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Introduction
The typica control systems course relies on
samulation tools to demondrate the concepts
presented in the lecture.  While smulaions
ae usful for visudizing the theory, only a
hardware-based experiment can demondrate
how the theory trandates to the real world.
During the Fall Semester 2000, the ENTC
462 class a Texas A&M peformed an
experiment to test the capabilites of a
classc PID control sysem on a plant
modeled by a second order equation using a
digitd controller operating in the discrete
time domain.
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Figure 1 - Classic Closed-Loop Control

This experiment brought controls into the
physicd rellm so that students could see a
PID control sysem manipulate the
peformance of a red-world devicee The
plant chosen for the project was a DC motor
coupled to an identicd DC motor to create a
motor/generator system that would provide
an andog voltage output for any given
andog voltage input. An additiona opticd
sensor  was added for purposes of
determining the RPM of the motor given a
known input.

Figure 2 - DC Motor/Generator (Plant)

The controller had to support two inputs
(the driving sgnd and the feedback sgnd)
and one output (the motor control Sgnd)
and had to be reprogrammable. There were
many different devices used by the class, but
this paper will focus on two particular
implementations—an MC68HC12
microcontroller by Motorola and a Nationa
Ingruments implementation usng
LabVIEW 51 ad a PCI-1200 data
acquisition (DAQ) card.

To ad in the solving of the complex
sysems of equations, vaious software
packages were used including one that was
developed interndly. The primary software
program used throughout the project was a
"red-time" gmulation tool written by Judin
Ewing, an undergraduate <tudent. The
progran  was desgned usng Nationd
Indrument's LabVIEW Virtud Instrument
and was cgpable of dynamicaly plotting the
output of a sysem for different PID
constants. In addition to the program
written by Mr. Ewing, various other
gmulaion and computationa  programs
were used, incduding Matlab, Smulink,
Maple, Curve Expet 14, and other
LabVIEW tools to hep find fourth order
roots and <solve for coefficients in
Smultaneous equations.



Characterization of the Plant

To achieve tight control of the plant (in
this case a motor), thee must be a
characterigtic equation that describes the
operation of the motor over its range of
inputs.

Because the motor is a mechanicd
device, it was assumed that it was
overdamped and more importantly, that it
could be represented by a second order
equation. A second order modd is sufficient
because it adequately models both the risng
and steady date characteristics of the motor
regponse, and it is a comfortable medium
between trivid and tedious cdculations.
Since the intent of the class was to lean
how to implement a PID control system, it
was decided that modding the plant with an
equation higher than second order would
detract from the important principles and
cause students to become overwhemed with
the calculations.

Two types of data were collected from
the plant, the firg was the representaion
between input voltage and output speed of
the motor. The second was the motor's
response to a step input.  Capturing this data
was draghtfowad usng a dgmple
LabVIEW daa acquistion program to read
the given input and resulting output for a
given st of test input amplitudes  The
following figure describes the RPM  output
of the motor for increesng postive input
voltages.  This reaionship turned out to be
linear which dlowed a generic characteridtic
equation to be developed—one that was not
dependent upon input values.
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Figure 3 - Linearity between Input and Output

The second data set collected was the
motor's response to a step input.  Two
different methods were used to acquire the
data from the motor's response to a step
input. One group used LabVIEW to apply
the step input and then measure the resulting
output. The other group used LabVIEW
grictly as a data collection device and used a
manua push-button switch to apply the
input step.  The logic used to support the use
of the switch was that there would be an
associated latency induced by the DAQ card
having to peform multiple functions a the
same time. After comparing both sets of
data, it was found that any delay caused by
the sampling rate of the DAQ cad was
indgnificant and did not produce any
irregulaities in the data  The following
diagran detals the input dep and
corresponding motor characteristic response.
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Figure 4 - Input Setup vs. Motor Output

Notice that it takes about 45 ms for the
motor to resch its steady State value. During
the initid cheracterization of the motor, the
generator  actudly produced an output
voltage grester than the motor input. To
understand why this happened, one must
examine the laboratory setup in more detall.
Because the motor required a high current, it
could not be driven directly from the DAQ
cad. Therefore, the voltage output of the
DAQ cad was buffered by a voltage-to-
current converter that supplied the motor
through 60A power supplies. This
converson introduced an eror into the
gysem, and as a result, the motors were



driven with a dightly higher voltage than
was provided by the DAQ card. Fortunately
this eror did not &fect the find PID
experimen.

The data was collected at a rate of one
sanple every millisecond until the motor
reached its deady dtate output vaue plus
about 20ms to ensure that the motor had
Settled—about 65 ms The resulting first
order exponentiad expresson that describes
the characteristic response of the motor was
derived usng Curve Expet 1.34, a curve
fitting program.  The reaulting firs order
equation was.

V,, =5.45(0.96- e ™)

Agan, notice that when given a +5V dgep
input the generator output actudly is grester
than 5V, this is due to the power mnverson
error mentioned previoudy.

The first order equation can modd the
risng response of the motor, but to modd
the steady sate response of the system, a
second order  polynomid fit was used.
Indead of peforming this curve fit, a
diffrent method was used. The
“LabVIEW_PID” program was used to
approximate the openloop second order
equation and hence, one could determine the
damping ratiox, and the undamped naturd
frequency, w, to described the motor's
response to a step input.  All gpproximations
were peformed visudly by compaing a
Microsoft Excd plot of the actud data and
modifying the LabVIEW PID x, and wp
vaues until the response curves “gppeared”
the same.
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Figure 5 - Plot of Second Order Equation

Usang this visud method, the authors
arived a the following second order
characterigic  equation for describing the
motor’ s response to a +5V step input:

40000

Y(8) =
s? +550s + 40000

Discrete PID Control

The project was then segmented into
three didinct sections, each implementing a
different method of motor  control:
Proportional-Integral, Proportional-
Derivative, and Proportiona-Integral-
Deivative. These are described below with
both the continuous equation as a reference,
dong with the implemented discrete
equation used by the controller to determine
the necessary control signds. Two separate
implementations of the controller were used;
one was based on a LabVIEW daa
acquistion system while the second was
based on a MC68HC12 microcontroller.

PI Control

Theoreticdly, Proportiond-Integrd (P1)
control of the motor would provide a system
that is more responsve.  Unfortunatey, this
is often too responsve and thus produces
overshoot and ringing in the find output.
The folowing equaions describe the
continuous transfer function and discrete
control  equations implemented for PFl
control of the motor.



Y(s) _ 40000(K; +K s)
R(s) s?+550s? +40000(K , +1)s+40000K;

Uo =€ *((k *T) +k,)- .. *K, +U, ,

To define the terms in the above equation:
‘U is the output of the system to the plant,
‘e is the error sgnd input to the contraller,
T is the sampling time of the sysem, k is the
present value and k- 1 isthe previous vaue.

The following figure is the output of the
motor given a 3V dep with condant values
for K, and varying values of K.
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Figure 6 - Proportional-Integral Control

Notice that the sysem becomes more
respongve with increasing vaues of K.

PD Control

Usng just Proportiona-Derivative (PD)
control in the modd theoreticdly provides
for a sysem tha settles out fagter than with
just  Proportiond or Proportiona-Integrd
control. The following equations describe
the continuous transfer function and discrete
control  equations implemented for PD
control of the motor.

Y(s) _ 42000(K,s+K,)
R(S) s’ +(550+42000K, )s-+ (40000 + 42000K )

U = € * ((kd/T) + kp) 'ek-l* ((de/T) + kp)
+6,* (Ky/T) U,y

The fdlowing is a plot of the motor's
response to an input step of 2V and usng
constant K, with varying Kg.
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Figure 7 - Proportional-Derivative Control

Notice that for increesing vaues of Kg, the
system sdtled out quicker. Only very smdl
vdues of Ky were possble due to the
extreme effects of Derivaive control—it
only takes a smadl amount of Ky to provide a
large effect on the output.

PID Control

Findly, PID control was implemented.
As expected, PID control provides for the
tightes closed-loop control as compared to
any other combingtion. The following
equations ae the continuous trandfer
function and the discrete control equations
implemented.

Y(s) _ 40000(K 4s* + K s +K)
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R(s) s°+ (550 +40000K ,)s’ + (40000 + 40000 Kp )s + 40000Ki

Up to this point in the project, the data
from the microcontroller and LabVIEW
implementations were consgent with each
other and provided about the same qudity
results.  In the find implementation of the
PID controller, the two groups achieved
quite different results.  The find data from
the microcontroller group was not what they
had expected. Although it did maintain tight



control of the motor, it did not succeed in
increasing the response of the motor. The
condant vaues that provided the following
best response plot are: K,=2.5, K;=80 and
K4=0.001.
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Figure 8 - MC68HC12 PID Output

The LabVIEW implementation, on the
other hand, was more successful in
achieving the project gods  The following
is a plot of the LabVIEW results. The best
condant vaues for this plot were: Kp=7.5,
Ki=200 and K¢=0.001.
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Figure 8 - LabVIEW PID Output

Notice the increased response and tighter
control with the LabVIEW implementation
compared to the MCHC12.

Intelligent Controllers

As mentioned previoudy, the authors
chose vey different controllers for this
project—one chose the Motorola
MC68HC12 and the other used LabVIEW
5.1 in conjunction with a PCI-1200 DAQ
card. Each implementation had both
advantages and disadvantages as compared
to the other.

0.2

Disadvantages

The HC12 microcontroller offered a few
limitations not noticed in the LabVIEW
verson. Possbly the biggest limitation was
the fact that it could only be programmed by
a low to mid levd programming language
(Assembly, C).  Although it reduced the
totd amount of overhead in the program, it
increased  the possbility for programming
errors.  The group that used a LabVIEW-
based sysem found very little difficulty in
getting correct results from the outset.
Possbly the biggest limitation of the HC12
was its processng power. The HC12 can
only operate with 16-bit vaues and as a
result the operations would often ‘rall’ out
and provide erroneous data as it cycled
between the high and low rals of the
sydem.  This was due to the extreme
sendtivity of the contro  sysem to
numerica eror. LabVIEW, on the other
hand, has the ability to operate with 32-hit
vaues and thus can provide a much better
reullt and diminate the ‘raling observed
with the HCl12. Ancther large difficulty
experienced by both groups was the
sampling time.  Although the HC12 had less
overhead, it also had less processng power
0 the sampling rae, as measured by
toggling an externd port hit, was about
12ms. While the groups usng the HCI12
microcontroller found that the sampling time
could be reduced to 0.2ms if the floating
point calculations were diminated, they dso
found that the decrease in accuracy was
unacceptable.  Surprisingly, the LabVIEW
implementation achieved a 1.3ms sampling
rate even with the overhead found in such a

high-levd  programming environment.  This
rale was aufficent to implement the
controller.

Advantages

It appears that most of the advantages are
with the LabVIEW implementation, but
there were a few tha remaned with the



HC12. One advantage for the HC12 was
price. The HC12 group used an evauation
board thet cost $150. They aso used a copy
of the Introl C Compiler and a basic
persond computer (PC) with a serid port.
Ancther advantage of the microcontroller
gysem is that it is gmilar to the type of
system found in industry.

The LabVIEW setup requires a moderate
gpeed Pentium computer with a PCI-1200
DAQ cad and LabVIEW software license.
Even if the cost were not an issue, setting up
a PC to run the PID control system would
consume too much space for most indudtrid
goplications.

However, the LabVIEW implementation
has extraordinay benefits for desgn,
research, and educationa purposes. Fir,
the actual program can be done very quickly,
and it is easy to modify. Second, the ability
to add probes and graphs at different points
in the program alows the user to teke a
deeper look into what is actudly happening
in the control sysem. Findly, tuning the
PID control system is as easy as clicking the
mouse. Conversdy, tuning the PID system
usng a microcontroller requires editing the
source code, recompiling, and re
downloading the program to  the
microcontroller.  This can quickly become a
tedious task.

Conclusons

This project proved to be an exciting
learning experience for each member of the
cass as wdl as for the ingructor. It taught
the sudents how to characterize a plant
usng a second order modd and the
importance of usng discrete time domain
cdculations in a controller-based
environment. 1t dso alowed the students to
experimentdly observe the effects  of
vaying the PID coefficents  Findly, this
project not only showed that it is possble to
provide reliable, closed-loop control of a

second-order plant, but that PID control
gytems can  actudly  improve  the
peformance of a plant. In order to make
this project viable over several semedters, a
new plant sysem tha has a variable load is
being developed. In this manner, the system
being controlled can be changed from
semester to semester.



