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Development of a Scaled \Vehicle With Longitudinal
Dynamics of an HMMWYV for an ITS Testbed

Rajeev Verma, Student Member, IEEE, Domitilla Del Vecchio, and Hosam K. Fathy

Abstract—This paper applies Buckingham’s  theorem to the
problem of building a scaled car whose longitudinal and power-
train dynamics are similar to those of a full-size high-mobility
multipurpose wheeled vehicle (HMMWY). The scaled vehicle uses
hardware-in-the-loop (HIL) simulation to capture some of the
scaled HMMWYV dynamics physically, and simulates the remain-
ing 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  theorem, drivetrain, hardware-

in-the-loop (HIL).

NOMENCLATURE
Air density (kg/m ).
Acceleration due to gravity (m/s ).
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/m ).
Brake torque (N m).
Damping coefficient of transmission (kg/s).
DC motor armature resistance ( ).
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 m ).
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).

Manuscript received September 8, 2007; revised December 20, 2007. Recom-
mended by Guest Editors F. Karray and C.W. de Silva. This work was supported
in part by the Crosby Award at the University of Michigan and in part by
National Science Foundation (NSF) CAREER Award CNS-0642719.

R. Vermaand D. Del Vecchio are with the Department of Electrical Engineer-
ing and Computer Science, University of Michigan, Ann Arbor, MI 48109 USA
(e-mail: rajverma@umich.edu; ddv@eecs.umich.edu).

H. K. Fathy is with the Department of Mechanical Engineering, University
of Michigan, Ann Arbor, MI 48109 USA (e-mail: hfathy@umich.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMECH.2008.915820

Output angular displacement of the drive shaft
(rad).

Projected front area of the vehicle (m ).
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/s ).

Tire radius (m).

Torque converter capacity factor (kg m ).
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 m ).

Turbine torque (N m).

Vehicle mass (kg).

Vehicle track length (m).

Wheel inertia (kg m ).

. 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 (HMMWYV). This laboratory-scale vehicle uses
hardware-in-the-loop (HIL) simulation, in the sense of match-
ing key dynamics of the full-size HMMWYV (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 wire-
less communication technology. These systems include coop-
erative intersection collision avoidance systems, lateral colli-
sion avoidance systems, and longitudinal collision avoidance
systems [2], [17]. In response to the highway incident statis-
tics [24], several major automotive companies have established
research programs focusing on cooperative safety systems [20].
These systems are conceived with three different levels of au-
tomation: 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 full-
scale 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.

and safety constraints. We are thus developing a lab-scale testbed
composed of 1/13-scale vehicles to validate decision and con-
trol algorithms for cooperative intersection collision avoidance
systems. In such a testbed, the vehicles are equipped with wire-
less communication, with a positioning system emulating the
global positioning system (GPS), and with an on-board com-
puter 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 transmis-
sion 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 HMMWYV including engine and trans-
mission. The software coded in the microprocessor takes as in-
put 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 micropro-
cessor 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 con-
cepts from scaling theory, including the Buckingham theorem
and 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 dynam-
ics [1], [33], performance on rough terrain, and to determine
vehicle turning radius [1], for automobile accident reconstruc-
tion [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 ex-
ists in the literature has focused mostly on lateral dynamics. The
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Fig. 2.  Drivetrain.

unique contribution of this paper is the demonstration of longitu-
dinal 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 HMMWYV power-
train 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 longi-
tudinal 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 devel-
opment of similitude theory can be found in [7]. Many published
studies on this topic are available [6], [7], [27], [28]. Using simil-
itude 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 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 Il, we de-
scribe the drivetrain model that we consider. In Section IlI,
we perform the computation of the 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 micropro-
cessor. In Section V, we show experimental results and validate
the obtained data against the simulation data of the scaled model.

Il. DRIVETRAIN MODEL

The literature presents physics-based models of the longitudi-
nal and powertrain dynamics of the HMMWYV, as well as expla-
nations 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, . For the low-frequency
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Fig. 3. Engine map [13].
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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, , and load torque from torque

converter, . The flywheel is modeled as inertia. The governing
equation for the engine and flywheel is

1)
where is the engine and flywheel moment of inertia, is

the acceleration of the flywheel, is the torque produced by
the engine, and is the impeller torque.

B. Torque Converter

The torque converter model is a tabular relationship between
the impeller torque, ,theturbinetorque, ,the impeller speed,
which is assumed to be equal to , and the turbine speed,
The inputs to this model are speed ratio, ,and
impeller speed. The capacity factor, , and the torque ratio,

, are determined by the map shown in Fig. 4. The impeller
torque and turbine torque are calculated as
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Fig. 5. Shiftmap (taken from [13]).

C. Transmission

The transmission is modeled as a variable gear ratio trans-
former. 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, , and the gear ratio, . It pro-
duces propeller shaft input torque, . The model is given by

4
— )
is the inertia, and

in which is the damping coefficient,
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,
,and speed, ,areequal tothe outputtorque, ,and speed,

(6)
v
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Fig. 6. Blending function (taken from [13]).

F. Final Drive
The final drive is modeled as a ratio, , which reduces the
input speed, , and increases the input torque, , to produce
the output speed, , and torque, , respectively
8)
©)

G. Drive Shaft

The drive shaft dynamics are taken into account in the trans-

mission model, and thus, the drive shaft input torque, , and
speed, , are equal to the output torque, , and speed,
(10)
(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

sin (12)

where  isthe wheel inertia, isthe mass of the vehicle,

is the brake torque, s the longitudinal vehicle velocity,

is the air density, is the drag coefficient, s the projected

front area of the vehicle, is the rolling resistance cofficient,
is the tire radius, and is the road gradient, assumed

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-
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TABLE |
PARAMETERS AND VARIABLES ASSOCIATED WITH THE VEHICLE

Engine Throttle, Je,0cs, Te, Ti
Torque Converter 7t, Kfc, Tratio, Nratio
Transmission 0;,0¢, It, Tp, it, B, K

Propeller shaft, Final drive
and Drive shaft
Vehicle model

0p,0¢,0w,Tf, T, Tw,if

Brake, R, m, Torake, Tw
U,l, JwapairaCD,AfyCrr

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

Nratio, Tratim it, if ratio M(J LOTO
0cs,0i,0t,0p,0¢, 0w radians MOLOTO
Throttle, Brake percentage MOLOTO
Te, Tis Tty Tp, T Tds Tw Nm MTL2T~?]
Tbrake

Je7lt7Jw kgm2 MIL2T0
m kg MTLOTY
Ryl m MOLITO
U m/s MTLOT-1T
P Pair kgm‘d MTL=3T0
Kye kg=9%s/m M~O5L—1ITT]
Ay m? MOL2T0]
B kg'/s MILOT—T]
Cp,Crr dimensionless| [MYLOTO]

ing the behavior of an HMMWYV 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.

I1l. SCALING

To apply Buckingham’s  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 for-
mulation of nondimensional groups ( groups) are ,and
Similitude is achieved by grouping the parameters into
independent nondimensional groups, where is the number of
parameters and 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 1.

All of the unitless parameters, such as angles and percentages
formtheirown group. Now, we have three fundamental dimen-
sions and 34 parameters (Table II). Out of these, if we choose

,and as repeating parameters (parameters that can appear
in some or all of the  groups), the remaining parameters will
form 31 dimensionless  groups.

A list of all the  groups is given in Table IlI.

A. Design of the Scaled Vehicle

It follows from Buckingham’s  theorem that if two dy-
namical systems are described by the same differential equa-
tions, then the solution to these differential equations will be
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TABLE 111
GROUPS ASSOCIATED WITH THE SYSTEM

71 = Throttle, 7o = Brake Non-dimensional driver inputs
m3 = ¢, m4 = 1ip,m5 = | Non-dimensional transmission
Nyatio, ™6 = Tratio and final drive gear ratio
_ —_ _Ii —_ _J B ; :
T = m—fz, g = —I3,M9 = ﬁ Non-dl.mt?nswnal engine,
transmission and wheel inertia
w10 = 0cs,m1 = 6;,m2 = | Non-dimensional angular dis-
0t,m13 = Op,m14 = 05, m15 = | placements
Ow
16 = #, 7 = | Non-dimensional torques
Ti — Tt —
mUz ™8 = gpm e =
_p_ L —
75 20 = mU2 )’ 21 =
M7 T2 = LTy =
p%rake
ml?2
oy = K fc\/ mU?2 Non-dimensional capacity fac-
tor
Tog = TR Non-dimensional wheel radius
pL3 Pai L3 . . .
moe = £, moy = Falt= Non-dimensional vehicle and
air density
A - - -
Tog = l—2f Non-dlmenswnal_ projected
front area of vehicle
Tog = % Non-dimensional damping
w30 = Cp, 731 = Crr Non-dimensional drag and
rolling resistance coefficient

scale-invariant if the  groups are the same. To design the scaled
vehicle, we thus start with analyzing the  groups given in
Table I11. For the scaled vehicle to be dynamically similar to the
actual vehicle, the value of these  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  group corresponding to the tire
size of the scaled vehicle to the full-size vehicle as follows
(Table 111, row 5):

$
o # m (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  groups corresponding to the
vehicle density (Table 111—row 6), we calculate the mass of the
actual vehicle as follows:

& 1"
& 1+ assumed

& 1"

& 1+ 6681kg (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) \elocity of the Scaled Vehicle: To find the ratio of velocity
that the scaled vehicle should maintain with respect to the full-
scale vehicle in response to the same input, first observe that
time is not being scaled. Thus, we can consider / to form
another  group. Now, we can write

$ T# (15)
Thus, the full-scale vehicle velocity should be 12.84 times the
velocity of the scaled vehicle when the same maneuver is per-
formed on both the systems.

4) Moment of Inertia of the Scaled Engine: The moment of
inertia of the engine in the full-scale HMMWV is0.5 kg m [14].
We proceed as follows to scale the moment of inertia:

s . (C &1
( (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 groups corresponding to engine torque are equated
(Table 111—row 2). We thus obtain the following relation:

& 1" A7)

This torque scaling is used to scale the engine torque map
(Fig. 3).
It is difficult to measure parameters such as
and 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  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 ve-
hicle compared to the full-scale vehicle. All parameters of the
scaled model are derived, as illustrated in Section IlI-A. The
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Fig. 8. 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 ve-
hicles occurs at the same time, as shown in Fig. 8.

IV. IMPLEMENTATION ON SCALED RC CAR

A Tamiya scaled RC car chassis® 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 configura-
tion, a human driver issues throttle, brake, and steer commands
through a central control station. These commands are trans-
mitted to the onboard computer (Mini ITX) through a wireless
connection. These commands act as input to the driveline dy-
namics, which are programmed on the motion controller. The

L[Online]. Available: http://www.tamiyausa.com/

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

Central control station

&Drwer commands
On-Board computer

Throttle, Brake, Steer

N 3
Datalogging

Vehicle Speed

Venicle Speed] ™| (Engine Transmission+Flu

Vehicle |Speed

Y

Motor-Map

Motioncontrolle

PWI

\l|command

0 motor

Torque

Vehicle

Vehicle Speed

Fig. 9. Scaled vehicle command flow.

L
R ok
|

KB,K(;

Fig. 10. Electromechanical system.

driveline dynamics consist of the engine, fluid coupling, trans-
mission, 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,

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 mea-
surement. 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) com-
prising a car being run by the dc motor includes three parts:
1) A dynamic mechanical subsystem, which is the scaled ve-
hicle; 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 mechani-
cal torque. Assuming very high torsional stiffness of drivetrain
components transmitting torque, the mechanical subsystem dy-
namics of the vehicle run by a permanent-magnet brush dc motor
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