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ABSTRACT

This paper presents the application of Buckinghamthe-
orem to scale the powertrain of a High Mobility Multipurpose
Wheeled Vehicle (HMMWYVY) by deriving non dimensional ratios
called 1t parameters. A Hardware In the Loop (HIL) setup is
constructed and the resulting longitudinal dynamics ofdtaled
vehicle are validated against those of a full scale vehicbelah.
This is performed with the ultimate goal of testing coopeet
collision avoidance algorithms on a testbed comprising enau
ber of these scaled vehicles.

1 INTRODUCTION

In this paper, we consider the problem of scaling the driv-
etrain dynamics of a High Mobility Multipurpose Wheeled Ve-
hicle (HMMWYV) and the problem of implementing the scaled
dynamics in a hardware-in-the-loop (HIL) setup. This is-per
formed with the ultimate goal of developing a scaled experim
tal testbed. This testbed will be used to validate decismhcan-
trol algorithms for intelligent transportation systemg3) appli-
cations.

ITS include cooperative intersection collision avoidance
systems, lateral collision avoidance systems, and loduisl
collision avoidance systems [3,14]. Testing autonomopsadty
autonomous algorithms directly on a full scale transpimntegys-
tem is difficult due to cost limitations and safety consttsiiWe
are thus developing a lab-scale testbed composed of 1/18 sca
vehicles to validate decision and control algorithms formera-
tive intersection collision avoidance systems. In suchstbes,
the vehicles are equipped with wireless communicatior) &it
positioning system emulating GPS, and with on-board comput
ers solving decision, control, and communication tasks.e Th
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Figure 1: HIL setup. The hardware of the vehicle includes chassis,
wheels, axis, and a DC motor with encoder. The scaled daivetty-
namics is implemented on the microprocessor controllieg@ motor.

vehicle’s longitudinal dynamics play a central role in tn
avoidance algorithms. For a meaningful algorithm valiolati

it is therefore crucial to design scaled vehicles whose dyna
ics faithfully reproduce the longitudinal dynamics of al fedale
vehicle. We do not address the lateral vehicle dynamicsig th
paper.

Our scaled vehicle hardware is composed only of the chas-
sis including wheels, tires, driveshaft, and a DC motor \eith
coder. The unavailability of exact scaled replicas of thgiea
and transmission makes it difficult to include a physicaleki
train on the prototype. Therefore, a HIL setup is designed in
which a microprocessor controlling the DC motor emulates th
scaled drivetrain dynamics of a HMMWYV including its engine
and transmission. This HIL setup takes as input a throttie-co
mand and applies to the wheels the desired drive torque. This
way, we obtain a scaled vehicle that as a whole respondsdb thr
tle commands in a way similar to the full scale vehicle (Fegi.

In this paper, we focus on the development and validatiohief t
HIL setup. In particular, the scaling of the drivetrain dymias,
including active components such as the engine, is peribye
applying well-known concepts from scaling theory, inchglthe
Buckinghantttheorem.
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A historical account of the development of similitude theor
can be found in [5,6,19]. Researchers have been studyitepsca
vehicles since 1930s in the context of trailer sway [9], ekhi
dynamics [1, 21], performance on rough terrain and deténgin
vehicle turning radius [1], and automobile accident retars
tion [10]. More recently, work has been reported in areas of
vehicle dynamics and controls [4-6, 8], study of the latgesl
hicle motion and design of steering controllers [7, 15], tooin
prototyping for Anti-lock Braking System (ABS) [17, 18], @n
investigation of vehicle rollover [20]. The work in the litgure
has focused mostly on lateral dynamics. The unique cortioibu
of this paper is the demonstration of longitudinal dynarsical-
ing of a vehicle with all the active powertrain subsystenespnt
in it using a HIL approach. Our validation experiments canfir
that the longitudinal response of the scaled vehicle matte
longitudinal response of a full scale vehicle model.

This paper is organized as follows. Next section lists al th

symbols used in the paper. In Section 2, we describe the-drive

train model that we consider. In Section 3, we perform the-<com
putation of thert groups and simulate the scaled model to show
the match with the full scale model. In Section 4, we impletmen

Br0ad ROad gradientr@dian).

K  Stiffness of transmissiorNim/radian).

R Tire radius (). '
Kic Torque converter capacity facto%).
Tratio  TOrgue converter torque ratig|j.

Nratio  Torque converter speed ratip]).

T Torque output of the torque converté&trf).
Tm Torque produced by DC motoN(m).

Te Torque produced by the engingif)).

ly  Transmission inertiagnr).

T Turbine torqueim).

m Vehicle massKg).

I Vehicle track lengthrf).

Jv  Wheel inertia Kgnr).

2 Drivetrain model

The nonlinear differential algebraic equations corresbon
ing to each component of the drivetrain and of the vehicle are
described in [11-13, 16]. Here, such components are briefly d
scribed. Figure 2 shows the schematic of a vehicle driveti&ke

the scaled dynamics on the microprocessor. In Section 5, we consider a 4 speed vehicle with automatic transmission @aid r

show experimental results and validate the obtained datiasty
the simulation data of the scaled model.

NOMENCLATURE

Pair Air density Kg/m?).

g Acceleration due to gravitynf/s?).

Bcs Angular displacement of flywheelgdian).

6; Angular displacement of turbinegdian).

8, Angular displacement of transmissiaadian).
6p Angular displacement of propeller shafadian).
p Average density of vehicle materiad ¢/m°).
Tohrake Brake torquelim).

B Damping coefficient of transmissio%&% .
Ryem DC motor armature resistanoaghm).

K: DC motor torque coefficient\m/amp.

Kg DC motor back EMF coefficientplts/radian).
I DC motor currentgmpers.

Lgcm DC motor armature inductanckdnry).

6 DC motor angular displacememagian).

Cp Drag coefficient((]).

Tw Drive shaft output torqueNm).

Je Flywheel moment of inertia(gn?).

ir Gear ratio []).

T Impeller torque KNm).

U Longitudinal speed of the vehicle(s).

Tq Output torque produced by final drivisl ().

B¢ Output angular displacement of final drivagian).
By Output angular displacement of drive shaédian).
At Projected front area of the vehicler).

T, Propeller shaft input torqué\(m).

s Propeller shaft output torquél ().

Vewm PWM voltage signal applied to DC motord]t).
Cr Rolling resistance coefficient]).

wheel drive.

Figure 2: DRIVETRAIN.

The engine produces torque resulting from the combustion
process. The engine is modeled as a map (Figure 3), which
takes throttle command and engine speed as input and daksula
torque generated by the enging, For the low frequency dy-
namics we are interested in, a map based engine model can be
used. The engine’s flywheel is modeled as an inertia. The gov-
erning equation for the engine and the flywhedleéa:s: Te—Ti,
wherel is the engine and flywheel moment of ineriagis the
acceleration of the flywheet, is the torque produced by the
engine and; is the impeller torque. Engine acceleration is cal-
culated from this equation, which takes as input engineu®yrq
Te, and load torque from the torque converter,

The torque converter model is a tabular relationship betwee
the impeller torquet;, the turbine torque, the impeller speed,
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Figure 3: ENGINE MAP [11].

which is assumed to be equal 6@3, and the turbine speed,

6;. The inputs to this model are speed ratipsiio = éec_is’ and
impeller speed. The capacity factétc, and the torque ratio,
Tratio, can be determined from a map (refer to [11]). The im-
peller torque and turbine torque are calculated from thagojus

62
= @ anth = TratioTi-

The transmission is modeled as a variable gear ratio trans-
former. To derive transmission dynamics, we treat it as asmas
spring-damper system with damping coefficiBntnertial, and
stiffnessK. This system takes as input the torque output of the
torque converter, and the gear ratig;. It produces propeller
shaft input torquet . Refer to [16] for more details.

Gear shifting is modeled using a shift map (refer to [11]),
which takes propeller shaft speed and throttle position-com
manded by the driver as the input and determines the instan-
taneous gear ratio as the output. Torque and speed vagation
during the gear shift are captured by incorporating a blegpdi
function into the model. The blending function (refer to 11
gives the variation of torque ratio and speed ratio durirg th
gearshift and captures important dynamics observed dwing
gearshift[11, 16]. .

The propeller shaft input torquep, and speedd;, are equal to
the output torquets, and speedp.

The final drive is modeled as a ratig, which reduces the
input speeddy, and increases the input torque, to produce the
output speedfs, and torquely, respectively. This is modeled
by tg = t¢it andBp = B¢it. The drive shaft input torqueg, and
speedfs, are equal to the output torqug,, and speedy.

A point mass vehicle model is considered here as we con-
sider only longitudinal vehicle dynamics. The longitudineo-
tion of the vehicle is defined by:

T

(Iw+ mRz)éw:Tw—Tbrake— %CDAfU2R (1)
— CrmgR— RmgsiniBrad),

wherely, is the wheel inertiagn is the mass of the vehiclegrake

is the brake torque) is the longitudinal vehicle velocity,; is
the air densityCp is the drag coefficienfy; is the projected front
area of the vehicleC;; is the rolling resistance coefficierR,is
the tire radius, anfy4q is the road gradient, assumed 0 here.

The system described above constitutes a point mass longi-
tudinal dynamics model that does not account for roll anchpit
The model considered serves well the purpose of predidieg t
behavior of a HMMWYV in longitudinal maneuvers and is simple
enough to be programmable on the motion controller, given it
processing and memory constraints.

3 Scaling

To apply Buckingham'’st theorem to the system described
in Section 2 the governing dynamical equations are examined
Parameters and variables associated with the system ¢éhaded
in this study are listed in Table 1.

Table 1: RRAMETERS ASSOCIATED WITH THE VEHICLE IN
TERMS OF FUNDAMENTAL QUANTITIES.

Parameter Fundamental quantity
Nratio, Tratio, It 1 [MOLOTO]
Ocs, 61, B, Op, B, B [MOLOTO]
Throttle Brake [MOLOTO]

Te, Ti, T, Tp, T, Td, Tws Torake | [MIL2T 2]
Je. It, Jw MIL2TO]

m [MILOTO)

R [MOLITO)

U [MILOT ]

P; Pair [MIL=3TO]
Kic [M—05L-1T0]
As [MOL2TO]

B MIL2T 2
Cp, Gy [MOLOTO]

The fundamental quantities (basic units) chosen for the
formulation of nondimensional groupst groups) areM, T, L.
Similitude is achieved by grouping the parameters ifmte- m)
independent nondimensional groups, wheiis the number of
parameters anihis the number of fundamental quantities.

All of the dimensionless parameters, such as angles and per-
centages, form their owrt groups. We have 3 fundamental di-
mensions and 34 parameters (Table 1). Out of these, if wesehoo
m,U andl as repeating parameters (parameters that can appearin
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some or all of thatgroups), the remaining parameters will form 3.1.1 Calculation of parameter values for the

31 dimensionless groups. scaled vehicle  The track length of the full scale vehicle and
of the scaled vehicle are fixed. The tire size of the scaleitieh
is calculated by equating the group corresponding to the tire
size of the scaled vehicle to tlregroup of the full scale vehi-

Table 2:TTGROUPS ASSOCIATED WITH THE SYSTEM cle (Table 2-row 8), thatis( ) .y = (§) scareq SUbStituting the
value OfRfU” =0.4412) full = 3.302 andSCa|ed: 0.257, we ob-
11 Groups Interpretation tain Rscaleg= 0.0343n. From the available tire prototypes, a tire
: ) ) : of radius 0033mis selected for the scaled vehicle prototype.
Ty = Throttle T = Brake | Non-dimensional driver iny The mass of the scaled vehicle is 3.15 Kg. To calculate
puts the mass of the full scale vehicle, we equate thgroups cor-
TG =i, Ty =if, T = Nratio, | Non-dimensional transmis- responding to the vehicle density (Table 2-row 9). We ohtain
T = Tratio sion and final drive gear ra- (ﬂms)Scaled: (%3) cul” It is assumed thap)scqeq= (P)funl-
tio SubstitutingMscated = 3.15, 1 = 3.302 andlscaied= 0.257,
=, m=-L | Non-dimensional engine, Mty can be calculated to be 6684, _
o= 3, transmission and whesel Note that the gross vehicle weight of the full scale vehicle
mL inertia is 5112 Kg [11]. In this paper it is assumed that the full scale
, ) vehicle is carrying a payload of 1569 Kg. The vehicle modat th
Tio = Ocs, Tuy = 6, T2 = | Non-dimensional  angulay is used in this work is of an upgraded, joint light tacticahiate
6, Tus=Op,Tus = O, Tys = | displacements HMMWYV that can carry such a high payload.
O To find the ratio of velocity that the scaled vehicle should
The = % M7 = ﬁ , | Non-dimensional torques maintqin with .respect to the full _scalg vehicle ?n resporsthe
Tug = = , Tho — 2> | same input, first observe that time is not being scaled. Thus,
myf mqu we can considedt/| to form anothemt group. Equating thist
Too = e nzibr;e mUZ'’ group for the scaled and full scale vehicle, we hé§g) ¢, .,=
o2 = iz, T3 = i (%) ;1> Which gives the relatlogljﬂ 3.302/0.257= 1284,
Tha = KievVmL? Non-dimensional capacit Thus, the full scale vehicle velouty should be 12.84 tinfes t
factor velocity of the scaled vehicle when the same maneuver is per-
Ths = $ Non-dimensional wheel ra- formed on both SVSte”_‘S- . . .
dius The moment of inertia of the engine in the full scale
— HMMWYV, Je, is 0.5Kg n? [12]. To calculate the moment of
The = p?, Ty = Part Non-dimensional  vehicle inertia of the engine in the scaled vehicle, we equate the cor
and air density respondingrt terms to obtain(%)SCaled: (ﬁ)m”. Substi-
Thg = ?} Non-dimensional projected tuting the parameter values and solving §g&caeq We obtain
front area of vehicle Jescaleq= 1.51% 1076,

B - : : To determine the ratio of torque produced by the engine of
T29 ~ mut Non-dimensional damping the scaled vehicle to the full scale vehicle, thegroups cor-
To = Cp, Ty = Cir Non-dimensional drag and responding to engine torque are equated (Table 2-row 69, tha

rolling resistance coefficien is, ( 2) = ( Tez) . Substituting the parameter values
MU~/ scaled  \ MY~/ tull
gives the relation betwegle)scaled@nd (Te) full S (Te)scaled=
2.855% 107°(1¢) - This torque scaling is used to scale the en-
, o ) gine torque map (Figure 3).
Alist of all the Ttgroups is given in Table 2. It is difficult to measure parameters such as

lt,dw,Af,B,Cp,Cr for the scaled vehicle. The difference

3.1 Design of the scaled vehicle in these parameters is compensated as described in Se@ion 4

It follows from Buckinghantttheorem that if two dynami-
cal systems are described by the same differential equsatioen 3.2 Validation of the scaled model
the solution to these differential equations will be saaleriant The validation of the derivedt groups and scaled vehicle
if the Tt groups are the same. To design the scaled vehicle, we design based on these groups is performed in two steps. A sim-
thus start with analyzing tha groups given in Table 2. For the  ulation of the scaled model is carried out as a first step. iBhis
scaled vehicle to be dynamically similar to the full scalbicte, followed by experimental tests with the scaled vehicle heare.
the value of thesa groups should be the same for both systems. These are discussed in Section 5.
Based on this concept, we can match the parameters of theslscal Parameters of the scaled model are derived as illustrated in
vehicle to those of the full scale vehicle. Section 3.1. The full scale and scaled vehicle simulatian ar

4 Copyright (© 2008 by ASME
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Figure 4: SALED VEHICLE VELOCITY VERSUS FULL SCALE
VEHICLE VELOCITY.
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Figure 5: ALED VEHICLE COMMAND FLOW.

carried out for the same input commands. It is found that the
longitudinal velocity of the full scale vehicle is 12.84 #sthe
velocity of the scaled vehicle, as shown in the Figure 4.

4 Implementation on the scaled vehicle
A scaled radio controlled (RC) car chas$is used as the
hardware platform to implement the scaled dynamics and vali
date the simulation results.

Figure 5 shows the system architecture. In the present con-
figuration, a human driver issues throttle commands thraugh
central control station. These commands are transmittéiaeto

on-board computer through a wireless connection. These com

http://www.tamiyausa.com/

mands act as an input to the driveline dynamics which are pro-
grammed on the motion controller. The next section dessribe
the hardware and software setup of the scaled vehicle.

4.1 Description of the scaled vehicle setup

In this section, specifications of the scaled vehicle are pro
vided. The scaled vehicle wheelbase is @57 The scaled vehi-
cle uses a replaceable brush standard type electric motor.

)
Motioncontroller

MinilTX
(onboard
computer

Figure 6: SALED VEHICLE.

Each vehicle (Figure 6) is equipped with a motion controller
(BrainStem Module) implementing the scaled driveline dyna
ics of a HMMWV (Section 2). The drivetrain components, in-
cluding engine, fluid coupling, transmission, gear shiftiécand
final drive are programmed on the motion controller. Thetshif
logic is programmed in the form of a shift map. The output of
this program is the drive torquey. The motion controller issues
control signals to the steering servo and controls the PWINs&
width modulation) signal to the DC motor through a 3 Amp H-
Bridge. The programming on the motion controller is perfedm
in the Tiny Embedded Application (TEA) language, which is
a subset of the C programming language.Vehicle speed is mea-
sured using an optical encoder and is used for calculatiotiei
drivetrain and motor map blocks.The front axle of the vehisl
modified to fit the encoder and it no longer drives the vehicle.
Thus, the vehicle has rear wheel drive and front wheel stgeri

The on board computer (running Linux, Fedora core) com-
municates with the motion controller by means of a serial-con
nection. It is equipped with wireless communication calitgbi
It handles the high level control functions by commandirgst
ing, braking and throttle to the motion controller. A datgding
module is programmed on the on board computer, which can read
vehicle speed from the motion controller at a frequency of 10
samples/s. This speed is transmitted to a central conatibst
through a wireless connection, where it is recorded.

The drive torquerty, is the torque that should be applied to
the wheels. Since we have a DC motor, it is difficult to measure

2www.acroname.com/brainstem/TE@B%H%t © 2008 by ASME



or control such a torque because of the absence of current mea
surement. To overcome this problem, a set of experiments wer
performed to identify the relationship between drive taaund
motor voltage for any given wheel speed. This is discuss#tein
next section.

4.2 DC motor system identification

The dynamics of the electromechanical system comprising
a car being run by the DC motor includes three parts: (1) A dy-
namic mechanical subsystem, which is the scaled vehicje (2
dynamic electrical subsystem, which includes all of thearist
electrical effects, and (3) a static relationship whichresgnts
the conversion of electrical quantities into mechanicatjte.
Assuming very high torsional stiffness of the drivetraimmgmo-
nents transmitting torque, the mechanical subsystem disam
of the vehicle run by a permanent magnet brush DC motor are
assumed to be of the form

MO+ By = T, 2)

in whichM = J, + mR and1, = K¢I. HereJ, is the wheel in-
ertia, mis the scaled vehicle masR,is the wheel radius of the
scaled vehicleBy is the coefficient of viscous friction in the driv-
etrain,ty, is the torque produced by the DC motBiis the angu-
lar motor positionK; is the coefficient which characterizes the
electromechanical conversion of armature current to #®rqad

| is the motor armature current. The currdntis given by the
electrical subsystem dynamics for the permanent magnshbru
DC motor, which is assumed to be of the form:

Laeml = Vewm — Raerd — Kb, ©)

in which Lycm is the armature inductancBgcm is the armature
resistanceKg is the back-emf coefficient (which is equalkg),
andVpww is the Pulse Width Modulation voltage signal supplied
to the DC motor. For the above model, the stfiemnd 0 are
easy to measure whileis difficult to measure. Because of the
inability to measure the motor currenthe control of the torque
produced by the motor is hard. This difficulty is overcome by
noticing that in this mechatronic systems, the time cornstén
the electrical subsystem is faster than the mechanicaystémm
(Lgem in equation (3) is very small). This means that we can
assume the current and voltage to be statically relatedirAiss
Lgcm to be negligible, we can write equation (3) as:

Vewm  Kg
| = — . 4
Rdcm Rdcm ( )

From equation (2), we have, substitutmg= KI,
5 K Vewm
MO+ ( +K ) 6—K =0, 5
B K R © T Raem 2
6

in which M6 is the torque that accelerates the vehicle. We call
it the total torque i.e.Tiotal = M. Itis equal to the torque
produced by the motor minus the torque lost in damping of the
scaled vehicle. Our objective is to control the torque gateer

by the DC motoryny,, and make it equal at all time to the torque
generated by the enging, that is programmed on the motion
controller. As stated earlier, this is a hard problem in thesmce

of current measurement. In order to solve this problem, wa-d
tify the coefficients 0B and ofVpwu in equation (5) by running
experiments.We have thaj§ is the torque that is calculated by
the HIL simulation of the drivetrain and it accelerates tkehicle
while, Tiotal is the torque that corresponds to the actual acceler-
ation of the vehicle. Thus, we shift the problem from trying t
makeTte equal toty, to makingtieta €qual toty. This is feasible
becauseyqa can be determined experimentally.

Motor map — Speed vs Torque vs PWM

PWM=250

0.05R

100 150 200 250 300
Vehicle Speed in cm/sec

50

Figure 7: MOTOR MAP.

Experiments performed involve applying a constant PWM
signal #pwnm) to the DC motor and recording the vehicle re-
sponse (vehicle velocity versus time). The data is loggeal at
frequency of 7.7 Hz. Vehicle acceleration is obtained bfedif
entiating vehicle velocity. As vehicle velocity is noisypaly-
nomial fit of the third order to the vehicle velocity versus¢i
curve is used before differentiation to calculate the aredion
a. The value of is calculated from this acceleration as follows:

.. a
O =3 (6)
0 =7.218,, (7)

whereb,, is the wheel angular acceleration and 7.21 is the gear
ratio of the scaled model.

A number of such experiments are performed, for a partic-
ular PWM, to check the repeatability of the experiment. PWM
signals are chosen to cover the whole range of operationeof th
DC motor. Rewrite equation (5) as:

(8)

Copyright (© 2008 by ASME
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wherev is the vehicle velocityk; andk; are constants. Based vided in [2]. This issue is not addressed in the present wodk a
on these experiments, the valuekpandk, are found to be 250 is left for future consideration. We have thus adopted ahad-
and 1, respectively. approach of applying enough initial torque to the statignes-

A motor map is obtained by plottingqa versus vehicle hicle to make it overcome the initial adhesion.
velocity at a constant PWM value as shown in Figure 7. To use
this map on a running vehicle at any instant of time, the drane
block (Figure 5) calculates the torqug ) that is to be 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 extal

5.2 Experimental Results

vehiclety can be calculated from equation (8) (by replacdifpg @

by 14). :E; B - ;
Experiments are conducted to verify the longitudinal re- 5 1 P i

sponse of the scaled vehicle versus the response predicthd b 2 . g Simulated Velocity

simulation. In these experiments, a constant throttletigp30 i 051 < T Experiment 1 il

%, 40 % and 50 % is applied to the vehicle and the simulated E T - — — - Experiment 2

and experimental vehicle response are compared. However,a 8 0" 0 15 20 2 30 =

discussed in Section 3.1, parameters sudh dg, As, B, Cp and

Cir are difficult to measure. Thus, the response of the scaled ve- 35 ‘ ‘ ‘ _ :

hicle is expected to be different from that of the simulatido o 3t 77T ] N . Expemments e

compensate for this, the parameters in equation (8) aradurt B 25} : = = = Experiment 2 i

tuned to obtain a good match between the observed and simu- 5 | === |

lated response. The tuned parameter values obtained foy 30%

40% and 50% throttle are not significantly different. Thie t Lor pEEEEEEEEE T EE

final form of equation (8) i8/pwm = 70+ 2800y + 0.72v, in 5 e 0 15 20 25 30 s 20

which the parameters obtained in correspondance to 30 % thro Time (Sec)

tle are used.
Figure 8: VEHICLE SPEED AND GEAR RATIO VERSUS TIME
FOR SCALED VEHICLE MODEL AND SCALED VEHICLE SIMU
5 Experiments LATION.
A number of experiments were performed to ascertain the
behavior of the scaled vehicle and its dynamic similitudeato

HMMWV. The following sections discuss the experimentalipet )
and results. The results are presented for a constant input of 30 %, 40

% and 50 % throttle. Figure 8 shows the speed response of the
scaled vehicleis-a-vissimulation. It is seen that the response of

5.1 Experimental Setup the scaled vehicle closely follows the simulated resporides

The scaled vehicle takes throttle commands from the human average root mean square (RMS) error in speed for 30 % throttl
driver at a central control station. The driving maneuvaet ik is 0.0525m/s, for 40 % throttle is 0.0809m/s and for 50 % throt
considered for verifying the longitudinal response of thalad tle is 0.1099m/s. There seems to be an increasing trend in the
vehicle vis-a-visa full scale vehicle is a constant throttle per- RMS error. This, in part, can be attributed to the higher dpee
formance test. In this test, a constant throttle input i®gito attained by the vehicle with increasing throttle becausghith

the scaled vehicle and the resulting velocity and gear shift we normalize the RMS error with maximum speed. The normal-
sponse are logged. This test is repeated for several thwatilies ized RMS error attained by the vehicle with 30 %, 40 % and 50
(30% 40% 50%). These tests are performed in a 43 meter long % is 0.4375, 0.559 and 0.605, respectively. The lower eaor f

corridor, which is covered by the wireless network. the 30 % throttle can be attributed to the fact that the motp m

A constant voltage of 15.4 volts is employed to power the parameters were chosen so as to obtain the best resultefdd th
scaled vehicle during the tests. Since the purpose of thiilsed % throttle (as explained in Section 4.2).
is to test algorithms for cooperative collision avoidanteaific Figure 8 shows the time instants at which gear shifts take
intersections and because of the size of the testbed, we tdo no place for the scaled vehicle and the simulated vehicle. de@n
expect to attain neither high velocity nor the steady stateoity that the errors in gear shifting events at 30 % throttle a&26 dec
of the vehicle. Therefore the throttle is limited to a valdep to for 1st to 2nd gearshift, §ecfor 2nd to 3rd gearshift, and 2sec
50% and only the transient speed response is validated. for 3rd to 4th gearshift. For 40 % throttle, the errors asedfor

It is observed during the experiments that the scaled wehicl 1st to 2nd gearshift, 1.8ecfor 2nd to 3rd gearshift, and 3sec
does not start as soon as the throttle command is appliedeby th for 3rd to 4th gearshift. For 50 % throttle the errors are Gd&
driver. This can be attributed to adhesion between movimggpa for 1st to 2nd gearshift, 1.6ecfor 2nd to 3rd gearshift, and 4.5
in the scaled vehicle hardware where solid-solid contacticc secfor 3rd to 4th gearshift. These errors can be explained as fol
This phenomenon is widely studied and a good review is pro- lows. Transmission gear shift timing is governed by shifpsia
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which dictate the vehicle’s gear ratio as a function of driteot-
tle position and propeller shaft speed. The output of sudh sh
map, namely, the gear ratio, is often quite sensitive to lsvaait
ations in velocity. This sensitivity of gear shift to velgcand
engine speed is well-recognized in the literature and Bnodix-
acerbated in real vehicles by the fact that driver throttisitoon

is itself often a function of vehicle speed. A significan¢tture
studies such gear huntifigand develops control techniques for
mitigating it. In this work, we consider errors in gear sthiifting
acceptable if they do not result in significant errors in e&hve-
locity. Since gear shift has a directimpact on transmissigput
torque, which in turn affects vehicle velocity through ategra-
tion operator, we expect errors in gear shift timing to ugder
some attenuation as they propagate into vehicle velocityr®r
Experimental results in Figure 8 confirm this and show thatevh
errors in gear shift timing are significant, commensuratersiin
vehicle velocity are much smaller. Thus, we consider théesca
vehicle presented herein successfully validated.

6 Conclusions

The development of a scaled vehicle that is dynamically sim-
ilar to a HMMWV is presented. Models of various subsystems of
the full scale vehicle are introduced and the scaled vetesign
is carried out. Implementation on a scaled RC car is perfdime
Experiments demonstrate the dynamic similitude of theestal
vehicle to the full scale vehicle.
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