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A B S T R A C T

This paper suggests a sizing and optimization scheme of a hybrid electric propulsion system for a heavy-duty
vehicle. The considered propulsion system consists of four in-wheel traction motors with a planetary gear,
and the power source is configured with a battery and engine–generator set. To optimize fuel economy by
powertrain sizing, the vehicle design process and vehicle simulation were constructed. Optimization was then
performed using Gaussian process modeling (GPM). During the optimization, the variation of the gross weight
of the propulsion system was considered. In addition, the change in the efficiency map of the traction motor
was precisely reflected. The sampling points for GPM were determined from the Optimal Latin hypercube
design. Subsequently, the fuel economy surrogate model was generated via the GPM. Optimization was then
performed using the steepest gradient descent algorithm. Finally, the maximized fuel economy model was
verified using a vehicle simulation.
. Introduction

As the problem of air pollution gradually worsens, heavy-duty diesel
ehicles have received significant attention as the primary cause of air
ollution globally [1,2]. As a result, research on the electrification of
eavy-duty vehicles are actively being conducted. However, it is not
lear whether a battery-only electric vehicle is appropriate scheme for
eavy-duty applications. Problems regarding the weight of the battery
nd its charging time exist as well [3–5]. Although studies are being
onducted on the energy density and charging speed of batteries, it
s difficult to reduce the burden from battery weight on heavy-duty
ehicles over a short duration [6]. In this situation, a hybrid electric
ehicle (HEV) could be used as an alternative solution [7].

Significant amounts of numerical and experimental research on
ehicle hybridization are available in literature. A majority of the
eported studies have focused on passenger and commercial vehi-
les. Recently, vehicle hybridization types and topics of research have
ecome more varied. Gu et al. developed a multi-mode hybrid power-
rain system with two planetary gear by using integrated optimization
echnique [8]. Cammalleri et al. investigated transmission for hybrid
ehicle considering the number of modes and planetary gearing [9].

∗ Corresponding author.
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In terms of heavy-duty applications, Liu et al. developed an energy
management strategy based on reinforcement learning for a parallel
hybrid electric truck and Mamun et al. investigated the implementation
method for a supercapacitor equipped series hybrid electric military ve-
hicle [10,11]. Not limited to the ground vehicles, Khan et al. researched
fuzzy logic based energy management of all electric ship [12]. Further-
more, study on control strategy considering battery characteristics by
using signal injection in HEV has also been conducted [13]. Lately,
distributed and double deep learning based energy management of HEV
were also suggested [14,15].

In the research on HEVs, there exist two problems in the sizing of
the propulsion systems. One problem is the gear ratio determination for
the electric powertrain, and the other is the distribution of the power
between the battery and engine–generator set. In the textbook, the gear
ratio was designed based on the predetermined traction motor speed,
wheel radius, and maximum vehicle speed. Furthermore, the engine–
generator specification was determined to meet the required power of
the vehicle at a regular highway speed on a flat road [16]. However,
the component sizing is crucial to vehicle design [17]. Therefore,
there were many studies on component sizing. In Table 1, studies
vailable online 9 March 2022
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Fig. 1. Suggested sizing and optimization process for hybrid electric vehicle.
Table 1
Recent studies on component sizing of hybrid electric vehicles.

Sizing component Type Year Ref.

Battery, fuel cell FCEV In press [18]
Battery, electric motor, engine HEV 2021 [19]
Battery, ultra-capacitor HESSEV 2021 [20]
Battery, fuel cell, engine HEV 2021 [21]
Battery HEV 2021 [22]
Battery, electric motor, engine HEV 2021 [23]
Battery, super-capacitor HESSEV 2021 [24]
Battery, super-capacitor HESSEV 2021 [25]
Battery, electric motor, gear ratio HEV 2021 [26]
Battery, fuel cell, fuel tank FCEV 2021 [27]
Battery, super-capacitor HESSEV 2020 [28]
Electric motor, engine HEV 2020 [29]
Battery, fuel cell, fuel reformer FCEV 2020 [30]
Battery, electric motor, fuel cell FCEV 2020 [31]
Battery, engine, super-capacitor HEV 2020 [32]
Fuel cell, super-capacitor FCEV 2020 [33]

on component sizing of hybrid electric vehicle were organized [18–
33]. The type of the vehicle was designated as HEV, fuel cell electric
vehicle (FCEV), and electric vehicle with hybrid energy storage system
(HESSEV).

Especially, studies on series HEV powertrain sizing, the character-
istics of the traction motor were not adequately reflected in design
and simulation. The efficiency maps of the traction motors in [34–36]
were simply scaled according to the changes in the traction motor sizes.
Moreover, the efficiency range of the traction motor in [35] seems to
be inconsistent with that of recent technology. The minimum efficiency
value was 55% and the average value was less than 80%, which do not
match those observed for recent technology. In addition, in [36], the
gear ratio was determined after the traction motor specifications were
selected. The resultant performance thus varied according to gear ratio.

This research suggested a fuel economy optimization of heavy-duty
series HEV considering traction motor characteristics. The suggested
2

process consisted of three steps: design, modeling and simulation, and
optimization, as shown in Fig. 1. The determination of the required
specifications is first explained. This step presents the driving condition
with the actual terrain that was considered. In step 2, the vehicle
simulation construction is introduced. The modeling of the traction
motor, battery, and the engine is described. Moreover, to simulate the
series HEV more accurately, the process for consideration of the weight
was developed. In step 3, the optimization process is demonstrated
using Gaussian process modeling (GPM). The objective function com-
prised the gasoline-equivalent fuel economy, and the design variables
considered were the gear ratio of the electric powertrain and ratio
of the battery output power for the power source. In step 3, the
vehicle simulation result for the optimum model was investigated and
compared with that of the minimized total weight model.

The contributions of this study are as follows:

• Detailed and validated simulation models were adopted for the
traction motor and battery.

• Stack length of the traction motor was determined to meet the
required performance according to gear ratio.

• Efficiency map of the traction motor was calculated according to
gear ratio.

• Weight of the traction motor and reduction gear were reflected
according to gear ratio.

During the fuel economy optimization of series HEV, detailed and
validated simulation models of traction motor and battery were used. In
addition, the characteristics of the traction motor were well-reflected.
The required torque and speed of the traction motor were changed
according to the gear ratio. To consider this change, an electromagnetic
two-dimensional finite element analysis (2D FEA) was conducted for
the base model of the traction motor. On applying the proportional
relationship between the stack length and output torque of the traction
motor, the change in the efficiency map according to the output torque
was considered. As a result, GPM-based fuel economy optimization was
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Fig. 2. Target driving cycle.
Table 2
Specifications of selected vehicle.

Items Value Unit

Glider weight 4300 kg
Frontal area 3.03 m2

Overall width 2.40 m
Overall height 2.70 m
Overall length 5.40 m
Wheelbase 3.10 m
Wheel radius (include tire) 0.50 m

conducted, considering the efficiency map and weight of the propulsion
system of series HEV according to gear ratio.

2. Mathematical sizing of propulsion system considering driving
condition

This section introduces the propulsion system sizing process for
the series HEV. The target vehicle specifications and target driving
conditions are presented. The sizing of the series hybrid propulsion
system is then performed under the driving condition and a simple
longitudinal vehicle dynamic equation.

2.1. Driving condition

This section explains the driving condition in addition to the target
vehicle specifications, maximum speed, and maximum grade. Since the
target of this study is a heavy-duty vehicle, a military tactical multi-
purpose four-wheel vehicle with a diesel engine was selected [37]. This
was because a tactical vehicle is generally used for a variety missions,
and its powertrain can be modified for different tactical requirements.
In addition, the in-wheel motor system was adopted to obtain sufficient
space for the battery. Table 2 lists the selected vehicle specifications.
The selected vehicle is a heavy-duty vehicle; hence, a target driving
cycle was developed to include a considerable variety of vehicle speeds
and altitudes. The altitude profile of this drive cycle was based on the
actual terrain obtained from the randomly defined global positioning
system (GPS) data path using the ‘‘GPS Route Editor’’ distributed by
the epcian [38]. During the creation of the driving scenario, the data
were tuned to prevent the consideration of unrealistic situations such
as speeds that are too high or high acceleration with a high slope
condition.

Table 3 presents the simulation conditions and information regard-
ing the driving cycle. The aerodynamic drag coefficient of the Hummer
H2 was considered [39]. In addition, the maximum speed and max-
imum longitudinal slope were determined based on the performance
3

Table 3
Simulation conditions and information of driving cycle.

Items Value Unit

Air density 1.28 kg/m3

Aerodynamic drag coefficient 0.57 –
Rolling resistance coefficient 0.01 –
Travel time 21 600 s
Travel distance 260.6 km
Maximum speed 120.00 km/h
Average speed 43.44 km/h
Maximum longitudinal slope 60.00 %
Maximum acceleration 3.42 m/s2

Fig. 3. Forces acting on vehicle considering longitudinal dynamics.

of existing military vehicles [40–42]. As shown in Fig. 2, the target
driving cycle comprises a harsh and long mission. Because the aim of
this research is mission-driven design, a driving cycle that comprises
various loads with a long travel time was selected.

2.2. Propulsion system sizing

2.2.1. Electric powertrain
The driving condition consists of the airflow through the vehicle,

road condition, and driving profile, elevation, speed, and acceleration.
A driving scenario involving the vehicle’s altitude and speed is de-
scribed as a driving cycle. The driving cycle represents the trip behavior
of the vehicle along the time axis, as shown in Fig. 2.

In applying simple longitudinal vehicle dynamics, the required per-
formance of an electric powertrain can be determined based on the
driving condition. Fig. 3 shows the forces acting on the vehicle. The
grade resistance force 𝐹 due to the slope, aerodynamic resistance force
𝑔
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Fig. 4. Electric motor sizing considering calculated operating points.

𝐹𝑎 due to the airflow, and rolling resistance force 𝐹𝑟 due to the tire
contact acted on the vehicle and were expressed in equations from
(1) to (3), respectively. Therein, 𝑚𝑣 is the vehicle weight, 𝑔 is the
gravitational acceleration, 𝜃 is the slope angle, 𝜌 is the air density,
𝐴𝑓 is the frontal area of the vehicle, 𝐶𝑑 is the drag coefficient of the
vehicle, 𝑣𝑣 is the vehicle speed, 𝑣𝑤 is the wind speed, and 𝑓𝑟 is the
rolling resistance coefficient.

𝐹𝑔 = 𝑚𝑣𝑔 sin 𝜃 (1)

𝐹𝑎 =
1
2
𝜌𝐴𝑓𝐶𝑑

(

𝑣𝑣 + 𝑣𝑤
)2 (2)

𝐹𝑟 = 𝑓𝑟𝑚𝑣𝑔 cos 𝜃 (3)

The traction force that the electric powertrain should deliver can be
expressed using Eq. (4) if the acceleration 𝑎 is given. Consequently, the
corresponding requested output power 𝑃 is expressed using Eq. (5).

𝐹𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐹𝑔 + 𝐹𝑎 + 𝐹𝑟 + 𝑚𝑣𝑎 (4)

𝑃 = 𝐹𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑣𝑣 (5)

The required torque 𝑇 and the required rotational speed 𝑁 from
the traction motor for the drive the series HEV can be calculated using
Eqs. (6) and (7), respectively, while considering that the reduction gear
has the gear ratio 𝑛𝑔 and wheel radius 𝑟𝑤.

𝑇 =
𝑟𝑤𝐹𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑛𝑔
(6)

𝑁 = 𝑛𝑔
𝑣𝑣
𝑟𝑤

60
2𝜋

(7)

The resistance and traction forces can be calculated for the target
mission using equations from (1) to (7) and the driving conditions
specified in Section 2.1. Moreover, using the speed profile, these forces
can be used to obtain the operating point of the traction motor. The
orange squares in Fig. 4 represent the calculated operating points
of each traction motor while considering the number of wheels 𝑛𝑤.
The weight considered during this point determination was 130% of
the glider weight because of the addition of the propulsion system
weight.

Based on these operating points, the maximum torque of each
traction motor was determined from 𝑇𝑀𝐴𝑋 (maximum value of the
calculated torque 𝑇 ). The maximum speed of each traction motor was
also determined from 𝑁𝑀𝐴𝑋 (maximum value of the calculated speed
𝑁). In the same manner, the maximum power of each traction motor
was obtained from 𝑃𝑀𝐴𝑋 (maximum value of the calculated power
𝑃 ). The peak power rating was then considered for the maximum
performance curve. Therefore, even if a single operating point is on
4

the secluded area, the traction motor should be sized to cover that
point. Otherwise, the considered mission cannot be completed. As a
result, the specification of each traction motor was determined using
equations from (8) to (10) while considering a 20% margin to overcome
losses (gear efficiency and tire slip). The determined specifications of
each traction motor are as follows: torque (𝑇𝑒𝑚) = 4504∕𝑛𝑔 N m; speed
(𝑁𝑒𝑚) = 1000 ⋅ 𝑛𝑔 RPM; and output power (𝑃𝑒𝑚) = 126 kW.

𝑇𝑒𝑚 = 1.2 ⋅ 𝑇𝑀𝐴𝑋

= 1.2 ⋅ 𝑟𝑤 ⋅ 𝐹𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛_𝑀𝐴𝑋∕(𝑛𝑤 ⋅ 𝑛𝑔)
(8)

𝑁𝑒𝑚 = 1.2 ⋅𝑁𝑀𝐴𝑋

= 1.2 ⋅ 𝑛𝑔 ⋅ 60∕(2𝜋 ⋅ 𝑟𝑤) ⋅ 𝑣𝑣_𝑀𝐴𝑋

= 36 ⋅ 𝑛𝑔 ⋅ 𝑣𝑣_𝑀𝐴𝑋∕(𝜋𝑟𝑤)

(9)

𝑃𝑒𝑚 = 1.2 ⋅ 𝑃𝑀𝐴𝑋 (10)

2.2.2. Power source
The series HEV power source comprised an engine–generator set

and battery. As expressed in Eq. (11), the gross output power of the
power source should be greater than the demanded input power of
the electric powertrain. 𝜂𝑒𝑚, 𝜂𝑖𝑛𝑣, and 𝜂𝑐𝑜𝑛𝑣 represent the efficiencies
of the electric motor, inverter, and converter, respectively. 𝑃𝑔 and 𝑃𝑏
represent the output powers of the generator and battery, respectively.
𝜂𝑒𝑚 was divided to calculate the input power to the electric motor. 𝜂𝑖𝑛𝑣
and 𝜂𝑐𝑜𝑛𝑣 were multiplied while considering the loss between the trans-
mission. In the same manner, the output power of the engine 𝑃𝑒 was
obtained by dividing 𝑃𝑔 by the efficiency of the generator 𝜂𝑔 , as shown
in Eq. (12). Consequently, the required total output power obtained
for the power source was 560 kW, and the relationship between the
output power of the generator and the battery is expressed as shown in
Eq. (13). The output power ratio between the battery and generator
for optimizing the fuel economy of the series HEV is determined in
Section 4.

4𝑃𝑒𝑚∕𝜂𝑒𝑚 =
(

𝑃𝑔 + 𝑃𝑏
)

𝜂𝑖𝑛𝑣𝜂𝑐𝑜𝑛𝑣 (11)

𝑃𝑒 = 𝑃𝑔∕𝜂𝑔 (12)

𝑃𝑏 + 𝑃𝑔 = 4𝑃𝑒𝑚∕(𝜂𝑒𝑚𝜂𝑖𝑛𝑣𝜂𝑐𝑜𝑛𝑣) = 560 kW (13)

3. Mathematical modeling of series HEV

This section introduces the mathematical model for series HEV sim-
ulation, which was performed based on an advanced vehicle simulator
(ADVISOR). Fig. 5 depicts the block diagram of the series HEV simula-
tion [43]. To secure the feasibility of the simulation result, a detailed
and validated traction motor and battery model were developed and
applied.

3.1. Controller modeling

In the series HEV system, the generated power from the engine–
generator set is used to charge the battery, which operates the traction
motor for driving. Four modes are considered for several driving envi-
ronments: engine–generator alone traction mode, electric vehicle (EV)
mode, and two types of hybrid traction mode (Fig. 6). The engine–
generator alone traction mode drives the vehicle by using only the
power generated by the engine; in contrast, the EV mode uses only the
battery power. In the first hybrid mode, the vehicle is driven using the
generator power, and the battery is charged when the battery SOC is
less than 0.8, and there exists supplement power from the generator. In
the second hybrid mode, the vehicle is driven using not only the battery
power but also the generator power.

A rule-based control strategy was developed using these four driving
modes. Fig. 7 presents a flow chart of the control strategy. The driving
mode was determined based on the state of charge (SOC) when the
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Fig. 5. Series HEV model for vehicle simulation.
Fig. 6. Series HEV power flow and drive modes (a) EV traction mode, (b) engine–generator alone traction mode, and (c) hybrid traction mode.
Fig. 7. Flow chart of control strategy.
required power was less than the maximum generator output power.
The engine–generator alone mode was activated when the SOC was
between 0.5 and 0.51. The EV mode was activated when the SOC was
over 0.5, and the first hybrid mode was activated when the SOC was
under 0.5. The second hybrid mode was activated when the required
power was greater than the maximum generator output power. In this
5

control strategy, an attempt is made to maintain the battery SOC at
0.5 unless the high-power demand lasts for an extended period of
time. The thresholds 0.2 and 0.4 were determined to prevent the over-
discharge of the battery except the emergency. And the threshold 0.5
was determined to secure the EV mode driving range. Therefore, EV
mode is available in both regulatory and tactical terms.
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Fig. 8. Shape of base model for traction motor.

Table 4
Specification of base model of traction motor.

Items Value Unit

Maximum power 126 kW
Maximum speed 5000 rpm
Base speed 1000 rpm
Maximum torque (@ base speed) 1000 N m
Stack length 100 mm
Weight 110 kg
DC link voltage 620 V

3.2. Propulsion system modeling

This section presents the developed simulation model of the propul-
sion system. The relationships between the weights of the components
and the design variables are also explained.

3.2.1. Electric powertrain
The traction motor model was constructed based on a 2D FEA. The

𝑑–𝑞 equivalent circuit was adopted to generate the efficiency map.
The traction motor efficiency can be obtained using voltage equations,
torque equation and losses calculation. Eq. (14) presents the voltage
equations of the 𝑑 and 𝑞 axes of the traction motor, where 𝑅𝐼 is the
equivalent iron loss resistance, 𝑣𝑑 is the 𝑑-axis voltage, and 𝑣𝑞 is the
𝑞-axis voltage. 𝑣𝑜𝑑 and 𝑣𝑜𝑞 are the induced voltage of the 𝑑 and 𝑞 axes,
respectively, while 𝜔 and 𝛹𝑎 indicate the electrical rotational angular
speed and the armature linkage flux, respectively. 𝑖𝑑 and 𝑖𝑞 are the
armature currents of the 𝑑 and 𝑞 axes, respectively. 𝑖𝑜𝑑 and 𝑖𝑜𝑞 are the
iron loss subtracted values of the 𝑑- and 𝑞-axis current, respectively,
which were obtained from the equivalent iron loss resistance [44].
[

𝑣𝑑
𝑣𝑞

]

= 𝑅𝑎

[

𝑖𝑜𝑑
𝑖𝑜𝑞

]

+
(

1 +
𝑅𝑎
𝑅𝐼

)[

𝑣𝑜𝑑
𝑣𝑜𝑞

]

+ 𝑝
[

𝐿𝑑 0
0 𝐿𝑞

] [

𝑖𝑜𝑑
𝑖𝑜𝑞

]

[

𝑣𝑜𝑑
𝑣𝑜𝑞

]

=
[

0 −𝜔𝐿𝑞
𝜔𝐿𝑑 0

] [

𝑖𝑑
𝑖𝑞

]

+
[

0
𝜔𝛹𝑎

]
(14)

Finally, the traction motor efficiency was calculated using equations
from (15) to (17). Eq. (15) presents the output torque, where 𝑃𝑝 is
the pole pair number of the traction motor. The copper loss from the
armature is expressed in Eq. (16). The traction motor efficiency can be
calculated using Eq. (17) from the relationship between the input and
output power [45].

𝑇 = 𝑃𝑝
{

𝛹𝑎𝑖𝑜𝑞 +
(

𝐿𝑑 − 𝐿𝑞
)

𝑖𝑜𝑑 𝑖𝑜𝑞
}

(15)

𝑊𝐶 = 𝑅𝑎

(

𝑖2𝑑 + 𝑖2𝑞
)

(16)

𝜂𝑒𝑚 = 𝜔𝑚𝑇 ∕(𝜔𝑚𝑇 +𝑊𝐶 +𝑊𝐼 ) (17)

In this procedure, the base model of the traction motor was used as
shown in Fig. 8. The corresponding specifications were listed in Table 4.
6

Table 5
Specification of base model of reduction gear.

Items Value Unit

Gear type Planetary –
Gear ratio 10:1 –
Maximum allowable output torque 3700 N m
Weight 114.5 kg

Referred from SHIMPO ‘‘VRT-285 Series Specification’’, official website.

Table 6
Specification of battery.

Items Value Unit

Nominal capacity (per cell) 2.5 Ah
Nominal voltage (per cell) 3.5 V
Weight (per cell) 0.07 kg

Maximum C-rate Discharge 5 C
Charge 2 C

With this base model of the traction motor, the adopted motor
modeling process was validated. This procedure was conducted by
using the experiment, and the overall process is illustrated in Fig. 9.

The stack length 𝐿𝑠𝑡𝑘𝑒𝑚 of traction motor was determined according
to Eq. (18). Here, 𝑇𝑒𝑚_𝑏𝑎𝑠𝑒 and 𝐿𝑠𝑡𝑘𝑒𝑚_𝑏𝑎𝑠𝑒 are the maximum torque
and stack length of the base model, respectively. This equation came
from the relationship that the output torque of the electric motor is
proportional to stack length [46,47]. In addition, the cross-sectional
area of the traction motor was fixed as constant. Therefore, the weight
of the traction motor is proportional to the stack length. Accordingly,
the weight of the traction motor was calculated as Eq. (19), where the
𝑚𝑒𝑚_𝑏𝑎𝑠𝑒 is the weight of the base model.

𝐿𝑠𝑡𝑘𝑒𝑚 =
𝑇𝑒𝑚

𝑇𝑒𝑚_𝑏𝑎𝑠𝑒
𝐿𝑠𝑡𝑘𝑒𝑚_𝑏𝑎𝑠𝑒 (18)

𝑚𝑒𝑚 =
𝑇𝑒𝑚

𝑇𝑒𝑚_𝑏𝑎𝑠𝑒
𝑚𝑒𝑚_𝑏𝑎𝑠𝑒 (19)

For the reduction gear, a planetary type was adopted as the base
model. Table 5 presents the gear specifications. A mass factor that
indicates relative gear weight according to the gear ratio, was adopted.
It is expressed as Eq. (20), where 𝑛𝑃 is the planet number. Using this
mass factor, the gear weight 𝑚𝑔 was derived as shown in Eq. (21),
where 𝑚𝑔_𝑏𝑎𝑠𝑒 is the base model weight [48,49].

𝑓𝑔_𝑚𝑎𝑠𝑠 =
1
𝑛𝑃

+ 1

𝑛𝑃
( 𝑛𝑔−2

2

) +
( 𝑛𝑔 − 2

2

)

+
( 𝑛𝑔 − 2

2

)2

+
0.4

(

𝑛𝑔 − 1
)2

𝑛𝑃
( 𝑛𝑔−2

2

)

(20)

𝑚𝑔 =
𝑓𝑔_𝑚𝑎𝑠𝑠|𝑛𝑔=𝑛𝑔

𝑓𝑔_𝑚𝑎𝑠𝑠|𝑛𝑔=𝑛𝑔_𝑏𝑎𝑠𝑒

𝑚𝑔_𝑏𝑎𝑠𝑒 (21)

3.2.2. Power source
The type of battery was adopted as lithium-ion-type. Table 6 lists the

battery specifications. A second-order resistor–capacitor (R–C) equiva-
lent battery model was adopted for the simulation. This battery model
allows us to consider the charging–discharging characteristics that
occur during driving. Fig. 10 depicts the battery model and the cor-
responding parameters [50,51]. In addition, Coulomb counting was
adopted for the SOC calculation. Although this calculation does not take
into consideration the degradation of the battery, there is no problem
in relative fuel economy comparison study [52,53].

In the case of the generator for the engine–generator of the series
HEV, the operating speed of the generator is totally decoupled from
the vehicle speed. Therefore, the generator is usually operated at the
most efficient point. As a result, the efficiency was assumed to be 95%
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Fig. 9. Validated electric motor model.
Fig. 10. Second-order R–C equivalent model and corresponding parameters of battery for vehicle simulation.
while considering an efficient operation. Herein, to consider the real
condition of an engine–generator set, the efficiency map of a gasoline
engine was adopted for the generator (Fig. 11) [54]. This efficiency
map was scaled and used for all the design points.

The weight of the generator and battery were also formulated.
The weight per cell for the battery was known; therefore, the weight
could be calculated if the number of cells was determined according
to the output power. The number of cells 𝑛𝑐𝑒𝑙𝑙 is expressed, as shown
in Eq. (22), where 𝑉𝑛𝑜𝑚 is the nominal voltage, 𝐴ℎ𝑛𝑜𝑚 is the nominal
capacity, and 𝐶 is the maximum discharge rate. The battery weight
7

𝑀𝐴𝑋
𝑚𝑏 is expressed, as shown in Eq. (23). The power-to-weight ratio
for the generator was assumed to be 1.5 kW/kg; thus, the weight
was directly calculated according to the output power. Several engine
specifications for commercial vehicles were referred to for the engine
of the generator. Fig. 12 depicts the power versus weight curve. The
engine weight was considered based on this curve.

𝑛𝑐𝑒𝑙𝑙 =
𝑃𝑏

𝑉𝑛𝑜𝑚𝐴ℎ𝑛𝑜𝑚𝐶𝑀𝐴𝑋
=

𝑃𝑏
43.75

(22)

𝑚 = 0.07 ⋅ 𝑛 (23)
𝑏 𝑐𝑒𝑙𝑙
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Fig. 11. Gasoline engine efficiency map for generator.

Fig. 12. Gasoline engine weight versus power curve.

4. GPM-based fuel economy optimization

This section presents the surrogate model-based optimization of the
fuel economy of the series HEV. The developed design process and the
simulation model presented in Sections 2 and 3 are used. Optimal Latin
hypercube design (OLHD) was adopted in the design of experiment
(DOE) stage. The surrogate model was then generated using a GPM.

4.1. Optimum design formulation

The design problem formulation should be performed in advance for
optimization. The design variables were the weights and specifications
of the electric powertrain and the power source, gear ratio, and the
proportion of the generator output power and battery output power.
The electric powertrain specifications were determined (wheel torque
and wheel speed), as mentioned in Section 2. In addition, the weight
relationship of the electric powertrain according to the gear ratio,
was also formulated. Moreover, the overall specifications of the power
sources were determined in Section 3. Therefore, the power source
weights can be calculated according to the output power proportions
of the generator and battery. Consequently, the design variables were
determined to be the gear ratio and the output power ratio between the
generator and the battery. In summary, the optimum design problem
formulation could be performed as follows. Here, 𝑓 denotes fuel econ-
omy of series HEV, ℎ1 denotes total power of the source (battery and
engine/generator), ℎ2 denotes the maximum wheel speed, ℎ3 denotes
the maximum wheel torque, and 𝑔 denotes the driving cycle trace error.
The design variables 𝑥1 and 𝑥2 are gear ratio and battery proportion,
respectively.

Objective function : maximize 𝑓 (𝐱)
8

Fig. 13. Optimal Latin hypercube design results for two design variables: gear ratio
and battery proportion.

Fig. 14. Surrogate modeling result of fuel economy of series HEV.

Design variables : 𝑥1, 𝑥2

Subjected to

Equality constraints : ℎ1(𝐱) = 560, ℎ2(𝐱) = 1000, ℎ3(𝐱) = 4507

Inequality constraint : 𝑔(𝐱) ≤ 1

Variable bounds : 4 ≤ 𝑥1 ≤ 9, 10 ≤ 𝑥2 ≤ 90

4.2. Surrogate model generation

In this section, the surrogate model of fuel economy was constructed
from GPM. First, the DOE was performed using OLHD. The reason of the
characteristics of the Latin hypercube design (LHD) generates the non-
collapsing sampling points [55,56]. Moreover, the maximum distance
between the sampling points was maximized. The OLHD sampling
result is shown in Fig. 13. Then the series HEVs were modeled for
the sampling points to perform fuel economy simulation. During the
simulation, the stack length, efficiency map of the traction motor,
according to the gear ratio, were considered. In addition, the weight
of the power sources was reflected according to the battery proportion.
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Fig. 15. Energy usage profile during vehicle simulation for optimum model: (a) battery SOC and (b) gasoline consumption.
Fig. 16. Efficiency map of traction motor and operating points of traction motor from
vehicle simulation for optimum model.

Finally, the gasoline-equivalent fuel economy explained in Eq. (24) was
calculated from the vehicle simulation while considering the battery
consumption.

Gasoline 1.13 = 8.9 kWh (24)

Based on the vehicle simulation results, the fuel economy sur-
rogate model was constructed by using GPM. The constructed fuel
economy surrogate model is shown in Fig. 14. However, to secure
the reliability of the optimization result, the accuracy of the surro-
gate model should be verified. This study adopted the leave-one-out
cross-validation method [57]. The normalized root-mean-square error
(NRMSE) of the fuel economy surrogate model from GPM was defined
as Eq. (25). Here, 𝑛𝑠 is the number of sample points, 𝐱 is the vector of
design variables, 𝐘(𝐱) is the response i.e. fuel economy from vehicle
simulation, 𝑥𝑖 is the value of the design variables at the 𝑖th sample
point, 𝑌 (𝑥𝑖) is the response of the 𝑖th sample point from vehicle sim-
ulation, and 𝑌 (−𝑖)(𝑥𝑖) is the predicted response of the 𝑖th sample point
from the GPM surrogate model except for the 𝑖th sample point. The
leave-one-out cross-validation result is 3.28%. This result shows that
the constructed fuel economy surrogate model has sufficient accuracy
to be used in optimization.

NRMSE =

√

√

√

√

√

1
𝑛𝑠

𝑛𝑠
∑

𝑖=1

(

𝑌
(

𝑥𝑖
)

− 𝑌 (−𝑖)
(

𝑥𝑖
)

max {𝐘 (𝐱)} − min {𝐘 (𝐱)}

)2

⋅ 100% (25)

4.3. Fuel economy optimization

The surrogate model of the fuel economy was generated, as shown
in Fig. 14. The orange mesh surface represents the surrogate model
from the GPM, while the orange cube represents the experiment points
obtained from the OLHD. Using the fuel economy surrogate model, the
9

Fig. 17. Surrogate modeling result of total weight of series HEV.

fuel economy optimization was conducted using the steepest gradient
descent algorithm. The red ball in Fig. 14. denotes the optimum design
point of the fuel economy. The expected fuel economy of optimum
series HEV was 4.73 km/L.

5. Results

5.1. Fuel economy optimization result

The design results obtained using the suggested process with GPM
are listed in Table 7. The reduction gear ratio was determined as 4.87:1,
and the output power ratio between the battery and generator was
determined as 89.8:10.2. The expected gasoline-equivalent fuel econ-
omy, including the battery consumption, was 4.73 km/L. To validate
the design results, vehicle simulation was conducted. The verification
result of the fuel economy optimization is listed in Table 8. The error
between the simulation and estimated results is 0.85% for the optimum
design point.

To investigate the design results, the battery SOC profiles and
cumulative gasoline consumption profiles were depicted, as shown
in Fig. 15. In addition, with respect to the traction motor design
result, the efficiency map and operating points are depicted in Fig. 16.
The efficiency maps were generated from the validated model while
considering the determined gear ratio.

5.2. Additional study : Weight minimization

The vehicle weight minimization was performed according to the
suggested process, in terms of performance maximization. The design
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Fig. 18. Comparison of energy usage profile during vehicle simulation for fuel economy optimum and weight minimum model: (a) battery SOC and (b) gasoline consumption.
Fig. 19. Efficiency map of traction motor and operating points of traction motor from
vehicle simulation for weight minimum model.

Table 7
Design result from suggested sizing and optimization process.

Items Value Unit

Glider weight 4300 kg

Traction motor

Output power (4ea) 504 kW
Stack length (1ea) 92.5 mm
Armature resistance (1ea) 38.1 mΩ
Base speed (1ea) 1300 rpm
Maximum speed (1ea) 4870 rpm
Maximum torque (1ea) 925.4 N m
Weight (4ea) 407.2 kg

Reduction gear Gear ratio (1ea) 4.87:1 –
Weight (4ea) 97.1 kg

Battery Output powera 502.7 kW
Weighb 854.3 kg

Generator Output power 57.3 kW
Weigh 38.2 kg

Engine Output power 63.7 kW
Weigh 89.2 kg

Battery output power: Generator output power 89.8:10.2 –

Power electronics devices weight 150 kg

Overall vehicle weight 5936 kg

aAt 5 C discharge rate.
bWeight of packaging was assumed as 50 kg.

result is organized in Table 9. The result was the stack length of the
electric motor was decreased, the gear ratio was increased, and the
proportion of the battery was decreased compared to the fuel economy
optimum model. To perform this optimization, the GPM of the total
weight, which is shown in Fig. 17, was used. This optimization resulted
in 44 kg total weight decrease. Therefore, the acceleration performance
was improved compared to the fuel economy optimum model. The
comparison results are organized in Table 10.
10
Table 8
Validation result of fuel economy surrogate modeling.

Model Fuel economy (km/L) Error (%)

Estimated from GPM Vehicle simulation

Optimum 4.73 4.69 0.85

Table 9
Weight minimization result.

Items Value Unit

Traction motor stack length 77.0 mm
Reduction gear ratio 5.85:1 –
Battery output power: Generator output power 74.7:25.3 –
Overall vehicle weight 5892 kg

Table 10
Acceleration performance simulation results.

Model Acceleration time (s)

0–100 km/h 60–100 km/h 0–120 km/h

Weight minimum 9.50 5.60 13.70
Optimum 9.54 5.69 13.86

As a result of the weight minimization, the performance was slightly
improved. However, the gasoline-equivalent fuel economy was 4.25
km/h. Compared to the fuel economy optimum model, the fuel econ-
omy was decreased by 9.4%. To inspect the situation, the SOC and
cumulative gasoline consumption histories during the vehicle simula-
tion were compared between the fuel economy optimum model and the
weight minimum model. The comparison result is shown in Fig. 18.
According to these graphs, the minimum weight model acted to use
more gasoline instead of adequate battery use.

In addition, the investigation on the traction motor operation was
performed. The efficiency map and operating points of the traction
motor for the weight minimum model are shown in Fig. 19. Moreover,
the comparison of the operating efficiency profile of the traction motor
is depicted in Fig. 20.

Summarizing the result of Section 5.2, there is no merit of weight
minimization. The acceleration performance was maximally improved
by 1.1%, compared to the fuel economy optimum model. However, the
fuel economy was decreased by 9.2%, compared to the fuel economy
optimum model. Especially, 60–100 km, which affects the sense of
acceleration, was only increased 0.4%, compared to the fuel economy
optimum model. Therefore, the availability of the suggested sizing and
optimization process for the HEV powertrain design was confirmed.

6. Conclusion

In this study, the fuel economy optimization of a propulsion system
for a heavy-duty series HEV was investigated. The sizing process for
the propulsion system was first formulated based on simple vehicle
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Fig. 20. Comparison of efficiency profile of traction motor for fuel economy optimum and weight minimum model.
dynamics while considering the driving conditions and specifications.
The driving simulation was then developed using ADVISOR. The con-
trol strategy and the traction motor and battery models applied were
developed in this study. Moreover, to appropriately perform vehicle
simulation, the weight changes of each component were formulated
and considered. Using the developed design and simulation process
for the series HEV, fuel economy optimization was conducted. In
this optimization process, GPM was adopted for the surrogate model
generation. The gear ratio and battery output power proportion were
selected as design variables. The fuel economy optimum point achieved
was 4.73 km/L in terms of gasoline fuel economy. In addition, the fuel
economy surrogate model was validated by using leave-one-out cross-
validation. Furthermore, the optimization result was validated based
on a comparison between the estimated from GPM and simulation
results. The simulation result was 4.69 km/L, which shows a 0.85%
error. Therefore, it can be concluded that the suggested fuel economy
optimization process for heavy-duty series HEV from this study has
effectiveness.
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