IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 13, NO. 1, FEBRUARY 2008

1

Development of a Scaled Vehicle With Longitudinal
Dynamics of an HMMWV for an ITS Testbed
Rajeev Verma, Student Member, IEEE, Domitilla Del Vecchio, and Hosam K. Fathy

Abstract—This paper applies Buckingham’s π theorem to the
problem of building a scaled car whose longitudinal and powertrain dynamics are similar to those of a full-size high-mobility
multipurpose wheeled vehicle (HMMWV). The scaled vehicle uses
hardware-in-the-loop (HIL) simulation to capture some of the
scaled HMMWV dynamics physically, and simulates the remaining dynamics onboard in real time. This is performed with the
ultimate goal of testing cooperative collision avoidance algorithms
on a testbed comprising a number of these scaled vehicles. Both
simulation and experimental results demonstrate the validity of
this HIL-based scaling approach.
Index Terms—Buckingham’s π theorem, drivetrain, hardwarein-the-loop (HIL).
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NOMENCLATURE
Air density (kg/m3 ).
Acceleration due to gravity (m/s2 ).
Angular displacement of the flywheel (rad).
Angular displacement of the turbine (rad).
Angular displacement of transmission (rad).
Angular displacement of the propeller shaft (rad).
Average density of the vehicle material (kg/m3 ).
Brake torque (N·m).
Damping coefficient of transmission (kg/s).
DC motor armature resistance (Ω).
DC motor torque coefficient (constant).
DC motor back-EMF coefficient (constant).
DC motor current (A).
DC motor armature inductance (H).
DC motor angular displacement (rad).
Drag coefficient (constant).
Drive shaft output torque (N·m).
Flywheel moment of inertia (kg·m2 ).
Gear ratio (ratio).
Impeller torque (N·m).
Longitudinal speed of the vehicle (m/s).
Output torque produced by the final drive (N·m).
Output angular displacement of the final drive
(rad).
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Output angular displacement of the drive shaft
(rad).
Projected front area of the vehicle (m2 ).
Propeller shaft input torque (N·m).
Propeller shaft output torque (N·m).
PWM voltage signal applied to the dc motor (V).
Rolling resistance coefficient (constant).
Road gradient (rad).
Stiffness of transmission (kg/s2 ).
Tire radius (m).
Torque converter capacity factor (kg−0.5 m−1 ).
Torque converter torque ratio (ratio).
Torque converter speed ratio (ratio).
Torque output of the torque converter (N·m).
Torque produced by the dc motor (N·m).
Torque produced by the engine (N·m).
Transmission inertia (kg·m2 ).
Turbine torque (N·m).
Vehicle mass (kg).
Vehicle track length (m).
Wheel inertia (kg·m2 ).
I. INTRODUCTION

HIS PAPER examines the problem of building a
laboratory-scale vehicle whose longitudinal dynamics are
similar to those of a full-size high-mobility multipurpose
wheeled vehicle (HMMWV). This laboratory-scale vehicle uses
hardware-in-the-loop (HIL) simulation, in the sense of matching key dynamics of the full-size HMMWV (e.g., its inertia)
physically, while using an onboard processor to simulate the
rest. This is performed with the ultimate goal of developing a
scaled experimental testbed. This testbed will be used to validate
decision and control algorithms for intelligent transportation
systems (ITS) applications.
ITS include a wide range of systems from the basic cruise
control system, to the more advanced adaptive cruise control
system, to more complex systems that exploit embedded wireless communication technology. These systems include cooperative intersection collision avoidance systems, lateral collision avoidance systems, and longitudinal collision avoidance
systems [2], [17]. In response to the highway incident statistics [24], several major automotive companies have established
research programs focusing on cooperative safety systems [20].
These systems are conceived with three different levels of automation: advise or warn the driver, partially control the vehicle,
and fully control the vehicle in emergency situations. Testing
autonomous or partly autonomous algorithms directly on a fullscale transportation system is challenging due to cost limitations
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Fig. 1. HIL setup. The hardware of the vehicle includes chassis, wheels, axis,
and a dc motor with encoder. The scaled drivetrain dynamics is implemented
on the microprocessor controlling the dc motor.
Fig. 2.

and safety constraints. We are thus developing a lab-scale testbed
composed of 1/13-scale vehicles to validate decision and control algorithms for cooperative intersection collision avoidance
systems. In such a testbed, the vehicles are equipped with wireless communication, with a positioning system emulating the
global positioning system (GPS), and with an on-board computer solving decision, control, and communication tasks. The
vehicles’ longitudinal dynamics play a central role in collision
avoidance algorithms. For a meaningful algorithm validation, it
is therefore crucial to design scaled vehicles whose dynamics
are a faithful reproduction of the longitudinal dynamics of a
full-scale vehicle.
Our scaled vehicle hardware is composed only of the chassis
including wheels, tires, axis, and a dc motor with encoder. The
unavailability of an exact scaled replica of engine or transmission makes it impossible to include a scaled physical drivetrain
on the prototype. Therefore, an HIL setup is designed in which
a microprocessor controlling the dc motor emulates the scaled
drivetrain dynamics of an HMMWV including engine and transmission. The software coded in the microprocessor takes as input the throttle command by the onboard computer and applies
voltage commands to the dc motor in order to obtain the desired
drive torque at the wheels. The net result of such an HIL setup
is that the system composed of the software on the microprocessor and the dc motor takes as input a throttle command and
applies to the wheels the desired drive torque. This way, we
are able to obtain a scaled vehicle that as a whole responds to
throttle commands in a way similar to the full-scale vehicle.
In this paper, we focus on the development and validation of
the HIL setup, as shown in Fig. 1. In particular, scaling of the
drivetrain dynamics is performed by applying well-known concepts from scaling theory, including the Buckingham π theorem
and π groups. Scaling of active components such as engine and
transmission is difficult to achieve in hardware. Thus, we come
up with an HIL setup and the scaling of these components is
carried out in software.
Researchers have been studying scaled vehicles since 1930’s
for different reasons, such as trailer sway [11], vehicle dynamics [1], [33], performance on rough terrain, and to determine
vehicle turning radius [1], for automobile accident reconstruction [12]. More recently, work has been reported on vehicle
dynamics and controls [3]–[7], [10], [22], [29], to study the the
lateral motion and design of steerimg controller [9], [16], [18],
control prototying of braking system (ABS) [21], [23], [25],
[26], and to study vehicle rollover [30], [32]. The work that exists in the literature has focused mostly on lateral dynamics. The

Drivetrain.

unique contribution of this paper is the demonstration of longitudinal dynamics scaling of a vehicle with all the active powertrain
subsystems present in it using the HIL approach. In making this
contribution, we build on well-established HMMWV powertrain and vehicle dynamics models, scaling techniques, and HIL
simulation techniques to create a unique scaled testbed for ITS
applications. Our validation experiments confirm that the longitudinal response of the scaled vehicle matches the longitudinal
response of a full-scale vehicle.
Similitude research has been used for over a century to study
the behavior of systems that are difficult to analyze in their
original size and normal operating environment. Typically, such
research uses scaled models that are dynamically similar to a
system much larger than the model. A historic account of development of similitude theory can be found in [7]. Many published
studies on this topic are available [6], [7], [27], [28]. Using similitude theory, the dynamics of a system can be studied in terms
of dimensionless parameters. An important contributor in the
development of this theory is Buckingham [8]. He formulated
a theorem, called the π theorem, that can be used to study the
scaling properties of any system. See the Appendix for more
details.
This paper is organized as follows. In Section II, we describe the drivetrain model that we consider. In Section III,
we perform the computation of the π groups and simulate the
scaled model to show the match with the full-scale model. In
Section IV, we implement the scaled dynamics on the microprocessor. In Section V, we show experimental results and validate
the obtained data against the simulation data of the scaled model.
II. DRIVETRAIN MODEL
The literature presents physics-based models of the longitudinal and powertrain dynamics of the HMMWV, as well as explanations of the assumptions underlying these models [13]–[15],
[19]. This paper adopts these models, as described briefly next.
Fig. 2 shows the schematic of a vehicle drivetrain. We consider
a 4-speed vehicle with automatic transmission and rear wheel
drive.
A. Engine
The engine produces torque resulting from the combustion
process. The engine is modeled as a map (Fig. 3 [13]), which
takes throttle command and engine speed as input and calculates
torque generated by the engine, τe . For the low-frequency
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Fig. 3.
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Engine map [13].

Fig. 5.

Shiftmap (taken from [13]).

C. Transmission

Fig. 4.

Torque converter characteristics [13].

dynamics that we are interested in, a map-based engine model
can be used. Engine acceleration is calculated from (1), which
takes as input engine torque, τe , and load torque from torque
converter, τi . The flywheel is modeled as inertia. The governing
equation for the engine and flywheel is
Je θ̈CS = τe − τi

(1)

where Je is the engine and flywheel moment of inertia, θ̈CS is
the acceleration of the flywheel, τe is the torque produced by
the engine, and τi is the impeller torque.
B. Torque Converter
The torque converter model is a tabular relationship between
the impeller torque, τi , the turbine torque, τt , the impeller speed,
˙ , and the turbine speed, θ˙i .
which is assumed to be equal to θCS
˙ , and
The inputs to this model are speed ratio, Nratio = θ˙i /θCS
impeller speed. The capacity factor, Kfc , and the torque ratio,
Tratio , are determined by the map shown in Fig. 4. The impeller
torque and turbine torque are calculated as
2

τi =

˙
θCS
Kfc 2

τt = Tratio τi .

The transmission is modeled as a variable gear ratio transformer. To derive transmission dynamics, we treat it as a mass–
spring–damper system. This system takes as input the torque
output of the torque converter, τt , and the gear ratio, it . It produces propeller shaft input torque, τp . The model is given by
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in which B is the damping coefficient, It is the inertia, and K
is the stiffness of the transmission.
D. Shift Logic
Gear shift is modeled as a shift map (Fig. 5), which takes
propeller shaft speed and throttle position commanded by the
driver as the input and determines the instantaneous gear ratio
as the output [13]. Torque and speed variations during the gear
shift are captured by incorporating a blending function into the
model. The blending function (Fig. 6) gives the variation of
torque ratio and speed ratio during the gearshift and captures
important dynamics observed during a gearshift [13], [19].
E. Propeller Shaft
The propeller shaft dynamics are taken into account in the
transmission model, and thus, the propeller shaft input torque,
τp , and speed, θ̇t , are equal to the output torque, τf , and speed, θ̇p

(2)

τf = τp

(6)

(3)

θ̇t = θ̇p .

(7)
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TABLE I
PARAMETERS AND VARIABLES ASSOCIATED WITH THE VEHICLE

TABLE II
PARAMETERS ASSOCIATED WITH THE VEHICLE IN TERMS
OF FUNDAMENTAL QUANTITIES

Fig. 6.

Blending function (taken from [13]).

F. Final Drive
The final drive is modeled as a ratio, if , which reduces the
input speed, θ̇p , and increases the input torque, τf , to produce
the output speed, θ̇f , and torque, τd , respectively
τd = τf if

(8)

θp = θf if .

(9)

G. Drive Shaft
The drive shaft dynamics are taken into account in the transmission model, and thus, the drive shaft input torque, τd , and
speed, θ̇f , are equal to the output torque, τw , and speed, θ̇w :
τw = τd

(10)

θ̇w = θ̇f .

(11)

H. Vehicle Model
Point mass vehicle model is considered here, in which we
consider only longitudinal vehicle dynamics. We do not address
the lateral vehicle dynamics in this paper. This will be addressed
in a separate paper. The longitudinal motion of the vehicle is
defined by
ρair
CD Af U 2 R
(Jw + mR2 )θ̈w = τw − τbrake −
2
(12)
− Crr mg − Rmgsin(θroad )
where Jw is the wheel inertia, m is the mass of the vehicle, τbrake
is the brake torque, U is the longitudinal vehicle velocity, ρair
is the air density, CD is the drag coefficient, Af is the projected
front area of the vehicle, Crr is the rolling resistance cofficient,
R is the tire radius, and θroad is the road gradient, assumed 0
here.
The system, (1)–(12), is simulated using the Simulink. The
main components modeled are engine, automatic transmission,
gear shift logic, shafts, and vehicle. This constitutes a point mass
longitudinal dynamics model that does not account for roll and
pitch. The model considered serves well the purpose of predict-

ing the behavior of an HMMWV in longitudinal maneuvers in
the frequency range relevant for control (including the lowest
resonance modes of the driveline), and is simple enough to be
programmable on the motion controller, given its processing
and memory constraints.
III. SCALING
To apply Buckingham’s π theorem to the system described in
(1)–(12), the governing dynamical equations are examined. The
parameters and variables associated with the system, which are
used in this study, are listed in Table I.
The fundamental quantities (basic units) chosen for the formulation of nondimensional groups (π groups) are M, T , and L.
Similitude is achieved by grouping the parameters into (n − m)
independent nondimensional groups, where n is the number of
parameters and m is the number of fundamental quantities. The
parameters listed in Table I, which are important to design the
scaled vehicle, can be written in terms of fundamental quantities,
as illustrated in Table II.
All of the unitless parameters, such as angles and percentages
form their own π group. Now, we have three fundamental dimensions and 34 parameters (Table II). Out of these, if we choose
m, U , and l as repeating parameters (parameters that can appear
in some or all of the π groups), the remaining parameters will
form 31 dimensionless π groups.
A list of all the π groups is given in Table III.
A. Design of the Scaled Vehicle
It follows from Buckingham’s π theorem that if two dynamical systems are described by the same differential equations, then the solution to these differential equations will be
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3.3023
m

TABLE III
π GROUPS ASSOCIATED WITH THE SYSTEM

=
Actual

5

0.2573
3.15

Scaled

mActual = 6681 kg.

(14)

Note that the gross vehicle weight of the full-scale vehicle is
5112 kg [13]. In this paper, it is assumed that the full-scale
vehicle is carrying a payload of 1569 kg.
3) Velocity of the Scaled Vehicle: To find the ratio of velocity
that the scaled vehicle should maintain with respect to the fullscale vehicle in response to the same input, first observe that
time is not being scaled. Thus, we can consider U t/l to form
another π group. Now, we can write
Ut
l

=
Scaled

Ut
l

Actual

Ufull
= 3.302/0.257 = 12.84.
UScale

scale-invariant if the π groups are the same. To design the scaled
vehicle, we thus start with analyzing the π groups given in
Table III. For the scaled vehicle to be dynamically similar to the
actual vehicle, the value of these π groups should be the same
for both the systems. Based on this concept, we can derive the
parameter values of the scaled vehicle or of the actual vehicle.
1) Calculation of the Parameter Values for the Scaled
Vehicle: The track length of the full-scale vehicle and of the
scaled vehicle are fixed. The tire size of the scaled vehicle is
calculated by equating the π group corresponding to the tire
size of the scaled vehicle to the full-size vehicle as follows
(Table III, row 5):
R
l

=
Full

0.4412
3.302

=

R
l

Scaled

(13)

The actual tire diameter of the RC car is 0.033 m. This error is
compensated by using a feedforward control loop, as discussed
in detail in Section IV.
2) Mass of the Full-Scale Vehicle: The mass of the scaled
vehicle is 3.15 kg. Using the π groups corresponding to the
vehicle density (Table III—row 6), we calculate the mass of the
actual vehicle as follows:
ρl3
m

=
Scaled

ρl3
m

Actual

(ρ)Scaled = (ρ)Actual (assumed)
3

l
m

=
Scaled

l3
m

Actual

Thus, the full-scale vehicle velocity should be 12.84 times the
velocity of the scaled vehicle when the same maneuver is performed on both the systems.
4) Moment of Inertia of the Scaled Engine: The moment of
inertia of the engine in the full-scale HMMWV is 0.5 kg m2 [14].
We proceed as follows to scale the moment of inertia:
Je
ml2
Je
3.15(0.2572 )

=
Scaled

Je
ml2

=
Scaled

.5
6681(3.3022 )

Scaled

Actual

−6

Je Scaled = 1.51 × 10

(16)

which gives the moment of inertia of the scaled engine.
5) Engine Torque Scaling: To determine the ratio of torque
produced by the engine of the scaled vehicle to the full-scale
vehicle, the π groups corresponding to engine torque are equated
(Table III—row 2). We thus obtain the following relation:
τe 
τe 
=
mU 2 Scaled
mU 2 Actual
(τe )Scaled = 2.855 ∗ 10−6 (τe )Actual

R
0.257

Dscaled = 0.0343 m.

(15)

(17)

This torque scaling is used to scale the engine torque map
(Fig. 3).
It is difficult to measure parameters such as It , Jw , Af ,
B, CD , and Crr for the scaled vehicle. The difference in these
parameters is compensated by simulating it in the HIL setup and
will be discussed in Section IV-A.
B. Validation of the Scaled Model
The validation of the derived π groups and scaled vehicle
design based on these groups is done in two steps. A simulation
of the scaled model is carried out as a first step and is discussed
in this section. This is followed by experimental tests with the
scaled vehicle hardware. These are discussed in Section V.
This section presents the simulation results of the scaled vehicle compared to the full-scale vehicle. All parameters of the
scaled model are derived, as illustrated in Section III-A. The
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Fig. 7.

Fig. 8.

Scaled vehicle velocity versus full-scale vehicle velocity.

Scaled vehicle gear ratio versus full-scale vehicle gear ratio.

full-scale and scaled vehicle simulations are carried out for the
same input commands. It is found that the longitudinal velocity
of the full-scale vehicle is 12.84 times the velocity of the scaled
vehicle (Fig. 7). The gearshift in both full scale and scaled vehicles occurs at the same time, as shown in Fig. 8.
IV. IMPLEMENTATION ON SCALED RC CAR
A Tamiya scaled RC car chassis1 is used as the hardware
platform to implement the scaled dynamics and validate the
simulation results. The vehicle originally had four-wheel drive.
A quadrature encoder is used to sense the tire speed. The front
axle of the vehicle is modified to fit the encoder and it no longer
drives the vehicle. Thus, the vehicle has rear wheel drive and
front wheel steering.
Fig. 9 shows the system architecture. In the present configuration, a human driver issues throttle, brake, and steer commands
through a central control station. These commands are transmitted to the onboard computer (Mini ITX) through a wireless
connection. These commands act as input to the driveline dynamics, which are programmed on the motion controller. The
1 [Online].

Available: http://www.tamiyausa.com/

Fig. 9.

Scaled vehicle command flow.

Fig. 10.

Electromechanical system.

driveline dynamics consist of the engine, fluid coupling, transmission, and gearshift logic, as explained in Section II. Shift
logic is programmed in the form of a shift map. The output of
this program is the drive torque, τd .
The drive torque is the torque that should be applied to the
wheels. Since we have a dc motor, it is difficult to measure or
control such a torque because of the absence of current measurement. To overcome this problem, a set of experiments were
performed to identify the relationship between drive torque and
motor voltage for any given wheel speed. This is discussed in the
next section. Vehicle speed is measured using an optical encoder
and is used for calculations in drivetrain and motor map blocks.
This speed is sent to the onboard computer and is transmitted to
the central control station through a wireless connection, where
it is recorded.
A. DC Motor System Identification
The dynamics of the electromechanical system (Fig. 10) comprising a car being run by the dc motor includes three parts:
1) A dynamic mechanical subsystem, which is the scaled vehicle; 2) a dynamic electrical subsystem, which includes all of
the motor’s electrical effects; and 3) a static relationship that
represents the conversion of electrical quantities into mechanical torque. Assuming very high torsional stiffness of drivetrain
components transmitting torque, the mechanical subsystem dynamics of the vehicle run by a permanent-magnet brush dc motor
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are assumed to be of the form
M θ̈ + B θ̇ = τm

(18)

in which
M = Jw + mR2
and
τm = Kτ I.
The motor armature current, I(t), is given by the electrical
subsystem dynamics for the permanent magnet brush DC motor,
which is assumed to be of the form
Ldcm I˙ = VPW M − Rdcm I − KB θ̇

(19)

in which, Jw is the wheel moment of inertia, m is the vehicle
mass, B is the damping in the drivetrain, K is the stiffness in
drivetrain, θ(t) is the angular motor position, Kτ is the coefficient that characterizes the electromechanical conversion of
armature current to torque, Ldcm is the armature inductance,
Rdcm is the armature resistance, KB is the back-EMF coefficient (which is equal to Kτ ), and VPW M is the pulse width modulation voltage signal supplied to the dc motor. For the aforesaid
model, the states θ and θ̇ are easy to measure while I is difficult
to measure. Because of the inability to measure motor current
I, the control of the torque produced by the motor is hard. This
difficulty is overcome by noticing that in this mechatronic system, the time constant of the electrical subsystem is faster than
the mechanical subsystem. This means that we can assume the
current and voltage to be statically related. This allows us to
perform system identification of the electromechanical system
to obtain VPW M versus speed (θ̇) versus total torque (τtotal )
map. Assuming Ldcm to be negligible, we can write (19) as
I=

VPW M
KB θ̇
−
.
Rdcm
Rdcm

(20)

From (18), we have
M θ̈ + B + Kτ

KB
Rdcm

θ̇ − Kτ

VPW M
= 0.
Rdcm

(21)

M θ̈ is the torque that accelerates the vehicle. We call it the
total torque, τtotal . It is equal to the torque produced by the
motor minus the torque lost in damping of the scaled vehicle.
Our objective is to be able to control the torque generated by the
dc motor, τm , and make it proportional at all time to the torque
generated by the engine, τe , that is programmed on the motioncontroller. As stated earlier, this is a hard problem in the absence
of current measurement. Though τm cannot be measured, τtotal
can be determined experimentally. We shift the problem from
trying to make τe proportional to τm to making τd = τtotal . The
torque τtotal corresponds to the torque generated by the drivetrain that accelerates the vehicle, i.e., τd . In order to solve this
problem, we identify the coefficients of θ̇ and of VPW M in (21)
by running experiments.
Experiments are performed, in which a constant PWM signal
(VPW M ) is applied to the dc motor and the vehicle response
(vehicle velocity vs. time) is recorded (Fig. 11 shows an example). The data is logged at a frequency of 7.7 Hz. Vehicle

Fig. 11.

Vehicle speed versus time.

Fig. 12.

Motor map.

acceleration is obtained by differentiating the vehicle velocity.
As vehicle velocity is noisy, a polynomial fit of the third order to
the vehicle velocity versus time curve is used before differentiation to calculate the acceleration a. The value of θ̈ is calculated
from this acceleration as follows:
a
(22)
θ̈wheel =
R
θ̈ = 7.21θ̈w

(23)

where, θ̈w is the wheel angular acceleration and 7.21 is the
gear ratio of the scaled model. Using (21), τtotal for a given
vehicle velocity and PWM signal can be calculated. This data
can be plotted as τtotal versus vehicle velocity at a constant
PWM. A number of such experiments are performed, for a
particular PWM, to check the repeatability of the experiment.
PWM signals are chosen to cover the whole range of operation of
the dc motor. A motor map is obtained by plotting τtotal versus
vehicle velocity at a constant PWM value, as shown in Fig. 12.
In calculating M , we consider Jw negligible when compared to
mR2 .
To use this map on a running vehicle at any instant of time,
the drivetrain block (Fig. 9) calculates the torque that is to be
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TABLE IV
BASIC SPECIFICATIONS OF THE SCALED MODEL

2) Electronic Architecture: Each vehicle (Fig. 13) is equipped with a motion controller (BrainStem module) implementing the scaled driveline dynamics of an HMMWV (Section II).
The onboard computer (running Linux, Fedora core) communicates with the motion controller by means of a serial connection.
The computer is also equipped with wireless communication capability. The computer handles the high-level control functions
by commanding steering, braking, and throttle to the motion
controller. The motion controller offers two channels of highresolution motion control. These channels offer flexible PWM
or PID control of motors with various types of feedback including encoders, quadrature encoders, analog input, and backEMF speed control. The motion controller can handle a variety
of motion control needs. This processor can run concurrent
tiny embedded application (TEA) programs, reflexes, and handle slave commands from a host personal computer (PC), all
simultaneously. The motion controller board can accept two
3 Amp H-Bridge with back-EMF control. Access to the module
is through a console application and C language.2

TABLE V
BASIC SPECIFICATIONS OF THE DC MOTOR.

C. Description of the Scaled Vehicle Software

Fig. 13.

Scaled vehicle.

applied to the scaled vehicle. The PWM that has to be supplied
to the dc motor to generate this torque, given the velocity of the
scaled vehicle and required τd is given by
VPW M = k1 τd + k2 v

(24)

where v is the vehicle velocity, and k1 and k2 are constants
that are determined by performing system identification on the
motor map. The values calculated were k1 = 2503 and k2 = 1.
However, during experimentation, we found that the relation
that produced the best response was
VPW M = 70 + 2800τd + 0.72v.
The experiments were conducted as a constant throttle performance for 30%, 40%, and 50% throttle. The values of k1
and k2 are found to be different for these three cases, though
not significantly. The values of k1 and k2 are thus kept constant
corresponding to 30% throttle for the rest of this paper.
B. Description of the Scaled Vehicle Hardware
In this section, specifications of the scaled vehicle hardware
are provided. The scaled vehicle specifications are given in
Table IV.
1) Motor Specifications: The model uses GT-tuned-motor
(25T), which is a replaceable brush standard-type electric motor.
The motor specifications are provided in Table V.

The high-level control algorithms are programmed on the
onboard computer. A datalogging module is programmed on
the onboard computer, which can read vehicle speed from the
motion controller at a frequency of 10 samples/s. The drivetrain components, including engine, fluid coupling, transmission, gear shift logic, and final drive are programmed on the
motion controller. The motion controller issues control signals
to the steering servo and controls the PWM signal to the dc
motor. The programming on the motion controller is performed
in the TEA language, described in the next section.
1) Brainstem TEA Language: The TEA3 language is a subset of the C programming language. TEA has integer math
operations, simple looping constructs, conditional statements,
and parameterized subroutines. It is ideally suited for simple
control loops, sequencing behaviors in robotics, and other tasks
that can be offloaded from the main controller of a complex
system. TEA is precompiled, enabling conditional compilation,
macros, and inclusion of other files. Programs are typically very
small and have no memory allocation, structures, or objects.
All variables are stack based; the stack can be very small in
some environments, so minimal recursion is possible. Program
compilation is done through the console application. The compiler translates the TEA language file into the virtual machine’s
specific instructions (opcodes).
V. EXPERIMENTS
A number of experiments were performed to ascertain the
behavior of the scaled vehicle and its dynamic similitude to
an HMMWV. The following sections discuss the experimental
setup and results.

2 [Online].
3 [Online].

Available: www.acroname.com/brainstem/tea/tea1.html
Available: www.acroname.com/robotics/parts/s10-moto-brd.html
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Fig. 14.

Scale vehicle speed versus time for 40% throttle.
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Fig. 15. Vehicle speed versus time for scaled vehicle model and scaled vehicle
simulation.

A. Experimental Setup
The scaled vehicle can take throttle, steering, and braking
commands from the human driver at a central control station. The driving maneuver that is considered for verifying the
longitudinal response of the scaled vehicle vis a vis an actual
vehicle is the constant throttle performance test. In this test, a
constant throttle input is given to the scaled vehicle and the resulting velocity and gear shift response are logged. This test is repeated for several throttle values (30%, 40%, 50%). The fourthfloor corridor in the electrical engineering and computer science
building is utilized for testing because the testbed dimension
(6.6 m × 5.6 m) is not sufficient to run the vehicle for significant
length and duration. All communication to and from the scaled
vehicle is through a local wireless network from the laboratory.
The maximum length that is avialable with wireless coverage is
limited to 42.67 m. This also restricts the length of a test run.
Throttle inputs more than 50% cannot be applied because of
the difficulty in controlling the vehicle at high speed while conducting the experiment in the corridor. During the experiments,
the voltage supply to the scaled vehicle has to be kept constant
at 15.4 V. Therefore, for this test, we power the vehicle through
a power supply method instead of using the onboard batteries.
One person carrying the power supply has to follow the vehicle
while it is running. Due to the limited length of the corridor, the
steady state speed of the vehicle is never achieved. This issue
is not relevant for this research because it is not expected to experience high speed of the scaled vehicle in the testbed, which
is only 6.6 × 5.6 m. Since the purpose of this testbed is to test
algorithms for multiagent traffic intersection, we do not expect
to attain high velocities or steady state response of the vehicle.
It is observed during the experiments that the scaled vehicle
does not start as soon as the throttle command is applied by
the driver. There is a delay between the application of throttle
command and start of the vehicle. An external excitation is
required to set the vehicle into motion. This can be attributed to
the friction in the scaled hardware drivetrain.

Fig. 16. Vehicle speed versus time for scaled vehicle model and scaled vehicle
simulation.

B. Experimental Results
Fig. 14 shows the speed response of the scaled vehicle vis-avis simulation. The delay in start of the vehicle can be clearly
seen in Fig. 14.
The results are presented for a constant input of 30%, 40%,
and 50% throttle to the vehicle. Figs. 15–17 show the speed
response of the scaled vehicle vis-a-vis simulation. It is seen that
the response of the scaled vehicle closely follows the simulated
response. The average root-mean-square (RMS) error in speed
for 30% throttle is 0.0525 m/s, 40% throttle is 0.0809 m/s and
50% throttle is 0.1099 m/s. There seems to be an increasing trend
in the RMS error. This, in part, can be attributed to the higher
speeds attained by the vehicle with increasing throttle because
of which we normalize the RMS error with maximum speed.
Normalized RMS error attained by the vehicle with 30%, 40%,
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Fig. 19. Gear ratio versus time for scaled vehicle model and scaled vehicle
simulation.

Fig. 17. Vehicle speed versus time for scaled vehicle model and scaled vehicle
simulation.

Fig. 18. Gear ratio versus time for scaled vehicle model and scaled vehicle
simulation.

Fig. 20. Gear ratio versus time for scaled vehicle model and scaled vehicle
simulation.
TABLE VI
ERROR IN EXPERIMENTAL RESULTS

and 50% is 0.4375, 0.559, and 0.605, respectively. The lower
error for the 30% throttle can be attributed to the fact that the
motor map parameters were chosen so as to obtain the best
results for the 30% throttle (as explained in Section IV-A).
The gear ratio of the scaled vehicle as compared to the simulation is shown in Figs. 18–20. We see that the gearshift occurs
before it is expected to occur, as indicated by the simulation,
if the actual speed is more than the simulated speed. Similarly,
the gearshift occurs after it is expected to occur, as indicated
by the simulation, if the actual speed is less than the simulated
speed. This agrees with the observed data. Table VI presents the
error in longitudinal response of the prototype versus the scaled
vehicle simulation.
Overall, it is observed that the scaled vehicle response
matches the simulated response of the scaled vehicle both in
terms of speed as well as gear shift versus time. The scaled
vehicle simulation was shown to be dynamically similar to an
HMMWV in Section III-B. Thus, the match of the experimental
vehicle longitudinal response to that of the simulated vehicle is

sufficient to prove dynamic similitude of the scaled vehicle to
an HMMWV.
VI. CONCLUSION
The development of a scaled vehicle that is dynamically similar to an HMMWV has been presented. Models of various
subsystems of the full-scale vehicle were introduced and the
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scaled vehicle design was carried out. Implementation on a
scaled RC car was performed. Experiments demonstrated the
dynamic similitude of the scaled vehicle to full-scale vehicle.

written as a product of powers of the fundamental dimensions,
L1 , L2 , . . . , Lk

APPENDIX

In the case of the simple pendulum, the fundamental dimensions
are length L1 = L, mass L2 = M , and time L3 = T . In terms of
these fundamental dimensions, each quantity has the following
dimensions:

Theorem 1 (F. M. White, Fluid Mechanics, Section 5.3):
(Buckingham π Theorem) If a physical process satisfies the
principal of dimensional homogeneity and involves n dimensional variables, it can be reduced to a relation between only k
dimensionless variables or π’s. The reduction j = n − k equals
the maximum number of variables that do not form a pi among
themselves and is always less than or equal to the number of
dimensions describing the variables.
Let q1 , q2 , . . . qn be n dimensional variables that are physically relevant in a given problem and that are interrelated by an
(unknown or known) dimensionally homogeneous set of equations. These can be expressed via a functional relationship of
the form
F (q1 , q2 , . . . qn ) = 0.
If k is the number of fundamental quantities required to describe the n variables, then there will be k primary variables
and the remaining j = (n − k) variables can be expressed
as (n − k) dimensionless and independent quantities or “Pi
groups,” π1 , π2 , . . . πn −k . The functional relationship can thus
be reduced to the much more compact form
Φ(π1 , π2 , . . . πn −k ) = 0.
Note that this set of nondimensional parameters is not unique.
The π groups are, however, independent [31]. Here, independence means that one π group can be varied while keeping other
groups constant. The fundamental quantities of a system consist
of the minimum number of unit dimensions needed to describe
each parameter. For example, the units of measure for acceleration are length unit/(time unit)2 . The fundamental quantities
most often used are mass, length, time, temperature, current,
amount of substance, and luminous intensity. Two differently
sized physical systems, with different dimensional parameters,
can be reduced to the same dimensionless description if the
corresponding π parameters have the same numerical values.
An example with application of π theorem is given in the next
section.
A. An Example: The Simple Pendulum
Consider a simple pendulum, which is a mass m on the end of
a massless rod of length l. We wish to investigate what quantities
may affect the period τ of this pendulum. In addition to the mass
and length of the pendulum, the acceleration due to gravity g,
the initial angle θ0 , and the tension in the rod T may have an
effect on the period. We ignore elasticity in the rod for this
simple example. Thus, we have
τ = F (m, l, g, θ0 ).
The next step is to identify for each quantity its dimensions in terms of the fundamental dimensions appropriate for
the problem. Each quantity Z will have its dimensions, [Z],

[Z] = L1 θ 1 L2 θ 2 . . . Lk θ k .

[τ ] = [M 0 L0 T 1 ], [m] = [M 1 L0 T 0 ], [l] = [M 0 L1 T 0 ]
[g] = [M 0 L1 T −2 ], [θ0 ] = [M 0 L0 T 0 ].
The number of fundamental quantities is three, n = 5 and
m = 3. Thus, we have three fundamental quantities and two
dimensionless, independent π groups. The angle θ0 is a dimensionless quantity and its dimension can be denoted by 1. The
first π group is π1 = θ0 . π groups are not unique. Different π
groups can result based on the selection of repeating variables.
Repeating variables appear in more than one π group. Let us
consider m, l, and g as the repeating variables
[τ ][ma ][lb ][g c ] = [M LT ]0 .
This means that
c

[T ]1 [M ]a [L]b ([L][T ]−2 ) = [M LT ]0 .
The dimensions of T , L, and M should match on both sides
of this relationship. Equating exponents on both sides leads to
the following set of linear equations in the three unknowns a, b,
and c:
a=0
b+c=0
2c = 1.
Solving the aforesaid linear equations, we obtain a = 0, b =
−1/2, 
and c = 1/2. Thus, the second π group is given by,
π2 = τ g/l. The functional relationship of this system can be
reduced to the form
Φ(π1 , π2 ) = 0.
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