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Therefore, understandin e forCe gene ratl -r., At _ ] ate prediction of its effects on vehicle
motion are necessary. Thi g \ Loop (HIL) system used for measuring
and predicting effects of S#Ch jorce flihe-s ste \\\ icle motion by replacing the front

wheel of a bicycle model teering system. The wheel is running

on a rotating drum whose spgé ofientatior oe controlled. States of vehicle in the model are

used to control this whee gle between the wheel and the drum

is sent back to the bicycle \ otion of the vehicle more realistic. HIL

test rig consists of a front whegll' s ring system from the left side of Nissan Sunny

B10. The diameter of the wheel is 58t ' diameter of the drum is 600 mm. Testing of the

HIL system shows thatthe ng angle ofthe he drum can be adjusted between -5 to

8 degrees. Maximu ;-'- e rsrthe .max'trnum speed of wheel is 3.7
i o
rev/s (24.2 km/h) at zerorslip 2 I.,;- slip angle is maximum. Using the
i
HIL system for vehicle amic testing shows nonlinear resultS of lateral tire force generation and

the cornering Hiﬁ E ﬂﬁfﬁ(j 5W}J j&ﬁ ﬁree. Moreover, the skidpad
test shows th st eer compared to the result
predicted only wnh the model. Step resgonse testing alsg shows significagt delay and oscillation of
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Slip angle response at 15 m/s
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Lateral force response at 15 m/s
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Angular velocity response at 15 m/s
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Time s X Y OWR | OWH | DeltaW | Delta D ‘N‘V‘-:—TWRL Pi—;-ng PDR | ODR | ODH | Slip angle Fx Fy
0 0 10 | 17.2414 | 17.2414 0 0 0 0 0 0 0 16.6667 | 16.6667 0 0 0
2.9663 | 14.8313 | 10 | 17.2414 | 17.2414 0 0 0, g/f |\ \o 0 0 16.6667 | 16.6667 0 0 0
5.0198 | 25.0989 | 10 | 17.2414 | 17.2414 | 0.0396 0.0065»""70 of M 00004 0 0 16.6667 | 16.6667 | 0.0331 0 24.25127
6.5055 | 32.5185 | 10.2608 | 17.2424 | 17.2407 | 3.011 2.6384(,-'"0 0807 13.9141 | 0.0491 | 0.8186 | 16.668 | 16.6655 | 0.3726 | 2.782759 | 272.9916
02773 | 45384 | 14.745 | 17.2003 | 17.2054 | 85547 | 7.689 L0 1.9706 | 339052 101196 | 1.9885 | 16.6376 | 16.6316 | 0.8957 | 6.795172 | 656.2495
10.3787 | 49.0198 | 18.7619 | 17.1585 | 17.1591 10 9.0600' | O [-0.2095 —'é:,0198 -0.0188 | -0.3111 | 16.5885 | 16.5894 | 0.9391 | -1.00862 | 688.0473
13.3576 | 50.0079 | 32.7714 | 16.964 | 16.9682 | 10 9.0811 4 0 22.0524 -5;§:§3é7 “0.1257 | -2.0618 | 16.4003 | 16.4066 | 0.9189 | -7.18069 | 673.2474
16.3576 | 39.0721 | 41.4943 | 16.7764 | 16.7804 | 10 9.1005 | 0 ‘--!-j1_.é_974 -33@?@@ -0.1201 | -1.9479 | 16.2188 | 16.2248 | 0.8995 | -6.88759 | 659.0337
19.3576 | 25.7969 | 37.5581 | 16.5964 | 16.6003 | 10 9.1189 | 0 |-1.9173 -31:—7;?’7_1. -0.1148 | -1.8426 | 16.0448 | 16.0505 | 0.8811 | -6.61138 | 645.5526
22.3576 | 21.3487 | 24.5899 | 16.4236 | 16.4273 | 10 978644 0 18425 | -30.2681 -0.1099 | “1.7459 | 15.8777 | 15.8832 | 0.8636 | -6.35345 | 632.7309
25.3576 | 29.1564 | 13.4806 | 16.2576 | 16.2611 10 é._._f_sfe, 0 | -1.7727 | -28.8261 -0.10543_;1.6568 157171 | 15.7223 |  0.847 | -6.11276 | 620.5687
28.3576 | 42.6044 | 13.1592 | 16.0977 | 16.1011 10 9.169_ 0 | -1.7073 | 27.4895 | -0.1011 | -1.5745 | 15,5625 | 155676 | 0.831 | -5.88724 | 608.846
3027 | 49.0543 | 18.9907 | 15.9949 | 16.0015 | 9.46 | 8.7662| 0 |-3.3406 | -53.4552 | -0.1986 | -3.0722 | 15.4625 | 154724 | 06938 | -11.5193 | 508.3241
33.08 | 52.0961 | 31.3922 | 15.8825 | 15.887 | 3.84(- | 3.6089| |70 1 2.0058)|136:4728 | L0l18514 20758 | 15.3531 | 15.3598 | 0.2301 | -7.91655 | 168.5866
35.0219 | 51.6858 | 40.314 | 15.8676 | 15.8684 0 0.05 -0.3573 | -5.6698 | -0.0209 | -0.3203 | 15.3387 | 15.3398 | -0.05 | -1.23207 | -36.6333
36.6792 | 51.1622 | 47.9224 | 15.8676 | 15.8677 0 0 0..} -0.005. |, -0.0801 1:0.0003.| -0.0045.1"15.3387 | 15.3387 0 -0.01724 0
39.6792 | 50.2147 | 61.6947 | 15.8676 | 15.8676 0 0 0 0 0 0 0 15,8387 | 15.3387 0 0 0
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Command — L@ HIL Bicycle Track

Strw | StrD F.Slip | Whl Spd | r,rad/s | No use St—{D . Whl Spd \% fyr Fy X Y
0 | 001 | -001 2 0004 | 001 | 99320 07002 | 0021507 | -0.001 | 23985 | 9932 | 761006 | 2588
0 | 002|002 2 0.005 | -0.023 | 145 of /[ o .02, 1512 0 | 2581 | 14587 | 769279 | 2.925
1| 077 | 0198 2 0143 | -0.127 | 960.066" | 0964 [ G.576 | 0391 |\ 1487 | 0.053 | 552.039 | 960.066 | 78501 | 3.698
1 | 0257 | 0711 2 0.079 | 0073 | 4a0924d] glogk,| 0ot |4 062 1506 | -0.012 | 458.057 | 490.924 | 793413 | 4.665
1| 0375 | 0593 2 0.004 | 0053 | e18487 [fofes [0.406% 0562 [N1498 | 0.003 | 483775 | 618447 | 810550 | 8207
1| 0472 | 0496 2 0112 | 0041 | 675.568 | 0968 | 0472.| 049 | 1505 | 0.009 | 548.632 | 675.568 | 819674 | 11.016
1| 0451 | 0517 2 0107 | 0004 | 679186 (0968 | 0446 | 0572 | 1504 | 0.009 | 524207 | 679186 | 843286 | 21693
1| 0442 | 0526 2 0.105 | 0018 | 678044 | 0968 | 0446 | 0521 | 1501 | 0009 | 517.704 | 678.044 | 857.057 | 30602
1| 0439 | 0529 2 0105 | 002 | 676125 | 0868 | 0446 | 05220l 199 | 0008 | 517.531 | 676125 | 864.372 | 36341
1| 045 | 0518 2 0107 | -0019 | EOFATE|~0T6E | 04T OB T5 | 0009 | 526.478 | 661413 | 876.959 | 48.296
1| 0456 | 0512 2 0.107 | -0.013 | 672907 | 0968 | 0.449 | 0519 | 1502 | 001 | 525595 | 672.907 | 883.258 | 55515
1| 045 | 0518 2 0.106 | 0.009 | 681.483 | 0968 | 0.448 | 052 | 1506 | 0.009 | 520472 | 681483 | 89365 | 70.147
1| 0451 | 0517 2 0.106 | 0.093] [g677833 ) 09880 0484 0,52 4§09 | 0.01 | 518381 | 677.833 | 897.904 | 77.493
1| 0452 | 0516 2 0.106 | 0.014| 686953 | 0968 0449 | ‘052 1499" | 001 | 520721 | 686.953 | 905617 | 94338
1| 0443 | 0525 2 0.106. | . 0.01. | 674,035 | 0968 | 0.449 | 057 1505 | “0lo08 | 522626 | 674.035 | 912.788 | 120542
1| 0442 | 0526 2 0.106"| 10005 | [o'66067 | elogsly audol|l d.52 15 | bl0.008 | 523917 | e69.67 | 914.12 | 130.319
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Slip angle response at 20 m/s
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Lateral force response at 20 m/s

Lateral force (N)

Labview 20 m/s

- — = Simulink20 m/s

8

~ a =
Al ﬁ‘r] LFANPITLT 1 O L“ mﬁ‘/Quq‘Vl

7008
e

Lateral force (N)

\‘* abview 25 m/s
= Simulink25m/s

300

S

wy v

e M — a =
""""" ot 1713/21

.ll
|
L)

@ 4. Angular velocity response at 15 m/s

I MBI WE T |

InNFO IR

a w 15'm/

— = =Simulink 15 m/s

Time (s)

all o @ A o dlv @ A a a
7171 2-8 dnsmaynaeainandnsuialAu 15 lwnsAuin

181



182

Angular velocity response at 20 m/s
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Tire-Suspension-Steering Hardware-In-The-Loop for Vehicle

Dynamics Simulation

Surajed Sookchaiyaporn, Nuksit Noomwongs, Rachatin Chanchareon, and Supavut Chantranuwathana*

Chulalongkorn University, Thailand
Abstract

Safety has always been important concern during development of automotive systems. Many
required accurate predictions of tire forces. Recently, Hardware-In-the-Loop (HIL) simulators
provide ways to accurately measure the actual tire force and its interaction with a newly designed
system by incorporating an actual tire during simulations. This paper reports an HIL system that
incorporates tire, suspension, and steering,system for better inclusion of their interactions and their
effects on handling of the vehicle. The system simulates a road surface by using a rotating drum
and uses a real suspension together with a steering system where wheel speed, side slip angle, and
longitudinal slip angle can be contrelled. Design and sizing of the components were done by using
results from simulations with a bicyele model and-a HIL model. Control system design and
tracking performance are also reporied. This system was also used to construct a tire model for
simulations. In the HIL simulationgsimulation models are used for the vehicle body dynamics and
the rear tire while the front tire'is simulated with the real hardware described. Tire lateral slip angle
is controlled on the HIL hardware and/the tire force measured is used to simulate vehicle motion.
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HIL-simulated results are compared to the result from pure bicycle model simulation.
Keywords: Tire, Suspension, Hardware-In-The-Loop, \Vehicle dynamics, Simulation

1. INTRODUCTION

Comfort and safety of a vehicle is highly dependent
on its suspension [1][2][6]. Prototyping and testing of
suspension must be performed with care. To cut'cost and
testing time, an emerging practice is to build a prototype
of a component, and test it in combination ~with
mathematical models of the rest of the vehicle.~ Testing
and tuning can be done earlier in the design process
before a full car prototype is available. Such approaches
are called “Hardware-in-the-Loop”(HIL) testing [4][8].

Vehicle suspension testing (bysusing Hi:method
historically often focused on™simulating the force
between the tire and the road surface with real hardware
or focus on testing of each of the suspension and steering
components separately.  However, saccuracy of the
results may be improved ifumore; hardware compenents
are used, since in reality suspension_land steering
components will interact with each ‘other.” For example,
the force that is absorbed by suspension also affects the
steering system [3]. To.capture.their interaction, a,HIL
test rig that includes /suspension “system and; steering
system is proposed.in this work:

This article presents an HIL test rig that can be used
to test suspension systems and steering systems of small
automobiles. The test rig was designed to test driving
conditions with £10 degrees of wheel angle and speed of
the vehicle model not exceeding 60 km/h while speed of
the testing wheel in HIL test rig is currently limited to 10
km/h for safety reason.

2. DESIGN AND CONSTRUCTION OF THE TIRE-
SUSPENSION-STEERING HIL TEST RIG

The design process was centered on the available
suspension components, measuring devices, and cost.
Components sizing and their range of motions were

;based on simulation results using the specified speed and

steering angle. Significant redesigned of the wheel hub

~ assembly for installing a force measuring device was
‘required because of the prohibitive cost of a wheel hub
* yforce sensor.

+ 2.1 Design Requirements
1) The system must consist of a real automotive
- /suspension and a steering system.

2) The systemy/must be able to simulate motion of a
typical small car-running speeds up to 60 km/h and +10
degree of wheel angle.

3) The systemmust be able to measure tire force.

4) The system must be able to control the steering angle.
5) The road surface that simulated by using a rotating
drum must be able to control the tire slip angle while
keeping the position, of the tire contact patch in the
required.range of wheel angles.

2.2 Design Concept

A Key feature of the HIL test rig is the road surface
drum. (To reduce/purchasing.cost and to keep component
construction possible with local supplier, the authors
chose to use a relatively small cylindrical road drum as
oppose to large cylindrical drum or a flat belt road
simulator. The speed of the drum can be controlled to
match the speed of a simulated car. Rotational inertia of
the drum can be adjusted with inertia disks to simulate
running inertia of the vehicle simulated. Timing belt
was used to speed up the inertia disks, resulting in lighter
inertia disks.

To simulate actual driving conditions, the drum must
be able to simulate wheel slip angle accurately allowing
correct measurement of the tire force. This called for a
drum system that can orient itself relative to the wheel.
Furthermore, with an actual steering system installed, the

The 15™ Pacific Automotive Engineering Conference — APAC15



tire contact patch will also move when the wheel is
steered. To keep tire contact patch at the correct
location, the road drum must be able to reposition itself;
i.e., to follow the tire as it is steered.

The other main part of the test rig is the suspension
system. It was designed to be similar to a typical quarter
car test rig except that this system also has a steering
system, a motor to drive the tire and an inbound brake
system. The overall appearance of the HIL system is
shown in Figure 1.

V|

Figure 1. The tire-suspension-steerj_ng HIL system

A difficulty in building this systemyis the cost of a

wheel force measurement system. To reduce cost, a

non-rotating load cell is used. However, the wheel"hub
needs to be modified to install a load cell as seen in
Figure 1.
dictates that the brake system must be moved. inbound
and a special highly positive offset rim must be‘installed.

b
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angular speed of the car (dg/dt) and linear speed of the
drive wheel relative to speed of the road (Vy).
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Figure 3. The mathematical model
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Figure 4. The bicycle model

The state equations of the bicycle model can be
written as

= US r-v+£-{|:Xf -c0sd—F, -sino+F, }
220 m
i~ 1 .
- v=-—r-u+—{F;-sind+F,-coso+F,}
~m

o Support Knudde

Mount Knuckle

Force Sensor

Figure 2. Modified wheel hub

2.3 Mathematical.Model

For design and control purpese, simulation model is
constructed as shown ‘in'Figure’3. The model consist'of
a bicycle model (to'the left) with typical parameters of a
small car and a model of the HIL need to simulate
rolling speed of the drum, slipping ratio of the tire and
slip angle. This part of the model will be replaced by the
actual hardware in actual experiments.

2.3.1 Bicycle Model

A bicycle model is shown in the left box of Figure 3
and in more details in Figure 4. In a bicycle model, left
and right tire are combined together and no roll motion is
modeled. Input to the model is the wheel steering angle
(o) and torque applied. An important output is the side
slip angle (&) needed to be replicated in the HIL
hardware. Other outputs include the linear speed (V),

e
r=|—-{e_‘f_-dFXf -sino+a-F;-cosé-b-F,}

4
Where u is the longitudinal speed, v is the lateral speed,

. d . .
r.is the yaw rate = d—f , m is the mass of the vehicle, Fy

are/ the: forces<along” the wheels for the front wheel
(subscript f) and the sear (subscript r), Fy are the lateral
forces of the wheels, |, is the mass moment of inertia of
the car,.a and b are the distance from the center of mass
to'the*front andrearwheels respectively.

2.3.2 Hardware-In-the-Loop model

A HIL model is shown in the right box in Figure 3.
The mathematical model is used during the design
process only and must be replaced by the HIL hardware
during actual experiments. The model can be divided
into 2 parts. The first one is the wheel model and the
second one is the drum model. They interact, however,
by the friction force (F) that occurs between their surface
contacts. Details of the two sub-models are the
followings.

Wheel Drive Model

Wheel drive model is used to simulate the rotational
motion of the drive wheel during acceleration, braking,
and steering. In simulating the control system required,
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the reference values are speed and steering angle of the
driving wheel in the bicycle model. Torque required by
the motor to control wheel velocity can be calculated.
Control system for the wheel angle is also simulated too.
The desired wheel angle is given by the bicycle model
and a control effort based on error between the desired
wheel angle and the actual angle is used to calculate
torque needed to turn the wheel. Based on a humber of
driving maneuvers, this torque is used to size the drive
motor and the steering motor.

Drum Model

Drum model is used to simulate the motions of the
drum, which are the angular speed of the drum, the
position of the drum and the orientation of the drum axis.
The control system of the drum speed uses the value of
the wheel speed (at the hub) relative to the ground (V) as
a speed reference of the drum. Drum orientation and
position are calculated based on the steering geometry to
keep the drum position fixed relative io-the-tire-contact
patch. Control systems were constructed.tessimulate the
expected responses and their interaction with the control
system of the wheel. Force and rangeof motion-are used,
for sizing of the drum motor, range_ of ‘motion Of thel
orientation and position of the druma

2.3.3 Simulation for Design Purposg! -

Two main driving maneuvers were simulated for the
design purpose, one is to acceleratesand turn and-the
other one is to break at high deceleration. In both cases,
mass of car was selected at 750 kg (half car) with a
moment of inertia of 1,300 kg*m?. “In the first’ ' case;
initial speed of the vehicle is 5 m/s. Steering angle is 10
degrees ramped in 5 seconds while turning back 0
degrees after 5 seconds.

From the simulations, it is found that the MotoF and
gear set needed to drive the whekl should capable of

FAA 4
o "
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steering angle, drum position, drum orientation, wheel
speed and drum speed. Only the last two speed control
systems are intentionally designed to be slow since faster
systems will require much larger motors. As a result,
HIL simulation for fast acceleration and deceleration
will not be possible with the current system. The other
three systems are significantly faster with their time
domain characteristics shown in Table 1. Figure 6 shows
a step response of the wheel steering control system
which is a typical response of the three position control
systems.

TEST RIG S

\ Figure 5. The HIL E:ontrol system

-f:iﬂable 1. PID tuning results

generating torque more than 100, Nvm-and-power-no-iess
than 3.5 KW. And, motor and transmission needed for
the drum drive should be capable of generating more
than 12 N.m of torque and than 900-WW of power. These
results were used to select the .motors and the
transmissions.

2.4 Control Systems

The control system of the HIL system is shown in
Figure 5. To control.this system, a.CompactRIO and.a
PXI based PC ceontrolier fram™National Instrument are
used. HIL control'is done by ‘simulating’the'movement
of automobiles with mathematical modeling on the
CompactRIO, then sending that data as a reference value
to the PID controller/amplifier for each controlled axis.
Tire force is then measured using a force sensor. This
force is used to feedback to the mathematical model of
the vehicle in place of the usual tire model in the vehicle
model.

3. PID TUNING of the HIL system

3.1 PID Tuning of the control loops

Response time of the HIL system is very important
factor in obtaining accurate results. There are five
closed loop PID controllers for controlling the wheel

@xis \ Rise Time | Settling Over SS error
i O] Time (s) | Shoot (%) (%)
- D.Linear 0.13 4.40 27.39 -5.21
e %DIOrlent 0.27 0.30 0.00 1.11
W.Orient +0.08 0.09 0.00 3.51
W.Speed £1,2/09 28.20 13.08 -1.96
D.Speed ~32.88 45.20 1.10 5.54

Note: D.Linear = drum position, D.Orient = drum

orientation, W.Orient = wheel steering angle, W.Speed = wheel
rotational speed, D.Speed = drum rotational speed

Wheel Steer (Kc = 2.8, Kd = 0.0006 min)

1
0.9 1
0.7
0:5 1
0.3

0

-0.1 -
-0.3 4
-0.5
-0.7

]

Degree

Time s

Figure 6. Steering angle step response

3.2 Lane change testing with no force feedback

In this section, the HIL control loops are tested with
a realistic situation. A lane change command is used in
simulating the response of the bicycle model in real-
time. Steering angle and drum orientation (calculate
with the slip angle) generated by the model are given to
the HIL controllers to follow. This is not a HIL
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simulation however, since the tire force measured will
not be used in calculation of the bicycle model. The
objective of this test is to show how well the HIL system
can follow a realistic command.

The vehicle speed is constant at 15 m/s in the model.
Position of the car in this lane change maneuver is
shown in Figure 7. The required steering angle (at the
wheel) is from -2 to 2 degrees with maximum rate of 0.5
degreels.

Figure 8 shows the two main signals for the HIL
control systems to follow: the wheel steering angle and
the drum steering angle (orientation), along with the
actual values exhibited by the HIL hardware. In the
figure, it can be seen that both signals follow their
commands rather well. However, improvement can be
obtained by retuning the steering angle control system.

Bicycle Track

80 //

E60

2. /

&

i //

20 580 780 osof & Miso
X axis (m)

— Bicycle Track

Figure 7. Bicycle track (car position)

. e e w RN

Command VS Results with Constant velocity at 15 m/S

----- Wheel Steer Cmd deg.

. il -:=-==-Drum Steer Cmd deg.
D .

—— Whee! Steer HIL deg.

— Drum Steer HIL deg.

Steering (deg.)
o

Time (s)

Figure 8. Command and results of laneichange
testing

4. RESULTS OF THE HIL TESTING

In this section, \thice usages, of ‘the-HILtest rig are
presented.

4.1 Cornering Stiffpess

Tire cornering stiffness (C,) can be measured using
the HIL test rig. It can be determined by adjusting the
steering angle of the drive wheel and then measuring the
side force caused by the slipping of wheel and drum at
various steering angles. The results of these experiments
can be shown as Figure 9.

In Figure 9, it can be seen that the side force is a
slight non-linear function of the slip angle. The figure
also shows that the system has a small hysteresis. In
using this HIL test rig, this relationship will include the
effects of the suspension system and the steering system
which will be more accurate for later used compared to
that of the tire only.

189

Side force VS Slip angle

=
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=—Poly. Fy VS Slip angle

Figure 9. Side force at various slip angles

Based on Figure 9, without considering other factors,
the relation between the side forces and the slip angles
can-be-estimated as a linear relationship that the general
equation-is.in the form of F, = C, x or where F, is the
side force and o is the slip angle. Then the C can be
calculated as the slope of F, and a; so the C,is 1243.8
N/deg. or 72000 N/rad.

" 4.2 Skid pad with lateral force feedback

A skid pad test can be used to determine
‘under/oversteer behavior of a car. In a type of this test, a
car is driven at a constant speed and constant steering

angle. At steady-state, the car lateral acceleration and

" the steering angle are recorded for various steering

“Jangles.

A typical graph is shown in Figure 10.
- Under/oversteer behavior of a car can be determined by
~comparing the slope of the graph with that of a neutral

. steer.vehicle. Generally, a car is designed to be slightly

understeer. but this can usually be obtained only at low
lateral acceleration. Large acceleration required larger
force to be generated by the tires. This larger force
affects the tire, suspension, and steering systems and
their influences on tire force generation. Extensive field
tests are usually required to adjust under/oversteer
behavior of a car. HIL test can help reducing the number
of, field, tests needed: Furthermore, this test can be
simulated when only: the tire, suspension and steering
system are available.” Testing and tuning can be started
earlier in the product design. process.

Figure 10. Skid pad of a typical cars [10]

In this work, a skid pad HIL simulation was
performed. The speed of the car was chosen at 15 m/s to
avoid low speed instability that may occur with the
simple bicycle model. For safety reason, however, the
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actual drum speed (simulating the vehicle speed) was set
at only 20%. It is expected, however, that this will not
significantly affect the accuracy of the tire force
generated since the tire force is not heavily related the
tire rotational speed. The followings are used in this
simulation:

1) C, is 72000 N/rad (use only when the HIL is not

used), C,, is 100000 N/rad

2) m =1000 kg (half car), 1, = 1600 kg-m?

)L=a+b=252m

Constant Speed at 54 km/h

# Steerangle VS Lateral Acc. HIL

- --®- Steerangle V'S Lateral Acc. Model

Steer Angle deg.
~
\

-~ --4-- Equation model

"~ — — Neutral model

1 . M S
o /

0 1 2 3 4 5

Lateral Acc. m/s2

Figure 11 Skid pad results at constantforward speed.

With these conditions, the resulting skid pad test -is

shown in Figure 11. In the figure;the line marked. with «
the triangles is obtained using only caleulatgion'based on

the bicycle model. Similarly, the line marked with“the
squares is obtained only by simulating the hicyele-model
in real-time. These two lines shows that'the real-time
simulation is accurate since these two lines are identical.
When this real-time simulation is used with the HIL
hardware, the result is shown by the line marked:by the
diamonds.

From Figure 11, it may be concluded that-the-tire,
suspension, and steering systems, when used together,
will make the car slightly more -aversteer at low lateral
acceleration compared to the result predicted only with
the model. On the other hand, at higher acceleration, the
system will make the car slightly more understeer. In a
real design process, it can be imagine that if these
over/understeer behavior are not desirable, the designer
may be able to adjust the system well-before a full
vehicle prototype are available:

4.3 Step response with lateral force feedback

In this test, a step command in steering angle is used.
Figure 12-14 show, responses ofytheyvehicle=bath when
using only the vehicle model and when HIL was-used. In
Figure 12, it can be seen that the actual steering of the
HIL hardware made about 20% error in steering angle
which may contribute to 20% error in tire force
measured.  This, however, should not contribute to
significant time delay. The slip angle generated by the
model and needs to be followed by the HIL is shown in
Figure 13. A slight delay (~0.1sec) can be seen in this
graph.

The most important response in this step steering test
is the yaw rate (angular velocity) response shown in
Figure 14. From this figure, it can be seen that the HIL
simulated result has both significant delay at the
beginning of the response and significant oscillation and
overshooting.  Cars with yaw delay are generally
perceived by the driver as being less agile. Oscillation

0 - _ "

Step Responseat 1 deg. Steer angle
Steer angle
1.2
14
= o084 |——m——| " Steer angle Cmd
3 (deg.)
o 061 —— Steer angle HIL
2 ] (deg.)
s 04 —— Steerangle
§ 0.2 1 Bicycle (deg.)
wn
0 T T T
2 4 6
-0.2
Time (s)
Figure 12. Steering angle
Step Responseat 1 deg. Steer angle
5 Slip angle
e
- - -Slip angle Cmd
ch, 09
158 (deg.)
'% 0.6 ——Slip angle HIL
N (deg.)
% N ——Slipangle
5 Bicycle (deg.)
)
0 T
2 4 6
LR
Time (s)
Figure 13. Slip angle
’ 1 Step Responseat 1 deg. Steer angle
= o Angular velocity (r)
- G ==0:1 [\\
g oo0s . 4 : \/-/\\_7‘ —— Angular
; — e velocity (rad/s)
é 004 + et ----- Angular
i velocity Bicycle
=002 (rad/s)
2 o .
<
2 4 6
-0.02
Time (s)
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and overshoot are considered annoying to the driver.
With only the model, these two significant drawbacks
may not be apparent to the designer. With the HIL
simulation, these drawbacks are clear to the designer.

Figuresl4. Angular velocity

5.CONCLUSIONS

This paper reports a@n' HIL system that incorporates
tire, suspension;=and steering-system for better inclusion
of their interactions and their effects on handling of the
vehicle. The design process and the control performance
of the HIL system were presented. Two usages of the
HIL simulator were presented. HIL tests can help
reducing the number of field tests needed. Furthermore,
testing and tuning can be started earlier in the product
design process.
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Abstract

Safety has always played a central role in design and
development of automobile. Testing and tuning of full car
prototypes is necessary. Currently, a number of Hardware-In-the-
Loop (HIL) simulators are being used to test actual components
in order to reduce testing and tuning of a full.car prototype. This
paper presents a Hardware-In-the-Loop (HIL)simulator.developed
that

at Chulalongkorn University includes®a _réals iire, a

suspension, and a steering system. This simulatorscan be'used

to test suspension and steering system and their interactions with_
simulated vehicles and, possibly, with a human driverion a driving
simulator being developed. The HIL simulater simulate a road |

surface by using a rotating drum that can be turned and moved.

with the tire to control slip angle of the tire given by a simulated
car model. Side force measured is then used by the model to
predict vehicle motion. The driving simulator designed is
capable of producing pitch and roll motion to simulaté-longitudinal
and lateral acceleration that are given by the car model." I this

work, a single-track (bicycle) modell is used for the car.
Maximum speed of the car was limited 10750 kim/h with 10 degree
of steering angle. The driving simulator-can generate 25 degree

of pitch and 30 degree of roll.

1. Introduction

Comfort and safety of alvehicletis thighly 'dependent.on lits
suspension [1][2][6]. Prototyping and testing of suspension:must
be performed with™care. " To ™ cuticost{iand™ testing” time, (Jan
emerging practice is 'to build a |prototype of a component, and
test it in combination with mathematical model of the rest of the
vehicle. Testing and tuning can be done earlier in the design
process before a full car prototype is available. Such approaches
are called “Hardware-in-the-Loop” (HIL) testing [4][8].

Vehicle suspension testing by using HIL method historically
often focused on simulating the force between the tire and the
road surface with real hardware or focus on testing of each of the
suspension and steering components separately. However,
accuracy of the results may be improved if more hardware

components are used, since in reality suspension and steering

components will interact with each other. For example, the force
that is absorbed by suspension also affects the steering system
[3]. To capture their interaction, a HIL test rig that includes
suspension system and steering system is proposed in this work.
Moreover, the system also includes a driving simulator to allow
testing of their interaction with a human driver. This interaction
must be evaluated. Some design factors, such as steering feel,
are difficult to evaluate objectively. Hence, actual testing with
human in the loop must also be performed.

This article presents an HIL test rig that can be used to test

; suspension systems and steering systems of small automobiles.

The test rig was designed to test driving conditions with +10

degree of wheel angle and speed not exceeding 50 km/h while

'_,the driving simulator was designed to simulate longitudinal and

jateral accelerations with +25 degree of pitch and +30 degree of

roII motion. The authors will use this test rig in research works
de i Al
—on suspension and steering system including the mechanical

- _des_igns_and control systems.

2_Design and Construction of the Simulator
The test rig is“divided into a Tire-Suspension-Steering HIL

test rig and a 2-degree of freedom driving simulator.

2/1 Design and Construction of the Tire-Suspension-Steering
HIL Test Rig
The design process was centered on the available

suspension components, {meéasuring devices, and cost.
Components 'sizing ' and their range of motions were based
simulation results Using the specified speed and steering angle.
Significant redesigned of the wheel hub assembly was required

because of the prohibitive cost of the wheel hub force sensor.

2.1.1 Design Requirements

1. The system must consist of a real automotive suspension
and a steering system.

2. The system must be able to simulate motion of a typical
small car running speeds up to 50 km/h and +10 degree of wheel

angle.



3. The system must be able to measure tire force.

4. The system must be able to control the steering angle.

5. The road surface drum must be able to control the tire slip
angle while keeping the position of the tire contact patch in the

required range of wheel angles.

2.1.2 Design Concept

A key feature of the HIL test rig is the road surface drum.
To reduce purchasing cost and to keep component construction
possible with local supplier, the authors chose to use a relatively
small cylindrical road drum as oppose to large cylindrical drum or
a flat belt road simulator. The speed of the drum can Ibe
controlled to match the speed of a simulated car. Rotational
inertia of the drum can be adjusted with inertia“disksito simula:s

A —

running inertial of the vehicle simulated. Tw-vms used ©

speed up the inertia disks, allowing the UW ight disks.
To simulate actual driving condition; the dr ét befabl

to simulate wheel slip angle allowing corr

tire force. This called for a drum system

relative to the wheel. Furthermore,

system installed, the tire contact patch will

wheel is steered. To keep tire conta

R L ]
location, the road drum must be able to rep its"elf;’i.te_., to
.

follow the tire as it is steered. Add’

The other main part of the test rig is the Suspen:a]EnJ: S;fstem. :

It was designed to be similar to a typical quarter carﬁst rig
except that this system also has a sieering system, a motor to

drive the tire and an inbound bhél(g_ system The overall

!%cted as shown in Figure 3. The model consist of a bicycle
S
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Figure 2. Modified wheel hub

2.1.3 Mathematical Model

For design and control purpose simulation model is

the left) with typical parameters of small cars and a
mbqé‘l’ﬂe HIL need to simulate rolling speed of the drum,
slipping.ratio of the tire and slip angle. This part of the model will

be replaced by the actual hardware in actual experiments.

oy e,

\ b contralier

5 req

Hardwaredn.The-Loop HIL)

Figure 3. The mathematical model

. IL ; .
appearance of the HIL system is shownsin Figure 1.
—

Figure 1. Basic design of the HIL system

The main difficulty in designing this part of the system is the
cost of a wheel force measurement system. To reduce cost, a
non-rotating load cell is used. However, the wheel hub needs to
be modified to install a load cell as seen in Figure 1. Increased
size of the wheel hub assembly dictates that the brake is moved

inbound and a special highly positive offset rim be installed.

Bicycle modglhin a left box of Figure 3 and in more details in
Figure 4. In aLbicycIe model, left and right tire are combined
together and no rolling motion is modeled. Input to the model is

thé) Wheél Steéring=anglé” (o) and torque applied and important

~output/ needed is thelside slip angle () needed to be replicated

in the HIL hardware. Other outputs include the linear speed (V),
7angu|ar'speed ofgthe jcar (gﬁdt) and linear speed of the drive
wheel relative to speed of the ‘road (V).

A
]

Vi

w s

!

“p Rea.

Bicycle Model

I

Figure 4. Bicycle model



2.1.3.2 Hardware-In-the-Loop model

HIL model is shown in the right box in Figure 3. The
mathematical model is used during design process only and must
be replaced by the HIL hardware during actual experiments. The
model can be divided into 2 parts. The first one is the wheel
model and the second one is the drum model. They interact,
however, by friction that occurs between their surface contacts

(F). Details of the two sub-models are the followings.

Wheel Drive Model

Wheel drive model is used to simulate the rotational motion
of the drive wheel during acceleration, braking, and steering. In
simulating the control system required, the reference values are
speed and steering angle of the driving wheel.in bicycle model.
Torque required by the motor to control wheel velocity can b’éII
calculated. Control system for the wheel angle is also simulated.

The desired wheel angle is given by bicyele model and a control
A
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more than 100 N.m and power no less than 3.5 kW. And, motor
and transmission needed for the drum drive should be capable of
generating more than 12 N.m of torque and than 900 W of
power. These results were used to select the motors and the

transmissions.

2.1.4. Control Systems

Control system of the HIL system is shown in Figure 5. To
control this system, CompactRIO and a PXI based PC controller
from National Instrument are used. HIL control is done by
simulating the movement of automobiles with mathematical
modeling on the computer, then sending that data as a reference
valuesto the controller. Tire force is then measured using a force
sensor. __This force is used in the mathematical model of the

vehicle in place of the usual tire model in the vehicle model.

effort based on error between the desired wheel angle/and actual!-

angle is used to calculate torque needed (o turn the wheel.m

Based on a number of driving maneuvers; this torque is used to__«

size the drive motor and the steering motor.

&, i

Drum Model

Drum model is used to simulate the motions of the.drum,
which are the angular speed of the drum, the position;_ojf the.drum
and the orientation of the drum axis. The control s;/steni of the
drum speed uses the value of the wheel speed (at the hub)

relative to the ground (V) as a speed reference of the drum.

Figure 5. HIL control system

2.2, Design and (;.or_lstruction of the Driving Simulator

Drum orientation and position is caIculaIéd based on the steering
geometry to keep the drum position fixed relative to the tire
contact patch. Control systems are constructed to simulate the
expected responses and their interaction withthe control system
of the wheel. Force and rangé of mation. are used for sizing of
the drum motor, range of motion, of the orientation and position of

the drum.

2.1.3.3 Simulation for Design Purpose

Two main driving maneuvers were simulated for the design
purpose, one is to accelerate and turn and the other one is to
break at high deceleration. In both cases, mass of car was
selected at 750 kg (half car) with a moment of inertia of 1,300
kg*mz. In the first case, initial speed of the vehicle is 5 m/s.
Steering angle is 10 degrees ramped in 5 seconds while turning
back 0 degrees after 5 seconds.

From the simulations, it is found that motor and gear set

needed to drive the wheel should capable of generating torque

A Driving ;im'ulator is used to simulate lateral and
longitudinal acceleration for the driver. This acceleration will be
given by the mathematical model of car. Basic principle of
acceleration simulation mechanism is based on usage of
gravitational force.; Pitching and Rolling of the driver can be used

to simulate longitudinal and lateral acceleration respectively.

Figure 6. Acceleration simulations principle

From Figure 6 a), it can be seen that the longitudinal
acceleration is done by the angle adjustment (Pitch Angle). The

magnitude of acceleration is g.sin(¢) where ¢ is the pitch angle.



Similarly, in Figure 6 b) lateral acceleration is simulated by rolling
the driver and the value of acceleration is g.sin(€) when @ is the

roll angle.

2.2.1 Conceptual Design

The device must be able to simulated acceleration in 2
directions by using pitch angle and roll angle to defined motions.
The resulting mechanism must have 2 degree of freedoms to be
controlled by 2 linear actuators. A central joint to control the
center of motion should be closed to the driver head to keep the
driver from detecting pitch and roll motions. Range of pltch
roll motions should must be enough to simulate accele‘l’a
larger than the minimum threshold of human driv: r but otherwise

By trying a number of‘lﬂ!!hﬂmsms a 3-

UPU mechanism was selected as shown iw

as large as possible.
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Figure 7. A driving simulator prototype‘-,_
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Figure 8. Mechanism of the driving simulator

The kinematics of the mechanism motion was simulated.

Kinematics diagram of the model is shown in Figure 8.
Mechanism consists of the driver's seat arm device number 1 or
number 2 arm linear drive arm and the number 3 on the head a
special link that can be rotated around the axis x and y axis with
the mobility equivalent to that of the universal joint to allow the

pivoting point to locate at the head of the driver.
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A number of locations for the two linear actuators are tested.
Analysis of forces required by the actuator as functions of pitch
and roll angles are shown in Figure 9-11 where pitch angle was

limited to +25 degree and roll angle to +30 degrees.

Force and Length va Pleh Angle
T ; 500
4 20 & 450
2| 400
NS a50
5 T 1 a0 'E‘ —— Farced Pitch Onty
Gt Z ForceR Pitch Only
E i Lengthi. Piteh Oniy
= \\ i 200 § Lengtnik Pitch Only]
\ =+ 100
50
000 - Lo
Pitch &ngle(Degree)

%ﬁﬂe 9. Force and range of drivers, compared
with a pitch angle

..;.-!:

4 .r,i' ﬂ

: ,_.-‘,?;;'_;f
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F ,":i"'""FTgure 10. Force and range of the the device driver

L

+ /relative to roll angle

Force and Length vs Rell Angle
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Figure 11. Force and range of the device compared

with a roll angle of 15 degrees pitch angle

By changing the location of the actuator and carry out analysis

similar to the given figures, a proposed location was found. The
required force and torque for the proposed location are shown in
Table 1.

Based on Table 1, linear actuators are selected with a

maximum the dynamic load of 4,000 N and 400 mm of stroke.



Other forces are used for sizing of other components; e.g.,

structural parts, bearings, and universal joints.

Table 1. Required Force and Torque (Maximum)

Force at the actuator (N) -2496
Stroke (mm) 361

X Force at the central joint (N) -314

Y Force at the central joint (N) -178

Z Force at the central joint (N) 823.5
X Moment at the central joint (N-m) -32
Y Moment at the central joint (N-m) 120

3. Integration of the HIL System and the Driving Simulator

The HIL system and the driving simulator. are shown .in
Figure 12. The system can be used to_iest tire, suspension,
steering, and related control system. A dri’vgr:fid‘e on the driving

simulation generate driving command are measuredsand given t(}h

a central computer with a vehicle model.
d

based on this input from the driver along wi

measured from the HIL test rig. Outputs fro hel,.x;ehic_le rﬁ_odel

include longitudinal and lateral acceleration that must be

simulated with pitch and roll motion of the drlvmg S|mulator
Outputs to the HIL include the wheel speed, the road speed, the
steering angle and the slip angle. These &gna}s are usea as a
reference signal for the control system of the HIL system_At the
same time, tire forces are measured in the HI_L.’sys_,tQIn and

feedback to the vehicle simulator.

e modelfis simula_ted-_

theftireforce to-be™

‘565
‘f
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4. Conclusion
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actual tire [1][2][6][7] during simulations. Existing systems,
however, consider suspension and steering system separately
while, in reality, both have significant effects on tire force

This paper reports a HIL design that incorporates
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Abstract

Safety has always been an important part during the
development of any automotive systems. Evaluations of these
systems usually involve accurate predictions of tire forces [2][7].
Recently, Hardware-In-the-Loop (HIL) simulators provide ways to
accurately measure actual tire forces and evaluation their

interactions with a newly designed system by incorporating an

fapslinInamauil i-' a real suspension and a steering system where wheel speed,
"~ side slip angle, and longitudinal slip angle can be controlled.
':"De;Sign and sizing of the components were done by using results

“Jfrem simulations with a bicycle model and a HIL model. The

js')-/éte')‘n is limited to simulating a car with speed lower than 50

; [(_m)h and with steering angle less than 10 degree on smooth

‘road.
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