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Abstract

This paper proposes a hierarchical sizing method and a power distribution strategy of a hybrid energy storage system for
plug-in hybrid electric vehicles (PHEVs), aiming to reduce both the energy consumption and battery degradation cost. As
the optimal size matching is significant to multi-energy systems like PHEV with both battery and supercapacitor (SC), this
hybrid system is adopted herein. First, the hierarchical optimization is conducted, when the optimal power of the internal
combustion engine is calculated based on dynamic programming, and a wavelet transformer is introduced to distribute the
power between the battery and the SC. Then, the fuel economy and battery degradation are evaluated to return feedback
value to each sizing point within the hybrid energy storage system sizing space, obtaining the optimal sizes for the battery
and the SC by comparing all the values in the whole sizing space. Finally, an all-hardware test platform is established with
a fully active power conversion topology, on which the real-time control capability of the wavelet transformer method and
the size matching between the battery and the SC are verified in both short and long time spans.

Keywords Plug-in hybrid electric vehicles - Hybrid energy storage - Battery energy storage - Hierarchical sizing

Abbreviations 1 Introduction

CTUDC Chinese typical urban driving cycle

DC Direct current The electrification of the automobile industry is a critical
DM Driving motor step toward addressing the energy dilemma and protect-
DP Dynamic planning ing the environment [1, 2]. The adoption of plug-in hybrid
EMS Energy management system electric vehicles (PHEVs) makes it possible to reduce the
EV Electric vehicle consumption of fossil fuels and provides a more positive
HESS Hybrid energy storage system environmental impact [3]. Some countries have devised
HEV Hybrid electric vehicle both short- and long-term policies to promote the use of
HIL Hardware-in-the-loop PHEVs [4]. The study of the hybrid energy storage sys-
ICE Internal combustion engine tem has shifted its focus to how to accurately estimate the
PHEV Plug-in hybrid electric vehicle internal state of the system, delay battery life degradation,
RFCC Rain-flow cycle counting and realize coordinated and optimized control of power and
SC Supercapacitor energy [5, 6]. A significant number of studies have investi-
WT Wavelet transformer gated PHEV management to reduce fuel consumption and
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extend battery life to increase the economic performance of
PHEVs [7, 8].

Many scholars have developed different strategies to boost
the economics of PHEVs [9]. Reference [10] proposed a
back-to-back competitive learning mechanism-driven fuzzy
logic-based energy storage approach to increase the fuel effi-
ciency of a hybrid electric vehicle. The experimental results
showed that the proposed method reduced the fuel consump-
tion by 7% compared with the traditional energy manage-
ment system (EMS). The reinforcement learning algorithm
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is used in Ref. [11] to reduce fuel consumption of the hybrid
electric vehicle (HEVs), saving 2.04% more energy than sto-
chastic dynamic programming-based energy management.
To extensively investigate the impact of uncertainty on elec-
tric vehicle (EV) charging efficiency, probabilistic modeling
of EV charging patterns in residential delivery networks was
performed [12]. However, certain operating modes or con-
trol algorithms increase fuel economy by overloading the
battery grid, which reduces battery lifespan [13]. Thus, it
is necessary to constrain battery degradation cost for EMS
of PHEV [14]. In typical PHEVs, there is a mutual influ-
ence between the use of energy and battery degradation, i.e.,
reduced energy consumption implies a higher efficiency of
the battery, which would eventually reduce battery life and
increase its degradation cost [15].

Over years, the hybrid energy storage system has been
developed with a strong prospect of enhancing the economic
performance of PHEV, particularly power electronics and
supercapacitor (SC) technology [8, 16, 17]. The lifespan of a
SC is longer, as it has a much higher power density, allowing
it to have an efficient energy output [18, 19]. The rule-based
energy management strategy is proposed in Ref. [20] for
a battery/SC hybrid energy storage system to generate the
battery current reference in a robust fractional-order sliding-
mode control, with hardware-in-the-loop (HIL) to test the
efficacy of the proposed control scheme. In Ref. [6], the
energy management technique generates the battery current
reference, while the Lyapunov controller generates the cur-
rent supercapacitor reference to ensure voltage stability of
the direct current (DC) bus. The simulation and test proved
the stable monitoring and smooth transfer during great load
power [20].

Figure 1 illustrates an example of the hybrid energy
storage system of the PHEV powertrain [21]. Similar to
traditional vehicles, the engine provides propulsive torque
directly to the wheels of HEV [22-24]. An electric motor
driven by a battery pack is also mechanically attached
to the driveline, which enables the engine to increase its
power output. The torques produced by the motor are sup-
plied to the wheels. The engine torque and motor torque
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Clutch

== Mechanical signal

e}

Motor

Fig. 1 Powertrain structure of PHEV hybrid storage system

can be controlled separately, but each of the motors and
engines has its speeds defined by the overall speed of
the vehicle. A supercapacitor system is connected to the
power bus of the PHEV energy system by a bi-directional
DC-DC converter [8]. However, the distribution of power
among three power sources with their different character-
istics remains a challenge. Few papers considered battery
degradation cost. If the operating points of the compres-
sor, motor, and HESS are not optimized, the economic
performance of PHEVs will suffer. To fill these research
gaps, this paper proposes a new strategy to improve both
fuel efficiency and battery longevity in PHEV energy
management.

What is critical to the aforementioned studies is that the
sizes of components in the multi-energy system should be
established beforehand, and the following study on EMS
performance was performed following the predetermined
value. When the component size changes, the system per-
formance is significantly affected. As a result, size match-
ing is important in developing the best multi-energy system.
Previous multi-energy system size-matching research has
studied a variety of situations, including microgrids and
transportation [15, 25]. Some researchers proposed global
optimization methods [26-28]. Eldeeb et al. [29] developed
a multi-objective optimization approach for minimizing the
HESS system cost on a PHEV, in which weight and volume
were taken into account while determining the best battery
unit and SMES size. A hybrid method was proposed in the
sizing process, which involves multi-objective optimization
[30]. Furthermore, several scholars looked into statistical
analysis. According to the statistical description of driving
cycles, for example, Ravey et al. developed a technique for
optimizing the size of HEV's power supply [31].

Therefore, the key contributions of this study are sum-
marized as follows:

e A hierarchical sizing method that combines the dynamic
energy management algorithm with the static sizing
space is developed for PHEV.

e Under the hierarchical sizing framework, both the battery
degradation and fuel economy are evaluated quantita-
tively.

e An all-hardware HESS platform is designed and imple-
mented to verify the real-time control capability of the
wavelet transformer (WT) and to prove the effectiveness
of the size matching between the battery and SC.

The rest of the paper is organized as follows: Sect. 2
gives a detailed introduction about the main methods devel-
oped and applied, including the hierarchical sizing method,
optimal size-searching method, rain-flow cycle counting
algorithm, WT method, and the hardware design. The test
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platform and all the real-time experiential results are pre-
sented in Sect. 3. Conclusions are provided in Sect. 4.

2 Hierarchical Sizing Study

The concept of the hierarchical model has been widely used
in the industrial applications, and the idea of hierarchical
sizing is significant for multi-energy systems [32]. The hier-
archical sizing study is conducted based on both the dynamic
planning (DP) and WT, focusing on the overall HESS capac-
ity and each power component. The structure and workflow
of the proposed hierarchical sizing study are shown in Fig. 2,
which is divided into three levels.

(1) At the first level, the power requirement of a PHEV
is split into two parts: the power requirement from
the internal combustion engine (ICE) and that from
the driving motor (DM). The DP algorithm is used to
achieve the optimum power distribution between the
ICE and DM based on the Chinese typical urban driv-
ing cycle (CTUDC) and the performance maps of ICE
and DM. Then, the power and energy requirement for
the hybrid energy storage can be obtained.

(2) Atthe second level, the wavelet transform algorithm is
used to share the power inside the HESS between the
SC and the battery. The working principle of the WT is
that the battery should be kept from the instantaneous
high power requirement, which means the WT needs
to filter both the high-frequency and high power com-
ponent.

(3) At the third level, a comprehensive sizing study is
developed, searching the SC-battery sizing space to
both the battery degradation and fuel cost. The battery
life-cycle costs are quantified using the rain-flow cycle
counting (RFCC) algorithm. A detailed introduction
about the comprehensive sizing study for the battery

N ' N\ ( N\
Static c e
hierarchical . Om;t)re elns_lve
sizing study HESS sizing cost analysis
space Battery and SC | | Battery!
Constraints sizing space L Dcost
Optimal PS
Candidates for each | J U = J

candidate ‘[

Inputs

DP for power WT for power

Optimized
sharing between |——| sharing between |
ICE and DM SC and battery battery-SC size

Optimal HESS size Optimal battery and SC
based on DP size based on WT

Fig. 2 Hierarchical sizing study
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and the SC and the RFCC will be introduced in Sects.
2.2 and 2.3, respectively.

DP is based on the optimal control theory and can
always generate the most fuel-efficient results while deal-
ing with the PHEV energy management problem. DP can
solve the powertrain control problem for most of the HEV/
PHEYV structures developed currently. Actually, it is not
a feasible approach for real-time application given the
computational cost and the requirement of priori knowl-
edge of the power profile (unrealistic for practical applica-
tions). For the real-time application, the DP could be used
to deal with time-window optimization with a very short
time span, such as several seconds. Therefore, globally
optimal control is normally implemented offline and serves
as a benchmark to explore the fuel economy potential. DP
is used as a recalibration method to improve and evaluate
the performance of the presented energy management. For
example, DP is employed to locate the optimized control
actions at each stage by minimizing the fuel consump-
tion cost over a certain driving cycle. Therefore, the key
control parameters under DP control could be extracted to
improve the proposed energy strategy. The DP optimiza-
tion results were used to recalibrate the proposed energy
control strategy, and then an optimization-based control
strategy could be acquired.

2.1 Optimal Size-Searching Method

The complemention of the battery and the SC lies in two
levels: the first level for the sizing problem and the second
level for the optimal energy management problem. For
the sizing problem, there are four parameters, the nominal
energy capabilities and power for both the battery and the
SC, that need to be optimized for the HESS. For a given
power demand, it is very difficult to conduct a compre-
hensive sizing study with a clear description of these four
parameters and their relationships, as the parameters are
coupled together. This paper uses a searching-cube-based
framework to give a straightforward but comprehensive
description of the parameters in the sizing study.

2.2 Rain-Flow Cycle Counting

The battery is generally considered to reach the end of life
when more than 20% of its initial capacity has been used
[33]. The RFCC algorithm is usually used for analyzing the
fatigue of the metallic material. Many studies have already
used the RFCC method to calculate the battery degradation
cost, while, herein, the RFCC is used to obtain the irregu-
lar charging and discharging cycles. Basically, the cycle
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Fig.3 RFCC method

counting can be achieved by the following three steps as
shown in Fig. 3.

(1) Firstly, the data (for the battery, the data are the depth
of discharge that presents the battery charge/discharge
cycles) are pre-processed by searching for adjacent data
points with the reverse polarity so that the local max-
ima and minima can be found and stored in a matrix.

(2) Secondly, compose full cycles by analyzing the turning
points and combine these sub-cycles to get full cycles
together with the summing up of the amplitudes.

(3) Thirdly, extract and count the number of cycles in vary-
ing amplitude store them for later use.

The detailed introduction of the RFCC method can be
found in Ref. [34].

2.3 Wavelet Transform for HESS Power Distribution

The approximation and information of wavelet transform sig-
nals are at various frequency bands, using different resolution.
The high-frequency components would cause significant and
accelerated battery loss in PHEV, so the wavelet transform
algorithm is used to separate the high-frequency components.
The wavelet transforms the signal into several components
with varying resolutions expressed as:
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Fig.4 Wavelet transform process
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where a represents the smooth coefficient, d represents the
detail coefficient, ¢ is the father wavelet, and y is the mother
wavelet.

The discrete wavelet is defined as:

W, {0y} =277 3 x(ow (27 = k) @)
Jk

Vo (1) = ! W(t_1> 3)

: \/m a

The 3-level wavelet transform is shown in Fig. 4 for high-
and low-frequency power processing. The x(#) denotes the
processed signal, which is decomposed into wavelet coef-
ficients including detailed components and approximation
components.

The power demands for the battery and supercapacitor are
distributed using the wavelet transform. Figure 5 depicts the
high-frequency and low-frequency components of the 3-level
decomposition of x(z). After the decomposition, the smooth
and low-frequency component f;, is obtained as the power
demand for the battery. The remaining high-frequency com-
ponents, w,, w;, and wy, are assigned to the supercapacitor.
The lithium-ion battery power requirement curve changes
smoothly and slowly during wavelet decomposition, but at
some point, there is still a high-frequency power demand in
batteries. With the help of SCs, the high-frequency power
requirements for the battery have been drastically reduced.
Hence, battery life can be extended, which is a significant
benefit of using the wavelet transform in HEV.

2.4 Real-Time Control of HESS in PHEV

Power balancing is the major challenge for the efficient
use of energy storage devices in different applications, the
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achievement of which mainly depends on the control circuit.
The real-time control scheme for HESS in PHEV is shown
in Fig. 6.

The HESS control scheme is equipped with two DC/
DC converters. There are two inner current control loops
ensured by the two DC/DC converters, which work
together to maintain desirable output voltage from both
the battery and the SC. Further, the appropriate power
distribution between the two energy sources is achieved by
generating proper current reference under the control algo-
rithm. The WT is used to meet the power requirements,
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0 100 200 300 400 500 600 700
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Fig.5 3-level decomposition of electric power demands (wy, w;, w,,
and f, components of the x(¢))
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Fig.6 Control scheme for HESS in PHEV
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by generating the references for the current control of the
battery and the SC.

3 Real-Time Tests and Results

The CTUDC is applied for a city bus test. The standard-
ized driving cycle is more than 5 km with a driving dura-
tion of more than 20 min, and the typical profiles including
the driving speed and acceleration in CTUDC are shown
in Fig. 7.

3.1 Hardware System Setup

The dynamic performance of PHEV directly impacts the
driving performance. The real-time performance of the
proposed power distribution method is verified by hard-
ware test, where the HESS test setup is shown in Fig. 8. It
consists of energy storage devices (battery and SC), three
bi-directional DC-DCs, a DC bus system, a DC filter, a
controller, a digital storage oscilloscope, and a program-
mable load. The high-speed digital logic chip DSP28335
executes the proposed strategy and controls DC-DC
converters.
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The proposed matching capacity and the real-time con-
trol of the hybrid energy storage system is verified in two
scenarios:

e Scenario 1: long-term CTUDC training of HESS in
PHEV

e Scenario 2: comparison of the battery performances of
the battery-only system and the hybrid system.

3.2 Scenario 1: Long-Term CTUDC Training

The proposed WT control method is used to distribute
the power between the SC and the battery. Herein, one
standard CTUDC cycle is used as the training case, and the
results are shown in Fig. 9. As shown in Fig. 9b, the DM
actual power is the targeted power requirement for the bat-
tery and the SC. As shown in Fig. 9a, the DM should work
together with the ICE to meet the driving requirement.
However, the optimal power contribution from the DM is
determined by the DP. Therefore, the main control scheme
is designed for the HESS rather than the whole PHEV
system which includes the ICE. As shown by the orange
line in Fig. 9b, the instantaneous high power component
from the DM is transferred to the supercapacitor and the
battery, and it is used to deal with the low-frequency com-
ponent obtained after the WT. Figure 9c compares the bat-
tery current and SC current. The battery may still undergo
some peak power, for example around the 500 s in the blue
zone, when the SC deals with more power fluctuations
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Fig.9 Dynamic performance of HESS in PHEV

at the same time. The test results show that the dynamic
performance of the HESS conforms to the original design
intention, which is that the battery mainly deals with the
low-frequency power, whereas the SC takes care of the
high-frequency fluctuations.

3.3 Scenario 2: Comparison of Battery-Only System
and HESS

A case study is conducted with a rapid loading in the pro-
posed platform, comparing the battery-only system and the
hybrid system. The results are shown in Fig. 10.

As seen from Fig. 10b, the battery (the green curve) expe-
riences a smooth change; while in Fig. 10a, it undergoes an
instantaneous change. Further, as shown in the red zone of
Fig. 10b, the DC bus voltage in HESS shows a smaller drop
compared with that of the battery-only system. Thus, the SC
operates more quickly than the battery, allowing it to provide
a faster compensation to the DC bus voltage, demonstrating
another advantage of the proposed hybrid system.

The bus voltage of the SC system and that of the battery
system are approximately stable in the test, which indicates
that the proposed EMS coordinates the operation of the SC
and battery system reasonably, and the power requirements
of DM are satisfied in real-time.
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Fig. 10 Rapid loading test of (a) battery-only system and (b) hybrid
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4 Conclusions

This paper proposes a hierarchical sizing approach and
a hardware design for a hybrid energy storage device for
PHEVs which helps to reduce energy consumption and
the cost of battery degradation. Optimum energy is deter-
mined by dynamic programming on the internal combustion
engine, then the power distribution between batteries, and
SC is realized by a wavelet transformer. By scanning and
comparing all values in the whole size space, the best sizes
for the battery and the SC are obtained. Further, a power
conversion topology is designed on an all-hardware plat-
form. The tests validate the real-time control capacity as
well as the size matching between the battery and the SC in
both short and long time spans. Two scenarios are used to
validate the capability and real-time control of the hybrid
energy storage system. The highest battery c-rate limit is
8, and the highest SC c-rate limit is 20. The results prove
that the bus voltage of the SC system and that of the battery
system are stable, indicating that the proposed EMS coor-
dinates the operation of the SC and the battery system in a
reasonable manner.
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