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ABSTRACT The Electric Power Steering (EPS) system performs exceptionally well in ensuring safety and
stability when steering. Although the robust Backstepping Control (BSC) technique is highly effective in
controlling the system, it still has drawbacks regarding system errors and phase delays. A new combination
called Fuzzy Backstepping Control (FBSC) is established in this work to eliminate the influence of error and
phase difference phenomena, which is considered a new contribution to the paper. The input of the fuzzy
algorithm is the systematic error and its derivative. At the same time, the fuzzy output is synthesized with a
reference signal to become a new reference signal for the BSC technique. The stability of the control method
is evaluated based on the Lyapunov criterion, while the system performance is evaluated according to the
simulation process. According to the research findings, the value obtained from the proposed controller tends
to closely follow the reference valuewithminor errors, and the phase delay phenomenon is almost completely
eliminated. System performance is ensured under various simulation conditions, even when inputs (velocity
and driver torque) change. Overall, the fuzzy backstepping control algorithm proposed in this work can
maintain stability and improve the system’s adaptability under different steering conditions.

INDEX TERMS Electric power steering, backstepping control, fuzzy control, steering column angle,
steering motor angle.

NOMENCLATURE
ACO Ant Colony Optimization.
ADRC Active Disturbance Rejection Control.
BPNN Backpropagation Neural Network.
BSC Backstepping Control.
EHPS Electrohydraulic Power Steering.
EPS Electric Power Steering.
FBSC Fuzzy Backstepping Control.
GA Genetic Algorithm.
HPS Hydraulic Power Steering.
LPV Linear Parameter-Varying.
LQE Linear Quadratic Estimation.
LQR Linear Quadratic Regulator.
MSE Mean Square Error.
PAS Power-Assisted Steering.
PID Proportional Integral Derivative.
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RMS Root Mean Square.
SMC Sliding Mode Control.
WTAVER Weighted Average.

I. INTRODUCTION
A. POWER-ASSISTED STEERING SYSTEM
The Power-Assisted Steering (PAS) system was invented
about 70 years ago by American companies [1]. This system
is known by three names: Hydraulic Power Steering (HPS),
Electric Power Steering (EPS), and Electrohydraulic Power
Steering (EHPS). Most cars today are equipped with one of
the above types of systems. Using the PAS system makes
the steering process more accessible and more comfortable.
The HPS system is often equipped with large vehicles [2].
Its structure is quite bulky, while its performance is not
high. The EPS system offers many outstanding advantages
compared to the conventional HPS system. Firstly, the EPS
system’s structure is compact, reducing its weight [3]. So,
this system can be easily arranged in many locations (rack,
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steering column, or pinion types). Secondly, replacing HPS
with EPS reduces energy consumption. In [4], Ramasany
showed that the vehicle’s energy consumption was improved
by about 3%. Thirdly, the EPS system provides higher
performance in ensuring vehicle stability and safety when
steering at different speeds [5]. Additionally, the EPS sys-
tem is more environmentally friendly than HPS because it
does not use hydraulic oil. Finally, EPS operation is almost
noiseless, while the HPS system often produces a strong
vibration [6]. The EHPS system is a combination of EPS
and HPS. However, this system still has the above disadvan-
tages. EPS systems are commonly used on family vehicles,
including mini-vans, pickups, sedans, SUVs, hatchbacks, and
others [7]. Some large vehicles are often equipped with the
EPS system with two independent electric motors to generate
sufficient assisted torque [8].

B. LITERATURE REVIEW
The performance of the EPS system depends mainly on its
control algorithm. If the system is considered linear, some
traditional algorithms can be applied. A classical Propor-
tional Integral Derivative (PID) controller was designed in [9]
by Hassan et al. to control the C-EPS system model (col-
umn type). The parameters of this controller were calculated
by a Genetic Algorithm (GA) to minimize the objective
function. In [10], Hanifah et al. applied an Ant Colony
Optimization (ACO) algorithm to tune parameters for the
PID controller of the steering system, which was equipped
with an electric vehicle. The target of this work was similar
to [9], that is, to minimize the Mean Square Error (MSE)
to reduce energy consumption. The results in [10] showed
that assisted current decreased slightly (about 0.03 A) when
replacing the classic PID controller with PID-ACO. A com-
bination of PID and fuzzy techniques was shown by Cao
and Zheng [11]. This algorithm was applied to an integrated
dynamics model that combined the suspension and steering
systems. In [12]. Li et al. applied the Backpropagation Neural
Network (BPNN) technique to tune parameters for the PID
controller of the EPS system. The structure of this algorithm
included three layers: the input layer, the intermediate layer,
and the output layer. Simulation results in [12] showed that
the controlled signal tracked smoothly to the desired signal.
The system’s response speed was good. However, phase lag
appeared when the vehicle steered at low speed. A phase-
compensated fuzzy PI technique was shown in [13] by Zheng
and Wei. They claimed that the current tracking effect was
improved by 75.2% when applying this technique. A linear
filter was fitted to the system to improve the delay mar-
gin [14]. Under the influence of external disturbances, the
output results chattered when only the PID control tech-
nique was applied to control the system [15]. Simulation
results in [16] showed that chattering and phase shift phenom-
ena occurred strongly when applying the integrated PI-PID
controller. An architecture of an adaptive network-based
fuzzy inference system and PD was introduced in [17] by

Ramos-Fernández et al. However, the tracking error was quite
large, caused by two reasons: the training algorithm has not
been optimally designed, and the training data has not been
fully provided. The PID algorithm only applies to simple
systems (one input and one output). The Linear Quadratic
Regulator (LQR) technique suits systemswithmultiple inputs
and outputs. In [18], Chitu et al. designed traditional LQR
control for automotive EPS systems based on cost function
minimization. To improve the performance of LQR, a state
space observer was combined with the LQR technique to
become a Linear Quadratic Estimation (LQE) [19]. It is
not easy to evaluate the performance of these controllers
because the simulation results in [18] and [19] are not fully
mentioned. For systems with variable parameters, using the
Linear Parameter-Varying (LPV) technique can be highly
effective [20].

In reality, most systems are nonlinear or affine. There-
fore, applying traditional control techniques (such as PID
or LQR) will be ineffective. Lee et al. showed that the
results obtained from simple controllers for linear systems
are either non-convergent or continuously oscillating [21].
In [22], Zhao et al. compared the output results obtained
from PID and H∞ control. Simulation results in [22] showed
that the step response obtained from H∞ is closer to the
reference value than PID. The calculations from [23] also
showed that the PID controller had overshoot and phase shift
problems compared to nonlinear robust controllers. A robust
control method, Sliding Mode Control (SMC), has been
applied to model the automotive EPS system. However, the
chattering phenomenon occurred strongly when applying this
technique [24]. In [25], Lee et al. designed an adaptive SMC
algorithm for steering wheel torque tracking. The steering
wheel angle value followed the reference value with an aver-
age error, but the steering wheel rate and acceleration were
strongly affected by chattering. An improvement was shown
in [26] by Lu et al. They designed a fuzzy algorithm to cali-
brate the SMC technique to minimize chattering effects. The
Active Disturbance Rejection Control (ADRC) technique
was applied to control the automotive EPS system to reduce
the influence of external disturbances. This algorithm aimed
to control the object so that it followed the steering wheel
torque [27]. The simulation results in [27] showed that the
angle error was quite small, while the angular speed error was
relatively large. Another application of ADRCwas performed
by Ma et al. [28]. However, the improvement in results was
not significant. In [29], Zheng and Wei compared ADRC,
fuzzy PI, and classic PID. The performance of the ADRC
algorithm was higher than the other two algorithms, but the
output signal (motor current) was affected by chattering.
Fu et al. presented an oscillation torque suppression control
technique in [30]. However, signal interference still occurred,
although this problem was significantly improved. In [31],
Lee et al. designed a new controller based on combining
two modules for steering torque tracking. The calculation
results in [31] showed that the systematic error was rel-
atively large. Backstepping Control (BSC) should replace
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the SMC algorithm to limit the effects of chattering and
eliminate errors. An application of BSC to the EHPS system
was presented in [32] by Shi et al. Compared to fuzzy PI,
backstepping control provides superior performance. A com-
bination of BSC and PI to control the EPS system was
implemented by Nguyen and Nguyen [33]. The final con-
trol signal was synthesized from the two component signals.
However, theoretical stability was evaluated based on only
one technique instead of both. Nguyen presented an improve-
ment of the BSC algorithm in [34]. To reduce phase shift, the
input signal of the BSC technique was corrected by the PI
technique. The parameters of the PI controller were tuned by
the fuzzy algorithmwith two inputs: driver torque and vehicle
speed (kp), driver torque and steering motor angle error (ki).
Several intelligent control methods have also been applied

to the EPS system. In [35], Li et al. designed a robust Takagi-
Sugeno (T-S) fuzzy controller for system control. However,
they did not specifically describe fuzzy rules or mention
membership functions. Hung et al. designed a fuzzy neural
network wavelet algorithm based on asymmetric member-
ship functions [36]. Simulation results show that the angle
tracking error could be up to 30.42◦ for the peak value
and 7.19◦ for the average value. Robust fuzzy control was
designed based on the two-layer performance presented by
Fu et al. in [37]. In [38], You et al. introduced a neural
approximation algorithm based on adaptive control for steer-
ing wheel torque tracking. The systematic error obtained
from [38] was generally relatively large. In addition to fuzzy
control, other intelligent control algorithms, such as neuroad-
aptive control and adaptive optimal control, help identify
unknown dynamics and improve robustness. These algo-
rithms are highly efficient and can be utilized to improve
system quality [39], [40]. Some other control methods should
be referenced in [41] and [42].

There are still some drawbacks from the above studies:
1) The power consumption of the controller is relatively
large [10], [43]; 2) Signal noise and phase shift occur when
applying traditional control algorithms (PID or LQR) to non-
linear systems [12], [15], [16], [23]. In addition, overshoot
and non-convergence phenomena also negatively affect sys-
tem quality [21], [23]; 3) The system error is relatively large,
even when applying robust control techniques for nonlinear
systems or intelligent control algorithms [17], [25], [27], [31],
[36], [38]; 4) Chattering phenomenon occurs in output signals
when using SMC or ADRC techniques [24], [25], [27], [29];
5) Road reaction torque is ignored during the calculation or
is assumed to be known in advance or calculated in a simple
way [30], [31], [38], [44], [45], [46]; 6) External disturbances
are notmentioned inmost previous publications. In this paper,
we propose to design a robust nonlinear algorithm to solve the
above disadvantages. This algorithm combines the BSC and
fuzzy methods, called Fuzzy Backstepping Control (FBSC).
This combination is highly effective in eliminating phase shift
(2nd issue), reducing systematic errors (3rd issue), limiting
the influence of chattering (4th issue) and improving energy
consumption performance (1st issue). The 5th issue is solved
by applying a single-track dynamics model to calculate road

FIGURE 1. EPS system model.

reaction torque. Finally, the influence of external disturbances
is fully considered instead of ignored, as in previous studies.

Overall, the paper makes three main contributions to
solving existing issues. Firstly, the proposed algorithm can
eliminate errors and phase shift phenomena. Secondly, this
algorithm can help reduce the adverse effects of chattering.
Thirdly, applying this technique will lead to an improvement
in the system’s energy consumption. Furthermore, the influ-
ence of dynamic factors and disturbances is fully considered
when investigating the vehicle’s steering process. These are
considered outstanding contributions to the paper that differ-
entiate it from other publications.

The paper’s structure consists of four sections. The first
section (introduction) mentions the literature review and
work motivation. The system model, including the EPS and
control models, is presented in the second section (mathe-
matical model). The following section (simulation and result)
gives numerical simulation results and discussion. The final
section (conclusion) addresses the proposed algorithm’s lim-
itations and future development directions.

II. MATHEMATICAL MODEL
A. EPS MODEL
Figure 1 describes the structure of a C-EPS system equipped
on a car. Driver torque from the driver is transmitted directly
to the steering wheel. It is then transmitted to a steering
column and a steering mechanism. The steering mechanism
of this system includes a rack and a pinion. The steering
column is assisted by a pair of gears driven by an electric
motor. The assisted motor is controlled by an electric control
unit based on the established control algorithm.

The relationship between the steering column angle (φc)
and steering motor angle (φm) is described by equation (1).
The dependence of the steering motor angle (φm) on motor
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current (im) is illustrated by equation (2). The relationship
between the steering column angle, steering motor angle, and
motor current is mentioned in (3).

Jcφ̈c + Bcφ̇c + Kcφc =
Kc
N
φm + Td (1)

Kt φ̇m + Lm i̇m + Rmim = u (t) (2)

Kc
N
φc + Kt im −

Tr
N

= Jeqφ̈m + Beqφ̇m +
Kc + Krr2p

N 2 φm

(3)

The equivalent damping coefficient (Beq) and equivalent
moment of inertia (Jeq) are calculated according to (4)
and (5), respectively, where Jc and Jm are the inertia moment
of the steering column and steering motor, respectively; Bc,
Bm, and Br are steering column damping, steering motor
damping, and rack damping, respectively; N is motor ratio,
Kt is motor torque coefficient, Kc is torsional stiffness of
the steering column, Td is driver torque, Mr is rack mass,
rp is pinion radius, Rm is motor resistance, and Lm is motor
inductance.

Beq = Bm +
r2p
N 2Br (4)

Jeq = Jm +
r2p
N 2Mr (5)

System disturbances (Tr ) include two components: internal
noise (Tid ) and external noise (Ted ). External travel factors,
such as road surface bumps, crosswinds, weather conditions,
and others cause external disturbances. In contrast, internal
disturbances are the result of steering, also known as steering
resistancemoment. Equations (6) and (7) provide information
on determining internal and system disturbances, where ln is
knuckle arm length; lc is the caster trail;Fy is lateral tire force;
γk and γc are kingpin and caster angle, respectively.

Tid ≈ rplc
cos2 (γk) cos2 (γc)

ln
Fyf (6)

Tr = Tid + Ted (7)

The lateral force at the wheel is calculated by the tire model.
The Pacejka tire model accurately calculates aggressive steer-
ing conditions (vehicle steering at very high speed with a
large steering angle) [47]. However, calculating the Pacejka
model is complicated and requires many experimental param-
eters. Assuming the tire deforms in the linear domain (∗),
a linear tire model can be applied with acceptable accuracy.
Equations (8) and (9) provide information on determining the
value of the lateral force at tires when steering (f is the symbol
for the front, and r is the symbol for the rear).

Fyf = −Cαf αf (8)

Fyr = −Cαrαr (9)

The tire’s cornering stiffness (Cα) is a constant, while the
tire’s slip angle (α) changes over time. Its variation depends

FIGURE 2. Vehicle model.

on yaw angle (ψ), vehicle speed (v), and steering angle (δ).
This relationship is described by equations (10) and (11).

αf =
vy + lf ψ̇

vx
− δ (10)

αr =
vy − lr ψ̇

vx
(11)

A single-track dynamics model is illustrated in Figure 2.
The motion of the car when steering is described by equa-
tions (12), (13), and (14), where Jz is the moment of inertia of
the vehicle; lf and lr are the vehicle’s dimensions (Figure 2);
m is the mass of the vehicle.

m
(
v̇x − ψ̇vy

)
= Fxf cosδ + Fxr − Fyf sinδ (12)

m
(
v̇y + ψ̇vx

)
= Fyf cosδ + Fyr + Fxf sinδ (13)

Jzψ̈ = lf
(
Fxf sinδ + Fyf cosδ

)
− lrFyr (14)

To satisfy condition (∗), the steering angle must be slightly
sufficient, i.e. sinδ ≈ 0 and cosδ ≈ 1. As a result,
equation (13) becomes (15), and equation (14) becomes (16).
One thing to note is that equation (12) will be eliminated
when steering at a steady speed (v = const).

m
(
v̇y + ψ̇vx

)
= Fyf + Fyr (15)

Jzψ̈ = lf Fyf − lrFyr (16)

According to equations (17) and (18), the longitudinal veloc-
ity (vx) and lateral velocity (vy) are determined based on the
heading angle (β).

vx = v cosβ (17)

vy = v sinβ (18)

According to condition (∗), the heading angle is slight. If the
vehicle moves at a constant speed, the relationship between
vy and vx can be described as (19).

v̇y ≈ vx β̇ (19)

Combining equations (8), (9), (10), (11), (15), (16), and (19),
we get (20). Equation (20) describes the vehicle’s motion
when steering. [

β̇

ψ̈

]
= A

[
β

ψ̇

]
+ B [δ] (20)
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where

A =

 −
Cαf + Cαr

mvx

−lf Cαf + lrCαr
mv2x

− 1

−
lf Cαf − lrCαr

Jz
−
l2f Cαf + l2rCαr

Jzψ



B =


Cαf
mvx
lf Cαf
Jz


B. CONTROL MODEL
Set the state variables according to (21).

[
x1 x2 x3 x4 x5

]T
=


φc
φ̇c
φm
φ̇m
im

 (21)

We get equations from (22) to (26) by taking the derivative of
the state variables xi.

ẋ1 = x2 (22)

ẋ2 = −
Kc
Jc
x1 −

Bc
Jc
x2 +

Kc
JcN

x3 +
Td
Jc

(23)

ẋ3 = x4 (24)

ẋ4 =
Kc
JeqN

x1 −
Kc + Krr2p
JeqN 2 x3

−
Beq
Jeq

x4 +
Kt
Jeq

x5 −
Tr
JeqN

(25)

ẋ5 = −
Kt
Lm

x4 −
Rm
Lm

x5 +
1
Lm

u (t) (26)

The object to be controlled is the steering motor angle (x3).
In this work, we propose the use of the robust backstepping
control (BSC) technique to control this object. The error
between the actual value (x3) and the reference value (x3_ref )
is denoted as e1, according to (27). Taking the derivative
of (27), we get (28).

e1 = x3 − x3_ref (27)

ė1 = ẋ3 − ẋ3_ref = x4 − ẋ3_ref (28)

Equations (29) and (30) denote the virtual errors of the system
as e2 and e3. The first virtual control variable of the system
(λ1) is selected according to (31) and the second virtual
control variable (λ2) is selected according to (32), where K1
is the proportionality constant between x5 and x3_ref and d1
is the specific constant.

e2 = x4 − λ1 (29)

e3 = x5 − λ2 (30)

λ1 = ẋ3_ref − d1e1 (31)

λ2 = K1x3_ref (32)

Combining equations (28), (29), and (31), we get (33).
According to (33), the value of e2 will approach the derivative

of e1 if e1 approaches zero. This proves that the first virtual
control variable (λ1) is chosen appropriately.

e2 = x4 −
(
ẋ3_ref − d1e1

)
= x4 + (ė1 − x4)+ d1e1

= ė1 + d1e1
e1→0
−→ ė1 (33)

Substituting equations (29) and (31) into (28), we get (34).

ė1 = (e2 + λ1)− (λ1 + d1e1) = e2 − d1e1 (34)

Equations (35) and (36) are obtained by differentiating (29)
and (31), respectively.

ė2 = ẋ4 − λ̇1 (35)

λ̇1 = ẍ3_ref − d1ė1 (36)

Substituting equations (34) and (36) into (35), we get (37).
Equation (38) is established based on the combination of (25)
and (37).

ė2 = ẋ4 −
(
ẍ3_ref − d1ė1

)
= ẋ4 − ẍ3_ref + d1 (e2 − d1e1)

(37)

ė2 =
Kc
JeqN

x1 −
Kc + Krr2p
JeqN 2 x3 −

Beq
Jeq

x4 +
Kt
Jeq

x5

−
Tr
JeqN

+ d1e2 − d21 e1 − ẍ3_ref (38)

Substituting equations (29) and (31) into (38), we get (39),
where the symbol d2 is described by (40).

ė2 =
Kc
JeqN

x1 +

(
d1
Beq
Jeq

−
Kc + Krr2p
JeqN 2

)
x3 +

Kt
Jeq

x5

−

(
d1
Beq
Jeq

x3_ref +
Beq
Jeq

ẋ3_ref + ẍ3_ref

)
−

(
Tr
JeqN

+ d21 e1

)
− d2e2 = f1 (x)− d2e2 (39)

d2 =
Beq
Jeq

− d1 (40)

Taking the derivative of (30), we get (41). Substituting equa-
tions (26) and (32) into (41), we obtain (42).

ė3 = ẋ5 − λ̇2 (41)

ė3 = −
Kt
Lm

x4 −
K1Rm
Lm

x3_ref − K1ẋ3_ref

−
Rm
Lm

e3 +
1
Lm

u (t) = f2 (x)+
1
Lm

u (t)−
Rm
Lm

e3 (42)

1) STABILITY PROOFS
A Lyapunov control function V (x) is chosen according
to (43). Taking the derivative of V (x), we get (44).

V (x) =
1
2
e21 +

1
2
e22 +

1
2
e23 (43)

V̇ (x) = e1ė1 + e2ė2 + e3ė3 (44)
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FIGURE 3. Control scheme.

Substituting equations (34), (39), and (42) into (44),
we get (45).

V̇ (x) =

(
−d1e21 − d2e22 − d3e23

)
+

(
e1e2 + e2f1 (x)+ e3f2 (x)+

e3
Lm

u (t)
)
(45)

The control signal u(t) is selected according to (46) with the
symbol d3 described as (47).

u (t) = −Lm

[
e2 (f1 (x)+ e1)

e3
+ f2 (x)

]
(46)

d3 =
Rm
Lm

(47)

Substituting equation (46) into (45), we obtain (48).

V̇ (x) = −d1e21 − d2e22 − d3e23 (48)

0 < d1 <
Beq
Jeq

(49)

According to (43) and (48), the proposed Lyapunov control
function is positive definite, and its derivative is negative
definite ∀x ̸= 0 (if and only if d1 satisfies condition (49)).
Therefore, the controller designed for this work is considered
stable.

According to (46), determining the control signal u(t)
when e3 is zero is extremely difficult. In [34], Nguyen
proposed a solution to simplify this calculation process.
However, using an approximate calculation model causes
systematic errors to increase (the signal is phase delayed or
phase advanced). To solve this problem, we propose to design
a fuzzy algorithm to correct the value of the reference signal,
i.e., x3_ref becomes x3_ref _new (Figure 3). The new reference

signal (x3_ref _new) is determined according to (50).

x3_ref _new = x3_ref + x3_new (50)

x3_new is the fuzzy controller’s output signal. This controller
has two inputs: a steering motor rate error (1st input) and
a steering motor angle error (2nd input). The membership
functions of the fuzzy controller are depicted in Figure 4.
The first input is defined in terms of Gaussian functions (51),
while the second input is computed in terms of triangular (52)
and trapezoidal (53) functions.

f1 (ė1; σ, c) = e
−(ė1−c)2

2σ2 (51)

f2 (e1; a, b, c) = max
(
min

(
e1 − a
b− a

,
c− e1
c− b

)
, 0
)

(52)

f2 (e1; a, b, c, d) = max
(
min

(
e1 − a
b− a

, 1,
d − e1
d − c

)
, 0
)
(53)

where a, b, c, d , and σ are coefficients of membership
functions.

The defuzzification process is performed using the
Weighted Average (WTAVER) method. Fuzzy rules are pro-
posed in Table 1, including Large Negative (LNE), Negative
(NEG), Neutral (NEU), Positive (POS), and Large Positive
(LPO).

The fuzzy surface describes the dependence of the output
signal on two input signals in Figure 5. This fuzzy surface is
formed based on the fuzzy rules listed in Table 1.
The choice of parameters for the controller is essential for

real applications. In this work, the coefficients d1, d2, and d3
are chosen according to (49), (40), and (47) respectively. The
system’s quality depends mainly on the choice of member-
ship functions and fuzzy rules. The response-ability needs
to be high regarding the steering motor angle (controlled
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FIGURE 4. Membership functions.

TABLE 1. Fuzzy rules.

object). Therefore, triangular functions are a suitable choice.
To avoid oversensitivity in steering motor rate, triangu-
lar functions should be replaced with Gaussian functions.
Their error ranges are selected according to experience
gained from previous simulations. The proposed fuzzy law is
based on ensuring response speed and avoiding simultaneous
overshoot.

The reference signal x3_ref is taken from the ideal model.
The ideal model is supported by ideal assisted torque
(Ta = Ta_ideal), as shown in Figure 6.

Looking at Figure 6 more closely, one can see that the
assisted motor will not operate (Ta_ideal = 0) when the driver
torque input is too tiny (Td < Td_max). If the driver torque

FIGURE 5. Fuzzy surface.

FIGURE 6. Ideal assisted torque map.

is large enough (Td_max ≥ Td ≥ Td_min), the ideal assisted
torque will increase linearly with the driver torque. Once
the driver torque exceeds its limit (Td > Td_max), the ideal
assisted torque will reach saturation (Ta_ideal = Ta_max). The
change in velocity has a significant influence on assisted
torque. The assistance performance is excellent when the
vehicle steers at a low speed and vice versa.

Ta_ideal

=


0 0 ≤ Td < Td_min(
a1v2+a2v+a3

) (
Td − Td_min

)
Td_min≤Td<Td_max

Ta_max Td > Td_max
(54)

The relationship between ideal assisted torque, driver torque,
and vehicle speed is described according to (54), where
empirical coefficients are a1, a2, and a3. The numerical sim-
ulation process will be conducted in the next section of this
paper.
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FIGURE 7. Simulation inputs.

TABLE 2. Technical parameters.

III. SIMULATION AND RESULT
A. SIMULATION CONDITION
The performance of the proposed controller is evaluated by
simulation. The change in speed and driver torque is the input
to the simulation problem. According to the first subplot in
Figure 7, two types of torque drivers are used in this work:
sine wave steering (the first case) and J-turn steering (the
second case). The vehicle’s moving speed is investigated at
v1 = 20 km/h and v2 = 70 km/h. The effects of external
disturbances (Ted ) are depicted in the remaining subplot
in Figure 7. The outputs are depicted by the subplots in
Figures 8, 9, 10, and 11, including steering column angle
(the first subplot), steering column rate (the second subplot),
steering motor angle (the third subplot), steering motor rate
(the fourth subplot), motor current (the fifth subplot), and
assisted torque (the final subplot).

The technical parameters used for the simulation are refer-
enced in Table 2.

B. RESULT AND DISCUSSION
The simulation results are evaluated in two cases correspond-
ing to two types of driver torque, as presented above.

1) THE FIRST CASE
Sine wave steering is used for the first case (Figure 7), while
J-turn steering is applied for the second case. In each case, the
vehicle’s speed when steering is investigated at two different
thresholds.
v1 = 20 km/h: The changes in simulation outputs when

steering at speed v1 are depicted in Figure 8. According to
the first subplot, the steering column angle changes based
on the sinusoidal rule, corresponding to the driver torque
input. If the EPS system is controlled by the BSC algorithm,
the received output signal will be phase-delayed compared
to the reference signal. As a result, the maximum steering
column angle error obtained from this controller is 2.550 rad.
Furthermore, the Root Mean Square (RMS) error and mean
error are 1.377 rad and 0.226 rad, respectively. In general, the
error caused by the backstepping controller when steering at
speed v1 is small. Compared to BSC, the values obtained from
the FBSC algorithm tend to follow the reference signal better.
According to simulation results, the maximum error of the
steering column angle obtained from the proposed algorithm
(FBSC) is only 0.064 rad. The RMS andmean errors obtained
from the FBSC controller are extremely small, only 0.039 rad
and 0.002 rad, respectively. Regarding the steering column
rate, external disturbances cause the output signal to fluctuate
slightly instead of being a smooth curve like the steering
column angle. Simulation results show that the maximum
error of BSC is up to 4.356 rad/s, 39.24 times higher than
that of FBSC. Under this condition, the RMS error and mean
error of the single backstepping controller are also relatively
high (2.460 rad/s and 0.204 rad/s, respectively), while the
error obtained from the fuzzy backstepping controller is much
lower, only about 0.076 rad/s and 0.005 rad/s. Phase lag
does not occur when the system is controlled by the FBSC
technique, which is proposed in this work.

The steering motor angle is the controlled object, so inves-
tigating the change of this state variable is necessary. The
third and fourth subplots in Figure 8 show the steering motor
angle and steering motor rate change over time. Looking at
Figure 8 more closely, we can see that the changing trend
of the steering motor angle is similar to that of the steering
column angle. However, the steering motor angle has a much
greater value than the steering column angle. The same goes
for steering motor rate and steering column rate. According
to the calculation results, the maximum error, RMS error,
and average error of the steering motor angle obtained from
the BSC controller can be up to 43.298 rad, 23.377 rad,
and 3.834 rad, respectively. The above numbers are much
larger than the values obtained from the FBSC controller
(1.076 rad, 0.659 rad, and 0.033 rad). When using the BSC
technique, phase lag occurs for the controlled object (x3) and
its derivative (x4).
The fifth subplot in Figure 8 describes the change in motor

current when steering at speed v1 = 20 km/h. According
to this description, the motor current value obtained from
the fuzzy backstepping controller always closely follows the
reference value with a small error. Simulation results show
that their RMS error is only 1.100 A, while the mean error
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FIGURE 8. Simulation results (v1, sine wave steering).

FIGURE 9. Simulation results (v2, sine wave steering).

does not exceed 0.777 A. These errors increase when the
conventional backstepping controller controls the EPS sys-
tem (5.370 A and 4.073 A) instead of FBSC. This shows that
the system energy consumption is improved when the BSC
controller is replaced by FBSC.

The last subplot in Figure 8 depicts the relationship
between driver and assisted torque. When Td < Td_min, the
assistedmotor does not operate, causing Ta = 0. If Td exceeds
Td_min, assisted torque will increase linearly with driver
torque, and it will reach saturation when Td = Td_max . This
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change perfectly agrees with the ideal characteristic curve
depicted in Figure 3. Compared with conventional BSC, the
assisted torque obtained from FBSC follows the reference
value better with insignificant error.
v2 = 70 km/h: According to the description in Figure 3,

the steering assistance characteristic curve will change as the
speed changes. Therefore, it is necessary to investigate the
controller’s performance at different speeds. The results in
Figure 9 show that the state variables change when steering
at speed v2 = 70 km/h.

Looking at this figure more closely, the output values tend
to decrease as the velocity increases. This is caused by a
decrease in assisted torque and an increase in road reaction
torque. According to the simulation results, the maximum
error of the steering column angle can be up to 1.150 rad,
while its RMS error and mean error are 0.725 rad and
0.056 rad, respectively. These values are achieved if and
only if the EPS system is controlled by the conventional
BSC algorithm. When applying this technique to control the
system, a phase delay occurs. A significant improvement is
seen in the results for the FBSC controller. According to the
simulation results, the maximum error of the steering column
angle is only 0.035 rad, and the RMS error is 0.022 rad, much
lower than the results obtained from the single backstepping
controller. After the results are rounded, the system mean
error is considered to be approximately zero (FBSC). The
phase difference phenomenon is completely eliminated when
the FBSC technique is applied to replace conventional BSC.
Compared with condition v1, the systematic error (steering
column rate) obtained in condition v2 is smaller. These results
are shown in Table 3.
The change of the controlled object (x3) and its derivative

(x4) are shown in the third and fourth subplots of Figure 9.
It is easy to see that the output values tend to decrease
as velocity increases. As a result, the systematic error also
decreased sharply. Simulation results show that the steering
motor angle’s RMS and average errors are only 0.373 rad
and 0.003 rad, respectively. These data are achieved when the
EPS system is controlled by the fuzzy backstepping algorithm
proposed in this work.

The robust backstepping control technique ensures that
system errors are stable. Under condition v2, the average
motor current error is relatively small, only 0.764 A for FBSC
and 2.589 A for BSC. The system’s energy consumption
efficiency is improved when the BSC controller is replaced
with the FBSC. The final subplot in Figure 9 shows the
dependence of assisted torque on driver torque. Compared to
condition v1, the value of assisted torque in condition v2 is
strongly reduced. This is entirely consistent with the initially
set rules (Figure 3).
v3 = 90 km/h: The output changes are described in

Figure 10 when steering at very high speed (v3 = 90 km/h).
Similar to v2, the output value decreases as velocity increases.
In this condition, the assisted power performance is not high.
This helps improve stability and avoid vehicle rollover. The
simulation values obtained under this condition are illustrated
in Table 3. In general, the system error is inconsiderable if and

only if the system is controlled by the algorithm proposed in
this work (FBSC).

2) THE SECOND CASE
The second case refers to the J-turn steering style, often
applied in practice when steering (Figure 7).
v1 = 20 km/h: The steering assistance performance of the

EPS system is high when the vehicle steers at low speed (v1 =

20 km/h). According to the description of the subplots in
Figure 11, the results obtained from the BSC algorithm can-
not follow the reference value. The error between the results is
substantial. Simulation results show that the maximum error,
RMS error, and average error of the steering column angle
obtained from the single backstepping controller can be up to
4.578 rad, 2.505 rad, and 1.609 rad, respectively. These values
are much higher than the errors obtained from the FBSC
algorithm (0.065 rad, 0.041 rad, and 0.027 rad, respectively).
The values obtained from the FBSC algorithm tend to track
the reference value with negligible error for both the steering
column angle and steering column rate. This is true for the
steering motor angle (the controlled object) and the steering
motor rate. A significant difference in value is seen when
the EPS system is controlled only by the conventional BSC
algorithm.

The motor current signal fluctuates under the influence of
external disturbances (Figure 11). The fuzzy backstepping
algorithm excels at controlling systematic errors, ensuring
that the output signal follows the reference signal with min-
imal error. The simulation results show that the RMS and
average errors of motor current obtained from the FBSC
algorithm are only 0.835 A and 0.415 A, respectively. Com-
pared to the BSC algorithm, the error of motor current
obtained from FBSC is only 13.53% and 9.93%, respectively.
According to the last subplot in Figure 10, the assisted torque
obtained from the FBSC algorithm tends to track the refer-
ence value closely. However, the system error is significant
when the EPS system is controlled by only the single BSC
technique.
v2 = 70 km/h: The results of the final investigation

(v2 = 70 km/h) are depicted in Figure 12. The out-
put results show a sharp decline as the velocity increases
from v1 = 20 km/h to v2 = 70 km/h. When the EPS
system is controlled by the BSC algorithm, the system
error is extremely large (for all five state variables). This
can be solved by replacing the single BSC technique with
the FBSC technique proposed in this work. According to
research findings, the output values obtained from the fuzzy
backstepping controller always closely match the desired
value with tiny errors. The motor current signal fluctu-
ates under the influence of external disturbances, but the
RMS error and average error remain at an acceptable
level.
v2 = 90 km/h: Figure 13 provides information about the

output values when steering at speed v3. Compared with
the above two conditions, the results obtained in this condi-
tion are minor. This is due to a decrease in assisted power
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FIGURE 10. Simulation results (v3, sine wave steering).

TABLE 3. Simulation results (1st case).

performance. Systematic errors are greatly eliminated once
the BSC algorithm is replaced with the FBSC. The results
obtained in the second case are listed in Table 4.

Some comments are made based on the simulation results,
as follows:

+ Assisted torque increases or decreases linearly accord-
ing to driver torque in a stable working range. When the value

of driver torque reaches maximum (Td = Td_max), assisted
torque will reach saturation (Ta = Ta_max).

+ The output values decrease sharply as the velocity
increases. This is caused by a decrease in assisted torque and
an increase in road reaction torque.

+ Concerning the sine wave steering type (1st case), the
output signals received from the BSC controller are phase
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FIGURE 11. Simulation results (v1, J-turn steering).

FIGURE 12. Simulation results (v2, J-turn steering).

delayed with average error. Regarding the J-turn steering type
(2nd case), the system error is substantial when this technique
controls the EPS system.

+ Once the conventional backstepping controller is
replaced by fuzzy backstepping, the phase shift phenomenon
is almost completely eliminated, and the system error is
reduced to extremely small. This conclusion is proper in
many investigated conditions, even when driver torque and
vehicle speed vary.

Compared with some previous publications, the algorithm
proposed in this work provides superior performance. Firstly,
the motor current obtained from the FBSC algorithm is
lower than that of PID-ACO [10]. This shows that the power
consumption of the proposed controller has been improved.
Secondly, the phase delay phenomenon is eliminated when
steering at low speed, while this problem still exists when
applying the BPNN PID technique [12]. Thirdly, the chatter-
ing phenomenon is significantly eliminated when applying
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FIGURE 13. Simulation results (v3, J-turn steering).

TABLE 4. Simulation results (2nd case).

the proposed control technique, compared with [15], [24],
[25], [27], and [29]. Finally, systematic errors are elimi-
nated almost completely, which provides higher efficiency
than [17].

IV. CONCLUSION
The robust fuzzy backstepping control algorithm is estab-
lished in this paper to control the performance of the EPS

system. The simulation is performed with two cases corre-
sponding to two steering types. The research shows that the
output signals tend to closely follow the reference signal with
almost no error if and only if the FBSC technique controls
the EPS system, as this paper suggests. In addition, phase
lag is almost completely eliminated, and energy consumption
is maintained within acceptable tolerances. System stability
is ensured under investigated conditions, even when driver
torque and vehicle speed change.
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Although the proposed algorithm (FBSC) offers supe-
rior advantages over the conventional BSC algorithm, some
drawbacks still exist: 1) The systematic error must still be
eliminated to zero; 2) The motor current signal fluctuates due
to disturbances. These issues will be resolved in the following
papers.

V. FUTURE WORK
In the future, some experiments can be done to evaluate the
quality of the proposed controller. These experiments can be
performed based on some of the following settings:

+ Prepare a model of the steering system equipped with
EPS installed on the test bench. The sensors must be installed
in appropriate locations (steering wheel, steering motor, vehi-
cle speed sensors, and others).

+ The proposed control algorithm is updated to a
MicroAutobox II, a real-time device that can work without
user intervention through auto-code generation.

+ Perform steering at different speeds (described in the
simulation). Then, measure the sensor’s output values and
compare them to the simulation results.

Some challenges of conducting real-time experiments
include the following: Firstly, the difference between the
experimental system’s technical parameter values and the
simulation’s parameters. Secondly, the influence of sensor
noise during measurement. Thirdly, there is instability in con-
trol signals and power grid systems. Fourthly, the problems
are related to a DC motor fault.

The first problem can be solved by carefully measuring
the technical parameters. Then, the simulation will be rerun
according to the actual values. The use of filters is an effective
solution to reject sensor noise. Some other methods to solve
the second issue can be found in [48], and [49]. The third issue
can be addressed by applying a multisegmented intelligent
solution introduced in [50]. Some effective methods to solve
the last problem should be referred to [51] and [52].
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