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applied, and power sources, as one of the core technologies, greatly affect the working
performances of EVs. Currently, a single battery power supply is the mainstream configuration for
EVs, but the instantaneous/short-term high-power output required by the battery for vehicle working KEYWORDS
conditions has a serious impact on the service life of the battery. As an effective solution, the Electric vehicle
battery/super-capacitor (SC) hybrid power source (HPS) has attracted increasing attention. This
article proposes an improved semi-active battery/SC HPS, which can achieve multiple operating
modes and fully utilize the advantages of the two power sources to effectively protect the battery. A
fitness function is established with the optimization objective of minimizing the HPS cost and the
number of cells in SC and battery as control variables. A genetic algorithm (GA) is adopted to
optimize the HPS configuration based on the power required of the New European Driving Cycle
(NEDC) working condition. The optimized number of battery cells is 777, much smaller than the
1191 calculated based on theoretical formulas. Additionally, a logic threshold strategy is introduced
to flexibly control the collaborative work of the two power sources and achieve effective energy
management. The availability of the presented control method of HPS in various working modes is
verified through MATLAB/Simulink-based modeling and simulation. This work provides a theoretical
reference for the application research of HPS in EVs.
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1.0 INTRODUCTION

A rapidly growing vehicle industry has brought about increasingly severe problems concerning energy crises and
environmental pollution, making the development of efficient and clean new energy vehicles (NEVs) more urgent than
ever [1-3]. Pure electric vehicle (PEV), as an ideal new energy vehicle, is clearly and increasingly being promoted and
applied worldwide [4,5]. However, some concerns have been raised about PEV, such as short driving range, long charging
time, poor power output, short battery life, and high replacement cost. Nowadays, multiple power sources and
battery/super-capacitor (SC) hybrid power sources (HPS) as effective ways to solve the above problems have attracted
more and more attention [6-8]. The battery/SC HPS can fully combine the stable energy output capability of the battery
with the dynamic power output capability of SC, achieving complementary advantages between the two power sources.
In battery/SC HPS, the battery as the primary energy source can output stable energy for the load, while the SC as the
auxiliary power source can offer instantaneous high power or absorb braking energy, which fully reflects the respective
advantages of the two power sources [9]. For instance, Ebkowski analyzed the working performance of the battery/SC
HPS for electric vehicle (EV) [10]. The results show that HPS has apparent advantages over single-battery power sources.
Kachhwaha et.al studied the output characteristics of battery/SC HPS for EVs [11]. The SC and battery are responsible
for dynamic power and stable energy output respectively, thereby extending the battery life and driving range. Zhao et.al
conducted a study of the application of a battery/SC HPS in a braking energy feedback system [12]. The results indicate
that the regeneration efficiency can be effectively improved. Yang and Bai et.al studied the controller design methods of
battery/SC HPS applied to EV [13,14]. Tshian et.al used the Python/MATLAB mixture model of SC to study the
important role of SC in battery/SC HPS, which can effectively reduce battery stress and extend battery cycle life [15].
Ren et.al provided a detailed analysis of the application advantages, existing problems, key technologies, and application
prospects of battery/SC HPS in NEVs [16].

As key technologies of HPS, configuration optimization, and energy management strategy optimization have greatly
affected the performance of HPS, attracting the attention of researchers and resulting in some research results. For
example, Fares et.al studied a variety of optimization algorithms, such as simulated annealing (SA) algorithm, genetic
algorithm (GA), flower pollination algorithm (FPA), etc, to solve the HPS configuration optimization problem. And
comparative analysis was conducted through simulation examples [17]. The conclusions can provide a reference for the
size optimization study of HPS. Kamat et.al studied the size optimization of HPS for EVs based on the dynamic
programming (DP) algorithm [18], which can minimize battery capacity loss while reducing the cost. Nuvvula et.al used
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an improved particle swarm optimization (PSO) algorithm for configuration optimization of the power source [19], the
results have proven that the scheme can cut system costs and battery degradation rate.

Si et.al studied the configuration optimization of HPS based on a combination of quantum computing and fuzzy control
[20]. By establishing a low-cost and long-cycle life multi-objective optimization function, the optimal solution for HPS
configuration was obtained. Zhang et.al used an improved non-dominated sorting genetic algorithm-11 (NSGA-I1I) to
achieve capacity configuration optimization for a multi-energy system, achieving good overall system performance [21].
This method provides a reference for optimizing the configuration of HPS in EVs. Li et.al adopted a combination of
multiple optimization algorithms to achieve the power distribution and configuration optimization of a battery/SC HPS
[22]. The results show that this method can fully utilize SC, effectively protect the battery, and improve energy efficiency.

Xu et.al used the reinforcement learning (RL) method to obtain the optimal energy efficiency of a battery/SC HPS
and prolong battery life [23]. The results verify the effectiveness of the proposed method. Asensio et.al studied energy
management of battery/SC HPS based on the model prediction method [24], which can effectively reduce battery stress
and extend its service life, thereby increasing the range of EVs. Xu et.al used a Q-learning algorithm for the energy control
strategy of a battery/SC HPS to improve energy efficiency and delay the rate of battery energy degradation, thus
improving the driving range of EVs [25]. The results illustrate the validity of this method. So et.al studied the energy
management strategy method of battery/SC HPS to fully utilize SC to protect the battery [26]. The results confirm that
the battery life is prolonged by about 42% using this method. Also, energy management strategies of the battery/SC HPS
were studied to rationally utilize the advantages of the two power sources and improve the performance of the vehicle
[27-29]. Li and Lu et.al studied the power distribution strategies of battery/SC HPS based on optimization theory [30,31],
with the main purpose of fully utilizing SC while the battery can output stable current, thereby effectively improving the
battery life and vehicle endurance. Ren et.al comprehensively analyzed the performance of various optimization
algorithms for power distribution of battery/SC HPS in EVs and conducted a comparative analysis of modeling and
simulation based on different methods [32]. This study provides a reference for modeling methods and configuration
optimization of battery/SC HPS.

Available researches are mainly based on conventional HPS structures (such as semi-active and fully active
structures), while conventional HPS topologies have certain limitations in terms of the utilization rate of SC and the
diversification of operating modes. In contrast, this article proposes a variable structure battery/SC HPS topology
structure, which can realize two voltage outputs by controlling the switching between series and parallel connections of
two sets of SCs, thereby achieving multiple working modes to fulfill the power demand of vehicle under complex driving
conditions, and effectively improving the energy utilization rate of SCs. Firstly, considering the power requirement of a
vehicle and the replacement cost of the HPS, the fitness function relationship between the cost of the HPS and the number
of individual units of the two power sources is established, with the minimum cost of the HPS configuration as the
optimization objective, and the number of SC and battery cells as control variables. And utilizing the strong global optimal
searchability and ease of obtaining the optimal solution of GA to obtain the optimal goal, thereby reducing vehicle costs
and improving economic efficiency. Then, an improved logic threshold control strategy is proposed to meet the multiple
operating modes of the proposed HPS. This control strategy can effectively achieve the collaborative work of two power
sources, improve the energy utilization of SC, and decrease the current change rate of the battery. Furthermore, to check
the achievement of this work, a system model based on the Simulink environment is built, and simulation is implemented
in conjunction with the New European Driving Cycle (NEDC) working condition.

20 THE PROPOSED HPS AND ITS OPERATING PRINCIPLE

A semi-active HPS topology for EV is proposed, as shown in Figure 1, which mainly consists of two SC banks (SC1
and SC;) capable of series and parallel switching, battery, and bi-directional power converter (BDPC1). T1, T2, and T3
control the switching of connection modes between the two SC banks.

Ts, T2, and T3z are commanded to be off, the two SC banks are switched to parallel connection for discharge. T; and
Ts are off, T2 is on, and the two SC banks are switched to a series connection for discharge. T1 and Ts are switched on, T»
is switched off, and the two SC banks are switched to parallel connections for charging. T4, T2, and T3 are controlled to
be disconnected, the two SC banks are switched to a series connection for charging.

K1, Kz, and Ts control the charging or discharge of battery. K; and K, are commanded to be disconnected, Ts is
connected, and the battery provides energy to the drive motor. K; is switched off, Ts is switched on, K is controlled by
pulse width modulation (PWM) signal, the battery voltage is increased through BDPC1 and then provides energy to the
drive motor. When the drive motor operates as a generator, if Ky is on, K, and Ts are off, BDPCL1 is not required to
perform power conversion, and energy is controlled to be fed back into the battery. K, and Ts are switched off, K; is
controlled by the PWM signal, the back electromotive force (EMF) of the drive motor is stepped down through BDPC1,
and then the braking energy is controlled to be fed back into the battery. Ki, Ky, and Ts are switched off, the battery is
disconnected from the Bus terminal.

The switching of working modes of the two power sources is controlled by Ki, T4, and Ts. T4 is off, and Ts is on, then
the battery is discharged individually. If T4 and Ts are turned on, the battery and SC banks are discharged together. If Ki,
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T4, and Ts are turned off. The SC banks recover energy separately. If T4 and Ts are off, K is switched on or controlled
by a PWM signal. The battery and SC banks recover energy together.
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Figure 1. An EV propulsion system based on the proposed semi-active HPS

The working conditions of EVs mainly include starting, accelerating, cruising, and braking. According to the
constantly changing working conditions of vehicles, the two power sources can be flexibly coordinated and matched to
meet the power requirement. For example, when the vehicle starts, due to the small power required and the instantaneous
large current demand, the SC can provide the required power separately to meet the instantaneous starting requirements
and protect the battery. When the vehicle accelerates, the power can be provided separately by the SC, and as the demand
for power increases, the required power can be jointly provided by two power sources. When the vehicle is cruising,
stable energy can be provided by the battery, and when there is a dynamic change in demand power, it can be borne by
the SC. When the vehicle brakes, the first choice is to feedback energy to the SC, or both power sources simultaneously.

The realizable working modes of the HPS mainly include power output mode and absorption power mode with
boosting ability, power output mode, and absorption power mode with step-down capability. Assuming that the initial
terminal voltages of SC; and SC, are the same (Uc), the initial voltage of the battery is Ug, and Uc=Ug, the terminal
voltage of HPS is Uy. The supply voltage of the drive motor is Un, and the back EMF of the drive motor is e.

(1) Output power mode |. When the drive motor is working in the motor state, if Un<Uc, the battery is connected in
parallel with the parallel-connected SC; and SC,. The terminal voltage of HPS is Uc. The drive-motor current is adjusted
by controlling the H-bridge inverter (as shown in Figure 1, it consists of power switches S; and SD4, S; and SD,, Sz and
SD3, Ss and SDy).

(2) Output power mode I1. If Un>Uc, there are two working modes. When Uc<Un<2Uc, the battery is also connected
in parallel with the parallel-connected SC; and SC,. BDPC2 is in boost mode to step up the HPS voltage (Uc) to Um. The
other is, when Un>2Uc, SC4, and SC; are switched to a series connection, BDPCL1 is in boost mode to step up the battery
voltage (Ug) to 2Uc, BDPC2 is in boost mode to step up the HPS voltage (2Uc) to Un.

(3) Absorb power mode I. When the drive motor is working in the generator state, if e>Uc, BDPC2 is in buck mode to
step down the back EMF of the generator to the HPS voltage so that the energy generated by the generator is fed back to
the HPS. If e>2Uc¢, SCi, and SC; are switched to the series connection. In this case, if K; is turned off, the battery is
disconnected from the circuit, and the energy is only fed back to SC; and SC, connected in series. Otherwise, if K is
turned on, and BDPCL is in buck mode, the energy can be fed back to the two power sources. If Uc<e<2Uc, SC4, and SC,
are controlled in parallel, in this case, if K; is turned off, the battery is disconnected from the circuit, and the energy is
only fed back to SC; and SC; connected in parallel, if K; is on, and BDPCL is also in buck mode, and the energy can be
controlled to flow to the two power sources.

(4) Absorb power mode I1. If e<Uc, are switched to the parallel connection, BDPC2 is in buck mode to step up the back
EMF to the terminal voltage of the HPS, so that energy generated by the generator is fed back to the HPS. It should be
noted that in this case, due to the small back EMF, the drive motor produces only a small amount of energy that can be
regenerated. Therefore, energy feedback control is generally not performed, but this working mode is feasible in principle.

For the multiple operating modes mentioned above of the HPS, the designed logic threshold control strategy is shown
in Figure 2. Preg and P4y are the required and average required power of the vehicle under the NEDC working condition,
respectively. Ppa and Ppa max are the power and maximum power of the battery, respectively. Here, the battery power
discharged at a current rate of 2C is taken as the ultimate power. Psc is the power of SC banks, Ssoc is the state of charge
(SOC) of SC banks, and Ssoc_min and Ssoc_max are the minimum and maximum of the SOC of SC banks, respectively. The
process of power distribution of the HPS is shown in Figure 3.

3.0 OPTIMAL DESIGN OF HPS PARAMETERS BASED ON GENETIC ALGORITHM

The battery mainly provides stable energy output, and its number of cells determines the vehicle’s driving range. As
is well known, the instantaneous power of a battery is determined by its discharge rate. The higher the instantaneous
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discharge rate, the greater the instantaneous power, but the battery life will also be shortened accordingly. The SC mainly
provides the instantaneous high power required by the vehicle and feedbacks the braking energy. Therefore, when
designing parameter matching for the HPS, the number of battery cells is calculated based on the driving range
requirement, while the number of SC cells is calculated based on the peak power demand.

A
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q P1'cq=PSC
SSOC_max SSOC_max
Pr‘ :Pbal
i Preq=Psct Ppa
Psc=0

P, rcq=P SC Ssoc—min
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-
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Figure 2. Schematic diagram of the logic threshold control strategy

Y

Figure 3. Power distribution flow chart
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More importantly, the cost is an important consideration for the rationality of the HPS configuration, so the parameter-
matching design of the HPS requires consideration of the cost. Designing a reasonable HPS configuration to minimize
the cost of battery replacement is a vital issue that needs to be resolved.

The parameters of the selected lithium-iron-phosphate battery and SC here are shown in Table 1 and Table 2.

Table 1. The parameters of lithium-iron-phosphate battery cell

Name Value
Rated capacity [Ah] 20
Rated voltage [V] 3.2
Internal resistance [mQ] 10
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Table 1. (cont.)
Name Value
Charging cut-off voltage [V] 3.65
Discharge cut-off voltage [V] 2

Maximum charging rate [-] 1C
Maximum discharge rate [-] 3C
Operating temperature [°C] -20-60
Weight [g] 53045

Table 2. The parameters of SC cell

Name Value
Rated capacity [F] 3000
Rated voltage [V] 2.7
Internal resistance [mQ] 0.29
Maximum current [A] 1900
Power density [W/Kkg] 5.9
Energy density [Wh/kg] 6.0
According to the classic Arrhenius equation, the battery life can be expressed as:
Eq
QIOSS=Be['R_T] Ay 1
A,=NDC )

where Qioss IS the capacity decay rate, B is the pre-exponential factor, z is the power coefficient, the value is 0.55, and E,
and R are the activation energy and molar gas constant, respectively. T and Ay are the Kelvin temperature and cumulative
cyclic discharge, respectively. N is the number of the driving cycle, and D and C are the depth of discharge (DOD) and
rated capacity of the battery, respectively. B and E, are the battery parameters, whose values are affected by the discharge
rate, which can be expressed as follows:

E,=31700-370.31¢ ©)

B=25990¢"5572"410620"007!" @)
where n represents the multiple of the discharge rate of the battery.

Then the values of pre-exponential factor B can be achieved, as shown in Table 3.

Table 3. The values of the pre-exponential factor
n 0.5C 1C 2C 6C
B 31630 27672 21681 12934

The battery life attenuation degree under a 1C discharge rate can be expressed as:

QIZBle—3l700;;3T7O.3X1 (Ah1)0-55 (5)
The battery life attenuation degree under the nC discharge rate can be expressed as:

anBne—317O(;e+T37O.3n (Ahn)0-55 (6)

Then, the model of the battery life attenuation degree can be obtained by formulas (5) and (6), which are expressed as
follows:

SLBT foss -0.3375n 0.1271n "
Q. =B\ kT (1.169¢077+0.146" 1271 £(0.149401494m) . g ) 1 < 10 @)

Here, based on the NEDC working condition, GA is adopted to achieve the optimization of the HPS configuration
parameters. The power demand is shown in Figure 4. It shows that the maximum demand power is 47.66kW.

GA stimulates the optimization process into a biological genetic process, encodes the initial population, and performs
adaptive calculations on the encoded population. If the calculation result meets the condition, the algorithm directly
performs the decoding operation and outputs the final result, then the calculation ends. If the calculation result does not
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meet the need, the initial population is copied, crossed, and mutated to generate a new population, and the new population
is again subjected to adaptive calculations until the result meets the conditions. According to the principle of survival of
the fittest, in the process of repeatedly generating a new population, the new generation population obtained is closer to
the optimal solution than the previous generation until the approximate optimal solution is obtained. GA has a solid global
optimal searchability and cannot easily fall into a locally optimal solution. So, GA is used to optimize the cost of the HPS.

Power [kW]

200 400 600 800 1000 1200
Time [s]

Figure 4. Power demand under the NEDC working condition

(1) Initialization of the population range. The number range of battery cells is determined by power requirement. The
maximum driving range of the vehicle is selected as 300km. The vehicle is cruising at a constant speed of 60km/h, the
DOD of the battery (rg) does not exceed 80%, then the calculated demand power is Preq=6.766KW.

The vehicle driving range (S) can be expressed as:

EBV
- 8
P ®)
where Eg is the energy released by the battery, and v is the vehicle speed.
Then, Eg can be expressed as:
SP,
EB= VCCI =Cbat UbatNBatnB (9)

where Cpq is the capacity of the battery cell, Upa is the voltage of the battery cell, and Nga is the number of battery cells.
Since #8<80%, then:

SPreq

a4 10
Vcbat UbatnB ( )

]\']Bat2

It is calculated that Nga>660.74, then the number of battery cells is at least 661.

Taking the maximum required power under the NEDC working condition as the peak demand power of the battery,
when the battery is individually discharged at a discharge rate of 1C, the maximum number of battery cells can be
calculated as follows:

47.66x1000
Npys—— 55— =1191.50 (11)

Then, the maximum number of the battery cells is 1191.

(2) Determination of the fitness function. The fitness function is established according to the relationship between the
vehicle cost and the number of cells of two power sources. The following three aspects need to be considered: satisfaction
of power requirement, the relationship between the battery life and replacement cost, as well as the HPS cost.

The battery provides stable energy, and the SC is mainly responsible for peak current and recovery of braking power, so
the available power of the HPS needs to meet:

PBat+PSC2PMax (12)

where Pga and Psc are the available power of battery and SC, respectively, Pmax is the maximum required power under
the NEDC working condition, namely Puax=47.66kW.

The cost of the HPS can be expressed as:
Chps=CrartCsctCpenc (13)
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where Chps is the cost of the HPS, and Cga and Csc are the prices of battery and SC, respectively, and Cpc/oc is the cost
of the power converter.

Regarding the current market price, the price of the battery cell is 9.3 USD, the cost of the SC cell is 50.8 USD, and
the cost of the power converter is 0.06 USD/W. The life cycle of the vehicle is selected as 220,000km, taking into account
the HPS replacement cost during vehicle life. Since the cycle life of the SC and power converter is long enough, and
replacement is not considered here, the replacement cost of the HPS can be regarded as the replacement cost of the battery.
According to the classic Arrhenius theory, when the capacity of a battery decays to 20%, its output performance and
safety performance will drop sharply. At this time, it can be considered that the battery should be replaced. The cost
function of the HPS can be expressed as:

{Cveh:”bCb+”ucu+0.4><47660><2 0,20

Cyen=2n,C,t1,C, +0.4x47660x2 O >20 (14)

where n, and Cy, are the number and price of the battery cell, respectively, and n, and C, are the number and price of the
SC cell, respectively.

(3) Initial parameters setting. According to experience, the population number (NP) is generally 20 to 200, the crossover
rate (PC) is 0.75 to 0.95, and the mutation rate (Pm) is 0.05 to 0.1. Then, the initial parameters are set as NP=20, PC=0.8,
and Pm=0.1. In addition, the length of the genetic code string L takes 20.

The iterative process of the algorithm is shown in Figure 5. It can be seen that the optimal goal can be obtained within
100 iterations. The optimal value of the HPS cost is 14518USD, the number of battery cells is 777, the number of SC
cells is 40, the cost of the battery is 6941USD, the cost of SC is 1899USD, and the cost of the power converter is 5677USD.

14519
8145197
wn
2 14518}
(]

14518}
14518}
14518}

= 14518}
14518

-

Objective valu

0 10 20 30 40 50 60 70 80 90 100
Iterations [Number of times]
Figure 5. The iterative process of the algorithm

Here, the rated voltage of the battery pack and single SC bank (SC1 or SC,) is selected as 36V. Then, the battery pack
consists of 11 cells connected in series into one circuit, and then 70 circuits in parallel. A single SC bank consists of 13
cells in series into one circuit, and then two circuits in parallel.

4.0 SIMULATION

To confirm the availability of the proposed scheme and the dynamic tracking characteristics of the control targets, the
HPS configuration and control strategy models based on MATLAB/Simulink and Powerlib toolbox were established. The
simulation model is shown in Figure 6, where the battery adopts the built-in model of Simulink, the SC selects the
equivalent model of resistance and capacitance, and each power switch uses the Insulated Gate Bipolar Transistor (IGBT)
in the Powerlib toolbox. The power converter model is composed of the IGBTS, inductance, and capacitance from the
Powerlib toolbox. The H-bridge model is composed of four IGBTs from the Powerlib toolbox. The drive-motor model is
an equivalent circuit model composed of resistance, inductance, and back EMF.

The control strategy model is shown in Figure 7, where the required power and SC SOC are used as logical threshold
values. Based on the set values of the logical threshold signals, the working modes are controlled to switch. The model
of the judgment module for the SC SOC is shown in Figure 8. According to the designed control strategy, based on the
logic threshold signals, the controller needs to control the switching of the working modes of the HPS, the energy
transmission, and the transformation of the power converter and H-bridge, thereby achieving the set control objectives.
Here, an incremental proportion-integration-differentiation (PID) controller with good stability and practicality is used,
and its model is shown in Figure 9. When the required voltage of the drive motor is less than 36V, neither BDPC1 nor
BDPC2 performs a step-up conversion. The Bus voltage is given in Figure 10(a). The currents of the drive motor and
HPS are shown in Figure 10(b) and (c), respectively. It can be seen that based on the step change of the drive-motor
current, the actual drive-motor current can stably follow the set target, and the PID controller shows good dynamic
responsiveness and stability. If the demand power is larger than the average demand power (here, its value is 2kW), the
battery and SC are controlled to be connected in parallel to provide energy, where the SC provides a larger current output.
Otherwise, if the demand power of the drive motor is less than the average demand power, the battery provides energy
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separately. Correspondingly, when the vehicle is in a driving condition with low speed and high torque requirements such

as starting, this working mode of HPS can greatly decrease the current output of the battery, effectively protect the battery,
and thus prolong its service life.
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Figure 10. Some simulation results of providing energy in step-down mode, (a) Bus voltage, (b) Current of drive motor,
(c) Currents of HPS, battery and SC

When the required voltage of the drive motor is greater than 36V and less than 72V, BDPC1 does not perform voltage
conversion. BDPC2 works in boost mode. The reference of Bus voltage is set to 60V, the Bus voltage and terminal voltage
of the HPS are shown in Figure 11(a). It can be seen that the Bus voltage quickly and almost without overshooting tracks
the set target value. Only when the drive-motor current changes, there is a slight fluctuation in the Bus voltage, but it
quickly stabilizes at the target value. The PID controller shows good stability. The currents of drive-motor and HPS are
shown in Figure 11(b) and (c), respectively. It can be seen that when the drive-motor current undergoes step changes, the
actual drive-motor current can also quickly track the target, and the PID controller shows good dynamic response and
stability.

It shows that in the mode of co-supplying energy by the battery and SC banks, the battery outputs a stable current of
about 15A, and the remaining demand current is supplemented by the SC banks to cut down the peak current output of
the battery. Correspondingly, when the vehicle is in dynamically changing driving conditions, this working mode of the
HPS makes the SC banks bear the dynamically changing power output, and the power output of the SC banks changes
correspondingly with the dynamic change of power demand, which can ensure that the battery only provides a relatively
stable energy output and effectively protect the battery.
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Figure 11. Some simulation results of providing energy in step-up mode, (a) Terminal voltage of the HPS and Bus
voltage, (b) Current of drive-motor, (¢) Currents of HPS, battery and SC

When the required voltage of the drive motor is greater than 72V, both BDPC1 and BDPC2 work in boost mode.
Here, the reference of Bus voltage is set to 110V, the Bus voltage and HPS voltage are shown in Figure 12(a). It can be
seen that the Bus voltage quickly and almost without overshooting tracks the set target value, and when the HPS voltage
changes, the Bus voltage is also almost unaffected. The PID controller also shows good stability. The currents of drive-
motor and HPS are shown in Figure 12(b) and (c), respectively. It can be seen that when the drive-motor current undergoes
step changes, the actual value can also quickly track the reference value, and the PID controller shows good dynamic
responsiveness and stability.

It also shows that in the mode of co-supplying energy by the battery and SC banks (in the interval of 0-0.6s), two SC
banks are connected in series, and the HPS voltage is 72V. The battery outputs a small stable current of about 0.2A, while
the SC banks bear the majority of the current output. Within an interval of 0.6s to 0.8s, the battery provides energy
separately and the SC banks do not output current, the HPS voltage is 36V, which is boosted from BDPC2 to the target
value of 110V for the bus voltage. Accordingly, when the vehicle is driving at a relatively high speed in a short time, this
working mode of HPS can make the SC banks bear most of the power output, thus fully improving the energy utilization
of SC banks. In the energy recovery, energy is only fed back to the SC banks, the initial voltage of a single SC bank is
24V. The drive motor works in a power generation state to convert vehicle kinetic energy into electrical energy, which is
fed back into the SC banks. At the same time, it generates an electric braking force, which is related to the drive-motor
current. The back EMF of the generator and HPS voltage are shown in Figure 13(a). It shows that the back EMF decreases
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with the decrease of vehicle speed. When the back EMF e>72V, SC; and SC; are switched to a series connection to
feedback energy (the initial terminal voltage at the beginning of the recovering energy mode is about 48V). When the
back EMF e<72V, the two SC banks are switched to parallel connection to feedback energy (the terminal voltage is about
24V). The currents of the drive motor and HPS are shown in Figure 13(b). It can be seen that when the feedback current
of the drive motor undergoes step changes, the actual value can also quickly track the reference value, and the PID
controller shows good dynamic response and stability.

120
100 [

oo
o

Voltage [V]
(@)}
]

— Bus voltage (reference) \
------ Bus voltage

40+
201t —— HPS voltage
0 L ' 1 A L ' L
0 01 02 03 04 05 06 07 08
Time [s]
(@)
30
25
<20
15
2 — Reference value
S [ Actual value
0 . L L . . . L
0 0.1 02 03 04 05 06 07 08
Time [s]
(b)
8
7
_ 6
st
z 4
el |— HPS current
5 —— SC current
2F |- Battery current ;
'k i
0 [ < T b ek T T L LT L) | bbbt oosoeee —1 L
0O 01 02 03 04 05 06 07 08
Time [s]
(©

Figure 12. Some simulation results of providing energy in step-up mode 11, (a) Terminal voltage of the HPS and Bus

5.0

voltage, (b) Current of drive-motor, (c) Currents of HPS, battery and SC

CONCLUSION AND OUTLOOK

A variable-voltage HPS topology that can realize real-time switching of SC banks in series and parallel is proposed.
GA-based parameter optimization design method is adopted, in which main factors such as power demand, battery
life, and cost are considered, the HPS cost is the optimization goal, thereby reasonably controlling the cost of the
onboard power source. The optimized number of battery cells based on the NEDC working condition is 777, much
smaller than the 1191 calculated based on theoretical formulas.
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Figure 13. Some simulation results of recovering energy (a) Terminal voltage of the HPS and back EMF, (b) Currents

of drive-motor and HPS

e Various working modes, as well as control of bus voltage, drive-motor current, and switching of SC banks, are all

implemented in MATLAB-based simulation. The adopted power control strategy can fully leverage the advantages
of SC in quickly adjusting dynamic power demands, increasing energy utilization, and reducing the peak current of
the battery, which can prolong the battery life, and extend the vehicle’s driving range. The designed logic threshold
control strategy cannot achieve optimal control of power flow under complex driving conditions, thereby limiting the
realization of optimal performance of the HPS. Therefore, in a follow-up study, intelligent algorithms will be
introduced to optimize the power distribution and energy control of the HPS.

Simulation results prove the validity and reliability of the designed scheme. Based on this work, future research will
consider combining the proposed HPS with the vehicle model for simulation and optimization in environments closer
to the actual working requirements of the vehicle and will pay relatively more attention to experimental evidence to
further validate the efficiency and practicability of the proposed HPS and its control method.
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