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Abstract

The electrification of vehicle chassis systems is increasingly important due to benefits
such as vehicle lightweighting, enhanced safety, and design flexibility. However, faults
in these systems can seriously compromise safety, making Fault Tolerant Control (FTC)
essential. This study investigated FTC of four-wheel independent Electro-Mechanical Brake
(EMB) actuators and proposed a method to prevent lane departure under actuator faults.
Fault Tolerant Robust Control (FTRC) of four-wheel independent EMB actuators using
Time Delay Control (TDC) was applied without Fault Detection and Diagnosis (FDD) to
maintain real-time capability, and without steering control to reduce system complexity. In
addition, for actuator faults causing large lateral displacements, a control strategy applying
relative weighting to lateral velocity and yaw rate was introduced. The results showed
that, even when the faults of the EMB actuators were severe and asymmetric between
the left and right sides of the vehicle, overall vehicle stability—including lateral and yaw
motions—was preserved through the proposed FTRC approach without FDD and steering
control. Moreover, the relative weighting strategy effectively reduced lateral displacement,
preventing lane departure. These findings highlight the significance of the proposed
method for ensuring FTRC in electrified braking systems, enhancing safety, reducing lateral
displacement, preventing lane departure, ensuring real-time capability, and reducing the
complexity required in practical FTC.

Keywords: fault tolerant control; fault tolerant robust control; fault detection and diagnosis;
electro-mechanical brake; time delay control; electrification

1. Introduction

The electrification of vehicle chassis systems has been increasingly recognized as
essential, owing to its advantages such as vehicle lightweighting, enhanced stability
and safety, improved energy efficiency, greater design flexibility, and increased ease of
manufacturing [1-5]. However, the electrification of vehicle chassis systems, particularly
in braking and steering systems, can significantly affect vehicle safety in the event of a
fault. Therefore, the implementation of Fault Tolerant Control (FTC) is essential [6-8].
In response to this necessity, this study investigates an FIC of four-wheel independent
Electro-Mechanical Brake (EMB) actuators for a four-wheel vehicle, as well as a control
method to prevent potential lane departure under actuator fault conditions. Table Al in
Appendix A presents a comparison between the conventional hydraulic brake system,
which is currently in widespread use, and the EMB system addressed in this study.
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Rongrong Wang and Junmin Wang [9] presented an FTC approach for four-wheel
independently driven electric vehicles. An active fault diagnosis approach is proposed
to explicitly isolate and evaluate the fault. Based on the active fault diagnosis, FTC redis-
tributes the control efforts of all the wheels to relieve the torque demand on the faulty
wheel. Simulations using a high-fidelity CarSim full vehicle model show the effectiveness
of the proposed active fault diagnosis and FTC approaches in various driving conditions.
Hui Jing et al. [10] presented an FTC strategy to improve lateral stability and maneuver-
ability of a four-wheel independently actuated electric ground vehicle with active front
steering. Both vehicle parameter uncertainties and actuators faults are considered, making
the proposed control method robust to the uncertainties and actuator faults. A robust He,
dynamic output feedback controller was designed to control the vehicle, which can be
implemented without the slip angle or lateral speed measurement, with only the yaw rate
measurement. Simulation results based on a full-vehicle model in Carsim validate the effec-
tiveness of the proposed control approach. S. Kim and K. Huh [6] proposed the integration
of regenerative braking as well as EMB braking to achieve the FTC of the EMB. The fault
tolerant scheme is constructed using the sliding mode controller. The proposed controller
and strategies are verified in the EMB HILS (Hardware In the Loop Simulation) unit for
various conditions. Xuanhao Cao et al. [7] proposed an FTC strategy for path following of
autonomous vehicles considering faults in the braking actuators. A gain-scheduling linear
parameter-varying synthesis He, robust Fault Tolerant Controller is designed to ensure
autonomous vehicle stability and safety. This article fully considers the effects of braking
actuator faults in the process of the controller design, and it can implement the FTC for the
brake actuators by combining the steer-by-wire system and the Electro-Hydraulic Brake
(EHB) system. The experiments in the HIL system are carried out to verify the effectiveness
and real-time performance of the proposed control strategy, and the results show that the
proposed control strategy can improve the vehicle’s stability and safety under a wide range
of types of faults in the EHB system. Guanjie Cui et al. [11] proposed a path-tracking linear
parameter time-varying/He FTC strategy under Electronic pneumatic Braking System
(EBS) actuator failure in intelligent commercial vehicles. EBS actuator fault coefficients
are evaluated in real time to determine whether the EBS is faulty or not, and the gain
scheduling linear parameter time-varying robust He, FTC strategy is adopted for realizing
FTC of the EBS actuator fault. The results demonstrate that the control strategy designed
in this paper redistributes the braking torque and synergizes with the steering system to
enhance vehicle stability, thereby improving vehicle safety in the EBS failure mode. Taeho
Jo et al. [12] presented a method for diagnosing the actuator’s stuck state and FTC of
Anti-lock Brake System (ABS). The electronic circuit unit (ECU) monitors the fault detection
depending on the operating status of brake actuator. In response to the actuator’s stuck
state, the ECU converts the alternative control method. Experimental results validate the
effectiveness of the proposed fault diagnosis method and the presented FTC method.

As reviewed in previous studies, most approaches performed Fault Detection
and Diagnosis (FDD) first and then utilized the obtained information to implement
FTC [6,7,9,11,12]. In real-time control, performing FDD within a limited amount of time
often leads to reduced accuracy of FDD. Conversely, improving the accuracy of FDD can
compromise the real-time performance [13,14]. Therefore, in practical real-time control, it is
challenging to perform FDD and then use the obtained information to execute FTC [13,14].
In addition, some of the previous studies also incorporated steering control to ensure vehi-
cle lateral and yaw dynamics stability, safety, and /or maneuverability [7,10,11]. However,
in such cases, when a fault occurs in the vehicle’s driving or braking actuators during
longitudinal driving or braking control, ensuring vehicle lateral and yaw dynamics stability
and safety may require the additional incorporation of steering control, thereby increasing
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system complexity. Therefore, issues related to vehicle lateral and yaw dynamics stability
and safety, which may arise due to actuator faults in the driving or braking system dur-
ing longitudinal driving or braking control, should be addressed within the longitudinal
control itself, whenever possible or as needed.

Therefore, to ensure the real-time capability of control, this study aims to apply an
FTC method that is robust to faults, without relying on FDD or utilizing FDD information
only in the case of severe faults. Accordingly, a Fault Tolerant Robust Control (FTRC) of
four-wheel independent EMB actuators was intended to be applied using the Time Delay
Control (TDC) [15], which is capable of modeling faults as system parameter variations
and external disturbances, and is robust against system parameter variations, external
disturbances, and unmodeled uncertain dynamics. In addition, to reduce the complexity
of the control, this study aimed to address potential issues related to vehicle lateral and
yaw dynamics stability and safety caused by EMB actuator faults, solely through an
FTRC of four-wheel independent EMB actuators without incorporating steering control.
Moreover, in situations where significant lateral displacement may lead to a potential lane
departure, a lane departure prevention control strategy was addressed by reducing the
lateral displacement through a control approach that applies relative weighting to the
lateral velocity and yaw rate. To the best of our knowledge, the content addressed in this
study has rarely been dealt with in previous research.

This study is expected to make a significant contribution to the FTC, which is essential
for the electrification of vehicle brake actuators, reductions in lateral displacement and,
furthermore, the prevention of lane departure in the event of brake actuator faults. More-
over, the FTRC of the four-wheel independent EMB actuators using TDC proposed in this
study ensures robustness against actuator faults required in practical FTC by applying the
TDC as a robust control technique. As mentioned earlier, because this control does not
employ FDD except in the case of severe faults, it is expected to contribute to improved
real-time control performance compared with most previous studies that rely on FDD.
Moreover, by not incorporating steering control, this control is expected to reduce control
complexity compared with previous studies that involve steering control. In addition, the
use of relative weighting to the lateral velocity and yaw rate in this control provides a
unique feature not reported in prior studies, as mentioned earlier, enabling reduction in
lateral displacement and further contributing to lane departure prevention capabilities.

The remainder of this paper is organized as follows. Section 2 addresses the vehi-
cle dynamics and the fault model of the EMB actuators. Section 3 discusses the FTRC
of four-wheel independent EMB actuators using TDC. In addition, a control method ap-
plying relative weighting to lateral velocity and yaw rate is presented to reduce lateral
displacement and thereby prevent lane departure. Section 4 verifies the results of the
control methods presented in Section 3 through simulations. And Section 5 presents
the conclusions.

2. Vehicle Dynamics and Fault Model of EMB Actuators

Figure 1 illustrates the vehicle dynamics model. The planar vehicle dynamics with
3 Degrees Of Freedom (DOF)—namely, longitudinal, lateral, and yaw motions—can be
described as follows [9].

Ox =0yw+ 5 ( c6p c6p 1 1 )F+L( —sd; —séf 0 0 )Fy

m
by = —0xw + 1 ( s sof 0 0 )Fx+ 1 ( cof cop 1 1 )Fy

w:%( S(Sf-lf—C(Sf'ff S5f-lf—|—C(Sf-tf —t, t )Fx
—F%( C5f'lf—|—s5f~i'f C5f'lf—5f5f'tf -, - )Fy
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Here, v,, vy, W denote the longitudinal velocity, lateral velocity, and yaw rate, respectively.
m, I represent the vehicle mass and yaw moment of inertia, respectively. §; denotes the
front steering angle. ¢d; and sé represent cos 6y and sin d¢, respectively. I, I, represent the
distances from the vehicle’s center of gravity to the front and rear axles, respectively. ¢ Frtr
denote the half-track widths of the front and rear axles, respectively. Fy, F, represent the
longitudinal and lateral tire force vectors, which can be expressed as follows.

FX:(Fxfl Fxfr Fxyi - Fxrr )T

2)
Fy:(Fyfl Fyfr Fyrl Fyrr )T

Here, in the subscript i € {f,r} of Fyjj, Fyij, f,r denote the front and rear axles, respectively,
while in the subscript j € {,7} of Fy;;, F;

yijs
Accordingly, Fy;;, F;; represent the longitudinal and lateral tire forces acting on each wheel

I, denote the left and right wheels, respectively.

ijs
ij, respectively.
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Figure 1. Vehicle Dynamics Model.

The following equation represents the rotational dynamics of the ij wheel under the
applied braking torque [6].

Lyijwwij = —Tpij — TeffijFuij 3)

Here, I;; denotes the rotational moment of inertia of the ij wheel, wy; is the angular
velocity of the ij wheel, Tj;; represents the braking torque applied to the ij wheel, and 7,¢;;
is the effective radius of the ij wheel tire. By rearranging Equation (3) with respect to the
longitudinal tire force Fy;;, the following expression is obtained.

1 .
Fyij = Ep (—Tij — Lwijwawif) 4)

The lateral tire force Fy;; at the ij wheel can be expressed as follows under the assump-
tion of a small tire side-slip angle.

v+l
Cfl:Cfr:Cf&afl:‘xfr:afzéf_%ifw
Fyij = Cijij e (5)
Crl:Crr:Cr & o‘rl:“rr:“r:—yT

Here, C;j denotes the tire cornering stiffness of the ij wheel, and «;; represents the tire slip
angle of the ij wheel. In this study, it is assumed that the tire cornering stiffness and tire slip
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angle are identical for the left and right wheels at the same axle, as shown in Equation (5);
thatis, Cau=Cp=CrC=Cn=Crapy =uap =uay, and ;) = apy = oy

The following represents the fault model of the EMB actuator applied to the ij
wheel [16].

¢jj =1 & ATy;j = 0: healthy

eij =1 & ATy;; = const : additive fault

eij =0 & ATy = const : stuck-at-fixed-level fault
eij € (0,1) & ATy;j = 0: loss-of-effectiveness fault

Tyij = €ijTpaij + ATpij (6)

Here, Tj;; denotes the actual brake torque applied to the ij wheel, as mentioned above, ¢;;
is the loss-of-effectiveness gain associated with the actual brake torque applied to the ij
wheel, T),4;; represents the desired brake torque to be applied to the ij wheel, and ATj;; is
the additional brake torque applied to the ij wheel, which is assumed to be bounded.

3. FTRC of Four-Wheel Independent EMB Actuators
3.1. Method Using TDC

This study addresses FTC of four-wheel independent EMB actuators, aiming to address
potential issues related to vehicle lateral and yaw dynamics stability and safety caused by
EMB actuator faults, solely through the FTC of four-wheel independent EMB actuators
without incorporating steering control. Therefore, in this study, steering control is not
applied, and for convenience, the desired path is set as a straight line, allowing the front
wheel steering angle to be set to zero; i.e., §y = 0. If 6y = 0, Equation (1) becomes

y=0w+1(1 1 1 1)F+(0 0 0 0)F
Oy =-v;w+ (0 0 0 0)F+2(1 1 1 1)F 7)
w=1(—ty ty —t H VF+1(1l If —I, -1 )Fy

As shown in Equation (7), vy becomes uncontrollable by the brake actuator control input

Tjij, as also indicated in Equation (4). The controllable states by the brake actuator control
input Thij are vy, w, and by applying the input-output linearization [17] with vy, w as the

T
outputy = (vx w) , the following external dynamics [17] can be derived.

Tyan

__1
e N (B

w f3 t Tpas
~ Treff —&1 €& —E& & Tyua

Here, for convenience, ij € {fl, fr,rl,rr} are redefined as k € {1,2,3,4}, respectively. It is
assumed that r.fs;; = rofs for all ij, and that ty = t,. fi, f3 are as follows.

ATbl + lewwl
1 ATy + Lypwun

fi=oyew - m-reff <1 b 1) ATyz + Iyzwys ®)
ATpy + lpawis
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ATy + L1t
t L1 11 ) ATy + lpwwn
f3 - mef( a a ATbS + Iw3ww3
ATy + Lpswus
v +lf~w
Cp(=250) (10)

cr(-5)

Uy

D ¢, (o)

Ux
vy—lr-w
C(=25)

Ap, Ay are the ratios of the front wheel vertical tire force to the rear wheel vertical tire

force on the left and right sides of the vehicle, respectively, and A;, A, are the ratios of the
front wheel brake torque to the rear wheel brake torque on the left and right sides of the
vehicle, respectively, as follows [6,9,18,19].

Ea  Tn 1 — Efr Ty

a=2L oy
Ey Thas Fzrr Tpay

(11)

Here, F,;; denotes the vertical tire force acting on the ij wheel.
By applying Equation (11) to Equation (8), the following expression is obtained.

y_<z}x>_<f1>+ _m‘trle*ff<)\z.el+€3 Ar-ez+€4> (Thd3>
w f3 —W( —Aj-e1—e3 Ar-ertéey ) Ty (12)

T
=a+Bu, a= h ,u= bd3
f3 Thaa

By applying TDC [15] to generate the control input u for Equation (12), the following
expression is obtained.

-1
W) =u(t— L) 4B (5 L) +v), v =34+ Kya ) va= (0 @) (19

Here, L represents the time delay, which is typically set equal to the control sampling
T

,andyy = (@xd @d)T

T
time [15]. yq = (de wy ) isthe desired output of y = (vx a))
is the derivative of the desired output. K is a control gain matrix selected to determine the

response characteristics of the error dynamics. B is a control gain matrix selected based on
B of Equation (12), and is as follows.

- akp(vats At

B= ' S o (14)
T Treff —/\1'81—83 /\7'82+€4)

Here, §, k =1 ~ 4 are the control gains selected based on ¢ of Equation (12). In con-

ventional TDC, the control gain matrix B is typically determined by estimating system
parameters. However, in this study, to focus on faults, it is assumed that the nominal system
parameters are known, and instead, the loss-of-effectiveness gain ¢, which represents the

severity of the fault, is estimated to determine the control gain matrix B. For the TDC to be
stable, the following condition must be satisfied [15].
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y =

' ) <f1 >+ _m'71€ff<Al'£1+s3 Ar'€2+£4> (de:a)
Z.]]/_|_d'a) f3/ iy ( *Al'€1*83 Ar'€2+€4) de4

HI _ Bﬁ_lu <1 (15)

Here, I'is a 2 x 2 identity matrix. That is, if Equation (15) is satisfied, the TDC given in
Equation (13), when applied to the external dynamics described by Equation (12), ensures
the stability of the control system for the external dynamics.

When the TDC in Equation (13) is designed to satisfy the condition in Equation (15)
and applied to the external dynamics described in Equation (12) to control the external

T
dynamics output y = (vx w) to track yq = (de wd) , the investigation of the
stabilizability of the internal dynamics [17] with respect to vy in Equation (7) reveals that it
is stabilizable as follows.

. 1 _ Wy 2
Here, the coefficient of vy is positive, and the right-hand side is bounded. Therefore, the
internal dynamics with respect to vy are stable.

Therefore, the FIRC of four-wheel independent EMB actuators using TDC can stabilize
T
the external dynamics with respect to the outputy = (vx w) , and ensure the stabiliz-

ability of the internal dynamics of vy. As a result, this control method can ensure the overall
stability of the full vehicle system, including both internal and external vehicle dynamics.

As mentioned in the introduction, the variation in the loss-of-effectiveness gain ¢;
in Equation (12) can be regarded as a variation in system parameters, while ATy can be
considered as a disturbance. Furthermore, in Equation (12), if both &, become zero on the
same side of the vehicle—i.e., either ¢y = e¢3 = 0 or ¢, = ¢4 = 0—then the matrix B becomes
singular, and the external dynamics in Equation (12) becomes uncontrollable.

3.2. Method Using TDC with Relative Weighting to Lateral Velocity and Yaw Rate

T
The output y = (vx w) in Section 3.1 is modified based on the look-ahead

! OUx
y = (Uy+d-w> (17)

Here, d is the relative weighting factor applied to the lateral velocity and yaw rate. As in

concept [20] as follows.

Section 3.1, by applying the input-output linearization [17] to the output y/ and utilizing
Equation (11), the following external dynamics [17] can be derived.

~Trely

i ! ! T
=a +Bu,a = h ,u = bd3
f3! Tpas

Here, fj is the same as in Equation (9), and f3/ is given as follows.

(18)
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ATbl + lewwl
ATy + Lpw
d-t b2 w2Ww2
P ——f(—11 11) .
f3 o Lreff ATyz + Lizwys
ATM + Iw4ww4
_ vy+lpw (19)

By applying TDC [15] to generate the control input u’ for Equation (18), the following
expression is obtained.

_—1
u(t)=u(t—L)+B (—y(t—L)+V), ) 20)
v ZYd"i_K,(yld_yl)r Y/d = ( Uyd Uyd +d-wy )

, T
As in Section 3.1, here, L denotes the time delay, y 4 = (de Oya +d - wd> is the desired

’ T ! . . . T
outputof y = (vx vy +d- w) ,andy 4 = (de Oyg +d - wd) is the derivative of the

desired output. K is a control gain matrix selected to determine the response characteristics
!

of the error dynamics. B is a control gain matrix selected based on B’ of Equation (18), and

is as follows. In this study, the control gain matrix B is determined using the same method

as that used for selecting B in Section 3.1.

- _ﬁgﬁf(/\l'gl +& /\r'52+54>

B=| 4 (21)

—W(*)\l & -8 A8 +§4)

Here, for the TDC to be stable, the following condition must be satisfied [15].

-1
HI—B'B H <1 22)

That is, if Equation (22) is satisfied, applying TDC in Equation (20) to the external dy-
namics described by Equation (18) ensures the stability of the control system for the
external dynamics.

By controlling the external dynamics as described above, y’; = v, can be controlled
to its desired value y';; = vy4, and ¥, = vy + d - w can be controlled to its desired value
Y'pq = vyg +d - wy. Although the individual components of the second output—namely,
the lateral velocity v, and the yaw rate w—cannot be controlled independently to their
respective desired values—namely, the desired lateral velocity v 4 and the desired yaw
rate wy—their weighted combination ¥, = v, +d - w can be controlled to its desired value
Y5y = Uya +d - wy. As mentioned in Section 3.1, steering control is not applied in this
study, and the desired path is assumed to be a straight line for simplicity. Therefore, the
desired lateral velocity is zero—i.e., v,y = 0—to maintain the straight-line path. Likewise,



Actuators 2025, 14, 616

9 of 27

the desired yaw rate is also zero, w; = 0, to keep the vehicle on the straight-line path.
Consequently, y', = vy +d-w = y'y; = vyq +d-wy =0 is a valid control objective. In
practice, if the system does not converge exactly to zero due to steady-state error, it may
still converge to a small bounded value ¢; i.e., i » =0y +d-w — c.InSection 3.1, it was
shown that the state vy, is stabilizable but not controllable by the brake actuator control
input. In this section, by redefining the second output as y’, = v, 4 d - w, the uncontrollable
state v, is not directly controlled, but rather controlled indirectly through control of the
second output y’ » = vy +d-w, which is a function of both vy, and w. In other words,
the controllable state w, which can be controlled by the brake actuator control inputs, is
utilized to indirectly control the lateral velocity v,. Through this indirect control of the
lateral velocity, the lateral motion of the vehicle can be controlled, thereby reducing lateral
displacement and contributing to the prevention of lane departure.

In this section, controllability is achieved by controlling y'; = vy and v/, = v, +d - w.
However, y', = vy + d - w represents the control of a combined value vy 4 d - w, not the
individual control of v, w. Therefore, to verify the overall stability of the vehicle system, the
stabilizability of the states v,, w must be examined. If the stabilizability can be confirmed
for one of the states v, w within ¥/, = v, +d - w, since y', = v, +d - w is considered
controllable, and by the principle that controllability implies stabilizability, the remaining
state is also stabilizable. Here, similar to Section 3.1, the stabilizability of v, is analyzed
through the internal dynamics corresponding to vy. The internal dynamics of vy is given
as follows. 1

by + m—w(chﬂcr)vy = m%x(zcr 1y =2Cy - Iy — mo}) (23)
In this section, the output vector y is controlled such that y'; = vx = ¥'1; = Vag
and y', = vy +d-w— Yoy = Vyd + d-wy. Therefore, by substituting v, — v,y and

w — (vyd +d-wy;— vy) /d into the above equation, it can be rewritten as follows.

. 1 2C;ly—2C -1 p—mv?
W+mw@q+xﬁ—§fdvy

24
Oy +d-wy <2C,‘-lr2Cf-lfmv.2xd) ( )
d

M0yq

Here, it can be observed that the right-hand side is bounded. Therefore, if the coefficient
of the v, term is positive—i.e., if Equation (25) or Equation (26) is satisfied—the internal
dynamics with respect to vy are stable. In other words, vy is stabilizable.

mo2, 4+2Cs -1y —2C; - Iy

2C; +2C; @)

ifd>0,d>

mvid +2Cf lf -2C, -1,

ifd<0,d< 2C; 1 2G,

(26)

Here, if d = 0, then i/ » = vy, which implies that the system is uncontrollable. Therefore, it
is assumed that d # 0. As a result, as explained earlier, w is also stabilizable.

Therefore, in this section, the FTRC of four-wheel independent EMB actuators using
TDC with relative weighting to lateral velocity and yaw rate can stabilize the external

dynamics associated with the output y = (vx vy +d- w) T, and ensure the stabilizability
of the internal dynamics of vy,. As a result, this control method is capable of stabilizing the
entire vehicle system, which includes both the internal and external vehicle dynamics.

As mentioned in the introduction, the variation in the loss-of-effectiveness gain ¢; in
Equation (18) can be regarded as a variation in system parameters, while ATy can be consid-
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ered as a disturbance. Furthermore, as discussed in Section 3.1, in Equation (18), if both ¢
become zero on the same side of the vehicle—i.e., either ¢ = ¢35 = 0 or ¢y = ¢4 = 0—then the
matrix B becomes singular and the external dynamics in Equation (18) becomes uncontrollable.

4. Simulation

4.1. Simulation of the FTRC of Four-Wheel Independent EMB Actuators Using TDC Proposed in
Section 3 Applied to the Vehicle Dynamics in Section 2

The control target considered in this section is based on the vehicle dynamics and
parameters described in Section 2, including m = 1181 kg, I = 2066 kg - m?, | f=14m,
I, =16m, tr =096l m,t, = 0961 m, Cf = 40000 N/rad, C, = 45000 N /rad, the effective
radius for all wheels r,¢¢ = 0.3067 m, and the rotational moment of inertia for all wheels
I, = 0.74063 kg - m?.

In addition, the TDC applied to the FTRC of four-wheel independent EMB actua-
tors, as described in Equation (13), employs a control sampling time of 1 ms. The v,; of

T

Yqa = (de wd) was selected as shown in Figure 2a, and w, was set to 0. The v, of
T

Y4 = (bxd c'ud) was chosen as —0.5 g (=—4.905 m/s?, g = 9.81 m/s?) and w, was also

set to 0. K = 20 - I« was selected, and B in Equation (14) was determined by apply-
ing the aforementioned vehicle dynamics parameters, A; = A, = 1.6, and the selected
values of g = 1,k =1 ~ 4, assuming a fault-free condition for the brake actuator; i.e.,
eg=1,k=1~4and ATy, =0,k=1 ~ 4.

By applying the control as described above, a simulation was conducted under the
condition that the initial vehicle velocity is 100 km/h (=27.78 m/s), and no actuator fault
occurs; thatis, eg =1,k =1 ~ 4 and ATy, = 0,k =1 ~ 4. The corresponding simulation
results are shown in Figure 2.

Figure 2a shows the velocity components vy, vy, w, v,4. Here, vy, is set to decrease
from the initial value of 27.78 m/s to a final value of 0.25 m/s. The final velocity is not set to
0 m/s in order to avoid division by vy = 0, as vy appears in the denominator in the model
described in Section 2. As shown in Figure 2a, vy closely follows v.4, and w tracks wy; = 0
well. Furthermore, v, remains stable and maintains a value close to zero, consistent with the
internal dynamics stabilizability analysis for v, described in Equation (16). Figure 2b shows
the acceleration components vy, vy, w. It can be observed that v, closely follows v,; and w
also tracks wy = 0 well. In addition, v, remains nearly zero. Figure 2c illustrates x, y, {, the
longitudinal displacement, the lateral displacement, and the yaw angle, respectively. Here,
x represents the braking distance, and it can be observed that both y and ¢ remain close
to zero. It can be seen that the Ty, k =1 ~ 4 in Figure 2d is identical to Ty, k =1 ~ 4in
Figure 2e. This corresponds to the case without any brake actuator faults, as mentioned
earlier, where ¢y =1,k=1 ~ 4 and ATy, =0,k =1 ~ 4. Figure 2f shows the value
of Equation (15), which remains at zero in this case. This indicates that the value of

Equation (15) becomes zero due to the €, = 1,k =1 ~ 4 of B in Equation (14) applied to
the eg =1,k =1 ~ 4 of B in Equation (12). Thus, by applying the TDC of Equation (13)
to the external dynamics described in Equation (12), the resulting control system for the
external dynamics is stable. Furthermore, the internal dynamics with respect to v, was
shown to be stable based on the internal dynamics stabilizability analysis for v, described
in Equation (16), which is also confirmed by the simulation results presented in Figure 2.
Therefore, it can be confirmed that the overall vehicle system, including both internal and
external dynamics, is stable, which is also validated by the simulation results shown in
Figure 2.
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Figure 2. Simulation results obtained by applying the Fault Tolerant Robust Control (FTRC) of four-
wheel independent Electro-Mechanical Brake (EMB) actuators using the Time Delay Control (TDC)
described in Section 3.1 to the vehicle dynamics in Section 2, under the condition of no EMB actuator
fault (i.e., g =1,k =1 ~ 4 and ATy =0,k =1 ~ 4): (a) The velocity components Vx, Uy, W, Vyd;
(b) The acceleration components vy, vy, w; () The displacement components x, y, 1, the longitudi-

nal displacement, the lateral displacement, and the yaw angle, respectively; (d) Tpg, k=1 ~4;
1

(e) Tyr, k =1 ~ 4; (f) The value of HI — BI_B_ H

Figure 3 presents the simulation results obtained by applying the same vehicle dynam-
ics and parameters used in the simulation of Figure 2, with the parameters, control gains,

and desired values of the TDC in Equation (13) including the B in Equation (14) selected
identically to those in Figure 2.

Figure 3 shows the simulation results for the case where the initial vehicle velocity
is 100 km/h (=27.78 m/s), and the v,; is —0.5 g, as in the case of Figure 2. However,
in this case, a severe fault is assumed in the brake actuators, with ;3 = 0, £14 = 0.1,
Asz = 800 Nm, ATb1,3,4 =0.

Even in the case of a severe fault as described above, Figure 3a shows that v, closely
tracks the v,4, and w closely follows w; = 0. In addition, v, remains stable and maintains
a value close to zero, consistent with the internal dynamics stabilizability analysis for vy
described in Equation (16). In other words, the results are similar to those of the fault-free
case shown in Figure 2a. The acceleration components in Figure 3b exhibit slight overshoot
tendencies at the beginning and end of deceleration. However, vy successfully tracks v,,,
and w follows wy = 0 well. Similarly, v, shows slight overshoot behavior at the beginning
and end of deceleration, but otherwise maintains a value close to zero. In Figure 3c, the
lateral displacement y reaches a maximum of approximately 4.5 x 1072 m, and the yaw
angle ¢ reaches a negative peak of about 1 x 1073 rad. This indicates that, despite the
presence of a severe fault, the variations in displacement compared to the fault-free case
shown in Figure 2c are minimal, and the system exhibits a stable response. Figure 3d,e
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show Tpg, k=1 ~ 4 and Ty, k=1 ~ 4, respectively. As observed in the figures, a
certain amount of overshoot occurs initially. The relationship between these two values
is determined by €3 = 0, €14 = 0.1, ATy, = 800 Nm, ATy 34 = 0, which represents
the severity of the brake actuator fault, as mentioned earlier. Figure 3f shows the value
of Equation (15), which is close to 1 in this case. However, since Equation (15) is still
satisfied, the TDC described in Equation (13), when applied to the external dynamics of
Equation (12), ensures the stability of the control system for the external dynamics. This
stability is also verified by the response of vy, w in Figure 3. Furthermore, the internal
dynamics with respect to v, was shown to be stable based on the internal dynamics
stabilizability analysis for v, described in Equation (16), which is also confirmed by the
simulation results presented in Figure 3. Therefore, in this case as well, it can be confirmed
that the overall vehicle system, including both the internal and external vehicle dynamics,
remains stable, which is also verified by the simulation results shown in Figure 3.
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Figure 3. Simulation results obtained by applying FTRC of four-wheel independent EMB actuators
using TDC described in Section 3.1 to the vehicle dynamics in Section 2, under the condition of
severe EMB actuator faults (i.e., g3 = 0, e14 = 0.1, ATy, = 800Nm, ATy;54 = 0): (a) The
velocity components vy, vy, W, Uyg; (b) The acceleration components Ux, Z)y, w; (c) The displacement

components x,y, ; (d) Tpg, k =1 ~ 4; (e) Ty, k =1 ~ 4; (f) The value of HI — BB H

The simulation results in Figure 3 correspond to the case where the brake actuator fault
is severe; i.e., ep3 = 0, £14 = 0.1, ATy, = 800 Nm, AT} 34 = 0. Nevertheless, the TDC of
Equation (13) was applied without modification, using the control gain & =1,k =1 ~ 4

of B in Equation (14), which had been selected under the fault-free condition assumed
in Figure 2;ie, g =1,k=1 ~ 4and ATy, =0,k =1 ~ 4. In other words, the control
gain g = 1,k = 1 ~ 4, which was originally designed under the assumption of a fault-free
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condition, was applied without incorporating any fault-related information such as that
obtained through FDD. Nevertheless, as can be observed from the simulation results in
Figure 3, the overall vehicle system, including both internal and external dynamics, was
confirmed to remain stable. This confirms the robustness of the TDC applied to FTC of
four-wheel independent EMB actuators, even under severe actuator faults.

Furthermore, the simulation results in Figure 3 show that, even in the case of a severe
fault in the brake actuators with asymmetric fault levels between the left and right sides
of the vehicle, the proposed FTRC of four-wheel independent EMB actuators using TDC,
without employing any steering control, was able to ensure both lateral and yaw stability. In
addition, the lateral and yaw displacements remained bounded within limited magnitudes,
thereby ensuring safety.

In Figure 3c, it was observed that the lateral displacement y reached a maximum of
4.5 x 1073 m. In this case, the lateral displacement y is extremely small and certainly not
large enough to raise concerns about lane departure. However, in order to investigate
whether the lateral displacement can be further reduced, we aim to apply the method
proposed in Section 3.2, which uses TDC with relative weighting to the lateral velocity and
yaw rate. This provides an effective approach to prevent lane departure by applying such a
method in situations where lane departure is of concern.

Figure 4 illustrates the case in which the control target has the same vehicle dynamics
and parameter values as in Figure 3, including the same initial velocity, desired deceleration,
and degree of fault in the brake actuators.

In Figure 4, the time delay L applied in the TDC presented in Equation (20) of

T
Section 3.2—i.e., the control sampling time—is 1 ms. The v, of y'q = (vxd Oya +4d- wd)

is shown in Figure 4a, and both v,; and w; are zeros. The v, of y'gq = (@xd Oyg +4d - a;d)

is set to —0.5 g, and both i)yd and w, are zeros. Furthermore, K' = 20 - I, .5, and the vehicle

!

dynamics parameters, A;, A;, and &,k =1 ~ 4 of B were applied as in Figures 2 and 3. In
addition, the relative weighting d applied to the lateral velocity and yaw rate was selected
to satisfy the internal dynamics stability condition for the lateral velocity v,—i.e., either
Equation (25) or (26)—and d = —0.23 was tuned to minimize the lateral displacement
y. This always satisfies the condition in Equation (26). In other words, when v.; reaches
its minimum value of zero, the condition d < (2Cy - If —2C; - I;)/(2Cf +2C;) = —0.19
is satisfied.

As a result, the simulation results in Figure 4 show that the maximum lateral dis-
placement, which was 4.5 x 1072 m in Figure 3¢, is significantly reduced to 2.1 x 10~# m
in Figure 4c, demonstrating a reduction by more than 20 times. This confirms that the
application of the method described in Section 3.2, which uses TDC with relative weighting
to the lateral velocity and yaw rate, effectively reduces the lateral displacement. Likewise,
as mentioned earlier, this method can be utilized as an effective approach to prevent lane
departure in situations where such a risk is of concern.

As shown in Figure 4a, vy successfully tracks v,;, and the internal dynamics of v,
remains stable as the relative weighting d = —0.23 was selected to satisfy the stability
condition of Equation (26). Furthermore, by controlling y', = v, +d - w to follow the
desired value y',; = Oya +d-wy = 0, it is confirmed that w also maintains stable value.
Except for an overshoot at the initial stage of deceleration, it is confirmed that both v,
and w remain close to zero. In Figure 4b, a significant overshoot is observed at the initial
stage of deceleration, however, excluding the overshoot region, vy closely follows the
desired value v,4. Additionally, it is confirmed that both v, and w remain nearly zero
throughout the rest of the response. Figure 4d,e show Tz, k =1 ~4and Ty, k=1 ~ 4,
respectively. As observed in the figures, a significant overshoot occurs during the initial
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stage of deceleration. The relationship between these two values is determined by the
degree of brake actuator fault, e,3 = 0, 14 = 0.1, ATy, = 800 Nm, ATy 34 = 0, as
previously mentioned. Figure 4f shows the value of Equation (22), which is approximately
close to 1 in this case. However, since Equation (22) is satisfied, the TDC in Equation (20),
when applied to the external dynamics described in Equation (18), ensures the stability
of the control system for the external dynamics. In addition, as mentioned earlier, the
parameter d was selected to satisfy the stability condition of the internal dynamics for
the lateral velocity vy, as expressed in Equation (26). Therefore, even in this case, it can
be confirmed that the overall vehicle system, including both the internal and external
dynamics, is stable, as also verified from the simulation results in Figure 4.
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Figure 4. Simulation results obtained by applying FTRC of four-wheel independent EMB
actuators using TDC with relative weighting to the lateral velocity and yaw rate described
in Section 3.2 to the vehicle dynamics in Section 2, under the condition of severe EMB actuator faults
(ie,e03 =0, e14 = 0.1, ATy, = 800 Nm, ATy 34 = 0) and the relative weighting d = —0.23: (a) The
velocity components vy, vy, w, Uyg, vy + d - w; (b) The acceleration components vy, vy, w, vy +d - w;

(c) The displacement components x,y, ¢,y +d - ; (d) Ty, k =1 ~ 4; (e) Ty, k =1 ~ 4; (f) The
1

value of HI — B]_B_ H

As in the simulation of Figure 3, the simulation results in Figure 4 also correspond
to the case where the degree of the brake actuator fault is significant—i.e., 03 = O,
e14 = 0.1, ATy = 800 Nm, ATy 34 = O—and the control gain g = 1,k =1 ~ 4, which
had been selected under the fault-free condition assumed in Figure 2, is directly applied to
Equation (21) without any modification. In other words, the control gain &,k =1 ~ 4 used
in the TDC of Equation (20) is not the one selected based on fault information obtained
through FDD, but rather the gain & = 1,k =1 ~ 4, which was originally designed under
the assumption of a fault-free condition, without applying FDD. Nevertheless, as can be
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observed from the simulation results in Figure 4, the overall vehicle system, including both
internal and external dynamics, was confirmed to remain stable. This indicates that the
TDC in Equation (20) exhibits the robust control characteristics against faults. However,

the control gain matrix B of the TDC in Equation (20) must be designed not only for
g,k =1 ~ 4, but also with careful selection of the relative weighting d. As mentioned
earlier, the relative weighting d was selected to satisfy the stability condition of the internal
dynamics for the lateral velocity v, given in Equation (26), and d = —0.23 was tuned such
that the lateral displacement y is minimized. In this case, the tuning process for selecting
the relative weighting d was conducted under the simulation conditions of Figure 4 and
the severity of the brake actuator fault. Therefore, in this case, it is necessary to identify
the severity of the brake actuator fault e;, k = 1 ~ 4 through FDD. Although this approach
requires the burden of identifying the severity of the brake actuator fault via FDD, it en-
ables a reduction in lateral displacement and ultimately provides the capability to prevent
lane departure.

Furthermore, the simulation results in Figure 4 confirm that, even in the case of a
severe fault in the brake actuators with asymmetric fault levels between the left and right
sides of the vehicle, lateral and yaw stability can be achieved solely through the FTRC of
four-wheel independent EMB actuators using the TDC in Equation (20), without applying
any steering control. In addition, it is verified that the lateral displacement is significantly
reduced compared to the results shown in Figure 3.

4.2. Simulation of the FTRC of Four-Wheel Independent EMB Actuators Using TDC Proposed in
Section 3 Applied to 14 DOF Vehicle Dynamics Using Vehicle Dynamics Blockset in
MATLAB/Simulink

In this section, the control target is 14 DOF Vehicle Dynamics using Vehicle Dynamics
Blockset (VDBS) [21] in MATLAB/Simulink R2024b, which is based on a real vehicle and
incorporates the Magic Formula tire model.

The vehicle dynamics parameters applied are the same as those used in Section 4.1,
including m = 1181 kg, I = 2066 kg - m?, lf =14m,l, =1.6m, tp=0961m,t, = 0.961 m,
the effective radius for all wheels 7, ff = 0.3067 m, and the rotational moment of inertia for
all wheels I, = 0.74063 kg - m?.

In addition, the TDC applied to the FTRC of four-wheel independent EMB actuators,
as described in Equation (13), employs a control sampling time of 0.1 ms. The v,; of

T

Vq = (de wd) was selected as shown in Figure 5a, and w; was set to 0. The v, of
T

Va4 = (i}xd wd) was chosen as —0.2 g and w; was also set to 0. K = 20 - I.» was

selected, and B in Equation (14) was determined by applying the aforementioned vehicle
dynamics parameters, A; = A, = 1.6, and the tuned values of &, = 200,k =1 ~ 4, under
the assumption of a fault-free condition for the brake actuator;i.e., g =1,k =1 ~ 4 and
ATy =0,k =1 ~ 4. Here, & = 200,k =1 ~ 4 were selected through tuning because the
14 DOF Vehicle Dynamics model using VDBS used as the control target in this section is
not well known. In other words, for the complex 14 DOF vehicle dynamics model, the

control gain &,k =1 ~ 4 of B in the TDC of Equation (13), defined in Equation (14), must
be selected through tuning. This is because it must reflect not only the estimated value
of the fault level g,k =1 ~ 4 for four-wheel independent EMB actuators, but also the
estimated parameters representing the unmodeled characteristics of the 14 DOF vehicle
dynamics. Therefore, tuning is required to appropriately determine g,k =1 ~ 4.
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Figure 5. Simulation results obtained by applying FTRC of four-wheel independent EMB actuators
using TDC described in Section 3.1 to the 14 DOF Vehicle Dynamics using Vehicle Dynamics Blockset
(VDBS) in MATLAB/Simulink, under the condition of no EMB actuator fault (i.e., g, =1,k=1 ~ 4
and ATy =0,k =1 ~ 4): (a) The velocity components vy, Uy, W, Uyq; (b) The acceleration components
0y, Uy, w; (c) The displacement components x, y, §; (d) Tpar, k =1 ~ 4; (e) Ty, k =1 ~ 4.

By applying the above conditions, the simulation results for the case where the initial
vehicle velocity is 100 km/h (=27.78 m/s) and there is no fault in the brake actuators—i.e.,
gg=1,k=1~4and ATy =0,k =1 ~ 4—are shown in Figure 5.

Figure 5a illustrates the velocity components, vy, vy, w, vy;. As shown in Figure 5a,
vy closely follows v,,;, and w also tracks w; = 0 well. Furthermore, v, remains stable
and maintains a value close to zero. Figure 5b illustrates the acceleration components,
0y, Uy, w. Although significant overshoot is observed during the initial and final phases of
deceleration, v, closely follows v,,4, and w also tracks wy = 0 relatively well. Additionally,
vy remains close to zero throughout the simulation. Figure 5c illustrates the longitudinal
displacement x, lateral displacement y, and yaw angle ¢. The variable x represents the
braking distance, while ¢ remains nearly zero. The variable y exhibits a stable response,
being bounded within a negative maximum value of approximately 0.18 m. Figure 5d
shows Tpg, k =1 ~ 4, and Figure 5e shows Ty, k =1 ~ 4. As mentioned above, this
corresponds to the case without any fault in the brake actuators; ie., g =1,k=1 ~ 4
and ATy =0,k =1 ~ 4. In this case, Ty, k=1 ~ 4and Ty, k =1 ~ 4 have identical
values. Figure 5d,e show that both Ty, k =1 ~ 4 and Ty, k =1 ~ 4 exhibit significant
overshoot behavior at the beginning and end of deceleration. The reason they maintain
nonzero steady-state values even after braking has completed is presumed to be due to the
continued compensation control for the unmodeled uncertainties and external disturbances
of the 14 DOF vehicle dynamics. Unlike Figures 2—4, Figure 5 does not present the results
corresponding to the stability condition of Equation (15). This is because the mathematical
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model equations of the Matlab/Simulink VDBS 14 DOF vehicle dynamics used as the
control target in this section are not well known. Consequently, when attempting to
represent the system in the form of the external dynamics described by Equation (12) or
Equation (18), it is difficult to identify the specific mathematical expressions for each term
in Equation (12) or Equation (18). Therefore, the matrix B in Equation (12) or the matrix B
in Equation (18) cannot be clearly determined. Therefore, the results related to the stability
conditions of Equation (15) could not be presented in Figure 5.

As mentioned earlier, the reason for selecting the control gain g,k =1 ~ 4 of B in
Equation (14) through tuning is also due to the fact that the VDBS 14 DOF vehicle dynamics
model is not well known, as explained here. Therefore, as in Section 4.1, it is not possible
to mathematically verify the stability of the internal and external dynamics in this case.
Instead, the stability must be confirmed based on the control results applied to the VDBS
14 DOF vehicle dynamics.

From Figure 5, it can be observed that the variables of interest (i.e., vy, vy, w, Vx, vy, @,
and x, y, P) and the control inputs (i.e., Tpg, k =1 ~ 4, and Ty, k = 1 ~ 4) remain stable
and bounded.

The Matlab/Simulink VDBS 14 DOF vehicle dynamics model consists of 6 DOF for the
vehicle body, 4 DOF for the rotational motion of each of the four wheels (one per wheel),
and 4 DOF for the vertical motion of each of the four wheels (one per wheel). The 6 DOF for
the vehicle body consist of 3 translational DOF (longitudinal, lateral, and vertical motions)
and 3 rotational DOF (roll, pitch, and yaw motions).

In Figure 5, the variables related to the 3 DOF of the vehicle body (longitudinal and
lateral translational motions and yaw rotational motion) among the 14 DOF of the vehicle
were examined, along with the brake actuator control inputs, and it was confirmed that all
of them are stable and remain within bounded values.

Figure 6 presents the simulation results of the remaining variables among the 14 DOF
of the vehicle, excluding the vehicle body’s 3 DOF variables covered in Figure 5.

Figure 6a shows the vertical translational velocity v, of the vehicle body, the roll
angular velocity -y, and the pitch angular velocity p, all of which exhibit stable responses.
Figure 6b shows the vertical displacement z of the vehicle body, the roll angle ¢, and the
pitch angle 8, all of which exhibit stable responses with bounded values. Figure 6¢c shows
the vertical velocities v,,, k = 1 ~ 4 of each of the four wheels, all of which exhibit stable
responses. Figure 6d shows the vertical displacements z,;, k = 1 ~ 4 of each of the four
wheels, all of which exhibit stable responses and have bounded values. Figure 6e shows
the rotational angular velocities wyy, k =1 ~ 4 of each of the four wheels, all of which
exhibit stable responses.

Therefore, Figure 6a,b illustrate the variables associated with the vehicle body’s 3 DOF,
including vertical translational motion, and rotational motions in the roll and pitch direc-
tions, showing stable and bounded responses. Figure 6c,d represent the variables related to
the 1 DOF vertical translational motion of each of the four wheels, also exhibiting stable
and bounded responses. Figure 6e shows the variables related to the 1 DOF rotational
motion of each of the four wheels, also representing stable responses.

Therefore, Figure 6 presents the simulation results for the remaining 11 DOF, excluding
the 3 DOF of the vehicle body addressed in Figure 5. These include the other 3 DOF of
the vehicle body (vertical translation, roll, and pitch), a total of 4 DOF corresponding
to the vertical translational motion of the four individual wheels, and a total of 4 DOF
corresponding to the rotational motion of the four individual wheels. All corresponding
variables exhibit stable and bounded responses.
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Figure 6. Simulation results obtained under the same conditions as those in Figure 5: (a) The
velocity components v, , p, the vertical translational velocity, the roll angular velocity, and the
pitch angular velocity of the vehicle body, respectively; (b) The displacement components z, ¢, 6, the
vertical displacement, the roll angle, and the pitch angle of the vehicle body, respectively; (c) The
vertical velocities of each of the four wheels, v,,, k =1 ~ 4; (d) The vertical displacements of each
of the four wheels, z,, k =1 ~ 4; (e) The rotational angular velocities of each of the four wheels,

wwk,k: 1 ~4.

Therefore, it can be confirmed that all the variables associated with the full 14 DOF
of the vehicle, comprising the 3 DOF of the vehicle body in Figure 5 and the remaining
11 DOF in Figure 6, as well as the brake actuator control inputs in Figure 5, remain stable
and within bounded values. This indicates that the overall vehicle control system is stable.

Figure 7 shows the simulation results for the case of a severe fault in the brake actuator;
ie,e3 =0,e14 = 0.1, ATy;,.4 = 0. The other simulation conditions are the same as those
in the simulation shown in Figure 5.

Also in this case, the control gain g = 200,k =1 ~ 4 selected through tuning under
the assumption of a fault-free condition, as in Figure 5, was applied.

As shown, even in the case of a severe fault, when the control gain & = 200,k =1 ~ 4
selected through tuning under the assumption of a fault-free condition is applied as-is,
Figure 7a demonstrates that v, tracks v, relatively well despite slight deviations during
the initial deceleration phase. Similarly, w also follows w; = 0 with minor errors in the
early deceleration period. Moreover, vy also remains stable and maintains a value close to
zero. In Figure 7b, the acceleration components vy, z')y, w exhibit oscillations in the initial
deceleration phase and overshoots in the final deceleration phase. However, in other
periods, v, closely follows 0,4, w effectively tracks wy; = 0, and v, maintains a value
close to zero. Figure 7c illustrates the longitudinal displacement x, lateral displacement
y, and yaw angle ¢, respectively. The x represents the braking distance, while i remains
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close to zero. As observed, y is bounded within a maximum magnitude of 1.2 m, which
indicates a stable response. However, since the magnitude is relatively large, there exists a
potential risk of lane departure. Therefore, the lateral displacement y should be re-adjusted
and controlled to remain within a range that prevents lane departure. Figure 7d,e show
Tpar, k=1 ~ 4and Ty, k =1 ~ 4, respectively. As observed in the figures, significant
oscillations occur during the initial deceleration phase, and the relationship between these
two values is determined by e23 = 0,€14 = 0.1, ATy;,.4 = 0, which represents the severity
of the brake actuator fault, as mentioned earlier.
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Figure 7. Simulation results obtained by applying FTRC of four-wheel independent EMB actuators us-
ing TDC described in Section 3.1 to the 14 DOF Vehicle Dynamics using VDBS in MATLAB/Simulink,
under the condition of severe EMB actuator faults (i.e., €23 = 0,14 = 0.1, ATy;,.4 = 0): (a) The
velocity components vy, vy, W, Uyy; (b) The acceleration components Uy, z}y, w; (c) The displacement
components x, y, P; (d) Tpgx, k=1 ~4; (e) Tpp, k=1 ~ 4.

Also, as mentioned in the simulation results of Figure 5, in the simulation results of
Figure 7, Tpge, k =1 ~ 4 and Ty, k =1 ~ 4 retain nonzero steady-state values even after
the braking phase is completed. This is presumed to be due to the continued compen-
sation control for the unmodeled uncertainties and external disturbances of the 14 DOF
vehicle dynamics.

As in Figure 5, Figure 7 also does not illustrate the results corresponding to the
stability condition of Equation (15), unlike Figures 2—4. The reason is the same as explained
previously in relation to Figure 5.

Therefore, as in Section 4.1, it is not possible to mathematically verify the stability of
the internal and external dynamics in this case either. Instead, it is necessary to confirm the
stability based on the control results applied to the VDBS 14 DOF vehicle dynamics.
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Similarly to Figure 5, Figure 7 examines the variables related to the 3 DOF of the
vehicle body (longitudinal and lateral translational motions and yaw rotational motion)
among the 14 DOF vehicle dynamics, as well as the control inputs of the brake actuators. It
is confirmed that all of them maintain stable and bounded responses.

Figure 8 presents the simulation results of the remaining variables among the 14 DOF
of the vehicle, excluding the vehicle body’s 3 DOF variables covered in Figure 7.

Figure 8a shows the vertical translational velocity v, of the vehicle body, the roll
angular velocity v, and the pitch angular velocity p, all of which exhibit stable responses.
Figure 8b shows the vertical displacement z of the vehicle body, the roll angle ¢, and the
pitch angle 6, all of which exhibit stable responses with bounded values. Figure 8c shows
the vertical velocities v,k = 1 ~ 4 of each of the four wheels, all of which exhibit stable
responses. Figure 8d shows the vertical displacements z,x, k = 1 ~ 4 of each of the four
wheels, all of which exhibit stable responses and have bounded values. Figure 8e shows
the rotational angular velocities wy, k =1 ~ 4 of each of the four wheels, all of which
exhibit stable responses.

Therefore, Figure 8a,b illustrate the variables associated with the vehicle body’s 3 DOF,
including vertical translational motion, and rotational motions in the roll and pitch direc-
tions, showing stable and bounded responses. Figure 8c,d represent the variables related to
the 1 DOF vertical translational motion of each of the four wheels, also exhibiting stable
and bounded responses. Figure 8e shows the variables related to the 1 DOF rotational
motion of each of the four wheels, also representing stable responses.

Therefore, Figure 8 presents the simulation results for the remaining 11 DOF, excluding
the 3 DOF of the vehicle body addressed in Figure 7. These include the other 3 DOF of
the vehicle body (vertical translation, roll, and pitch), a total of 4 DOF corresponding
to the vertical translational motion of the four individual wheels, and a total of 4 DOF
corresponding to the rotational motion of the four individual wheels. All corresponding
variables exhibit stable and bounded responses.

Therefore, it can be confirmed that all the variables associated with the full 14 DOF
of the vehicle, comprising the 3 DOF of the vehicle body in Figure 7 and the remaining
11 DOF in Figure 8, as well as the brake actuator control inputs in Figure 7, remain stable
and within bounded values. This indicates that the overall vehicle control system is stable.

However, as previously mentioned, the lateral displacement y should be re-adjusted
and controlled to remain within a range that prevents lane departure.

The simulation results in Figures 7 and 8 correspond to the case where the brake
actuator fault is severe; i.e., €23 = 0,14 = 0.1, ATy;4 = 0. Nevertheless, the control
gain g = 200,k =1 ~ 4, which was selected through tuning under the assumption of no
fault—ie, g, =1,k =1 ~ 4and ATy, =0,k =1 ~ 4, as in Figures 5 and 6—is applied
directly to Equation (14) without modification. In other words, this is a case where the
control gain g = 200,k =1 ~ 4, selected through tuning under the assumption of no
fault, was directly applied to the TDC of Equation (13) without incorporating any fault
information obtained through FDD. Nevertheless, as can be observed from the simulation
results in Figures 7 and 8, the overall vehicle control system is confirmed to be stable.
This confirms the robustness of the TDC applied to FTC of four-wheel independent EMB
actuators, even under severe actuator faults.

Furthermore, the simulation results in Figure 7 show that, even in the case of a severe
fault in the brake actuators with asymmetric fault levels between the left and right sides
of the vehicle, the proposed FTRC of four-wheel independent EMB actuators using TDC,
without employing any steering control, was able to ensure both lateral and yaw stability.
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Figure 8. Simulation results obtained under the same conditions as those in Figure 7: (a) The velocity
components vz, ¥, p; (b) The displacement components z, ¢, ; (c) The vertical velocities of each of the
four wheels, v, k =1 ~ 4; (d) The vertical displacements of each of the four wheels, z,, k =1 ~ 4;
(e) The rotational angular velocities of each of the four wheels, wy, k =1 ~ 4.

In the simulation results of Figure 7, it was stated that the lateral displacement y
should be re-adjusted and controlled to remain within a range that prevents lane departure.
Therefore, to reduce the lateral displacement y, the method introduced in Section 3.2
is applied, which incorporates TDC with relative weighting to the lateral velocity and
yaw rate.

Figure 9 presents the simulation results obtained by applying the method described in
Equation (20), which incorporates TDC with relative weighting to the lateral velocity and
yaw rate. The simulation in Figure 9 uses the same conditions as in Figure 7, except that
the control method in Equation (20) from Section 3.2 is applied instead of the method in
Equation (13) from Section 3.1.

The time delay L applied in the TDC presented in Equation (20)—i.e., the control

T
sampling time—is 0.1 ms. The v,; of y'q = (de Oya +d - wd) is shown in Figure 9a, and

T
both v, and wy are zeros. The vy of y'q = (i)xd Oy +d - a;d) is set to —0.2 g, and both

0yq and wy are zeros. In addition, K =20-I,,, and the control gains g =200,k =1 ~ 4

of B were selected through tuning under the assumption of a fault-free condition, as in
Figures 5-8.
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Figure 9. Simulation results obtained by applying FTRC of four-wheel independent EMB actuators
using TDC with relative weighting to the lateral velocity and yaw rate described in Section 3.2 to
the 14 DOF Vehicle Dynamics using VDBS in MATLAB/Simulink, under the condition of severe
EMB actuator faults (i.e., ep3 = 0,14 = 0.1, ATy;,.4 = 0) and the relative weighting d = 9: (a) The
velocity components vy, vy, w, Uyg, vy + d - w; (b) The acceleration components vy, vy, w, vy +d - w;
(c) The displacement components x,y, ¢,y +d - ; (d) Tpgr, k =1 ~ 4;(e) Tpr, k=1 ~ 4.

The degree of brake actuator fault considered in Figure 9 is the same as in Figures 7
and 8;ie., g3 = 0,14 = 0.1, ATy;.4 = 0.

The relative weighting factor d = 9 for the lateral velocity and yaw rate in Equation (20)
was determined through tuning, considering the simulation conditions of Figure 9 and the
severity of the brake actuator fault.

As a result, the simulation results shown in Figure 9 are similar to those in
Figure 7. However, as illustrated in Figure 9c, the lateral displacement y remains within
—0.42 m < y < 0.4 m, which is significantly reduced compared to that in Figure 7, and
exhibits nearly symmetrical deviation in both positive and negative directions. Thus,
assuming the vehicle is tracking the center of the lane, the control method described in
Section 3.2, which incorporates TDC with relative weighting to the lateral velocity and
yaw rate of Equation (20), can be said to contribute to preventing lane departure under the
brake actuator fault condition described above.

As in Figures 5 and 7, Figure 9 also does not present the results related to the stabil-
ity condition of Equation (22), unlike Figures 2—4. The reason is the same as explained
previously in Figure 5. Therefore, as in Section 4.1, it is not possible to mathematically
verify the stability of the internal and external dynamics in this case either. Instead, it is
necessary to confirm the stability based on the control results applied to the VDBS 14 DOF
vehicle dynamics.
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Similarly to Figures 5 and 7, Figure 9 examines the variables related to the 3 DOF of
the vehicle body (longitudinal and lateral translational motions and yaw rotational motion)
among the 14 DOF vehicle dynamics, as well as the control inputs of the brake actuators. It
is confirmed that all of them maintain stable and bounded responses.

Figure 10 presents the simulation results of the remaining variables among the 14 DOF
of the vehicle, excluding the vehicle body’s 3 DOF variables covered in Figure 9.
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Figure 10. Simulation results obtained under the same conditions as those in Figure 9: (a) The
velocity components v, 7, p; (b) The displacement components z, ¢, 8; (c) The vertical velocities of
each of the four wheels, v .,k =1 ~ 4; (d) The vertical displacements of each of the four wheels,
Zwk, k =1 ~ 4; (e) The rotational angular velocities of each of the four wheels, wy, k=1 ~ 4.

Figure 10a shows the vertical translational velocity v, of the vehicle body, the roll
angular velocity v, and the pitch angular velocity p, all of which exhibit stable responses.
Figure 10b shows the vertical displacement z of the vehicle body, the roll angle ¢, and the
pitch angle 6, all of which exhibit stable responses with bounded values. Figure 10c shows
the vertical velocities v,,r, kK = 1 ~ 4 of each of the four wheels, all of which exhibit stable
responses. Figure 10d shows the vertical displacements z,, k = 1 ~ 4 of each of the four
wheels, all of which exhibit stable responses and have bounded values. Figure 10e shows
the rotational angular velocities wy, k =1 ~ 4 of each of the four wheels, all of which
exhibit stable responses.

Therefore, Figure 10a,b illustrate the variables associated with the vehicle body’s
3 DOF, including vertical translational motion, and rotational motions in the roll and pitch
directions, showing stable and bounded responses. Figure 10c,d represent the variables
related to the 1 DOF vertical translational motion of each of the four wheels, also exhibiting
stable and bounded responses. Figure 10e shows the variables related to the 1 DOF
rotational motion of each of the four wheels, also representing stable responses.

Therefore, Figure 10 presents the simulation results for the remaining 11 DOF, exclud-
ing the 3 DOF of the vehicle body addressed in Figure 9. These include the other 3 DOF
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of the vehicle body (vertical translation, roll, and pitch), a total of 4 DOF corresponding
to the vertical translational motion of the four individual wheels, and a total of 4 DOF
corresponding to the rotational motion of the four individual wheels. All corresponding
variables exhibit stable and bounded responses.

Therefore, it can be confirmed that all the variables associated with the full 14 DOF
of the vehicle, comprising the 3 DOF of the vehicle body in Figure 9 and the remaining
11 DOF in Figure 10, as well as the brake actuator control inputs in Figure 9, remain stable
and within bounded values. This indicates that the overall vehicle control system is stable.

As in the simulations of Figures 7 and 8, the simulation results in Figures 9 and 10
also correspond to the case where the brake actuator fault is severe; i.e., ep3 = 0,e14 = 0.1,
ATy.y = 0. Nevertheless, the control gain & =200,k =1 ~ 4, which was se-
lected through tuning under the assumption of no fault—ie., g =1,k=1 ~ 4 and
ATy =0,k =1 ~ 4, as in Figures 5 and 6—is applied directly to Equation (21) without
modification. In other words, the control gain &,k =1 ~ 4 used in the TDC of Equation (20)
is not the one selected based on fault information obtained through FDD, but rather the gain
& = 200,k =1 ~ 4, which was selected through tuning under the assumption of no fault,
without applying FDD. Nevertheless, as can be observed from the simulation results in
Figures 9 and 10, the overall vehicle control system is confirmed to be stable. This indicates
that the TDC in Equation (20) exhibits the robust control characteristics against faults.

However, the control gain matrix B of the TDC in Equation (20) must be designed
not only for g,k =1 ~ 4, but also with careful selection of the relative weighting d. As
mentioned earlier, the relative weighting d = 9 was determined through tuning based on
the simulation conditions in Figure 9 and the severity of the brake actuator fault. Therefore,
in this case, it is necessary to identify the severity of the brake actuator fault gy, k =1 ~ 4
through FDD. Although this approach requires the burden of identifying the severity of the
brake actuator fault via FDD, it enables a reduction in lateral displacement and ultimately
provides the capability to prevent lane departure.

Furthermore, the simulation results in Figure 9 confirm that, even in the case of a
severe fault in the brake actuators with asymmetric fault levels between the left and right
sides of the vehicle, lateral and yaw stability can be achieved solely through the FTRC of
four-wheel independent EMB actuators using the TDC in Equation (20), without applying
any steering control. In addition, it is observed that this method prevents lane departure,
which was likely to occur under the conditions of the simulation in Figure 7.

Table A2 in Appendix A presents the results of the simulation in this section, summa-
rizing the maximum absolute error values of the safety-related states—namely, the lateral
displacement and yaw angle—which have errors from the desired steady-state values.

5. Conclusions

To ensure the real-time capability of control, this study aims to apply an FTC method
that is robust to faults without relying on FDD, or utilizing FDD information only in the
case of severe faults. Accordingly, an FTRC of four-wheel independent EMB actuators was
intended to be applied using TDC, which is capable of modeling faults as system parameter
variations and external disturbances, and is robust against system parameter variations,
external disturbances, and unmodeled uncertain dynamics.

In addition, to reduce the complexity of the control, this study aimed to address
potential issues related to vehicle lateral and yaw dynamics stability and safety caused by
EMB actuator faults, solely through an FTRC of four-wheel independent EMB actuators
without incorporating steering control. Moreover, in situations where significant lateral
displacement may lead to a potential lane departure, a lane departure prevention control
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strategy was implemented by reducing the lateral displacement through a control approach
that applies relative weighting to the lateral velocity and yaw rate.

The results obtained from this study, as shown in the simulation results in Section 4,
confirm that even under severe faults in the EMB actuators, the overall vehicle system
remains stable when applying the FTRC of four-wheel independent EMB actuators us-
ing TDC, without performing FDD; that is, the robustness of the FTRC of four-wheel
independent EMB actuators using TDC against actuator faults was confirmed.

Furthermore, the simulation results demonstrated that even in cases where the faults
of the EMB actuators were severe and asymmetric between the left and right sides of
the vehicle, the FTRC of four-wheel independent EMB actuators using TDC was able
to maintain lateral and yaw stability without employing steering control. Moreover, in
situations where large lateral displacements could potentially cause lane departure, the
application of relative weighting to lateral velocity and yaw rate effectively reduced lateral
displacement, thereby preventing lane departure.

From this, this study is expected to make a significant contribution to the FTC,
which is essential for the electrification of vehicle brake actuators, the reduction in lat-
eral displacement and, furthermore, the prevention of lane departure in the event of brake
actuator faults.

Furthermore, the FTRC of four-wheel independent EMB actuators using TDC pro-
posed in this study is expected to contribute to both the fault robustness and real-time
capability required in practical FTC. In addition, it is anticipated to help reduce the com-
plexity of control.

Table A3 in Appendix A summarizes the characteristics of the conventional FTC and
the FTRC proposed in this study.

In this study, it was assumed that there is no limitation on the desired brake torque
Tpar, k =1 ~ 4 used as the control input. However, in practice, such a limitation inevitably
exists. Therefore, future work will consider this practical constraint and investigate the
potential issues that may arise, as well as possible solutions to address them.
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Appendix A

Table Al. A comparison between Hydraulic Brake and EMB 11,22].

Category Hydraulic Brake EMB
Actuator Hydraulic actuator Electric motor

Response speed Slow Fast

Control accuracy Low High
Manufacturing and maintenance Complex Simple
Energy efficiency Low High
Weight Heavy Light
Eco-friendliness Poor Good

Fault possibility Low High

! Relative comparison.
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Table A2. Maximum absolute errors of lateral displacement and yaw angle.

Control Fault Condition ! Control Related Maximum Absolute Error of = Maximum Absolute Error of
Target uitto Method Simulation Lateral Displacement 2 (m) Yaw Angle 3 (rad)
=1, ATy, =0, k=1 ~4 Equation (13 Figure 2 0 0
3 DOF k bk q (13) g
Vehicle €3=0, €14 =0.1, Equation (13) Figure 3 45 %1073 1x 1073
Dynamics* AT, =800Nm, ATyi34 =0 Equation (20)  Figure 4 21 %107 045 x 1074
eg=1 ATy =0,k=1~4  Equation (13 Figure 5 0.18 0
14 DOF k bk q . (13) .g
Vehicle 23 =0, e14 = 0.1, Equation (13) Figure 7 1.2 0
Dynamics ® ATy =0 Equation (20)  Figure 9 0.42 0
1 Refer to the fault model of the EMB actuator in Equation (6). 2 The desired value is 0. 3 The desired value is 0.
4 Equation (1). ® Using Vehicle Dynamics Blockset in MATLAB/Simulink.
Table A3. Characteristics of Conventional FTC and the FTRC proposed in this study .
Classification Characteristics
R. Wang and J. Wang [9] FDD performed, FTC applied based on FDD
Hui Jing et al. [10] Fault range limitation, FTRC, applied to steering control
S. Kim and K. Huh [6] FDD performed, FTC applied based on FDD, FTRC
Xuanhao Cao et al. [7] FDD performed, FTC applied based on FDD, FTRC, applied to steering control
Guanjie Cui et al. [11] FDD performed, FTC applied based on FDD, FTRC, applied to steering control
Taeho Jo et al. [12] FDD performed (actuator’s stuck state), FTC applied based on FDD
Proposed Equation (13) FDD not performed, FTRC, real-time FTC, not applied to steering control, ensures

lateral and yaw stability
FTRC, not applied to steering control, ensures lateral and yaw stability, reduces lateral
Proposed Equation (20) displacement and prevents lane departure, FDD required for determining relative
weighting factor

! Summary of Results.
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