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ABSTRACT This paper proposes a multi-dimensional size optimization framework and a hierarchical energy
management strategy (HEMS) to optimize the component size and the power of a plug-in hybrid electric
vehicle (PHEV) with the hybrid energy storage system (HESS). In order to evaluate the performance of size
optimization and power optimization, a PHEV with a battery energy storage system (BESS) is used as a
comparison reference, and the dynamic programming (DP) algorithm is set as a benchmark for comparison.
The size optimization method explores the optimal configuration of the system, including the maximum
power of the system, the maximum power and capacity of the battery, and the maximum power and capacity
of the supercapacitor (SC). Compared with the BESS, the size-optimized HESS reduces the capacity of the
system by 31.3% and improves the economy by 37.8%. The HEMS can simultaneously optimize vehicle fuel
consumption and suppress battery aging. Its upper layer uses the DP algorithm to optimize fuel economy,
and the lower layer apply the linear programming (LP) method to improve battery life. Based on the size
optimization results and HEMS, compared with the benchmark, the battery aging rate has been reduced by
48.9%, and the vehicle economy has increased by 21.2%.

INDEX TERMS Battery life improvement, hybrid energy storage system, plug-in hybrid electric vehicle,
power optimization, size optimization.

NOMENCLATURE B-PHEV PHEV with BESS
PHEV  Plug-in hybrid electric vehicle H-PHEV PHEV with HESS
SC Supercapacitor ODP Optimal DP
HESS  Hybrid energy storage system NDP Naive DP
BESS  Battery energy storage system CTUDC  Chinese typical urban driving cycle

EMS Energy management strategy
ESU Energy storage unit

DP Dynamic programming

HEMS Hierarchical energy management strategy I. 'INTROI')UCTIO.N .

LP Linear programming With the increasing awareness of g.lobal warming, energy
ICE Internal combustion engine shortages a.nd énwronn.lental pollqtlon have aroused peo-
ISG Integrated starter generator ple’s attention in the field of vehicles [1]. Exhaust emis-
™ Traction motor sions from traditional internal combustion engine vehicles are

one of the main factors contributing to this crisis [2], [3].
The associate editor coordinating the review of this manuscript and The plug-in hybrid electric vehicle (PHEV) is equipped

approving it for publication was F. R. Islam
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with a large-capacity power battery pack. On the one hand,
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it can replenish energy from the grid and has a long driving
range [4], [5]. On the other hand, it can recover more braking
energy and has excellent fuel economy [6]. Moreover, PHEV
can also be connected to the grid through vehicle-to-grid,
which will facilitate the implementation of energy saving
and emission reduction and ensure the more flexible use of
vehicle batteries [7], [8]. Therefore, the PHEV is becom-
ing more and more popular. However, the battery needs to
be frequently charged and discharged to meet the vehicle’s
power requirements, which will inevitably accelerate battery
aging [9]. At present, power batteries are expensive and have
not achieved a breakthrough in cycle life [10]. Battery aging
costs account for a large part of vehicle operating costs.
Therefore, how to maximize the service life of the battery is
the key to solve the battery problem.

Compared with the battery, the supercapacitor (SC) has
much higher power density and cycle life [11], but lower
energy density [12]. Combining SCs and batteries to form a
hybrid energy storage system (HESS) can give full play to
their advantages, and can effectively slow down the aging
rate of batteries [13], [14]. When the HESS is applied to a
PHEY, the braking energy can be stored both in the SC and the
battery. The energy stored in the SC can be used to accelerate
the vehicle, while the energy stored in the battery can be used
to provide smooth power requirements of the vehicle [15].
Compared with the battery energy storage system (BESS),
the HESS have the characteristics of high-power density and
high cycle life, which will effectively improve the overall
performance of the vehicle. The use of HESSs in regenerative
braking energy recovery on urban traffic vehicles is more eco-
nomical and common [16]. The application of HESSs faces
two major challenges, one is how to have a longer service life,
and the other is how to design a smaller size. To solve these
problems, the energy management strategy (EMS) and size
of the HESS need to be optimized.

A. ENERGY STORAGE UNIT LIFE MODEL

The establishment of the energy storage unit (ESU) life model
has always been a research hotspot and difficulty. Many
scholars have studied the mechanism of battery performance
degradation, and given the corresponding battery life degra-
dation model. Song er al. [17] proposed a novel battery
degradation model which was effective in a wide temperature
range. Li et al [14] developed a cycle life model to predict
the battery cycle ability accurately. At present, there are few
studies on the lifetime degradation model of the SC. In this
paper, a simple but efficient model of battery and SC life
degradation is established, which can quantify the aging of
the ESU online and provide a basis for subsequent power
optimization and size optimization of the HESS.

B. ENERGY MANAGEMENT STRATEGY

The EMS is the core of the hybrid power system, which deter-
mines the power, stability and economy of the vehicle [18].
In recent years, various algorithms have been developed and
applied to PHEV energy management. These energy man-
agement methods can be divided into two categories, namely
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rule-based methods and optimization-based methods [19].
Rule-based energy management methods are obtained based
on experience, including the definite rule EMS and the fuzzy
rule EMS. With the development of intelligent algorithms,
some advanced algorithms including dynamic programming
(DP) [20], [21], convex programming [22], model predic-
tive control (MPC) [23], [24], particle swarm optimization
(PSO) [25] and reinforcement learning (RL) [26] are applied
to hybrid electric vehicle energy management. Song et al [27]
compared four semi-active hybrid energy storage system
topologies and proposed on-line control strategies related
to different topologies. Another good study from the same
research group [28] proposed a soft-run strategy for real-time
and multi-objective control algorithm design. Du et al [29]
proposed an algorithm based on two-dimensional Pontrya-
gin’s minimum principle to distribute power for PHEV with
multi-energy storage system, and simulation results showed
that the total vehicle operating cost was significantly reduced
compared to the PHEV with BESS. DP approach [30], [31]
has been employed to develop optimal control strategy for
the HESS in a PHEV. Compared with the rule-based method,
these optimization-based methods can further improve the
vehicle’s power and economic performance. In the open liter-
ature, the DP algorithm is the most widely used. It can obtain
global optimal results, and is often used as a benchmark for
comparing the performance of other algorithms. The EMS of
the PHEV with a HESS needs to consider the characteristics
of each ESU. Therefore, compared to vehicles with a single
energy storage system, the formulation of a power distribu-
tion strategy is more complicated. However, few EMSs both
consider ESU aging and fuel economy of the vehicle. In order
to simultaneously optimize the vehicle’s fuel economy and
ESU service life, this paper proposes a hierarchical energy
management strategy (HEMS) for power distribution of a
PHEV with the HESS. The upper layer uses a DP algorithm to
coordinate the power distribution between the engine and the
motor to optimize vehicle fuel consumption. The lower layer
establishes a kind of linear programming model considering
battery life degradation to allocate the power of the HESS.

C. SIZE OPTIMIZATION METHOD

The HESS in a PHEV can take advantage of the high energy
density of the battery and the high power density of the
SC [32]. The HESS has a corresponding optimal size in every
common scenario. A reasonable size can not only give full
play to the performance of each ESU, but also reduce the
cost of the system [33]. Many scholars have done innova-
tive research to optimize the size of the HESS. Ref [34]
has found the optimal capacity of the battery and the SC
based on the Pontryagin’s minimum principle. Ref [35] has
optimized the size of the HESS in electric vehicles based on
genetic algorithm. In Ref [36], a methodology based on the
statistical description of driving cycles has been proposed to
optimize the size of the energy source of a hybrid vehicle.
In Ref [37], a multi-objective optimization method focused
on minimizing system cost, weight, and volume has been
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FIGURE 1. Topology of different PHEV powertrains: (a) The series-parallel
powertrain with a BESS; (b) The series-parallel powertrain with a HESS.

investigated to optimally size a battery unit and supercapac-
itor hybrid energy storage system for PHEV. However, few
size optimization methods can simultaneously optimize the
power and capacity of each ESU while extending battery life.
This paper proposes a multi-dimensional size optimization
framework, which is different from existing researches. It can
simultaneously determine the maximum power of the system,
the maximum power and capacity of the battery, and the
maximum power and capacity of the SC under the constraints
of power and energy requirements and battery life decay
rate.

In order to give full play to the performance of the energy
storage system and reduce the total operating cost of the vehi-
cle, this paper optimizes the power and size of the HESS in a
PHEV. The main contributions are summarized as follows:

(1) A size optimization framework is proposed to find the
optimal configuration of the HESS, including the maximum
power of the system, the maximum power and capacity of the
battery, and the maximum power and capacity of the SC.

(2) A HEMS is proposed to simultaneously optimize vehi-
cle fuel economy and battery service life.

(3) Models of battery and SC life degradation are proposed
to quantify their life aging in real time.

The rest of the paper is organized as follows: Section II
briefly introduces the system configuration, the PHEV mod-
eling and the ESU life degradation model. The overall sim-
ulation methodology is presented in Section III. Section IV
investigates the power optimization methodology. Size opti-
mization methodology is described in Section V. Section VI
discusses the simulation results. Conclusions are provided in
Section VIL.
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TABLE 1. Main parameters of the PHEV.

Component Parameter value
ICE Maximum power/kW 147
Maximum torque/Nm 804
Maximum speed/rpm 2600
ISG Maximum power/kW 55
Maximum torque/N 500
™ Maximum power/kW 168
Maximum torque/N 2000
Battery Capacity/kWh 34.56
Voltage/V 576
Vehicle Curb weight/kg 18000
Frontal area/m’ 6.6
Air resistance coefficient 0.55

Rolling resistance coefficient 0.0095

Il. MODELING
A. SYSTEM CONFIGURATION
As shown in Fig. 1 (a), the topology of a typical series-
parallel PHEV is mainly composed of a conventional internal
combustion engine (ICE), an integrated starter genera-
tor (ISG), a traction motor (TM), a transmission system,
an automatically controllable friction clutch, and a BESS.
In Ref. [12], [20], [38], this configuration has been studied in
detail, and its specific parameters are shown in Table 1. Com-
pared with the series and the parallel powertrains, the series-
parallel powertrain has more driving modes, and the ICE
and the TM can independently deliver power to the wheels.
As shown in Fig. 1 (b), in order to effectively extend the
battery life, this paper uses a HESS to replace the BESS in a
typical PHEV. The topology of the HESS is parallel and fully
active. The battery and the SC in this configuration can be
controlled independently, which can effectively increase the
flexibility of the system [9]. In this power, note that B-PHEV
is the abbreviation for the typical series-parallel PHEV. Note
the H-PHEV is the abbreviation for the series-parallel PHEV
with a HESS.

In this paper, B-PHEV is used as a benchmark to evalu-
ate the size-optimized and power-optimized performance of
H-PHEV.

B. PHEV MODELING

1) THE ICE MODEL

The ICE model is developed based on the engine steady-state
test data, assuming that the engine has been fully warmed up,
ignoring the effect of engine temperature on fuel consumption
rate. The engine is tested at different throttle openings to
obtain steady-state output speed, torque and fuel consumption
data at different speeds. Then based on the interpolation
fitting, the 3-D MAP of the fuel consumption rate with respect
to the engine speed and torque can be obtained as shown
in Fig.2. The ICE fuel consumption rate b.(g/(kWh)) is an
interpolates function of the ICE speed n.(rpm) and torque
T.(Nm), which can be presented as follows:

be(ne, Te) = f (ne, Te) D
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FIGURE 2. The ICE fuel consumption map.
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FIGURE 3. (a) The ISG efficiency map; (b) The TM efficiency map.

The ICE fuel consumption can be calculated as follows:

_ [ Te - ne - bedt
95503600 - pfier

e (2)
where, V(L) is the ICE fuel consumption; o.;(g/L) is the
fuel density.

2) ISG and TM models

Experimental modeling methods are also used to establish
the ISG model and the TM model. The efficiency, torque and
speed data of the motor are obtained based on the experimen-
tal, then the nonlinear function relationship between them is
obtained by fitting the interpolation function. Finally, ISG
and TM efficiency maps can be obtained, which are shown in
Fig. 3(a) and Fig. 3(b), respectively. The motor efficiency 7,,
is an interpolates function of the motor outputs speed 7, (rpm)
and torque T,(Nm), which can be formulated as follows:

Nm s Tw) = f (uny Trn) 3)

3) THE ESS MODEL

Ignoring the complex chemical reactions inside the ESS,
a linear ESS model is established in this paper. The state of
energy (SOE) is selected as the state variable, and its first
derivative with respect to time can be expressed as follows:

dSOE _ Pgss
dt 3600 - Eggs

“

where, Pgss(kW) is the operating power of the ESS;
Egss(kWh) is the capacity of the ESS.
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4) THE VEHICLE MODEL

In the longitudinal direction, the driving force Fz(N) provided
by the power system needs to overcome rolling resistance
Fy(N), aerodynamic drag F,,(N), climbing resistance F;(N)
and acceleration resistance F,(N) to drive the vehicle to the
target direction. Therefore, the vehicle longitudinal dynamics
model can be formulated as follows:

Fo=F+Fy+Fi+F,

= mgf Cosa+%CDApairv2+mg sinoc—i—Sm% (5)
where, m(kg) is the vehicle curb weight; g(m/s?) is the grav-
itational acceleration; f is the rolling resistance coefficient;
o is the road gradient; Cp is the air resistance coefficient;
A(m?) is the frontal area; pair(kg/m3) is the air density; v(m/s)
is the vehicle velocity; ¢ is the mass factor that equivalently
converts the rotational inertias of rotating components into
translational mass; dv/dt(m/s?) is the driving acceleration.

12 @ L ®

0 s 10 15 20 "o 100 200 300 400 500
Crate, Crate_

FIGURE 4. ESU cycle life correction factor vs. Crate: (a) Battery; (b) SC.

C. ENERGY STORAGE UNIT LIFE DEGRADATION MODEL
The ESU is considered to reach the end of its life when
20% of capacity has been lost. In the life cycle, the bat-
tery can work 5000 full cycles [39], and the SC can work
100,000 full cycles. The life of the ESU is also affected
by the charge/discharge rate (Crate). Fig. 4(a) shows the
relationship between the battery’s cycle life correction factor
and Crate [40]. The best fitting result is presented in Eq. (6).
Fig. 4(b) shows the relationship between the SC’s cycle life
correction factor and Crate. The best fitting result is presented
in Eq. (7).

CFpu (Crate) = a - Crate* + b - Crate + ¢ 6)
CF. (Crate) = d - In (Crate) + e @)

where a, b, ¢, d, e are curve-fitting coefficients, and the val-
ues are 0.0023, -0.1014, 1.1146, -0.175, 1.3366, respectively.
For each ESU, the total energy it can release during its life
cycle is constant. Therefore, the life degradation factor of a
battery and a SC can be formulated as Eq. (8) and Eq. (9),
respectively.

[ Pipy - CFygydt
Nbat = Zrm A 3

5000 - 3600 - Epyy

[ Plis. cFtdt

_ 9
s¢ = 700000 - 3600 - E,, ©
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where, Pzift(kW) and Pfci.s(kW) are the discharge power
during battery and SC operation, respectively; Epq:(KWh)
and E;.(kWh) are the capacity of the battery and the SC,
respectively.

lll. SIMULATION METHODOLOGY

For B-PHEY, in order to effectively reduce the vehicle operat-
ing cost, the power between the engine and the motor needs to
be optimized. As for H-PHEY, it is also necessary to optimize
the size and power distribution of the HESS. The overall
simulation methodology of this paper is shown in Fig.5.

Load profiles
(CTUDC)
Typical test driving cycle
B-PHEV l P gy
Optimal DP (ODP): Simultaneously optimize L 'QI;
fuel economy and battery life. 5=l
.-
0 =
i
Naive DP (NDP): Only optimize fuel economy. S ?
<

Typical power requirements of ESS
H-PHEV —

MILP model of HESS
¥ ¥

i
|
i
|
Power optimization <+, Size optimization

SC life
degradation model

Configuration of HESS

FIGURE 5. Overall simulation methodology.

The simulation methodology can be divided into the fol-
lowing three parts:

1) OPTIMAL DP

Aiming at B-PHEYV, based on DP algorithm and using battery
life degradation model, this paper develops a power distri-
bution strategy with vehicle fuel consumption and battery
aging cost as multi-objective functions. This method is called
optimal DP (ODP), which can simultaneously optimize the
vehicle’s fuel economy and battery service life.

2) HEMS

At the upper level, the naive DP (NDP) strategy with the vehi-
cle fuel economy as the optimization goal is used to complete
the power distribution between the engine and the motor in
the B-PHEY, so as to obtain the typical power demand of the
energy storage system. At the lower level, a HESS is used to
replace the BESS, and then combined with the battery and SC
life degradation model, a kind of linear programming model
of the HESS is established.

3) SIZE OPTIMIZATION

Numerical model of HESS is developed based on a kind of
linear optimization. It takes the typical power requirements
of the energy storage system as input and aims at the lowest
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annual operating cost of the system to optimize the config-
uration of the HESS including the maximum power of the
system, the maximum power and capacity of the battery, and
the maximum power and capacity of the SC.

The simulation is performed on Matlab/Simulink platform.
And it takes an average of 8 hours to complete one such
simulation of size optimization and power optimization using
a computer with an Inter Core 17-8550U 1.99GHz processor,
8GB of RAM and 64-bit Windows operating system.

IV. POWER OPTIMIZATION METHODOLOGY

This paper studies and compares two PHEV powertrain
topologies: B-PHEV and H-PHEV. Two energy management
strategies are applied to B-PHEYV, they are NDP strategy and
ODP strategy. As for H-PHEV, a HEMS is proposed in this
paper. At the upper layer, the NDP strategy is used to coordi-
nate the power distribution between the ICE and the motor to
obtain the typical power requirements of the energy storage
system, which can ensure the optimal fuel economy of the
vehicle. In the lower layer, taking the power requirements of
the energy storage system as input, the optimisation method
considering ESU life degradation is introduced to allocate
power between the battery and the SC.

A. NDP STRATEGY AND ODP STRATEGY
DP is a global optimization algorithm based on Bellman’s
principle, which divides the entire optimization problem into
a series of sub-solving problems with discrete steps [41].
With a thorough search of all state and control grids under
consideration of constraints, the controlled system minimizes
the cost function in the process of state variable migration,
thereby obtaining a theoretically optimal control sequence.

For B-PHEYV, the ODP strategy can simultaneously opti-
mize vehicle fuel economy and battery service life. In HEMS,
the NDP strategy is used in the upper-layer optimization.
It obtains the typical power requirements of the energy stor-
age system by allocating the power between the motor and the
engine of B-PHEV to ensure the optimal fuel economy of the
vehicle. Both NDP and ODP strategies are developed based
on the DP algorithm. Their constraints and state transfer
function are the same, but the objective function is different.

First, the SOE of the BESS is selected as the state variable
of the system. ICE torque T., ISG torque Tjz, TM torque
Tim, clutch state S, and braking torque 7} are selected as
the control variables of the system.

The series-parallel powertrain can be described as discrete
controlled system, and the process of state transition can be
presented as follows:

X1 = fre (xk, ug) (10

where, f} is the state transition function; xy, is the state variable
of the system; uy, is the control variable of the system.

The NDP strategy only optimizes the vehicle’s fuel
economy and ensures that the vehicle’s fuel consumption
is minimal. The ODP strategy simultaneously optimizes the
vehicle’s fuel economy and battery service life, and finds
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the optimal solution through the confrontation of these two
optimization goals.

The remaining cost function J of the system from time k
to time N is formulated as follows:

LG, ) = :LNDP(xi, ;i) = Lfyer (xi, ;) (11
Lopp(xi, i) = Lfuer (Xi, ti) +Lioss (Xi, u;)
N
J @)=Y L (xi, uy) (12)

i=k
where, L (x;, u;) is the instantaneous cost function at time i.
At any time, the optimal control sequence m; =
(Wit1, Uiya, - -+, uy) minimizes the residual cost function J
of the system. Therefore, the optimization problem at time k
can be transformed into the following formula:

min(J (x)) = min(L (xg, ux) +J (x+1)) (13)

where, J (xx1) is the remaining cost of the system from time
k + 1 to time N.

To ensure that the system operates smoothly and safely,
the components of the series-parallel powertrain need to be
restrained as follows:

SOEgs < SOEp;; < SOERE

nglin < nlg < nglax

T () < T < T (n)

nig < e < i

T,-E’E“ (n;{sg’ SOE]ESS) = Ti];g < Ti" (”fsgv SOEIILESS)
pmin < pk < pmax (14)
Ton™ (g SOEfgg) < Ty < Tyn®™ (nyy, SOEfg)
Ty =Tf + T, + Th + Tj Jio

nk =nk = ni.‘sgif clutch =1

Tiﬁg = nﬁgif clutch =0

T} + T}, = 0if clurch=0

where, n’;, ni‘s o nfm are the speed of ICE, ISG, and TM at time
k, respectively. Tek, Tiﬁg, T,’fn are the torques of ICE, ISG and
TM at time k, respectively. Tlf is the hydraulic brake torque
at time k. TC’,‘ is the vehicle torque demand at time k; iy is the
ratio of the final gear; clutch = 1 means the clutch is in the
closed state; clutch = 0 means the clutch is in the released
state.

B. NUMERICAL CONSTRAINTS

The BESS is limited to a low cycle life, and the vehicle’s brak-
ing energy recovery will accelerate battery aging. In order to
ensure vehicle fuel economy and effectively suppress battery
aging, a HESS is used to replace the BESS. SC has the
characteristics of high-power density and high cycle life.
By working together with the battery, they can not only ensure
the vehicle’s fuel economy of but also extend the battery life.
In HEMS, the power of the energy storage system obtained
by the upper layer optimization is used as the input of the
lower layer optimization. At the lower level, a multi-objective
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optimization model is established to distribute the power of
the battery and the SC in the HESS.

The linear programming method has high calculation effi-
ciency [42]. The SOE of the battery and the SC are selected
as the state variables of the system. At any time, they need to
be constrained as follows:

{SOEb“;i“ < SOE! < SOE™

! ‘ bat (15)
SOE™ < SOE!, < SOER™

where, SOE ;) o and S OE!. are the SOE of the battery and the
SC at time i, respectively.

To ensure the safe operation of the battery and the SC, their
charge and discharge power needs to be constrained at any
time as follows:

min i i
Pbatc ’ Shatc = Phatc <0

i max i
0<Ppua = Phug - Shara

pmin. gl <Pl.<0

sce sce sce

i max i
OSPscd SPscd 'Sscd

(16)

where, P, and Pl are the charging power of the battery
and the SC, respectively; P, and P, , are the disc_hargjng
power of the battery and the SC, respectively; S} ., Sscc» Spa
and S; , are 0-1 variables, which indicate whether the battery
and the SC are charged or discharged at time i, respectively.
The charge and discharge states of the battery and the SC

are unique at the same time, which can be shown as follows:

Sll?atc + Sllaatd =1

. , (17)
S;cc + S;cd = 1

The sum of the power of the battery and the SC must always
meet the power requirements Pp¢¢ of the ESS, which can be
demonstrated as follows:

P;?SS = P;mtc + P;)atd + vacc +P§‘cd (18)

In the HESS, the battery’s cycle life is much smaller than
that of the SC, and it is greatly affected by the charge and
discharge rate. Therefore, in the power distribution process,
a constraint is imposed on the battery’s power change rate,
which can be formulated as follows:

. . i1
RZESS = PZ"SS - P;ESS (19)
; ; 1 i1 .
Plbatc + PZatd - (P;)atc + Plbatd) = RIESS
where, Rffss is the power change rate of the ESS.

The battery’s cycle life is also affected by the number of
charge and discharge cycles. The restrictions on the number
of charge and discharge times of the battery in the power
distribution process are as follows:

N N
> <Qor Y
=2

i=
where, Q is the set maximum battery charge and discharge
times.

i i—1
Sbatc - Sbalc

Shatd = Shar| < Q@ (20)
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Combined with the ESU life degradation model, the power
distribution of the HESS is completed with the minimum
degradation of system life, which can be shown as follows:

Zpower = min (Npar * Cpar + Nsc * Csc) (21)

where, Cp,s and Cy, are the initial costs of the battery and the
SC, respectively.

V. SIZE OPTIMIZATION METHODOLOGY

As the size of an ESS increases, its life degradation factor will
decrease, but the cost of the system will increase. Therefore,
in order to make full use of the performance of each ESU, it is
necessary to find an optimization point between system cost
and system size.

TABLE 2. The multi-dimensional size optimization framework.

Algorithm: Size optimization

Input: Typical demand power of the HESS
Output: Optimal configuration of the HESS
1: Select optimization variables: the maximum power standard value

of the battery P , the maximum power standard value of the HESS

bat

P » the maximum Crate of the battery Crate,,, , and the maximum

Crate of the SC Crate™

HESS HESS HESS

2: for P — P (1) to P (k) do

3: for AL — Pu(1) to B (m) do

4:  for Crate)y «— Crate,=* (1) to Crateyy (n) do

5 for Cratel™ «— Cratel™ (1) to Cratel™(s) do

6: Convert the demand power of the HESS into standard values
7 P | B — Ba™ |

8

Optimal power allocation based on the linear programming

9: Record the total annual operating cost of the system
10: end for

11:  end for

12:  end for

13: end for

14: Select the configuration with the lowest annual operating cost

In this paper, a multi-dimensional size optimization frame-
work is proposed. As shown in Table 2, this method takes the
typical power data of the ESS as input, and finds the optimal
configuration of the system, including the maximum power of
the system, the maximum power and capacity of the battery,
and the maximum power and capacity of the SC. The size
optimization framework takes the typical power requirements
of the HESS as input, and finds the optimal configuration of
the HESS through discrete optimization of various optimiza-
tion parameters. The proposed power distribution approach
and size optimization approach can be potentially used in
the other applications, for example a microgrid system with
HESS. For different application scenarios, the typical power
requirements of the system are used as input, and the con-
straints are changed based on the operating characteristics of
the system.
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The size optimization method finds the ESS configuration
that minimizes the annual operating cost of the system by
comprehensively considering the life degradation cost of each
ESU, the power converter cost Ceonyers, and the system ther-
mal management cost Cypermqi - The objective function for size
optimization can be formulated as follows:

. 1
Zsize = min <IB “Zpower + i (Ceonvert + Cihermal )> (22)

where, § is the annual operating cost coefficient of the sys-
tem; L(year) is the design service life of the system.

The process of solving the optimal configuration of the
HESS can be divided into the following steps:

First, the maximum power standard value of the system, the
maximum power standard value of the battery, the maximum
Crate of the battery and the maximum Crate of the SC are
selected as optimization variables.

Second, standardize the required power of the ESS and
give each optimization variable a range. Then, for each con-
figuration, the power is optimally allocated based on the
optimization model, and the annual operating cost of the
system is recorded.

Finally, the configuration with the lowest annual operating
cost is selected as a result of the size optimization. Based on
the value of each optimization variable, the peak power of the
system, the maximum power and capacity of the battery, and
the maximum power and capacity of the SC can be obtained.

1

Acceleration (m/s %)

o I I I "
400 600 800 1000 1200
Time (s)

FIGURE 6. The velocity and acceleration profile of CTUDC cycle.

VI. SIMULATION RESULTS AND DISCUSSION
The PHEV studied in this paper is a bus driving on urban
roads, so the Chinese typical urban driving cycle (CTUDC)
is selected as the test driving cycle. As shown in Fig. 6,
CTUDC has a driving distance of 5.897km and a driving time
of 1314 seconds. The capacity price of the battery is 600
$/kWh, and the capacity price of the SC is 3600 $/kWh [39].
Focusing on the B-PHEV, the NDP and ODP strategies
are applied to the ICE and the motor power distribution
process. The simulation results are shown in Fig. 7. When
the battery life degradation is considered in the EMS, the
proportion of the battery’s charging power is greatly reduced,
and the SOE curve of the battery changes more smoothly.
This shows that the battery does not need to directly obtain
energy from regenerative braking, so frequent charging and
discharging are avoided, which will effectively extend the
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FIGURE 7. (a) Comparison of battery SOE between two EMSs;
(b) Comparison of battery power between two EMSs.
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FIGURE 8. Number and depth of battery charge and discharge cycles:
(a) NDP; (b) ODP.

battery life. When battery life degradation is not considered
in the EMS, the battery recovers as much braking energy as
possible to improve fuel economy. Based on these results,
it can be concluded that the currently used EMSs focus on
improving the recovery of braking energy, but is not friendly
to the protection of battery life.

In order to quantify the effect of prolonging the battery
life, this paper introduces a rain-flow counting algorithm,
which is used to calculate the number of charge and discharge
cycles and the depth of charge and discharge (DOD) of each
cycle [7], [12], [43]. As shown in Fig. 8, when DP does
not consider battery life degradation, the number of battery
charge and discharge cycles is 22. When DP considers battery
life degradation, the number of battery charge and discharge
cycles is 4. Obviously, the number of charge and discharge
cycles of the battery is significantly reduced, which will
effectively extend the battery life.

As for the H-PHEYV, this paper proposes a HEMS and a
multi-dimensional size optimization framework. In the upper
layer optimization, NDP strategy is used to optimize the
power distribution of the ICE and the motor. The lower
layer optimization bases on the CPLEX solver [44], and is
used to optimize the battery and the SC power distribution.
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Then, based on the typical power of the ESS obtained by
the DP algorithm, the size of the ESS is optimized using a
multi-dimensional size optimization framework. During the
simulation process, the set life of the PHEV is 10 years,
it operates 12 CTUDCs every day, and runs 300 days per year.
The thermal management price of the ESS is 80$/kWh, and
the price of the power converter is 50$/kW [40].

TABLE 3. Comparison of size optimization results for the HESS with
different maximum power.

HESS HESS HESS

Parameters BESS
() (b) (©)

Battery maximum power

125 50 375 50
(kW)
SC maximum power (kW) / 75 100 100
Battery capacity (kWh) 34.56 25 18.75 16.7
SC capacity (kWh) / 3.75 5 5
System maximum power
(kW) 125 125 137.5 150
System capacity (kWh) 34.56 28.75 23.75 21.7
Battery aging cost ($/year) 2388 927 665 662
SC aging cost ($/year) / 409 484 487
Convert cost ($/year) 625 625 687.5 750
Thermal management cost 276.5 230 190 1736
($/year)
ESS total cost ($/year) 3289.5 2191 2026.5  2072.6
System capacity (%) 100 83.2 68.7 62.8
ESS total economy (%) 100 66.6 61.6 63

The optimal results of HESS sizes with different maximum
powers are shown in Table 3. When the maximum power
standard value of the system is 1.1, the economy of the
system 1is the best, so the configuration of HESS (b) is the
result of size optimization. Compared with BESS, the total
capacity of HESS (b) is reduced by 31.3%, and the overall
economy is improved by 37.8%. This fully proves that after
size optimization, HESS is more economical and smaller in
size.

The upper layer of the HEMS optimizes the vehicle’s fuel
economy, and the lower layer minimizes the life degradation
of the ESS. The result of the power distribution of the HESS
is shown in Fig. 9 (a). The SC recovers regenerative braking
energy. The battery rarely obtains energy from regenerative
braking, which makes the battery avoid frequent charging and
discharging. As shown in Fig. 9 (b), the change of battery
SOE is gentle. As shown in Fig. 9 (c), based on the calculation
of the rain-flow counting algorithm, the number of battery
charge and discharge cycles is 2.5. Compared with the two
EMSs applied to B-PHEYV, the effect of battery aging sup-
pression is significantly improved.

As shown in Fig. 10, for the B-PHEV, when the DP algo-
rithm only focuses on improving fuel economy, the battery
life degradation rate after operating a CTUDC is 3.2046e-
05. When the DP algorithm optimizes both fuel economy and
battery life degradation rate, the battery life degradation rate
after operating a CTUDC is 1.9684e-05. When H-PHEYV is
the research goal, the optimal configuration of the HESS is
first obtained based on the size optimization framework, and
then the vehicle power is optimized using HEMS. The simu-
lation results show that the battery life degradation rate after
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FIGURE 10. Battery life degradation rate vs. time under three energy
management strategies.

operating a CTUDC is 1.6471e-05. This fully demonstrates
the advantages of the size optimization method and HEMS
proposed in this paper.

TABLE 4. Comparison of annual operating costs of the vehicle under
different powertrain topologies and different EMSs.

Parameters B-PHEV H-PHEV

EMS NDP ODP HEMS

ESS loss cost ($/year)  3289.5  2368.5 2026.5

Fuel cost ($/year) 16544  1941.6 1654.4
Electricity cost 13077 13077 1307.7
($/year)

Total cost ($/year) 6251.6  5617.8 4988.6
Battery aging (%) 100 61.6 51.6

Total economy (%) 100 89.9 79.8

The details of the annual operating cost of vehicles with
different powertrain topologies and different EMSs are listed
in Table 4. The economic results obtained by applying the
NDP strategy to the B-PHEV serve as a benchmark for com-
parison. When the ODP strategy is applied to B-PHEV energy
management, the simulation results show that the aging cost
of the battery is reduced by 38.4%, but fuel consumption
is increased by 17.4% compared to the benchmark. This is
because in order to suppress battery aging, the recovery of
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regenerative braking energy by the battery is greatly reduced.
As for H-PHEYV, the optimal configuration of the HESS is first
obtained based on the size optimization framework, and then
the vehicle power is optimized using HEMS. The simulation
results show that compared with the benchmark, the vehicle’s
fuel consumption has not increased, but the battery aging
cost has been reduced by 48.9%, and the total cost has been
reduced by 21.2%. Therefore, it can be concluded that the size
optimization framework and power optimization method of
the HESS proposed in this paper are advanced and effective.

VIi. CONCLUSION

This paper optimizes the component size and power of the
H-PHEV. The B-PHEYV is used as a reference to evaluate the
performance of size optimization and power optimization.
DP algorithm that only optimizes fuel economy is set as a
benchmark for comparison.

First, this paper establishes a life degradation model of the
ESU. Focusing on the B-PHEV, compared to the benchmark,
based on the DP algorithm that both optimizes fuel economy
and battery life degradation rate, the battery degradation cost
is reduced by 38.4%. This proves that the life degradation
model of is effective.

To optimize the size of the HESS, this paper proposes a
multi-dimensional size optimization framework. When the
maximum power of the system is 137.5kW, the maximum
power and capacity of the battery are 37.5kW and 18.75kWh
respectively, and the maximum power and capacity of the
supercapacitor are 100kW and SkWh respectively, the system
has the best economy. Compared with the BESS, the capacity
of the system is reduced by 31.3%, and the economy is
increased by 37.8%. The size of the system is smaller and
the economy is better.

Then, for the H-PHEV power distribution, this paper pro-
poses a HEMS for battery anti-aging. The upper layer uses
the DP algorithm to optimize fuel economy, and the lower
layer extends battery life. Compared with the benchmark, the
battery aging rate has been reduced by 48.9%, and the vehicle
economy has increased by 21.2%. This fully demonstrates the
advantages of this strategy.

Therefore, it can be concluded that the multi-dimensional
size optimization framework and HEMS proposed in this
paper can effectively find the optimal configuration of the
HESS and extend the battery life.
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