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THE ADAPTIVE SPEED TRACKING CONTROLLER

FOR INTELLIGENT ELECTRIC VEHICLES USING WFCMAC
INCLUDES CAR-FOLLOWING BEHAVIOR, IMPROVING
SAFETY AND ENERGY EFFICIENCY
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ABSTRACT

Intelligent electric vehicles (IEVs) are increasingly being developed due to their high safety, energy-saving, and environmental friendliness. This research
proposes an adaptive speed control method, especially considering the braking system of intelligent electric vehicles. The study aims to improve the safety and
energy savings of IEVs during vehicle operation. First, the article builds a nonlinear dynamic model for IEVs, including electric motors, gearboxes, and braking
systems. Then, an IEV acceleration controller will be designed using the Wavelet Function Cerebellar Model Articulation Controller (WFCMAC) to approximate
the desired target. In addition, the paper also proposes a new regenerative braking strategy to maximize braking energy. Simulation results show that the
proposed control system effectively keeps up speed and conserves braking energy while maintaining IEV's operational safety.

Keywords: Intelligent electric vehicles; regenerative braking; energy efficiency; Wavelet Function Cerebellar Model Articulation Controller; adaptive control.

TOM TAT

Céc phuong tién xe dién thong minh (IEVs) ngay cang dugc phat trién do tinh an toan cao, tiét kiém nang lugng va than thién véi méi trudng. Nghién
c(fu nay dé xuat phuong phap diéu khién thich nghi téc do, dac biét xét dén hé théng phanh cla xe dién thong minh. Nghién cGu nhdm muc dich cai thién
su an toan va tiét kiém ndng lugng cla IEVs trong qua trinh vén hanh xe. Dau tién, bai bao xay dung md hinh dong hoc phi tuyén cho IEVs, bao gom dong
ca dién, hop s6 va hé thdng phanh. Sau d6, thiét k& mot bo diéu khién gia téc IEV béng phuang phap mang diéu khién khdp néi m hinh tiéu ndo st dung
ham Wavelet (WFCMAC) d€ xédp xi muc tiéu mong mudn. Ngoai ra, bai bdo con dé xuat mét chién lugc phanh tai tao méi dé t6i da hoa nang lugng phanh.
Két qua md phdng chi ra phuong phap dé xudt c6 hiéu qua tot trong viéc bam dudi téc do va bao toan nang lugng phanh nhung van gii tinh an toan van
hanh cda IEV.

Tir khod: Xe dién thong minh; phanh tdi tao; hiéu sudt ndng liong; mang diéu khién khdp ndi mé hinh tiéu ndio st dung ham Wavelet; diéu khién thich nghi.
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1. INTRODUCTION

Adaptive Cruise Control (ACC) adjusts vehicle speed
based on traffic conditions [1, 2], aiming for safety and
energy efficiency [3, 6]. However, balancing these
objectives is challenging due to dynamic traffic. Machine
learning algorithms like Model Predictive Control (MPC)
have been explored to enhance ACC [7, 10] but face
issues with unstable driving conditions. Consequently,
there's a need for faster adaptive control systems for ACC.
Frequent braking and acceleration in driving consume
significant energy [11]. Regenerative Braking Systems
(RBS) are crucial for improving energy efficiency,
particularly with ACC. Optimizing energy recovery during
braking is essential, with some studies suggesting using
fuzzy logic for this purpose [12, 15].

This paper contributes to developing control systems
for autonomous electric vehicles (IEVs) by creating a
decentralized ACC system combined with RBS. The main
contributions of this paper include:

1. Hierarchical ACC control system: The study has
proposed a non-linear hierarchical control system,
combining both the automatic cruise control system
(ACC) and the regenerative braking system (RBS), which
helps improve energy efficiency and ensure the safety of
IEVs in various traffic situations.

2. CMAC model and Wavelet function: The study has
applied a CMAC control model combined with Wavelet
function to control IEVs and achieve desired states,
providing a new and effective approach to controlling
IEVs in autonomous vehicles.

The organization of this research paper unfolds as
follows: Part 2 elucidates the nonlinear dynamic model of
IEV. Part 3 delineates the hierarchical ACC control
structure tailored for IEVs. Part 4 entails the execution of
simulation experiments. Ultimately, Part 5 encapsulates
the drawn conclusions.

2. THE NONLINEAR DYNAMIC MODEL OF IEV
Fig. 1 depicts the kinematics and control system of the
[EV, including radar, AC induction motor (ACIM) active

front axle control, power converter, speed transmission,
and braking system on four wheels [16].

2.1. Vehicle Dynamics Model

Fig. 2 describes the vehicle dynamic model, which
includes the front wheel's angular velocity (wy), the rear
wheel's angular velocity (wy), and the actual speed in the
vehicle's direction (vy).
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Fig. 1. Structural diagram of [EV

where, Fx and Fy represent the axial traction of the
front and rear wheels, J s and Jg are the rotational
inertia, Ty=Tp,.Ng.ig.Ig is the driving torque, ng is the total
efficiency of the gearbox and drive, iq is the gear ratio of
the gearbox, io is the transmission ratio, r is the wheel
radius, Tm is the torque from ACIM, Tye=pF-T

gen and

T,=HF, are the braking torques, T,.,=pF; is the

regenerative braking torque.

Fig. 2. Longitudinal dynamic model

Fres is the sum of various components of resistance
forces that may occur in reality:

Fes=Mg(f cOsB+sin@)+0.5¢,Apv; )

where, A is the vehicle frontal area, m is the vehicle's
mass, f is the rolling friction coefficient, g is the
gravitational acceleration, p is the air density, cq is the
aerodynamic resistance coefficient, and 6 is the slope of
the road.
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2.2, Tired Dynamics Model

The force acts on the front F,s and rear tires Fy, can be
expressed as follows:

F;=Dsin{C arctan[BA,-E(BA;-arctan(B\,))l} i=f,r  (3)
Arand A, are the slip coefficients :
A =(w;r-v)/max(wyr,v) (4)

Tire longitudinal force coefficients B, C, D, E are
defined as follows:

b,F2+b,F,
—h -D— 2 .p_ "3z 4'zi |
C=b,; D=bF;+b,F,; B_—CDebsti (5)
E=bgFi+b,F,+bg i=f,r
Fsand Fis the normal tire force :
.. .m ...m
sz:(gb-vhg)E;Fzr:(ga-vhg)j (6)

where, | is the wheelbase, hy is the height of the center
of gravity, a and b are the distance from the center of
gravity to the front and rear axles.

2.3. ACIM Dynamics Model

and T, is based on the empirical values of relevant vehicle
models [18]. The safe distance between vehicles is based
on the speed of the driving vehicle and a constant time
gap:

d (9)

where, dsre is a safe distance, dmin is the minimum safe
distance between vehicles, vy is the speed of the after
vehicle, vt is the speed of the vehicle in front, T1 and 1, are
positive constants found in [19]. The ACC model can be
delineated as follows:

x =F,(x)+ G, (x)u+L(x)
y =X

safe =11-Vh T, '(Vh V¢ )+dmin

(10)

where, x = [Ad,Av,ah]T , U= ades, ¥ is the system output,
L(x) is an uncertain component. For example, F,(x) and
G,(x) are the identified nonlinear vector of the system
and are used to model the system. Therefore, the
nonlinear system (10) can be controlled and Gj(g) exists
for all x. The system tracking error is determined as

follows:
The torque response of ACIM approximates a first- e=y, -y (11)
order process [17]: d
1 The system tracking error vector is defined as follows:
T.= T, (7) T
m T s+ des eA I:eT o7 e(n—l)T] (12)
3. DESIGN OF HIERARCHICAL CONTROLLER
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Fig. 3. ACChierarchical control structure

The ACC model depicted in Fig. 3 is defined as follows:

Ad=Av-(1,+T,).a,+T,.a,; AV=a,-a, ; &, =ﬁ.ades -iah 8)

TL TL
where, Ad = d - dsute is the distance error, Av = v¢ - v is
the speed error, d is the actual distance, aqes is the desired
acceleration, afis the actual acceleration of the ahead
vehicle, an is the actual acceleration of the after vehicle. K.
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The tracking error of the system is represented in
vector form as follows:

s(g(t)) — ol (t)+ C1e(n—2) (t)+
+Cn—1e(t)+<nj;e(t)dt

where, s=[s,s,...s.] with i =

(13)

1, 2, 3,..., n. G is
assumed to satisfy the Hurwitz polynomial.
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If Fy(x), G,(x) and L(x) are precisely known, the ideal
controller can be designed as follows:

UppeaL = G: (X)I:Xd —Fy(x)—L(x) + KTQ]- (14)

where, K =[K]

However, L(x) isindeterminate for practical applications.

K!1" is a positive constant matrix.

Therefore, uipear in (14) cannot be determined. This study
proposes a control system consisting of a WFCMAC
intelligent approximator and a robust controller:

(15)

u= uOPPROXIMATION + uROBUST

where, Ugpproxmaion 1S the main controller used to
approximate the ideal controller; the robust controller
Upopust USed to compensate for the approximation error

between ideal controllers uipear and Ugpppoxmation -

3.1. WFCMAC High-Level Controller
3.1.1. Brief of the WFCMAC

The rules in the association layer of FCMAC are
expressed as follows:

R'if Xy is puxand Xz is P+, X, is pix then O =w,

Fori=1,2..,n,j=1,2...,n,k=1,2,...,n,and
[=1,2,...,nn; (16)
where n;is the number of the input dimension, njis the
number of the layers for each input dimension, ng is the
number of blocks for each layer, | = nin; is the number of
the fuzzy rules and p is the fuzzy set for ith input, jt" layer
and kth block, wi is the output weight in the consequent
part. WFCMAC includes input, association memory,
receptive field, and output spaces shown in Fig. 4.

Input Association Me- Receptive ~ Weight Memory ~ Output
Space X mory Space 4 Field Space R Space W Space O
R4 vy vy vy v

“Layer 1--Layer ;. i=1

Fig. 4. WFCMAC controller structure
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Fig 5. Block division of WFCMAC with wavelet function
a) The first mapping X: X — A: Each input state

variable has the form X=[X, X, X,] and is
defined as follows:
F
My () = —Fye EXF{_%} , (17)

where, F, =(X.

! i =My ) /0y, Oy is dilation, and my, is
translation.

b) The second mapping A: A — R: In the case of 2-D
WFCMAC as depicted in Fig. 5, the content of the [t
hypercube can be acquired through the following

method:

by =] Thyu (R
i=1

c) Finally, the WFCMAC output is represented as
follows:

(18)

Uwremac =0 = wib= zzwjkbjk

j=1 k=1
3.1.2. Adaptive WFCMAC control system
The update rule for the ki weight memory is defined:

: 0ss Ou -
W, =B, WECMAC =B, sg(x)b,, (F,) (20)
x OUyecmac aij S

(19)

Toe =(2R) [(I+H)R? +1]s" (e) . 1)

where, R=diag[§,,€,] is the learning rate of the

robust controller; B is the positive learning rate for the
output weight memory wj. The dilations and translations
of the k' can also be updated according to
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r'ﬁ =-n 0sS  OUyrcuac abjk afijk
* " OUyecmac abjk afijk aﬁ“ijk
(22)
(X b,
=-n_sg(x)w,b, — X
nm g jk™jk (XI _mijk)
& - 058 OUyecync POy afiJk
* ° OUyecmac abjk afijk aéijk
1-F 23

:_nchg(X)VAijbjkA—ijk
0-ijk
where ns and nm are positive learning rates for the
dilation G, and translation m;, .
3.2. Controller on the Lower Level for Regenerative
Braking

3.2.1. Traction Controller: The desired tractive torque
of an ACIM:

1 .
Tdes :T(Ttd +TmTtd )
ig-io

(24)

where, T =r(m.a +F.;) is the desire traction torque
of IEVs.
3.2.2. Strategy for Distributing Regenerative Braking

Output
Braking
Toque

Eq.32 (T Ty Ty

Fig. 6. Schematic of regenerative braking strategy

For optimal braking distance, braking force needs to
meet the following criteria:

Fo¢ +Fo =mgz (25)

Fig. 6 depicts the brake intensity flow chart. The
detailed distribution of braking torque is provided as
follows:

(1) 0 < z < 0.008: Throughout this scenario, for the
optimization of braking energy reuse, the entirety of the
necessary braking force is directed exclusively to the front
wheels.

For=0 (26)

(1) 0.008 < z < 0.04: During this case, the braking force
is distributed as follows:

For = Forka (27)
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(2) 0.04 < z < 0.06: During this case, the braking force
is distributed as follows:
For = Forko (28)

(3) 0.06 < z < 1: This case is considered emergency
braking to ensure vehicle safety [20]:

Fbf,br max :quf,zr (29)

Where, Feror max are the braking force for the largest
front and rear wheels Fysand Fyr; ks, ks are the parameters;

zis the braking intensity with j—::zg; p has a value of 0.5.

Braking force is systematically applied to the brake
mechanisms in a manner that mitigates the risk of wheel
locking during braking maneuvers:

Fur = min(Fof uFf)

. (30)
Fur =min(mgz-F ¢, uF,, )

4. SIMULATION RESULTS

In this section, Matlab/Simulink is employed to
simulate vehicle tracking control, validating the precision
of the suggested control structure. An IEV model is
constructed utilizing the parameters outlined in Table 1.

Table 1. Main parameters of the IEV model

Parameters Value Parameters Value
m 1,346 io 3.5
p 1.206 ] 5.0
N 0.92 a 1.04
ig 6.6732 b 1.04

The simulation depicts a vehicle moving on the road
with a sequence of different fluctuations. Initially, it
moves according to the journey of the vehicle in front,
maintaining a speed of 12m/s. However, at time t = 200
seconds, the situation changes when the leading car
decides to accelerate to 20m/s. A sudden brake occurred
at time t = 400 seconds, causing the leading car to stop
completely. This describes an incident that appears
suddenly on the move. Besides, at time t = 800 seconds,
the leading car begins to decelerate, creating a feeling of
slowing down on the road. These situations often occur
in traffic environments and require adaptation and quick
processing by the controller.

Fig. 7 depicts the case of the control vehicle chasing
the ahead vehicle in conditions where many events
occur. When the ahead vehicle accelerates or decelerates,
the control vehicle responds at speed (Fig. 7a) and
maintains speed following the ahead vehicle (Fig. 7b).
Depending on the speed of the ahead vehicle, the control

Tap 60 - 509 (9/2024)
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vehicle will be able to automatically calculate to maintain
the distance from the ahead vehicle (Fig. 7¢) with

distance error (Fig. 7d).
|
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Fig. 7. Simulation results of chasing the ahead vehicle include: (a) Speed
between the two vehicles; (b) Speed error between two vehicles; (c) Distance
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Fig. 8. Results of parameters when the vehicle brakes suddenly and
normally: (a) Braking force acting on the front wheels; (b) Braking force acting
on the rear wheel; (c) Energy regeneration rate; (d) The inverse time-to-
collision

The Inverse Time-To-Collision (s)
=

Fig. 8 depicts the results when the vehicle brakes
suddenly at t =400 seconds and normal brakes at T =800
seconds. During emergency braking, the braking force
acting on the front wheel (Fig. 8a) is greater than the
braking force acting on the rear wheel (Fig. 8b). However,
when braking normally, the braking force will be
distributed evenly across all wheels. When braking, the
control vehicle has an energy regeneration rate (Fig. 8c)
of about 50% (emergency braking) and about 35%
(normal braking). The inverse collision time in Fig. 8d
depicts that if the time is at a positive value, the vehicle is
at a safe distance, and if it is at a negative value, then the
vehicle has a high probability of collision [21].

5. CONCLUSION

This paper presents a hierarchical, non-linear ACC
control system with renewable energy capabilities for
electric vehicles. The proposed approach demonstrates
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robust stability in the face of disturbances caused by the
ahead vehicle. Besides, the energy-saving performance of
the new regenerative braking case is given an energy
recovery rate of more than 50% for emergency braking
and more than 35% for normal braking, respectively. In
addition, this study provides essential information for
designing an integrated controller of the ACC system and
deploying it in applications that control vehicles
following the ahead vehicle.
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