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Abstract: In order to provide long distance endurance and ensure the minimization of a cost
function for electric vehicles, a new hybrid energy storage system for electric vehicle is designed in this
paper. For the hybrid energy storage system, the paper proposes an optimal control algorithm designed
using a Li-ion battery power dynamic limitation rule-based control based on the SOC of the
super-capacitor. At the same time, the magnetic integration technology adding a second-order Bessel
low-pass filter is introduced to DC-DC converters of electric vehicles. As a result, the size of battery is
reduced, and the power quality of the hybrid energy storage system is optimized. Finally, the
effectiveness of the proposed method is validated by simulation and experiment.
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1 Introduction

Due to the pollution caused by fossil fuel, new
energy sources have been continuously developed!'™.
Nowadays, embedded energy storage systems in current
generation electric vehicles are mostly based on the
Li-ion batteries which, with high energy density, can
provide long distance endurance for electric vehicles.
While compared to the super capacitor, the response
of Li-ion batteries is slower than that of super
capacitors® ™. Therefore, in order to make electric
vehicles comparable to fuel vehicles with regards to
fast transient acceleration, energy, and long-distance
endurance, a hybrid energy storage system(HESS)
consisting of Li-ion batteries and super-capacitors is
applied to electric vehicles™. For the development of
electric vehicles, optimizing the energy storage device is
critical, and it is necessary to consider increasing the
capacity of the battery, while reducing the size and
weight of the battery to increase the charging rate!®™.

DC-DC converters which play an important role in
hybrid energy storage system have been developed
rapidly over the years. Through a series of innovations, a
variety of DC-DC converters are proposed. A new zero
Voltage Switch (ZVS) bidirectional DC-DC converter is
proposed in [9], which has good controllability to
improve conversion efficiency, but is not suitable for
electric vehicles due to the complex control and higher
cost. It has been shown an isolated bi-directional
DC-DC converter!'” with complex structure is able to
convert a large power transmission. A new zero-ripple
switching DC-to-DC converter with the integrated
magnetic technologies is first proposed in [11-12] by
S.Cuk, and the application is very successful. Isolated
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interleaved DC/DC converter!'* introduces the concept
of three-winding coupled inductors, but it is more
suitable for power transmission.

It is very important for hybrid energy storage
systems to select a suitable energy management strategy.
Energy management strategies have been extensively
reported in literature in the recent years, including neural
networks, fuzzy logic, state machine control, frequency
decoupling method, on/off-line optimal strategies,
dynamic programming (DP) and limitation of battery
power!"*'"l. The main objective of the optimal control
strategies is to ensure a continuous supply by the
minimization of a cost function. These strategies can be
divided into off-line global optimization and on-line
local optimization. For off-line global optimization, it is
necessary to acquire the best power distribution between
different sources. At the same time, for on-line local
optimization, accurate predication driving conditions is
necessary“g'zo].

In this work, a new integrated magnetic structure of
DC-DC converter is proposed and applied on hybrid
energy storage system for electric vehicles. The proposed
DC-DC converter gives the specific topology and
operating modes, as well as Li-ion battery and super
capacitor control. With regards to energy management
strategy, the paper proposes a optimization control
algorithm designed using a Li-ion battery power
dynamic limitation rule-based control based on the state
of charge(SOC) of the super-capacitor. In order to
improve the life and reduce the size of hybrid energy
storage system, the paper uses a hybrid algorithm based
on particle swarm optimization and Nelder-Mead simplex
approach to optimize the control parameters. Finally, the
simulation and experimental analysis verify the hybrid
energy storage system performance.

2 Topology of hybrid energy storage system

Fig.1 is a proposed hybrid energy storage system
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Fig.1 Topology of the hybrid energy storage system

composed of DC/DC converter, super capacitors and the
Li-ion battery. DC/DC converters consist of four IGBT
switches T;~T, and its corresponding diode (added
battery) tube D;~D4, and an integrated magnetic
structure——self inductance L;. L, and mutual
inductance M, which share a core inductors. The battery
pack provides power to the smooth DC motor. The super
capacitor deals with the instantaneous state of peak
power supply. The power management system of electric
vehicles determines the electrical energy flow according
to the load demand.

The converter has five main operating modes
(mode due to the additional battery pack change). Table 1
shows the specific operation mode of hybrid energy
storage system corresponding energy flows and operating
mode DC-DC converter.

3 Design of the DC/DC converter with
integrated magnetic structure

Magnetic elements such as inductors, are the main
components of energy conversion, filtering, electrical
isolation and energy storage. The size of the magnetic
element is a major factor in determining the size and
weight of the converter.

To achieve the integration of magnetic elements, an
E-type magnetic core is used in this paper. Herein, a
coupling inductance (L; and L,) is used. As shown in
Fig.2, L, as the output filter inductor, L, as the external
inductance, and C, as additional capacitance. In the

Table 1 The operation mode of hybrid energy

storage system

Working mode Power source Power flow Operation mode

Parking charging Battery and super

mode AC power capacitor Buck

Constant speed Battery DC Boost
mode

Acceleration Super DC motor Boost

mode capacitor

Braking mode Braking Battery an.d super Buck

energy capacitor
Super-capacitor Battery Super capacitors Boost or buck

charging mode and DC motors
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Ly o

Liie
oM
e
L o
D;s D,
D, rT, i _‘T4
O O

Fig.2 Topology of DC/DC converter with
integrated magnetic structure

steady state , the voltage of C, is equal to the output
voltage of L, and L; without regard to the capacitor
voltage ripple. The DC/DC converter of Fig.1 consists of
4 1GBT switches (T|~T,) and 4 diodes (D,~Dy). As a
boost converter, there are two operational modes
(consisting of Ly, T4, D4 or Ly, T,, Dy); and as a buck
converter, there also are three operational modes
(consisting of L, T3, D4 or L,, Ty, Dy).

It can be seen from Table 2, a comparison of two
structures of DC/DC converter is illustrates that the
volume and weight of the DC/DC converter with
integrated magnetic structure are reduced. In the electric
vehicle, the application of the DC/DC converter with
integrated magnetic structure can reduce the overall size
and weight of the energy storage system. Moreover,
integrated magnetic structure can reduce the output
current ripple. In section 4, the effectiveness of the
integrated magnetic structure is validated by simulation
and experiment.

4 Control strategy of hybrid energy storage
system

4.1 Super capacitor

A cascade voltage and current controller is selected
to provide a stable load voltage. When the DC side
voltage has a significant increase during braking,
Super-capacitors can make a more rapid response and
recycle the braking energy. Fig.3 is the control block
diagram of the super capacitor controller.

Where Vg and Vgyesen are respectively the actual
voltage and rated voltage of DC motor; iy, and iy

are respectively the per unit of super-capacitor actual
current and rated current; f; is the switching frequency;
Gy, are the switching signal of T; and T».

In boost mode, the duty cycle of the inductor
current transfer function can be expressed as:

[LZ(S) _ VchLoadCch + 2Vdc
D(S) RLoadLZ CchZ + L2S + RLoad (1 - D)2

@)

1155 1s the reference current of L,, V4 is the DC
motor voltage, Cy. is the capacitor DC motor, D is the
duty cycle. In the frequency range, the relationship

Table2 Comparison of two structures of DC/DC converter

Discrete inductors Integrated magnetic

0,
Feature structure/cm?’ structure/cm?’ Effect(%)
Surface area 79.15 60 -24.20
Core volume 104.19 79.60 -23.60
Core weight/kg 0.31 0.23 -25.80
Wire weight/kg 0.21 0.21 -0
Peak current controller
Nominal current of the super capacitance’_ - f_ ________ 1
____________ s |
|r N lin—- S I
b 1Gia
Qr+—>

| L
Vicl SPKytsKp+Ki| | e ! !
| +_ s | | R |
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Ve sen | |7 VL=sen |
|

PID controller| 'Comparators  q_
L= T D S-R latch)

Fig.3 Block diagram of the super-capacitor voltage and
current controller
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between the inductor current and the DC-side voltage is
represented by the following equation ;

Vdc(s) _ _L2S+RLoad(l_D)2
I15(8)  RpgpqCo.(1-D)s+2(1-D)

2

4.2 Li-ion battery

The battery pack control can produce a smooth
supply of the DC motor current. The second-order
cut-off frequency of 50Hz Bessel low-pass filter has
been applied to reduce output current ripples or avoid
instantaneous large changes.

Assuming the converter is lossless, the DC motor
current is equal to the battery current, which can be
expressed as:

Vload x1 load

3)

Vload x Iload = Vbatt ><Ibatt;lbatt =
Vbatt

The reference current of the battery pack is
expressed as:

* Voa x1 oa
Ly == %G (s) )

batt

Where Vigq and [j,q stand for the voltage and
current of DC motor; Vy, and Iy, are the voltage and
current of Li-ion battery.

G p(s) is the transfer function of Bessel low-pass

filter which can be expressed as:

6,000 _b(Ds" +b(2)s" -+ b(n+1)

Grp(s) = 0 (s/ay)

&)

s"+a2)s" 4 +a(n+1)

6,(s) 1is the reverse Bessel polynomials, ay is the

cutoff frequency, a(n) and b(n) are coefficient of the
Bessel polynomials.

The Bessel filter is a linear filter with the largest
flat group delay or linear phase response and can fully
retain a filtered waveform and maintain a stable group
delay. Once the battery output reference current is
established, the converter is controlled by the peak current
controller. Fig.4 is a specific control block (where i,

and iy, are the per unit of actual and rated battery

current; G; 4 are the switching signal of T; and Ty).

Moreover, Li-ion battery power dynamic limitation
rule-based control based on the SOC of the super
capacitor is introduced to avoid the frequent switch of
Li-ion batteries (charge and discharge) and reduce the
stress on the Li-ion batteries.

The operating modes are as follows:

Model: When the HESS is charging, if the SOC of
super-capacitor exceeds the upper limitation QOsc char high,
the limitation of Li-ion power is increased to Pchar high limit;

Peak current controller

Battery reference current controller: ) S :
r— " I, 1G3.4
L) | lbatt! Q >
loadI GLP( S) 1 i _ R |
| |t |
Vioad Voatt! Bessel lowpass filtej' ’ba“'fe“ Comparators  §-R latchJI

Fig.4 Block diagram of the Li-ion battery pack
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Fig.5 The diagram of Li-ion battery power
dynamic limitation

if the SOC of super-capacitor is lower than the lower
limitation Qsc char low, the limitation of Li-ion power is
reduced to Pchar low limit. The dynamic limitation of the
Li-ion battery can be written as:

If Qsc - Qscref = Qsccharfhigh >

Foat_char timit = Fehar_nigh_timit (6)
If Qsc - Qscref <Qsccharjow 4
Foat_char timit = Fehar_nigh_timit (7)

Mode 2:When the HESS is discharging, if the
SOC of super-capacitor exceeds the upper limitation
Osc disch_high, the limitation of Li-ion power is increased
to Pdisch_high imit; 1f the SOC of super-capacitor is lower
than the lower limitation Qsc disch low, the limitation of
Li-ion power is reduced to Pdisch low limit. The dynamic
limitation of the Li-ion battery can be written as:

If Qsc - Qscref = Qscdisch_high >

Pbat_dischlimit = Pdisch_highlimit (8)
If Qsc - Qscref <Qscdisch710w >
Pbatidischlimit = Pdischihighlimit (9)

The above control parameters can be acquired by a
hybrid algorithm based on particle swarm optimization
and Nelder-Mead simplex approach.

4.3 Continuous recharge of super-capacitor from
Li-ion battery

In order to ensure enough energy from the super-
capacitor, when the SOC of the super-capacitor is below
the limit, the super-capacitor charges from the Li-ion
battery. Moreover, in the beginning of the driving cycle,
a target value of super-capacitor SOC is chosen as the
initial value to provide enough energy. An additional
control loop based on PI controller, which controls the
continuous recharge of super-capacitor from Li-ion
battery during the driving phase and also when the
electric vehicle is at a standstill, is designed. Fig.6 is a
specific block of the additional control loop.



48 Chinese Journal of Electrical Engineering, Vol.4, No.1, March 2018

176 + sKpy +Ki1 Duc—sen G
uc_nom S I Peak current| L
- “uc | controller
Ve PI controller
+
V4 + SKpy +Kin Tpatt—sen
c—sen —S

L’ﬁuﬁ PI controller Tyt

Fig.6 Block diagram of the additional control loop
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Where Vic nom and V. are the rated and actual
super-capacitor voltage; [, and /. are the rated and
actual super-capacitor current; Vycen and Vg, are the
rated and actual voltage of DC motor; /y.sen and lyy are
the rated and actual battery current; G;4 are the
switching signal of T and Tj.

4.4 Control parameter optimization

The optimization of HESS energy is targeted to
solve a mathematical multi-constrained nonlinear
problem. It can be described in the following equations:

min xF(X) = { (X)) (10)

Subject to:
gi(X)gO,i=1,2,3,4 (11)
Xmin <X<Xmax (12)

Where is X =(x1, x2,---, X19) is the control parameter;
X1, X2, X3, X4, Xs, Xg, X7 and xg represent Pdisch high limit,
Pdisch_low limit, Osc_disch_high, sc disch_low, Pchar high limit,
Pchar low limit, Qscicharihigh and Qscicharilow; X9 and X190 are PI
control parameters to ensure that the energy of super
capacitor is kept around its beginning value at the end of
each driving cycle (Kp; and T).

In order to reduce the stress of the Li-ion battery
pack, the HESS energy management proposed in the
paper is designed to reduce the instantaneous power of
the Li-ion battery pack under the premise of ensuring
the performance of HESS. Therefore, a function
aiming at minimizing the battery power RMS of the
Li-ion battery is established as shown in Equ.(13).

F =\ [ Pt (13)

Where T is a time period covering full charging and
discharging cycles; Pgy(?) is the instantaneous power of
battery charging or discharging.

The hybrid optimization based on particle swarm
optimization and Nelder-Mead simplex approach of
control parameters is as follows:

(1) Initialize particles and calculate fitness values
for each particle. Then find local position(LP) and
assign LP to global position(GP). F(LP)=min{ f;}

(2) Particle swarm optimization: Calculate velocity
for each particle and update each particle’s position;
Then evaluate each particle f;=F(X;) and find LP, if the
LP better than GP, assign LP as new GP; Otherwise,
keep it. When iteration>m,, go to the next step.

(3) Nelder-mead simplex approach: Define verticles
GP, LP, WP(worst position F(WP)=max{f;}); Then,

reflect, expanse, contract, shrink the vertices; Evaluate
each particle f;=F(X;); and find LP, if the LP better than
GP, assign LP as new GP; Otherwise, keep it. When
iteration >>m,, end.

Li-ion battery power constraints:

EBatcons < NSB 'NPB 'Ccelbat 'Ucelbat TIpop (14)
D
PBatcons < NSB 'NPB 'Ccelbat 'Ice]_bat (1 5)
c
PBatrec < NSB 'NPB 'Ccelbat '[celfbat (1 6)

Where Epgyicons 1S HESS energy consumption; Ngg.Nppg
is the Li-ion battery cells; Ngp is the number of cells in
series and Npg is the number of cells in parallel; Ceeppacs
U.evar are respectively the rated capacity and cut-off
voltage of Li-ion battery cells; 7pop is the discharge
depth; 12, . and IS, ., are respectively the discharging

current and charging current of Li-ion battery; Pgacons
and Ppyrec are respectively the peak lithium battery
discharging and charging power;

Super-capacitor power constraints:

NPfsc

3
AEsc < 'Ccelsc 'Uszc_max (17)

S _sc

Where AE. is the energy requirement of super-
capacitor to fulfill the transient powers (AEy, = Esc max —
Esc min), Np sc, Ns sc are the number of Super-capacitor
branches in parallel and in series; Ceelse, Use max are the
rated capacity and maximum peak of the super-capacitor
output voltage.

S Simulation and experimental analysis
5.1 Simulation of proposed HESS

In the part, a simulation model of the proposed
HESS is built on Matlab/Simulink.

Table 3 The parameters of HESS

Parameters Value
Nsg.Npp 185
Np_se.Ns_sc 570
Li-ion battery 77pop 80%
Li-ion battery initial SOC 1
Super-capacitor initial SOC 0.94
Li-ion battery En/(kW-h), Pnax/W 10, 200
Super-capacitor En/(kW+h), Pu./W 0.25, 200

Table 4 Control parameters of HESS

Parameters Value
D
Pisch_nigh_limit(X1) Nsp-Neg-Ceetpat Leel_pat
Pisch_tow_timit(x2) 0
Ose_disch _high(*3) 0.81
Qscidisch 710w(x4) 0.42
C
Pehar_nigh_timit(Xs) 0.05N5p-Npp-Coctvat Lcel_bat
Pchar_tow_limit(X6) 0
Qscicharihlgh(x7) 0.97
Qscicharilow(x8> 0.94
Kp1(x0) 0.08
Ti1(x10) 0.02
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The real-time SOC of Li-ion battery and super-
capacitor are as follows:

[, P

Obat =G0 = (18)
[ petoa

Qsc = QscO _E— (19)

This paper simulates the proposed HESS dealing
with power command with large fluctuations and the
simulation waveform is shown in Fig.6.

As can be seen from Fig.7, the response of the
proposed HESS is timely when the power command
fluctuates violently. From Fig.7(b), it can be seen the
Li-ion batteries are responsible for non-high-frequency
components and the super-capacitors are responsible for
high- frequency components.

The proposed HESS takes full advantage of Li-ion
batteries and super-capacitors, so that the super-
capacitor maintains the ability of power conditioning
and improves the overall performance of HESS.

5.2 Simulation and experiment of proposed HESS
applied to electric vehicles

5.2.1 Simulation

The simulation model of the proposed HESS applied
to a typical car driving cycle is built on Matlab/
Simulink to test the dynamic performance of the system.
The parameters of simulation system are presented in
Table 5.

The simulation of cars during the acceleration
mode, constant speed mode, braking mode and parking
charging mode are built on Matlab/Simulink, and the
stability of the load side and load side voltage, battery,
super capacitor current ripple are observed.

200
— Actual power
150 Power command

1 1 1 1 |
0 100 200 300 400 500 600
i/s
(a) Power command and actual power

—— Super-capacitor
—— Li-ion battery

W

—_ 1 1
100, 100 200 300 400 500 600

t/s
(b) Power of the super-capacitor and Li-ion battery

Fig.7 Simulation results of the proposed HESS

Table 5 Simulation system specification

Detailed simulation parameters

DC side voltage/V Vbc-nom =300
Rated voltage of the battery pack/V Vbatt-nom =144
Cpc/uF 4400
Rated voltage of the super capacitor/V Vucnom =125
L,/mH 10.12
L,/uH 580
M/uH 580
Switching frequency/kHz fs=15
Sampling time/us Ty =5

As shown in Fig.8, the load current corresponding
to a conventional driving cycle, the load current is very
smooth, (added to the battery group simulation analysis),
almost no ripple.

—
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Fig.8 Simulation results of the proposed HESS applied
on electric vehicles
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Compared to the super-capacitor current, the battery
current changes are smoother with no instantaneous
perturbations. The output current of the battery pack is
smooth and has minimal ripple content, which extends
the life of the battery pack and can reduce the loss due to
current ripple caused by the DC motor. The super-
capacitors are responsible for the high-frequency contents
of the load, so a sudden change in its current is normal.
At the same time, we can see that a small amount of
fluctuation in the load voltage, which is caused by
vehicle acceleration or braking, and the voltage can be
quickly restored to 300V by the super-capacitor.

5.2.2 Experiment

Finally, the paper makes an experiment to observe
changes of the current of batteries and super-capacitors
with step changes in the load. In order to fulfill the
conditions in a laboratory environment, we built a small
scale experiment and adopted boostcap PC2500 super-
capacitor, which switches are HGTG30N60A4D IGBT,
and the voltage and current senor are respectively LV
20-P and LA100-P. TMS320F2812 DSP is selected as
a feedback and control systems. The values of inductors
Ly, L,, and M were 2mH, 50uH, 50uH. The actual
values of these devices are shown in Table 6.

Fig.9 shows the excellent ability of the proposed
HESS in response to the acceleration and braking
condition of electric cars. For energy storage systems
with super-capacitors, when #=3 and the load step ups,
the battery current is smooth and doing a slow controlled
ramop, meanwhile, the super-capacitor repeatedly
high-current discharge and DC voltage is stabilized at
20V which the overall volatility is less than 5%; When
t="7 the load set down, super-capacitor recovered the
braking energy, as we can see, the super-capacitor
current is negative. For energy storage system without
super-capacitors, the battery pack as a single storage is
responsible for the set change in the load and has high
fluctuation and ripple in current, which will reduce the
life of battery. Compared with the proposed HESS, it is
not suitable for electric vehicles.

6 Conclusions

In this paper, a new hybrid energy storage system
for electric vehicles is designed based on a Li-ion
battery power dynamic limitation rule-based HESS
energy management and a new bi-directional

Table 6 Experimental equipment and circuit parameters

Experimental data
V=20
Voar=12
the initial charge state 80% lead-acid battery
6 Maxwell Boostcap PC2500 series connection
450F, the initial state of charge 12V

DC side voltage/V
Battery/V

Super Capacitor

Switching frequency/kHz £:=20
Sampling time/ps T4 =20
DSP model TI-TMS320F2812

Ly, Ly/uH 1.938 mH, 54.5687
M/uH 52.7866
Switch model HGTG 30N 60 A 4D IGBT
Voltage sensor LV 20-P
Current sensor LA 100-P

2.0 -
HESS Load current
1.5
<
= 1.0
0.5
0
Battery current
4
3 /Tr’ﬂ"r MY Yoo
< / \
= 2 / N
0
30 Super-capacitor current
bl sl
20 I T o T ey g 14
L | ] ' I | I' I
<
10
0
1 2 3 4 5 6 7 8 9
Time/s
(a) With super-capacitor
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15 il ol by
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0.5
0
Time/s
Battery current
4 :
3
<
= ol
1

Time/s
(b) Without super-capacitor
Fig.9 Experiment results of the proposed HESS applied
on electric vehicles

DC/DC converter. The system is compared to traditional
hybrid energy storage system, showing it has significant
advantage of reduced volume and weight. Moreover, the
ripple of output current is reduced and the life of battery
is improved.
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