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Torque Distribution Strategy
for Multi-PMSM Applications
and Optimal Acceleration
Control for Four-Wheel-Drive
Electric Vehicles

In this paper, a general torque distribution strategy is proposed to improve the drivetrain
efficiency of four-wheel-drive electric vehicles (EVs). The strategy allows the same or dif-
ferent motors to be equipped in the front and rear wheels. The model of the drivetrain
considers the loss properties of four permanent magnet synchronous motors (PMSMs)
and four inverters over a wide range of torque and speed. The relationship between the
drivetrain efficiency and the torque split ratio at any given speed is proven to be convex
under both traction and regenerative braking conditions. It is shown that, when all four
motors are identical, the maximum efficiency can be achieved if the total torque is equally
shared. An equivalent loss strategy, which is a general method and can solve many opti-
mization problems of multi-PMSM applications, is proposed to maximize the drivetrain
efficiency when different PMSMs are used in the front and rear wheels. The effectiveness
of the proposed strategy is verified using an urban dynamometer driving schedule
(UDDS). In addition, the acceleration process of EVs is optimized using a dynamic pro-
gramming approach to minimize acceleration duration and energy consumption. Simula-
tion results show that, with the proposed strategy, the energy loss during the acceleration
can be reduced by up to 15%. [DOI: 10.1115/1.4045321]

Keywords: four-wheel-drive, electric vehicle, torque split strategy, optimal acceleration
control, dynamic programming, multi-PMSM applications

1 Introduction

Given present consumption rates, it has been estimated that the
current global petroleum resources will be used up within 50 years
[1]. Electric vehicles (EVs), which are receiving considerable
attention, are effective solutions for energy and environmental
problems [2]. The electrified and intelligent transportation system
has been extensively studied as the effective solution for the
aforementioned problem [3,4]. Other advantages of EVs over
internal combustion engine vehicles are [5,6]:

(1) the torque response of electric motors is 10-100 times
faster than that of engines,
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(2) all wheels can be independently controlled by adopting
small- and high-power in-wheel motors, and

(3) the output torque of an electric motor can be estimated
from motor currents.

The four-wheel-drive (4WD) EV under study is a microsized
two-seat car of ~660-kg curb weight. As shown in Fig. 1 [7], each
wheel of this EV is equipped with a permanent-magnet synchro-
nous motor (PMSM) controlled independently by a vehicle control
unit (VCU) and a motor control unit (MCU). It has been identified
that the PMSM has the highest power density and efficiency when
compared with dc and induction motors [8,9]. Motion control is
implemented by the VCU, and torque commands are transferred to
the MCUs via a controller area network (CAN) bus [10].

With respect to longitudinal motion, the four-wheel-drive EV
provides one degree-of-freedom in torque distribution (between
front and rear wheels) for improving the drivetrain efficiency.
This issue is important because EV mileage is still limited by
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Fig.1 Configuration of the four-wheel-drive EV [7]

battery capacity [11-13]. The modeling and design of the drive-
train for a single-motor drive EV has been illustrated in Ref. [14],
and motor loss minimization is presented in Ref. [15]. Compared
with the single-motor configuration, a multimotor configuration
realizes more flexible dynamic control [16] and achieves a better
dynamic performance, such as acceleration stability [17], braking
stability [18], and lateral stability [19]. Novellis et al. proposed
the optimal wheel torque distribution for a 4WD EV to minimize
tire slip [20]. In addition, the multimotor configuration provides
redundancy to improve reliability and fail-safe operation [21].

Furthermore, the multimotor configuration enables power shar-
ing between different motors, which has the potential to increase
EV efficiency. Based on the energy loss model of a permanent-
magnet (PM) motor, the torque distribution scheme of the front-
and rear-wheel-driven EV, where two PM motors are coupled to
the front and rear axles, is investigated in Ref. [21]. The relation-
ship between motor efficiency and its torque at a given speed is
derived and shows that, when four identical motors are used, the
maximum efficiency can be achieved if the total torque is equally
shared [21]. Wang et al. developed a prototype four-wheel-drive
EV and proposed a numerical solution to improve the EV effi-
ciency by appropriately allocating the total required torque among
the four in-wheel motors [22]. Wu et al. used dynamic program-
ming (DP) approach to deal with the torque split problem of a
dual-motor powertrain and found that the energy consumption
rate of the proposed method can be reduced by around 6% [23].
Bao et al. focused on the regenerative braking condition and com-
pared different operation modes (i.e., front motor only, rear motor
only, and both motors) to increase system efficiency and vehicle
stability [24]. Hu et al. optimized the motor sizes of a dual-motor
powertrain and compared the optimal design with common
designs [25]. Wu et al. compared the efficiency of the single
motor system and the dual motor system [26]. Lin and Xu con-
structed a multi-objective optimization framework to improve
vehicle maneuverability and reduce energy consumption simulta-
neously [27]. Dizqah et al. formulated the optimal torque distribu-
tion as the solution of a parametric optimization problem, based
on the vehicle speed [28]. Park et al. developed the fuzzy logic
control algorithm to optimize driving efficiency, satisfy driver
demands, and consider tire slip [29]. Wang et al. proposed an opti-
mal torque distribution algorithm for longitudinal motion, consid-
ering the weight transfer between front and rear axles and motor
losses [30]. Guo et al. presented a torque distribution algorithm
aiming to reduce energy consumption and improve road handling
as well as ride comfortability [31]. Yang et al. adopted particle
swarm theory for minimizing energy consumption according to
the motor efficiency maps [32].

However, the losses of the motor inverters are not well consid-
ered in the above papers. Furthermore, the general torque distribu-
tion strategy related to the multimotor configuration where front
and rear motors are different is absent in the previous studies. In
the general case, different motors may be equipped in front and
rear wheels to achieve a more flexible dynamic performance.
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Small motors can save more space for the steering system of the
EV when they are equipped on the front wheels. Furthermore,
when the motors equipped on the front wheels are small, an active
front steering system is much more flexible because the inertia of
the wheel is reduced [33]. Thus, the four-wheel-drive EV
equipped with different-sized motors may be promising in autono-
mous vehicle applications.

To further improve EV efficiency, the total torque curve during
EV acceleration should also be carefully designed to minimize
acceleration duration and energy consumption [34]. The conflict-
ing nature of reducing energy consumption and acceleration dura-
tion is verified in Ref. [35]. It is shown that adopting multiple
accelerations during speed changes can reduce energy consump-
tion more than applying a constant acceleration value [36]. How-
ever, it is difficult for the driver to accurately track the velocity
curve during acceleration. An optimal driving strategy for EVs
during speed changes is proposed through multi-objective optimi-
zation of various conflicting objectives (acceleration duration,
energy consumption, and total jerk) [37]. However, complex com-
putations cannot be avoided to obtain the Pareto-optimal fronts
(the computation time was found to be around 1 s [37]); thus, it is
still hard to implement this algorithm in real-time applications.

In this paper, a torque distribution strategy is proposed for the
four-wheel-drive EV based on the energy loss models of the
PMSM and inverter. The relationship between the drivetrain effi-
ciency and the torque split ratio at any given speed is derived and
proven to be convex. The optimal torque split ratio is derived by
solving the mathematical problem based on energy loss models. It
is shown that the maximum efficiency is achieved if the total
required torque is equally shared between four identical motors.
The equivalent loss rate strategy (ELRS) is proposed in this paper
to maximize the drivetrain efficiency when different PMSMs are
used. The average-split strategy (ASS), corresponding to the case
where all motors are the same, is a special case of the ELRS. The
effectiveness of the proposed strategy is verified using a modified
urban dynamometer driving schedule (UDDS). In addition, the
acceleration process of EVs is optimized using the DP approach
to simultaneously minimize acceleration duration and energy con-
sumption. Based on simulation results, some qualitative conclu-
sions are drawn to provide instructional information regarding the
EV acceleration control algorithm. When compared to the existing
literature, the novelties of this paper can be summarized in three
aspects: (1) the inverter energy loss is considered; (2) the analyti-
cal solution of the optimal torque split ratio for the case where dif-
ferent PMSMs are used is provided; and (3) the optimal
acceleration control algorithm for the 4WD EV is proposed.

This paper is organized as follows: In Sec. 2, the vehicle,
PMSM, and energy loss models of the inverters are presented.
Section 3 presents a detailed description of the proposed torque
distribution strategy and the optimal acceleration strategy. The
effectiveness of the proposed algorithms is validated in Sec. 4.
Conclusions are presented in Sec. 5.

2 Modeling

2.1 Electric Vehicle Model. Only the longitudinal dynamics
are considered in this study, therefore, the dynamics of the four-
wheel-drive EV when driving on a flat road can be expressed as

Tout 1 , v

= —CpAipV? + m—
= mgf + 5 CoApV 4 m'g, 0
Tow =Te — Tt

where r is the wheel radius; m is the mass of the vehicle; f is the
rolling resistance coefficient; Cp, is the coefficient of aerodynamic
drag; Ay is the frontal area exposed to flow; V is the vehicle veloc-
ity; dV/dr is the vehicle acceleration; p is the air density; and Ty,
T., and Ty are the total output, electromagnetic, and frictional tor-
que of the motor, respectively. We point out that this paper mainly
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focuses on the power flow of the system rather than the vehicle
dynamic performance. Therefore, the tire model, e.g., magic for-
mulation and “relaxation length” formulation) is not considered in
the formulation given that the tire dynamics will not significantly
influence the EV power demand. In addition, since both the in-
wheel motors and traction wheels are small and no reducer is
adopted in between, the rotor inertia and the wheel inertia are also
neglected in the formulation for simplification.

2.2 Energy Loss Model of the Permanent Magnet
Synchronous Motor. The voltage, flux, and electromagnetic tor-
que equations of the basic PMSM model can be illustrated in Egs.
(2)—(4) [7]. We note that the core losses, which are considered in
the energy loss model of PMSM in the sequel, are neglected in
these equations

d
ug = Ryig + % — wl//q

2
d
Uy = Ryiy + % + oy,
V= Ldl:d + 3
lpq = Lylq
T. = ”p('//diq - lpqid) = npiq[‘//f + (Lg — Lq)id] 4)

where u, and u, are the d- and g-axis terminal voltages, respec-
tively, i; and i, are the d- and g-axis armature currents, respec-
tively, L, and L, are the d- and g-axis inductances, respectively,
R, is the armature resistance, o is the electrical angular velocity,
W, and ¥, are the d- and g-axis flux-linkages, respectively, ¥y is
the permanent magnet flux-linkage, and 7, is the number of pole-
pairs. Without loss of generality, iq and i, can be expressed as

3
iy = \/iklm

23 ®)
ia=—\/3 (1 — kI

where I, is the peak value of the sinusoidal current, and & is a
function of w and varies from O to 1. The surface mount PMSM
(Ly=L,=L) is adopted in this paper, so Eq. (4) can be simplified.
The torque equation is therefore simplified to

T. = Al (6)

3
A= \/;npk'//f (7

The energy loss model of the PMSM has been intensively stud-
ied [38]. As shown in Eq. (8), the energy loss model consists of
three parts: copper loss P, iron loss Pg., and mechanical loss P,

where

Pin:Pnul+PCu+PFe+Pm (8)

where Py, and P, are the input and output power of the PMSM,
respectively. Steady-state losses Pcy, Pge, and Py, which are
expressed in the following equations, are functions of 7, and w:

. 2 N2
L [O/R wLgi
Pcu =R, (iq + Réld + —Rl/./t) + (id - R? q) :| )
w? . 2 )
Pre = R [(Ldld + ) + (Lgiq) ] 10
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Po =T (a1
Tp

where R; is the equivalent iron loss resistance of the PMSM.

2.3 Energy Loss Model of the Inverter. The MOSFET tran-
sistor is favorable for low-power EV applications [39]; thus, it is
employed in this study. The inverter loss consists of switching
loss and conduction loss. High-side and low-side MOSFETSs con-
duct complementarily to control the PMSM. A dead time is inserted
between turn-off and turn-on to avoid inverter shoot-through [40].
It is assumed that the MOSFET resistive voltage drop is lower than
the body diode voltage drop; hence, when on, it can be assumed
that all current flows through the MOSFET resistance.

(1) Conduction loss. The simplified models of the MOSFET
and the diode are given in Refs. [7] and [41], as shown in the fol-
lowing equation:

Uy = lgevRus

(12)
Uak = Uf +]devRak

where Uy and Uy are the on-state voltage drops of the MOSFET
and the diode, respectively; Uy is the diode voltage drop at the
zero-current condition; Ry and R,y are the resistance of the MOS-
FET and the diode, respectively; and /4., is the device current.
Considering the dead-time effect, the time-averaged conduction
loss in the three-phase inverter can be simplified as [36]

3 2t
P._mosFeTs = El,ands (1 - *d)
2
(13)
6 3 21,
P('—Ds = <7 Uil +*I§1Rak) =
T 2 te

where ¢, is the dead time and ¢, is the period of the pulse width
modulation. Hence, the conduction loss of the inverter is

P. = P. mosrets + Pc-ps 14

(2) Switching loss. As shown in Eq. (13), the switching loss of a
hard-switched circuit includes two parts [42]

Pw—on = konlmfs
{ ) i/ (15)

Pswfoff - offln s/TC

where Pgy.on and Py of are the turn on and the turn off losses,
respectively, f; is the switching frequency, and k., and k¢ can be
determined from the device datasheet and bus voltage. Based on
the above analysis, the switching loss of the three-phase inverter
can be derived

Psw = 3(Psw—on + Psw—off) (16)
The total loss of the three-phase inverter, which is the sum of

the conduction loss and the switching loss, can then be expressed
as

12tqUs  3konfs  3kofifs
inv-|: d f+ lf+ nfff:|lm

it T
3Rty 3 2t
+{ tkd+§Rds(1_Td>:|]§, (17

This shows that the inverter loss Pj,, is also a function of T,
and . By integrating Eq. (5) into Eqgs. (9) and (10), we get
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3 2 L3 2 szé 2
Peu= 3R, (1—1<)<1+ i +2[ 14 i I

2
+¢3Ra§¢f <k - “’R_Ldm)zm +R, (“’R—*”f) (18)

i i i

3
Pre = 2‘; (=) + L2~ Voo \/1—1<2[//tLd1
oy

-i-Ri

19

Based on Egs. (10)—(12) and (18)—(19), the PMSM and inverter
losses can be simplified to

Pcy + Pre + Py = B, + Clyy + D

20
Piny = X2, + YI,, @0
where
3 L2 w’L?
B==R, |(1—-#)[1+ K 4
5 ( )( 7 ) + ( i
307 2)72 272
5% (=0 +k Lq]
R a)lﬁf wLg
C=v6-2 X X V1- \f \/1 — YLy
(Ra + R <(m//f) Tio
3Rty 3 2ld
X = —Rg| 1 ——
{ )
12tqUs  3konfs  3kostfs
_ |: dUf + nf + f£f:| (21)
it s i

Based on Eq. (20), the loss power for one motor and its inverter
can be given as

Pcy + Pre + Py + Py = (B+X)I2 + (C+Y)In+D  (22)

Thus, the second derivative of the motor loss with respect to T,
can be derived as

az(PCu + Pge + P +Pinv) 81m 2
=2(B+X
o2 B+ o7,
+2(B+X)In Pl +(C+Y)— Pl
aT. 2 oT?
(23)
Based on Eq. (6), we see that
Oy 1
aT. A ”
oy _, 24)
or:

By integrating Eq. (24) into Eq. (23), the second derivative of
the motor loss with respect to T, can be derived

O*(Pcy + Pre + Pm + Piny)  2(B+X
(Pcu + Pre + P + Piny) _ 2(B +X) 25)

ar A2

Therefore, 9*(Pcy + Pre + P + Piny)/OT? >0 is  satisfied
because A, B, and X are always positive, which means that the
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motor loss with respect to T, is convex. This conclusion is impor-
tant to the torque split strategy presented in Sec. 3.

3 Optimal Torque Distribution and Acceleration
Control Strategies

3.1 The Torque Distribution Strategy. In this paper, only
longitudinal motion of the four-wheel-drive EV is considered, so
the torque is assumed to be equally shared between the right and
left motors. At each instant, the torque required by the EV is
known. We assume that the total required torque is 2 T4e,, and
define the torque split ratio f§ as

Tes = Tdemﬁ

2

Ter:Tdem(l _ﬁ) ( 6)
where T; and T, are the electromagnetic torque of the front and
rear motors, respectively. To find the optimal £ for loss minimiza-
tion, the relationship between f# and the total loss power of the
drivetrain at a given speed should be derived. As mentioned
above, the total loss P, includes the PMSM loss and the inverter
loss. Based on Egs. (6) and (20), P,ss can be simplified to

Ploss - Ploss.f(Tef) + Ploss,r(Ter) (27)
where Py and P, are the loss power of the front and rear

motors, respectively. The second derivative of P, with respect
to f§ can be derived as

82P]oss _ 82Plossf 6Tef 2 + aPloss.,f azTef + azploss‘r aTer 2
op ory \ op oy opF = 12 \ 9P
6P1c)ss7r 82Ter

e O @8
Based on Eq. (26), Eq. (28) can be simplified to
82Ploss 82Plossf 2 azplossr 2

= =T T 29

a [))2 aTezf dem + aTle dem ( )

As a result, §2Pi/0f> is always positive because both
O0*Ploss /OT% and 0*Plogs,/OT2 are positive, which means that
the function of P, with respect to f is convex. Thus, at any
given speed and torque, there is an optimal f for minimizing the
total loss of the EV drivetrain, and the optimal f§ occurs when
OP)oss/OP is zero

8P loss,f
6Tef

aPlossr
Tdem — = Tgem = 0 30
d ar., ¢ (30)

The optimal f is therefore obtained when

8Ploss,f _ 8Ploss,r
OT ¢t OT o

(3D

We first consider the case where the motors equipped on the front
and rear wheels are identical. Given that 0?Pjos /0T 5 and
OPPoss. : /8 are positive, the following equation can be obtained
from Eq (31)

Tet = Ter (32)

As shown in Eq. (32), the total loss of the EV drivetrain is at a
minimum when the front and rear motors equally share the torque
under the assumption that all motors are identical, regardless of
the values of total torque and EV speed. Note that the basic con-
vex optimization theorem is used to obtain the optimal torque split
ratio, as shown in Eq. (31), since the energy loss function is
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continuous and the second derivative in terms of the demand tor-
que exists.

In the general case, the front and rear motors may be different;
thus, the optimal torque split ratio will change according to the
motor parameters. When the front and rear motors are different,
the total loss of all motors is at a minimum when the front and
rear motors have the same loss rate with respect to their electro-
magnetic torque, as shown in Eq. (31). The front and rear motors
should therefore share the torque according to the ELRS. The
ELRS shown in Eq. (31) is still effective in regenerative braking
modes because the convex characteristic of the power loss func-
tion with respect to f is preserved. We point out that the ELRS
proposed in this paper can also be used to solve the optimization
problems under the conditions that (1) identical motors work at
different speeds, which also cause difference in coefficients shown
in Eq. (31), or (2) different motors work at the same or different
speeds. There are two approaches to implement the proposed
ELRS: (1) calculate the numerical solution based on Egs. (22) and
(31) if all parameters of different motors and the corresponding
inverters are well known, and (2) search the optimal solution
based on two maps corresponding to different motors, which can
be obtained via calibration experiments, and provide the values of
OP)osst/OTer and OPjoss/OTer. In the following simulation, the
first method is adopted to implement the ELRS based on the
assumption that all the motors’ parameters are well known. To be
specific, based on Eq. (22), the power losses of the front and rear
motors can be given as

(33)

Ploss.f - (Bt +Xf)112n"f + (Cf + Yf)Im.f +Df
Ploss‘r = (Br + Xr)lfn,r + (Cr + Yr)[m,r + Dr

and based on Egs. (6) and (24), f§ can be determined given that
aPlossAf/8Tc:f:aploss.r/aTcr

2(B; + X;) {(Cr +Y) (Ci+ Yr)}

2
§— A2 A, Ar (34)
5 (Br+Xr)  (B:+X:)

At A

We would like to point out that the objectives of torque split
strategy and traction control strategy may be contradictory. Spe-
cifically, assuming the adoption of the same PMSMs, the torque
should be equally split to increase the system efficiency based on
the above analysis. However, the traction control system may
require another torque split ratio, which is not 0.5 and depends on
the vehicle weight distribution and tire-road interfaces, to acceler-
ate the vehicle by fully exploiting the transmissible force.

3.2 Optimal Acceleration Control. To further improve EV
performance, the total torque curve should be optimized to reduce
energy loss during acceleration. Therefore, it is important to find
the optimal acceleration values so that the EV uses the stored bat-
tery energy in the most efficient way while performing a speed
change. In conventional EVs, a constant PMSM power (CPP) (or
a constant PMSM torque), corresponding to the pedal position, is
maintained by the VCU and MCU. A DP approach is adopted in
this paper to understand the benefits that global optimization can
bring to the EV acceleration process [43]. Furthermore, the DP
results may provide guidance which can help us to accelerate the
EV efficiently in the shortest duration possible.

The EV velocity V is the primary state in the DP process, and V
is therefore discretized to 400 states in its operating range (from
0km/h to 80 km/h), as shown in Fig. 2. In the DP process, the EV
is accelerated from its initial speed V| to its final speed V; over a
time duration 7,... The energy loss of the EV over the acceleration
process is calculated and minimized according to the cost function

Journal of Dynamic Systems, Measurement, and Control

DP search path

15 A
o) Q e /OA/lf“)‘ A
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Initial
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(@) Q e Acceleration
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k=1 k=2 k=3 F=kus-1  k=kuax

Fig.2 DP optimization flowchart

Table 1 Basic parameters of the studied four-
wheel-drive EV

Parameter Value
m, EV weight (kg) 660
r, Wheel radius (m) 0.25
/. Rolling coefficient 0.014
Cp, Dimensionless coefficient 0.4
A, Frontal area (mz) 1.4
p, Air density (kg/m?) 1.29

= 40 1 1
=20+ i
* il INZAA
E=3
v
0 | | | |
0 200 400 600 800 1000 1200 1370
7 200
Z
% 100
2
2 0
=
£ -100 : : : : . .
0 200 400 600 800 1000 1200 1370
—E 4
5 2r
Z
=0
g2 i 1 1 I I i
0 200 400 600 800 1000 1200 1370
Time (s)

Fig. 3 The speed, torque, and power profiles of the EV along
the half UDDS

k=kmax
Minimize { > Ploss(k)Ts} (35)
k=1
where T is the sample time and is set to 1s in this study, and
P)oss(k) 1s the total loss power of the EV drivetrain from instant &
to k+ 1, which is derived from Eq. (20). In order to calculate P
for each discrete time k, the EV acceleration a(k) is determined as

alk) = w (36)

By integrating Eq. (36) to Egs. (1) and (20), Py, can be derived
at each instant. Consequently, the minimum energy loss over the
acceleration duration can be found by proceeding backward, as
shown in Fig. 2.
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Table 2 Basic parameters of the three-phase inverter BO oy
; ——PMSM #1 :
Parameter Value 20k o T
U, Diode voltage drop (V) 13 @
Rus, MOSFET resistance (Q) 3.6 X 10*3 Q_‘S, 11 ) TR I ST s
R, Diode resistance () 1x10°4 ° :
tq, Dead time (s) 3x10°° § ol
fs Switching frequency (Hz) 1.6 x 10* § ‘‘‘‘‘‘‘‘‘‘‘
kon, Switch-on coefficient 548 x 107° < e
kotr, Switch-off coefficient 1.62x107° -g L0 bt :
= : : :
Q0| TR e
Table 3 Basic parameters of two PMSMs adopted in this study 10 ; : i :
100 -50 0 50 100
Parameter PMSM #1 PMSM #2 Torque (Nm)
np, Pole pairs 23 23 Fig.5 The motor loss ratio of PMSM #1 and #2 at 250 rpm
R,, Armature resistance () 0.031 0.02
R;, Tron consumption resistance (€2) 1.540.0060 1.5+ 0.006c
Ly, d-axis inductance (mH) 0.076 0.076 4 Simulation Results
L,, g-axis inductance (mH) 0.076 0.076
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Fig. 4 ASS verification results when all motors are identical: (a) loss energy, (b) the energy loss percentage of the total
energy loss, (c¢) PMSM loss power, and (d) inverter loss power
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Fig. 6 The comparison result of ASS and ELRS when front and
rear motors are different: (a) PMSM loss power and (b) inverter
loss power

vehicle. The basic parameters of the four-wheel-drive EV studied
in this paper are listed in Table 1.

Therefore, the magnitude of the velocity profile of UDDS is
halved in this study. The speed, torque, and power profiles of the
EV along the modified drive cycle are shown in Fig. 3. Note that
the torque is calculated based on the EV dynamic model, as shown
in Eq. (1), and the power can therefore be derived. The regenera-
tive braking efficiency is assumed to be 30% because a mechani-
cal brake is also used [44]. The basic parameters of the inverter
used in this study are listed in Table 2.

This study not only examines the torque split strategy when all
motors are identical, but also investigates the strategy when the
front and rear motors are different. Thus, two different PMSMs
are considered in this study, and parameters of PMSM #1 and
PMSM #2 are listed in Table 3. Both motors are small (i.e., the
maximum power is around 2kW), as they are used in the micro-
sized 4WD EV. Generally, the microsized EV is not designed to
have a high dynamic performance, therefore, the EV will not
require large torque/power demands from the PMSM. These two
PMSMs will be equipped in the front and rear wheels of the stud-
ied EV, and the ELRS is used to optimally split the torque to mini-
mize the system energy loss. Note that the motors listed in Table
3 are only employed to establish a case study, and the proposed
ELRS can be utilized in any multi-PMSM applications.

The ASS is proven to be optimal when all motors of the EV are
identical, based on the analysis in Sec. 3. In the first simulation,
all wheels of the EV are equipped with PMSM #1. As shown in
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Fig. 7 The energy loss comparison of ASS and ELRS: (a) the
energy losses from PMSMs and inverters and (b) the energy
loss percentages of the total energy loss

Fig. 4(a), the total loss energy of the EV drivetrain over the drive
cycle, including the losses of PMSM and inverter, achieves the
minimum value when the torque split ratio f§ is 0.5 (ASS). As
shown in Fig. 4(a), when f§ varies from 0.3 to 0.7, the variation of
the total energy loss is less than 10%. Therefore, the ratios of the
energy loss to the total demanded energy are also decreasing
when f§ approaches 0.5, as shown in Fig. 4(b). This means that the
system efficiency is increased. This difference is mainly caused
by the PMSM loss, as shown in Fig. 4(c). Compared to the ASS,
the PMSM loss power when f is 30% is obviously high in the
high-torque regions. And the power loss difference under two split
ratios is also indicated in Fig. 4(¢). In addition, the PMSM loss
and the inverter loss account for approximately 63% and 34% of
the total loss, which cannot be neglected. The inverter loss is also
minimized when the torque split ratio 5 is 0.5 (ASS), as shown in
Fig. 4(d). It verifies the convex characteristic of the total inverter
loss with respect to f. In the following simulation, the battery
energy loss caused by its ohmic resistance is also considered. In
this paper, the battery resistance is assumed to be 18 mQQ for the
adopted 53V, 60 Ah Lithium battery pack. The battery loss is less
than 5% of the total energy loss and relatively independent of f.

To verify the ELRS shown in Eq. (31), the front and rear
wheels are equipped with PMSM #1 and PMSM #2, respectively.
As shown in Fig. 5, at a given speed within the normal operating
range (flux-weakening region is not considered in the simulation),
the PMSM loss rate increases linearly with its electromagnetic tor-
que. At any given torque, different motors have different loss
rates. For any required torque, the ELRS can find a set of torque
values for front and rear wheels to ensure that they have the same
loss rate. For online use, the ELRS can distribute the torque
according to the PMSM calibration results.
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ubDS

In the simulation, the ELRS is compared with ASS over the
drive cycle. As shown in Fig. 6(a), the PMSM loss power of the
ELRS is lower than that of ASS, especially in high-torque regions.
The ELRS and ASS have similar results in terms of inverter loss,
as shown in Fig. 6(b).

In addition, compared to the ASS, the ELRS reduces the total
energy loss over the drive cycle by 4.5%, as shown in Fig. 7(a).
This means that the system efficiency is increased by using the
proposed ELRS, as shown in Fig. 7(b). As shown in Fig. 8, the
value of torque split ratio f§ derived from the ELRS is around
0.25. This shows that the optimal torque split ratio can be far from
0.5 when different PMSMs are adopted, and also suggests when
ASS is adopted in this application the energy consumption will be
significantly increased. Therefore, the torque split ratio should be
well considered in multi-PMSM applications. In conclusion, the
effectiveness of the proposed torque distribution strategy is vali-
dated. The ASS can be adopted when four identical motors are
equipped in the EV. Furthermore, the ELRS can be employed to
maximize the drivetrain efficiency when different PMSMs are
used in the front and rear wheels.

4.2 Optimal Acceleration Control. Acceleration often
occurs in EV operation, and the output torque curve should be
carefully designed to minimize both energy loss and acceleration
duration. The DP presented in Sec. 4 is adopted here to optimize
the EV acceleration performance. The CPP strategy, which is
commonly used in EVs, is compared with DP in the analysis. The
PMSM power of the CPP strategy is directly determined by the
position of the acceleration pedal, and this may be a map diagram
in the real EVs. The maximum power ability of the studied EV is
8kW. Note that the proposed torque split strategy is directly
adopted in the optimal acceleration control to ensure the optimal
distribution of torque.

First, V, Vi, and 1, are set to 20 km/h, 57 km/h, and 40 s in the
simulation, respectively. The simulation results are shown in
Fig. 9, revealing that the speed curves generated by DP and CPP
are very different. The CPP yields a concave speed curve, while
the DP yields a convex curve. The acceleration duration of DP is
slightly less than that of CPP. As shown in Fig. 9(b), the total
power used in the acceleration process is relatively constant when
the EV is controlled by the CPP. In contrast, the total power when
the EV is controlled by DP is strictly increasing. This phenom-
enon can be also seen in Fig. 9(c).

In the efficiency map of the PMSM plus the inverter, we can
see that the PMSM torque decreases with increasing speed when
the CPP is used. In contrast, the DP result shows that the PMSM
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torque slowly increases with increasing speed. It can be seen that
high efficiency in the low-torque region is important since much
of the energy consumed over the drive cycle is in the low-torque
region. Compared with CPP, DP can improve the EV efficiency
by utilizing the low-torque region (the incipient stage of the accel-
eration process), which is highly significant. The total energy loss
during the acceleration process is calculated by integrating the
energy loss in each interval, based on Eq. (20). The total energy
loss corresponding to different acceleration strategies is then com-
pared. Specifically, the total energy losses of CPP and DP during
the acceleration process are 37.7kJ and 35.7kJ, respectively.
Thus, DP decreases the energy loss by 5.3%, while it also reduces
the acceleration duration.

In the DP process, t,.. can have various values to achieve dif-
ferent acceleration performance. To reduce the acceleration
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duration, V and f,.. are set to 10km/h and 30s in the second
case, respectively, while the final speed is not changed. The simu-
lation results are shown in Fig. 10. The acceleration duration of
DP is much shorter than that of CPP, as shown in Fig. 10(@). In
comparison with simulation results of the first case, similar results
can be found in Figs. 10(b) and 10(c). The simulation results of
the second case also show that DP achieves high efficiency. More-
over, the energy losses of CPP and DP are 44.4kJ and 37.5kJ;
thus, DP decreases the energy loss by 15.5%. Consequently,
the effectiveness of the proposed DP is verified. Even though
the energy loss is dominated by the PMSM, we point out that the
influence of the inverter energy loss cannot be neglected. Specifi-
cally, for the case shown in Fig. 9, the energy losses of inverter
for the DP and CPP are 9.23kJ and 14.66kJ, respectively, and
they account for 26% and 39% of the total energy losses. For the
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case shown in Fig. 10, the energy losses of the inverter for the DP
and CPP are 9.90kJ and 12.38kJ, respectively, and they account
for 26% and 28% of the total energy loss. Therefore, the inverter
loss also significantly influences the system efficiency, especially
for the case shown in Fig. 9.

We point out that it is difficult to directly use the proposed
algorithm in real application considering the uncertainties in the
command velocity profiles, and specific algorithms are required
to handle the uncertainty online [45]. However, the DP results
can be potentially used to improve the translation of accelera-
tion pedal to torque commands. Specifically, the proposed DP
generates a convex curve, indicating the acceleration of the EV
is increasing, as shown in Figs. 9(a) and 10(a). In contrast, the
CPP generates a concave curve. However, we point out that the
CPP is preferred from the perspective of vehicle dynamics per-
formance as it can control the EV to approach the target speed
in a smoother way, while the driver has to brake at the last
moment when DP is adopted. To solve this problem, a “jerk”
term can be added in the cost function of DP to ensure that
the EV speed approaches V; smoothly. Due to space limitation,
this modified DP is not presented in this paper. By directly using
simulation results, we may be able to generate a convex-
concave speed curve to balance the system efficiency and EV
dynamic performance.

5 Conclusion and Future Work

This paper proposes a general torque distribution strategy to
improve the drivetrain efficiency of four-wheel-drive EVs regard-
less of whether the same or different motors are equipped in the
front and rear wheels. The PMSM and the inverter models are
considered over a wide range of torque and speed. The relation-
ship between drivetrain efficiency and the torque split ratio at any
given speed is proven to be convex in the traction mode. It has
been shown that the total required torque should be equally shared
between four identical motors to maximize the drivetrain effi-
ciency. In addition, the ELRS is proposed for the case when dif-
ferent PMSMs are used. The effectiveness of the proposed
strategy is verified over the scaled UDDS. In addition, to save
more energy, the EV acceleration process is optimized using DP
to minimize both acceleration duration and energy consumption,
and the optimal torque split strategy is integrated in the accelera-
tion control. Simulation results show that the proposed strategy
can improve the EV efficiency. The energy loss during the accel-
eration process can be reduced by up to 15%, and the acceleration
duration can be significantly reduced. Even though it is difficult to
directly adopt the acceleration control strategy in practical appli-
cations, simulation results can be used to improve the translation
of the position of acceleration pedal.

The contributions of this paper can be summarized in three
aspects: (1) the inverter energy loss is considered in the entire model
of the 4WD EV powertrain; (2) the analytical solution of the optimal
torque split ratio for the case where different PMSMs are used is
provided; and (3) the optimal acceleration profile is proposed. When
compared with ASS, which has been widely used in four-wheel-
drive EVs, the ELRS is a general method, which can be widely used
in many multi-PMSM applications, such as hybrid electric vehicle
applications. This will be investigated in future work.
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