal is shown in Fig. 6.
Notice that steady-state error was reduced to zero. Under much heavier load,
however, the actuator (motor) could become not able to produce enough power to
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drive the motor speed to the set point. A steady-state error could appear. This issue
was investigated and the result is provided in the next experiment.

Integral control and light load. Speed
was kept at the set point.

Fig. 6. Tachometer signal obtained in the second experiment with light load

Third experiment: The purpose of the third experiment is to investigate the effect
of actuator saturation on integral control. The same PI controller in Experiment 2 was
used except that the load was chosen to be so heavy that the motor was no longer able
to attain the same desired speed specified by the set point. A steady-state error
occurred as shown in Fig. 7. Note that the error was not caused by the failure of the
integral control but caused by the actuator being saturated.

Light load was :
applied .

Heavy load was applied. Steady-state
error was visible. The integral was
winding up during this period.

Fig. 7. Tachometer signal with steady-state error due to heavy load

During this time of non-zero steady-state error, the integrator output was increasing
(winding up) in magnitude that could become very large. When the heavy load was no
longer in demand and the original lighter load restored, the motor speed could become
much larger than the set point for some time as indicated in Fig. 8. This over speeding
was caused by the large value accumulated in the integrator.
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While the motor was over speeding, the integrator output was being reduced by the
accumulation of the error in the opposite direction. At the point that the oscillation in
Fig. 8 was settled, the value stored in the integrator should be equal to its original
value prior to the application of the heavy load. It is interesting to mention that the
time it took to restore the motor speed signal to the set point steadily was
approximately the time it took for the area of the signal above the set point to become
equal to that below the set point in Fig. 8 during the period of non-zero steady-state
error.

The heavy load in Fig. 8 was applied for a certain period of time. When the heavy
load was applied for a longer period of time as indicated in Fig. 9, the magnitude of
the over speeding was larger and the duration of the over speeding was longer as
indicated in the figure. This was again caused by the integral term. The integral this
time was increased to a much larger value due to the longer period of heavy loading
and thereby it took longer time to restore the speed at the set point. In summary, the
problems caused by integrator windup in this experiment were the extra time for
recovery of the speed at the set point and the large over speeding for some period of
time. These problems can be alleviated by using anti-windup methods. In the next two
experiments, these methods are introduced and investigated.

. [l Heavy load for a shorter
ll erough for integral windup. When the
Bl 10ad was gone, the speed shot up high
,,,,,,,,,  due to integral windup.

Fig. 8. Tachometer signal showing the effect of integrator windup

load for longer duration. Higher
overshoot and longer settling time.

Fig. 9. Tachometer signal due to heavy load applied for longer duration
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Fourth experiment: The purpose of the fourth experiment is to apply the
clamping method in reducing the problems associated with integrator windup. This
anti-windup strategy requires the knowledge of the actuator’s saturation limit. Such
limit for our experiments is explained briefly as follows: the motor of the Feedback
unit is driven by the PWM signal from the microcontroller. The motor output power is
highest when the variable integral becomes 255 due to 8-bit PWM resolution.
Therefore, the variable integral is reset to 255 when its value become larger than 255.
(While winding up, the variable integral is much larger than 255.) The code snippet
incorporating this clamping method is shown below.

/3 3 ke st st s e st st s s e stest s st stesteose ke steskeoske st sttt skeskoskoskeskokokoskok skokok

PI controller with clamping method
****************************************/
while(1) {
startADC(); // activate ADC
waitms(1);
vin=ATDDROH;
vtacho=ATDDR2H;
// vin and vtacho are Vi and Vtacho in Fig. 3
error=vin-vtacho;
integral += error;
if (integral>255) integral=255;
/I Kp=25, Ki=1 and pwdty=0.5
=-(error)/255/2*Kp - integral/255/2*Ki + pwdty;
n*=250;
/Mlimiting n and overcoming deadband
if (n>250) n=250;
else if(n<0) n=0;
else if (n>110)&(n<=120)) n=110;
else if (n>=130)&(n<140)) n=140;
//setting register to new duty cycle
PWMDTY 0= (unsigned int) n;
} // end while loop

The C program containing the above clamping method was tested in the Feedback
Mechanical Unit. In this experiment the applied load was a light load first and then
changed to the same heavy load as in the last experiment. The heavy load was applied
for a period of time and then the light load was restored. The result is shown in Fig.
10. Notice that the overshoot and the settling time were greatly reduced. This
indicates that the clamping method was effective in alleviating the integrator windup
problems in this experiment. Another method is proposed in the next experiment for
solving the same problem. Its performance will be compared with the clamping
method.
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Integral control with anti-windup
clamping method. Overshoot and
settling time were much reduced.

Fig. 10. Tachometer signal in the fourth experiment

Fifth experiment: In this experiment another anti-windup method is investigated.
In this method the value of the variable integral is limited in a different way. When
the variable integral is greater than 255, it is reduced to below 255 as indicated in the
code snippet below. The amount of reduction from 255 is chosen to be proportional to
the amount of the variable integral beyond 255. The proportionality factor Kw chosen
in the experiment was 2.

/3 3 e st st s e st st sk s e stesi s ke st st steste skt sttt skeskokoskokoskokoskok skokok

PI controller with another anti-windup method
****************************************/

while(1) {
startADC(); /I activate ADC
waitms(1);
vin=ATDDROH;
vtacho=ATDDR2H;
// vin and vtacho are Vi and Vtacho in Fig. 3
error=vin-vtacho;
integral += error;
if (integral>255) {
integral=integral-(integral-255)*Kw; // Kw=2
}
else {
if (integral<-255) {
integral=integral-(integral+255)*Kw;
H
}
// Kp=25, Ki=1 and pwdty=0.5
n=-(error)/255/2*Kp - integral/255/2*Ki + pwdty;
n*=250;
//limiting n and overcoming deadband
if (n>250) n=250;
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else if(n<0) n=0;

else if (n>110)&(n<=120)) n=110;
else if (n>=130)&(n<140)) n=140;
//setting register to new duty cycle
PWMDTY 0= (unsigned int) n;

} // end while loop

The applied load in this experiment was the same as the last experiment. The
result is shown in Fig. 11. Notice that the overshoot and the settling time were greatly
reduced by this method also.

. Integral control with antiwindup in the [
M fifth experiment. Overshoot and settling |
Bl time were again much reduced. i

Fig. 11.Tachometer signal in the fifth experiment

In comparing the responses in Fig. 10 and Fig. 11, it was noticed that the response
in Fig. 10 took slightly more time to return to the set point than that in Fig. 11. It was
partly because of the difference in the initial values of the variable integral at the
instant the heavy load was removed. In the former case, that initial value was 255. In
the latter case it was less than 255 and thereby took less time to return to its original
value under light load condition.

The anti-windup solutions in the last two experiments can be further fine-tuned.
They can be used for guiding the students to derive their own solutions for solving the
control problems. Such open-ended solutions will likely facilitate student engagement
[14].

4 Concluding Remarks

A laboratory station of microcontroller-based speed control system was established
for investigating integral control and anti-windup methods. The integral controllers
were implemented as C programs running on the microcontroller. The controllers
were tested in the speed control system. The results were documented and analyzed.
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The first experiment indicated that proportional control was not satisfactory for
solving the speed control problem. The second experiment confirmed that the integral
control method could remove the steady-state error. This experiment also elucidated
the operation of integral control. The third experiment revealed the windup problems
associated with integral control. The last two experiments investigated two anti-
windup methods for alleviating the integrator windup problems observed in the third
experiment. The objectives in Section 1 were met.
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