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Dimensioning and Power Management of Hybrid
Energy Storage Systems for Electric Vehicles With
Multiple Optimization Criteria

Huilong Yu
Xiaolin Tang

Abstract—Hybrid energy storage systems (HESS) that combine
lithium-ion batteries and supercapacitors are considered as an at-
tractive solution to overcome the drawbacks of battery-only energy
storage systems, such as high cost, low power density, and short cy-
cle life, which hinder the popularity of electric vehicles. A properly
sized HESS and an implementable real-time power management
system are of great importance to achieve satisfactory driving
mileage and battery cycle life. However, dimensioning and power
management problems are quite complicated and challenging in
practice. To address these challenges, this article proposes a bilevel
multiobjective design and control framework with the nondomi-
nated sorting genetic algorithm NSGA-II and fuzzy logic control
(FLC) as key components, to obtain an optimal sized HESS and the
corresponding optimal real-time power management system based
on FLC simultaneously. In particular, a vectorized fuzzy inference
system is devised, which allows large-scale fuzzy logic controllers to
run in parallel, thereby improving optimization efficiency. Pareto
optimal results of different HESSs incorporating both optimal
design and control parameters are obtained efficiently thanks to
the vectorization. An example solution chosen from the Pareto front
shows that the proposed method can achieve a competitive number
of covered laps while improving the battery cycle life significantly.

Index Terms—Electric vehicles (EVs), hybrid energy storage
system (HESS), lithium-ion battery, multiobjective power
management, supercapacitor (SC), vectorized fuzzy interface.
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NOMENCLATURE
Npat Number of battery cells
NAD Efficiency of the dc/ac converter
Nde Efficiency of the dc/dc converter

A Battery voltage amplitude (V)

Ap Ah-throughput of the battery

Ay Pre-exponential factor of battery cycle life model

B Time constant inverse of the exponential zone (Ah™1)

Cset Total capacity of the supercapacitor pack

Ey Battery voltage constant (V)

) Battery current (A)

K Battery polarization resistance (£2)

mpygss  Total mass of the HESS (kg)

N, Total number of the banks

Pregvar  Netrequested power from the battery (kW)

P,cqsc  Demand power from the supercapacitor pack (kW)

P, Actual total output power of one supercapacitor (kW)

Qumax  Battery total capacity (Ah)

Ryar Battery internal resistance (£2)

R Gas constant

Ryt Total equivalent series resistance of the supercapacitor
pack (€2)

Rse Series resistance of one supercapacitor (£2)

T The absolute temperature

Ve Open circuit voltage of one supercapacitor (V)

Viat Battery voltage (V)

Vetmaz  The initial open circuit voltage (V)

Vet Total open circuit voltage of the supercapacitor pack
V)

rsop  State of energy

I. INTRODUCTION

HALLENGES of air pollution, fossil oil crisis, and green-

house gas emissions have attracted unprecedented atten-
tion from governments, academia, and industries around the
world on electric vehicles (EVs). After rapid development over
the past decade, the worldwide promotion and application of
EVs have reached a considerable scale. However, the dynamic
performance, cost, and durability of EVs are still closely related
to the design, integration, and control of the energy storage sys-
tems (ESSs) [1]. The high cost and short cycle life of battery-only
ESSs have become one of the biggest obstacles to the further
penetration of the EVs [2].
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Lithium-ion battery-only ESSs with high energy density have
become the dominant choices for powering EVs. However,
battery degradation can be accelerated when high discharg-
ing/charging power demands are required during operation [3],
[4]. In contrast, supercapacitors (SCs) can tolerate much more
charging/discharging cycles and exhibit superior ability to cope
with high power demands due to their special energy storage
mechanisms. However, their low energy density hinders their
large-scale application in EVs [5]. A hybrid energy storage
system (HESS) that combines both lithium-ion batteries and SCs
is considered as one of the most promising solutions to solve
the abovementioned problems in the battery-only or SC-only
energy systems [6], [7]. Existing research has demonstrated that
HESSs can dramatically improve the braking energy recuper-
ation efficiency, eliminate the need for battery oversizing, and
reduce the weight and cost of the entire system [8]. However,
the application of HESS involves complicated sizing and power
management problems [9]. The following three paragraphs will
review this topic in terms of HESS sizing, power management,
and combined sizing and power management.

Both heuristics and gradient-based optimization methods are
used in the sizing of HESS. A sample-based global Dividing
RECTangles (DIRECT) optimization algorithm is implemented
to solve a multiobjective sizing problem of the HESS, and
a rule-based power-split control strategy was implemented to
evaluate all design solutions in [10]. The Pareto front of energy
storage size and fuel economy based on the Bandwidth control
strategy was obtained using GA in [11]. Nondominated sorting
GA I (NSGA-II) was applied to obtain the Pareto front of battery
degradation, mass, and total cost of HESSs in [12] and [13],
with predesigned power management algorithms. Hu et al. [14]
proposed the usage of a convex optimization algorithm to solve
the sizing problem of different HESSs, where the size and power
control strategy are optimized simultaneously offline.

Rule-based and optimization-based approaches are compre-
hensively studied in the previous work for the power manage-
ment problems of HESS [15]. Dusmez and Khaligh [16] and
Zhang and Li [17] developed power management strategies for
a HESS based on the fuzzy logic control (FLC) and filtering
algorithms. Hu ez al.[18] devised an enhanced frequency diving
coordinated control strategy to realize dynamic power regulation
of a HESS, Blanes et al. [19] also designed a control strategy
to let the battery supply low-frequency current demand and the
SCs supply the high-frequency part. Veneri et al.[20] designed
and compared rule-based energy management systems (EMSs)
for a HESS. The real-time performance of rule-based EMSs is
appealing but its optimality can not be guaranteed. For this rea-
son, gradient-based optimization approaches are widely studied,
areal-time utility function-based control for a semiactive HESS
was proposed in [21] and the formulated problem was solved
based on the Karush—Kuhn—Tucker conditions, and similar work
can also be found in [22] and [23]. Model predictive control
was utilized also for the power management of HESSs to realize
online optimization [24], [25]. There are also other gradient-free
optimization approaches developed, for instance, [26] developed
a real-time predictive power management strategy based on
neural networks and particle swarm optimization algorithm.
While a real-time GA-based power management strategy was
proposed in [27].
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Most of the aforementioned work was focused on either
sizing or power management, in which case, only the suboptimal
solution was obtained due to the reduced searching space. To this
end, some researchers combined these two problems and tried
to optimize the sizing parameters and control law parameters
simultaneously. The combined sizing and power management
problem was formulated as a nonlinear programming problem
and solved by an open source nonlinear programming solver
IPOPT in [28] and [29]. A similar approach can also be found
in [14], where the sizing and power management problem was
formulated as an integrated convex optimization problem and
solved by CVX. Song et al. [30] formulated and solved the
sizing and power management problem of a HESS offline based
on the Pontryagin’s maximum principle. The above reviewed
combined approaches are offline, which are quite useful as the
reference when design EMSs but not appropriate for real-time
implementation. A few studies investigated the combined sizing
and real-time power management optimization problem [31],
[32]. However, the developed real-time algorithms were either
too simple or only single-objective.

In summary, the sizing and control of a HESS should consider
multiple objectives, including its lifespan, energy efficiency,
and capacity. Combined sizing and power management can
help maximize the searching space for better optimality. Be-
sides, parametric real-time EMS design is essential for fur-
ther optimization and practical application. FLC is real-time,
adaptive, and intelligent, it allows different operators to merge
nonlinearities and uncertainties in the best way and incorporate
heuristic control in the form of If=Then rules. Its effectiveness
and distinct advantages in power management of HESS have
been demonstrated, especially after optimizing its membership
functions (MFs) [32], [33]. However, the optimization of these
MFs usually causes low computation efficiency, especially when
the designed FLC is complicated.

The primary goal of this article is to develop an efficient
multiobjective optimal sizing and real-time power management
algorithm for a HESS. The contributions that distinct this article
from the previous efforts are as follows. Firstly, a systematic
bilevel multiobjective optimal sizing and control framework
incorporating the battery dynamic model, SC model, evaluation
model, and adaptive parametric real-time EMS is proposed. Sec-
ondly, a parametric vectorized fuzzy inference system (VFIS) is
devised for the first time to the best of our knowledge, which
allows a large number of fuzzy logic controllers running in
parallel and enables fast training and optimization. Thirdly,
Pareto optimal solutions of a HESS for an electric race car are
obtained using NSGA-II under the proposed framework. The
corresponding optimal sizing parameters and MFs of a real-time
fuzzy logic-based EMS are obtained simultaneously.

Sizing and control of the HESS for an electric race car
are investigated as a case study in this article, which aims to
minimize the operating cost for a racing team and to reduce
the environmental impact caused by the waste battery. The
remainder of this article is divided into six parts. Section II
elaborates on the proposed bilevel optimal design and power
management framework, then presents the formulation of the
sizing and power management problem. Section III describes
the battery and SC models. Section IV gives the details of the
devised FLC based on the vectorized fuzzy inference engine. In
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Fig. 1. Framework of the bilevel optimal design and control.

Section V, the simulation parameters and settings are presented
in detail. Section VI discusses the obtained results. Finally,
Section VII concludes this article.

II. BILEVEL OPTIMAL DESIGN AND CONTROL FRAMEWORK

The proposed bilevel optimal design and control framework
is presented in Fig. 1. The term “bilevel” here means that the
optimization is carried out at both the system integration and
controller design levels. The power demand of the driving profile
Pem, the battery state of charge xsoc, and SC state of energy
xsog are the inputs of the FLC-based EMS, while the output of
the FLC is the requested power from the SC Pieqsc, and requested
power from the battery is calculated by Pregbat = Paem — Pregse-
The outputs of the EMS are the inputs of the battery and
SC modeled in Section III, and the evaluation indexes can be
calculated based on the outputs of the battery and SC model.

The workflow of the bilevel optimal design and control is
illustrated as follows. First, the multiobjective algorithm will
generate the sizing parameter matrix and the corresponding
static tuning parameter matrix of the power management system.
In this article, the matrices represent the number of SC banks
and the parameters of the MFs, respectively, in different pages
of the optimization parameters. Second, the FLC-based EMS
using the new MFs will control the generated HESS to output the
demanded power from the battery and SC, respectively. Then,
the maximum number of laps can be obtained when both the
battery and SC reach the minimum state of charge values set in
the constraints, and the capacity loss of the battery is evaluated
based on the average current of the battery during the whole pro-
cess. Many existing studies have proposed models for capacity
loss of lithium-ion batteries. Most existing capacity loss models
are validated by discharging the battery at a constant current
C rate, and we have not found any experimentally validated
models that can predict the battery capacity loss dynamically.
Therefore, we choose to estimate the capacity loss of the battery
based on the average load like many previous researchers did,
and a statistical histogram discharge C rate based approach to
evaluate the influences of different C rates on the battery cycle
life has also been investigated. When the Pareto-front of the two
evaluation indexes is obtained, the above iteration will terminate;
otherwise, it will continue.

The goal of this study is to find the optimal sizing parameter
N and the parameter vector Ts of the MFs, which are the
key parameters of the HESS design and real-time FLC-based
EMS, respectively. The optimized EMS will output the requested
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control command series U(t) = [Pregpat; Pregsc] to maximize the
number of traveled laps Jiaps and battery cycle life Jiifepar ON @
given race circuit

max.J = [Jlaps (X(t)7 u(t)’ p)a J]ifebat(x(t)v u(t)v p)} (1)

subject to
the first-order dynamic constraints

x(t) = fx(t),u(t),t, pl )
the boundaries of the state, control, and design variables
Xmin < X(t) < Xmax
Umin < U(t) < U
Pmin < P < Pmax 3)

the algebraic path constraints
Gmin < g[x(t), u(t)a ta p] < Gmax (4)

and the boundary conditions
bmin < b[x(tO)athX(tf)atfap] < bmax (5)

where & is the first-order derivative of the state variables, f is
the dynamic model, x, u, and p are the state, control, and design
vector, respectively, and their lower and upper bounds are X,
Upmin, Pmin @0d Xmax, Umax»> Pmax» fespectively. While g and b are
the path and boundary equations, respectively, with their lower
and upper bounds g, Omin and g,ax> Omax-

In this article, the algebraic path constraint g is eliminated
by introducing a simple relaxation in (12), the state variables
x, control variables u, design parameters p, and the boundary
constraints b will be presented in the following paragraphs.

III. MODELING OF THE HESS

The HESS configuration for an electric race car is demon-
strated in Fig. 2. The SC can output and absorb high peak power
by controlling a bidirectional dc/dc converter that interfaces the
SC to the dc link of the battery. Moreover, the voltage of SC
can be used in a wide range with the help of the dc/dc converter
[6]. There is a dc/ac inverter between the dc link and the ac
motor, which converts direct current to alternating current. In
particular, the dc/ac inverter allows a wide-range input voltage
from the dc link. This configuration has a smaller mass, is easier
for installation and costs less compared to an active parallel
topology.

In this section, the dynamic characteristics of the implemented
lithium-ion battery are analyzed first, and a dynamic battery
model is employed after comparison. Then, the details of the
battery cycle life model are presented. A simplified SC model
is illustrated at the end of this section.
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A. Dynamic Battery Model

The battery models for simulating the battery behavior basi-
cally include the semiempirical, electrochemical, and electrical
ones [34], [35]. The widely used one is the effective internal
resistance (Rint) model, where the voltage and resistance are
described as functions of SOC based on experimental data. How-
ever, this model with only SOC as an independent variable can
not capture the influences of the C rate and SOC simultaneously.
In order to obtain the optimal sizing parameters and power man-
agement strategy for the HESS considering the characteristics of
the battery in practical conditions, it is necessary to implement
a proper battery model that can describe the battery dynamic
behavior precisely. In this article, a modified Shepherd model
is employed to depict the dynamic characteristics of the battery
during the charging and discharging process [36]. The dynamic
battery model is represented by (6) and (7) with the assumption
that the internal resistance is constant and the thermal behavior
of the battery is neglected. The Coulombic efficiency is kind of
taken into account with the terms multiplied by the polarization
resistance since there is always voltage drop when the discharge
current is not zero.

Discharge
K max - K max . . _Bi
Voat = Eo — Qmi — itlt — Qmi — i Rpui + Ael "Bt
(6)
Charge
KQmax . KQmax . .
Voat = Ep — —it — - — Ry,
o 0 Qmax — th it — 0.1Qmax ' bat!
+ Ae(fBit) (7

where V44 is the battery voltage (V'), Ej is the voltage constant
(V), K is the polarization constant or polarization resistance,
Qmax 1s the total capacity, 7 is the battery current, and Ry, is
the internal resistance. The battery discharge (¢ > 0) or charge
(1 < 0) 7t is denoted as

it = / idt. ®)

The calculation of the voltage amplitude A (1), time constant
inverse B (Ah~!) of the exponential zone, the polarization
resistance K (£2), and the voltage constant Fy (V) in (6) and
(7) are referred to [36]. The battery model is calibrated with
experimental data, the comparison of the fitted model and the
real data is demonstrated as Fig. 3. The fitted semiempirical
model can represent the real battery dynamics satisfactorily.

The state of charge of the battery .. and its derivative &g
is denoted as (9) and (10), respectively.

1 b
Zsoc = 100 (1 — m/o idt) )
Tgoe = — 36leax i. (10)
The charging/discharging 7 is denoted as
ﬂ7 Pregbae = 0
i — ) NoaVoalap a1
PregbatNAD Progpat < 0

3
N bat Viaat
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Fig. 3. Comparison of the fitted dynamic battery model and the real data.

where 7ap is the efficiency of the dc/ac converter taking into
account the motor efficiency as a constant value. In this article,
the number of battery cells Ny, is determined by the available
total mass of the HESS mpygss and the number of the SC banks
Ny, as shown in (12). The total mass of the HESS is fixed in
this article given the fact that the mass of a race car is strictly
limited in general.

Noa = [(maess — NeeMvank ) /Ml ] - (12)

B. Battery Cycle Life Model

In recent years, substantial efforts have been made by both
academia and industries to develop models that can predict
the degradation of the lithium-ion batteries accurately [37].
Different models were developed to account for various factors
responsible for capacity fade such as parasitic side reactions,
solid electrolyte interphase formation, and resistance increasing.
However, experimental data are essential for studying the aging
processes of a battery system and verifying the capacity fading
mechanisms. A revised semiempirical model based on the Ar-
rhenius equation was widely used in the optimization and control
problems related with batteries [38]. As shown in (13)—(16), the
capacity loss of this model is expressed as a function of the
discharge current rate Cly., temperature 7', and ampere-hour
throughout Ay,

—E,
Qloss = Acl €xp ( R > (Ah)z (13)

cl

where (Q),ss represents the battery capacity loss, A.; the preexpo-
nential factor, F, the activation energy from Arrhenius law (.J),
R, is the gas constant of 8.314, T' is the absolute temperature
(K), and Ay, is the Ah-throughput, which represents the amount
of charge delivered by the battery during cycling.

The preexponential factor A in (13) is proved to be sensitive
to the discharge current rate C}, in the experiments [39], and it

is fitted using [40, (14)]
In Acl =a- eXp(—b ' Crale) +c. (14)

The activation energy can be fitted as a linear function of

discharge current rate [39]
E,=d+ e Crue (15)

where a, b, ¢, d, and e are the correction parameters of the battery
cycle life model.
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number of inputs and outputs.

The Ah-throughput can be expressed as

A Yy
= t
" /O 3600

where i is the discharge current, ¢ is the end time of the current
profile.

In addition to using the average current rate to evaluate the
capacity loss, a statistical method [10] was also implemented to
estimate the effect of nonuniform current rate on battery cycle
life.

(16)

C. SC Model

In this article, the capacity fading of the SC is neglected
because it has much longer cycle life than lithium-ion batteries.
The SC model is simplified to a series connection of a resistance
and a SC bank [5]. Also, the efficiency of the dc/dc converter
between the SC and the dc link is assumed to be a constant value
of 0.95. The recursive SC model is derived as follows:

o Vet — \/V:;% - 4Rsct-Preqsc/(77AD7]dc)

P, >0
. 2CSC[RSC[ e =
Vo =
- Voo — \/ Vg - 4RsctPreqsc77AD77dc P <0
2C’SCt‘RSCt e
(17)
Vel
TSOE = Vzc— (13)

ctmax

where Vi, = V. N is the total open-circuit voltage of the SC
pack assuming that all banks have a uniform behavior, ¢ is

thetime atstep k + 1, Ryr = Ny Ry is the total equivalent series
resistance, Pegse 1S the demand power from the SC, 74 is the
efficiency of the dc/dc converter, Cyet = Chank/ Ny is the total
capacity, xsog is the state of energy, Vimax 1S the initial open
circuit voltage, V. is the open circuit voltage of one SC, Ny is
the total number of the banks, and R, is the series resistance of
one SC.

The actual total output power of the SC pack is calculated as

Ve — \/ ‘/c% - 4-Rsct-Preqsc/ TIADdc

]Dsc = Vet © 2R
sct

(19)

IV. FLC WITH VECTORIZED FUZZY INFERENCE ENGINE

The proposed FLC in this section consists of If-Then fuzzy
rules, fuzzification, fuzzy inference engine, and defuzzification
modules. To speed up the optimization and take advantage
of the powerful matrix processing capability of MATLAB, a
VFIS shown in Fig. 4 is developed for the first time according
to the state-of-the-art literature. The following paragraph will
present the details of fuzzy rules, MFs, vectorized fuzzification,
fuzzy inference engine, and defuzzification operations of the
developed vectorized FLC.

A. Fuzzy Rules

Fuzzy rules are a set of If-Then linguistic rules used to
formulate the conditional relationships that compose a fuzzy
logic controller. For instance, a fuzzy rule can be: if SOC is
high and SOE is high; and if P4 is positive high then P, is
positive big. It is reasonable to devise the same If-Then rules
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for the control of HESSs with different sizes, since the control
objectives of all the HESSs are the same in this article. The
developed fuzzy rules are demonstrated as Fig. 6(a), where the
labels N, P, S, M, and B mean negative, positive, small, medium,
and big, respectively. The basic idea of the fuzzy rule is to utilize
the SC as a buffer to reduce the high peak power impact on
battery and absorb more regenerative braking power.

B. Membership Functions

The concept of MFs was introduced by Zadeh in the first paper
on fuzzy sets [41]. A MF is a curve or a function that defines
how each point of the input variables is mapped to a membership
value between 0 and 1. It is quite challenging to design the
optimal MFs for each HESS manually according to the engi-
neering experiences. Besides, considering that the performance
of the FLCs is sensitive to their MFs, different MFs of the FLCs
with the same fuzzy rules should be devised for different sizes
of HESS. Based on these considerations, the parameters of the
MFs are selected as parts of the parameters to be optimized in
this article. The trapezoidal-shaped MF is selected for the fuzzy
inference engine based on the considerations that it has high
flexibility [9].

C. Vectorized Fuzzification

During the fuzzification stage, the input variables are identi-
fied to the fuzzy sets (MFs) they belong to and the respective
degree of membership to each relevance will be assigned. For a
FIS with trapezoidal-shaped MFs and a number of IV, inputs,
the fuzzy sets of each can be described using a matrix S =
[a, by, ci, dy] € RNp*Neiwx4, N, is the total page number of
the inputs; Ny j, is the number of fuzzy linguistic sets of state
input k, k € {1,2, ..., Ninp} and a, b, ¢, d are the variables that
define one trapezoid. The input matrix is denoted as x;, € R\»,
for X, its membership matrix ), € R™V»*Neik can be denoted
as

ch — ag

<X by) = ——

prlar < Xy <by) = 3 — -
pip(by <Xp <cp)=1 (20)

d, — X,

<X <dp) = ——"

piler < Xy <dp) = 7 —C

where ay, by, ci,dy, and I belong to RNr*Neik and Xy, is
denoted as

Xy = [kaxk7-..,xk] € RNp*Ntik Q1)

Niik
The membership array U for input X can be constructed as

NpXNii kX Ninp (22)

U= {IJ’la ooy Mg "'7“Nmp} ER

D. Vectorized Fuzzy Inference Engine

Fuzzy inference maps an input space to an output space using
fuzzy logic. A FIS tries to formalize the reasoning process of
human language by means of fuzzy logic (the built fuzzy If-Then
rules). The process of fuzzy inference involves all of the MFs,
If-Then rules, linguistic variables of the inputs and outputs.
Mamdani’s fuzzy inference method is the most commonly used
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fuzzy methodology. The search-able fuzzy inference engine is
able to map only one page of the inputs to one page of the outputs.
This section will give an elaborate description of the developed
powerful VFIS, which allows a large number of FLCs operating
in parallel based on Mamdani’s fuzzy inference method.

The linguistic variables are programmed with their integer in-
dexes from the smallest to the biggest in this article. For instance,
the fuzzy sets {NB, NM, NS, PS, PM, PB} of the third input
in Fig. 6 are mapped to {1,2, ..., Ny;  } correspondingly, here
Niix = 6, k = 3. The fuzzy rule matrix & € RNV->*(Ninp+No)
is constructed with the mapped integer indexes, IV, is the number
of fuzzy rules and N, is the number of outputs. For instance

Rule : xsoc *sor FPreq Dic

RN): 1 3 6 6 (23)

where (V,.) denotes the fuzzy rule N,., it means the rule like if
SOC s low and SOE is high and if P, is positive high then Py,
is positive high. The working scheme of the VFIS is illustrated
as follows:

1) Repeatedly copy the membership matrix g4, into IV,- blocks,
and we can obtain

temp _ oo temp NpxNyi Ny,
By C = g By ]y T € RS R R
——o

Nr

(24)

2) Create index matrix L;,, € RN»*Nei.xxNe for input k

12 Nyk 12+ Nyg
12... N 12... Ny
120 Ny 12 Ny
Np
(25)

3) Repeatedly copy the kth column of the rule matrix R €
RN (Nip+No) “into N, x Ny; 1, block arrangement Riemp €

RNoNewsoxNe ke (1,2, N}
§Rka Ele RN} ERk
éRk? mk? SERE) §Rk
§]:e[emp = : : . Np (26)
Re, R, ..., Ry
Nyik

4) Get the effective membership matrix pu.g 5, for input k €
{1,2,..., Ninp}
Pegr o = P (Lin == Reemp), phegrp € RN (27)

5) Combine and get the final membership matrix Uy, €
RNp*NexNinp for all the input X

Niik o Nk . Niik .
Uin = jL:JI Neff,k(]), jL:JI l"’eﬁ,k(J)v"'> jL:Jl Hef‘f,k(]) :

Ninp
(28)
6) Get the mapped membership matrix U, for the output fuzzy
sets

ZUin(k)7Uo € RNp*Nr

U,=n
k

Nin
3 (29)
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7) Create index matrix L, € RNe*N-*Nto for output the
fuzzy sets

12--- N, 12--- N,
12... Ny 12... Ny

L0: . . . . ) T
R R (30)
12Ny 12Ny

Np

8) Repeatedly copy the column of output fuzzy sets in the rule
matrix R € RV-*Niw+No) jnto a N, x Ny, block arrangement
Roemp € RNp*NrxNeo - N is the number of fuzzy linguistic
sets of output

Ry, Ry,, ..., Ry,
Ry, Ry,, ..., Ry,
§Roln:mp = : : . Np. (31)
Ry, Ry,, ..., Rn,
Nl(‘

9) Repeatedly copy the membership matrix of the output fuzzy
sets U, € RN»*Nr into N, blocks Uy remp:

Usiemp = {Uo, Uo, oo, Uy}, Uy gemp € RPN Mo (32)
N—

Nio

10) Get the effective membership matrix Ugs, of all the
output fuzzy sets

Uetr.o = Upremp(Lo == Rotemp), Uetr,o € RN»* NN (33)

11) Merge the membership matrix of the output fuzzy sets in
all the fuzzy rules

N,
. N, x N
Uo,ﬁnal = U Uo,eff(l>7Uo,ﬁnal € R7pF e,

i=1

(34)

By the above calculation, the membership of each trapezoid
of the output fuzzy set is obtained as U, f,41, and the next step
is the defuzzification.

E. Vectorized Defuzzification

The purpose of the defuzzification process is to produce a
quantifiable resultin crisp logic based on the given fuzzy sets and
corresponding membership degrees. The defuzzification process
based on the center of gravity method is demonstrated in Fig. 5.

The procedure is elaborated as following.

1) Discrete the output fuzzy sets into Ny;s parts , € R Nais
from its minimum value &, iy to the maximum one &, max
1) : mo,max] (35)

Ty = [mo,min : (mo,max - mo,min) (Ndis -

where the value of Ny;s affects the accuracy of the crisp output,
for instance, the increasing of Nys will improve the precision
but will increase the computational burden.

2) Repeatedly copy x, € R™# and output fuzzy set
Sy = (@0, b, Co, dy] € RNte*NoXd | we can obtain o emp €
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A
10 %] b(1,N,) ¢(1,N,)  b(2,N, (2,N, b(Ny,,N, (N0, N,
U (1, N,) (1.N,) e(LN)) - B(2.N,)  €(2.N,) (NiosNp) — e(NioNp)
a(LLN,)  d(1,N,)  a(2.N,)  d2.Np)  a(N,N,)  d(NigNy)
A
b(L.N,) c(LN))  b2N,) 2Ny  b(NwNy)  e(NiNy)
vrren) | /N L\
a(l,Ny)  d(1,N,)  a2,N))  d2.Ny)  a(Ne,Ny)  d(Nig,Np)
A
b(1.Ny) «(LN))  b(2.N,)  ¢(2N,)  b(NiyNy)  ¢(Niowy)
Uumg *Np (N Np ) / \ / \ ......
a(LN,)  d(1,N,)  a(2.N,)  d2.Np)  a(N,N,)  d(Nig,Np)

Output fuzzy set of page N,

l

2

Fig. 5. Defuzzification process based on the center of gravity method.

RN N> Nas and S, emp € RNo*No*Nas_respectively, as

Lo, Loy «..y Lo

Loy, Loy «--y Lo
Lo temp — . : : Np (36)

5 e,
Lo, Loy «..y Lo
NlO
So,temp = [SO7SO7~-~7SO]~ (37)
Nuis

3) Calculate the membership matrix of &, temp based on the

output fuZZy set So,temp = [ao,lemp7 boﬂempa Co,temp do,lemp] €
RN“,XNZ, X Ngis x4

mo,temp - ao,lemp
Ho(ao,temp < Lo temp < bo,lemp) = b
o,temp ao,temp

/'l’o,temp(bo,temp < Lo, temp < Co,temp) =1 (38)

d, temp — Lo temp
“o(co7temp < To,temp < do,lemp) =0
do,temp - co,temp

4) Repeatedly copy the membership matrix U, fina in to Ng;s
blocks Uy emp € RN NoxNai

Us emp = [Uo finals Uo finats -+, Uo,final (39
Nais
5) Find the effective membership matrix
Ueito = Uogemp [ ] Ho» Uer,p € RN M MNa - (40)
6) Merge the membership matrix obtained in last step
N,
Uoo = | Uetrofi), U € RN Nk (41)
i=1
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Fig. 6. Parameters of the FLC based EMS. (a) Fuzzy rules of the EMS. (b)
MF design parameters of the EMS.

7) Calculate the crisp output matrix for all the input matrices

SN 0 (i) 0 Ug e (20(i))
Nais .
2t Up iz (20(7))
In order to design the fuzzy rules and MFs conveniently, the

devised vectorized FLC modules illustrated above are developed
in MATLAB with standard and user-friendly interfaces.

.y € RYV». (42)

y:

V. SIMULATION PARAMETERS AND SETTINGS

The state variables include the battery state of charge xsoc
and state of energy of the SCs zsor, X = [tsoc, Tsog]. The
control variable output by the FLC in this article is the requested
power from the SCs u = Ppeqqc, While the demand power from
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Fig. 7. Power demand in Nurburgring circuit.

the battery can be calculated by Begpat = Piem — FPregse- In ad-
dition, only SCs are used for regenerative braking in order to
improve the battery cycle life. The design parameter vector is
P = {Ni, Zmr}. The designed fuzzy rules and initial MFs are
demonstrated in Fig. 6, and there are 28 parameters of the devised
MFs plus one design parameter of the HESS in one page of
parameters to be optimized. The design vector p is constrained
by defining Pmin and Pmax-

The operating profile of an electric race car is quite different
from the one of a conventional EV running on a city road. Thus,
standard driving cycles are not suitable for research on electric
race cars. The real driving cycle of a race car in the Nurburgring
circuit is chosen as the test scenario. he demand driving/braking
power is calculated by (43). The corresponding velocity profile,
acceleration profile, and demand power are demonstrated as
Fig. 7.

1
Piem = (ipCdsz + fmyg + mva) V. 43)

The detailed simulation parameters of the race car, the XALT
53 Ah (rated) high energy lithium-ion battery, the Maxwell Tech-
nologies 2.85V/3400 F high-performance SC, and the converters
are illustrated in Table I.

In the FLC-based EMS, the SOE, and current of the SC
are constrained between 0.1 and 0.99, —2000 A and 2000 A,
respectively. While the SOC of the lithium-ion battery is con-
strained between 0.2 and 0.9, the current is regulated by adjusting
the requested power from the battery. When the lithium-ion
battery is exhausted, the simulation of one iteration will be
terminated and the objective functions will be evaluated. The
temperature is for sure very important in any kind of vehicle
equipped with batteries, since it can affect the performance of
the batteries directly. However, it is very difficult to model the
heat generation, dispassion, and the thermal control system of
the ESS on an EV precisely. Actually, it is reasonable to assume
that the temperature is controlled at a constant value (23 °C') by
adjusting the thermal control system [1], [42].
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TABLE I
PARAMETER VALUES OF THE SIMULATION

Parameters Symbol Value
Vehicle mass (kg) Moy 570
Aerodynamics coefficient (h2 N/km?) pCyA 0.075
Rolling resistance coefficient f 0.016
Mass of the battery cell (kg) Meell 1.15
Voltage constant of the battery cell (V) FEo 343
Maximum capacity of the battery cell(Ah) Qmax 55
Polarization resistance of the battery cell (£2) K 8.85%10°°
Internal resistance of the battery cell (£2) R 1.33x1072
Voltage amplitude of the battery cell (V') A 0.761
Time constant inverse of the battery cell (Ah—1) B 0.040
Fitting parameter of the pre-exponential factor a 1.345
Fitting parameter of the pre-exponential factor b 0.2563
Fitting parameter of the pre-exponential factor [¢ 9.179
Fitting parameter of activation energy d 46868
Fitting parameter of activation energy e -470.3
Mass of the supercapacitor bank (kg) Mpank 0.52
Supercapacitor bank capacity([") Chank 3400
Supercapacitor equivalent series resistance (£2) Rs 22x1074
DC/DC converter efficiency Nde 0.95
DC/AC converter efficiency NAD 0.96
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Fig. 8. Multiobjective sizing and control solutions when mpgss = 320kg,

each solution is associated with both design and controller parameters.

In this article, a controlled elitist NSGA, which is a variant
of NSGA-II [43] is implemented to solve the multiobjective
optimization problem. Instead of only choosing the top-ranking
nondominated fronts, the controlled elitist GA also favors indi-
viduals that can assist to improve the diversity of the population
even if their fitness values are relatively lower.

VI. RESULTS

In this section, the results of the multiobjective optimal sizing
and control of the HESS are presented and analyzed in detail.
Fig. 8 presented the achieved results when the total mass of
the HESS is limited to 320 kg and the average current is used
to evaluate the capacity loss. The population size is set to 500
in the NSGA-II optimization algorithm, and the optimization
is terminated after about 13 h in a ThinkPad T470P laptop
with Intel(R) Core(TM) i5-7300HQ CPU @2.50 GHz CPU
and 16GB RAM, which is about five times faster than using
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Fig. 9. Pareto solutions using nonuniform C rate when mpgss = 320kg,

HESS with 50 SCs can improve the battery cycle life by 27.5%.

a conventional FLC (more than three days) [9]. The number of
total iterations is 1839, which means that about 0.92 million
solutions have been evaluated during the optimization process.
All of the solutions demonstrated in Fig. 8 are associated with
corresponding design and control parameters.

From the sizing point of view, using a different number of
SCs means different compromises between high power density
and high energy density. As it is demonstrated in Fig. 8, uti-
lizing more SCs can assist to reduce the average current of the
lithium-ion battery, which is beneficial for longer cycle life of
the battery, but reduce the energy density of the HESS, which
results in shorter driving mileage. When fewer SCs are used,
the results will be the opposite. It is also observed in Fig. 8
that HESS with the same design solutions (makers filled with
the same color) may achieve different values of both objective
functions, which means that for the same HESS with uniform
fuzzy rules, the parameters of the MFs will determine whether
we can achieve the Pareto optimal solutions. Thanks to the
proposed bilevel optimal sizing and control framework, the
corresponding sizing parameter N, of each HESS and the MF
parameters xp,¢ of the related EMS are coupled and obtained at
the same time for all the solutions including those on the Pareto
front.

From Fig. 9, we can see that, when utilize the statistical
method to estimate the effect of nonuniform current rate on
battery cycle life, the battery cycle life is between 1717 and
2984. The improvements of the available battery cycle life by
optimizing the MFs of the FLC based EMS have been further
demonstrated in detail in Fig. 10.

Moreover, this article has investigated the optimal sizing and
control problems of HESSs with different mass limits. From
Fig. 11, we can draw the following basic conclusions. First,
HESSs with smaller total mass will cover a fewer number of
available laps, but the available cycle life of the battery is
longer due to their shorter operating mileage. Second we can
achieve a pretty decent compromised solution that can enhance
both objective functions with only about 40 SC banks and the
optimized MFs.
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One solution from the Pareto front in Fig. 8 (Ny. = 32) is
selected and compared with the solution with the same sizing
parameter but the initially devised MFs. Fig. 12 demonstrates
the initial and optimized MFs with the dotted lines and solid
lines, respectively.

The achieved available number of laps of the initial and
optimized solutions are very similar, which are, respectively,
17.88 and 17.98. This is mostly due to the fact that the two
cases are implemented with the same HESS and the available
mileage is mainly determined by the sizing parameters rather
than the control parameters. However, the available cycle life
of the battery is different which are, respectively, 6082 and
6463. This means that HESS with the optimized MFs improved
the battery cycle life by 6.3%. Fig. 13 presents the interested
variables between 0 and 200 s, as it is illustrated in Fig. 13(a) and
(b), the EMS with initially devised MFs tends to request more
high peak power from the battery and less from the SCs, which
will accelerate the degradation of the battery. This phenomenon
can be explained with the curve of SOE in Fig. 13(c). We can
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power from the battery is less after optimizing the MFs and the SOE is maintained
at a relatively high level due to the optimized EMS.
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see that EMS with the initially devised MFs tends to exhaust the
SCs very fast at a few seconds after starting the operation and
the average SOE is under 20% during the simulation which is
not capable to provide long-time high peak power to protect the
battery. While EMS with the optimized MFs tends to maintain
the SOE of the SCs above 50%, which helps to play the role
of shaving the peak and filling the valley very well during the
whole driving profile.

VII. CONCLUSION

More SCs do not always guarantee a better overall perfor-
mance, especially when the total mass of the HESS is limited
since the energy density of the SC is quite poor and it can be
exhausted very fast even if it has high power density. How-
ever, we can obtain a balanced performance with fewer SCs
and the optimized power management system by the proposed
optimization framework. The proposed bilevel optimal sizing
and control framework in this article makes it possible to obtain
the solutions with enhanced optimality, since it enables the
optimization algorithm to search both the design and control
parameters simultaneously. The user could choose the favored
sizing solution from the obtained Pareto front packaged with
the optimal MFs based on a preferred compromise between the
two objectives. The obtained global optimal sizing parameters
and optimal parameters of the real-time controller on the Pareto
front can be put into real-time implementations. In addition to
the bilevel optimal sizing and control framework, the devised
VFIS with standard interfaces can be used in other kinds of
real-time feedback control problems, in particular, it can assist to
dramatically improve the computational efficiency when needs
to optimize the parameters of fuzzy logic controller.
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