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Optimal Energy Management and Sizing of a Dual
Motor-Driven Electric Powertrain

Xiaosong Hu , Senior Member, IEEE, Yapeng Li, Chen Lv , Member, IEEE, and Yonggang Liu, Member, IEEE

Abstract—This paper is concerned with combined power-source
sizing and energy management optimization for multi-motor-
driven electric powertrains. Existing studies focus mostly on
adopting heuristically determined battery and motor sizes for
such powertrains, without a sufficient exploration of the coupling
between power-source dimension and energy management strat-
egy. To address this research gap, this paper aims at presenting an
alternative, convex programming based method to optimize the
multi-power-source integration problem, for vehicular economy
maximization. Specifically, for the first time, we leverage this
method to optimize an electric bus powertrain configuration
with front-and-rear-axle dual motors and a clutch, as a case
study. Numerous analysis results, as well as comparisons with
common design/control practice, demonstrate the effectiveness
and computational benefit of the proposed scheme.

Index Terms—Batteries, component sizing, electric drive, elec-
tric vehicle (EV), energy management, optimization.

I. INTRODUCTION

A. Motivation and Technical Challenge

INCREASINGLY stringent standards and regulations on
emissions of carbon dioxide and harmful tail-pipe pollutants

constitute an overwhelming driving force for the development
and deployment of electric vehicles (EV) over the world [1].
Despite a promising interplay with renewables for a sustain-
able energy future, EVs are still facing with some technological
and cost shortcomings, mainly owing to the state of the art of
commercial traction batteries [2]. The material and chemical
aspects have a decisive impact on the overall battery perfor-
mance [3]. Up to date, no adequate breakthroughs make energy
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density of commercial batteries comparable to gasoline/diesel
[4]. As a consequence, driving range is still seriously concerned
by the public, when purchasing or talking about EVs [5]. To
mitigate such a concern, from a powertrain design perspective,
various advanced configurations of electric propulsion systems
have been proposed, with the goal of increasing the efficiency of
electrical energy conversion onboard. However, these configu-
rations are inevitably much more complicated than conventional
single-motor solution, due to additional actuators (e.g., motors
and clutches). Accordingly, how to size and coordinate multiple
key components of such powertrains poses a daunting chal-
lenge for pursuing a full energy-saving potential. This paper
aims to address this challenge for a dual motor-driven electric
powertrain, by means of an integrated optimization of energy
management strategy and battery/motor sizes.

B. Literature Review

Multi-motor-driven electric powertrains have been inten-
sively investigated in the existing literature. A growing num-
ber of researchers and practitioners in the automotive sector are
devoted to leveraging additional design/control degrees of free-
dom to reap energy-saving advantages over the conventional,
single-central-motor scenario [6]. Next, we review technologi-
cal status of such powertrains, from three essential perspectives,
i.e., configuration analysis, energy management strategy, and
component sizing.

1) Configuration: According to the number of motors used,
main configurations reported in the literature comprise dual-
motor, three-motor, and four-motor electric powertrains (ex-
cluding army combat vehicles with more than four wheels).

Dual-Motor Case: Depending on how to allocate motors,
there are roughly three types of dual-motor electric powertrains:
1) two motors are separately placed at the front and rear axles,
e.g., [7]–[13] and Tesla Model S P100D [14] (sometimes a
clutch is also equipped to isolate one motor at low load); 2) two
motors are coupled via a planetary gear set to drive a single
axle, e.g., [15]–[20] and the patent [21] invented by Tesla; and
3) two motors are coupled via other forms of transmission to
drive a single axle, e.g., [22] and the patent [23] invented by
SAIC Motor.

Three-Motor Case: General Motor sequel deployed a single
motor to drive the front axle and two in-wheel motors to inde-
pendently drive the rear wheels [24], [25]. Other three-motor
configurations were rarely reported.

Four-Motor Case: Three principal configurations of four-
motor electric powertrains have been proposed. The most
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common is four-wheel independent actuation via four in-wheel
motors [26]–[32]. The configuration of four onboard motors
and four individual gearboxes was also introduced in [33]
to realize four-wheel independent control. The work in [34]
unveiled a combination of four motors with a transmission to
drive the rear axle.

2) Energy Management: How to control multiple motors in
harmony is an enabling technology in advanced electric pow-
ertrains. Specifically, energy management herein means power
split or torque distribution among multiple motors. Depending
on the overall control objective, energy management techniques
can be roughly divided into the following two categories.

The first category is concerned with vehicular active safety
and/or maneuverability, with a particular consideration of tire-
road interactions. For example, a sliding mode control was de-
veloped in [9] to regulate the slip ratio on each wheel within a
desirable region for an EV with front-and-rear-axle dual motors.
Since this type of energy management is not the focus of our
work, interested readers are referred to a comprehensive review
article [33] for more relevant information.

The second category is targeted at improving energy
efficiency of electric powertrains, where vehicular maneuver
control is sometimes also integrated. For instance, a rule-based
algorithm was applied in [15] to realize a two-mode energy man-
agement strategy for a dual-motor EV with a planetary gear set.
In order to further increase energy efficiency of such dual-motor
powertrains, some optimization-based energy management
strategies were also synthesized, e.g., dynamic programming
(DP) [17] and model predictive control [20]. As for powertrains
with front-and-rear-axle dual motors, analytical solutions of
optimal energy management were explored by deriving analyt-
ical power losses of motors [10, 11]. When using two identical
motors, even torque distribution is found to be the optimal
control. Moreover, the results in [11] demonstrate that a clutch is
advantageous to further reducing energy consumption through
turning OFF one motor, when the torque demand is lower than
a threshold. The study in [13] discusses maximizing the power-
train efficiency when the two motors have different sizes, where
a fuzzy-logic clutch controller is exploited to govern the transi-
tion between single-motor and dual-motor modes. Additionally,
four different optimization algorithms are contrasted in [12] for
minimizing energy consumption of a front-and-rear-axle-driven
electric wheel loader. As for four-motor powertrains, optimal
analytical energy management was examined as well. The
optimality of even torque distribution among four motors, given
assumptions that four electric drivetrains are the same, and that
the drivetrain power loss is strictly monotonically increasing
versus the wheel torque, is shown in [27]. Moreover, [28]
presents an analytical solution taking loading transfer into ac-
count. In the case of four motors of different sizes, the analytical
energy management has been investigated in [29]. An iterative
search of optimal torque distribution among four motors was
devised in [30]. In addition, with topography preview, DP was
leveraged in [26] to accomplish both the optimal vehicle speed
and optimal torque distribution among four in-wheel motors. A
multi-objective optimization approach was also put forward to
evaluate tradeoffs between energy consumption and vehicular
maneuverability in a hierarchical manner [31].

3) Component Sizing: Component sizing plays an important
role in performance and fuel economy of electric powertrains
as well. Particularly, sizes of the battery system and motors
should be meticulously designed. Nonetheless, compared to en-
ergy management research, fewer studies have been carried out
on component sizing of multi-motor electric powertrains. The
motor size and transmission gear ratios of a dual-motor EV
were determined in [8] to meet vehicular power requirements,
i.e., top vehicle speed, acceleration time, and maximum grade.
With the goal of minimizing energy consumption, a cascaded
bi-level component sizing scheme has been often used, where
sizing optimization is conducted in the outer level, and energy
management of multiple motors in the inner level. For example,
the motor size and gear ratios of a dual-motor EV in [18] with
a planetary gear set were optimized by multi-objective particle
swarm optimization (PSO) algorithm in the outer level, and the
inner-level energy management strategy was rule based. Simi-
larly, the motor sizes, battery capacity, and planetary gear set
parameters were optimized in [19] by using quantum genetic al-
gorithm. However, rule-based energy management in the inner
level invariably leads to non-optimal torque distribution. To ad-
dress this deficiency, for a rear-axle-driven EV with dual motors
in [22], a convex optimization-based energy management strat-
egy was harnessed in the inner level to ensure optimality and
computational rapidness of power split, while genetic search al-
gorithm was employed in the outer level to optimize sizes of the
battery pack and motors. For the four-motor rear-axle-driven EV
in [34], a divide-and-conquer approach was utilized for optimal
torque distribution, and genetic algorithm for transmission gear
ratio optimization. The four-in-wheel-motor-driven EV in [32]
adopted an adaptive torque distribution method and PSO in the
outer level to optimize sizes of four motors and the battery pack.

C. Research Gap and Original Contributions

The vast majority of existing efforts focused on energy man-
agement optimization of multi-motor electric powertrains, given
identical parameters of motors or electric drivetrains. A few of
studies attempted to synergize energy management with com-
ponent sizing for these powertrains via a bi-level optimization
scheme. However, the often-used evolutionary algorithms in the
outer level are invariably computationally inefficient and inher-
ently cannot guarantee a globally optimal sizing outcome. For
example, in [22], the sizing optimization still took more than
12 h, even though a rapid, convex programming-based energy
management algorithm was applied. Therefore, a computation-
ally efficient, joint optimization framework of component sizing
and energy management is still lacked such that energy-saving
benefits of multi-motor electric powertrains cannot be fully
explored.

Strongly motivated by this research gap, we extend convex
programming, a recognized efficient tool for combined design
and control optimization of hybrid vehicles [35]–[38], to multi-
motor electric powertrains. This article presents, for the first
time, a quick, simultaneous optimization of energy manage-
ment and motor/battery dimension for the powertrain config-
uration with front-and-rear-axle dual motors and a clutch, as
a case study. As a result, the following interesting questions
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Fig. 1. Configuration of the electric bus powertrain system.

about this configuration that remained unanswered before can
be addressed:

1) Can two motors of different sizes make the powertrain
more energy-efficient than a common paradigm of using
two identical motors?

2) Is it possible to establish a systematic method to determine
sizes of the two motors? Is such a method useful to guide
the dual-motor integration, e.g., into Tesla P100D?

3) How does the motor/battery sizing interact with the torque
distribution between dual motors to maximize the power-
train efficiency?

D. Paper Organization

The rest of the paper is structured as follows. The powertrain
model is introduced in Section II. Section III formulates the con-
vex programming framework for combined component sizing
and energy management. Results and discussion are presented
in Section IV, followed by key conclusions drawn in Section V.

II. POWERTRAIN MODELING

As shown in Fig. 1, the considered dual-motor arrangement
for an electric bus consists of EM1 and EM2 mounted at the
front and rear axles, respectively. Furthermore, a clutch is placed
between EM2 and the rear axle, in order to isolate (turn OFF)
EM1 when the road load is low.

A. Power Balance

In the course of vehicle traveling, the powertrain must fulfill
road power/torque demand. The battery powers the two motors
(EM1 and EM2), through which electric energy is converted
into mechanical energy to drive the vehicle. During braking,
both motors can recuperate the mechanical energy through the
braking torque and store the recuperated energy into the battery.
When the braking torque is larger than the recuperation limit, a
friction braking serves as a supplement. If the vehicle velocity
and road slope are known a priori, the traction force Ft at the
wheels at time k can be calculated according to longitudinal
vehicular dynamics:

Ft(k) =
cdAf ρv(k)2

2
+ mtotgcr cos(β(k))

+ mtotg sin(β(k)) + mtota(k) (1)

mtot = mveh + mEM1 + mEM2 + mbat (2)

TABLE I
MAIN VEHICULAR PARAMETERS [35]

where cd is the aerodynamic drag coefficient, Af is the vehicu-
lar front area, ρ is the air density, v is the vehicular longitudinal
velocity, mtot is the total mass of vehicle, g is the gravity ac-
celeration, cr is the rolling resistance coefficient, β is the road
slope, and a is the acceleration. Moreover, mveh is the chassis
mass, mEM1 is the front motor mass, mEM2 is the rear motor
mass, and mbat is the battery mass. Based on (1) and (2), the
power demand Pdem and torque demand Tdem at the EM1/EM2
shaft can be calculated as

Jveh = Jchs + (JEM1 + JEM2)i20 (3)

Tdem(k) =
Ft(k)rw

i0
+

Jveha(k)
rw i0

(4)

Pdem(k) = Ft(k)v(k) +
Jveha(k)v(k)

r2
w

(5)

where rw is the effective wheel radius, i0 is the final drive gear,
Jveh is the total inertia of vehicle chassis including wheels,
JEM1 and JEM2 are the inertias of both motors. The key vehicle
specifications are listed in Table I.

The power balance at time k can then be written as

2∑

i=1

PEM i,input(k) −
2∑

i=1

PEM i,loss(k) = Pdem(k) (6)

where PEM i,input is the input power of motor, and PEM i,loss is
the power loss of motor (including inverter losses). Therefore,
the battery output power is described by

Pbat(k) =
2∑

i=1

PEM i,input(k) + Paux(k) (7)

where Pbat is the battery output power, and Paux is the auxiliary
power of vehicle.

B. Motor Model

The power loss of motor is an important consideration in
developing EV energy management strategies. It is of particular
importance to ensure a high-efficiency motor operation. In this
paper, the motor power loss is approximated by a quadratic
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TABLE II
BASELINE MOTOR PARAMETERS

Fig. 2. Baseline EM2 efficiency map [40].

function as follows [35]–[39]:

PEM i,loss(k) = ai1(k)TEM i(k)2 + ai2(k)TEM i(k) + ai3(k)
(8)

and the motor input power is written by

PEM i,input(k) = PEM i,loss(k) + TEM i(k)ωEM i(k)i = 1, 2
(9)

where ai1 , ai2 , and ai3 are functions of the motor rotational
speed ωEM i .

The main parameters of the baseline EM1 and EM2 are listed
in Table II. The efficiency map of the baseline EM2 is shown in
Fig. 2 [40].

To size EM1/EM2, the EM maximum and minimum out-
put torques are scaled by sEM [41], and the EM power
loss is assumed to change with a baseline value linearly
[37], [42]:

TEM(k) ∈ [TEMmin,base , TEMmax,base ]sEM (10)

PEM ,loss = sEMPEM ,loss,base (11)

where TEMmin,base and TEMmax,base are baseline torque limits.

Consequently, the power loss of motor

PEM ,loss(k) = sEMPEM ,loss,base(k)

= sEM(a1(k)TEM ,base(k)2

+ a2(k)TEM ,base(k) + a3(k))

= sEM(a1(k)
(

TEM(k)
sEM

)2

+ a2(k)
TEM(k)

sEM
+ a3(k))

= a1(k)
TEM(k)2

sEM
+ a2(k)TEM(k) + a3(k)sEM

(12)

and then the EM1/EM2 power loss and input power can be
calculated by

PEM i,loss(k) = ai1(k)
TEM i(k)2

sEM i

+ ai2(k)TEM i(k) + ai3(k)sEM i i = 1, 2
(13)

PEM i,input(k) = PEM i,loss(k) + TEM i(k)ωEM i(k) (14)

where sEM i is the motor scaling factor. The maximal output
power of motor is calculated by

PEM imax = PEM imax,basesEM i (15)

where PEM imax,base is the maximal output power of baseline
motor.

Normally, the mass and inertia of a motor are related to its
rotor diameter. In order to simplify the algorithm and increase
the powertrain simulation efficiency, the mass and inertia of each
motor have been assumed to change linearly with a baseline
value [37], which have been used and justified in [43], [44]. The
motor inertia and mass are scaled by

JEM i = JEM i,basesEM i i = 1, 2 (16)

mEM i = mEM i,basesEM i i = 1, 2 (17)

where JEM i,base and mEM i,base are the inertia and mass of
baseline motor, respectively.

C. Battery Model

The opened circuit voltage (OCV) of lithium-ion battery is
closely related to its state of charge (SOC). It is illustrated in
[39] that in a common SOC range for vehicular applications, the
OCV almost exhibits a linear relationship with SOC. Therefore,
here, for a battery cell, the relationship between the OCV (Voc),
and SOC is written as

Voc(k) =
Q

C
SOC(k) + V0 (18)

where Q is the cell capacity, C is a coefficient in [F] , and V0
is the OCV value when SOC is equal to zero. The battery cell
power includes two parts:

Pbat,total(k) = Pbat(k) + Pbat,loss(k) (19)
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TABLE III
BATTERY CELL SPECIFICATIONS

[a]is from [46].

Fig. 3. Baseline battery pack efficiency map [46], [47].

where Pbat,total is the battery cell internal power, and Pbat and
Pbat,loss are the battery cell terminal power and power loss,
respectively.

As the battery cell resistance is assumed to be a constant, the
battery cell power loss can be calculated by

Pbat,loss(k) = I(k)2R (20)

Pbat(k) = Voc(k)I(k) − I(k)2R (21)

where I is the battery cell current and R is the battery cell inter-
nal resistance. While the battery resistance varies with battery
operating states (charging or discharging), such a change is rel-
atively small, and during powertrain system-level controls and
sizing, its impact on the optimization results of battery and EM
sizes is often neglected. Hence, it is here reasonable to adopt a
constant resistance during the optimization process, as treated
in many relevant studies, e.g., [39].

In order to size the battery system, we introduce a scal-
ing variable sbat , sbat = nbat/nbat,base , where nbat is the
number of cells in the target battery pack, and nbat,base is
the number of cells in the baseline pack, which equals 1800.
The main battery cell specifications are listed in Table III.
And its efficiency map is shown in Fig. 3. Accordingly, the
battery pack total power P̃bat,total to be optimized can be
formulated as

P̃bat,total(k) = Voc(k)I(k)nbat,basesbat . (22)

Fig. 4. Clutch control logic flowchart.

The battery state of energy is expressed by [36], [45]

Ebat(k) = nbat,basesbatQ

∫ SOC(k)

0
Voc(k)dSOC(k)

=nbat,basesbatQ

∫ SOC(k)

0

(
Q

C
SOC(k) + V0

)
dSOC(k)

=
nbat,basesbatC

2
(Voc(k)2 − V0

2). (23)

The cell current limits are converted to the following power
constraints:

P̃bat,total(k) ≥ Voc(k)Iminnbat,basesbat (24)

P̃bat,total(k) ≤ Voc(k)Imaxnbat,basesbat (25)

where Imin and Imax are the allowable maximum charge current
and discharge current, respectively.

The battery pack mass mbat is scaled by

mbat = mbat,basesbat (26)

where mbat,base is the mass of the baseline battery pack.

D. Clutch Model

As mentioned before, power losses of both motors could
account for a noticeable proportion in the total loss of the electric
powertrain. As a result, an effective control of the clutch between
EM2 and the drive shaft is useful to improve the EM2 efficiency
by turning OFF the motor at low load [11], [48]–[50]. In this
paper, we utilize a binary variable eclutch to represent the clutch
working state

eclutch =

{
1 clutch is engaged

0 clutch is disengaged.

A heuristic control mechanism is used to determine eclutch .
Namely, when the vehicular torque demand Tdem is larger than
a preset torque threshold, the clutch is engaged. To find an
optimized torque threshold T ∗, we run the inner-level convex
programming over an outer-level grid of the torque threshold.
The flowchart of the clutch control logic is shown in Fig. 4.
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TABLE IV
PARAMETERS IN THE OBJECTIVE FUNCTION

[a]is from [54], [b] is from [53], [c] is from [39].

III. OPTIMIZATION PROBLEM FORMULATION

In this section, the convex optimization problem for the elec-
tric powertrain is mathematically formulated. First, we briefly
introduce the definition of a generic convex programming prob-
lem. Then, how to construct the convex optimization of the
specific powertrain is elaborated.

A. Definition of Convex Programming

A standard convex programming problem consists of an ob-
jective function and equality/inequality constraints with respect
to optimization variables as follows [36], [45]:

minimize f(x)

subject to gi(x) ≤ 0, i = 1, ...,m

Ax = b (27)

where x = (x1 , ..., xn ) is the vector of optimization variables,
f(x) a convex objective function, gi(x) convex inequality con-
straints, and Ax = b affine equality constraints. It is theoreti-
cally proven that a convex programming problem results in a
unique global optimal solution, which can be rapidly solved by
many commercial solvers, e.g., CVX [51], [52].

B. Objective Function

The objective function is to minimize the sum of electricity
cost and depreciated battery/motor costs over a given driving
cycle, as described by [40], [53]

cost = costop + costcomp (28)

where costop is the operational cost, i.e., electricity expenditure,
defined as

costop = We(Ebat(1) − Ebat(end)) (29)

where We is the electricity consumption coefficient in
[euro/Ws/100 km], which can be defined as

We =
Pelt

36d
(30)

where Pelt is the electricity price in [euro/kWh], and d is the
distance over drive cycle in [m]. In this way, the unit of the op-
erational cost can be consistent with the component cost shown
as follows:

costcomp = Wbsbat +
2∑

i=1

WEMsEM i (31)

Fig. 5. Gothenburg, Sweden, driving cycle [35].

with Wb being the battery cost factor and WEM the motor cost
factor

Wb = 100000 nbat,basecostbat
1

syv

(
1 + pc

yv

2

)
(32)

WEM = 1000000 PEMimax,basecostEM
1

syv

(
1 + pc

yv

2

)

(33)

where costbat and costEM are the battery cell cost and EM cost
per kW, s is the average yearly traveled distance, pc is the yearly
interest rate, and yv is the vehicle service period. The values of
the related parameters are listed in Table IV.

C. Optimization Formulation

According to (1), (2), (4), (17), and (26), the torque demand
can be written as

Tdem(k) = T0(k) + T1(k)sbat + T2(k)sEM1 + T3(k)sEM2
(34)

T0(k) =
(

cd Afρv (k)2

2 +mvehgcr cos(β(k))+mvehg sin(β(k))+mveha(k)
)

rw

i0

+
Jveha(k)

rw i0
(35)

T1(k) =
mbat,base(gcr cos(β(k)) + g sin(β(k)) + a(k))rw

i0
(36)

T2(k) =
mEM1,base(gcr cos(β(k)) + g sin(β(k)) + a(k))rw

i0
(37)

T3(k) =
mEM2,base(gcr cos(β(k)) + g sin(β(k)) + a(k))rw

i0
.

(38)
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TABLE V
PERFORMANCE OF THE BUS DRIVING CYCLE

One of the advantages of an electric bus is that its driving
route is typically fixed. Here we adopted a real city driving
cycle (Gothenburg, Sweden), which is shown in Fig. 5. The
performance of driving cycle is listed in Table V. According to
the performance and vehicle parameters, the main design crite-
ria of the powertrain system are fulfilled optimally via convex
programming.

Given the relevant equations listed in Section II and the fore-
going objective function, the optimization problem is formu-
lated in Table VI.

As mentioned before, the clutch control torque T ∗ is opti-
mized through an outer-loop algorithm. The associated pseu-
docode is given below:

temp T ∗ = 1 : 1 : max(Tdem)

for j = 1 : 1 : numel(tempT ∗)

tempcost(j) = min cost

end

for i = 1 : 1 : numel(tempcost)

if tempcost(i) = min tempcost

T ∗ = temp T ∗(i)

end

end.

IV. RESULTS AND DISCUSSION

In this section, we illustrate optimization results and demon-
strate the effectiveness and time efficiency of the combined
power-source sizing and control approach.

A. Comparative Analysis of Four Optimization Scenarios

First, we consider four different scenarios below for a compre-
hensive comparison (each scenario is able to satisfy the driving
performance of the bus, i.e., tracking the driving cycle well)

1) sEM1 and sEM2 are kept to 1 during the optimization with
the clutch operation;

2) sEM1 and sEM2 are optimized with the clutch operation;
3) sEM1 and sEM2 are kept to 1 during the optimization

without the clutch;
4) sEM1 and sEM2 are optimized without the clutch.
The associated outcomes of the four cases under the Gothen-

burg driving cycle are reported in Table VII.
When assuming no clutch in the powertrain, in the case 4), the

total cost is 28.50 euro/100 km, saving approximately 5.36%,
compared to the case 3) with pre-fixed motor sizes. The opti-
mization result of the case 4) indicates that the EM1 size is zero,

TABLE VI
OPTIMIZATION FRAMEWORK
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TABLE VII
RESULTS OF FOUR DIFFERENT SCENARIOS

Fig. 6. EM1 operating points in the cases 1)–3). The green rectangle highlights
low-efficiency region.

and the EM2 size is 139.48 kW. This observation implies that
an appropriately sized motor, together with a well-sized battery
pack, is more economical than a dual-motor counterpart, in the
case of no clutch.

It is thus interesting to further examine whether the utilization
of the clutch reduces the total cost and affects the battery and

motor sizes. The result of the case 2) shows that the total cost is
27.91 euro/100 km, further saving 2.05% versus the case 4). The
optimized sizes of EM1 and EM2 are 28.95 kW and 110.47 kW,
respectively. It reveals that the clutch operation only has a signif-
icant impact on the EM1 size (i.e., a noticeable contribution to
reduction of the EM1 size versus the baseline one). The reason
is that EM2 is turned OFF when the torque demand is less than
the optimal clutch control torque T ∗ of 246 Nm, and then a small
EM1 is merely needed to propel the vehicle at very low load.

The operating points superimposed on efficiency maps of
EM1 in the cases 1)–3) are plotted in Fig. 6. It can be observed
that EM 1 in the cases 1) and 3) more frequently operate in low-
efficiency region (the green solid rectangle), leading to more
power losses, compared to the case 2). The operating points and
efficiency of EM2 in the four cases are shown in Fig. 7. On
the one hand, in contrast to the cases 1) and 3), the operating
points of EM2 in the optimal case 2) are obviously more in high-
efficiency region (the green dash rectangle). On the other hand,
the EM2 operating points in low-efficiency region (the green
solid rectangle) in the case 2) are significantly less than those in
the cases 3) and 4). All of these contribute to reduced EM2 power
losses and thus higher overall energy conversion efficiency.

The torque split outcome between the two motors is shown
in Fig. 8(a). Obviously, without the clutch, the EM1 and EM2
have almost the same torque in the case 3), resulting in poor
adaptability to varying torque demands for energy conserva-
tion. In the case 4), only the EM2 operates such that a large
number of operating points locate in low-torque region with
relatively low efficiency. Instead, the clutch in the cases 1) and
2) is clearly conducive to making the torque split more energy-
efficient. Specifically, the EM2 will be isolated by the clutch at
some low torque demands such that only the smaller EM1 works
to seek increased efficiency. Moreover, compared to the case 1),
the optimal solution [the case 2)] yields a significantly reduced
EM1 and thereby a lower threshold for engaging the clutch. As
such, the EM1-only mode in the case 2) induces higher energy
efficiency when torque demands do not exceed 246 Nm.

The battery SOC trajectories of the four cases are shown in
Fig. 8(b). It can be seen that the optimization of the battery size
and the torque split between the two motors engenders similar
SOC traces. Further, the optimal battery size of 30.60 kWh in
the case 2) results in a downsized, economical energy storage
integration. The associated size reductions are approximately
0.87%, 6.81%, and 2.42%, relative to the cases 1), 3), and 4),
respectively. The clutch operation and the optimized EM1/EM2
sizes that increase the overall electric-drive energy conversion
efficiency enable the battery downsizing. As opposed to pas-
senger cars, for an electric bus, its battery can be often charged
or swapped at the terminal station, i.e., the end of each driving
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Fig. 7. EM2 operating points in the cases 1)–4). The green solid and dashed rectangles highlight low and high efficiency regions, respectively.

cycle. The optimized result can circumvent the overdesign of
the battery system. An optimal battery size not only can cut
the vehicle mass down, but also improve the vehicle dynamic
performance. Of course, if we use longer driving cycles, the
proposed convex programming method will yield bigger bat-
tery sizes, in order to seek the maximal vehicle economy while
meeting the driving performance requirement of the adopted
cycles.

B. Comparison of Different EM1/EM2 Sizes

To further verify the efficacy of the proposed sizing/control
scheme, we perform an additional comparative study of options
accounting for different EM1 and EM2 sizes. According to the
optimal solution [see the case 2) in Table VII], the sum of the
EM1 and EM2 power ratings equals to approximately 140 kW.
To respect this total electric power constraint, four more scenar-
ios with heuristic EM1/EM2 sizes are considered, where two
common choices use identical EM1 and EM2 with/without the
clutch, whereas the others employ discrepantly sized EM1/EM2
with the clutch. Note that these EM1/EM2 size in the four sce-
narios are fixed in the convex optimization that only optimize
the battery size and the torque split. The corresponding results
are displayed in Table VIII. It is evident that the common op-
tions using identical EM1 and EM2 are most costly, where the
optimized EM1/EM2 torques give rise to an even torque distri-
bution when both motors work, as analytically verified in [11].
In contrast, a combination of a smaller EM1 and a larger EM2
has the potential for reducing the total cost. In particular, the

cost of the optimal case 2) is about 1.31% lower than that of
using identical EM1/EM2 with the clutch. If the clutch is absent,
the cost-saving advantage will increase to 5.42%.

C. Results Under Different Drive Cycles

The results discussed above correspond to the drive cycle of
a city bus route in Gothenburg, Sweden (see Fig. 5). It is well
known that driving patterns have a great influence on the perfor-
mance, design, and control of vehicular powertrains. Therefore,
it is beneficial to investigating the applicability of the proposed
method under different drive cycles, as well as how varying
driving patterns impact the sizing/control optimization out-
come. To this end, in this section, two additional example drive
cycles are taken into account, including Federal Test Procedure
(FTP_HIGHWAY ) from ADVISOR [55] for emulating high-
way driving and city suburban cycle (CSC) [56] for mixed urban
and suburban driving, in order to capture driving characteristics
in different bus applications, like a coach or a transit bus.
Accordingly, before running the convex optimization routine,
we need to re-set the constraint of the peak power demand, i.e.,
the sum of EM1/EM2 scaling factors. The associated updated
constraints, as well as main characteristics of FTP_HIGHWAY
and CSC are presented in Table IX. The optimization results
are presented in Table X. The optimized EM1/EM2 sizes in
FTP_HIGHWAY are 87 kW and 150.1 kW, which are higher
than those in CSC (i.e., 42.5 kW and 109.2 kW), owing to higher
peak power demands in the highway driving. In addition, versus
CSC, the longer driving distance of FTP_HIGHWAY entails an
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Fig. 8. (a) Torque split outcome in the four cases. (b) Optimal SOC trajectories.

TABLE VIII
RESULTS OF DIFFERENT EM1/EM2 SIZES

TABLE IX
MAIN CHARACTERISTICS AND PEAK POWER CONSTRAINTS IN TWO EXAMPLE CYCLES
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TABLE X
RESULTS IN TWO ADDITIONAL CYCLES

TABLE XI
COMPUTATIONAL TIME

1A 2.5 GHz microprocessor with 4 GB RAM was used.

enlarged battery pack to provide enough energy. Consequently,
the total cost of 30.02 euro/100km in FTP_HIGHWAY is
approximately 29.06% higher than that in CSC. Again, it
should be emphasized that the optimal EM1/EM2 sizes are not
equal in both cycles, with uneven torque distribution between
both motors, which is not plotted here for simplicity.

D. Computational Efficiency

Indeed, integration of multiple power sources into electri-
fied powertrains is usually a difficult and laborious task, due
to a clear multiplicity of power-source technology choice,
topology, sizing, and control. As a result, computational effi-
ciency of algorithms is still heavily concerned in developing
vehicular propulsion systems, even for some offline designs,
with the pursuit of cutting time and cost down. It is therefore
important to examine the computational efficiency of the opti-
mization method used in this study. As presented in Table XI,
given the pre-determined torque threshold T ∗ governing the
clutch, the optimization is able to solve the power-source sizing
and control problem within only 22 s, 2 s, and 6 s under the
Gothenburg, FTP_HIGHWAY, and CSC cycles, respectively.
This signifies that the algorithmic efficiency is very high, with
a linear proportion to the distance of drive cycle.

V. CONCLUSION

This paper develops a convex programming based approach,
innovatively enabling a quick, effective co-optimization of en-
ergy management strategy, battery dimension, and motor dimen-
sion for a dual-motor-driven electric bus powertrain. Numerous
comparative results confirm that this approach can maximize
the vehicle economy by optimizing electric-drive efficiency,
through appropriately trading off the battery size, sizes of two
motors, and power-flow control. The idea could furnish some in-
spiring insights into powertrain design optimization of multiple-
motor-driven EVs. Several key observations are summarized as
follows.

1) The optimized sizes of EM1 and EM2 in the Gothenburg
drive cycle are 28.95 kW and 110.47 kW, respectively,
rather than two equally sized motors. It can save the total
cost by 1.31% and 5.42%, in comparison with those of us-
ing identical EM1/EM2 with/without the clutch. The op-
timal torque split between the optimized EM1 and EM2 is

uneven, which makes both motors work in high-efficiency
regions more frequently.

2) The increased EM1/EM2 efficiency is expedient to the
battery pack downsizing.

3) The optimization routine is extensible to different drive
cycles and thus help evaluate the implication of altered
driving patterns.

4) The optimization routine solves the power-source siz-
ing and control problem within 22 s, 2 s, and 6 s un-
der the Gothenburg, FTP_HIGHWAY, and CSC cycles,
respectively, highlighting a remarkable computational
advantage.
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