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Abstract—This paper proposes a model-based control system
to extend the range of dual-motor all-wheel-drive electric vehicles
(EVs) using different electric motors (EMs). By analyzing EM,
wheel, and chassis dynamics, a cost function involving driving
force distribution ratio and motor current is introduced to
minimize input power. An optimal driving force distribution
strategy is developed to minimize energy consumption, suitable
for real-time execution on conventional EV electronic control
units. Computer simulations demonstrate the effectiveness of
this strategy in both constant speed and acceleration/deceleration
modes.

Index Terms—Electric vehicle, Dual-motor All-wheel drive,
Energy efficiency optimization, Driving force distribution

I. INTRODUCTION

Electric Vehicles (EVs) face several challenges, including
limited range, charging time, battery cost, and weight. Among
these, the range remains the primary concern, prompting
extensive research into multi-motor powertrains for EVs [1].
A prominent configuration within this research is the dual-
motor all-wheel-drive (DM-AWD) setup, which features elec-
tric motors (EMs) on the front and rear axles. This config-
uration offers several advantages: (1) the ability to switch
between two-wheel and all-wheel drive for enhanced control,
(2) maintaining safe operation during sudden motor failures,
and (3) optimizing torque distribution to reduce energy use
and improve drivability [2]. To extend the range of DM-
AWD EVs, it is essential to efficiently distribute power to
each motor, focusing on minimizing energy consumption. This
paper introduces an Energy Management Strategy (EMS) for
DM-AWD EVs aimed at achieving significant energy savings.

Previous torque distribution strategies for DM-AWD EVs,
often based on simple rules [3], lack efficiency and robustness
due to their reliance on engineering experience. While many
strategies have been developed to optimize energy distribution,
existing research still faces several challenges.

Firstly, current strategies typically focus on the global dy-
namics of the EV, such as velocity, acceleration, total torque
and force of the EV, without adequately accounting for the
local dynamics of the EMs and wheels, such as EM speed and
current, driving force, and wheel slip ratio. An optimization
framework using vehicle velocity, total traction force, and
Dynamic Programming to train an adaptive network-based
fuzzy inference system was presented in a recent study [4].

Another EMS based on transmission efficiency, velocity, and
total torque of the EV was proposed to optimize gear ratio and
torque distribution [5], but it neglected the dynamics of EMs
and wheels, where slip ratio can significantly impact energy
loss, particularly on low-friction roads [6].

Secondly, power consumption models generally focus on
a single type of motor, whereas future EVs are expected to
integrate different types of EMs to expand their operational
speed range. For instance, a model-based range extension
control system was introduced to optimize front and rear
driving-braking force distributions considering wheel slip ratio
and Permanent Magnet Synchronous Motor (PMSM) losses
[7]. A double-layer EMS for multi-motor EVs, employing
passivity-based strategies, was devised to distribute torque
commands and flux currents efficiently, preventing wheel slip
and ensuring safe and energy-efficient operation [1]. Vo-Duy
et al. developed an optimal strategy based on EM efficiency
maps to address wheel slip losses in DM-AWD EVs, although
they did not leverage the different performance characteristics
of diverse EM types on the same vehicle [6].

To address these issues, this paper proposes a driving
force distribution strategy (DFDS) for minimizing the power
consumption of DM-AWD EVs, with the following main
contributions: (1) developing a comprehensive input power
model for DM-AWD EVs featuring two different EMs—an
induction motor (IM) and a PMSM—which accounts for the
dynamics of the motors, wheels, and chassis; (2) linking
global and local dynamics by integrating vehicle dynamics
with wheel dynamics and connecting the inner and outer layers
of the control architecture, specifically torque and current
distribution.

The subsequent sections will cover the vehicle dynamics
and energy model, followed by an introduction to the proposed
DFDS. A case study will be presented to validate the strategy,
and the paper will conclude with remarks and suggestions for
future research.

II. VEHICLE DYNAMICS AND ENERGY MODEL
A. Configuration of the Studied Vehicle

The DM-AWD configuration of the studied EV is presented
in Fig. 1. The studied EV utilizes two different EMs, with IM
mounted on the front axle and PMSM mounted on the rear
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Fig. 1. Modelling of studied vehicle dynamics.

axle. To streamline the presentation of equations, the latter part
of this paper will present variables and equations common to
similar elements of the front and rear axles. Here, the subscript
“3” denotes elements of both the front and rear axles, with
“f” and “r” representing the front and rear axles, respectively.
Additionally, this paper employs the subscript “;” to represent
“I” and “r,” corresponding to the variables of the left and right
wheels of each axle, respectively. The main nomenclatures to
describe the studied EV model are summarized in Table 1. This
paper only focuses on longitudinal motion, hence, the left and
right driving force forces at each drivetrain are considered the
same Fy ;1 = Fyir = 0.5Fy; and wy = wip = Wy .

The DM-AWD configuration of the studied EVs offers
several advantages. Firstly, it allows independent driving of
the front and rear wheels, facilitating the distribution and
control of torque for each motor based on driving conditions.
Secondly, it enhances efficiency by expanding the speed range
from low to high speeds compared to EVs with a single-
drive motor by capitalizing on the high-efficiency working
areas of these two different motors. Thirdly, the EV remains
operational and safe even if one of the two motors fails while
the vehicle is in motion. The strategy proposed in this paper
aims to maximize the second advantage of this configuration.

B. Longitudinal Dynamics of the Studied Vehicle

Relationship between wy, ; and w,, ;

Wi = Giwy i (1)
Equivalent dynamic equation of each motor
jm7iwm7i = Tm,i - Tszle7i (2)

Slip ratio of the wheels

>\i _ T'www,i — Vg (3)

Maz(rypWy,i; Vg, €)

In this study, the relationship between Fj,; and )\; is
represented by the “magic formula” [8]

Fy; = piZisin {Carctan [B/\i — E(BAi — arctan(B)\i))} } 4)
The driving force can be linearized if the slip ratio is small
Fai~ D Zi\; )

Where D, ; can be identified as outlined in [7].
The complete modelling and control of the studied EV have
been presented in our publication [9].

TABLE I

NOMENCLATURE
Symbol Description
Mechanical
B,C,E Shape coefficients of the magic formula
D ; Driving stiffness coefficient of the each wheel
Fg i Total driving force of the front or rear wheels
Fyqj Driving force of each wheel
Fiot Total driving force of the vehicle
G; Gear ratio on the front or rear drivetrain
Jmi Equivalent rotational inertia moment of each motor
ky Driving force distribution ratio of the front wheels
T i Torque of IM or PMSM
Vg Longitudinal velocity of the vehicle body
Z; Vertical force acting at the front or rear wheels
€ Small positive value to avoid division by zero
i Slip ratio of the front or rear wheels
i Friction coefficient at the front or rear tires
wij Angular speed of each wheel
Wi Mechanical angular speeds of IM or PMSM
Wi Angular speed of the front or rear wheels
Electrical
Crepas Iron loss coefficient of PMSM
Lagns Larn d-q axes stator currents of IM
dpare Lapar d-q axes stator currents of PMSM
dngng Rated d-axis stator current of IM
max g Maximum stator current magnitude of IM
maz p s Maximum stator current magnitude of PMSM
dpae Lapw d-q axes inductances of PMSM
mings Lirgay Magnetizing and rotor leakage inductances of IM
sive Lrpas Stator and rotor inductances of IM
Prrars Prnpas Number of pole pairs of IM and PMSM
curnrs Preras Copper loss and iron loss of IM
cupnrs Prepas Copper loss and iron loss of PMSM
miaes Pmpa Output powers of IM and PMSM
Py Total input power of the motors
Vbat Battery voltage
Tw Wheel radius
Ry Magnetizing resistance of IM
M Rotor resistance of IM
siaee Bspar Stator resistance of IM and PMSM
PM Permanent magnet rotor flux linkage of PMSM
(4 g g

Wernr» Wep
Wsly g

Synchronous angular speed of IM and PMSM
Slip speed of IM

C. Power Model of the Motors

Output power, copper loss, iron loss, electromagnetic torque

P,

PfeIIM

and electrical angular speed of IM [10]

PmIM = Wm,me,f (6)
2
=R IQ IQ R LmIM I2 7
curpM T SIM( drm + qu) + TIM 12 qrMm ( )
rIM
2 2 2
Wernm Hmira 2 LlTIM 2
= I+ I (8)
Runior M LgIM qrm
2
Trn,p = 1.9pn,y - A Lo Lo )
rIM

I

R
Werpr = PrpyWm, f +Wsly = pnIMwm1f+M LA (10)

LTIM IdIM

Current and voltage constraints of IM

0 < Ly, < Lingsy (11)
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Fig. 2. Optimal driving force distribution scheme for DM-AWD EVs.

I(?I]M + I(?II\/I IZ"U/I‘IM (12)
((J‘JSIZ\/I‘[/SIM‘Z'dII\/I)2 + (weIIWO-LSIIVIIqIM) < Vr?w,:c (13)

where 0 =1 — LgnIM/LsIMLrIM7 Vmam - ‘/E)at/\/3
Output power, copper loss, iron loss, electromagnetic torque
and electrical angular speed PMSM [10]

PmPM - Wm,rTm,r (14)
Peupry = Rspy (I(%PM + Il?P]\/j) (15)
Prepns = Crepnwipn {Wpa + Lapy Lapy )2 + Lo, 1500,

fepm fepmPepys PM dpmtdpm gpMTaPM
(16)
Tm r = 1.9Pnpy - {wPM qPM (LdPM - L(IPIM)IdPMI(IPM}
(17)
Wepn = PnpyWm,r (18)

where o = 1.5~ 1.6
Current and voltage constraints of PMSM
_IfPM <lipy <0 (19)
2 2 2

IdPM + IQPM < Ima:cpM (20)
ngM L?IPJVI (IdPM +IfP1\/I)2 +wSIML3PMIC?PI\4 S VWQ”LCW (21)

where IfPM = wPM/LdPM
The total input power model of the motors on the studied
EV is equal to the sum of the power models above

Pt = PmIM +PmPM +PCUIM +PCUP1\/I +Pf€IJ\4 +Pf€PM (22)

III. PROPOSED DRIVING FORCE DISTRIBUTION STRATEGY

A. Driving Force Distribution Scheme

Fig. 2 depicts the driving force distribution diagram that
uses the proposed EMS to calculate Fj , and Fj7, based on
ky, as described in Section III-C. Based on F} ; and Fy,, th
appropriate torques 177 s and T, are apphed to the front
and rear powertrains, respectively. Each powertrain includes
a battery (shared), inverter, and EM equipped with current
controllers and motor control strategies. Details of the control
structure are fully presented in [9].

B. Energy Optimization Problem

Driving force at wheels

{ For=kfFio
Fd,r = (1 - kf)Ftot
Where 0 < k¢ < 1. This means that if k¢ = 1, F;,: of EV will
be distributed entirely to the front IM. Conversely, if ky = 0,
F,,; will be distributed entirely to the rear PMSM.

From (2) and (23), the torque of each motor is approximated
as

(23)

Tw
T ~ - F —kiFio
™M ij df = g fLtot 4)
Tonpry =~ —=Fy, (1 —ky)Fy
PM Gf d, Gf( f) tot
From (3), the angular speed of the wheel is approximated
as
Wi ~ Z (14 ) (25)

w
From (1) and (25), the angular speed of the motors is
approximated as

Wini = G;sz (1+XN)

From (5), the slip ratio of the wheels is approximated as
Fai

Dy Z;

the g¢-axis current of IM is

(26)

A o 27)

From (9), (23) and (24),
approximated as

krmk+ F
Iopsy = =7 (28)
IM
Where
Twly
kiyv = LSk 29
IM 1'5p’nIIWL72TLU\4Gf ( )

From (17), (23) and (24), the g-axis current of PMSM is
approximated as

kpar(1— ky)Fyor

I, ~ (30)
e Vvpm + (LdPM - LQPM)IdPM
Where ,
kpy = ———— (3D
1.5pn e Gy
The g-axis current of PMSM (30) is approximated as
k 1—ks)Fy

Ly, = P #)Feot (32)

VP

Assuming the slip ratio is small, from (10) and (18) we can
approximate the electrical angular speed of the motors as

w pnIMvaI RTIM . LHM
erm —
Tw Ly Lagn (33)
~ pTLPJMGTU,’E
Wepy = r
w

Substitute (28) for (33), the electrical angular speed of IM is
approximated as
Py vafﬂ RTIM kIMkthOt

wPIM — 2
Tw L IdI]\/I

(34)

TIM



1) Power Model of IM: Substitute (24) and (26) for (6) into
(35). Then, substitute (28) for (7) into (36). Next, substitute
(28) and (34) for (8) into (37).

P =y | kfFlot + k]%FEOt
mripy — Y fLtot DS’fo

(35)

~ k2 k3EE Ro L2, k2, k3 FE
2 IM™f+" tot TIM—'m IM™f+" tot
PC“IIVI = RSIM <Id1M + 2 =

dim LgIAT It?[}%
36)
1—2 Ll27‘IM k%]\/l kJQ‘FEOt
2 drm + 2 2
ﬁf _ Hmryg rIM T drm )
erm
RmIM ) pnIMGf’Um + RTIMkIMkthot
Tw L"'IIW ICQIIIW
(37)

To represent the current and voltage constraints of the IM,
substitute (12) into (38) using (28) and substitute (13) into
(39) using (28) and (34)

kraksFror\’
]L%IM + (“‘;f”> < ]72mmIM (38)
drm
, F,
Lgll\l (pnIM vax + B If kI]?ff K t> 2
Tw TIZ\éI drm < V;mt
2 4+ (1 L%UM ) <kIMkthot)2 -3
dine LSIMLTIM IdIM
(39

2) Power Model of PMSM: Substitute (24) and (26) for
(14) into (40). Then, substitute (32) for (15) into (41). Next,
substitute (32) and (33) for (16) into (42).

(1 — kf)Qthot
DS,TZT

P,

mp M

= Uy {(1 —kf)Fior + (40)

~ kpar(1— k) Fror\
Prupn, :RSPM»{IﬁpM-+ ( pu(l—ky)Fy t) } @)

vpm

f)feP]W = CfepM (%)Q
('(/)PM + LdPMIdPM)2 )
n (LqPMkPM(l - kf)Ftot)
Ypm

(42)

To represent the current and voltage constraints of the
PMSM, substitute (20) into (43) using (32) and substitute (21)
into (44) using (32) and (33)

Epar(1— k) Foo )2
I§P1\J+( PM( f) tt) SIQ

maxpnm
Ypm
2
p’ﬂp}w G’V‘ v$
Tw

(43)

LZP}VI (IdPM + IfPM)2 9 V2
N (LﬁmkpM(l - kf)Ftot> < bat

3
Ypum
(44)

3) Input Power Model: Summing the above power models,
the total input power model of the motors on the studied EV
is equal to

P = PmIM + PmPM + PCUIM + PCHPM + PfSIM + PffiPM
4 3 2
S & kf & kf & 12 ok
= Sig +\Y2I4 +\Y3]2 + Suky — Ssky
drm drm drm

JF%GIdfM + %71(12;1\4 + Qglap,, + So
(45)
Where &1 ~ S are the coefficients containing parameters of
the studied motors and variables v, Fyo, Dy ; and Z;.
4) Optimization Problem: To generate a specific Fj,; for
a given v,, there are many possible sets of (ky, i, Ldpy)
numbers. However, one may consider the set (k¢, Iq,,,, Ldpy,)
that minimizes the input power 1375 for a given Fi,; and v,
while adhering to constraints related to the driving force
distribution ratio, voltages, and currents.

min P, = Eq. (45)
tkyodaryydapy t (46)
st 0 < kyp < 1,(11),(19), (38), (39), (43), (44)

Because the input power minimization problem is an opti-
mization problem under inequality constraints, one may apply
the Kuhn-Tucker theorem to calculate the optimal values of
(kf,Ilaraslap,, ). However, this paper proposes a simpler
optimal solution that still ensures minimization of the input
power of EMs in sections III-C.

C. Optimal solution for input power minimization

In this paper, the efficiency of the inverters is assumed
to be constant. Thus, the focus of this problem is solely on
minimizing the input power of the two drive motors (IM and
PMSM) to reduce battery power consumption. This is achieved
by determining the optimal driving force distribution ratio for
the front wheels, denoted as ky, ,. Subsequently, based on
ky,... the appropriate required torques are assigned to the two
motors, as depicted in Fig. 2, to enhance global efficiency.
The strategy for calculating kg, , will be presented in detail
below.

Because ky = 0 ~ 1 very small compared to Ig,,,, the
L Ly

. IdIIM I‘%IM . .

by removing the terms with high-order components in (45),

the total input power model can be rewritten to the reduced

second-order polynomial

terms such as and in (45) are almost zero. Hence,

47

drm

N C\
P, ~ (;Sg + %4) /{ZJQc — Ssky
+ %GldﬁM + %7Idpr + \C\YSIdpM + o

Assuming that v, Fiot, Ds i, Z;, 1a;,, and I4,,, remain
constant in the static state of the system, the optimization
problem (46) becomes a simpler optimization problem (48).

min P, = Eq. (47)
et (48)
st. 0<kr<1



The minimization condition P, concerning ky is given by

0P,

=0 (49)
Oky Va,Feot,Dsi,ZirTappy dap
Using (47), condition (49) is satisfied when
%
2( 22 49 | ky =S5 =0 (50)
drnm

Therefore, the total power minimization condition for the
studied EV is given by

T2
05J5I drm

& 72
S3 + \S4Id11\/1

kg = (51)

After implementing the 33, Sy and $5 coefficients in detail,
the value of %y is calculated based on (52).

IV. SIMULATION FOR COMPARATIVE EVALUATION
A. Simulation Setting

The  proposed DFDS is  validated in  the
MATLAB/Simulink®  environment to evaluate the
performance of the strategy for DM-AWD EVs. The

parameters of the studied vehicle are listed in Table II, and
its modelling is described in [9]. The reference velocity of
the EV follows the driving cycle WLTC class 2 (WLTC2)
with road friction coefficient p = 0.87.

B. Results and Discussion

Fig. 3 shows that the vehicle fully meets the required
velocity according to the WLTC2. In this result, the optimal
distribution value ky, , (52) is utilized to distribute the driving
force, as depicted in Fig. 2. This result validates that the
proposed strategy has appropriately applied the necessary
torque value to the two motors.

Because the proposed strategy relies heavily on approxi-
mations to obtain P; (47), the results shown in Fig. 4 aim to
demonstrate the accuracy of P; (47). This analysis is conducted
using WLTC2 and ky = 0.5. The comparison results indicate
that the difference between P; (47) and P; (22) is minimal in
the vehicle speed range below 25 km/h, but it increases as the
vehicle speed surpasses 25 km/h. While significant differences
are observed in the high-speed region, all values of P (22)
consistently exceed those of P; (47). Thus, if Pt (47) is reduced
by the proposed strategy, P; (22) must decrease accordingly.
These results align with the objectives of this paper.

TABLE II

PHYSICAL PARAMETERS OF E-COMMANDER PLATFORM

Parameter Value
Vehicle
Equivalent vehicle mass m 857 kg
Height of the center of gravity hcoa 0.585 m
Distance of front axle from CG Ly 0.865 m
Distance of rear axle from CG lr 1.058 m
Front wheels track width of the vehicle — dy 1.257 m
Rear wheels track width of the vehicle d, 1.219 m
Gear ratio on the front drivetrain Gy 6.75
Gear ratio on the rear drivetrain Gr 12.25
Effective radius of tire Tw 0.318 m
Equivalent inertia moment of the wheel  J,, ; 0.55 kgm?
Drag coefficient cq 0.65
Equivalent frontal area Ay 2 m?
Front Motor (IM)
Stator resistance Ry, 1.627 mQ)
Rotor resistance M 0.415 mQ
Magnetizing inductance mrm 320 pH
Rotor leakage inductance of IM Irr 19.42 uH
Rotor inductance rIM 339.42 uH
Number of pole pairs Dnra 2
Rear Motor (PMSM)
Stator resistance Rspy, 0.985 mQ
Iron loss coefficient fepar 0.021
Nominal d-axis inductance dpuy 15.02 pH
Nominal g-axis inductance 9P 29.75 pH
Permanent magnet rotor flux linkage vpm 0.03 Wb
Number of pole pairs Dnpar 2
Batteries
Battery bank capacity Chat 110 Ah
Battery bank resistance (at 80% SoC) Ryt 6 m$2
No. of modules in series s 4
No. of modules in parallel Np 3

e-Commander Platform at e-TESC Lab

Time [s]
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Fig. 3. Velocity responses of the proposed EMS with WLTC2.
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Fig. 5. Comparison of the distribution ratio.

To assess the optimal value of ky, , (52), the result obtained
from ky, , (52) is compared with the result of calculating &y
using the optimal value calculation function fmincon() of
MATLAB/Simulink®. Both calculations of ky,,. with (52)
and using fmincon() follow WLTC2. However, to evaluate
the accuracy of ky, . (52), the process of calculating k; with
fmincon() utilizes the cost function P, (45), which does
not remove high-order components. The results presented in
Fig. 5 indicate that the calculation of ky,, using (52) does
not significantly differ from k; calculated using fmincon().
This demonstrates the accuracy and optimality of the optimal
value ky, . according to (52) of the proposed strategy.

Fig. 6 and 7 show the capability of the proposed strategy
to decrease energy consumption. Fig. 6 illustrates that the
total power loss of EMs P,,; when employing the proposed
strategy is consistently lower than that of the method with
ky = const. Furthermore, Pj,s; when using the proposed
strategy is significantly lower than the method with k¢ = const
in high-speed regions (> 25 km/h). Fig. 7 further demon-
strates that the reduction in battery State of Charge (SoC)
using the proposed strategy is less than that of the method
with £y = 0.5. In summary, despite relying on numerous
approximations and simple calculations, the proposed strategy
effectively reduces the power consumption of EVs.

V. CONCLUSION

This paper proposes a model-based range extension control
strategy for DM-AWD EVs, with a focus on optimizing driving
force distribution for front and rear wheels. Utilizing the
dynamics of the EMs, wheels, and chassis, we introduce an
input power model for dual IM-PMSM EVs, applied as a
cost function to minimize energy consumption. Subsequently,
we present a simple yet effective strategy for optimizing
traction distribution in DM-AWD EVs. Simulation test results

0.5

8 16 -
kf:0.4 —kf:0.5 ‘f

= O —— k;=0.6 Proposed 12 Pj
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Fig. 6. Compare the power loss of the strategies.
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Fig. 7. Comparison of the battery SoC with WLTC2 driving cycle.

demonstrate the efficacy of this novel strategy in extending
the cruising range of DM-AWD EVs. While this paper specif-
ically addresses the optimization of driving force distribution
ratios, future work will concentrate on validating the proposed
strategy on e-Commander platform at e-TESC Lab.
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