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Abstract: Accurate and reasonable matching design is a current and difficult point in electric vehicle
research. This paper presents a parameter optimization method for the power system of a medium-
sized bus based on the combination of the orthogonal test and the secondary development of
ADVISOR software. According to vehicle theoretical knowledge and the requirements of the vehicle
power performance index, the parameters of the vehicle power system were matched and designed.
With the help of the secondary development of MATLAB/Simulink and ADVISOR software, the
modeling of the key parts of the vehicle was carried out. Considering the influence of the number
of battery packs, motor power model, wheel rolling resistance coefficient, and wind resistance
coefficient on the design of the power system, an Lg (34)—type orthogonal table was selected to design
the orthogonal test. The dynamic performance and driving range of the whole vehicle were simulated
using different design schemes, and the accuracy of the simulation results was verified by comparing
and analyzing the simulation images. The results demonstrated that in the environment where the
wind resistance coefficient was 0.6 and the wheel rolling resistance coefficient was 0.009, with 240 sets
of lithium batteries (battery energy, 264 kW h; battery capacity, 100 Ah) as the power source, the
pure electric medium-sized bus equipped with the PM165 permanent magnet motor (rated power,
60 kW; rated torque, 825 N m) could obtain the best power performance and economic performance.
The research content of this paper provides a certain reference for the design of shuttle buses for
Nantong’s bus system, effectively reduces the testing costs of the vehicle development process, and
provides a new idea for the power system design of pure electric buses.

Keywords: pure electric bus; power system; orthogonal experiment; dynamic performance; economy

1. Introduction

The development of the traditional automobile industry is currently limited by the
shortage of resources [1] and environmental pollution [2]. Under the concept of sustainable
development, new-energy vehicles have gradually gained public recognition. New-energy
vehicles are mainly divided into three categories, namely, hybrid vehicles, pure electric
vehicles, and fuel-cell vehicles [3]. After years of research and development, pure electric
buses have taken a dominant position in the field of passenger cars. With the advantages
of no pollution, low noise, high energy efficiency, and convenient maintenance, they have
been popularized in various cities and have gradually replaced traditional fuel buses. They
have achieved great advantages in protecting the environment, improving the country’s
energy structure, and reducing urban noise pollution [4].

However, there are still some problems in the development of the power system of
the pure electric bus. (1) The selection of the motor [5]: For example, when the traffic is
congested, the pure electric vehicle has a smaller loss than the fuel vehicle. However, due
to the characteristics of the motor’s low-speed constant torque and high-speed constant
power characteristics, when driving at high speed, the electric vehicle’s energy consumption
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growth is much larger than that of conventional vehicles [6]. (2) The selection of power
batteries [7]: The selection of batteries directly affects the cruising range [8] and safety of
buses. At present, lithium iron phosphate batteries and ternary batteries occupy the power
battery market for pure electric buses. Both have certain problems. The former has good
cycle stability but large mass and low energy density. The latter has high energy density
but poor safety. It is easy to spontaneously ignite when the temperature is high, and it is
difficult to control [9].

Many researchers have studied the power system of pure electric buses. Hu et al. [10]
developed the power distribution control strategy of the dual-motor coupling mode consid-
ering the dynamic characteristics of the motor by constructing a vehicle model including
the motor dynamic control model and simulated it in the MATLAB platform. The results
showed that the established dynamic model of the motor was closer to the actual operating
conditions. The control strategy effectively reduced the power demand of the electric drive
system, reduced the energy consumption of the electric drive system, and extended the
vehicle mileage. Vora et al. [11] proposed a novel framework that enables the parametric
design optimization of hybrid electric vehicles, taking into account battery degradation
and its impact on the vehicle life cycle. The framework captures the impact of battery
degradation on fuel consumption and battery replacement by integrating a battery model
capable of predicting degradation and performance degradation into drive cycle simu-
lations. Raga et al. [12] analyzed the different factors that affect the optimal design of a
power system (including the minimum power provided by the fuel cell, the storage of
recovered energy in the regenerative braking stage, the battery technology, and the change
in the maximum charging state of the battery) and analyzed how these design factors affect
the quality, volume, and cost of the optimal distribution architecture, as well as how to
consider these factors in the design. Hoshing et al. [13] compared the life-cycle cost of series
and parallel architectures for PHEVs, saving fuel costs and enabling a faster return on
investment for transit bus scenarios compared with medium-duty trucks, driving the early
viability of transit bus applications. Soltani et al. [14] studied the effectiveness of the hybrid
energy storage system in protecting the battery from high power loss during charging and
discharging, reducing the negative impact of power peaks related to urban driving cycles,
and improving the battery life by 16%. Jin et al. [15] evaluated state-of-the-art methods
in Li-ion battery degradation models, including accuracy, computational complexity, and
ease-of-control algorithm development. Based on a comparison of simulation results and
experimental data, key differences in aging factors captured by each model were summa-
rized. However, there is a problem in these research processes, that is, the fact that they
only considered the influence of single factors, such as battery or motor, on the design of
the power system, without considering whether the matching of battery, motor, and other
components was the best, which may have led to the dynamic performance of the vehicle
not being fully reflected. Therefore, the analysis of the selection and matching of different
components plays an important role in the design of pure electric buses.

The orthogonal test is another design method to study multiple factors and levels. It
selects some representative points from the comprehensive test according to orthogonality.
These representative points have the characteristics of “uniform dispersion, neat and
comparable”. Orthogonal test design is the main method in fractional factorial design.
Xu et al. [16] optimized the spin-forming parameters of bimetallic composite pipes using
the finite element method and the experimental method and analyzed the torque and
residual contact pressure in the forming process. Through the orthogonal test method to
optimize the spinning process parameters of the bimetal composite pipe and through the
deep drawing experiment of the composite pipe, the accuracy of the numerical simulation
value was verified. Quan et al. [17] used the orthogonal experimental design method
combining experiments and numerical calculations to optimize the design structure of
a vortex pump impeller. Through an orthogonal experimental design, the design cycle
of the vortex pump could be effectively shortened; the design level of the vortex pump
could be improved; and a hydraulic model with superior performance could be obtained.
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Yu et al. [18] studied the effects of load, frequency, duration, and concentration on the
friction properties of additives on an SRV reciprocating wear tester using an orthogonal
experimental design. This paper was not only aimed at the single factor of battery or motor
but also at the multi-factor and multi-level research of different batteries, motors, and other
influencing factors. Therefore, the orthogonal test was very consistent with the design of
the experimental scheme.

ADVISOR is a series of models, data, and script files in the MATLAB and Simulink
software environment. It can quickly analyze the fuel savings, power, and emissions of
traditional vehicles, pure electric vehicles, and hybrid electric vehicles using the parameters
of various parts of the vehicle under the given road cycle conditions. Sun et al. [19] used
ADVISOR and iSIGHT software to jointly optimize the transmission ratio and used ADVI-
SOR simulation software to analyze the savings and power of the optimized transmission
ratio. The optimized pure electric passenger vehicle achieved a balance between power and
economic performance, thus giving play to its performance advantages. Wang et al. [20] es-
tablished the energy model of a vehicle system using ADVISOR and MATLAB software. An
energy control strategy for the dynamic wireless charging of electric vehicles was designed.
The influence of dynamic wireless power transmission on energy storage system loss and
electric vehicle range under different operating scenarios and different battery minimum
charging states was studied. Sun et al. [21] selected configuration parameters such as vehi-
cle body, battery, tires, and transmission in ADVISOR for simulation and selected vehicle
mass, rolling resistance coefficient, and auxiliary power as control variables to conduct
a cost-benefit analysis based on the vehicle’s full life-cycle mileage, so as to reduce the
short-term profit limit of optimization evaluation, which has practical guiding significance
for the formulation of an energy optimization scheme for electric commercial vehicles. The
biggest feature of ADVISOR software is that the simulation model and software source
code are completely open all over the world and can be downloaded free of charge from
the website. On the basis of the original simulation model, researchers can modify or
reconstruct some simulation models and adjust or redesign the control strategy as needed
to make it closer to the actual situation, and the simulation results are more reasonable.
Through the secondary development of the battery model and motor model in ADVISOR,
this paper made the simulation process more reasonable and more practical.

This paper combined MATLAB/Simulink and ADVISOR software to analyze and
model the whole vehicle, battery, motor, etc., of a medium-sized bus [22]. Around the needs
of the actual vehicle model [23], according to the orthogonal test table, multiple groups of
combined parameters, such as different numbers of battery packs, motor power models,
wheel rolling resistance coefficients, and wind resistance coefficients, were determined.
The influence of different combined parameters on the power performance and economic
performance of a pure electric medium-sized bus was simulated and analyzed [24]. The
optimization scheme of the power system of an electric bus was selected through compari-
son, and the feasibility of the optimization scheme was verified. It can provide a certain
reference for the design of shuttle buses for Nantong’s public transport system and provides
a new idea for the design of the power system of a pure electric bus. Figure 1 presents a
flow chart showing the structure of this paper.
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Figure 1. Structure flow chart.

2. Parameter Selection of Pure Electric Bus Power System
2.1. Selection of Main Parameters and Performance Indicators

The authors’ first work unit has cooperated with Nantong’s public transport company
for many years. As early as 2013, we carried out a cooperative research study on the com-
prehensive operation and management platform of multi-model new-energy vehicles [25]
and cooperated in the demonstration, promotion, and application of new-energy vehicles
in Nantong. Because many subway lines are about to be opened in Nantong, the bus
lines in Nantong also need to be adjusted accordingly, and the length of the bus lines
needs to be appropriately shortened. Therefore, it is necessary to design an electric bus
power system suitable for short haul. According to the actual needs of Nantong City’s
public transportation system and the market positioning of an electric bus, after referring
to the design of similar vehicles on the market, we determined the pure electric vehicle
power system with an on-board battery pack as the power and a motor as the driving
device [26]. The design of the electric bus should meet the relevant requirements of the
power performance and driving range of the whole vehicle [27,28]. See Tables 1 and 2 for
vehicle parameters, dynamic performance, and economical parameters.

Table 1. Vehicle parameters of pure electric vehicle.

Parameter Numerical Value
Whole-vehicle quality (kg) >8650
Rotating-mass conversion factor 1.1
Wheelbase (mm) 5190
Air drag coefficient 0.7
Windward area (m?) 8.55
Rolling resistance coefficient 0.009

Number of passengers checked 18
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Table 2. Power performance requirements for pure electric vehicles.

Dynamic Parameter Reference Value
Maximum cruising range (km) >250
0~50 km/h acceleration time (s) <5
Maximum speed (km/h) >150
Climbing at 20 km /h (%) >15
Power consumption (kWh/100 km) <80

2.2. Vehicle Parameter Matching Calculation
2.2.1. Motor Parameter Calculation

(1) Determination of peak power and rated power

The power matching of the motor of a pure electric vehicle directly affects the dynamic
performance of the vehicle [29]. Matching reasonable motor power not only can extend the
driving distance of the car, but it can also improve energy utilization. In addition, the peak
power of the motor must meet the requirements corresponding to the maximum grade and
acceleration time.

Under different driving conditions of the vehicle, the vehicle driving power balance
equations are represented by Formulas (1)—(3) [30]:

Umax CDAU2mux
P = =D A max 1
¢~ 36007; (Mgf HIRE ) @)
v; ) CpAv?;
Piax = W&m <Mgf COS Wyay + Mg SIN &y + ;1.15 : ) ()
1 V%4 v CpAv%
Pimax = 365077 (‘SMz M st T a5 %25 ©)

where P, is the motor power determined according to the maximum vehicle speed; P;,, is
the motor power determined according to the maximum grade; P4y is the motor power
determined according to the acceleration time; and M is the mass of the medium-sized
passenger car, and its value can be slightly larger due to the calculation error. According to
the expected simulation target, we took the vehicle mass as 9000 kg; vy, the maximum
speed, as 70 km/h; 7;, the mechanical efficiency, as 0.9; f, the wheel rolling resistance
coefficient, as 0.009; g, the acceleration of gravity, as 9.8 m/ s2; Cp, the wind resistance
coefficient, as 0.7; A, the windward area, according to the width and height of a medium-
sized bus, as 8.55 m?; v;, the speed at the maximum climbing degree, as 20 km/h; a4, the
maximum angle; J, the car rotating-mass conversion factor, as 1.1; T, the acceleration time,
as 25 s; and vy, the final speed, as 50 km/h.

The power of the motor must meet the power requirements of the vehicle, that is, the
above three formulas must be satisfied at the same time. The rated power was 47.11 kW, as
calculated from the maximum vehicle speed. The calculated P, was 94.16 kW, and Pyyax
was 157.96 kW, as obtained from the acceleration performance requirements. The car lasts
for a longer time at top speed. We took the maximum value of the acceleration time and
the maximum grade result as the maximum power of the electric vehicle motor.

(2) Determination of peak speed and rated speed

The formulas of rated speed and peak speed of the motor are shown in Equations (4)
and (5) [31]:

Z7muxi
p— 4
fhmax = 5 377, @)
n
ne = ";;x ®)

where i is the reduction ratio of the electric vehicle, which can be 3.5~5; r is the tire radius
(Michelin tires were selected in the used software), and the value was 0.282 m; and S is 2~4.
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(3) Determination of peak torque and rated torque

The rated power and rated speed of the motor determine the rated torque of the
motor [32]; then, the rated torque and maximum torque of the motor are expressed as:

P,

T, = 9550-=< (6)
Ne

Tonax = Ap-Te @)

where T, is the rated torque of the motor, 7, is the rated speed of the motor, Ty, is the
maximum torque of the motor and A, is 2-3.
From the calculation results, the motor parameters are shown in Table 3.

Table 3. Motor parameters.

Indicator Rated Peak Value
Motor power (kW) 52.65~78.98 157.96
Motor speed (r/min) 576~1646 2304~3292
Motor torque (N-m) 324~928 648~2814

2.2.2. Calculation of Power Battery Parameters

The rated power required by the motor according to the maximum driving speed of
the car can be calculated as shown in formula (9) [33]:

v Cp Av?
Fe = 3500 (Mgf+ 21.15 )

By substituting the data, we obtained P, = 23.17 kW.
The energy required by the battery based on the range of the car can be determined as:

®)

P,S
We = — 9
= )
where S is the cruising range (we took 200 km) and v, is the constant speed (we took
50 km/h).
By substituting the data, we obtained W = 92.68 k].

Wess = UessCéess /1000 (10)

where W is the actual energy of the battery pack, C is the capacity of the battery, U, is the
rated working voltage of the battery pack (the value taken was 240 V) and ¢, is the depth
of discharge. Since deep discharge causes irreparable damage to the battery, the depth of
discharge was selected as 80%. In order to meet the requirements of the car, it is necessary
to make the battery pack meet Wess > W; then, C > (92.68 x 1000/240/0.8) = 263.3 kWh.

2.2.3. Selection of Battery and Motor

Power battery is an important part of pure electric vehicle power systems [34], among
which the lithium iron phosphate battery has become the first choice for passenger cars due
to its advantages of high safety, low cost, high energy density, and power density. Most
of the electric vehicles on the market, such as Yutong Bus (Zhengzhou, China), Xiamen
King-long (Xiamen, China), and Foton AUV (Beijing, China), are equipped with permanent
magnet synchronous motors [35]. To sum up, in this design, a lithium iron phosphate
battery with a battery density of 210 Wh/kg was selected as the power source of the
medium-sized bus. The cell voltage of the battery pack was 11 V; the battery capacity was
100 Ah; and the battery energy density was 210 Wh/kg.

The single mass of 240 groups, 280 groups, and 320 groups of battery packs could be
calculated as 5.25 kg (rated voltage x amp-hours/energy density), and the battery power
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values were: 264 kWh, 308 kWh, and 352 kWh (the number of battery packs x amp-hours
x rated voltage). At the same time, permanent magnet synchronous motors PM150, PM165,
and PM180 were selected as drive motors to meet their power and economic performance
requirements. The above selection of battery and motor parameters lay the foundation for
the subsequent orthogonal experiments.

The specific parameters are shown in Table 4 (battery parameters) and Table 5
(motor parameters).

Table 4. Battery parameters.

Indicator Type 1 Type 2 Type 3
Module voltage (V) 11 11 11
Rated voltage (V) 220 220 220
Battery capacity (Ah) 100 100 100
Number of battery packs 240 280 320
Series/parallel 20/12 20/14 20/16
Battery power (kW-h) 264 308 352
Table 5. Motor parameters.
Indicator PM150 PM165 PM180
Rated power (kW) 55 60 65
Peak power (kW) 147 162 176
Rated torque (N-m) 750 825 900
Peak torque (N-m) 2100 2310 2520
Rated speed (r/min) 1300 1450 1600
Peak speed (r/min) 2600 2900 3200
Motor quality (kg) 147 162 176
Rated voltage (v) 220 220 220

3. Dynamic System Modeling and Orthogonal Experimental Design
3.1. Vehicle Model

The power system of the electric bus was optimized using simulation platform ADVI-
SOR [36]. In the Simulink environment, through the simulation integrated environment,
the vehicle controller model was established, and the simulation was carried out on the
ADVISOR platform. The top-level model is shown in Figure 2. First, the speed curve pro-
vided by the cycle condition module (drive cycle) is used as the input source; the required
driving force is calculated in the vehicle dynamics model; the corresponding torque and
speed are requested from the wheel and axle module; and the required driving force is
calculated in the vehicle dynamics model. The backward path is gradually transmitted to
the final drive, gear box, motor controller, etc.; then, the power is distributed to the battery
module (energy storage) through the control strategy module (insight). The battery pack
module has to calculate the actual power that can be provided, provide the power source,
catch up with the target speed of the working condition, realize the purpose of exerting the
maximum power of the car, and calculate the actual speed that the car can achieve; thus,
the calculation of the backward path is completed.
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Figure 2. Top-level module of vehicle model simulation.

3.2. Battery Model

Figure 3 presents the top-level model diagram of the battery module, which mainly
included five modules. Module 1 (pack Voc, Rint): The model is an equivalent circuit of an
open-circuit voltage (Voc) and an equivalent internal resistance (Rint). When calculating
Rint, there are two functions: one is the charge internal resistance function (Rdis), and the
other is the discharge internal resistance function (Rchg). Module 2 (compute current):
Module 2 uses Voc and Rint of module 1 and the actual power (Pa) of module 4 to solve the
current of the battery equivalent circuit. Module 3 (SOC algorithm): This model calculates
the power consumption of the battery and the remaining SOC value through the battery
current. Module 4 (limit power): This is the limit module of the maximum power that
the battery can provide. Module 5 (ess_tmp): The thermal model of the battery is used to
monitor the temperature of the battery.

Tess
:—-Qess_gen Tair i ess_air_tmp |
: Qair i essfajrjhﬁperl
1
: [

Figure 3. Top-level model diagram of battery module: (1) pack Voc, Rint, (2) compute current, (3) SOC
algorithm, (4) limit power, and (5) ess_tmp.

Because there is no lithium iron phosphate battery model with a battery density
of 210 Wh/kg in ADVISOR, this paper conducted the secondary development of the
battery model using software and established a new lithium iron sulfate battery model
by modifying the M file. Figure 4 presents a graph showing the relationship between the
battery SOC and current.
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Figure 4. Battery current diagram.

3.3. Motor Model

Figure 5 presents the top-level model diagram of the motor module. The simulation
model of the drive motor mainly included the request input power calculation module,
the motor actual output torque and speed calculation module, and the motor temperature
calculation module in the lower right corner. The upper part of the power, torque, and
speed calculation module is necessary to select the torque and speed to be output according
to the working conditions, and the lower part is necessary to assume the torque and speed
that should be output. If the requested speed is less than the maximum speed, the actual
speed is the requested speed; otherwise, the actual speed is the maximum speed.
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Figure 5. Top-level model diagram of the motor module.

Here, we mainly introduce the model operation process of the first half, as shown in
Figure 6. First, according to the working conditions, the torque and speed requested by
the wheel (torque and speed req’d at rotor), the requested motor torque (mc_trq_out_r),
the speed (mc_spd_out_r), and the perform motor speed estimator and motor limit torque
estimation (enforce torque limit), and the results are obtained by looking up the table in
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the motor/controller input power map (W). The actual output power (req’d motor input
power (W)) and the corresponding torque (N-m drive torque per W input) are finally sent
to the power battery model and MATLAB workspace through the motor controller logic
interface.
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Figure 6. Model flow diagram of the first half.

Because there is no permanent magnet synchronous motor model that meets the
design requirements in ADVISOR, this paper conducted the secondary development of
the motor model using software and established a new permanent magnet synchronous
motor model by modifying the M file. Figure 7 presents a diagram showing the relationship
between the motor speed and torque.

P
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n-..\.
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Figure 7. Motor torque diagram.

3.4. Cyclic Conditions

According to “GB/T 18386-2017 Test Method for Electric Vehicle Energy Consumption
and Driving Range”, the loop conditions of typical Chinese cities were selected as the
conditions for the cycle calculation of operating conditions [37]. Table 6 shows the statistical
characteristics of the cycle of public transport (CLTC) data of typical cities in China, and
Figure 8 shows the driving condition diagram.
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Table 6. CLTC data in typical Chinese cities.

Statistical Feature CLTC
Total time (s) 1800
Total mileage (km) 14.48
Average speed (km/h) 28.96
Average running speed (km/h) 37.18
Maximum speed (km/h) 144
Maximum deceleration 1.47
Maximum acceleration 1.47
Idle time ratio 0.2211
Acceleration time ratio 0.2861
80 T T T I T 1
— key on
— speed
— elevation
= 60 0.5
£ ™
= z
3 T
@ =
& 40 | 4o T
S
i=3
v
20 H05
0[\. ! } || | 1y § Loyt A
0 200 400 600 800 1000 1200 1400
time (sec)
Figure 8. CLTC-C driving condition diagram.
3.5. Orthogonal Experimental Design
In the experiments, there were four factors to be investigated (number of battery packs,
motor power type, wheel rolling resistance coefficient, and wind resistance coefficient),
where each factor had three levels, and the Lg (3*) orthogonal table was selected [38]
to schedule the experiments. The factor levels of the test are shown in the orthogonal
parameter table in Table 7, and the table header design and the combination of each factor
level are shown in the orthogonal test in Table 8. As can be seen in the table, we only
needed to perform nine sets of experiments according to the orthogonal table.
Table 7. Orthogonal parameter table.
Level (A) Number of (B) Motor (C) Wheel Rolling (D) Wind Resistance
Battery Packs Power Model Resistance Coefficient Coefficient
1 240 PM150 0.009 0.6
2 280 PM165 0.012 0.65
3 320 PM180 0.015 0.7
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Table 8. Orthogonal experimental table.

Test Number (A) Number of (B) Motor (C) Wheel Rolling (D) Wind Resistance
Battery Packs Power Model Resistance Coefficient Coefficient

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1
4. Simulation Results and Discussion
4.1. Dynamic Simulation Results

According to the nine schemes obtained from the orthogonal experiments, the number
of battery packs, motor power model, wheel rolling resistance coefficient, and wind resis-
tance coefficient were selected in ADVISOR, and the CLTC working condition was selected.
According to the calculation results in the second section, the depth of discharge ¢_ess was
taken as 80%, and the number of cycles of the working condition was selected to make
the SOC of the battery > 20%. The speed range was 0~50 km/h, and the climbing speed
was set to 12.4 mph (equivalent to 20 km/h). The obtained simulation results are shown in
Figures 9-17, and the simulation results are sorted and shown in Table 9. The application
and detailed discussion of simulation results are reported in the following paragraphs.
Table 9. Dynamic simulation test results.
Maximum Cruisin 0~50 km/h N Maximum Speed
Test Number Range (km) 8 Acceleration Time (s) Climbing at 20 km/h (%) (km/h) P

1 277.2 4.6 17.9 157.0

2 259.6 4.6 19.5 156.9

3 230.1 4.7 21.1 152.6

4 294.9 44 171 156.5

5 271.3 44 18.7 156.2

6 306.7 43 21.2 156.7

7 306.7 43 16.4 156.6

8 348.0 42 18.8 156.3

9 336.2 42 204 156.1

4.1.1. Simulation Results Diagram of Experiment 1

The results of Experiment 1 are shown in Figure 9.



Energies 2022, 15, 7243

13 of 26

B Results--ADVISCR 2002

File Edit Tools

@
=

Units  Help

@
=

km/h
o
o

[
=

ess_soc_hist

-
e
=

ess_cument

o o o
N B o @

-
=1

o

-

Figure 9. Simulation results of experiment 1.
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4.1.2. Simulation Results Diagram of Experiment 2
The results of Experiment 1 are shown in Figure 10.
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Figure 10. Simulation results of experiment 2.
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4.1.3. Simulation Results Diagram of Experiment 3
The results of Experiment 1 are shown in Figure 11.
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Figure 11. Simulation results of experiment 3.

Compaonent
[roo et =] o |

Plot Variable [Select A First]

Accelerabion Test

Gradeabity at 20 km/k:

050 km/h (s} 4.7 Max Accel (m/s"21 3.3

644%66n/a  Distance in5s M} nla

0137 kmvh [s} nda Tirne in 0.4km (s} nfa
Mak Speed (kmpht 152.6

- J # of plots |q. -
Fuel Consumption [L/100 km) ]
Gasoline Equivalent 1.2
Distance (km] 2301

21 %

4.1.4. Simulation Results Diagram of Experiment 4

The results of Experiment 1 are shown in Figure 12.
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4.1.5. Simulation results diagram of experiment 5

The results of Experiment 1 are shown in Figure 13.
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Figure 13. Simulation results of experiment 5.
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4.1.6. Simulation Results Diagram of Experiment 6

The results of Experiment 1 are shown in Figure 14.

! Results--ADVISOR 2002
File Edit Tools Units Help

80

60

=

T 40

20
0

Figure 14. Simulation results of experiment 6.
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4.1.7. Simulation Results Diagram of Experiment 7

The results of Experiment 1 are shown in Figure 15.
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4.1.8. Simulation Results Diagram of Experiment 8

The results of Experiment 1 are shown in Figure 16.

! Results--ADVISOR 2002

File Edit Tools Units Help

km/h

ess_soc_hisl

ess_curmrent

o o
o @
T
L

o
N

=

=]
=]

o
=]

Figure 16. Simulation results of experiment 8.
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4.1.9. Simulation Results Diagram of Experiment 9

The results of Experiment 1 are shown in Figure 17.
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Figure 17. Simulation results of experiment 9.

4.1.10. Summary of Dynamic Simulation Test Results
The dynamic simulation test results are sorted and shown in Table 9.

4.2. Economic Simulation Results
4.2.1. Battery Parameter Query

In the battery module, we opened (pack Voc, Rint) in the battery module, added the
To Workspace module, and changed its name to open_voltage, as shown in Figure 18,
that is, the data of the open circuit voltage could be sent to the MATLAB workspace.
Then, we loaded the data retained by the simulation, found the variables ess_current and
open_voltage, and counted the data in the Excel sheet, as shown in Figure 19 (the figure
shows an example of a screenshot of some test parameters).

4.2.2. Battery Energy Conversion

The integral operation of the power (P = UI) during the period from the initial time,
tg, to the end of the driving time, t,, that is, the instantaneous power per second, was
calculated using Excel data processing and summed to obtain the energy consumed by the
car; finally, the power consumption of the medium-sized passenger car could be simulated
through the calorific value conversion. The formula for calculating the energy consumption
of a vehicle is shown in Equation (11):

tm
W = Uuldt (11)
fo
The statistical results are shown in Table 10 below, where “—" in the table indicates
energy loss.
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Figure 19. Partial screenshot of test parameters.

Table 10. Summary of energy consumption.

Test Number Milage (km) Energy () Total Electri(clit‘/}\fl f)onsumption Pov;rli:‘rN Ch(/)?g(;lkmnlﬁion
1 277.2 748,788,801.3 208.0 -75.0
2 259.6 743,768,580.6 206.6 —79.6
3 230.1 748,494,858.4 207.9 —90.4
4 294.9 861,697,184.6 239.4 —81.2
5 271.3 871,048,700.0 242.0 —89.2
6 306.7 872,462,178.7 242.4 -79.0
7 306.7 1004,269,108.0 279.0 -91.0
8 348.0 991,272,980.6 2754 -79.1
9 336.2 1,001,999,442.8 278.3 —82.8
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4.3. Orthogonal Experimental Results and Analysis
4.3.1. Summary of Experimental Results
First of all, according to the results of the dynamic simulation and economic simulation,

the data were summarized to facilitate the selection of the nine schemes. The summary
results are shown in Table 11.

Table 11. Orthogonal experimental results.

Test Number Maximum Cruising 0~5(? km/}1 Climbing at Maximum Speed Congﬁvr;;ion

Range (km) Acceleration Time (s) 20 km/h (%) (km/h) (KWh/100 km)
1 277.2 4.6 17.9 157.0 —75.0
2 259.6 4.6 19.5 156.9 -79.6
3 230.1 47 21.1 152.6 —90.4
4 294.9 44 171 156.5 —81.2
5 271.3 44 18.7 156.2 —89.2
6 306.7 43 21.2 156.7 -79.0
7 306.7 43 16.4 156.6 —91.0
8 348.0 42 18.8 156.3 —79.1
9 336.2 42 20.4 156.1 —82.8

4.3.2. Conversion of Membership Degrees

For orthogonal experiments with multiple indicators, the corresponding indicators
are usually converted into their membership degrees using the comprehensive scoring
method [39]:

M; = Xi — Xinin (12)
Xmax — Xumin
where M; represents the index membership degree, X; represents the index value, X,
represents the minimum value of the index and X,y represents the maximum value of
the index.

We converted the five indicators of the test results into their membership degrees and
judged the pros and cons of the indicators according to their subordination. The first four
indicators were positively correlated with vehicle performance, while the last indicator
was negatively correlated; that is, the greater the indexes of maximum cruising range,
acceleration time, grade, and top speed were, the better the vehicle’s dynamic performance
was. However, regarding the economic indicator of the pure electric bus, the power
consumption per 100 km, the lower the energy consumption was, the higher the saving
was. In order to obtain the correct comprehensive evaluation of dynamic performance and
economic performance, this paper converted the power consumption per 100 km into the
negative index and substituted it into the above formula for calculation. The membership
calculation results are shown in Table 12.

Table 12. Membership degree calculation results.
Test Number Maximum Cruising 0~59 km/.h Climbing at Maximum Speed Conl;(t)lz‘;)rtion
Range (km) Acceleration Time (s) 20 km/h (%) (km/h) (KWh/100 km)
1 0.399 0.800 0.313 1.000 1.000
2 0.250 0.800 0.646 0.977 0.714
3 0.000 1.000 0.979 0.000 0.038
4 0.550 0.400 0.146 0.886 0.615
5 0.349 0.400 0.479 0.818 0.111
6 0.650 0.200 1.000 0.932 0.750
7 0.650 0.200 0.000 0.909 0.000
8 1.000 0.000 0.500 0.841 0.743
9 0.900 0.000 0.833 0.795 0.513
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4.3.3. Comprehensive Scoring Method

A comprehensive scoring method was used to assign a weight to each indicator score.
The formula is as follows:

Comprehensive score = 0.2 x M + 0.1 x (Asp + Cpo + Ms) + 0.5 X P;

(13)

where M., represents the maximum cruising range, Asg represents the 0~50 km/h ac-
celeration time, Cyg represents climbing at 20 km/h, M represents the maximum speed
and P, represents the power consumption. The comprehensive scores and the calculation

parameter results are shown in Table 13.

Table 13. Comprehensive scores and calculation parameter results.

Maximum 0~50 km/h

Power

Test Number Cruising Acceleration g(}ll?nl:/ll? %O/a; S l\gzzl?ll(l:nl?h) Consumption Comgl;(:)l;:nswe
Range (km) Time (s) ° P (kWh/100 km)
1 0.080 0.080 0.031 0.100 0.500 0.791
2 0.050 0.080 0.065 0.098 0.357 0.649
3 0.000 0.100 0.098 0.000 0.019 0.217
4 0.110 0.040 0.015 0.089 0.307 0.561
5 0.070 0.040 0.048 0.082 0.056 0.295
6 0.130 0.020 0.100 0.093 0.375 0.718
7 0.130 0.020 0.000 0.091 0.000 0.241
8 0.200 0.000 0.050 0.084 0.372 0.706
9 0.180 0.000 0.083 0.080 0.257 0.599
4.3.4. Determining Preferred Options
According to the results obtained using the comprehensive scoring method, K1, K2,
K3, and range R were calculated, and the primary and secondary relationships of each
factor were further determined; finally, the preferred solution was obtained. The results are
shown in Table 14.
Table 14. Analysis table of experimental results.
Test Number (A) Number of (B) Motor (C) Wheel Rolling (D) Wind Resistance =~ Comprehensive
Battery Packs Power Model Resistance Coefficient Coefficient Score
1 1 1 1 1 0.791
2 1 2 2 2 0.649
3 1 3 3 3 0.217
4 2 1 2 3 0.561
5 2 2 3 1 0.295
6 2 3 1 2 0.718
7 3 1 3 2 0.241
8 3 2 1 3 0.706
9 3 3 2 1 0.599
K1 1.657 1.593 2215 1.686
K2 1.574 1.650 1.809 1.608
K3 1.546 1.534 0.753 1.483
R 0.111 0.116 1.462 0.203
Factor primary and secondary relationships C>D>B>A
Preferred scheme C1D1B2A1

According to the calculation, the primary and secondary relationships of each factor
were C > D > B> A, and the optimal solution, C1D1B2A1, was obtained; that is, the number
of battery packs was 240; the motor was PM165; the wind resistance coefficient was 0.6;
and the wheel rolling resistance coefficient was 0.009.
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4.4. Checking and Analysis of Preferred Schemes
4.4.1. Checking of Preferred Schemes

This scheme did not exist in the orthogonal test and needed to be re-tested. Figure 20
shows the simulation results.
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Figure 20. Multi-condition simulation results.

4.42. Analysis of Preferred Schemes

It can be seen from this that the speed of the car changed frequently during driving,
including driving states such as idling, starting, accelerating, and braking. During the
driving process of the car, when the driving time increased, the state of charge (SOC) of
the battery gradually decreased and stabilized with time and finally tended to 0.2, but the
curve slightly fluctuated during the change, indicating that energy recovery played a role
when the car was braking. The battery stopped discharging; the car reached the maximum
cruising range; the discharge was normal, and the discharge depth was 80%. The output
torque of the drive motor changed with the driving time of the car. The torque change can
be seen from the curve. The positive and negative values of the torque reflect the running
state of the motor.

According to the design goals, the maximum driving distance had to be >250 km; the
20 km/h grade had to be >15%; the acceleration time from 0 to 50 km/h had to be <5s;
the maximum speed had to be >150 km/h; and the power consumption per 100 km had to
be <80 kWh/100 km. The optimization results showed that the maximum and minimum
cruising distance was 271.3 km > 250 km, which was 8.52% higher than the design target.
The acceleration time from 0 to 50 km/h was 4.6 s < 5 s, which was 8% lower than the design
target. The gradient was 19.8% > 15%, which was 32% higher than the design target. The
maximum speed was 156.4 km/h > 150 km / h, which was 4.67% higher than the design
target. The power consumption per kilometer was 76.4 kWh/100 km < 80 kWh /100 km,
which was 4.5% lower than the design target. The above indexes met the dynamic perfor-
mance requirements, and the economic performance was more reasonable. All indicators
were ideal, met the expected design requirements, and could meet the use of the model.
Therefore, the simulation of a medium-sized bus achieved good results. The comparative
analysis of the preferred scheme and design objectives is shown in Table 15.
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Table 15. Comparative analysis of performance and design objectives of optimization scheme.

Dvnamic Parameter Optimization Rate of Relative
¥ Limit Target Value (%)

Design Goal Reference Value Preferred Scheme

Maximum cruising range (km) >250 271.3 8.52
0~50 km/h acceleration time (s) <5 4.6 8
Maximum speed (km/h) >150 157 4.67
Climbing at 20 km/h (%) >15 19.8 32
Power consumption (kWh/100 km) <80 76.4 45

4.5. Vehicle Driving Conditions under Different SOCs

As shown in Figure 21, under different initial SOCs, the actual AC speed that the
vehicle could reach was completely consistent with the cycle speed curve, which indicated
that the motor and battery under this scheme could be well compatible, so that the vehicle
had good power performance to meet the needs of speed change under working conditions.
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Figure 21. Simulation results of a single case with different initial SOCs: (a) SOC =1, (b) SOC = 0.8,

(c) SOC = 0.6, and (d) SOC = 0.4.
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5. Conclusions

The main purpose of this paper was to reduce the testing costs of the whole shuttle bus
development of Nantong’s public transportation system through simulation experiments
and to provide new ideas for the power system design of pure electric buses. This paper
presents an optimization method for the power system of pure electric buses based on the
combination of orthogonal experiments and software secondary development. Based on
the modeling of a pure electric bus, the basic parameters of the vehicle were determined;
the vehicle power system scheme was simulated and analyzed; and the power system
design scheme with the best power performance and economic performance was optimized,
which could effectively reduce the testing costs in the process of vehicle development. The
main conclusions were as follows:

(1) The main parameters of the bus and the expected performance indicators were de-
termined. According to market research, the parameters of the battery cells and the
selection of the motor were determined, and the parameters of 240, 280, and 320 sets of
lithium iron phosphate batteries were selected by calculating the battery capacity and
motor power, along with the PM150, PM165, and PM180 series permanent magnet
synchronous motor parameters;

(2) Based on the secondary development of ADVISOR software, the models of each
module of the power system were constructed. Taking China’s typical urban bus cycle
(CLTC) as the experimental cycle, different battery pack numbers (a), motor powers
(b), wind resistance coefficients (c), and wheel rolling resistance coefficients (d) were
selected as the influencing factors in the orthogonal experiments. Each factor was
set at three levels to complete the simulation analysis of the power performance and
economic performance of the pure electric bus;

(3) According to the orthogonal test and comprehensive scoring method, the design
scheme of the pure electric medium-sized bus was optimized to run in the environ-
ment of 0.6 (C1) and 0.009 (D1) with 240 groups of lithium batteries (A1) (rated voltage,
220 V; battery capacity, 100 Ah; battery power, 264 kW h; battery mass, 1260 kg) as the
power source, equipped with permanent magnet motor PM165 (B2) (rated voltage,
220 V; rated power, 60 kW; rated torque, 825 N m; rated speed, 1450 r/min; motor
mass, 162 kg). Its performance indicators were as follows: the maximum cruising
range was 271.3 km; the acceleration time from 0 to 50 km/h was 4.6 s; the gradient
was 19.8%; and the maximum speed was 156.4 km/h.

The sample size of the experiments in this paper was moderate, and the sample
size could continue to be expanded. In addition, there was a lack of appropriate bench
experiments to verify the experimental results. According to the research contents and
literature references of this paper [40,41], four suggestions are put forward for future work:
(1) increase in the number of samples and experiments; (2) appropriate increase in bench
experiments; (3) attempts to optimize the simulation results using smart algorithms, such
as genetic algorithms; (4) analyses of the costs of vehicle design and vehicle emissions.
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Parameter Meaning Represented

M whole-vehicle quality
) rotating-mass conversion factor
he wheelbase
Cp air drag coefficient
A windward area
f rolling resistance coefficient
P, electric motor power based on top speed
Piax motor power according to maximum grade
Prijax motor power according to acceleration time
Nmax motor peak speed
Ne motor rated speed
i electric vehicle reduction ratio
r tire radius
T, motor rated torque
Tinax motor peak torque
Umax maximum speed
1t mechanical efficiency
g gravitational acceleration
v; speed at maximum grade
Xmax maximum angle
T acceleration time
vt final velocity
We energy required by battery pack
S cruising range
Ve constant driving speed
Wess battery pack actual energy
C battery capacity
Uess rated working voltage of battery pack
Eess depth of discharge
M; index membership degree
X; index value
Xinax maximum value of index
Xonin minimum value of index
Mg, maximum cruising range
Asp 0~50 km/h acceleration time
Cyo climbing at 20 km/h
Mg maximum speed
P power consumption
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