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ABSTRACT 
The Illinois Roadway Simulator (IRS) is a novel, 

Hardware in the Loop (HIL) scale vehicle testbed used to study 
vehicle dynamics and controls. An overview of this system is 
presented, and individual hardware issues are addressed. System 
modeling results on the vehicles and hardware are introduced, and 
comparisons of the resulting dynamics are made with fill sized 
vehicles. To address the realism factor of using scaled vehicles, 
comparisons are made between vehicle responses of full and 1:lO 
scale vehicles. Finally, the IRS is used to examine the effect of 
actuator dynamics on a particular vehicle control application. 

1. INTRODUCTION 
As the use of control systems in vehicles has increased 

the past several years, the safety, performance, and reliability of 
vehicles has improved, primarily due to the implementation of 
automated controllers. A significant amount of research has been 
done on vehicle control (Tomizuka and Hedrick, 1995, Shladover, 
1995), but much of this work has been limited to simulation 
because the use of a full size vehicle to test controllers is often 
prohibitively expensive as well as dangerous. The focus of this 
research has been to develop a scale version of a vehicle and a 
roadway for safe and economic testing of these types of 
controllers. To that end, the Illinois Roadway Simulator (IRS) has 
been developed. The IRS is an experimental testbed consisting of 
scaled vehicles running on a simulated road surface. 

There are several advantages of the IRS over full scale 
vehicle testing. First, the availability of scale vehicle components 
makes construction simple and very cheap. The durability of these 
vehicles and the ability to intervene during an accident makes 
testing safe and repeatable. The scheduling and use of public or 
private roadways is not an issue. No drivers or pedestrians are put 
at risk during testing of aggressive vehicle controllers. The 
simulated roadway surface can be varied quickly and easily to 
simulate changing road surfaces. Finally, testing has shown that 
vehicle dynamics from scale vehicles matches and follows the 
same trends as full-scale vehicles. 

2. IRS OVERVIEW 
The Illinois Roadway Simulator (IRS) testbed begins 

with the scaled roadway surface, which consists of a 4 x 8 ft. 
treadmill capable of top speeds of 15 mph. Scale vehicles are run 
via a standard transmitter on this treadmill. The remainder of the 
IRS consists of a driver console, two 75 MHz Pentium computers, 
a transmitter/receiver system, and a vehicle position sensor 
system. 

The controller/hardware loop begins with a reference 
signal. The signal can come from either the driver console or from 
a function imbedded in the controller code. If the signal is from 
the driver, it is input to the computer via an Analog Devices 815 
Analog I/O board sampling at 1 kHz. The code then applies the 
desired vehicle controller, and outputs control commands to the 
vehicle via an Analog Devices 802 Output board directly into a 

transmitter. The receiver system on the vehicle transforms the 
transmitter’s FM signals into a pulse-width modulated signal, 
which are then sent to the vehicle actuators. Each actuator has a 
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built-in controller that converts the pulse-width modulated signals 
into reference commands. 

To maintain the vehicle on the treadmill, a separate 
controller uses the vehicle’s inertial position as feedback and sends 
an output voltage signal to the treadmill. The treadmill uses an 
industrial motor controller that converts the input voltage level to 
a reference speed, and adjusts the DC drive motor current to match 
this speed accordingly. The diagram below gives an overview of 
the entire system: 

Figure 1: A diagram of the control loop used on the IRS. 

system Figure 2: A Picture of the IRS 

The feedback loop begins with a position sensor 
mounted on the vehicle. The sensor consists of a 3-bar linkage 
with potentiometers at each joint. The angles from each joint are 
then used to determine the position of the vehicle on the treadmill. 
The figure below shows a sensor arm, as well as the angle and 
length conventions used to determine vehicle position 
Figure 3: The arm used for position sensing 

 



The treadmill speed is monitored through an encoder wheel 
mounted on the drive shaft of the motor. Depending on the 
vehicle, wheel velocities can also be measured via encoders. 

There currently are three vehicles in use on the IRS, 
each with different operating capabilities. The simplest car is a 
2WD vehicle with front wheel steer, and is used to test following 
strategies and sensors. The second is a 4WD vehicle with 
independent front and rear steering. This vehicle is used to 
conduct basic vehicle dynamics and controller analysis. The most 
advanced vehicle is a custom built, independent wheel torque 
vehicle. It has a separate motor on each wheel, is front and rear 
steerable, and has encoders on each wheel monitoring wheel 
velocity. This vehicle is used to test ABS and integrated chassis 
controller strategies. 

The independent 4 wheel torque, 4 wheel steer vehicle. Figure 4: 

3.1 SYSTEM MODELING: TREADMILL DYNAMICS 
The central piece of hardware in the IRS is the simulated 

roadway surface which consists of a treadmill with an on-board 
velocity controller. The motor used on the treadmill does not 
allow speed reversing. Hence, acceleration of the treadmill is 
accomplished by a DC motor which applies torque to the treadmill 
belt, while deceleration is accomplished by shutting off the motor 
and allowing friction to slow the treadmill down, The treadmill’s 
equations of motion are: 

h.if do = B,o-F+ 
dt J J 

1 :, 
,if ~ ~~ (l) 

where J is the treadmill’s rotational moment of inertia, B is the 
treadmill’s viscous damping, F is the sliding friction term, and V 
represents the treadmill velocity. 

The system transfer function for velocity was found to 
be: 

v(s)= 2.38 m/s -- 
Volts(s) s+4.5 v (2) 

where the high frequency gain was obtained from a least squares 
lit and the pole from a step response. The treadmill controller 
contained a time-delay likely to be caused by the velocity sensor. 
It is suspected that this delay in the feedback loop on the treadmill 
induces the observed delay in the treadmill response. 

To solve for the friction parameters in Equation (l), the 
system time-response was examined when the motor received 
step-decrement velocity commands. An iterative, linear- 
regression search was done to lit the time-domain function values 

of F/B and B/J. The F/B value was found to be 0.270 set-‘, and 
B/J was found to be 0.158 set-‘. The best-fit estimates for F/J and 
B/J varied slightly with respect to velocity. It is suspected that the 
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torque contribution due to viscous and sliding friction values 
actually change with treadmill speed due to the creation of an air- 
bearing between the sliding treadmill surface and the underlying 
supporting panel. For simulation purposes, constant parameter 
values are assumed at all velocities; the slight errors of this 
assumption are visible in the plots below comparing experimental 
and modeled data. Note that treadmill velocity is simply a gain 
multiplied by the rotational speed, and is plotted as the dependent 
variable instead of rotational speed. 

Time (seconds) 
Figure 5: Open loop treadmill responses for voltage commands of 
1,2,3 and 4 volts step-up, 0.5 volts step down and steady-state 
voltage. Experimental data is shown in dots, lit data as solid lines, 

3.2 SYSTEM MODELING - VEHICLE SENSING 
The planar position and orientation of the vehicle is 

determined via an arm attached to the vehicle. The arm has two 
segments, with three potentiometers attached at the ends of the 
segments. From the potentiometers, the angle of each segment can 
be determined. Given the length of the arms, the 3 planar degrees 
of freedom of the vehicle can then be found. Figure 3 shows the 
angle conventions used to determine vehicle position from the arm 
angles. From these angles, the vehicle’s position is given by 
trigonometric relations: 

x = Ll co&t + L* CO&~ 

y = L, .sin(Ot +02) + L2 .sin(t!lt +e2) (3) 
The vehicle velocities in the plane are determined via numerical 
differentiation instead of using analytical derivatives of Equation 
(3). The resolution is approximately the same. The measurement 
of the link angles has been tested using both potentiometers and 
encoders, with potentiometers found to be a better sensor. 
Initially, encoders were used at each joint, but were not robust 
enough to withstand occasional crashes of the vehicle and had 
only l/10 the angular resolution of a potentiometer. Furthermore, 
the encoder position sensing suffered from the digital nature of the 
encoder signal. Initially, filtering was attempted to correct this 
problem, but the signal remained too noisy for use in advanced 
controller techniques, such as yaw-rate control. 

3.3 SYSTEM MODELING - ACTUATOR DYNAMICS 
To identify the steering system dynamics, a servo actuator was 
isolated and a frequency response was obtained using an HP 
Dynamic Signal Analyzer (DSA) 3207x4 relating input voltage 
command to output servo angle. The reference actuator angle, 
which is a gain multiplied by the reference steer angle, was 
increased to find the regions where the system response was non- 
linear. The DSA output feedback signal was constructed by 
interfacing the servo feedback potentiometer found inside the 
servo actuator. This potentiometer was calibrated using an 

encoder over a large sweep range. Bode plots over various 
actuator angles revealed a non-linear frequency response (see 
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Figure 6 below). Step responses revealed that the system is rate 
limited for large actuator angles. This rate limiting is expected 
because of gearing and steering linkage friction. Similar rate- 
limited steer-actuator effects can be seen in actual vehicle 
responses: e.g. limited flow-rate systems in hydraulic power- 
steering units (Stombaugh, 1998) 

-. 
0.1 1 to 0.1 1 to 

Frequency (Hz) Frequency (Hz) 

Figure 6: The non-linear frequency responses of the servo for 
several amplitudes of the tracking signal. 

The actuator response was then approximated as first order and its 
poles were determined from the bode analysis to be between 1 and 
7 Hz. Time domain and frequency domain responses tit the 
actuator pole at 3.8 Hz. 

A time delay on the transmitter of approximately 0.017 
1 0.005 seconds was measured during the time-domain fit. It is 
suspected that this delay is due to the electronics and control 
hardware mounted on the receiver and actuator, and so this 
finding was expected. The following figure shows the rate limited 
experimental step responses. 

Figure 7: The step responses of the steering actuator. 

4. VEHICLE DYNAMICS: BICYCLE MODEL 
A common description of a planar vehicle is the well 

known Bicycle Model (Genta, 1997). Therefore, this was taken as 
an initial estimate for the dynamics of the scaled IRS vehicle. The 
Bicycle Model consists of two dynamic degrees of freedom, lateral 
velocity and yaw rate, assuming longitudinal velocity remains 
constant. The state space formulation (Peng & Tomizuka, 1993) 
is as follows. 
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where 
A,=-(C,f+C,),A2=(C,.L2-Csf.Ll) 

m m 

A 
3 ( 

csr. L2 -Csf .L1) = = -(csf-L*2+csrG) 

1, 

,A 
4 

1, 

B,=c,f, B2=- Ll Csf 
m 1, 

m  = mass of the vehicle 
I, = vehicle inertia about vertical axis at the C.G. 
V = vehicle forward velocity 
C,r, C,, = front, rear cornering stiffnesses 
Lt, Lr = distance from front, rear axle to the C.G. 
L=L, +b 
d, = distance between sensor and C.G. along vehicle axis 
Y, = distance measured fr. reference to sensor laterally 
S, = front steering angle 
ye = Yaw Angle 

In Equation (4) the output equation measures the lateral 
displacement at a point ahead of the C.G. similar to a AHS 
configuration (Guldner, et al. 1996). The transfer function from 
input steer angle to output lateral displacement is given as: 
Y,(s) Csr’.’ 2 W-,d, + 1,)s 2 
-= + C,,C,,Wd, + Lz)s + C&,&V2 
&Cd I,mV2s4 +V(I,(Csr +C,,)+m(CsrL,’ +C,L2’))s’ +(mV2(C,,L2 -C,IL,)+C&,L*$ 

(5) 
In initial testing of the bicycle model for one of the IRS vehicles, a 
frequency domain fit for the model could not be experimentally 
obtained unless the previously discussed actuator dynamics were 
accounted for. Moreover, there was a distinct backlash in the 
steering system that also had to be included to accommodate an 
accurate time domain system representation. Figure 8 indicates a 
frequency response fit for the vehicle at a velocity of 1.2 m/s and a 
sensor distance of 0.33 meters ahead of the vehicle c.g. The 
frequency response data is for a vehicle operating under closed 
loop lateral position control. The open loop data was difficult to 
obtain due to the fact that the open loop system is unstable: 2 
poles at the origin. 

r------------- O/----- 
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Figure 8: System Bode plots and fit (Model Fit is Dashed) 
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Figure 9: Vehicle Step Response (Experimental Data Quantized) 
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For the frequency response fit, the steering actuator of Section 3 
was simply modeled as a 4.6 Hz first order lag. The magnitude of 
the backlash was given as 0.175 degrees. From the closed loop 
data, an open loop transfer function was identified. The 
corresponding transfer function has: 

poles = [0, 0, -8, -20, -291 zeros = [-2.4, -4.81 (6) 

The pole/zero set of Equation (6) corresponds well to published 
data for a bicycle model vehicle operating at speeds of 
approximately 12 m/s (43 km/hr). In Reid et al (1981) the bicycle 
model transfer functions from steer input to lateral position have 
the characteristics: 

Full size sedan: poles = [0, 0, -6.1 l,-5.031 
zeros = [-2.51 f 5.4Oi] (7) 

Compact sedan: poles = [0, 0, -6.80,-6.111 
zeros = [-3.40 f 6.7711 (8) 

These pole/zero sets were developed with the lateral velocity taken 
from the vehicle C.G. rather than the sensor location used in 
developing the model fits of Equation 6 and do not include steer 
actuator dynamics. Additionally, examination of the model 
developed for a 1986 Pontiac 6000STE sedan in the California 
PATH program (Guldner et al, 1996) indicates that the dynamics 
of the system in Figures 8 to 9 share a great deal of similarity. 

Pontiac 6000: poles = [0, 0, -8.54 f 3.33i] 
zeros = [-4.91 * 7. lOi] (9) 

In Guldner et al (1996) there is also the description of a steer 
actuator dynamics in the range of 5-10Hz. The Ford Scientific 
Research Laboratories give the following model characteristics of 
a Ford Taurus SHO (Pillutti et al, 1995): 

Taurus SHO: poles = [0, 0, -14.10 + 3.6311 
zeros = [-9.52 + 6.6211 (10) 

Given the variability of different vehicles’ dynamics, an exact 
match should not be sought. However, the previous analysis 
indicates that the dynamics of the IRS scaled vehicles are similar 
enough to those of actual vehicles to be usetil for controller 
testing. Algorithms that are deemed successful could then be 
scaled up to actual full size tests. 

5. VEHICLE LATERAL CONTROLLER DESIGN 
One control scenario investigated with the IRS is the 

lateral regulation of vehicles as would be expected of a lane 
keeping objective within an Automated Highway System 
(Tomizuka and Hedrick, 1995) To do this a Model Reference 
Controller (MRC) will be designed. The goal is to determine the 
effect of neglecting the steer actuator dynamics in the control 
design. Model reference (model following) controller design is a 
method by which desired closed loop characteristics can be 
introduced into a system, i.e. a pole placement method. MRC has 
a systematic method for the controller design. Assume the plant 
can be modeled as a ratio of two linear polynomials, 

Y(s) B(s) -=- 
U(s) A(s) 

(11) 

The polynomial A is assumed to be manic and of degree n. B can 
be non-manic and of degree less than or equal to n. It is also 
assumed that the polynomials are relatively prime, i.e. they have 

no common factors, The desired closed loop performance is: 

y(s) % l(s) 
UC(s) = Am(s) 

The control law is given by 

(12) 
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Ru(t) = Tut(t) - Sy(t) (13) 
where R, S, T are polynomials in the Laplace operator s. The 
controller consists of a feedforward term (T/R) and a feedback 
term (S/R). The idea behind the controller is to cancel out the 
unwanted plant dynamics and replace them with the designer’s 
own desired dynamics. 

To design the polynomials R, S, and T, it is necessary to 
take a closer look at the closed loop system in question (Equation 
6). To have the closed loop system performance be identical to 
the desired reference model (Equation 12), the closed loop 
polynomials and the reference model must be identical. 

Y(t) = y$$$Jc(t) 

BT Bm =- 
AR+BS Am 

Equation (12) implies pole/zero cancellations occur between BT 
and AR+BS. Then, if B is separated into stable and well damped 
zeros (B+)and unstable or poorly damped zeros (B-), B‘ must be a 
factor of B,. This also means that B+ is canceled, so it must be a 
factor of AR+BS. A,,, must also be a factor of AR+BS since it is 
the desired model characteristic polynomial. So, AR+BS must 
include A,, B+, and what is called the observer polynomial, &, 
for causality conditions. Finally, since A and B are relatively 
prime and B+ is a factor of B and AR+BS, B+ must also be a factor 
of R. R can then be factored into 

R=R’B+, (16) 
To solve for R, S, and T, the logical steps just followed reduce the 
closed loop polynomial matching to 

A.R’-B-.S=A,.A, (17) 
T = A,, B’, (18) 

where B, = B-B’,. 
As long as A and B are relatively prime, Equation (17) has a 
solution. For R, S, and T to be causal, the following conditions 
must be satisfied: 

degree(S) < degree(R) 
degree(T) I degree(R) (19) 

Because Equation (17), called the Diophantine Equation, has 
infinite solutions, it is simplest to implement a controller with the 
lowest degree possible, i.e. the minimum degree solution. This 
can be completed by restricting 

degree(A,) = degree(A) 
degree(B,) = degree(B) 

degree(AO) = degree(A) - degree( B+) - 1 

B, =B-.B’,. (20) 
This design can be modified to cancel all, some, or none of the 
zeros by altering B,, thus altering the MRC design. A more 
detailed discussion of this topic is given in Astrom and 
Wittenmark (1995). 

A model reference design was completed on the model 
for Figures 8-9 along with a PI based design. The MRC design 
was done with two methods: one where the actuator dynamic was 
included in the design and a second where it was neglected. The 
reference model for the MRC design is as follows: 
2308.(s+5+lj)(s+5-lj) 
Gts)= (~+4+3j)(s+4-3j)(s+8+4j)(s+8-4j)(s+30) (21) 
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This model was chosen because it provided a fast transient 
response with little overshoot and no steady-state error. This 
reference model resulted in the following polynomials for the case 
with the actuator dynamics: 

R(s)= s4 +44.9.s3 +707.2.s2 +3530.8.s+6364.5 (22) 
S(s)=6000s4+293s3+4484s2+23140s+23779 (231 

T(s)=6000s4+216s3+2604s2+13109s+23779 (24) 

AO(s)=s2+24s+144 (25) 
All designs were completed with a f 15 degree hard constraint on 
the front steer angle. Figure 10 displays the experimental results 
from the vehicle for all three designs in comparison to the 
reference model output. The figure shows that a PI based design 
(KP = 5, Ki = 3) cannot achieve the desired fast transient response 
for this vehicle speed and sensor location. An MRC design, 
however, can provide a faster transient response. The MRC 
design with the actuator included shows nearly perfect following 
of the model whereas the design with the actuator neglected gives 
a more oscillatory response than even the PI controller. The MRC 
design method shows that, for this experimental vehicle, the 
steering actuator dynamic cannot be neglected if appropriate 
model following is to be achieved. One can conjecture that 
similar results would occur on a full size vehicle if actuator 
dynamics are neglected. 

0.1 
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Figure 10: Lateral Displacement vs. Time for the Control Designs- 
Top: RST with Actuator (solid) vs. Reference Model (dashed), 
Middle: RST without Actuator vs. Reference Model, 
Bottom: PI vs. Reference Model. 

CONCLUSIONS 
The IRS has been introduced and shown to be a viable 

testbed for vehicle control applications. Various components and 
subsystems have been introduced and models developed for each. 
The models developed for the scaled vehicles operating on the 
IRS are dynamically very similar to those of an actual vehicle 
thereby validating the controller design efforts. The IRS is 
flexible, inexpensive, easily reconfigurable, and safe enough to 
attempt several controller strategies. It has opened up different 

avenues of investigation for vehicle dynamics and control. In this 
work we demonstrate that the actuator dynamics are a crucial part 
of system that cannot be ignored during the controller design. 
Other investigations (DePoorter & Alleyne, 1997) have examined 
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the impact of sensor placement on AHS control schemes as well as 
alternative sensing methodologies involving optical photosensors 
(Alleyne, et al, 1998). 
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