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The adoption of hybrid powertrain technology brings a bright prospective to improve the economy and envi-
ronmental friendliness of traditional oil-fueled automotive and solve the range anxiety problem of battery
electric vehicle. However, the concern of the battery aging cost is the main reason that keeps plug-in hybrid
electric vehicles (PHEV) from being popular. To improve the total economy of PHEV, this paper proposes a win-
win energy management strategy (EMS) for Engine-Battery-Supercapacitor hybrid powertrains to reduce energy
consumption and battery degradation cost at the same time. First of all, a novel hierarchical optimization energy
management framework is developed, where the power of internal combustion engine (ICE), battery and super
capacitor (SC) can be gradationally scheduled. Then, an adaptive constraint updating rule is developed to
improve vehicle efficiency and mitigate battery aging costs. Additionally, a control-oriented cost analyzing
model is established to evaluate the total economy of PHEV. The quantified operation cost is further designed as
a feedback signal to improve the performance of the power distribution algorithm. The performance of the
proposed method is verified by Hardware-in-the-loop experiment. The results indicate that the developed EMS
method coordinates the operation of ICE, driving motor (DM) and energy storage system effectively with the fuel
cost and battery aging cost reduced by 6.1% and 28.6% respectively compared to traditional PHEV. Overall, the
introduction of SC and the hierarchical energy management strategy improve the total economy of PHEV
effectively. The results from this paper justify the effectiveness and economic performance of the proposed
method as compared to conventional ones, which will further encourage the promotion of PHEVs.

1. Introduction

Electrification of the automotive industry is one key step towards
environmental protection [1-3]. Many countries have set both short-
term and long-term strategies to encourage the adoption of PHEVs
[4,5]. However, the concern of battery degradation cost is still the main
barrier for PHEVS to gain popularity in customers [6,7]. To improve the
economic efficiency of PHEV, a large volume of studies in recent years
have investigated PHEV energy management to reduce fuel consump-
tion and prolong the lifespan of batteries.

The configuration in Fig. 1(a) is one of the most commonly used
PHEV structures, whose power system consists of two types of energy

sources: internal combustion engine and battery [8-11]. The Integrated
Starter Generator (ISG) is used to generate electricity and charge the
battery to improve the efficiency of ICE. With this configuration, many
researchers have developed various techniques to improve the economy
of PHEV in recent years [12-15]. An evolutionary algorithm based on-
line energy management method was proposed in [16] to improve the
fuel economy of a hybrid electric vehicle. The HIL results demonstrate
that the proposed algorithm can save 10.7% of fuel consumption
compared to the conventional energy management method. Further, the
distributed cooperative formation control method is used in [17] to
reduce fuel consumption of hybrid electric vehicles. Experiment results
indicate that the reinforcement learning algorithm can save 2.04% of

Abbreviations: EVs, Electric vehicles; PHEV, Plug-in hybrid electric vehicles; EMS, Energy management strategy; ICE, Internal combustion engine; SC, Super
capacitor; DM, Driving motor; ISG, Integrated Starter Generator; HESS, Hybrid energy storage system; DP, Dynamic programming; HIL, Hardware-in-the-loop; WT,
Wavelet transform; RCC, Rain-flow cycle counting; SoC, State of charge; DOD, Depth of discharge; C2F, Cycles to Failure; CTUDC, Chinese typical urban driving
cycle.
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energy consumption compared to the optimization-based EMS.

Nevertheless, in some operation modes or control algorithms, fuel
economy is improved by overloading the battery system, which will
impair battery longevity [18,19]. Thus, it is necessary to constrain
battery degradation cost in the EMS of PHEV. The battery aging cost is
considered in [20], and the Pontryagin’s principle is used to minimize
the total cost of energy consumption and battery degradation. Results
indicate that battery is protected effectively, and the degradation cost is
reduced significantly (10.6%). However, there is a tradeoff between
energy consumption and battery degradation in traditional PHEVs. The
reduction of energy consumption means the higher utilization degree of
the battery, which will inevitably impair battery lifespan and increase its
degradation cost. In other words, it is difficult to reduce energy con-
sumption and battery degradation cost at the same time [21,22].

In recent years, the development of hybrid energy storage system
(HESS), particularly power electronics and SC technologies, brings a
promising prospect to improve the economy of PHEVs [23-26]. Power
electronics based energy management converter is proposed in [27] to
enable the usage of SC system in PHEVs. Four different power electronic
converter topologies and control strategies are designed and compared,
providing viable solutions for on-board power management of PHEVs
with SC system. A Dual-source PHEV topology is studied in [28], where
SCs are included to increase the dynamic response of PHEVs and prolong
battery life. HIL experiment results reveal that the peak power and cy-
cles of batteries can be reduced significantly by SCs. However, the
endurance mileage of dual-source PHEVs is not satisfactory to cus-
tomers, because the energy density of battery and SC is far less than
fossil fuel [29].

To improve the endurance mileage and economy of PHEV, the
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Triple-Source powertrain structure emerges recently [30-32]. As shown
in Fig. 1(b), compared to the powertrain configuration in Fig. 1(a), an SC
system is connected to the power bus of PHEV energy system by a bi-
directional DC-DC converter [33-35]. The idea is to use SCs as a
power buffer to protect battery from high C-rate operations. The optimal
topology and economy of Triple-Source powertrain scheme are inves-
tigated in [36]. Simulation results reveal that the hybrid energy storage
system, including batteries and SCs, can effectively extend battery life-
span and reduce PHEV operating costs.

However, there is still a challenge regarding the efficient power
distribution between three power sources according to their different
characteristics. The optimal power management of Triple-Source pow-
ertrain is a complex optimization problem with three different optimi-
zation variables and two optimization objectives. To the authors’ best
knowledge, only limited research has been dedicated to this issue. An
energy management method based on Dynamic programming (DP) al-
gorithm is proposed in [37] to optimally allocate energy between
engine-generator, battery and SC. Experiment results show that the
proposed control strategy improves 11.28% of fuel economy compared
to traditional PHEVs. However, battery degradation cost is not consid-
ered. In addition, the working points of the engine, motor and HESS
cannot be fully optimized due to the intrinsic optimization ability of DP
algorithm, constraining PHEV economy.

To address above research gaps and better utilize the Triple-Source
energy storage system in PHEV, this paper proposes a novel win-win
energy management strategy to simultaneously improve the fuel econ-
omy and prolong the battery life. In this hierarchical optimization-based
framework, the power of ICE, battery and SC system can be scheduled
gradationally based on their different characteristics. In the first stage, a
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Fig. 1. Comparison of energy storage system structure in traditional PHEV (a) and Triple-Source powertrain structure (b).



S. Lietal

novel adaptive constraint update DP algorithm is proposed to improve
the efficiency of the ICE, DM and HESS in PHEV. In the second stage, a
control-oriented cost analyzing model is developed, which can
comprehensively evaluate the fuel economy and battery degradation
cost with PHEV operation. The quantified integrated cost is designed as
a feedback signal to improve the performance of the PHEV energy
management strategy. The dynamic performance of the proposed energy
management strategy is validated through Hardware-in-the-loop (HIL)
experiment, and the economy of PHEV, including the fuel, electricity
and battery degradation cost in total life cycle, are verified by numerical
analysis.
The key contributions of this paper are as follows:

1) Comparing to the most existing literature about ICE-battery PHEV
energy management, this paper mainly focuses on the ICE-battery-SC
triple-source powertrain. A novel hierarchical optimization energy
management framework is proposed, in which the operation of
Triple-Source powertrain can be scheduled gradationally, thus the
computational complexity of energy management issue can be
reduced significantly.

2) Comparing to the Triple-Source powertrain EMS studied in previous
literature, which mainly focuses on improving the fuel economy but
neglects the battery aging cost, this paper is the first attempt to
investigate and mitigate battery aging phenomenon in Triple-Source
powertrain control issue. With the proposed EMS, the fuel cost and
battery aging cost can be reduced at the same time, and thus the total
economy of PHEV can be significantly improved.

3) Comparing to the conventional DP algorithm-based EMS, this paper
studies a novel adaptive constraint updating method to adjust the
working area of vehicle dynamical system. It designs a novel control-
oriented PHEV cost analyzing model, where the fuel economy and
battery degradation phenomenon can be evaluated comprehensively
with the operation of PHEV. The quantified operation cost is used as
a feedback signal to improve the performance of the energy man-
agement system.

Furthermore, the theoretical and practical significance of the
developed methodology can be summarized as follows:

1) The designed hierarchical optimization energy management frame-
work and the corresponding adaptive power distribution method can
further perfect the design and management theory of PHEV with
Triple-Source powertrain.
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2) The simulation and experiment results in this study indicate that the
use of SC energy storage can further improve the total economy of
PHEV, which provides a new power system solution for the auto-
mobile industry and will further improve the promotion of the
transportation electrification process.

The rest of the paper is organized as follows: The proposed hierar-
chical optimization-based energy management framework is in Section
IL.A. Section II. B ~ D presents the details and the mathematical prin-
ciples of the proposed method. The performance of the proposed method
is analyzed in Sections III, followed by concluding remarks in Section IV.

2. Hierarchical energy management framework

Hierarchical model has been widely used in industry and hierarchi-
cal optimization is of great significance to complex system control
[38,39]. To reduce the computational complexity of Triple-Source
powertrain energy management and improve the economy of PHEV, a
new energy management based on hierarchical optimization is devel-
oped in this section, where ICE, battery and SC system are scheduled
gradationally. The structure and information flow of the proposed hi-
erarchical optimization framework is shown in Fig. 2, which can be
divided into three levels:

1) At the first level, the power requirement of PHEV is first divided into
two parts: mechanical part (ICE) and electrical part (DM). The effi-
ciency maps of ICE, ISG and DM, and the adaptive DP algorithm are
used to obtain the optimal power sharing between ICE and DM.

2) At the second level, the power requirement of DM is distributed
between the battery and SC systems. Wavelet transform (WT) is used
to decompose the power requirement signal of DM into high-
frequency and low-frequency components. To protect the battery,
the high-frequency power requirement components are filtered and
provided by the SC system. The low-frequency power requirements
are satisfied by the battery system.

3) At the third level, to further improve the economy of PHEV, an
adaptive strategy update signal is constructed to optimize the
working condition and efficiency of ICE, DM, and energy storage
system. As shown in Fig. 2, the energy consumption and battery life-
cycle costs are quantified with the cost analysis model and Rain-flow
cycle counting (RCC) algorithm. Furthermore, the quantified inte-
grated cost of PHEV is designed as an adaptive feedback signal for the
DP algorithm-based energy management model.
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3. Adaptive energy management strategy for triple-source
powertrain scheme

This section describes the detailed mathematical principle of the
proposed hierarchical energy management strategy. First, an adaptive
energy management method is developed to distribute the power
requirement of the vehicle to different energy storage sectors. Then, an
integrated cost analysis and adaptive feedback signal generation model
is designed to quantitatively evaluate the fuel economy and battery
degradation cost of PHEV.

3.1. Adaptive dynamic programming algorithm-based ICE-DM energy
distribution strategy

The DP algorithm, mainly used to solve multi-stage decision-making
problems [40], is employed to distribute the power between ICE and
DM. The Berman optimization principle is utilized along with DP algo-
rithm. The whole optimization is decomposed into a series of single-step
optimization sub-problems, and the minimum cost function is obtained
by the backward solution method [41]. Based DP algorithm, an adaptive
power distribution algorithm is developed in this part, in which an en-
ergy consumption and battery life-cycle cost feedback signal is used to
adjust the working area of the ICE and DM and thus further optimize the
efficiency of PHEV.

The power system of PHEV is simplified as a nonlinear time-discrete
system, where the battery state of charge (SoC) is selected as the system
observed variable:

{ SoC(t + 1) = f(SoC(t), Cti(t)) o

SoC(0) = xo

where: SoC(t) and SoC(t +1) are the state of the battery at time t and t +
1. Ctl(t) is the control signal from vehicle control system, representing
driver’s behaviors and road conditions, including required ICE torque T,
and speed n,, ISG torque Tjsg, torque T,,and speed ny,, requirements of
DM, state of clutch S.,and braking Tyqe from the driver. fis the system
state transfer function.

To reduce the energy consumption of PHEV, the costs of fuel and
electricity are constrained by the objective function (2) of the DP
algorithm:

=

—1

J =" F.[SoCy, Ctly] + E.[SoCy, Ctly] 2

o~
I
=)

where: F, and E. are fuel and electricity consumption costs.

Furthermore, a correction factor based adaptive constraint update
method is applied in the DP to suppress battery degradation and
improve energy utilization efficiency. Firstly, 3 adaptive factors: SoC
attenuation APA,,, engine gain factor APG;, and motor gain factor
APMy,, are defined to regulate the utilization degrees of the battery, ICE
and DM respectively. The value and update rules of the 3 adaptive
factors are described in Section II.C.

Then, the state of battery is constrained by (3) to avoid over-
discharge:

APA;e-SOC,in<SSOCKSOC 0 3)

In optimization, the attenuation factor APA,,. is used to adaptively
adjust the rating of exertion of the battery, the greater the APA,,, the
shallow the allowable depth of discharge and the shrinking battery po-
tential utilization degree is allowed, vice versa. By adjusting APA,,, the
utilization degree of the battery is modulated dynamically.

The speed and torque of ICE are constrained through (4) and (5):

Te_min<Me_k Me_max ()]

APGice Te_min(Ne_x) STe_k SAPGice Te_max (Ne_i) ()
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The ISG motor in PHEV are passive devices with defined working
areas:

TUSG _min <SN1SG SNISG_max (6)

156 _min (Musc_ks SOC) T 1s6_x < T156 _max (MisG_is SOC) @

Eq. (6) limits the speed range of the ISG motor, and (7) describes the
maximum and minimum of torque of the motor.

The DM is the main drive device in PHEV and its working mode
impacts the efficiency of PHEV directly. Thus, the working area of DM is
also set as a flexible one through the adaptive factor method:

Pon_onin <P SPin_max ®

APM 41T _in (Din_ic, SOCk ) S Tk SAPMumy T _iax (Nn_i, SOCx.)

Formula (8) describe the motor output speed range, and (9) reflects
the flexible torque range of the DM. Similar to APA;,., APG;., and APMgy,
are used to adaptively adjust the potential utilization of the ICE and DM
in DP algorithm adaptively.

The state of the power system is defined by the Egs. (3)-(9), and the
potential utilization of DM, ICE is adjusted by the proposed adaptive
constraint update method. Finally, the power transmission relationship
of PHEV is defined by the following equations:

Tax =Tex+Tisck +Tui+Tpi 10)

Ny _jk = Ne_k = NISG_k clutch =1
Ne_x = Nysg_x clutch =0 1D
Tk + Tisg_x =0 clutch =0

Different from solving process in DP algorithm, in the derived energy
management strategy, the working points of ICE and DM need to satisfy
the actual working area:

Te_min(Me_k ) ST e kST e _max(Me_) 12)

Ton_min (i, SOC) KTk <Ton_max (Mu_i, SOCy) 13)

When the derived working points in DP algorithm out of the actual
working area, the corresponding ICE and DM output torque is modified
to be the corresponding maximum and minimum value.

3.2. Wavelet transform-based HESS management

In the power requirement of PHEV, the high-frequency components
would result in meaningless and accelerated battery degradation. Ac-
cording to [42], in hybrid energy storage system, the frequent delivery
of transient peak power requirements can harm the battery longevity
and decrease the power system efficiency. In particular, batteries are
susceptible to high-frequency componentsin power demand which
damages their chemical structure and greatly shortens their lifetime.
Nevertheless, SC can absorb the transient peak power requirement in a
short time without reducing their lifetime. Therefore, the second level of
power distribution is achieved by using the WT algorithm, which is a
well-recognized signal processing method to decompose an original
signal into several components with different frequencies [43]. The
discrete WT decomposes the discretized signal into several components
with different resolutions based on the transfer function, and in HESS
power decomposition issue, the decomposition process can be described
by (14) and (15):

W(z,s) = [ " () %(p(t - % dr (14)
Py (t) = ZZW(T’ s)‘/’j,k(’) 15)

where: s represents the degree of discretization. t = k2/ .k € Z2, P4y, (t) is
the power requirement of DM. Py (t) is the decomposed power profile.
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As one of the most simple and fast wavelet algorithms, Haar wavelet
has the shortest filter length compared with other wavelets and its
wavelet transform is equal to its inverse transform. The technical
disadvantage of the Haar wavelet is that it is not continuous, and
therefore not differentiable. However, accounting to [44], this property
can be an advantage for the analysis of signals with discrete signals. The
optimal energy management of EVs can be regarded as a discrete
optimal control problem, therefore, the Haar wavelet is used in our work
to distribute the power between the battery and SC. The Haar wavelet
function can be denoted as:

1, 1 €0,0.5)
—1, 1€ [0.5,1) (16)
0, others

o(t) =

In [45], the 3-decomposition-level wavelet-based energy manage-
ment strategy has been proved to be the optimal selection for the
battery-SC hybrid power system. In a comprehensive comparison of the
terminal SoC, current and energy losses, it is found that 3 decomposition
levels has better performances than the other decomposition levels.
Therefore, the three-level Haar wavelet is used in our work to process
power demand signals into high and low-frequency power (P, P,). The
structure of the three-level Haar wavelet transform is shown in Fig. 3.

The extracted high-frequency and low-frequency signal is expressed
as equation (17):

{ Py(t) =7 € 7T [Hi(z) + Ha(z) + H;(z)] an

Pt) = 7 € 7T [Ls(2)]

where .7 ¢ 77".7 represents inverse wavelet transform.

To ensure the dynamic performance of PHEV and protect battery
longevity at the same time, the high-frequency component Py (t) will be
handled by the SC system and the low-frequency component P;(t) will be
provided by the battery.

3.3. Integrated cost analysis and adaptive feedback signal generation
model

To design a win-win energy management method between fuel
economy and battery longevity, an integrated cost analysis and adaptive
feedback signal generation model is established in this part. The fuel
cost, electricity consumption and battery degradation of the PHEV are
chosen to construct the cost feedback function in this study.

In PHEV, because of the complex road condition and braking energy
recovery mechanism, the energy storage system is required to charge
and discharge rapidly, frequently and sometimes deeply. The battery
may be destroyed rapidly without effective protection. The degradation
phenomenon of the battery is mainly affected by the number of cycles
and depth of discharge (DOD). The RCC algorithm has been widely used,
such as in metal fatigue estimation and energy management in micro-
grid. The RCC algorithm applied in HESS has been studied in our pre-
vious work, the definition of the inputs and outputs and the detailed
algorithm parameters is shown in [46].

To quantify battery degradation in PHEV, the results of the RCC
method (extracted battery number of cycles and depth of discharge) are
converted to full life cycle economy by the following step:

Energy Conversion and Management 235 (2021) 114004

1) Calculate the equivalent degradation cycles (EC) of the correspond-
ing irregular cycles based on battery Cycles to Failure (C2F) rela-
tionship (18):

EC(k) = MAP,;(DOD(k), Crate(k)) 18)

The manufacturer will give an experiment profile to describe the
degradation character of battery, where the relationship between
maximum life cycles, DOD and Crate of the battery can be derived. The
C2F profile of the battery used in our work is shown in Fig. 4.

2) Define the equivalent battery aging factor 1, which reflects the
relationship between battery cycles to degradation degrees and can
be defined as:

n(k) = 1/EC(k) 19

According to the number of cycles and DOD data obtained by the
RCC algorithm, the total battery aging (TBA) and corresponding battery
degradation cost are calculated as (20) and (21):

k=n
TBA = " n(k) (20)
k=1

Cp_aging = PRp-TBA 21)

When TBA is close to 1, the battery should be marked as out of ser-
vice and replaced. PR, is the price of the battery and Cp_ggn, is the
degradation cost.

3) The operation cost of PHEV mainly includes fuel consumption costs
and electricity consumption costs, which can be depicted as equation
(22):

Cope = Viuel X Ppier +Ep X Pejec (22)

where: Vs and Ep are the ICE fuel consumption and DM electricity

cycles

DOD e
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1 F-oRHADN,

Bt

-
1
i
i
i
i
i
1
i
i

1
kS

-
7
i

>

.

1 FHRH ()b,

= e i

Fig. 3. The flowchart of the three-level Haar wavelet transform process.



S. Lietal

consumption; p,, and p,,. are the unit prices of diesel and electricity.

To reduce the energy consumption and suppress battery degradation
simultaneously, the Cp_gging and Cgpe should be constrained at the same
time. This is nearly impossible to be realized in traditional PHEV (bat-
tery and ICE), because the decrease of C,,. means the higher utilization
degree of battery and the Cp_qging Would increase inevitably. However, in
the Triple-Source powertrain scheme, the SC system can help the battery
and ICE work better at the same time. Therefore, in the proposed PHEV
control algorithm, three adaptive factors: APAso., APGice, APMy, are set
to reduce energy consumption and battery degradation.

Firstly, the initial and boundaries s of the adaptive factors is defined
as follows:

APA,,.(0) = APGi,.(0) = APM,,,(0) = 1
1 < APA,,.(1) <2
0.5 < APG,,(1) < 1.5
0.5 < APMy,(1) <2

(23)

The initial values of adaptive factors are set as 1 to guarantee that
PHEV works stably at the beginning. The value of adaptive factors in-
dicates the available utilization potential of PHEV system.APA;.(t)
represents the utilization potential of the battery, which is expected to
be reduced by using the SC system in this paper. The upper value of
APA,,(t) is set as 2, which constrains the battery potential utilization
degree in the DP algorithm. The power requirements of DM are provided
by the SC system, and the ability of the DM system to cope with over-
loading is very high, so theAPMy,(t) is set with a wide boundary. To
reduce fuel consumption, the usage of ICE should be reduced, so the
value of APGy,(t) is constrained within 0.5 to 1.5.

With the operation of PHEV, adaptive factors are updated regularly
to reduce energy consumption and suppress battery degradation. The
update rules of APA,., APGj,, and APMy,, are given in (24) ~ (26):
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4. Hardware in the loop experiment
4.1. Experimental data set description

The Chinese typical urban driving cycle (CTUDC) is used to simulate
the working scenarios of PHEV and verify the proposed methodologies.
The profiles of CTUDC are shown in Fig. 5, with a driving distance of
5.897 km and driving duration of 1314 s.

In our work, the proposed methodologies will be verified through
experiments and simulations on an electric bus. The configuration of the
platform is the same as Fig. 1(a) and the detailed parameters are shown
in Table 1.

4.2. Algorithm hardware implementation

The use of the DP algorithm reduces energy consumption and im-
proves the economy of PHEV effectively, but the optimization process of
the DP algorithm is very complicated and time-consuming, which limits
the real-time and hardware application of the DP algorithm. The optimal
ICE, DM and HESS working mode calculated by DP algorithm can be as a
benchmark or reference for further analysis. To realize real-time control
of PHEV, it is necessary to construct an online and effective controller
based on the results of the DP algorithm. Nowadays, the most popular
methods to realize the DP based energy management strategies in
hardware is divided into two types: rule base method and neural
network method. Compared to the rule base, the neural network is able
to learn the energy management rules using results from DP automati-
cally and more sufficiently, and thus it is used in this study. The con-
structing and training method of the neural network method has been

Table 1

G;;:llery V(ACh_aging) > 0 Specific parameters of the experimental PHEV.
APAgoc(k+ 1) = APAo (k) % beanm V(ACp_aging) < 0&V(AC,,,) >0 Name Parameters Value Parameters Value
(24) ICE Maximum power/ 147 Maximum torque/ 804
kW N
G+ V(AC ) 0 Idle speed/rpm 650 Maximum speed/ 2750
i aging) >
APGieo(k+ 1) = APGieo (k) x | B-asing (25) ) pm
G, V( Acupe) >0 1SG Maximum power/ 65 Maximum torque/ 600
kW N
Maximum speed/ 2800
Gl V(AC,pe) > 0&V (ACs_aging) < 0
APMgy (k + 1) = APMqy (k) x n ¥ fW) (ACh. ) DM Irvl;::(imum ower/ 168 Maximum torque/ 2000
de V(Acﬂ-aging) >0 KW P N q
(26) Maximum speed/ 2500
. . . . .. rpm
Firstly, if the battery degradation n 15. aC(.:eleraFed, APA,,. is increased Battery Capacity/Ah 60 Voltage/V 576
to suppress the usage of the battery; while if the increase rate of energy Supercapacitor  Capacity/F 13.75 Voltage/V 576
consumption tends to accelerate, APA,, will be decreased to save fuel Vehicle Vehicle loaded 18,000  Windward area/ 6.6
and improve the utilization of HESS system. Then, similar to APA,., dynamic mass/kg m2 .
APG, and APMy, are also determined by the trend of energy con- i\;frg:;:;afce 0.55 3:: rolling radius/ 473
sumption cost C,p, and battery aging cost Cp_qging. In the equation (24) ~ Rolling resistance 0.0095  Transmission 0.93
(26), Gpatery, Gice and Gy, represent the correction factor of the battery, coefficient efficiency
ICE and DM respectively.
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Fig. 5. The velocity and acceleration profile of the CTUDC.
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well studied in Zheng Chen’s work [12], the main processes are sum-
marized in Fig. 6.

When using the WT algorithm, the power requirement of the driving
motor is regarded as the input signal and the corresponding high-
frequency and low-frequency output signal is used as the control
signal of the SC and battery pack respectively. In this study, to better
illustrate the performance of the proposed method, the CTUDC is used to
simulate the working scenarios of PHEV and verify the proposed
methodologies. The power demand of the vehicle is already known due
to the predefined drive cycle. Therefore, the power requirement of the
driving motor can be regarded as a foreknown signal which can be dealt
with WT algorithm.

4.3. HIL experiment results of hierarchical optimization-based energy
management strategy

The HIL experiment platform established in the previous work [47]
conducted by our group is used in this study to validate the performance
of the proposed PHEV energy management method. The platform
mainly consists of 2 parts: control system development platform, which
is used to implement the energy management strategy; real-time mod-
el system development platform, which is used to build the PHEV dy-
namic simulation model. In this study, all the system models and control
algorithms are programmed with MATLAB/Simulink and then auto-
matically generated to C language by the rapid code generation
function.

In the proposed hierarchical energy management framework, the
power requirement of the vehicle will be distributed to ICE and DM
firstly. Then, the power of DM will be further distributed between the
battery and SC system. The DP algorithm and WT algorithm are used to
distribute the power requirement of PHEV. The power distribution result
between ICE and battery are shown in Fig. 7. Subfigure (a) and (b) show
the power of ICE and the DM in 1 CTUDC cycle. In conventional PHEV,
the power of DM is only provided by the battery, and the battery SoC
profile in 6 CTUDC cycles is shown in subfigure (c). There are many
shallow charging and discharging cycles in battery SoC profile for the
reason that the energy from the regenerative braking system is absorbed
by the battery only, and these shallow cycles will do harm to the
longevity of the battery inevitably.

The HESS (SC system) and the WT algorithm is used to mitigate the
working pressure on the battery. In theory, the power distribution al-
gorithm (the power output of ICE and DM) can always meet the power
requirement of PHEV. Nevertheless, there is a difference between the
DM actual output power profile and the original power requirement
profile. The reason is that there is a calculation delay in HIL simulation
platform, and the mechanical and electrical characteristics of the actual
motor (DM in HIL) and energy storage system (battery and SC) are
different for the ideal one. As shown in Fig. 8 (a), in this study, the mean
power supply-demand gap can be limited to 0.35kw (2.6%). The power
difference only occurs when the power requirement fluctuates drasti-
cally, according to [48], this simulation error is within the allowable
range of error, it has little effect on the overall control effect. Subfigure
(b) shows the low-frequency component extracted by the WT algorithm,
comparing to the original power requirement profile in subfigure (a).
The random and violent fluctuations have been suppressed, which
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indicates that some meaningless battery charge and discharge cycles can
be avoided, and thus the battery life span is prolonged. Subfigure (c) is
the corresponding high-frequency component of the original power re-
quirements which fluctuates violently and will be provided by the SC
system.

The global battery SoC profile in a whole discharging cycle (6 CTUDC
cycle) is shown in Fig. 9. Compared to conventional PHEV, the high-
frequency power requirements are absorbed by the SC system in the
proposed EMS. Thus, the shallow charging and discharging cycles of the
battery are reduced effectively, indicating that the battery is protected
successfully. The final SoC value in this study (16.5%) is lower than that
of conventional PHEV (20%). It is because that the DM is used more
frequently to reduce the working time of ICE and improve the fuel
economy in the proposed strategy.

Satisfying the power requirement of the engine is of great signifi-
cance to the dynamic performance of PHEV. In this study, the dynamic
power supply-demand relationship of the proposed EMS is evaluated by
the velocity following performance in HIL experiment. As shown in
Fig. 10, in the HIL experiment, with the proposed power distribution
algorithm, the actual vehicle velocity can follow the reference velocity
profile dynamically, which indicated that the developed energy man-
agement strategy can distribute the power requirement of PHEV to ICE
and DM effectively, and the energy storage system can provide enough
power for PHEV to follow the CTUDC cycle accurately and in real-time.

The battery degradation suppression effectiveness of the proposed
method is illustrated in Fig. 11. In traditional DP based EMS, the battery
needs to meet all the power requirements of the DM. Thus, the battery
number of cycles is as high as 432, which indicates that the battery is
charged and discharged frequently and will age rapidly. Compared with
traditional DP algorithm method, the SC system in DP & WT algorithm-
based EMS mitigates the work pressure of the battery, and the battery
number of cycles is decreased significantly (31.4%, 136 cycles). The
proposed adaptive DP algorithm and feedback signal improve the uti-
lization degree of the SC system sufficiently. As shown in Fig. 9, the
number of cycles of the battery is further decreased to 246, which in-
dicates that the battery is protected effectively by the SC system and the
proposed EMS. Furthermore, it is a remarkable fact that the battery
cycles under low SoC level (10%~40%) is reduced significantly (62%
compared to the traditional DP method) with the proposed EMS. The
cycles under low SoC level impact the battery life greatly, the reduction
of cycles under low SoC level indicated that the battery life is protected
successfully with the proposed EMS.

To quantitatively analyze and evaluate the performance of the pro-
posed method, the cost of different PHEV configurations and algorithms
are compared in Table 2. According to the statistical information, the
longevity of PHEV is 12 years with 12 CTUDCs per day and 300 days per
year. The standard price of the fuel, electricity, battery and SC is stated
in literature [49]. The costs of different algorithms are calculated based
on the above assumption. Compared with conventional PHEV, the
Triple-Source powertrain scheme reduces the battery degradation cost
significantly (22.9%), because the SC system cooperates with the bat-
tery, thus mitigating the working pressure of the battery system. How-
ever, considering the inherent constraint on the DP algorithm’s
optimization capability, the operation of the power system in Triple-
Source powertrain scheme cannot be controlled and optimized
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Fig. 6. Neural network-based DP strategy transfer method.
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Fig. 9. The comparison of the global SoC profile in traditional PHEV and the proposed method.

thoroughly. Thus, the working points of ICE and fuel cost are not always
satisfactory (8.5% higher than traditional PHEV). Compared to tradi-
tional Triple-Source powertrain scheme energy management method,
the proposed hierarchical optimization framework and adaptive DP al-
gorithm can further optimize the operation of PHEV, the working points
of ICE are optimized sufficiently, and the fuel cost has decreased by
10.3% and 6.1%. Meanwhile, the SC system is utilized more reasonably

and sufficiently with the proposed adaptive method, and the battery
degradation cost is further reduced to 34358$% (7.5% and 28.6%
compared with traditional PHEV configuration and traditional control
algorithm). The win-win relationship between fuel economy and bat-
tery longevity enables better total performance. As illustrated in the
table, the total economy of the proposed PHEV EMS is improved by
11.1% compared to the traditional method.
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conducted on establishing a simulation platform for Engine-Battery-
Table 2, . . . . Supercapacitor hybrid powertrains to verify the performance of
Comparison of the cost under different PHEV configurations and algorithms. .
triple-source PHEV.
Parameters DP method DP method Adaptive hierarchical 2) In the real-world, to enable the real-time hardware application of the
(without SC) (with SC) EMS method developed energy management strategy, the vehicle speed needs to
Fuel cost ($) 29,354 31,850 27,560 be predicted in advance. But in this paper, we assumed that future
Electricity cost (§) 11,631 13,836 15,364 vehicle speed information can be predicted and estimated accurately
Battery degradation 48,132 37,125 34,358 . . .
cost ($) as we mainly focus on suppressing the battery aging phenomenon
SC cost ($) 0 2968 2268 and improving total economy in PHEV energy management. Future
Total cost ($) 89,117 85,079 79,950 work can be conducted on studying the predictive control energy
Total economy (%) 100 95.47 88.92 management method.

5. Conclusions

The hierarchical optimization technique is employed in this study to
derive a win-win EMS between fuel economy and battery longevity. The
HIL experiment results revealed that the proposed method coordinates
the operation of ICE, DM and HESS effectively. Compared with con-
ventional PHEV, the Triple-Source powertrain scheme reduces the bat-
tery degradation cost significantly (22.9%), the reason is that the SC
system cooperates with the battery, thus mitigating the working pres-
sure of the battery system. Furthermore, with the proposed adaptive
power distribution algorithm, the fuel cost and battery aging cost are
reduced by 6.1% and 28.6%. The reason is that the proposed method can
further optimize the working efficiency of ICE, DM and HESS by using
the feedback signal generated by the integrated cost quantification
model. Overall, the introduction of SC system and the hierarchical en-
ergy management strategy improve the total economy of PHEV effec-
tively. The results from this paper justify the effectiveness and economic
performance of the proposed method as compared to conventional ones,
which will further encourage the promotion of PHEVs.

Future work can be conducted on the following two aspects:

1) The proposed energy management method is verified on an ICE-
battery hybrid electric bus, however, limited by simulation envi-
ronment, the change of vehicle cross weight caused by the use of SC
and DC/DC converter is not considered. Future work can be
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