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ABSTRACT The advancement of electrical power steering system (EPSS) in a vehicle system has
moved forward for decades. However, before the era of the complete autonomous vehicles comes, many
investigations are still underway to improve EPSS characteristics and performance for the human driver
interactions, while conducting both actual field tests and indoor HILS. Meanwhile, to replace the costly and
time-consuming field tests, the indoor EPSS based HILS has been frequently used as an alternative to explore
the characteristics of an actual EPSS and mimic the steering reaction torque created by a real car. However,
the recent EPSS Hardware-In-the-Loop (HIL) simulators become computationally expensive, complicated
as well as costly by integrating several software(s) with the hardware(s). This might be extravagant for
those who wish to practically implement those systems within a limited budget. Therefore, we proposed
a compact, cost-effective and minimum hardware-based EPSS HIL simulator interacting with a human
driver. Specifically, the dynamic models of 3-D.O.F vehicle and EPSS are constructed on the virtual
environment (MATLAB/ Simulink), and the dynamic behavior of EPSS, generated by those virtual models,
has been mimicked via an actual motor and delivered to actual test participants operating the simulator. The
effectiveness and accuracy of the proposed simulator in conjunction with a human driver have been compared
with the simulation results of certified Carsim software. In addition, for our future studies, the dynamic
responses of the vehicle body and EPSS under the effect of cross-wind have been explored based on the
proposed simulator and, the average of human driver’s torque to compensate for the effect has been finally
addressed.

INDEX TERMS Hardware-In-the-Loop Simulator (HIL Simulator), electrical power steering system
(EPSS), crosswind effect, vehicle dynamics, motor control, steering torque, Carsim.

I. INTRODUCTION
One of the major components of the vehicle system is
EPSS, which interacts with the drivers and reduces one’s
driving effort. Therefore, the advancement of EPSS in a
vehicle system has moved forward for decades. The study
[1] investigates the mathematical model and characteristic
curves of EPSS and, explored the performance of three cases,
themechanical steeringwithout power system, EPS system as
well as EPS system with PID control, in MATLAB/Simulink
environmental. In [2], a robust control design is proposed for
the EPS system with a brushed motor, which consists of a
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two-controllers structure. One is a robust master controller,
so called ‘‘motion controller’’ to deal with the driver’s feeling
and another is a slaver PI controller for generating sufficient
assisting torque based on the command via the master motion
controller. Reference [3] explored the performance of an opti-
mal based EPS system with a brushed motor and similar con-
trol structure of [2]. Reference [4] introduced an algorithm for
steering rack force estimation using a non-linear friction com-
pensation module and a linear disturbance observer. The per-
formance of estimation algorithm is validated with numerical
EPS model, a steering test bench as well as a real prototype
car. Reference [5] thoroughly reviews the overview of model-
based EPSS, mainly focusing on vehicle-driver interactions
and the design of a model-based EPS controller that considers
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the driver’s characteristics. Reference [6] presents the mod-
eling, control and analysis of an axle parallel electric power
steering system used for autonomous driving through a state
space approach. The control system is designed based on LQI
(Linear Quadratic Integrator) with pole placement technique.
Reference [7] shows that the effect of EPS (Electrical Power
Steering) obviously improves steering portability and flexi-
bility of the vehicle through the simulation results in Mat-
lab/Simulink. Furthermore, [8] presents an adaptive global
fast sliding mode control (AGFSMC) for Steer-by-Wire sys-
tem vehicles with unknown steering parameters. To deal with
such unknown parameters, the cooperative adaptive sliding
mode observer (ASMO) and Kalman filter (KF) are designed
to simultaneously estimate the vehicle states and cornering
stiffness coefficients. And then, based on the best set of
estimated dynamics, the proposed AGFSMC estimates the
uncertain SBW system parameters and performs the robust
control of system. Reference [9] constructed an accurate
multi-body dynamics model of a vehicle on ADAMS/Car
and explored the steering return-ability of a given model.
Through the sensitivity analysis based on DOE, it is found
that wheel alignment such as camber, caster and toe is one
of the most important factors for the difference between left
and right return forces, and rack friction has a significant
influence on the remaining angle. Reference [10] proposed
a nonlinear control of steering wheel angle taking advantage
of the self-aligning torque for EPS in the lateral motion con-
trol of autonomous vehicles. It shows that the self-aligning
torque provides the damping that can improve the tracking
performance when following the same direction of the input
torque on the control of steering wheel. In addition, EPS
hardware-in-the-loop simulation is utilized to evaluate the
performance of the proposed method. Reference [11] intro-
duced an integrated electric power steering system (EPS)
mounted on a steering column and operating with a steering
gear. The outcomes of the theoretical analysis were com-
pared with the results of tests obtained from a specially built
research bench completely reflecting the work of assistance
in the vehicle system. Reference [12] presents a control
technique for Electric Power Steering System (EPS) using
Permanent Magnet Synchronous motor (PMSM) for steering
application. The mathematical model of EPS is developed
in Matlab/Simulink and the performance of proposed EPS
system is evaluated for different driving conditions. Ref-
erence [13] presents an overview of dynamics equation of
EPS and how the EPS can be applied into large vehicle and
addresses that the booster position of the motor will affect the
characteristics of the overall dynamic motion of the electric
power steering system. Reference [14] presents a comparative
analysis of three different motor structures designed for an
EPSS, the existing Interior Permanent Magnet Synchronous
Motor (IPMSM), PMSM with a different rotor structure (V-
shape design) as well as a synchronous reluctance machine
(SynRM). Reference [15] developed a hardware-in-the-loop
simulation (HILS) system and confirmed that the steering
forces obtained through the simulation together with the

developed HILS system are similar to those in real vehicle
tests. Reference [16] proposed a motor model-based observer
to estimate the total torque on the motor shaft in the event
of the torque sensor failure on EPS. And a Hardware-in-the-
loop (HIL) simulation, including the EPSmodel, road vehicle
dynamics, and the control scheme on an Opal RT real-time
platform, has been conducted. Beside of the study for the
performance, the design and the control of EPSS, the EPSS
based lateral disturbance control has been discussed in [17]
through [19]. Reference [17] addressed the control strategy
using the overlay torque of assistant motor as a control input
which improves the behavior of human steering under the
lateral disturbance, a cross-wind effect and a road bank angle.
Reference [18] deals with an estimator of lateral disturbance
for an application to a EPSS-based driving assistant system.
Reference [19] discussed the effectiveness of proposed lateral
compensation algorithm based on a fully-equipped simula-
tor interacting with a human driver. Based on the reviews
of EPSS control system, as seen in [1]–[9], and HILS for
EPSS, as shown in [10], [15], [16], [19], we recently found
that the HIL simulators for EPSS becomes complicated as
well as expensive by integrating several software(s) with the
hardware(s). Such systems are often extravagant to explore
only steering reaction torque for a human driver together
with the dynamic response of the vehicle system. Therefore,
we proposed a compact, cost-effective and simplified EPSS
HIL simulator interacting with a human driver and, explored
the characteristics of EPSS based on the proposed simulator.
Specifically, the dynamic models of 3-D.O.F vehicle and
steering wheel-motor-rack based EPSS are constructed vir-
tually in Simulink, and the steering feeling (reaction torque)
generated by those virtual dynamic models has been mim-
icked via an actual motor and delivered to actual test partici-
pants. Therefore, the extension of this simulator can be limit-
less due to the fact that the vehicle and EPSS dynamic models
are constructed in the virtual environment and the actual
motor employed here only generates the driver’s reaction
torque. In addition, the dynamic responses of the vehicle body
and EPSS under the effect of cross-wind have been explored
based on the proposed simulator for our future studies. There-
fore, three major contributions of this study can be stated
here. 1) we proposed a compact, cost-effective, and simplified
EPSS HIL simulator interacting with a human driver where
others might build at low cost along with a certain level of
accuracy. 2) Based on the proposed EPSS HIL simulator,
we explored the cross-wind effect on the dynamic responses
of the vehicle and EPSS together with an effort of a human
driver. 3) The consumed average torque of motor in EPSS has
been approximately examined for the steady-state crosswind
effect. The rest of paper is followed. Section.II presents the 3-
D.O.F mathematical model of vehicle together with Dug-off
tire model and cross-wind effect while Section.III introduces
the dynamic model of EPSS. Section.IV proposed a simulator
and Section.V addressed the control of actual motor and,
Section.VI discussed the simulation and experimental results.
Finally, the conclusions are remarked.
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FIGURE 1. 3-D.O.F four-wheels vehicle description with a cross-wind
effect.

II. MATHEMATICAL MODELS OF VEHICLE AND TIRE
WITH CROSS-WIND EFFECT
This section describes the mathematical model of the vehicle
together with the cross-wind effect. The selected model is a
3-D.O.F four-wheeled vehicle, shown in Fig. 1, and imple-
mented to dynamically interact with the dynamic model of
EPSS (which will be shortly introduced in next section).

The equations of motions for the vehicle body are given by,

m
(
υ̇x − ψ̇υy

)
=

∑
Fx.i (1)

m
(
υ̇y + ψ̇υx

)
=

∑
Fy.i + FC .W (2)

Izψ̈ =
∑

Mzi +MC .W (3)

where, vx and vy are the longitudinal and lateral velocities
with respect to the body-fixed frame (x, y), respectively and,
ψ̇ is the yaw rate of vehicle body. Also, m and Iz are vehicle
mass and the moment of inertia, and FC .W andMC .W are the
representative effective force and moment acting upon the
vehicle due to the effect of cross-wind and followed as:

FC .W =
1
2
ρairCDAsideV 2

C .W & MC .W = FC .W lcw (4)

VC .W = V 2
wind + v

2
x − 2vxVwindcos(

π

2
− ψ) (5)

where, ρair , CD, Aside, Vwind , and lcw are respectively the
air density, the drag coefficient, the effective side area for
the vehicle, the speed of cross-wind as well as the relative
distance to C.G where FC .W is acting on.

Next,
∑
Fx.i,

∑
Fy.i and Mzi in (1) through (3) indicate

the tire/road forces and the rotational moments, which are
expressed by,∑

Fxi = uc · Fx.f − us · Fy.f + Fx.r (6)∑
Fyi = us · Fx.f + uc · Fy.f + Fy.r (7)∑
Mzi = lf

(
us · Fx.f + uc · Fy.f

)
+
Tf
2

(
u−s · Fy.f + u

−
c · Fx.f

)
− lrFy.r

−
Tr
2
(Fx.rr − Fx.rl)+ [TS.A.T .r + TS.A.T .l] (8)

where uc = [cos(δfr )cos(δfl)] ∈ R1×2,us =

[sin(δfr )sin(δfl)] ∈ R1×2,u−c = [−cos(δfr )cos(δfl)] ∈ R1×2

and u−s = [sin
(
δfr
)
− sin(δfl)] ∈ R1×2.

Also, Fx.f = [Fx.frFx.fl]T ∈ R2×1, Fy.f = [Fy.frFy.fl]T ∈
R2×1, Fx.r = [Fx.rrFx.rl]T ∈ R2×1 and Fy.r =

[Fy.rrFy.rl]T ∈ R2×1. Here, the above sub-notations fr, fl, rr,
and rl represent the front-right, the front-left, the rear-right
and the rear-left in the four wheels of vehicle. Also, δfr and
δfl are the front right and the left steering angles. And, lf and
lr indicate the distance from C.G to the front axle and the one
from C.G to the rear axle while Tf and Tr do the lengths of
the front axle and the rear axle, as shown in Fig. 1.

In addition, TS.A.T .r and TS.A.T .l shown in (8) indicate the
self-alignment torques (S.A.Ts) for each front tire and are
followed as,

TS.A.T .r = ζCyy(
υy

υx
+

lf
υx
ψ̇ − δfr )

TS.A.T .l = ζCyy(
υy

υx
+

lf
υx
ψ̇ − δfl) (9)

where, ζ is the trail length of front tire. Here, the S.A.Ts of
rear tires are disregarded due to the effectiveness.

Furthermore, the tire model of vehicle we selected for
this study is the Dug-off model due to the reasons that the
formulation is close to linear and the number of parameters
is relatively fewer compared to other tire models such as
Pacejka tire model.

Hence, the mathematical models of each tire force are
given by,

Fx.i = Cxx
λi

1− λi
ki & Fy.i = Cyy

tanαi
1− λi

ki

for i = fr,fl, rr, rl (10)

with,

ki =

{
(2− σi) σi if σi < 1
1 if σi ≥ 1

(11)

σi =
(1− λi)µiFni

2
√
C2
xxλ

2
i + C

2
yy tan2 αi

(12)

where Cxx and Cyy are the constant longitudinal and lateral
stiffness of tires and µi is the friction coefficient of tire/road.
Also, λi and αi indicate the longitudinal and lateral slip of
each tire, computed by,

λi =
Rwi − υpx.i

max(Rwi,υpx.i)
& αi = δi − tan−1(

υpy.i

υpx.i
) (13)

where R is the effective radius of tire and wi is the angular
rate of each wheel.

Also, υpx.i and υpy.i represent the linear velocities for the
center of each tire and calculated by,[

υpx.i υpy.i 0
]
=
[
υx υy 0

]
+
[
0 0 ψ̇

]
×
[
lx.i ly.i 0

]
(14)

where lx.i and lyi are the x and y positions of each tire relative
to the C.G of vehicle.
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FIGURE 2. EPSS in conjunction with vehicle model.

The vertical forces (Fn.i) applied to each tire can be
obtained as follows,

Fnfl =
lrmg

2(lf + lr )
−

hmax
2(lf + lr )

−
lrhmay
(lf + lr )

Fnfr =
lrmg

2(lf + lr )
−

hmax
2
(
lf + lr

) + lrhmay
(lf + lr )

Fnrl =
lrmg

2(lf + lr )
+

hmax
2(lf + lr )

−
lrhmay
(lf + lr )

Fnrr =
lrmg

2(lf + lr )
+

hmax
2(lf + lr )

+
lrhmay
(lf + lr )

(15)

where, h is the height of C.G in the vertical direction. Both ax
and ay in (15) are obtained via υ̇x− ψ̇υy and υ̇y+ ψ̇υx . Also,
based on the state of the vehicle in (1) through (3), the global
trajectory of vehicle, xG(t) and yG(t), can be computed by,

xG(t) =
∫ t

t0
(υx cos (ψ)− υysin (ψ))dt

&

yG(t) =
∫ t

t0
(υx cos (ψ)+ υysin (ψ))dt (16)

III. DYNAMIC MODEL OF EPSS MODEL
This section deals with the dynamic model of EPSS for the
proposed simulator. The simplified structure of EPSS is pre-
sented in the left of Fig. 2, and the interaction between EPSS
and vehicle model is also described in Fig. 2. Specifically,
the steering angles of the front tires, δfr and δfl , are delivered
to the vehicle system from EPSS and, at same time, the states
(i.e, υx , υy and ψ̇) of vehicle are recursively conveyed to
EPSS for determining the desired assisting torque of a motor
and the S.A.Ts of tires.
Furthermore, the E.O.M of EPSS is given below. (17)

represents the dynamics of steering wheel to steering column
while (18) and (19) describe the part of assisting motor and
the rack-pinion one. And, (20) and (21) indicate the kine-
matic relationship between the rack displacement and the

front-steering angles.

Jswθ̈sw = −Bswθ̇sw − Ksw
(
θsw − xr/rp

)
+ TD (17)

Jmtr θ̈mtr = −Bmtr θ̇mtr + Tmtr (TD, υx) · · ·

−Kmtr
(
θmtr − imtrxr/rp

)
(18)

mr ẍr = −Br ẋr − Krxr +
1
rp

[
Kmtr

(
θmtr

imtr
−
xr
rp

)
+ · · · + K sw

(
θsw −

xr
rp

)]
+

1
H

[TS.A.T .r + TS.A.T .l] (19)

δfr = tan−1
[

(lf + lr )tan(
xr
rp
)(

lf + lr
)
+ 0.5Tf tan(

xr
rp
)

]
(20)

δfr = tan−1
[

(lf + lr )tan(
xr
rp
)(

lf + lr
)
− 0.5Tf tan(

xr
rp
)

]
(21)

where, θsw and θmtr are respectively the rotational angles of
both a steering wheel and an assisting motor. And, xr is the
transversal displacement of rack. The parameters Bsw, Bmtr ,
and Br are the viscous damping coefficients for each section.
On the other hands, Ksw, Kmtr , and Kr are the rigidity con-
stants for each component. Also, imtr and rp are the gear ratio
of reducer and the radius of pinion-gear and, Tmtr (TD, υx)
is the assistant torque provided by the motor, which is deter-
mined by the input steering torque TD (Nm) (delivered by a
driver) and the longitudinal speed of vehicle υx(km/h). H is
the equivalent length of geometric arm connected to the tie-
rod/rack.

The map of target assistant torque Tmtr (TD, υx) via the
motor is provided from Carsim and given in Fig. 3. Also,
the simplified electrical model of motor in EPSS is described
in Fig. 4 and the P.I.D controller is used to produce the target
assistant torque determined by Tmtr (TD, υx).
The parameters shown in Fig. 4 are followed. Rm (�) and

L(�s) are the resistance of motor and the inductance of motor
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FIGURE 3. Map of target assistant torque Tmtr (TD, υx ).

FIGURE 4. Simplified electrical model of assistant motor with P.I.D controller.

FIGURE 5. Conceptual diagram of simulator (left), an actually constructed simulator (middle), and P.C monitor for displaying the
visualization of vehicle (right).

while Ki and KE are the constant of motor (Nm/Amp) and the
constant of counter-electrical force (V /(rad/s)), respectively.

IV. PROPOSED HIL SIMULATOR
The conceptual description and actual model of the pro-
posed HIL simulator are described in Fig. 5. Compared to
other simulators, this system is relatively characterized by
simple and compact configuration. An inexpensive geared
BLDC motor, a corresponding motor driver, a rotational

encoder sensor, a DAQ/controller(Q-PID-e), as well as a PC
(MATLAB/Simulink) are major components of the simulator.
The actual motor is employed to deliver the reaction torque,
which is equivalent to TD in (17), and the encoder sensor
directly attached to the motor measures the rotational angle
of the steering wheel, operated by a human test participant.
The DAQ/controller (Q-PID-e) device controls the motor and
reads the encoder simultaneously and, the vehicle and EPSS
models are constructed on MATLAB /Simulink, which is
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communicating with DAQ/controller(Q-PID-e). Due to the
given configuration of simulator, the following sequence of
the entire process can be induced. First, the BLDC motor
here provides the reaction torque TD to the driver and then
the test driver delivers the steering intention (i.e, steering
angle, θsw) against TD created by the motor. Furthermore, the
rotational steering angle θsw created via a driver is measured
by encoder sensor, which conveys to the models of vehi-
cle and EPSS in the virtual environment through Q-PID-e
device. Eventually, the vehicle and EPSS models generate
the dynamic motion via the given steering input, and the
motor creates another reaction torque which is newly felt by a
driver. It should be mentioned that this system also visualizes
the vehicle motion referenced to the view of driver via a
P.C monitor. This visual effect allows the driver to steer the
vehicle when asked to minimize the lateral deviation and,
will be used for studying the reaction of human driver on the
cross-wind effect.

V. ACTUAL MOTOR CONTROL INTERACTING WITH
HUMAN DRIVER FOR HIL SIMULATOR
The control of actual motor in the proposed HIL simulator
(described in Fig. 5) has been discussed in this section.
To implement the actual interaction between a human test
driver and EPSS, the physical motor should mimic the actual
reaction of the steering wheel.

Therefore, based on (17), the target torque of motor should
be followed by,

TD = Jswθ̈sw + Bswθ̇sw + Ksw
(
θsw − xr/rp

)
(22)

Here, θsw is obtained by an encoder attached to the motor (see
Fig. 5), and recall that xr in (22) is the displacement of rack
in (19).

Themathematical model of actual motor, must generate the
above target torque TD, is given by,

JM θ̈M + BM θ̇M = τM (t)+ Tdriver (23)

where, JM and BM are the mass inertia of actual motor and
the viscous damping of motor respectively. Also, Tdriver and
θM are respectively the human reaction torque, which should
meet TD, and the actual rotational angle of motor. And, due to
the given configuration of HIL simulator in Fig. 5, it is clear
that θM = θsw.

The feedback control law for the target torque TD of the
motor is proposed by,

τM (t) = 1J θ̈sw +1Bθ̇sw − Ksw
(
θsw − xr/rp

)
(24)

where, 1J = (JM − Jsw) and 1B = (BM − Bsw).
And then, applying (24) into (23) yields,

Jswθ̈sw + Bswθ̇sw + Ksw
(
θsw − xr/rp

)
= Tdriver (25)

Therefore, according to (25), the human test driver
exactly experiences the desired/target reaction torque TD
(see (22)).

FIGURE 6. Entire control strategy of motor and interaction between the
virtual dynamics and the human driver.

Assuming ẍr and ẋr are sufficiently small, we have the
following differential equation and transfer function, based
on (25),

Jsw(θ̈sw −
ẍr
rp
)+ Bsw(θ̇sw −

x́r
rp
)+ Ksw

(
θsw − xr/rp

)
= Tdriver (26)

e(s)/Tdriver (s) = 1/(Jsws2 + Bsws+ Ksw) (27)

where, e (s) =
(
θsw(s)− xr (s)/rp

)
. Hence, it can be seen that

the closed-loop system (27) is stable as long as the coefficient
of characteristic equation are all positive (i.e, maxRe(si) < 0
for i = 1, 2) and Tdriver is bounded.
The entire control strategy of motor and interaction

between the virtual dynamics and the physical environment
(together with the human driver) are presented in Fig. 6 for
a clear understanding of the motor control in the proposed
system.

VI. SIMULATION AND EXPERIMENTAL RESULTS
This section presents the experimental results to explore the
effectiveness of proposed system and the system parameters
used for the study are listed in Table. 1.

In Fig. 7, the performance of the proposed system
has been verified by comparing the results with the one
obtained by Carsim, based on the steering wheel angle θsw
(i.e, the resultant created by human test driver who expe-
riences the reaction torque TD), measured by the encoder
attached to the motor in the simulator (shown in Fig. 5).
Fig. 7 (b) and (c) indicate the lateral acceleration (ay) and the
yaw rate (ψ̇) of vehicle body at the given speed υx = 30km/h
while (d) and (e) do the steering angle of front-right wheel and
the steering wheel torque TD. And, (f) represents the charac-
teristic of motor torque for a given TD. It can be seen that
the mutual agreement between the results via simulator and
the Casim’s is successfully made, although a slight deviation
between those two for TD is observed. Fig. 8 and Fig. 9 also
present the comparisons between the simulator’s and the
Carsim’s for two different vehicle speeds, υx = 50 km/h
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TABLE 1. Numerical values of system parameters.

FIGURE 7. Comparison between the Carsim and the proposed simulator at υx = 30km/h (a) Steering wheel angle (b) lateral acceleration
of vehicle (c) yaw rate of vehicle (d) front steering angle on the right side (e) Torque delivered by driver (f) Torque delivered by driver vs.
Assistant torque by motor in EPSS.

and υx = 70 km/h. It is found that those results in both
Fig. 8 and Fig. 9 also exhibit acceptable mutual synchroniza-
tions between those two (simulator vs. Carsim). Nevertheless,
the TD of Carsim shows unexpected behavior that cannot be
imitated by the proposed system near the inflection regions at
the given υx = 70km/h (as shown in Fig. 9(e)). Furthermore,
the accuracy of S.A.T in (15) has been investigated from both
Fig. 10 and Fig. 11. It is seen that the S.A.T of Carsim is well
matched with the proposed one and, the S.A.T increases as
the υx does. Fig. 12(a) collected the characteristics curves of
EPSS, TD vs. Tmtr (TD, υx), shown in Fig. 7(f), Fig. 8(f) and
Fig. 9(f) and compared one with another. The human effort
TD should be increased as υx is augmented, if an identical
assistant torque is provided to each case, due to the fact that
the S.A.T is augmented for larger υx . This point of view can
be seen from the results θsw vs. TD in Fig. 12(b). It is clear that
the human test driver generates an almost identical range of

steering angle (approximately from −62 deg. to 62 deg) for
the three different vehicle speeds but consumes higher TDs
for higher speeds (i.e, max TD = 4.8 Nm at υx = 30km/h,
max TD = 6.1 Nm at υx = 50km/h, and max TD =
7.1 Nm at υx = 70km/h). Also, it should be noted that the
assistant torque Tmtr (TD, υx) consumed for three different
speeds υx = 30, 50, and 70 km/h, are almost identical
for one to another, which can be seen from Fig. 12(c) (i.e,
the levels of target torque on the map are same at given range
of human input torque TD, regardless of speeds). We can
see from Fig. 9 through Fig. 12 that the proposed system in
this study well mimics the dynamic response of a certified
Carsim.
Fig. 13 presents the global trajectories of vehicle (x, y) for

two different cross-wind effects Vwind = 20m/s and Vwind
= 30m/s without the human driver intervention (i.e, Td =
0) at the speeds υx = 50 km/h and υx = 70 km/h. It is
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FIGURE 8. Comparison between the Carsim and the proposed simulator at υx = 50km/h (a) Steering wheel angle (b) lateral
acceleration of vehicle (c) yaw rate of vehicle (d) front steering angle on the right side (e) Torque delivered by driver (f) Torque
delivered by driver vs. Assistant torque by motor in EPSS.

FIGURE 9. Comparison between the Carsim and the proposed simulator at υx = 70km/h (a) Steering wheel angle (b) lateral acceleration
of vehicle (c) yaw rate of vehicle (d) front steering angle on the right side (e) Torque delivered by driver (f) Torque delivered by driver vs.
Assistant torque by motor in EPSS.

assumed here that there exist no other road disturbances.
Therefore, from the results of Fig. 13, we can explore the
pure effect of cross-wind on the vehicle system. Specifically,
the constant cross-wind has been blown to the side of vehi-
cle since 10 secs, as shown in Fig. 13(a). Hence, we can
see that the vehicle has moved straightly before 10 secs
(no cross-wind effect) and then deviated from the originally
intended path line after 10 secs. It can also be seen that,
as generally predicted, the effect of strong winds produces

larger lateral deviations. The percentages of final lateral
deviation, defined as the ratio between the longitudinal dis-
tance and the lateral distance, are approximately 4 ∼ 5% for
Vwind = 20 m/s and 11 ∼ 15% for Vwind = 30m/s, which can
be characterized by a huge lateral disturbance. Fig. 13 also
includes the performance comparison between the simulator
and Carsim and, it is clear that the trajectory of vehicle
created by the proposed simulator is well synchronized with
Carsim’s.
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FIGURE 10. Self-aligned torque in the left wheel for three different velocities υx = 30, 50, 70km/h (a) S.A.T at 30km/h, (b) S.A.T at
50km/h, (c) S.A.T at 70km/h.

FIGURE 11. Self-aligned torque in the right wheel for three different velocities υx = 30, 50, 70km/h (a) S.A.T at 30km/h, (b) S.A.T at
50km/h, (c) S.A.T at 70km/h.

FIGURE 12. Characteristics of EPSS for three different velocities υx = 30, 50, 70km/h (a) Torque delivered by driver vs. Assistant torque by
motor in EPSS (b) Torque delivered by driver vs. Steering wheel angle (c) Torque used according to the target torque map for the different
speeds.

Fig. 14 shows the responses of proposed system under a
human driver intervention for the cross-wind effect Vwind =
30m/s at a given vehicle speed υx = 50km/h. Fig. 14(a)
through (d) represent the yaw rate of vehicle body, the global
y-trajectory of vehicle, the torque delivered by a driver
and the steering wheel angle on the time domain. Here,
the cross-wind is imposed on vehicle model at 3 secs
and a human test driver is requested to steer the vehicle
against the cross-wind effect at 23 secs, where the vehicle
is significantly deviated from the originally intended straight
path line.

Therefore, as shown in Fig. 14(a) and (b), the yaw rate
and y-trajectory of vehicle body are induced from 3 secs to

23 secs due to the cross-wind effect. Next, when the driver
is requested to maneuver the vehicle on a zero deviation
of the lateral trajectory at 23 secs, the counter motion of
the vehicle for the cross-wind effect occurs via the action
of the driver. The corresponding steering wheel torque and
angle are exhibited after 23 secs as shown in Fig. 14(c) and
(d). This implies that the persistent steering is required to
correct the heading angle of vehicle. The torque transmitted
by the driver is about 4.3 Nm on average even under the
assistance of amotor in EPSS, which is not negligible in terms
of the driver’s effort. Fig. 15 discussed the intervention of
three human test drivers for the cross-wind effect Vwind =
15 m/s at υx = 80km/h. Here, we categorized three drivers
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FIGURE 13. Vehicle trajectories for two different cross wind effects Vwind = 20m/s and Vwind = 30m/s w/o the human driver’s
intervention (i.e, Td = 0) (a) Two cross-wind scenarios, (b)Vehicle trajectories at constant υx = 50km/h, (c) Vehicle trajectories at constant
υx = 70km/h.

FIGURE 16. Average, minimum and maximum values of steady-state steering wheel torque for five different
crosswind effects (three tests have been conducted for each Vwind) (a) steering wheel torques @ υx = 60km/h,
(b) steering wheel torques @ υx = 80km/h.

as a beginner, an intermediate and an expert based on their
driving experience. It is imposed that the constant cross-wind
is impacted on vehicle model at 3 secs and a human driver is
requested to firmly hold the steering wheel from the begin-
ning. As shown in Fig. 16, the responses of intermediate and
expert are relatively steady and calmly for sudden wind effect
while the novice exhibits a rapid steering operation resulting
in a distinguishable lateral deviation. Specifically, it can be
seen that the maximum steering torque and angles of novice
are approximately 1.25 Nm and 3.7 degs. On the other hands,
the maximum values of other drivers are less than 1 Nm and
2.3 degs. Those results imply that the effect of cross-wind
might result in the dangerous situation for less experienced
driver. In addition, three responses of drivers are compared
with the results obtained via Carsim simulation including its
own driver model (driver preview time 0.15 sec), and we can
see that the steady-state of steering wheel angle and torque
are quite similar to the Carsim’s (even if the transient parts
do not coincide with each other).

Furthermore, from Fig. 17, we can see the average, min-
imum, and maximum values of steady-state steering wheel
torque for five different crosswind effects, 20 km/h, 30 km/h,
40 km/h, 50 km/h and 60 km/h, suddenly blown to the
side of vehicle. While Fig. 16(a) indicates the results of

υx = 60km/h, Fig. 16(b) represents the outcomes for υx =
80km/h. Here, three tests have been conducted for each Vwind
scenario and, the corresponding average, minimum, andmax-
imumvalues of TD have been expressed in Fig. 16. Especially,
it can be seen that the average values are well synchronized
with the Carsim’s. According to Fig. 16, the constant human
effort for the crosswind effect requires at least 1∼ 4 Nm. This
will be important data for determining the assistant torque
of motor in the lateral disturbance compensation system
which is our next study. Based on the results in Fig. 15 and
Fig. 16, it can be said that the performance of proposed
simulator acceptably captures the essence of human effort for
the steady-state crosswind effect.

Also, based on the results in Fig. 15 and Fig. 16, the overlay
assistant torque of motor can be determined to minimize
human effort for the crosswind effect. The steady-state con-
ditions of (17) and (18) are given by,

xr
rp
= θsw − TD/Ksw (28)

Tmtr = Kmtr
(
θmtr − imtrxr/rp

)
(29)

Substituting (28) into (29) yields,

Tmtr= Kmtr (θmtr − imtrθsw)+ imtr
Kmtr
Ksw

TD (30)
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FIGURE 14. System responses under human driver intervention for cross
wind effects Vwind = 30m/s at υx = 50km/h (The cross-wind is imposed
on vehicle model at 3 secs and a human driver is requested to steer the
vehicle at 23 secs) (a) yaw rate of vehicle body, (b) y-trajectory of vehicle,
(c) Torque delivered by driver, (d) Steering wheel angle.

It is possible to assume that θmtr ≈ imtrθsw and the 1st term is
less dominant to the 2nd term in (30).

Hence, (30) becomes,

Tmtr ≈ αsTD (31)

where αs = imtr
Kmtr
Ksw

. (31) determines the approximate
steady-state torque of motor for given the human steering
wheel torque. Therefore, to minimize the human effort for
the crosswind effect, the consumed torque of motor can be
approximately computed by (31). This result also leads to a
guideline for the lateral compensation control system. Usu-
ally, αs is 4∼ 5. This implies that the overlay torque of motor
is approximately 4 ∼ 20 Nm.

FIGURE 15. System responses under human driver intervention for cross
wind effects Vwind = 15 m/s at υx = 80km/h (The cross-wind is imposed
on vehicle model at 3 secs and a human driver is requested to hold the
steering wheel from the beginning) (a) Lateral trajectory of vehicle,
(b) Torque delivered by driver, (c) Steering wheel angle.

VII. CONCLUSION
Here, we proposed a compact, cost-effective and simplified
EPSS HIL simulator interacting with a human driver and,
explored the characteristics of EPSS and the effort of human
driver under the effect of cross-wind based on the proposed
simulator. Specifically, the dynamic models of 3-D.O.F vehi-
cle and the EPSS consisting of steering wheel-motor-rack is
virtually constructed in MATLAB/Simulink, and the steering
feeling (reaction torque) generated by those virtual dynamic
models has been mimicked via an actual motor, which is
delivered to actual test participants. In addition, the cross-
wind effect has been modeled and is interacted with the vehi-
cle. It is found that the effectiveness of proposed simulator is
well matched with Carsim’s and an acceptable tool to inves-
tigate the effort of human driver for the cross-wind effect.
Based on this system, our future study will conduct the design
of compensation control system for the lateral disturbances
including the cross-wind effect. This work will be a valuable
asset for those who wish to construct cost-effective HIL
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simulator and explore the characteristics of EPSS and human
driver’s intervention under one of major lateral disturbances,
a cross-wind effect.
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