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Abstract— A fractional horsepower dynamometer was developed as
a general purpose hardware-in-the-loop real-time simulation platform
to emulate mechanical nonlinearities such as frictions, state-dependent
disturbances, etc. This lab system can be used as a research platform to
test various nonlinear control schemes. This platform can also be used
as a laboratory experiment for ECE5320 “Mechatronics” and ECE7330
“Nonlinear and Adaptive Control” courses at Utah State University.
The novelty of this platform lies in its ability to generate an arbitrary
external torque load disturbance, using a controllable hysteresis brake,
to a DC motor plant. Therefore, many nonlinear systems and controls
can be emulated physically. In this paper, we include some sample
experimental results to show the versatility of the dynamometer in
emulating nonlinearities and the effectiveness in real-time testing of
advanced nonlinear control schemes.

Index Terms— Nonlinear control, adaptive control, hardware-in-the-
loop real-time simulation, real-time control systems rapid prototyping

I. INTRODUCTION

Topics like adaptive disturbance rejection in general and friction
compensation in particular have been of special interest to control
theorists, due to a wide variety of applications in the fields of
robotics, automobiles, microelectromechanical systems etc. Ad-
vances in nonlinear control theory have made possible significant
developments in these and other areas [1], [2]. It is widely accepted
that the development of any new theory requires experimental
supporting evidence. However, performing actual experiments on
real world machines can be expensive. This gives rise to the need
for a generic low-cost platform that can generate nonidealities like
friction and other forms of disturbances.

The Center for Self-Organizing and Intelligent Systems (CSOIS)
at Utah State University (USU) has developed a fractional horse-
power dynamometer [3], shown in Fig. 1, equipped with DC motor,
hysteresis brake, encoder for position feedback, load-cell for force
feedback, and power and drive circuitry. The hysteresis brake is
used to generate a brake force that acts as a disturbance to the
motion of the motor shaft. As is proposed in this paper, this
setup can be used to simulate various nonlinear control problems.
Five example nonlinear adaptive control problems, namely, adap-
tive feedforward cancelation (AFC) [4], repetitive control (RC)
[5], adaptive Coulomb friction compensation (ACFC) [6], state-
periodic adaptive learning control (SPALC) [7] for state-periodic
disturbance, and sliding mode control [8] are presented here with
experimental results on this platform.

The Department of Electrical and Computer Engineering (ECE)
at USU offers a graduate level course in Nonlinear and Adaptive
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Control [9]. This course deals with nonlinear systems theory, sta-
bility analysis, and nonlinear feedback control design techniques.
The department also offers a course in Mechatronics [10], which
deals with principles, interfacing, and signal conditioning of mo-
tion sensors and actuator, the modeling, analysis, and identification
of discrete-time systems, and digital controller design methods.

This paper describes how the fractional horsepower dynamome-
ter can be used as a low-cost, real-time rapid prototyping platform
to test nonlinear control algorithms as well as a laboratory ex-
periment for the above mentioned courses. Section II describes
the overall structure, including hardware and software, of the
dynamometer. Section III provides the details of the proposed
application of the dynamometer. Section IV gives the experimental
results in support of the proposition. Finally, Section V draws
conclusions from the results and outlines future possibilities with
the current setup.

Fig. 1. The Fractional Horsepower Dynamometer developed at CSOIS.

II. SYSTEM DESCRIPTION

A. Architecture

The architecture of the dynamometer system is shown in Fig. 2.
The Dynamometer includes the DC motor to be tested, a hysteresis
brake for applying load to the motor, a load cell to provide
force feedback, an optical encoder for position feedback and a
tachometer for velocity feedback.

B. Hardware Description

The Magtrol Hysteresis Brake used in the dynamometer pro-
duces torque strictly through an air gap, without the use of mag-
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Fig. 2. The architecture of the fractional-horse power dynamometer
control system.

netic particles or friction components. This method of breaking
provides far superior characteristics (smoother torque, longer life,
superior repeatability, higher degree of controllability, and less
maintenance and down time) that makes it the preferred choice
for precision tension control [11]. In this brake the control of
torque is provided by a field coil. The amount of braking torque
transmitted by the brake is proportional to the amount of current
flowing through the field coil. The direction of current flow is of no
consequence to the operation of brake. The brake and the motor are
each driven by an Advanced Motion Controls Brush Type PWM
Servo Amplifier Model 50A8. These controllers receive analog
signals from data acquisition hardware. The PWM controllers use
these signals to set the voltage output to the motor or the brake.
The controller then supplies all the current needed to maintain the
set voltage level.

Position and velocity measurements are performed on the dy-
namometer with the help of a Lucas Ledex S-9974-1024 incre-
mental encoder. This encoder outputs 1024 bits per revolution on
two quadrature lines. The system also has a Redington model no.
7631 tachometer for velocity measurement. This tachometer makes
use of one of the quadrature signals supplied by the encoder to
determine the velocity of the shaft.

The MDB-10 load cell from Transducer Techniques provides
the force feedback on the dynamometer. The load cell senses
torsional force from the hysteresis brake assembly. It consists of
a flexing beam with a bonded strain gauge, producing an analog
signal proportional to torque. With the heavy mass of the hysteresis
brake, the load cell behaves somewhat like a spring. This can
cause resonance at the system’s natural frequency. To reduce such
vibrations the moment arm of the brake is connected to a damper
cylinder.

The data acquisition system for the dynamometer has two
different sets of hardware for National Instruments (NI) LabVIEW
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and Matlab/Simulink software platforms:

o The National Instruments 6021E series AT-MIO-16DE-10 is
a 100 kS/s, 12-bit data acquisition card with 16 single-ended
analog inputs. It has two 12-bit analog outputs, two 24-bit,
20 MHz counter/timers, and 32 digital I/O lines. The original
hardware on the dynamometer has a 6021E terminal board
that connects directly to the AT-MIO-16DE-10 card in the
computer. NI LabVIEW based software uses this hardware
to transmit control signals to the dynamometer.

o The dynamometer was modified to connect to a Quanser
MultiQ3 terminal board in order to control the system through
Matlab/Simulink Real-Time Workshop (RTW) based soft-
ware. This terminal board communicates with the Quanser
MultiQ3 data acquisition card and has 8 encoder inputs, 8
single-ended or differential analog inputs, 8 analog outputs,
16 digital inputs, and 16 digital outputs.

C. Software Description

The dynamometer can be controlled from a personal computer
using one of the following software platforms:

o The National Instruments LabVIEW software provides a
graphical development environment for writing programs and
developing graphical user interfaces (GUIs) to interface real
world signals. The LabVIEW programs have been used to test
various parameters like torque, current, speed, etc. for the DC
motor. The GUI provides real-time parameter monitoring for
the motor parameters.

o The complex nonlinear control schemes were tested using
the Matlab/Simulink environment, which uses the WinCon
application, from Quanser, to communicate with the Quanser
MultiQ3 data acquisition card. WinCon is a Windows-based
application that runs Simulink models in real-time on a
PC. This brings rapid prototyping and hardware-in-the-loop
simulation capabilities to Simulink models. The Matlab Real-
Time Workshop generates C code from the Simulink model,
which results in a Windows executable file that is run by
WinCon independently of Simulink. WinCon’s architecture
ensures that the real-time process is afforded the highest CPU
priority and is not preempted by any competing tasks other
than the core OS functions.

III. PROPOSED APPLICATIONS

A. Research — Rapid Testing and Prototyping of Real-Time Non-
linear Controllers

Without loss of generality, consider a servo control system
modeled by:

v(t) €y
o(t) = —f(tz) +ud), @)

where z is the position or displacement, f(¢,x) is the unknown
disturbance, which may be state-dependent or time-dependent, v
is the velocity, and w is the control input. The system under
consideration, i.e. the DC motor in the dynamometer, has a
transfer function 1.52/(1.01s + 1). Moreover, the presence of
the hysteresis brake allows us to add a time-dependent or state-
dependent disturbance (load) to the motor. These factors combined
can simulate a system similar to the one given by (1) and (2). A
nonlinear controller can be designed for such a problem and can be
tested in the presence of the real disturbance as introduced through
the dynamometer. This eliminates the need for costly equipment
to test nonlinear control algorithms and the system can be used
as preliminary test bench for testing such theories. As shown
in the next section, five nonlinear and adaptive control schemes,
viz., adaptive feedforward cancelation (AFC), repetitive control
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(RC), adaptive coulomb friction compensation (ACFC), state-
periodic adaptive learning control (SPALC) for state-dependent
disturbance, and sliding mode control (SMC) have been tested on
the dynamometer as sample nonlinear control experiments.

B. Education — Laboratory Experiments on Rapid Prototyping of
Real-Time Controls

The dynamometer testbed can be used as a part of laboratories
in control and systems classes. In particular, at USU, two such
applications are possible:

1) Mechatronics Design Project Laboratory: Since this is a
course at the undergraduate level, the students can design
simple PID controllers for the motor without considering
any disturbance. Another exercise can be sensor calibration
using the load-cell. The load-cell also has a display that
displays the torque (in oz-in) being applied by the motor
shaft on the load-cell. This system can also be used to teach
the basics of hardware-software interfacing like the effect of
sampling time on real-time simulation performance and how
to deal with quantization effects in measured signals etc.

2) Nonlinear and Adaptive Control: The platform also provides
an opportunity for experimentation in the Nonlinear and
Adaptive Control class where students can design and test
their controllers on the dynamometer.

IV. SAMPLE NONLINEAR CONTROL EXPERIMENTS

The test setup used for the experiments is shown in Fig. 3.
Figure 4 shows the Simulink/RTW model used in one of the
tests. Note that, Simulink/RTW automatically generates codes for
Windows target to drive the dynamometer and brake via D/A
blocks while the encoder block in Fig. 4 receives the shaft angular
displacement information. Figure 4 is a typical hardware-in-the-
loop real-time simulation.

Fig. 3.

The dynamometer setup used in the sample nonlinear control
experiments.

A. Adaptive Feedforward Cancelation (AFC)

Tracking a reference signal and rejecting a time periodic distur-
bance has been a classical control problem. One of the techniques
to reject time periodic disturbances is internal model principle in
which a model of the disturbance generator is included in the
control loop. This creates poles at the frequency of disturbance
providing perfect disturbance rejection. Another approach is adap-
tive feedforward cancelation. In this method the disturbance is
canceled at the input of the plant by adding a negative of its value
at all times. Here magnitude and phase of the disturbance have to
be estimated.

ThiP4.6
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Fig. 4.  Simulink/RTW model used in the sample nonlinear control
experiments.

Let us consider an adaptive feedforward cancelation scheme as
given in [4] for the plant described by (1) and (2). The plant is
perturbed by a time-periodic disturbance d(t) of the form

d(t) = Asin(wit + ¢) = a1 cos(wit) + by sin(wit)  (3)

where only w is known. To compensate this kind of disturbance
we need to modify the control law in the following way

u = wui+ 01 cos(wit) + Oz sin(wit). %)

where u; is the control law for the case without any disturbance; in
our experiments it is a simple PID controller with gains K, = 12,
K; = 4, and K4 = 4. The control law in (4) cancels the
disturbance exactly when the parameters 6; and 6> have the
nominal values

07 = —aa, 05 = —b1. 5)

The update law for ensuring the convergence of adaptive param-
eters can be written as [4]

01 = —gycos(wit), Oz = —gysin(wit) ©)

where y is the plant output and g > 0 is an arbitrary parameter
called the adaptation gain.

Figure 5 shows the error plots for a velocity setpoint of 6
rad./sec. with a sinusoidal disturbance d(t) = 2.5 + 2sin(2t).
Note that in our experiments the control law does not directly
cancel the brake voltage. Instead it controls the input to the motor
depending upon the values of the adaptation parameters.

Voot ero adisec)

EJ % 0 £ El ] 0 £ ) 0 EJ C

(b) with AFC

Fig. 5. Tracking error with and without the adaptive feedforward
compensation

B. Repetitive Control (RC)

Another approach for effective tracking and disturbance rejec-
tion is by internal model principle using repetitive control ( see e.g.
[51, [12], [13]). Repetitive control uses a delay of 1" seconds, which
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is the period of the signal to be tracked or rejected, in the feedback
path of an internal loop to create a transfer function (1)/(1—e™*7)
inside the main control loop (Fig. 6). This causes the system to
have infinite gain at the frequencies, which are multiples of the
fundamental frequency, of the reference or the disturbance signal.
A low-pass filter is also included to improve the stability and
robustness. Note that this method can track signals of any shape
provided their time period is known.

am

t
J*\ Plant o
WL

Fig. 6. Basic scheme for implementing continuous-time repetitive control.

We used r(t) = (27)sin((27/20)¢) as the reference signal
and d(t) = 2.5+ 2sin((27/10)¢) as the disturbance input. Fig. 7
shows the effect of repetitive control on the tracking error. The
effect of the cut-off frequency w. on the tracking error can also
be seen in Figs. 7(b), 7(c), and 7(d).
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(a) Without RC. (b) With RC (w. = 4 rad/sec).

(c) With RC (w. = 8 rad/sec). (d) With RC (w. = 16 rad/sec)

Fig. 7. Tracking error with and without Repetitive Control.

C. Adaptive Coulomb Friction Compensation (ACFC)

This section describes a method of adaptive friction compensa-
tion as given in [6]. This method estimates the friction by the
use of a ‘reduced-order’ observer, the dynamics of which are
designed to ensure asymptotic convergence of the estimation error
to zero when the actual friction conforms to the classical model.
If the actual model of the friction differs from the classical model,
convergence of the error to zero cannot be easily shown; but the
results show acceptable performance.

According to the classical definition friction is a nonlinear, zero-
memory, odd-function of velocity. The simplest representation of
this function is

f(v,a) = asgn(v) @)
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where f is the friction force and v is the velocity. The dynamics
of the velocity in the process in which friction is presented is
assumed to be represented by

o(t) = —f(v,a)+w ®)

where w is the force due to all sources other than friction. In our
case we can assume it to be the control voltage to the motor and
friction can be introduced into the system by applying a voltage,
proportional to the sign of velocity, to the brake.

In this method a nonlinear reduced-order observer has been
postulated to estimate the undetermined parameter a. The observer
is given by

a = z—klv" )
where the gain £ > 0 and the exponent ;1 > 0 are design
parameters and the variable z is given by

keplvo]* " fw — f(v, @)]sgn(v).

Since real-world friction does not conform to the classical
model, the performance of the observer in the presence of a more
representative model

flv) =

was investigated with a = 1.2, b = 1.0, and ¢ = 0.1.

Fig. 8 shows the position response of the dynamometer to a
0.05 Hz square wave with amplitude 2 radians in the presence of
braking force governed by (11) with and without adaptive friction
compensation.

2‘; =

10)

a2+ e """l 4 ¢v])sgn(v) (11)

— o]
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(a) Without friction compensation  (b) With friction compensation.

Fig. 8. Position response of system with and without friction compensa-
tion.

D. State-Periodic Adaptive Learning Control (SPALC)

This method, given in [7], presents a state-periodic adaptive
learning control (SPALC) scheme for compensating a state-
periodic disturbance. The system model used in this case is

B(t) = o)
o(t) = —a(z)sgn(v(t)) + v,

which is similar to the model from the previous case, the only
difference being that here the disturbance depends on position
(state).

To explain the idea of a state-periodic disturbance, we need
some basic definitions. Let suppose that the system is trajectory-
periodic like the upper figure of Fig. 9, where the forward and
backward movements are repetitive. Then, there exist friction
forces corresponding to the trajectory as in the bottom figure of
Fig. 9. From this figure, since the trajectory is state-periodic (but
not time-periodic), the following relationships are true:

z(ta) = x(te) = 2(tc) = x(ta),
ty —tq # ta —te and te — tq # ta — o

12)
13)
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Fig. 9. The state-periodic trajectory and its corresponding state-dependent
friction force.

In Fig. 9, the friction force values corresponding to time points
ta,tv,tc and tq are represented by the points a,b,c, and d.
Observe that a = ¢ and b = d, because the friction force is
position dependent. Now, based on Fig. 9, the following definitions
are provided:

Definition 4.1: The total passed trajectory s is given as:

s = /Ot wch = /Ot lo(r)|dr,

where x(t) is the position, and v(t) is the velocity.
Definition 4.2: The periodic trajectory s, is fixed and calcu-
lated, for example, by:

te ty
e [ [ bt
. dr £ dr

Definition 4.3: Since the friction force appears as a function of
the position and the desired trajectory to be followed is assumed
to be repetitive, which is true for many practical applications, the
friction force is also periodic with respect to position. So, based
on Definition 4.1 and Definition 4.2, the following relationship is
true:

a(s) = a(s — sp) and z(s) = z(s — sp) (14)
Definition 4.4: The trajectory cycle (F;) at time instant ¢ is
defined as P that satisfies the following relationship:

t—P
dx(r
/t —| ds_)|d7':sp

Particularly, the first trajectory cycle (P) is defined as P such
that:
T lda(7)]
—=—dr =sp
o dr

Assumption 4.1: The current position and time instant of the
system are measured, and P; can always be calculated at time
instant ¢.

This assumption is true in the case of experiments with P; being
constantly updated using current position and time information.

With the above definitions and assumption, the following prop-
erty is observed.

Property 4.1: The current friction force is equal to one-
trajectory past friction force. That is,

alt) = a(s(t)) = a(s(t) - s,) = alt - P,) (15)
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The feedback control law used for this case, as given in [7], is
given as

u = a(t)sgn(v(t)) + 0a(t) — (@ + New(t) — ares(t), (16)

where o and )\ are positive gains, 04(t) is the desired acceleration,
and e.(t) = z(t) — z4(t) is the position tracking error.
The periodic adaptation law for the case when s(t) > sp is
given by
a(t) = a(t — Pr) — Ksgn(v(t)) (eu(t) + Aea(t))

where a(t— P;) = a(s—sp) and K is a positive design parameter
called the periodic adaptation gain.
The adaptation law when s(t) < s, is given by

a(t) =z —g(lv(®)])

where 1 < ¢'(Ju(t)]) < o0, 2 = ¢'(|v])[u — asgn(v)]sgn(v), and
g'() =%

an

(18)

These control laws were verified on the dynamometer with sine
wave reference of period 20 seconds. The reference trajectory and
corresponding state-periodic disturbance are shown in Fig. 10.
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(a) Reference Signal. (b) State-dependent Disturbance

(Brake Voltage).

Fig. 10. Reference trajectory and state-periodic disturbance

Fig. 11 shows the asymptotic convergence of the tracking error
to zero for the SPALC controller and compares it to a conventional
PD controller.

Tracking oo wih periaic adapiveleaming contoler Tracking oo wih PD coirller

Eror )

% e w0 wo w0 im0 a VT wm W w w_ w0 @
me

(a) Tracking error for SPALC. (b) Tracking error for PD con-

troller.

Fig. 11. Reference trajectory and state-periodic disturbance

E. Sliding Mode Control (SMC)

In sliding mode control, trajectories are forced to reach a
sliding manifold in finite time and to stay on the manifold for all
future time. Motion on the manifold is independent of matched
uncertainties. For example, consider a second order system as
given in [8]

19)
(20)

:i?l = X2

h(z) + g(z)u,

T2 =
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where h and g are unknown nonlinear functions and g(z) > go >
0 for all x. In order to stabilize the origin we design a control
law that constrains the motion of the system to the manifold s =
a1x1 + 2 = 0. On this manifold, the motion is governed by
%1 = —a1x1. Choosing a1 > 0 guarantees that z(¢) tends to zero
as t tends to infinity and the rate of convergence can be controlled
by choice of ai. Motion of the trajectory consists of a reaching
phase, during which trajectories starting off the manifold s = 0
move toward it and reach it in a finite time, followed by a sliding
phase, during which the motion is confined to the manifold s = 0
and the dynamics of the system are represented by the reduced-
order model 1 = —a1x1.

Now let us consider the sliding mode control of a pendulum
equation, as given in [8],

:'El = I2 (21)
g2 = —(go/l)sin(z1 + 1) — ko/m + (1/mi*)u (22)
u = —ksgn(s) = —ksgn(a1z1 + z2) (23)

to stabilize the pendulum at 61 = 7/2, where x1 = 6 — 41 and
x2 = 0. The constants m, [, ko, and go are the mass, length,
coefficient of friction, and acceleration due to gravity, respectively.
We take a1 = 1 and k = 4. An emulation of this system can be
implemented by the dynamometer/DC motor setup described in
the paper.

Fig. 12 shows the step response of the DC motor with the control
law given by (23). This phenomenon is called chattering and
occurs because of imperfect switching due to unmodeled system
dynamics. To eliminate the chattering, the control input is divided
into continuous and switching components so as to reduce the
amplitude of the switching component. This results in a control
law

u = —0.1z2 + 2cosz1 — 2sgn(s) (24)

which shows a reduction in the switching term amplitude from 4 to
2. Fig. 13 shows the elimination of chattering in step response and
control input. Note that the parameters in the control law, as well
as the system parameters, have been modified from [8] in order
to satisfy the voltage constraints of the dynamometer hardware.
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(a) Step response for 7 /2 radians. (b) Control input to the motor.

Fig. 12. Step response and control input for sliding mode controller.

V. CONCLUSION

This paper demonstrates the use of a dynamometer system as a
low-cost and self-contained platform to test nonlinear control algo-
rithms. Five proven nonlinear control schemes have been demon-
strated on the dynamometer with experimental results shown in
Sec. IV. It should be noted here that the total load on the motor
shaft includes mechanical friction in the moving part and load
due to imperfect linkages etc., apart from just braking force.
Moreover, some of the parameters of the system to be simulated
have to be modified in order to meet system constraints. Thus ideal
results cannot be achieved in practical conditions. But still, the

ThiP4.6
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(a) Step response for 7/2 radians.  (b) Control input to the motor.

Fig. 13.
controller.

Step response and control input for the modified sliding mode

experimental results are comparable to the results of pure software
simulations.

Future work on this platform can include the simulation of other
nonlinear systems such as the hydraulic servo-system. Also, other
nonlinear control schemes, such as backstepping and feedback
linearization etc. [2], remain to be tested on the platform. We
also scheduled to add relevant lab components in our curricula for
classroom trial use of this general purpose platform.
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