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Recently, researches on electric vehicle are focused on motion control and state estimation. These works require a
model that imitate a real vehicle as close as possible. We propose in this paper a signal hardware-in-the-loop model
of electric vehicles that includes driving system and vehicle model running in real-time in dSPACE-DS1103 control
card. All the required states of the electric vehicle are monitored in Matlab/Simulink environment. The model is vali-
dated by implementing representative test cases. Results of this paper can be a useful tool for further electric vehicle
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Background

In order to enhance safety, efficiency and sustainability
of a vehicle, driver support systems and fully automated
intelligent transport systems are focused in various
researches. Extensive development and testing process
are necessary to ensure that these systems are safe and
reliable. Until now, real road test on a real vehicle have
been expensive, time-consuming and sometimes dan-
gerous. So, developing control algorithm on a simula-
tion model [1, 2] is a reasonable substitution. However,
not only describing exactly characteristic of the vehicle,
the model has to simulate driver’s behavior which is a
very complicated task. Driver’s manipulation simulation
needs a combination of several actions at the same time
and normally it depends on experience of the driver. In
such demands, testing platform based on a hardware-in-
the-loop (HIL) model is a significant solution. HIL sim-
ulation is a technique that replaces physical parts of an
electric vehicle by their mathematical representation or
vice versa. Many platforms are found not only for elec-
tric vehicle [3, 4] but also for hybrid vehicles [5, 6] and
general automotive application [7]. Nonetheless, these
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and indicate if changes were made.

models has a common disadvantage that is still expen-
sive since they require various hardware systems of both
power electronics and control boards.

Inheriting research work in [2], in this paper, we pro-
pose a signal HIL model of an electric vehicle that com-
bines hardware of driving system and simulation model.
This model has several prominent features such as: (1)
applicable for all kind of 4-wheel-controlled vehicles, (2)
cost effective, (3) drivable by human through hardware
system, (4) fast implementation. The paper is organized
as follows. "Hardware-in-the-loop simulation" section
allocates the studied objective among types of introduced
HIL model and proposes the configuration of the sys-
tem. In "Vehicle dynamic and kinematic modelling" sec-
tion, the dynamic and kinematic relationship in a vehicle
is modeled. In "Drivetrain modeling" section, model of
drivetrain is investigated. "Hardware and system design"
section describes the design of the whole hardware in the
loop system. "Experimental results” section illustrates the
validation results and discusses about the advantages of
the model. Finally, some conclusions are given in "Con-
clusions” section.
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Hardware-in-the-loop simulation

Classification

Hardware-in-the-loop simulation plays an important role
in research of many fields, such as robotics, transporta-
tion, electric drive, aerospace, etc. Other than software
simulation which is used to check control performance,
by replacing one or several real devices for mathemati-
cal model, the HIL simulation is used for evaluation of
real-time embedded system before implementation on
real process. Depending on which parts are replaced as
well as the objective of the research, HIL model can be
divided into 3 types [8].

« Signal HIL model as shown in Fig. 1a. In this type of
model, the entire system model is simulated in real-
time simulation environment while the controller is
implemented in hardware. Only control and meas-
urement signal are managed in the model. Therefore,
this model is called signal HIL simulation.

» Power HIL model splits the whole system into sub-
systems which will be designated as tested objects or
simulation ones. In this type of model, both power
and signal are managed as illustrated in Fig. 1b. This
model gives the most accurate test results since it
uses actual subsystems as a part of experiment.

+ Reduced-scaled HIL model. Its principal is similar to
that of power HIL model but the tested power parts
are replaced by equivalent subsystems with reduced
power. And of course, the replaced subsystems must
have the same characteristic with the original ones.
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This paper deals with the signal HIL model because of
its simplicity and application ability. This kind of model
emphasizes in evaluating performance of controller and
estimation algorithm in real-time. Various tests can be
repeated as many times as needed without any effect to
the real system. In EV research, the signal HIL control
system can be built as illustrated in Fig. 2. The model of
the EV is compiled to run in real-time simulation envi-
ronment while controller and measurement (or estima-
tor) are implemented by using microcontrollers, DSPs or
FPGAs which depend upon user’s demands. For motion
control or parameters estimation of an EV, the system’s
inputs may come from a driver’s behavior collector that
gathers driver’s commands. In the middle of the con-
trol/measurement block and model of the EV, a signal
conditioner is needed to harmonize signals exchanged
between these 2 blocks. Generally, this conditioning
circuit is called interface system. To be applicable to dif-
ferent studies, research of this paper focuses on driver’s
behavior and signal HIL model of an EV. Due to user’s
study interest, diverse hardware of controller can be
inserted into this model which shows the flexibility of
the solution.

System configuration

A vehicle moving in three dimension space can be seen as
a rigid body with 6 degree of freedom (DOF). However,
to reduce complexity of the model as well as to increase
computational performance, the following assumptions
are made:

a
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yref " Subsystem No.1 (Full Power) Or ~| HIL Model of
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ymes
Measurement <
Real-time Hardware Implementation Real-time Simulation
Fig. 1 a Signal hardware-in-the-loop model. b Power and reduced-scale hardware-in-the-loop model
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Fig. 2 Signal hardware-in-the-loop model with control system of an
EV

+ The vehicle moves on the flat surface.
+ Effect of roll and pitch motion are neglected.

The model is now simplified to 3 DOF including longi-
tudinal, lateral and yaw motion as shown in Fig. 3a. Sys-
tem configuration is illustrated in Fig. 3b. There are two
main parts in this configuration, hardware and software.
The hardware of the system includes dSPACE-DS1103
for hardware interface and driving system with accelera-
tor pedal, brake pedal and steering wheel. The software is
the model of the electric vehicle that simulates drivetrain,
vehicle dynamic and kinematic. The models are compiled
and implemented in dSPACE-DS1103 to obtain vehicles
states, such as longitudinal velocity, lateral velocity, yaw
rate, etc. These information is then passed to Matlab/
Simulink which is used as host environment for monitor-
ing whole system.

Vehicle dynamic and kinematic modelling

Vehicle kinematic

Figure 3a shows the vehicle model with fix-body frame
at the center of gravity (COG) which is used as the ref-
erence coordinate frame. As in [9], the kinematic rela-
tionships among velocities, yaw rate and accelerations
of the vehicle are written as follows:

Uy = ax + Fvy

(1a)

Uy = —ay + rug (1b)

where a, and a, are the longitudinal and lateral accel-
eration of vehicle COG, vy, vy and r are longitudinal
velocity, lateral velocity and yaw rate of the vehicle
respectively.

Force model
The forces applied to the moving vehicle can be listed as:

» Tire-road contact forces include longitudinal forces
Fy; and lateral forces Fy;, i = 1...4 with respect to
front-left, front-right, rear-left, rear-right wheels

« Air resistance force Fy;,
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Assume that rolling resistance is small and can be
neglected. The force balance in longitudinal, lateral direc-
tion and the torque balance around the vertical axis are
given by:

may = (Fx1 + Fx2) cosé — (Fyl +Fy2) siné + Fy3 + Fxa — Fair
(2a)

may = (Fy1 + Fx2) sind + (Fyl + Fyg) cosé + Fy3 + Fyq
(2b)

.7 = lf(Fxl + Fxp)sind + lf (Fyl + Fyz) cosé — I, (Fyg + Fy4)
b b .
— L (Fa1 — Fx2) cos 8 + =& (Fyj1 — Fyp) sin — & (Fi3 — Fra)
(2¢)
. P 9
Fuir = s;gn(vx) CWAEVx (3)

where cy is the aerodynamic drag coefficient, A is the
frontal area of the vehicle, p is the air density, by and b,
are the front and rear track width, lf and /, are the dis-
tance from front and rear axles to the COG of the vehicle,
8 is the steering angle of driven wheels, m and J, denote
vehicle’s total mass and moment of inertia around verti-
cal axis respectively.

Tire model

In order to solve Eq. (2) to obtain acceleration in 3 DOF,
the tire-road forces must be determined. However, these
forces are nonlinear and depend on many parameters,
e.g. road condition, tire quality, slip ratio, side slip angle.
Their nonlinearity are illustrated in the Fig. 4a, b corre-
sponding to longitudinal and lateral direction. In [10,
11], Pacejka has proposed tire formula (called Magic For-
mula) based on semi-empirical tire model to calculate
longitudinal forces as follows:

F,; = Dsin (C arctan ((B(1 — E)(4; + Sh;)
+E arctan (B(J; + Sh;)))) + Svi) @

in which /; is the slip ratio of the ith wheel, B, C, D, E, Sh;

and Sv; are the variables that are functions of coefficients
b, withn =0...10as:
C= by
D = Fu(b1F; + b2)
(b3F2+baFy) exp (—bsFy)
, CD (5)
E = beF,;+ byFy; + bg

Sh; = boF,; + b1o
Svi=0

B =

where F,; are the normal force of the ith wheel.
The lateral forces is also written as follows:

Fy; = Dsin ((Carctan (B(1 — E)(a; + Sh;)
+E arctan(B(«; + Sh;)))) + Sv;) (6)
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Fig. 3 aVehicle model with applied forces and motion features. b System with “hardware-in-the-loop” configuration
C=ap a a
D = Fyi(a1Fy + az) Fa = (er - kx;) (1 - kfygy> = FaxFz1y  (8a)
E =acF,; +ay
F. .
a3 sin(2arctan 2)) 7 a a
= a2 (1 —asly) Fi— (er - kx’“) (1 +kfyy> — FiuFay (8H)
Shi = agy + aoFy + aio g g
Svi = (anF2 + anFa)y + a3Fzi + aia
a a
Fp3 = (kfx + kxx> <1 - kryy> = FzS,sz3y (8c)
where «; is the sideslip angle of the ith wheel, y is the g g
camber angle that is set to zero in this model. The coef- 4 4
ficients b, in (5) and a,,n = 0...14 in (7) have fixed val- Foy = <kfx + kxx) (1 + kryy> = FzaxFzay (8d)
ues depend on the tire and the road conditions. If the g g
vehicle is parked on level pavement, the normal forces  where:
depend only on gravitational acceleration, total mass and 1 11 -
geometric features of the vehicle. When speeded up with ) S — g7’"; ke == g%, ky = = mg7 (9a)
2 2 2

an acceleration, the normal forces under front and rear

wheels are written as [9]:
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Ky =21 ky = (9b)
r

in which, g is the gravitational constant, [ = /¢ + [, is the
wheelbase and / denotes the height of COG of the vehi-
cle with respect to the ground. The coefficients Ky, kg, Ky,
Kry, kg, in (9) are constants and can be calculated once at
the beginning of the program to improve computational
performance.

Sideslip angle and slip ratio

Sideslip angle and slip ratio play important roles in
controlling vehicles. They must be determined to com-
plete Pacejka’s tire model. The slip ratio is the difference
between wheel velocities Rz w; and longitudinal velocity
vx when the vehicle is moving.

Reﬁrw,‘ — Vx

A= —————
max (Reg wi, Vx) (10)
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where Ry is the effective radius of tire. It is can be
assumed that slip ratio of all wheels are the same when
the vehicle moving straight since angular velocities of all
wheels are equal. However, when cornering, the lateral
motion takes into account and this makes the difference
in velocity between wheels. In such a case, the cornering
radius must be obtained to determine the slip ratio. As
in [12], when the vehicle moves in corner with steering
angle §, its COG will draw a circle with radius that can be
written as:

R=\JB+ (s + 1) cot?s (11
Therefore, the angular velocity of individual wheels can
be calculated from angular velocity of the shaft o as
follows:

b
o1 :( - 22)@ (122)
(14 Y
@) —( + 213)“’ (12b)
b,
w3 =<1 - 2R>w (12¢)
(14
w4—( 2R>“’ (12d)

From (10)—(12), the slip ratio of all wheel of the vehicle
can be obtained.The sideslip angle of tires are given by:

Vy + Ler
o] = § — arctan (yf)

13a
- o
vy + ler
oy = § — arctan (W) (13b)
Vx + Tfr
vy — br
o3 = —arctan W (13¢)
Vx — 5t
vy —Lr
a4 = —arctan | ——— (13d)
Vx + 7’r

Drivetrain modeling

Drivetrain of a vehicle is series of component that dis-
patches power to driving wheels. In internal combustion
engine vehicles (ICEV), the main parts of drivetrain may
include traction engine, clutch, transmission with gear,
shafts and wheels. On the other hand, electric vehicle is
simplified with electric motor(s), transmission with fixed
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ratio (also called overall reduction ratio) and wheels [13,
14]. Figure 5 shows the typical configuration of electric
vehicle.

As illustrated, the electric motor rotates and generates
torque on its shaft to deliver power to wheels through
transmission and differential. In general, differential
mechanism basically allows each wheel to spin freely
of the other while providing power to both. Differential
plays an important role in case of front wheel drive or
rear wheel drive vehicles but it is absent in 4-wheel motor
drive electric vehicle since the rotation of wheels of such
kind of vehicle can be controlled independently. The
model of differential can be described by (12).

Transmission of an electric vehicle is responsible for
transferring torque from motor shaft to differential with
fixed ratio K;. Torque outputs from transmission can be
written as below:

T, = K;T, (14)

where T, is the torque that is generated by motor. The
torque balance around the transmission shaft is [15, 16]

]x%‘;’ =Tt — RegFroras — Tpy

= KiTe — RegFrotas — T (15)
where Fyyp = Z?:l F,; is the total longitudinal force on
all wheels of the vehicle that is converted back to shaft
of transmission, J, is the moment of inertia of the vehicle
and T is the brake torque that is proportional to brake
command of the driver.

One of the major advantages of electric vehicle is the
quick torque response of the electric motor compared
to the internal combustion engine of conventional cars.
Therefore, the motor drive system can be considered as a
1st order transfer function as illustrated in Fig. 6, where
the K, is the gain and T}, is the time constant.

Wheel

Tl(I)w1

Te Tt _
@
. - b=
Electric Transmission S
Motor (Reduction ratio Ki) :E
=

We w

Tz(; I ;)wz

Wheel

Fig. 5 Electric vehicle drivetrain configuration
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Hardware and system design

Simulating driving action can be done by many simula-
tion softwares, e.g. Matlab/Simulink. However, imitating
behavior of the driver is not as easy as drag-and-dropping
some unit steps or signal builders since it requires com-
bination of many complex actions. In this paper, a racing
wheel Betop 3181 is utilized as the driving system which
has steering wheel, accelerator and brake pedals. Basi-
cally, racing wheels are connected to computer by USB
protocol with manufactures driver and it is impossible to
decrypt data transfered through USB port of this device.
Therefore, a hardware modification is made to extract
signal from potentiometers that are attached to each part
of the racing wheel. These signals are analogous and then
assigned to the inputs of dSPACE-DS1103 control board.
On the computer side, the dSPACE-DS1103 control board
is selected as the real-time simulation environment that
runs the vehicle model. The inputs from the racing wheel
are defined in the Matlab/Simulink and connected to
appropriate inputs of the vehicle model. Figure 7 shows
the description of whole hardware system and Fig. 8 illus-
trate the complete model in Matlab/Simulink. The model
in Fig. 8 contains the vehicle dynamic block which is writ-
ten in S-function block, vehicle kinematic block, driv-
etrain and the dSPACE-DS1103 Input/Output Interface.

Experimental results

Validation scenarios

In order to validate the HIL model, two test cases are
implemented. In the first test, the vehicle model is con-
trolled to run straight with random speed. This can eval-
uate the performance of accelerator and brake pedal as
well as the simulation model in the longitudinal direction.
The second test is to evaluate responses of the system
when the car is driven in periodic cornering. According

Steering Wheel
Accelerator Pedal

dSPACE - DS1103

A |
{

Brake Pedal

Fig. 7 Hardware description

to this test, the vehicle at first is accelerated to a given
speed, then the steering wheel is turned in clockwise and
anti-clockwise periodically. As the result, the car should
turn right and left, respectively.

The system parameters used in the model are based on
the Electric Vehicle i-MiEV by Mitsubishi and listed in
Table 1.
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Fig. 8 Complete model of electric vehicle

Results

The real-time data from the dSPACE-DS1103 can be
saved and monitored in Matlab/Simulink environment as
illustrated in Fig. 3. Figure 9 shows the first test results
when the vehicle runs straight. Normally, accelerator and
brake pedal are not allowed to be pushed at the same
time. This is illustrated in Fig. 9a for accelerator pedal
position and Fig. 9b for brake pedal position. When the
accelerator is pushed, longitudinal velocity increases and
so as acceleration. The deeper position of the pedal, the
higher velocity and acceleration. Considering the time
interval (0-20 s), the Fig. 9 can be interpreted as fol-
lows. When the accelerator pedal is pushed in the first
14 s, the car is sped up with the acceleration of about
2.5 m/s? (Fig. 9c) maximum, as the car reaches the veloc-
ity of 24 m/s? (Fig. 9d). At t = 14 s, the accelerator pedal
is released as the brake pedal is pushed, the car is quickly
slowed down to 12 m/s*> with deceleration as much as
—4m/s? at the instant £ = 20 s. The remained wave forms
of this test can be explained similarly. In this model, posi-
tion of the acceleration pedal is limited at 90% and as can

be seen, when the pedal is pushed at 84%, the velocity
reaches to 29 m/s? (104 km/h). This approximately equals
to specification of i-MiEV (128 km/h at top speed [17]).
The second test’s results are illustrated in Fig. 10. As
shown in Fig. 10a, the steering angle is turned from zero
to negative and positive values periodically. This results
in the change of yaw rate of the vehicle accordingly in
Fig. 10c. Also, the longitudinal velocity varies with this
change. For the purpose of explanation, let’s have a close
look at the first 10 s, for example, while the vehicle is
driven at velocity of about 7 m/s, the vehicle is turned
right as the steering angle is changed from zero (at t = 3
s) to about 0.13 rad maximum (at ¢ = 6 s). This makes
the car rotating around its vertical axis with the yaw rate
of about 0.17 rad/s maximum. After that, at £ = 8 s, the
steering angle is changed to a negative value of —0.08 rad
causing the car turning left, the yaw rate also changes to
—0.17 rad/s. As the steering angle is turned clockwise
and anti-clockwise, the velocity in Fig. 10b of the vehicle
is oscillated from 2.5 m/s minimum to 11 m/s maximum.
This is caused by the centripetal effect as mentioned in
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Table 1 Simulation model parameters

Coefficients Value Coefficients Value
Pacejka’s tire model coefficients

do 13 b(] 157

aj —49.0 by —48.0
a 1216.0 by 1338.0
as 1632.0 b3 58

as 11 b4 444.0
ds 0.006 bs 0

de —0.04 bg 0.003
az —04 b7 —0.008
ag 0.003 bg 0.66
dg —0.002 bg 0

a1, a3, d14 0 bio 0

an -1

ann 0.045

Drivetrain coefficients

Ks 0.15 Km 7.84

Ky 500 T 0.5

Ki 6.07 Jx 100
Parameters Value Unit
Vehicle's parameters

Ie 1.275 m

Ir 1.275 m

br 1475 m

by 1475 m

m 1080 kg

h 047 m

Reff 0.3 m

J; 900 kg m?
Aerodynamic parameters

w 0.29 N/A

A 249 m?

0 1.2041 |<g/m3

(1). At the end of simulation, when the steering wheel
turns back to zero, yaw rate and longitudinal are returned
to their steady states.

Discussion
It is worth to point out the specific features and the
advantages of the proposed HIL model.

o Modeling with S-function. The vehicle model is built

on Simulink with S-function blocks (Fig. 8), which
allow to extract more state variables of studied sys-
tem for estimation, observation or control purpose.
This can be done easily by adding required variables
to the output field of the function callback definition.

+ Role of the interface system. After re-compiling the

model, the output signals presenting the variables are
available digitally. In order to proceed further, they
must be assigned to the DAC outputs of DS1103.
A conditioning interface system is required (Fig. 2)
for different EV model and peripheral hardware, as
DS1103’s DAC outputs have +10 voltage range.

Real-time performance evaluation and other capa-
bilities. For the sake of applications of proposed Sig-
nal HIL model, electronic control unit (ECU) design
scheme, for instance, the controller is developed on
basis of a hardware platform, such as DSP, FPGA or
MCU. Beside processing measurement signals of
state variables as mentioned above, these platforms
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st A \
20 / \ applied a set of control value to the outputs of the
15 U platform, i.e. drive motor’s torque command, applied
10 \\ brake torque or steering angle. This control set will
5

then be sent to the HIL model through the interface
L system. When running the whole control system, it
040 30 30 40 %0 & 70 80 90 can be seen that, both signal HIL model and driving

Time (s) system are implemented in real-time and obviously,
the controller will be tested in real-time. This can
evaluate the accuracy and performance of control/
estimation algorithm as well as stability of hardware
design since the test can be repeated and expanded
as needed. Furthermore, by utilizing ability of simu-

Longitudinal Velocity (m/s)

d Longitudinal velocity

Fi

g.9 Wave-forms in longitudinal run test

must reserve inputs for driving system (accelerator
and brake pedal positions, steering angle). The esti-
mation or control algorithm will be implemented and

lating critical situations, this HIL solution can assess
the controller in different modes, especially in fault
operation.
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o Cost-effective and fast implementation. The HIL
model in this paper utilizes only regular equipments.
There are 2 main parts of the model, the dSPACE-
DS1103 and the driving system, in which, the DS1103
or similar simulation platform is the minimum
requirement for almost all HIL model. The driv-
ing system is the low cost racing wheel that can be
found easily. In addition, since all the vehicle model is
built on Simulink with S-function blocks and trans-
fer functions and the connections of the system are
really simple, the researcher can develop very fast
their own platform for their studies.

Conclusions

This paper has proposed the design of a signal hardware-
in-the-loop model for electric vehicle. In this system, the
hardware is a racing wheel with all functions of a real
driving system, the model of electric vehicle including
drivetrain, dynamic and kinematic model is built based
on Magic Formula of tire-road contact relationship. The
performance of system is validated by two representative
testing scenarios which are monitored in Matlab/Sim-
ulink environment.

The proposed HIL system has been developed in our
laboratory and it is shown to be a good tool for studies
on motion control and state estimation of electric vehi-
cle. The other purposes, such as energy management or
autonomous control are under progress. In addition, the
accuracy of the HIL model will be evaluated by compar-
ing with a commercial software and/or experimentation
on a real electric vehicle system.
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