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Abstract—In this article, an Euler-Lagrange-model based
torque assignment (ELM-TA) control scheme is proposed
for a distributed drive (DD) system with multiple in-wheel
motors. It focuses on the torque assignment of the multiple
motors in DD system, in order to achieve optimal dynamic
performance, synchronization, and reliability. Considering
the flexible coupling effects, an Euler-Lagrange model is for-
mulated for 1/2 DD system with dual in-wheel permanent
magnet (DIW-PM) motors. As a consequence of the nonlinear
characteristic of the drive system with DIW-PM motors, direct
torque control with multivoltage vector integrated modula-
tion is implemented with the objective of enhancing the reli-
ability and robustness of the drive system. In addition, the
Euler-Lagrange-model based controller is designed for the
motor control unit, where the dynamic tuning strategy of
interconnection and friction damping coefficients is devel-
oped to achieve dynamic decoupling of state variables.
Finally, the experimental setups are constructed by consid-
ering the different drive modes. The experimental results ver-
ify the validity and reliability of the proposed approach,
which shows a good potential candidate for a distributed
electric vehicle drive system.

Index Terms—Direct torque control, distributed drive,
Euler Lagrange model, integrated torque assignment, in-
wheel permanent magnet motor.
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|. INTRODUCTION

ISTRIBUTED drive (DD) has recently exhibited the

potential to become a significant component in electric
traction systems, owing to its advantages including four-wheel
independence traction and short transmission chains with high
efficiency [1], [2], [3]. Yet, for the electric traction application,
the goal is to achieve not only a single highly reliable and
responsive motor drive, but also to ensure that the control
between the multiple independent motor drive systems is syner-
gistic and consistent. Hence, how to achieve the cooperative
control of multiple traction motors has emerged as a pressing
concern within the domain of distributed systems.

At present, in order to satisfy the stability, safety, and econ-
omy of DD system for EVs application, the motors of the DD
system usually adopt hierarchical cooperative control [4], [5].
And, the control algorithm can be divided into cooperative con-
trol algorithm based on vehicle control unit (VCU) and motor
control unit (MCU) [6].

On the one hand, to solve the problem of multiple motors
control in DD system, the advanced control theories and meth-
ods are employed in VCU. In [7], with energy utilization effi-
ciency and tire load as objectives, based on the motor driving
capacity and tire adhesion limit, weight factors are used to coor-
dinate and optimize the torque increment of each in-wheel
motor, achieving cooperative driving of all actuators. In [8],
three torque distribution strategies based on different road con-
ditions are proposed, taking into account vehicle dynamic loads
and road friction, to ensure lateral stability requirements and
improve vehicle driving stability. Moreover, by using the opti-
mal allocation (OA) algorithm, the optimal power consumption
is taken as the objective function to solve a quadratic program-
ming problem and achieve optimal torque allocation that effec-
tively balances considerations of safety and economy [9].
Nonetheless, the upper-level controller is particularly vulnerable
to the external factors, including operating conditions, road exci-
tation and etc., which always give rise to nonlinearities in the
DD traction system [10]. At present, many coordinated torque
algorithms designed for the multiple motors drive primarily rely
on linear models, neglecting the electromagnetic and mechani-
cal coupling effects among in-wheel motors, which are often
uniformly regarded as external disturbances. And, the process of
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Fig. 1. Master-Slave control for DIW-PM motors drive system.

linearization during the initial phase may result in the omission
of certain nonlinear components, and this uncertainty modeling
will lead to speed instability and torque mismatch in distributed
traction system [11].

Therefore, in order to obtain more realistic descriptions of vehi-
cle models, neural network [12], Euler-Lagrange (EL) model
[13], and D’Alembert description [14] are often employed to
achieve data modeling. In [15], a novel modelling method based
on the recurrent high-order neural network is proposed for the lat-
eral steady-state performance of in-wheel motor driven vehicles.
Besides, an adaptive Lagrange discretization method is proposed
in [16], which fits the nonlinear vehicle dynamics function.

On the other hand, the MCU is employed as the cooperative
controller, receiving directives from the VCU, coordinating the
driving voltage or current of each motor, and facilitating cooper-
ative control among multiple controllers and actuators in MCU.
As shown in Fig. |, generally, the typical master-slave control
in MCU for two motors drive system is proposed in [17], [18],
[19]. And the direct torque control is employed to achieve tor-
que assignment control. In [20], the allocation of g-axis current
is determined by the dynamic coordination coefficient, which
serves to enhance the steering response of the dual motor system
and facilitate rapid path tracking during vehicle turning and
driving maneuvers. Meanwhile, according to the estimation of
tracking path and movement distance by the inertial measure-
ment unit sensor, a compensatory mechanism is proposed in
[21] to provide feedback compensation and modify the dual
motor commands, thereby enhancing the accuracy of the vehicle
tracking performance.

However, the multiple motors and controllers are widely used
in the bottom architecture of DD systems, which leads to com-
munication interference among these components. The presence
of redundant structures further elevates the risk of potential fail-
ures, thereby presenting a significant challenge to the robustness
of VCU [22], [23]. Consequently, there are still a number of
challenges to be overcome in order to achieve cooperative con-
trol of multiple motors within the distributed drive system.

In order to address the aforementioned issues, a torque assign-
ment control method based on the Euler-Lagrange model (ELM)
is proposed in this article. The main contributions of this article
are summarized as follows.

1) The flexible coupling effect in a 1/2 DD system with
dual in-wheel permanent magnet (DIW-PM) motors is ana-
lyzed in detailed. On this basis, by adopting the Euler-
Lagrange-model, the mathematic model of the DD system
is deduced and established.

2) Based on the direct torque control with multivoltage vector
integrated modulation, the Euler-Lagrange model based

Fig. 2. Block diagram of the DIW-PM motors drive system. (a) FR
in-wheel drive mode. (b) LR in-wheel drive mode.

torque assignment (ELM-TA) control is presented. And,
the Euler-Lagrange Controller is designed to realize the tor-
que assignment of the DD system.

3) Considering the influence mechanism coupling between
each in-wheel motor, the dynamic parameters tuning is
proposed where the robustness of the DD system with
DIW-PM motors is enhanced.

The rest of this article is structured as follows. The mathemat-
ical model is established based on the EL formula, whereby the
electrical and mechanical balance equations of the mechatronic
system are combined in Section II. In Section I, based on the
integrated direct torque control theory, a torque assignment con-
trol with multivoltage vectors (MVV) integrated modulation is
investigated in detail. Section IV presents a series of experi-
ments conducted under a variety of typical road conditions, with
a comparison drawn between the results and those obtained
using the traditional master-slave control method. Finally, the
conclusions and future directions will be drawn in Section V.

[I. MODELING OF THE DIW-PM MOTORS DRIVE SYSTEM

For the traditional four-wheel independent DD system, it is
necessary to utilize four MCUs, four drive motors and a VCU as
the basic structural components. In order to reduce the number
of MCUs and enhance the system’s robustness and responsive-
ness, an integrated control concept is employed that utilizes a
single MCU for the management of multiple drive motors. Nev-
ertheless, the four in-wheel PM motors drive the four wheels,
where the front and rare (FR) in-wheel drive system or left and
right (LR) in-wheel drive systems are all spatially symmetrical.
Moreover, in order to simplify the modeling, as shown in Fig. 2
the 1/2 DD system with in-wheel PM motors is selected as the
control example.

Therefore, based on the principles of the EL model, the DIW-
PM drive system is modeled, considering various factors associ-
ated with motors and mechanical components. Subsequently,
the mathematical model of the DIW-PM motors, flexible cou-
pling effect and mechatronic system are introduced.

A. Mathematic Model of the DIW-PM Motors

The following nonlinear equations of DIW-PM motors are used
to characterize the mathematical model in the d/g coordinate [24]

Digg(t) + Wiame(1)qr(1) + Wa(qmg (1)) + Reqr(t) = ug
ey

DMéMg(t) - TEdq + BMqu(t) = Uy 2)
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qR(t) = [qrf qrr} = [ldf qu igr iqr]
g ]
QMg = [meg(me'erg) é]mrg(é]mr’é]mfg) ]T

Upg = [ Uy um,]T =—[Ty T;,}T

T, Jigy O
TEdq:|:Tf:|=1.5<|:f0qf N }
er rlgr

n Ly — Ly 0 larigr 0 Py
0 Ldr - Lqr 0 idriqr Pr

ug = [Ugr Ugr Ugy

3
DE = diag{Ldf, qu, Ldr,Lq,}
DM = diag{Dmf,Dm,}
r0 0 0 0
0 Aprg 0 0
W2 _ fpfqug
0 0 0 0
_O 0 0 /lfpfqmrg
B 0 _qupfqug 0 0
Ldfpf(:Imfg 0 0 0
W= .
0 0 0 _Lqrprqmrg
0 0 Ldrprémrg 0
“

where Tgg, is the electromagnetic torque, gp(f) represents elec-
tric charge under the dg coordinate and g,(#) is mechanical
angel of motors with rigid coupling, R, represents the resis-
tance, L, and L, represent the inductance of DIW-PM motors
in dq coordinate, py and p, are the pole pairs of in-wheel motor
#I and in-wheel motor #II, respectively, and Ty and T} repre-
sent load torque of DIW-PM motors. Additionally, define the
subscripts f and r, respectively, for the variables of the #I and
#II in-wheel motors. In addition to representing the front and
rear in-wheel motors, #I and #II can also represent the left
and right in-wheel motors, respectively.

B. Modeling of Flexible Coupling Effect

Generally, due to the flexible coupling effect in the DD sys-
tem which stemming from the inherent elasticity of components
[1], the speed of the multiple in-wheel PM motors can be affect
in depth. And at the mechanical junction of the coupling, shaft
torque is generated, causing vehicle deviating from the intended
route, intense vibration of the in-wheel motor, tire slippage, and
other phenomena. This significantly impacts the steady-state
accuracy and dynamic error of the control system. Conse-
quently, in order to simulate such flexible coupling effect, it can
be conceptualized as a mechatronic system comprising DIW-
PM motors linked to a rigid construction.

The shaft torque produced by the coupling can be ignored if
the DIW-PM motors are fully synchronized. Therefore, the speed
of DIW-PM motors can be decomposed into the synchronous
speed and speed difference generated by the coupling shaft tor-
que. Define the shaft torque 7y and 7§, through force analysis of

generalized Hooke law, and the model can be rewrite as follows:
{o¢)
Tsf (c.]mfg’ é]mrg) = r%J;) (élmrg - qug)dr’ Tsr(élmfg’ qmrg)

00
= r%J (qug - qmrg)df

0
. . . . 1 Tsf(q s q )
Dmfg (me’ qmrg) = Ymr — Ffj%dt
mj S
o Aw
- qu Dmf
. . . . 1 Tsr(q » q )
qmrg(qmr’ qug) =9 — D_J\%d‘[
‘mr sr
=Gy T J Af( i mrg) dt = qpr +
Dmr N\'f Dmr

&)

where the diameter of the gear pulley 2r;, 2r, are equivalent to
78.79 millimeter, D,,, and D,,, are the nominal inertia of DIW-
PM motors, g, and g, are assumed to be mechanical angles
that are perfectly synchronized when two motors are not rigidly
connected, and Ny, N, are represented the proportion of shaft tor-
que transmission.

C. Mechatronic System Modeling

The EL model serves as a comprehensive framework for
characterizing nonlinear physical systems by accounting for the
interaction between mechanical and electromagnetic energy. It
adeptly manages the conversion of these energies, amalgamates
the dynamic and electrical aspects of mechatronic system, and
formulates a cohesive mathematical model. Consequently, the
EL formula is used to model the mechatronic system of the 1/2
DD system. And generally, EL formula is expressed as [25]

2 (G a.am) -2aoam-o  ©

where the Lagrangian function L, of the mechatronic system,
which equals to the difference between kinetic energy K and
potential energy P, is defined as

Lp(q(1),4(1)) = K(q(1),4(1)) — P(q(1)) (M

where kinetic energy K, composed of magnetic field co-energy
and mechanical kinetic energy, can be expressed as

K(q(1),4(1)) = %‘I(I)D(‘I(f))‘?(f)- ®)

Furthermore, the variable ¢(f) in formula (6) is defined as
follows:
4() = [7E0) aug®)]" g = e
qp(t) = (4. éer]T =iy iy iw ip]" ©)
Gute = Do GnpGmrg)  Donrg(Donr-Tinge)]”
= [0 ( Oy Onrg)  Omrg (O Ouge)]”

where gz(t) represents electric charge of DIW-PM motors in
the off coordinate. And the Q is a generalized input vector that
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encompasses disturbances and external inputs from the
mechanical and motor sides, which is obtained as

OFp

B2
T T
uD:[M;; MM] :[Mdf Ugr Ugr Ugr MM]
Fp(4) =5 4EReqr +5Budyg R = diag{ry ry ryv 1o}

Qug = [Qae Qurg }T =~ [Ty (GmeGmre)  Tsr(Gmpe-Gmrg) ]T-
(10)

where the external disturbance Q. of dual motors is produced
by the shaft torque coupled with the mechanical system, which
is closely associated with the mechanical angels of the dual
motors. The input vector u, consists of motor side voltage and
load, and mechatronic dissipation function Fp, is generated by
resistance and damping.

Moreover, in the mechatronic system, the magnetic field
co-energy is exclusively generated by the DIW-PM motors,
which is defined by the combination of (1) and (3) and is
expressed as [26]

Ke(qg(1), que (1)) = HZEJ% 4i(q;)dg;

i=1 J0

O =up+ Qug —

1)

where the numbers of windings n equals four, and 4 = [4; 4,]
express the magnetic linkage of the DIW-PM motors.

On the other hand, as illustrated in [26], formula (2) and (7)
can be combined to define the mechanical kinetic energy as
follows:

. 1 ) 1 ) 1 2

Kot (ag(1)) = 5 Dugige + 5 Do = 5 D (12)

Therefore, the Lagrangian function, where the potential
energy P is zero due to the uniform assignment of magnetic

resistance, can be described as follows by combining (7),
(11),and (12)

1
Lp = 5 Dudi (1) + ZJ q:)dq;.

In essence, the EL formula of mechatronic, obtained by com-
bining (13) and formula (6), remains an independent set of elec-
trical and mechanical equations. However, the cooperative
control of mechatronic system needs to take into account not
only the electrical equation to achieve current loop tracking, but
also the reduction of the adverse effects of coupling shaft torque
in order to achieve synchronized control of the DIW-PM motors.
Consequently, in order to produce a nonlinear equation that inte-
grated mechanical and electrical elements, EL formula can be
translated into Hamiltonian equations. So, a n-dimensional
generalized momentum vector and Hamiltonian function H are
defined as

13)

OLp(q(1),4(t))

p= LT - D)) v

= Lp(q(1),4(1))
5)

where the function H is the sum of the kinetic energy and
potential energy of the mechatronic system. Besides, defining
the input is Q and output is u, and substituting (14) and (15)
into (6), the general formula of the Hamilton can be orga-
nized as

_9H(q.p) . _OH(g.p)

and the typical nonlinear formula of the mechatronic system
can be expressed as

X =f(x) +g(x)Q(x), y = h(x). (17)

Accordingly, a combined expression of electrical and mechani-
cal equations based on EL model is established by generalizing
the general formula of (16) based on (17):

+0(q.p), y=1¢ (16)

OH (x OH (x

£ = 100 - R 4 0000, v =g I g
X X

where J(x) = —J'(x) is the interconnection matrix representing

the coupling relationship of internal parameters, while R(x) =
R"(x) represents the matrix of friction damping coefficient, which
signifies the dissipation of the mechatronic system. In fact, the
DIW-PM motors’ internal damping is essentially insignificant
and can be disregarded, while the external damping can be con-
sidered as a part of load torque input, therefore B;, is zero. In
summary, by substituting (1), (2), (5) and (10) into (18), the inter-
connection equation for electrical and mechanical is obtained as

jCT = [J(x) —R(X)] [qrf 6']mfg (me’erg) er erg (qmrqug)] !

+ g[uRf Upf + Qdfg URr Upr + erg]T
70H(x)

y=8 Ox = [qrf qug(qu’qmrg) qr qmrg (qmr’qug)]
(19)
R(X) = diag{rsf’ Tsfs 0, rsr, rsrs 0} g(X) =1
D= diag{Ldf, Lys, Dy, Lar, Lyr, Ly, Dy}
X = [x1 X2 X3 X4 Xs x6]T (20)
= D[q’f qug(qu’qmrg) qrr qmrg(qmr*qug)]
1
H(x) = -x"D7'x
2
0 O pf-xZ
A3><3 = 0 0 —pf(xl +)Lf)
—prxa pr(xi+4r) 0
0 0 PrXs
As3 O
J(x):{ - 3”},3%: 0 0 —prlxatis)
03x3 B3x3
—DrXs Pr(x4+/1r) 0
(2D

Ill.  PRINCIPLE OF EULER-LAGRANGE-MODEL BASED
TORQUE ASSIGNMENT CONTROL

In order to achieve the cooperation of the DIW-PM motors,
the ELM-TA control strategy is proposed as shown in Fig. 3.
Through the EL model, real-time allocation of electromagnetic
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Fig. 3. ELM-TA control for DIW-PM motors drive system.

torque is achieved, allowing DIW-PM motors cooperation under
various circumstances. Furthermore, the MVV modulation based
integrated torque control is used after the assigned electromag-
netic torque has been received, and the coupling DIW-PM motors
can be driven by selecting the voltage vector through torque and
magnetic linkage.

In order to ensure that (18) of the DIW-PM mechatronic sys-
tem is asymptotically stabilized close to the desired equilibrium
point x*, the method of reconstructing the interconnection and
friction damping coefficient matrices is used for the ELM-TA
control law. It is assumed that there exists a feedback law u =
B(x) such that the mechatronic system reaches a minimum value
at the expected equilibrium point x* through an expectation
function H(x) (e.g., Hy(x) > H,(x*) for any x # x* in a neigh-
borhood of x*). If x* — x tends to zero, the Hamiltonian function
H(x) can quickly converge to H,(x) by the interconnection and
friction damping injection. And the closed-loop system can be
described as

OH, d (x )
Ox
where J,(x) and R (x) are the desired interconnection matrix and

friction damping coefficient matrix, respectively, satisfying the
following condition:

* = [Ja(x) = Ra(x)]

(22)

)+ T ()] = Ja R() + Ra(x)
R() + Ra()]" = Ry

J(x) + Ja(x)

(23)

where J,(x) and R,(x) are self-set injection matrix. And gener-
ally, if a feedback law Q(x) = f(x) can be identified given J(x),
R(x), H(x), g(x) and expected equilibrium point x*, then J,(x),
R,(x) and vector function K(x) satisfy the following equations
[27]:

{J () + Ja(x) = [R(x) + Ra(x)]}K (x)

= ) R I gip) e
OK(x)  [OK(x) T 9K (x) 0%H(x) .
ax _{ dx } ax |7 e | Ke)
_ M oy K(6) = —D (25)

S ox

where H,(x) is self-set injection Hamiltonian function, which
represents the energy injected into the mechatronic system

Refer to (35) Referto (39) Rjefer to (35) ] - _l__l N
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Fig. 4. Block diagram of the EL controller.

by designing a law to make the system tend towards the
desired equilibrium point.

Hy(x) = H(x) + Hy(x). (26)

A. Design of the Euler-Lagrange Controller

Based on the Euler-Lagrange model, the EL controller shown
in Fig. 4 is constructed by taking the external disturbances, such
as sudden load changes, internal torque fluctuations, and system
state variables., etc., as the influencing factors of torque assign-
ment. And, the allocated torque will be given as the reference
torque of the MVV modulation DTC. For the EL controller, by
enforcing stable voltage tracking, integrating the drive through
rapid torque output, and minimizing the time for adverse move-
ments such as slipping are all essential to enable the swift
response of DIW-PM motors to achieve synchrony.

Therefore, i;=i;=0 and i, =i, are selected as the expected
equilibrium points of the mechatronic system

* * * * * * 1T
X = |X X X X, X X
[ 1 2 ) 3 4 ) 5 6] ) . (27)
— [O Lyize Doy O Ly, Dm,wg]
* _RSf * pf * % * _RSV * pr * %
”df —L—dfxl —D—mfx2x3,ud, —L—drx4 —D—WX5X6
* sf x pf * % pfj'f * %k RSV * Pr s« « prif *
w =Y _ 2 + 0, =X — XX+ X,
qf qu 2 Dmf 13 D 3°%q Lqr 5 Dmr 476 Dmr 6
(28)

where wj is the predetermined velocity. Due to the exist-
ing coupling, the expected Hamiltonian function, inter-
connection and friction damping coefficient matrices are
organized as

1

Hy(x) zz(x—x*)TD_l (x—x*),R, = diag(R,,R>,R3,R4,Rs,R¢)
(29)
T 0 —Jo Jz 0 0  Ji ]
Jo 0 —Js 0 0 —Jx
Ju(x) = _(J)'3 J(? _334 J(3)4 :jz J(jﬁ (30)
0 0 J3s Juis 0 =Jsg
|—Ji6 Jos O —Js Jss O
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And, by substituting (20), (21), (27), and (29) into (24), the
closed-loop control law can be expressed as

R] (le Pfx§> X
Ugr =U; —+——(x2—x
if = Ugr — Ldf qu Dmf ( 2)

Ji3 ~  Jis
+Dmf (3 —x3) +D (xé X6)
J X
i (s
J Tof (Grufes4
—A(X:‘, _x*) _ (-xﬁ xﬁ) TLf f(qug qmrg)
Dmf Dmr st

; Jiz | prx; N
:_Tef < +£ (xl—xl)

Ly Lgy

J23 Pfx1> o R’ o J34 J3s
+ F=— (X2 =x3) ———(x3—x3) +—x4— X5 —X
(P20 =)= a2 15

. Ra Jas | prxg «
Har=Uay =7 X4~ <f+5 &) (xs —x3)
r qr mr

Jas o J34 .
+D— Xo— 6)_Enf(x3_x3)
Jus Prxé) Rs «_ J56 «
u + X4 ————(X5—Xz) —— (X6 —2X,
7= (Ldr Dmr Lqr( 5) Dmr( 6)
J Tr ] >. T
35 ( X3 — .X3) TLr— N (qug 9m g)
Dm)‘ Nsr

Ja6 1% rxz
— T 22 o
er <Ldr + Lqr (X4 X4)

Js6 | prXy . _ Re « *
+<L_+ o (xs—xs)—D—W(xﬁ—xﬁ)—fxl+L— (x2—xz)-

€1V
Moreover, combining the current constraints mentioned ear-
lier, with stable voltage tracking as the goal (e.g., u; = uz and u,,

= uy). By substituting the goal into (29), the EL controller with
various self-set injection coefficients can be derived as:

_ X
Ry =0,J;p = Lgip;ﬂ%,Rz =0,Ry =0
m,
- p D,.+J — X
Jas = 7Lgprx6 »Rs =0,J13 = 4gf 1(6)6(:66 x3x)6)
mr mr\A3 =
J23 _ Dme26 ()Cg - X6) 6 = DmrJ34 ()C3 — x§) (33)
Dmr(x3 —Xg) ’ Dmf(x6 —)Cg)
Dy J3s (x3 — x3)
Js6 = 7 (v )
Doy (%6 = x)

Eventually, by substituting (33), (15) into (32), the EL con-

troller can be obtained as (34) and shown in Fig. 4, where the
AT,,, AT, can represent the torque impact caused by coupling
from each other:

Aq g, R3
T;} = Tef - Dmf dt (x2 - xz) D ; (X3 - x3)
m,
J34 J3s
+ AT, AT, = L (g —x)) — I (x5 —x3)
r qr
" derg * R6 *
T =T, — DmrT — Apxs + By(xs —x35) — D (x6 — x¢)
mr

J J
+ AT, AT,r = —ﬁ(xl —x) +ﬂ(x2 - X3)
Ly Ly

(34)

R Jio p o J o, .
Fon= (7225 ) () 52 () 52 (30-) =0

Ji2  prx R N/ N B
(L—Z-l-Df—”;) X —é(xz -x3) —DL’;(JQ —x3) —DL’:r(xs —x6) =0
R Jis  prxg o o .
o () o452 o) =) =0
Jis Prxe) Ry sy I ey
(Ldr+Dmr>X4 Lqr(x5 x3) Dmr(XG x6)+Dmf(x3 x3) =0

(32)

B. Interconnection and Damping Parameters
Calculation

According to control law described in (35), there exists six
interconnection and friction damping coefficients that interact
with each other and need to be tuned. Therefore, by establishing
constraint conditions based on the desired Hamiltonian function,
a dynamic tuning strategy is proposed which can reduce the
number of self-set injection coefficients and improve the robust-
ness of the algorithm. First, the closed-loop equation can be
obtained by substituting (20), (21), and (29) into (22

where (33) includes current term, coupling term of speed and
current, speed term and various self-set injection coefficients
that need to be tuned. Therefore, in order to achieve the separa-
tion of speed term and current term in (32) and modify the coef-
ficient of the speed to achieve speed tracking, the self-set
injection can be deduced by setting the coefficient of the current
term to zero as follows:

) |:C3><3 D3><3]
X =
Esxs Fix3

-1 T
D7 xi—x] x—X5 X3—X; Xa—X; X5—Xi X¢—X(]

C3x3 Dixs
Jalx) = Ral) = [E3 3 I3 J
(35)

Authorized licensed use limited to: Jiangsu University. Downloaded on May 14,2025 at 02:05:37 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

WANG et al.: EULER-LAGRANGE-MODEL-BASED TORQUE ASSIGNMENT CONTROL 7
[ —r -J J x : -
¥ 12 13 +pf 2 . E]F‘Q;HI}EQHC; Te'/ Torque and  |—] Hysteresis Egmz MVV modulation |V
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r Lgi Vi
0 0 Jis Feedack To, i 3| “oiation [V |2
D3x3=1 0 0 —Jx Flux assignment |
| J34 =J35 O Fig.5. Block diagram of the MVV.
[0 0 —Jyu
Ezaz=| 0 0 Jss be expressed as
=Jis J2s 0 X1 —x} L (o —=x8
—Tsr —Jss Jas+prxs df af
— — Je X4 — X X5 — X%
F33= Jas Tgr Jse —pr(xa+7r) WZZ_PrXS( 4L 4) _|_pr(x4_|_/1r)( 5L 5)
| —Jas —pr¥s Js6+pr(x4+Ar) —Rs dr ( . ar ( .
X1 =X Xy —X
(36) Wi =(-Ji3 _prZ)%"‘ (J23 +pr(x1 +;Lf))%
. . df af
In order to reduce the coupling effect caused by mechatronic R - ok
e o 3 \ (x4 — x3) (s —x3)
system, we not only expect (35) to be locally minimized at the D (x3—x3) +J34 L, —J3s 2
equilibrium point, but also to achieve the decoupling of the state &l (s =) " o (xs = x2)
variables in the dynamic process before (35) reaches the equilib- W) = (=Ju4g — prXs) % + (Js6 +pr(xg +4,)) %
rium point. Therefore, by comparing (19), (28) with (35), and dr qr
substituting (17) into (35), the constraint condition can be _ Re (v —x5) = J1g (1 —x7) e (X2 =x3) .
obtained as Dy df Ly
(39)

. Aw . .
(J13 +Pfx2) qu_D_f +J164mrg =PrX2q g
, . Aw . N
[=J23 =pr (x1 4+ 2¢) 1 Gy _l)—mf —J26G g = =P (X1 2 ) Qg

. Aw . .
(J46+prx5) qmr+D7f —J34qug:prx5qmr

sl Aw . .
[_-156 _pr(x4 +/Lr)] <qmr +D_f> +J35qug = —pr(X4 + ir)qmr‘

37)

Furthermore, by considering (37) and (33), the dynamic solution
of interconnection coefficients can be expressed as

Pl pr(x + ) Aw
Jie = . ; ,Jos = ; -
Dmf(K]qug + qmrg) D”!f(Kqufg + qmrg)
J prxsAw ~ pra A+ A)Aw
34 — . »J35 — . N
Dmr(qug KSqmrg) Dy (qug - K4qmrg)
K Dmf (x6 - xg) K Dmf (xg - x(,)
1 — s A —
Dursi =) D)
Dmr (.X3 - x;) Dmr ()C3 - x;)
K3 = = Ky = "
Doy (x6 = ;) Doy (x6 = ;)

(38)

Moreover, it can be seen from (34) that the correlation
between the friction damping coefficients and speed is signifi-
cant, leading to the division of the friction damping coefficients
into dynamic solution and tuning solution. The dynamic solution
counteracts the speed coupling effect, while the tuning solution
governs the synchronous performance of the dual motors. Con-
sequently, similar to the adjust of the interconnection coeffi-
cients, the dynamic solution of friction damping coefficients can

Consequently, by considering (38), the dynamic solution is as
follows:

D,y
(x3 —x3)

+ Jaaliar — ig,) — Jas(iqr — iy,)]

R3o = [—16K1 (iar = i) + 6K (igr = i)

Rg3 =

_omr
(xg — X%

] [(—J3uK3 (iar — 0,) + J3sKa(igr — 00))
6
= Jio(iar — i) + Joe(igr — i7y)]

qr

(40)

where R34 and Rg; represent the derived dynamic solution. With
the tuning solution, the friction damping coefficients can be
expressed as

{R3 =R+ R3 @1

R¢ = Re3 + Rs.

C. Multivoltage Vector Integrated Modulation DTC

As shown in Fig. 5, the multiple voltage vector (MVV) inte-
grated modulation direct torque control (DTC) method [30] is
adopted. The MVV integrated modulation DTC consists of flux
assignment, space voltage vector synthetization (SVVS), and
MVV modulation. The vector sector is determined from the flux
feedback obtained from the observer, and the difference is com-
pared with the hysteresis comparator threshold to generate the
modulation signal.

Besides, based on the coupling of dual motor magnetic fields,
the basic voltage vector of the dual motor is synthesized into 64
voltage vectors in the fundamental o(-f3; subspace, corresponding
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TABLE |
SWITCH TABLE OF THE VOLTAGE VECTORS
.:"""““""Eﬁ‘l._ B ——
Sector k _ _ _ _ ‘ﬂ_
(k _ 1’3’5’7’9’11) &1 = 11 Er12 = 10 Er12 = 01 Er12 = 00 n G II"IEK}J!“
e =11 ViaVis Via Vi ViaVis ViLVE, :
&Yin = 10 V13+2V13+5 Vl:+2Vk2—3 V1:—2VI?+5 V/lfzvszs
e = 01 V£+4V13+3 Vk1+4Vk2—1 V1<174V1<2+3 Vkl—4Vk2—l
ef1, = 00 ViiaViis VieaVis ViiaViis ViiaVis
Sector k
(k _ 2,4,6,8,10,12) Er12 = 11 Er12 = 10 ET12 = 01 Er12 = 00
Wz =11 ViraVisa ViV ViiVisa Vi Vi Fig. 6. experiment setups and platform.
e =10 Vi Vi Vi Via Vi Vi ViV
&pin = 01 ViisVii ViisVi ViaVi VisVi
which shows that V(x)>0, and according to (2|
&Yio = 00 V1§+5V13+4 V1§+5V1374 V1:73V1?+4 V1<173V1374 H(X) & e

to 64 switching states of the six half-bridges inverter and voltage
vectors in Table I. Subsequently, by considering the modulation
signal, sector signal, and composite sector rule, the most suitable
voltage vector for controlling torque and magnetic linkage loop is
selected.

And then, the sector judgment and space voltage vector syn-
thetization are shown in Fig. 5, with the control function of flux
assignment and switch table as follows:

11, (T* Ty > 0.001)&(T;; ~T,, > 0.001)
10, (73 = Ty > 0.001)&(T;, = T.r < ~0.001)
ér1i2 =
01, (T;; = Ty < =0.001)&(T;, = T,y > 0.001)
00, ( Y =Ty < 0. 001)&(T;; ~T,, < =0.001)

(42)

D. Controller Stability Analysis

In order to verify the stability of the algorithm, the Lyapunov
function is selected as

11 1
Vi(s) = i) = 3 7 1 =21)" + 7 (2 =)’
1 a2 1 a2 1 ¥\ 2
+D—mf(x3 - x3) +L_dr(X4 - x3) +L_q,(x5 —x3)
1
o (x6 —xg)z} (44)

Vi) = Fla(x) = <8H"( )> i

ox
= (aHaL)EXU [Ja(x) — Ra(x)] afgi)EX)~

It is evident from substituting equations (20), (23), (29), (30)
into (45) that setting R5 and Rg to be nonnegative will satisfy the
negative semidefinite matrix of J;(x)-R /(x)

Ja(x) = Ra(x) = —Ryx;

2
— Ry x;

(45)

- R3x§
R6x6 <0.

—Ryx;

- Rsrx5 47

Consequently, according to LaSalle’s invariance principle,
the system is asymptotically stable if the closed-loop is con-
tained in the set {x € R"|[OH/0x]"[J(x)-Rx)] OH 0x = 0}
equal to (x"}.

IV. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the ELM-TA, the
master-slave direct torque control (MSDTC), as shown in
Fig. 1, is selected for comparison, where the slave torque is pro-
vided by the master motor #I. When facing different in-wheel
motors with different parameters or power levels, simple torque
commands cannot achieve speed synchronization. Therefore, a
speed deviation compensation module is added to coordinate the
output of the given electromagnetic torque in master-slave con-
troller [28], [29].

Moreover, the DIW-PM motors mechatronic experimental
platform is built and shown in Fig. 6. The experimental setup
includes the RTU-204 controller, six-leg inverters, DIW-PM
motors experimental platform and mechanical coupling device.
It should be noted that the RTU-204 controller core integrates
a TMS320F28346 microcontroller from Texas Instruments

Ey12 =

11, (|z//;‘f| — W] > 0.0001>&(|zp;| ~ |y,,| > 0.0001)
10, (1951 = Wyl > 0.0001) & (15| = ¥, | < ~0.0001)
o1, (|z//;‘f| — Wyl < —0.0001>&(|1//;;| — | > 0.0001)

00, <|l//:ff| — |yl < —0.0001)&(|¢;‘,| — W,/ < =0.0001).

Wsl= it ‘Péi

(43)
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TABLE Il 601/min 60 min : T TO0rmin100rmin_ Z[4s/div
1 601/ in 60r/gin LN N
Diw-PM MOTORS PARAMETERS ] ”‘iilArmimg:: 2. 5emin 1S g0t |
[ [ .
Toddoym d L 3Nm (L
Parameters Value of  Value of | Parameters of Value {24N'm : " 3<1N‘“; L N . y .
Motor#1 ~ Motor#ll |  Load Motor T 425N | | #3ONm| TN £3.IN'm
- T T | N | £3.9N% 4
Flux linkage ~ 0.049 Wb 0.052 Wb| Rated voltage 380 V @fn:mn“(:m}ﬁ&z‘c)b N o ‘“qmﬁ . £BINm
Ly 1253 mH 0928 mH| Rated power 5.5 kW mlt 4 Y e I03dmin
L, 1.642 mH 0928 mH| Rated torque 35 N'm e R J— “ 125> )
. . . 3. IN'm (7,=14.6N'm) = 1250
Rated speed 900 r/min 900 r/min Rated speed 1500 r/min r 'Altﬁ(nf‘ Vm) 7777777777 o j, :mj‘ -
Rated torque 68 N-m 70 N-m | Rated current 13 A BT324Nm 266N M SIN:M T oy 260N
Stator resistance  0.1129 Q  0.1469 Q | Maximum speed 8 000 r/min Tl Toamm X1 IN-m TNma | 40N- JEN
Pole of Pairs 25 17 Pole 4 IR et S S00me:
Moment of inertia 1.398 kg-m? 1 kg-m” | Rated frequency ~ 51.5 Hz s : #[300ms/div] £:[300ms/div]
Proportional 0.5 0.3 Ingress protection 55 @
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| 1 Y
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uted signal processing and PWM generation, operating at a T, err:.f | ﬂ_SN;n‘“‘": “ L TE62NI [ a4 0N
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500ms/dli

load motor #II, powered by the load motor driver, are both
asynchronous AC spindle servo motors. Besides, simulating
the coupling of DIW-PM motors by engaging synchronous
gear belts with gear belt pulleys, the forced synchronization of
dual motors is ensured. In terms of loading, the load motor
exerts direct force on the drum, which transfers to the motor
via contact between the drum and tire. In the analysis of the
Fig. 6, it is observed that the torque acting on the drum and
in-wheel motor is directly proportional to their radii. Combin-
ing the diameter values marked in Fig. 6, the ratio of the torque
on the drum Ty to the torque on the in-wheel motor 7} is
defined as: Tg : T, = 1 : 4.7. The key parameters of the DIW-
PM motors are shown in Table II. And based on the moment of
inertia and (42), the tuning friction damping coefficient of 0.4
is selected for motor #1, while 1.6 is selected for motor #I1.

A. Left and Right In-Wheel Drive Mode

The LR in-wheel drive on the same side is selected as an inte-
grated system, which is cooperative and controlled by the ELM-
TA controller. In order to verify the effectiveness of algorithm syn-
chronization, two conditions are simulated. Additionally, motor #I
and motor #II represent the left and right in-wheel motors.

1) Variable Speed Condition: In Fig. 7, the ELM-TA control
shows better performance in speed increase command, effec-
tively enhancing dynamic response performance to 37.5% of
motor #I and 27.2% of motor #I1. Besides, the ELM-TA control
can dynamically assign torque to achieve speed synchronization.
Especially, when the mechatronic system increases a torque
load of 29.2 N'm, the electromagnetic torque difference of
ELM-TA control added to the left and right motors is 21.7 N-m
and 7.7 N-m respectively, while the MSDTC control is 14.9 N-m
and 13.8 N-m. Furthermore, the MSDTC control evenly assigns
the total load and cannot effectively and quickly track commands
for the left front wheel under straight operation conditions.

2) Muddy Road Condition: The experimental results in
muddy road condition are shown in Fig. 8. Simultaneously,
Fig. 8(b) and 8(d) respectively display the harmonic distortion
analysis of the phase current, which are extracted from the
zoomed sections of Fig. 8(a) and 8&(c). During the sudden
increase in load stage, under the MSDTC control, the vehicle

60r/min60r/min¥2OOM1 ~ *™/* x\ZOOM2 o

n CYoo

ol L F O T [
3 IN'm(7;=14.6N'm)=
T 3.IN'm= e
N 24Nm 28N'mw SONI o, 28N
kil it Wi iy syl
TenF35Nm %6.3N-m. 17N msa HONT i g N T
. = ‘
T $25N'm “9.3N'm  £[500ms/div] £[500ms/div]
(b)

Fig. 7. Waveforms of variable speed experiment. (a) MSDTC control.
(b) ELM-TA control.

deviates from the straight line while the right wheel motor
exhibits significant oscillations. The maximum speed difference
An observed between the left and right motors reaches 17 r/min,
while the speed of the right in-wheel motor fluctuates around
4.5 r/min until convergence. This adjustment can take up to
13.3 s, resulting in a sluggish overall response performance.

Nonetheless, for the ELM-TA control, the left and right
motors can effectively synchronize. During a substantial increase
in load, a maximum speed difference of 2.6 r/min is observed.
Compared with the MSDTC control, the adjustment time of the
left and right motors under the ELM-TA control is reduced by
64.2% and 85.7%, respectively. According to Fig. 9(b) and 9(d),
although the ELM-TA control increases torque pulsation, it effec-
tively reduces the phase current harmonics of left and right
motors to 12.29% and 16.32%.

B. Front and Rear In-Wheel Drive Mode

On the other hand, the FR in-wheel drive on the same side
can also be selected as an integrated system, cooperative and
controlled by one controller. And, motor #I and motor #II repre-
sent the front and rear in-wheel motors.

1) Variable Speed Condition: Fig. 9 illustrates the ability of
both algorithms to accurately track the speed command 7, dur-
ing the front wheel loading and acceleration stages, while the
ELM-TA control demonstrates superior performance, effectively
improving 54.7% of dynamic response performance and 35.7%
of speed synchronization performance. Additionally, the MSDTC
control resulted in a maximum speed difference 4n of 11.9 r/min,
causing oscillate and slip significantly, deviating from the given
route. Nevertheless, although the ELM-TA control relinquishes
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100 shaft torque of the flexible coupling. However, in order to allevi-
80 .
0 ELM-TA ZOOMI ELM-TA ZOOM2 ate burden on the rear wheel, ELM-TA control increases the
9 Motor-I THD=12.29% Motor-1 THD=11.76% . .
%zg front motor current to 25 A, effectively reducing the overshoot
2 gt L of the front and rear in-wheel motors by 64% and 34%, respec-
£
280 . .
" [ - tively. It also simultaneously reduces the THD of phase current
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Fig. 8. Waveforms under the muddy road condition. (a) MSDTC control P q g

on muddy long road. (b) Current analysis of MSDTC. (c) ELM-TA control
on muddy long road. (d) Current analysis of ELM-TA control.

torque ripple to a certain degree, it effectively apportioned torque
to the rear wheels, diminished the maximum An by 83.2%, and
guaranteed synchronization and stability.

2) Muddy Road Condition: In Fig. 10, the front and rear
wheels are loaded with 22.1 N-m sequentially under muddy long
road, and the front wheel are loaded and unloaded with 43.7 N-m,
followed by the rear wheel being loaded and unloaded with
43.7 N-m. Fig. 10(b) and 10(d) show the harmonic analysis of
a-phase current in the zoomed part.

It can be observed that the ELM-TA control strategy demon-
strates a notable enhancement in load synchronization capability
when the front wheel encounters a muddy road condition. The
current of the rear motor effectively increases to 12 A, actively
distributing the front wheel load, and improving the dynamic

MSDTC control. This imbalance results in yaw torque genera-
tion through mutual dragging, causing seriously slip and oscil-
late, and unable to effectively track driving instructions. The
rear wheel oscillation duration can extend up to 8.4 s, emphasiz-
ing the critical need to avert wheel control loss by swift torque
allocation. Consequently, the ELM-TA control mechanism serves
to mitigate this issue by reducing the current flowing through the
rear wheel, enhancing the electromagnetic torque allocated by the
front wheel, reducing the rear wheel phase current to 13.3 A, and
minimizing the distributed torque to 10.8 N-m. Besides, ELM-
TA control effectively diminishes the overshoot of the front and
rear motors by 43% and 33%, respectively, achieving fast syn-
chronization and tracking.

C. Dynamic Performance Comparison

In order to more intuitively illustrate the effectiveness of the
ELM-TA control system, the performance metrics are shown in
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Fig. 10.  Waveforms under muddy road conditions. (a) MSDTC control on muddy long road. (b) Current analysis of MSDTC control. (c) ELM-TA control

on muddy long road. (d) Current analysis of ELM-TA control. (¢) MSDTC on muddy short road. (f) ELM-TA control on muddy short road.
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Fig. 11.  Dynamic performance comparison.

Fig. 11 in conjunction with all the previous experimental plots,
and a table of performance comparisons under high-load scenar-

ios is shown in Table I11.

As shown in Fig. 11, during the execution of a speed change
command, Anm denotes the maximum speed differential, while
AT, and AT, represent the torque ripple of motor #1 and motor
#II under constant speed conditions, respectively. Additionally,

14 3
Load of motor #11(N"m)

the adjustment times are denoted, with #;; and #, representing
the adjustment durations for motor #I and motor #II, respec-
tively. Furthermore, ¢, and o, signify the overshoot for each
motor. It is noteworthy that the x-axis of the graphs illustrates
the sudden increase in load values.

It can be seen that the ELM-TA control can respond to variable
speed commands within 1 s, significantly enhancing the dynamic
response performance of Motor #I by over 40.0% and Motor #II
by more than 48.3%. This improvement substantially reduces
speed differentials and enhances synchronization, ensuring stable
vehicle operation under complex working conditions. Neverthe-
less, MSDTC requires a longer settling time, with a maximum
speed difference of 12.5 rpm during variable speed scenarios.
Furthermore, ELM-TA effectively reduces overshoots and oscil-
lations during dynamic processes, enabling stable operation of the
vehicle under high-load scenarios and variable commands.

Moreover, to further validate the dynamic response perfor-
mance and robustness of the proposed algorithm, Fig. 12 simu-
lates the DIW-PM system traversing a bumpy road surface. This
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TABLE llI
DYNAMIC PERFORMANCE COMPARISON IN HIGH LOAD
FR Drive Mode LR Drive Mode
High-load  yy.1 (43.7 Nom)  Motor-11 (43.7 N-m) Motor-I (42.3 Nem)
Scenarios
MSDTC ELMTA MSDTC ELMTA MSDTC ELMTA
gy 26.7% 15.3% 33.0% 14.0% 25.8% 16.0%
[ 23.0% 13.3% 27.0% 13.3% 25.1% 14.6%
t1 () 3.5 2.1 4.4 2.3 5.3 1.9
te (S) 8.4 2.3 8.3 2.3 13.3 1.9
Oscillation  YES NO YES NO YES NO
36(1) 58(@1) 42() 73 (1) 44@1) 73()
AT(ENM) 55 0) 382 27(Q) 42@2) 322 26(Q2)
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Fig. 12.  Waveforms of bumpy road condition. (a) MSDTC control (motor

#1 load). (b) ELM-TA control (motor #1 load). (c) MSDTC control (motor #l|
load). (d) ELM-TA control (motor #ll load).

experiment illustrates the continuous variation in the loads of
in-wheel motor #I load Tk, and in-wheel motor #II load Tk,
with both loads fluctuating continuously between 6.6 N-m and
31.5N-m.

Compare with MSDTC, it can be observed that the maximum
speed fluctuations of motor #I and motor #II are reduced by
70.6% and 66.7%, respectively, under ELM-TA control when
subjected to continuous load variation in motor #I, with the
speed difference maintained within 2.8 r/min. Additionally, tor-
que fluctuations are minimized, and current fluctuations are
reduced, enabling motor #II to share the load in real time,
thereby enhancing synchronization. Under load variation in
motor #II, the ELLM-TA system achieves a 68.9% and 74.9%
reduction in speed fluctuations for motor #I and motor #II,
respectively, while the maximum speed difference decreases by
70.9%. Despite increased loads, the speed remains stable at 60
r/min, preventing tire shake and yawing on challenging road
conditions.

It can be noted that the ELM-TA control optimizes the system
architecture by reducing the number of required controllers and
actuators, effectively alleviating the computational burden on
the VCU. The ELM-TA control can better cope with scenarios

with significant load variations and higher dynamic performance
requirements, such as off-road or muddy terrains.

V. CONCLUSION

In this article, an ELM-TA control with MVV modulation is
proposed for DIW-PM motors drive system. The mechatronic
system model of DIW-PM motors is deduced. Moreover, based
on the DTC principle, the ELM-TA control system is presented
and investigated. And then, a decoupling tuning method for
interconnection and friction damping coefficients is designed to
improve the robustness of the DD system.

Consequently, by the experimental setups with different
in-wheel drive modes and road conditions, the ELM-TA control
performance is demonstrated and discussed. The results show
that, compared with the MSDTC, the proposed control method
can improve resistance to external environmental interference
by 57.2%, achieve a comprehensive balance between fast speed
tracking, and smooth driving, with a significant improvement in
dynamic response performance by 40.0%-80.5%. Furthermore,
the ELM-TA control can achieve active torque assignment, with
speed as a constraint, coordinate the load situation of each
motor, and improve the system’s load capacity by 49.4% while
maintaining synchronization. The study provides a new research
approach for achieving torque assignment control under high
synchronization performance in the DD system where the num-
ber of MCU s are reduced and the responsiveness and robustness
of the system is improved.

Furthermore, in the future, taking into account the energy
consumption and the development requirements for intelligent
driving in EVs, a deep coupling model of the multiple in-wheel
PM motors will be constructed and the predictive control can be
also introduced for the cooperative control of the DD system.
This will serve to further enhance the robustness of the multiple
in-wheel PM motors, reduce the computational load of the
VCU, and improve the reliability of the system.
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