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Test Bed for Vehicle Longitudinal Control Using
Chassis Dynamometer and Virtual Reality: An Application
to Adaptive Cruise Control

Mooncheol Won*, Sung Soo Kim, Byeong Bae Kang, Hyuck Jin Jung
Department of Mechatronics, Chungnam National University, Taejon 305-764, Korea

In this study, a test bed for vehicle longitudinal control is developed using a chassis
dynamometer and real time 3-D graphics. The proposed test bed system consists of a chassis
dynamometer on which test vehicle can run longitudinally, a video system that shows virtual
driver view, and computers that control the test vehicle and realize the real time 3-D graphics.
The purpose of the proposed system is to test vehicle longitudinal control and warning
algorithms such as Adaptive Cruise Control(ACC), stop and go systems, and collision warning
systems. For acceleration and deceleration situations which only need throttle movements, a
vehicle longitudinal spacing control algorithm has been tested on the test bed. The spacing
control algorithm has been designed based on sliding mode control and road grade estimation
scheme which utilizes the vehicle engine torque map and gear shift information.
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1. Introduction

A recent trend of automobile technology is to
enhance safety and comport of drivers by
adopting control systems having microprocessors,
electronic sensors and actuators. In Adaptive
Cruise Control(ACC) (Wiuner and Olbrich,
1998; Geduld, 1998), the throttle and the brake
are controlled electronically by the aid of distance
and velocity sensors, whereas the steering is done
by the driver. An ACC vehicle can maintain
relevant distance or velocity relative to the
preceding vehicle using relative distance/velocity
sensors. The system can reduce accidents by
preventing human errors or achieving faster
action than human in driving. Also the system
can give comport to drivers by relieving the
burden of handling the brake and the accelerator
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pedals.

In this study, a test bed for vehicle longitudinal
control is developed using a chassis dynamometer
and 3-D real time graphics(Fig. 6). In this test
bed, a test vehicle can run longitudinally, and the
3-D graphics system realizes the virtual driver
view for drivers. As a preliminary step before the
real road tests, the test bed can be effectively used
for developing both the control/warning
algorithms and the hardwares for ACC, collision
warning systems, and stop and go systems. With
realistic 3-D graphics, it is also possible to eval-
uate human acceptance for control and warning
algorithms. It is expected that the test bed is
especially useful for testing of abnormal
situations such as system faults and traffic
accident situations.

The single roll chassis dynamometer with vari-
able mechanical inertia is designed and manufac-
tured using an eddy current dynamometer head.
One interesting characteristic of the developed
chassis dynamometer system is that the vehicle
rear wheels, with the brake line attached, is
pushed on the rolier to realize the rolling resist-
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Fig. 1 Schematic diagram of test bed

ance and the brake force of the real wheel(choi
and cho, 1998).

Based on sliding mode control, an ACC
throttle control algorithm and an adaptation
algorithm for road grade resistance are designed
and verified on the developed test bed.

2. Test Bed for Longitudinal Control

2.1. Test bed system overview

The manufactured test bed system consists of a
single roll chassis dynamometer and a real time
three dimensional graphic system. The schematic
diagram of the test bed is shown in Fig. 1. Figure
2 shows the actual test bed system.

The vehicle runs on the roller with a diameter
of 1053 mm, which has a mechanically equivalent
moment of inertia to the vehicle mass. Also, the
vehicle rear wheels, with brake line attached, are
pushed on the roller with a pressure equivalent to
vehicle rear weight by pneumatic cylinders. The
roller is connected with an eddy current
dynamometer head by a timing belt. The
dynamometer system can realize the loads to ve-
hicle including aerodynamic and road grade
From the
dynamometer axis, the real vehicle speed can be
obtained.

A graphic PC generates the test scenarios and
realizes the three dimensional real time graphics
of roads and moving vehicles ahead. The ACC
algorithms are implemerted on a notebook PC.

A medium size test vehicle with an automatic

resistances. encoder on the

transmission is equipped with electrically con-
trolled throttle system using a DC motor. The test

Fig. 2 Test bed system

vehicle does not have a relative distance/velocity

sensor. The relative distance/velocity information
is obtained from the prescribed position/velocity
of the preceeding vehicle according to test
scenarios and the measured test vehicle velocity
and the numerically integrated vehicle position.

22 Vehicle load generation performance of
chassis dynamometer

It is important to realize relevant load to the
vehicle in the test bed, to match the test results on
the roads and the test bed. Usually, coast down
tests are performed to find the load. We carried
out the coast down tests on roads having almost
no road grade under relatively calm wind condi-
tion. We also performed the similar coast down
tests on the test bed. Figure 3(a) shows the two
test results. From the deceleration characteristics
of the two tests, we can calculate the compensation
load as a function of vehicle speed. Figure 3(b)
compares the coast down test on the test bed with
compensation load from the dynamometer with
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Fig. 4 Acceleration test results

the coast down test on the roads. The two results
are almost identical. Also, vehicle acceleration
tests has been done on both road and the test bed
to verify the acceleration performance. We opened
the throttle wide open(90 degrees) abruptly and
maintained 90 degrees, and measured the vehicle
velocity. Figure 4 shows the test results on the
road and the test bed.

2.3 Virtual Reality Environment

In order to investigate the performance of the
ACC controller and human acceptance of the
proposed ACC controller on the proposed test
bed, virtual been
established. To generate virtual reality environ-
ment, a graphic modeller 3D Studio Max(1999), a
translator PolyTrans, and a scene generator
OpenGVS(1998) have been employed. Figure 5
shows the procedure to generate virtual environ-

reality environment has

ment.
The 3D Studio Max has been used as a
modelling tool to create geometric objects such as

3D Studio Max PolyTrans »  OpenGYS

Fig. 5 Procedure to generate virtual environment

(a) 3-D graphic scene

(b) Graphic scene inside the vehicle

Fig. 6 The created virtual environment for the ACC

car body, highway pavement and fields, etc. It
also provides texture mapping capability to gen-
erate realistic object view. The created virtual
environment from the 3D Studio Max has been
exported to the OpenGVS by transforming 3D
Studio Max format “.3ds” to OpenGVS format “.
fit” using PolyTrans convertor. The OpenGVS is
a high-level, Applications Programming Interface
(API) for real-time 3D software developers and
system integrators. It is also referred to as a scene
management API. OpenGVS provides various
API facilities such as scene, camera, channel,
frame buffer, light source, fog model, and texture
etc. for scene management. The created virtual
environment for the ACC vehicle is shown in Fig.
6.
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(b) DC motor driver
Fig. 7 Developed ETC system

3. Sensors and Actuator on Test
Vehicle

3.1 Throttle actuator

Only a throttle actuator is now established on
the test vehicle, a brake actuator will be added to
the system in the future. On the test vehicle, an
electric throttle actuator using a DC motor is
attached to control throttle angle. Figure 7(a)
shows the attached electric throttle control(ETC)
system in the engine room without any change of
existing throttle system., the DC motor is
connected to throttle valve by a metal cable simi-
lar to a governor cable. If we turn off the power
of the ETC system, we can also use the normal
acceleration pedal. A compact 90 Watt, DC
motor from Maxon motor is used. The motor uses
12 volt power from the battery in the vehicle. A
traditional H-bridge motor driver is developed
using MOSFET(Fig. 7(b)). There are various
control strategies for DC motor driven throttle

s w0 L] x »
e fsec |

(b) Control command tracking

Fig. 8 Performance of ETC system

system(Jae-bok Song and Kyeong-seok Byeon,
1997). In this study, a simple PID plus
feedforward control strategy is used and the feed-
back gains are scheduled. Figure 8 shows the
performance of the developed electric throttle
system. The steady state error is less than 0.5
degree, and the time to open the throttle from 0-
90 degrees is about less than 70 msec.

3.2 Sensors used in the test vehicle

All the sensors used for the control are the
production sensors, i. €., no additional sensors
other than existing sensors in the vehicle are
attached to realize the ACC system. The produc-
tion throttle position sensor is used to measure the
throttle angle. The engine speed is measured from
the existing TDC(Top Dead Center)sensor. Gear
position is also measured from the gear position
command from TCU. Vehicle speed and torque
converter turbine speed are obtained from the
vehicle velocity sensor pickup attached on the
transmission.

4. ACC Control Algorithm

An ACC throttle control algorithm based on
sliding mode control is designed and verified on
the test bed. Also, an estimation algorithm for
road grade resistance is tested on the test bed.
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In this study the headway time control strategy
is utilized to design the desired relative distance.
The head way time is defined as a relative dis-
tance divided by the following vehicle speed. In
designing the controller, the vehicle dynamics
model including vehicle acceleration, engine, and
torque converter model is utilized. Figure 9 shows
the flow chart of control algorithm design pro-
cess.

4.1 Longitudinal vehicle model
Engine acceleration model is represented as

Jev@We= Tret(We, @)— Tpume (1)

where w, is engine speed, a is the throttle angle,
Jep is the effective inertia of engine and torque
converter, Tye: is the engine net torque, and 7 pump
is torque converter pump torque.

Steady state engine tests have been done to
obtain the nonlinear engine torque map, 7ne:
shown in Fig. 10.

Intake
neglected, since the dynamics is quite faster than
the engine speed dynamics. A static torque
converter model is used.

Vehicle longitudinal acceleration is obtained
from the Newton’s 2nd law.

r=v )

Myy=Fr—F,—F,—Fy 3)
where x is vehicle position, v is vehicle velocity,
M, is the vehicle mass, Fg is aerodynamic drag,
F; is rolling resistance, Fy is road grade resist-
ance, and Fr is the net force from tires.

manifold dynamics of engine is

4.2 ACC throttle control algorithm

According to the headway time strategy, the
desired vehicle spacing, Xr_qes is obtained from

X-des =Vs*ln 4)

where vy is the following ACC vehicle speed, and
t» is headway time.

The spacing error is defined as es=Xr._qes—Xr,
where xr is the vehicle spacing. When we have

zero spacing error, we have vsf—x,=0. There-
fore, the desired vehicle velocity can be defined by

vf—des='§:_ (5)
We define the sliding surface or vehicle speed
error as

S=VUs_des— Ur ®

In this study, we design the sliding surface
dynamics such that

s=—2 Sat(%) 0

where A is a positive gain, and Saf(-) is defined
by

x, x| <1
Sat(x)=< I, x>1 >
—1, x<—1

Sat(+) function is used to have better riding
quality by preventing wild throttle movements,
when initial velocity error is larger than the
boundary layer thickness @. By differentiating the
sliding surface, and using the notation, v,, for the
relative velocity, xr, we have
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s= zi,_.,es—-zif=lz—:— vr=—2 Sat(%) (8)

Denoting Us=as_aes in (8), the desired vehicle
acceleration can be solved from (8)

@r-ae=2=+1 Sat( ) ©)

Now, we can calculate the desired engine
torque using the vehicle dynamics model, and the
desired vehicle acceleration. The necessary posi-
tive or negative tire force Fr to realize the desired
acceleration is obtained from the vehicle
dynamics model in (3).

Fr=Muas_dest+ Fr+F,+F; (10)

The desired engine torque(Tnres_qes) can be
calculated considering wheel inertia and trans-
mission gear ratios.

Tnet— des

. ]gff(l}edes+Hr’ Yarwe* Ygear(Fa+ Fr+ Fy) 1n
Ytq

where H, is the tire radius, 7arwe is final drive
gear ratio, ¥geqr is gear ratio, and 7y is the torque
ratio in the torque converter. Also, [ is the
effective total inertia from the engine side, which
can be expressed as follows

]eff_—'(Mv'Hz +Jw)- Virie * 7’§ear +Jep(12)
where [y is the wheel inertia. The desired engine
acceleration, Wedes, required to realize the desired
vehicle acceleration, is given as

- _ 1}.f—des
Wedes™ H;+ 7arive* ¥gear (13)
Therefore, the desired engine torque is expressed
as

. . U.f—des
Tnet~des_ [] eff ( Hr * ¥ arive " Yaear )
+Hr‘T’drive'7’gear(Fa+Fr+Fg)]/7tq (14)

The sum of aerodynamic resistance(F,;) and
rolling resistance(F») can be obtained from the
coast down test result as a function of the vehicle
speed. Finally, the desired throttle angle, @ues, is
obtained from the engine torque map.

Qdes = Tn—; (w, Thet—des) (15)

43 Algorithm for estimating grade resist-
ance

When the vehicle runs on road, the road grade
is unknown. However, the road grade resistance
can be too big to be compensated with the feed-
back gain A If we use too much gain value to
overcome the road grade resistance, the ride
quality can be degraded because of wild throttle
movements. We can consider the road 'grade re-
sistance as a time varying disturbance. Also, the
wind resistance can be considered as an unknown
disturbance. In this study, we use a disturbance
adaptation  algorithm to  estimate those
disturbances. The disturbance
adaptation and control law developed in (Won et
al.,, 1994) can be applied to SISO feedback lin-
earizable nonlinear systems with matched
disturbance. When we apply the disturbance
adaptation law in (Won et al., 1994) to this
problem, the desired engine torque must be
modified to

discrete~time

Tnet- des

— ]effCl;edes‘*‘Hr' Ydrive® rgear(Fa+Fr+Fg)
Ttq

(16)

The only change is that Fg is replaced by F.,
which is the estimated value of Fg.

The disturbance adaptation law in the discrete-
time form is given as

Fe(k+1)
=Fo(k)— MoA(R)(&(R)s(k+ 1)+ &(R)s(k)) (17)
where s(k) is the sampled sliding surface i. e,
vehicle speed error in (6).

Also, A(k), gi(k) and (k) are given as
follows.

A
A=l for |s(B)| <0 (18)
W for IS(k)l >0
(& for |s(B)| <@
g‘(k)‘{glls(k); for | s(k)| > @ (19)
(k)= —ga(k)(1—A(k)ts) (20)

Here, #s5 is the sampling period, A is the same
feedback gain in (7), and g is a positive constant
satisfying the following condition,

| 1—Aaits | <1 2

he disturbance adaptation algorithm has
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advantages over the conventional adaptive sliding
mode control(Slotin and Li, 1991) in that dis-
turbance adaptation or estimation is not affected
by the tracking error (the velocity error, s, in this
study) and input saturation.

Mooncheol Won, Sung Soo Kim, Byeong Bae Kang and Hyuck Jin Jung

5. Experimental Results

Since our test vehicle is not equipped with a
brake actuator, the lead vehicle velocity profiles
are selected such that the deceleration of the lead
vehicle is not big.

The head way time(fs) is fixed to 1.0 second,
and the feedback gain(A) is fixed to 0.3. The
adaptation gain(g) is chosen as 1.0. The sam-
pling time(#s) is 10 msec, and the boundary layer
thickness(®) is chosen as 1. Om. The initial spac-
ing errors are around -4 to -6 meters, which
means the ACC vehicle must accelerate to main-
tain the desired spacing.

Figures 11 and 12 show the experimental
results without grade resistance estimation. In
those cases, the loads due to road grade are not
applied to the vehicle, and the controller also
assumes that the grade resistance is zero. From
Fig. 11, we can see that the lead vehicle
accelerates with a constant acceleration, and
maintains a constant speed(80 Km/h) for a short
period of time and finally decelerates with a
constant deceleration. In this case, we can ob-
served that the distance error is decreasing
quickly within 5.0 seconds and maintained less
than 0.7 m. In the next experiment without grade
resistance estimation, the lead vehicle velocity
profile is acquired from a real urban road driving.
In this case, the tracking error is also maintained
within 0.7m.

Figures 13 and 14 show the experimental
results with grade resistance estimations. The last
sub-figures show the estimation results. Figure 13
shows the case when the grade resistance changed
from 750 N to 100 N at t=237.0 sec. The resistance
of 750 N correspond to 3.0 degree road grade for
the test vehicle of 1450 Kg mass. It takes 3~4
seconds to catch up the step change of grade
resistance. The estimation performance seems to
be acceptable from the point of distance error
degradation due to the change of the grade resist-
ance near t=37.0 sec. Figure 14 shows another
road grade estimation result. In this case, the
grade resistance is changed from 100 N to 500 N
at t= 21.0 sec. We can see that the estimation
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shows some steady state error. The steady state
error can be induced from the model error of the
engine torque map. In other words, the total
uncertainty to be estimated is the sum the grade
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resistance and the error of engine torque map.
6. Conclusions

In this study, a test bed for vehicle longitudinal
control is developed using a chassis dynamometer
and real time 3-D graphics. On the test bed, a test
vehicle with longitudinal control or warning fa-
cilities can run longitudinally, and a driver can
experience the virtual reality 3-D graphic scenes.
The performance of the chassis dynamometer is
verified through the coast down tests and acceler-
ation tests on the roads and the test bed. An ACC
throttle control algorithm based on sliding mode
control is designed using a vehicle dynamics
model. Also, an estimation algorithm for road
grade resistance is suggested. The control and
estimation algorithms are verified on the test bed
using a medium size test vehicle equipped with an
electric throttle system. The experimental results
show spacing error less than 1. 0 m. In the future
work, a brake actuator will be added on the test
vehicle, and more extensive tests will be
performed.
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