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Real-Time Power Split Strategy of Hybrid Energy Storage System for

Electric Vehicle

Li-Shuo You' and Chang-Hua Lin*

ABSTRACT

High charge/discharge current is a major factor that shortens the health of the lithium battery. For this reason, once the
electric vehicle accelerates or decelerates, the required amount of power fluctuates greatly. Therefore, this paper suggests using a
supercapacitor as another energy storage component. This device is thought to be suitable for high charge/discharge current
because it is based on the use of the battery semi-active hybrid energy storage architecture. Vehicle load can be generally split by
the proposed real-time power split strategy. For this reason, the battery can provide a smoother power curve, and the
supercapacitor bears precipitous load required for acceleration and deceleration to better prevent the lithium battery from
producing a steep change in current. Finally, hybrid energy storage system (HESS) platform is built and tested. Also, HESS
circuit and power split strategy are modeled in Simulink, and the results derived from the simulated and tested waveforms are
validated experimentally by operating the proposed real-time power split strategy..

Keywords: hybrid energy storage system, power split strategy, electric vehicle.

1. INTRODUCTION

Transportation vehicles are being electrified, and this trend
will continue to surge in 2021. However, most common electric
vehicles nowadays use a single energy storage element, such as
lithium batteries. Notably, if the lithium batteries of electric ve-
hicles are driven under different road conditions and so suffer
precipitous load, the battery life will be greatly degraded and
aging. As suggested by Karden et al. 2007, the battery life will be
reduced by 200 to 300 cycles when the Ni-MH battery repeatedly
undergoes the changing of load, and so the better operating range
of batteries is to discharge to the 20 ~ 50% interval of the bat-
tery's rated capacity. Secondly, with regard to the characteristics
of lithium iron phosphate batteries, based on the results obtained
from the experiments carried out by Omar et al. 2014, to operate
this at high ambient temperatures, high discharging current or too
low state of charge are all the main reasons for the accelerated
aging batteries to occur. With this in mind, if the battery only
uses a single energy storage element to cope with the load of
electric vehicles, it will lead to over-design of battery module
specifications, and so increase the size and weight of the system
(Shen et al. 2014).

In order to better solve the aforesaid problems, many re-
search papers have proposed a hybrid energy storage system
(HESS) to do so. The ultimate goal of this system is twofold: (1)
to combine high-power density supercapacitors to provide or
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absorb steep changing load transient and (2) to allow the supply
of the smooth and stable average load by a battery with high en-
ergy density to occur. Also, the different electrical characteristics
of the two storage components complement each other's ad-
vantages and disadvantages, so as to further reduce the possibility
of using batteries under the frequent changing of load, thereby
extending the battery life.

The state of the art of HESS architecture divided into four types
is depicted in Fig. 1. Firstly, as for the Passive HESS (Zheng et al.
2001; Peng et al. 2004; Omar et al. 2010), both the battery and the
supercapacitor are directly connected in parallel, so the energy can-
not be controlled and distributed. In addition, the supercapacitor only
works at the first moment of discharge, for the terminal voltage of
the supercapacitor is clamped by the battery voltage, and so it loses
the expected effect of adding supercapcitor. Secondly, regarding the
semi-active battery HESS (Wang et al. 2017; Kuperman et al. 2013;
Wang et al. 2017; Dusmez et al. 2015), the battery uses a bidirec-
tional converter connected to the DC bus, the advantage of this ar-
chitecture is that the battery discharged/charged current can be con-
trolled by converter, and the supercapacitor acts as an energy buffer
to absorb and release steep changing loads. Furthermore, since the
purpose of the battery is to provide average power energy, and the
converter maximum power does not need to be designed to reach the
full load power of the electric vehicle, it just can be designed with
average power. Next, concerning the semi-active supercapacitor
HESS (Song et al. 2015; He et al. 2013; Zhang et al. 2020), since the
energy of the supercapacitor is not limited by the DC bus voltage, the
energy of the supercapacitor can be properly used. However, the
supercapacitor must provide the frequently changing load. In this
case, to better design the bidirectional converter, the almost full load
power of the electric vehicle should be achieved, and so the convert-
er needs to have a wide voltage range adjustment and good transient
response to achieve stable bidirectional power transmission. Finally,
as to the fully active HESS (Eren et al. 2009; Yoo et al. 2008),
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Fig. 1 Simplified circuit schematic of HESS topologies (a) passive HESS (b) battery-semi HESS
(c) supercapacitor-semi HESS (d) full active HESS.

battery and supercapacitor are connected to the bidirectional
converter. The DC bus voltage can be adjusted by two bidirec-
tional converters, so the DC bus voltage is the most stable, but
its system complexity and cost are also higher than the above
three architectures.

This paper demonstrates the architecture of battery semi-active
hybrid energy storage system. In this system, the bidirectional con-
verter uses the synchronous rectification interleaved converter, and
the digital signal controller (DSP) is considered to implement the
real-time power split strategy and so to control the power converter
through the use of the electric vehicle load curve specification design
battery pack, supercapacitor pack and power converter.

2. REAL-TIME POWER SPLIT STRATEGY

At the beginning, as shown in Fig. 2, the speed curve of elec-
tric vehicle running in the city was used as the simulation for the
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actual experiment. This speed curve specification was obtained
from the U.S. environmental protection agency. This is generally
adopted to test the condition of light vehicles driving in the city.
We use the model known as “Explore the Electric Vehicle Refer-
ence Application” released by MATLAB. This model composed of
electric motors, batteries, transmissions and powertrains, as illus-
trated in Fig. 3, is generally used to complete the electric vehicle
model and set the required UDDS speed curve so as further to ob-
tain the power curve that battery needs to bear in the UDDS driv-
ing cycle of the electric vehicle. This is clearly shown in Fig. 4,
where the x-axis is time and y-axis is power. In order to match the
specifications of the equipment in the laboratory and verify the
power distribution strategy, the maximum peak value of the UDDS
load curve is scaled down to 2.51 kW, thus keeping the original
load curve discharging and recharging energy change trends. As
depicted in Fig. 4, the load change of the curve before t = 500s is
the most severe, so in subsequent simulation and experiment, the
load curve is set for t =0 ~ 500s for analysis.
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Fig. 2 Urban Dynamometer Driving Schedule (UDDS) standard.



You and Lin: Real-Time Power Split Strategy of Hybrid Energy Storage System for Electric Vehicle 29

L

Spd |94

UDDS (1369 seconds) [
Longitudinal Driver

@ Viliation

Passenger Car

Controllers

Fig. 3 Electric model built in Simulink

x10* Electric Vehicle Power Curve Based on UDDS

! Q37kW |

Power Demand (W)

-22kW

3 I I I

Average power=3.2kW |

200 400 600
500 s

800 1000 1200 1400
Time (s)

Fig. 4 Electric vehicle’s power curve running with UDDS driving cycle

Before power distribution, it is necessary to obtain the power
variation of the electric vehicle in real time. Since the supercapacitor
of the battery semi-active HESS is located on the DC bus, according
to the characteristics of the voltage change of the supercapacitor, it is
used with a digital controller to sample periodically, as presented in
Fig. 5.
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Fig. 5 Sketch of real-time power evaluation by supercapacitor

The energy AW, released or absorbed by the supercapacitor
during the unit sampling period can be obtained, as shown in Eq. (1),
where V[n] is the current sampling voltage value of the supercapac-
itor, and V[n-1] is the previous sampled voltage value of the super-
capacitor. When AW, is positive, this means that supercapacitor is
discharging; on the contrary, it is recharged energy when the vehi-
cle’s braking system is applied.

Cy 2 2
AW [n]= N (Vg [n-1]-V [n]) )

SC

The instantaneous power of the supercapacitor (P.) can be ob-
tained by dividing the energy by the unit sampling period (Ty), as
shown in Eq. (2), since the load change of the electric vehicle is in
seconds, unit sampling period design with 0.02s is enough to esti-
mate the power variation of electric vehicle.

AW,_ [n]

_ sc[ _ Csc 2 2
P [n]J=————=—=(V[n-1]-V[n]) )
T 2T,

The load power (Pyyq) is the sum of the instantaneous power of
the supercapacitor and the previous output power of the converter
(Peony[n-1]), as shown in Eq. (3). With this method, through the
physical characteristics of supercapacitor, the load of the electric
vehicle can be obtained in real time, and no additional output current
sensor is needed.

Pload [n]:Psc [n]+Pc0nv [n_l] (3)

After obtaining the real-time load change, since the battery
output power is controlled by the power converter, in order to corre-
late the power provided by the battery with the vehicle load change,
the real-time power estimated power (Pjy,q) is input into the digital
filter u[n], and output y[n] can smooth the load of electric vehicles
with drastic changes, as shown in Fig. 6. Then, the smoothed power
amount is used as the reference power amount based on the
rule-based control.
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Fig. 6 Sketch of power curve smoothing

The design of the digital filter H(z) can refer to the analog
first-order RC low-pass filter (LPF), and its frequency domain ex-
pression is as Eq. (4), where 7 is the RC time constant.

H(s)=

“4)

st+1

According to Euler backward approximation s = (z-1)/(Tsz),
where T; is the same sampling period as that of real-time power es-
timation. Eq. (4) can be converted to z by Euler backward approxi-
mation to obtain Eq. (5).

T -z
H(z)s ———— ®)
(z-1)t+T - z

Eq. (5) through the inverse z-transformation, the digital filter
expression of the discrete signal can be obtained as Eq. (6).

-y[n-1]+ ~u[n] (©6)

T+T T+T

where

y[n]: the current output value of LPF
y[n-1]: the previous output value of LPF
u[n]: the current input value of LPF

Eq. (6) can be realized through a digital controller used to
smooth the calculated load power and serve as the key basis for the
energy ratio between the battery and the supercapacitor.

Although the smooth load curve has been allocated to the bat-
tery by load smoothing method, and the battery output current is
limited by controlling the power converter to enable the battery to
withstand drastic load changes, the DC bus is determined by the
supercapacitor terminal voltage. However, this is especially true
when the load changes precipitously because the bus terminal volt-
age will still fluctuate. In order to control the DC bus terminal volt-
age to maintain within the inverter's operating voltage range 65 ~
85V, this control method is added.

According to the voltage value of the supercapacitor, the system
plans five regular control modes, as shown in Fig. 7. The purpose of
this is to not only make the energy distribution of the battery and the
supercapacitor more flexible but also make the DC bus voltage and
the system more stable. The structural details of Each of the modes
are clearly illustrated, and they are as follows:

Energy compensation mode (65V < V. < 73V): Since the DC
bus voltage is about to be lower than the lower limit of the set volt-
age range (65V), energy compensation is performed through Eq. (7),

where B is the maximum output power of the battery. When
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Fig.7 Sketch of rule-based control

the V[n] is lower, the output power of the converter is higher, and
the DC bus voltage is compensated to the intermediate value (75V)
as soon as possible to avoid the voltage falling below the lower limit
of the inverter's working voltage. The power flow of the circuit is
shown in Fig. 8.
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Fig. 8 HESS power flow of compensation mode

Average power mode (73V < V. < 79V): Since the voltage of
the supercapacitor is in the middle of the predetermined DC bus
voltage range, the system is relatively stable at this time, so the bat-
tery can output the smoothed load command through the converter.
The supercapacitor is responsible for absorbing or providing addi-
tional load transient changes. In this mode, the output power com-
mand quantity of the converter is Py = Pay[n]. The power flow of
the circuit is shown in Fig. 9.
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Supercapacitor mode (79V < V. < 82V): Since the DC bus
voltage is sufficient at this time, in this mode, the converter is turned
off, and the supercapacitor will handle all the required discharging
and recharging energy of the electric vehicle load. At this time Py,
= 0W. The power flow of the circuit is illustrated in Fig. 10.
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Fig. 10 HESS power flow of pure supercapacitor mode

Hysteresis control mode (82V < V. < 85V): In this mode, the
DC bus voltage is close to the upper limit voltage value (86V). In
order to avoid only one judgment formula, which causes the con-
verter to shut down and start frequently, this mode is added. When
the electric vehicle is braking, load energy is recharging supercapac-
itor, the converter will start aftter V. reach the hysteresis upper limit
voltage (85V), and recycle the excess energy to the battery. However,
when the energy recovery mode is activated, V. needs to reach the
lower limit of hysteresis voltage (82V), the converter will shut down
again and return to pure supercapacitor mode, as shown in Fig. 11.

Peony i -500W
A 4
82V 185V *Vic
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Fig. 11 Sketch of hysteresis mode
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Energy recovery mode (V. > 85V): In this mode, it is close to
the upper limit voltage of the converter, so the excess energy is re-
charged to the battery to ensure that the DC bus voltage does not
exceed the upper limit (86V), at this time P, = —5S00W, approxi-
mately 1C charging current to charge battery. The power flow of the
circuit is shown in Fig. 12.

DC DC
Battery Bidirectional Supercapacitor Inverter
pack converter pack
Fig. 12 HESS power flow of energy recovery mode

3. HESS DESIGN CONSIDERATIONS

The hardware of the HESS includes a lithium battery pack, a
supercapacitor pack, and a power converter. The design process
considerations are given as follows:

3.1 The determination of the load power variation

range of the electric vehicle

The maximum power of the electric motor assumed is 3 kW
in this paper, of which the load variation range is —1448 W ~ 2511
W, the most severe load variation interval is t = 187 ~ 205s, as
shown in Fig. 13, and the inverter input voltage range is 65 V ~ 85
V. By referring to above-mentioned conditions, the design of bat-
tery semi-active hybrid energy storage system is performed.

The larger the lithium battery capacity is, the longer the en-
durance is. However, the endurance parameters that may help en-
durance were not considered in this research paper. That is because
the lithium battery is connected to the input terminal of the boost
converter, and so the consideration is given to the duty cycle (D) of
the boost converter. For example, when the input voltage is the
maximum value, and the output voltage is the minimum value of
65 V, there will be a minimum value of D. Suppose the minimum
value of D is designed to be 0.1, according to the boost converter
voltage gain, the maximum input voltage is 58.5 V, which means
that the maximum operating voltage of the design lithium battery
pack should not exceed 58.5 V.
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Fig. 13 Simulation and experiment electric vehicle load curve
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3.2 Limit to the capacity of the lithium battery pack
and working voltage considerations

In terms of battery pack specifications, LiFePO, batteries
are used. Although the energy density is lower than lithium ion
batteries, their inherent advantages include better safety, longer
life and lower costs. The specifications of the single battery used
in the actual measurement are shown in Table 1. The battery pack
involves 16 series and 1 parallel, the voltage working range is 48
~ 57.6 V, the working voltage flat range is 52.8V, the rated ca-
pacity is 18AH, and the discharge rate was usually 2C ~ 5C. In
order to avoid the excessive discharge current, the maximum
battery discharge current is assumed to be 30A (the manufac-
turer recommends less than 2C, take 1.67C), this helps multiply

the flat zone working voltage 52.8V and so get B to be
1600W.

Table 1 Single LiFePO, battery specification

Parameter Value Unit
maximum voltage 3.6 v
nominal voltage 33 v
cut-off voltage 3.0 \%

C-rate 18 AH

3.3 The importance of the supercapacitor pack capaci-
ty and working voltage considerations

Since the supercapacitor pack is directly connected to the
DC bus, the voltage value specification of the supercapacitor
pack is the same as the input voltage range of the inverter, and
the capacitance value of the supercapacitor pack will be deter-
mined by the UDDS power curve where the load changes most
precipitously, as shown in Fig. 13. The maximum load change
interval is from t = 187 ~ 205 s.

Therefore, after integrating the energy in the interval of t =
187~205 s, the total energy required for the acceleration of the
electric vehicle during this period is Ej,,g = 35189 J. This load
energy is shared by the supercapacitor and the converter. As-
suming that the supercapacitor voltage starts from the middle
value of the DC bus voltage (V. ¢ = 75 V), the supercapacitor
voltage needs to be greater than the lower limit voltage (Vg min =
65 V). Meanwhile, assuming that the converter outputs at a con-
stant power of 1300 W in this interval, therefore, from t = 187 ~
205 s, the converter can provide a total of E.,,, = 23400 J, and
the supercapacitor is responsible for providing Es.> Ejaq — Econy
= 11789J. According to Eq. (8), it can be obtained that the capac-
itance needs at least 15.7 F.

c 2 2
E sc %(Vsc_ref 'Vsc_min ) (8)

In order to both meet the upper limit of the inverter’s working
voltage(85V) and ensure the withstand voltage of a single super-
capacitor in a safe range, a single supercapacitor with a capacitance

of 500F was selected to do so together with 30 series and 1 parallel.

So the rated capacity of the supercapacitor pack is 16.6 F, and the
rated voltage is 90 V. The specifications of a single supercapacitor
are shown in Table 2.

Table 2 Single supercapacitor specification

Parameter Value Unit
rated voltage 3.0 \Y%
capacitance 500 F
equivalent series resistor 4.5 mQ
maximum discharge current 230 A

3.4 The selection of the converter input\output voltage
range and maximum power considerations

The converter input and output voltage range is exactly the
same as the lithium battery pack voltage variation range and the
inverter input voltage range. The design consideration of the
maximum power value of the converter is actually the average
power value in the most drastic range of load changes, when t =
187 ~ 205 seconds, the average power is 1560 W, as shown in
Fig. 13. In order to enable the supercapacitor voltage to be
quickly compensated under heavy load, the maximum power
value was designed to increase by 25%, so 2000 W was taken as
the maximum power value of the converter.

The bidirectional power converter uses a two-phase syn-
chronous rectification converter, as depicted in Fig. 14. The input
and output terminals are connected to battery pack and superca-
pacitor pack, respectively. The power flow from the battery to the
supercapacitor is built in the boost mode, and the supercapacitor
to the battery is built in buck mode. The converter specifications
are provided in Table 3.
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Fig. 14 Two Phase synchronize buck/boost converter

Table 3 Two phase synchronize converter specification

Parameter Value Unit
input voltage range 48 ~57.6 v
output voltage range 65~ 85 v

switching frequency 100 kHz
maximum power 2000 w
inductance 50 pH
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When designing the inductance, when the input voltage is
usually 53V in the flat area of the battery and the output voltage is
85V, the maximum duty cycle is calculated as follows

p=Yo™Vi ~ 376 ©)

v,

0

Assuming that the converter efficiency is 0.95 and the maxi-
mum output power is 2000 W, the input current can be derived as
follows

I,= Fo =39.72 A (10)
Vin

The single-phase inductor current I, I;, is half of the input
current I;,, and the single-phase inductor current ripple is designed

to be 20% of the DC value, so the inductance can be obtained as
follows

L=AV+'DTS =50 uH (11)

1p

4. SIMULATION MODELLING AND EXPER-
IMENT RESULT VERIFICATION

Fig. 15 shows the required equipment and schematic dia-
gram of HESS. Fig. 16 shows the HESS actual experiment plat-
form. In the following experiment and simulation, the HESS
provides a power range from —1448 W to 2511 W, a load and
supercapacitor voltage range of 65 V to 85 V, and a battery volt-
age range of 48 V to 57.8 V. Among them, the flat battery volt-
age is 52.8 V, and the voltage range of the interleaved converter
is exactly the same as that of the battery and supercapacitor, and
so it can operate at £2000 W. The preset conditions before the
formal test are that the supercapacitor voltage V. is pre-charged
to the middle value of the inverter input voltage range 75V, and
Vya 18 pre-charged to the flat working voltage 53V. The UDDS
load curve uses the dynamic power curve, as shown in Fig. 13,
for the following simulation and actual test verification.
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Fig. 15 Schematic of HESS experiment platform
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Fig. 17 illustrates how to form a simulated electric vehicle
load waveform through a DC programmable load and a DC pow-
er supply. First of all, although the programmable load machine
cannot control the amount of power curve, it can only control the
amount of dynamic current curve, and so the load curve in Fig.
13 is divided by the intermediate value of the inverter's input
voltage range of 75V and converted into a load current curve,
which maintains a similar electric vehicle load curve. To base
this on Kirchhoff's current law, Ly 10ad = Lic 10ad = Lic_source, SO after
shift of the load current curve is caused by the negative maxi-
mum current, the data are burned into the programmable load
machine, and the DC power supply provides the maximum nega-

tive current. In this case, it can implement the dynamic load
characteristics of electric vehicle.

Fig. 18 shows the modeling of a hybrid energy storage sys-
tem. The hardware modeling includes batteries, power converters,
supercapacitors, and the UDDS load curve. The power converter
was modeled by an average model; software modeling including
real-time power estimation, power smoothing method, rule-based
control and PI negative feedback control were used to verify the
feasibility of the proposed power split strategy through the sys-
tem modeling for the comparison of the results derived from the
subsequent actual experiments.
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b
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Fig. 17 Explain how to implement simulated electric vehicle load curve
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Fig. 19 shows the simulation results of HESS operated
under UDDS load conditions. The waveforms from top to bot-
tom are supercapacitor voltage (V,.), supercapacitor current (1),
electric vehicle load current (I, 0.a) and converter output cur-
rent (Icony). Lev 10aa CUrve in the figure is obtained by dividing the
UDDS power curve, as shown in Fig. 13, by the intermediate
value of the DC bus voltage of 75 V. As can be seen from Fig.
19, V. curve can tell, based on the rule-based control, that the
supercapacitor voltage range can be stably operated within the
specified range of 65V ~ 85V. Furthermore, HESS with a pow-
er split strategy can distribute the electric vehicle load current
between the supercapacitor and the lithium battery. The super-
capacitor current (I,) can withstand the precipitous changing
load of the electric vehicle, and the battery current (I¢o,,) curve

mainly depends on the converter to output a smooth load.
Therefore, the battery current trend will be the same as that of
the converter's output current, and this can greatly reduce both
the battery current stress and the repeated charging and dis-
charging current.

In addition, as shown in Fig. 19, two solid red lines are used
to mark the voltage value of the supercapacitor, Vi ref jow = 73 V
and Vi ref nigh = 79 V. Both values are used to verify the mode
conversion of the rule-based control strategy, which can be re-
ferred to Fig. 7. First, when the time is from t = 192 ~ 248 s, the
supercapacitor voltage is lower than the lower limit voltage value
of in the average mode (73V), so the rule-based control strategy
enters the energy compensation mode. Power command of con-
verter is followed by Eq. (7), it can be observed from the figure
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that when the V. goes lower, the output current of the converter
will increase rapidly, and V. will be returned to the intermediate
value of the DC bus voltage 75V as soon as possible; Second,
when the time is from t = 248 ~ 309 s, the V. is in the range of
73V to 79V, so rule-based control strategy enters the average
power mode. Meanwhile, the converter power command is fol-
lowed by the power passing through the digital low-pass filter. It
can be seen from the figure that the output current of the con-
verter is relatively smooth. Finally, when the time is from t = 309
~ 353 s, V. exceeds 79 V, so rule-based control strategy enters
the pure supercapacitor mode. In this mode, the converter is
turned off, all load changes are suffered by the supercapacitor.
Regarding this load condition, V. does not exceed the upper
limit voltage of 85 V, and so the energy recovery mode is not
entered under the entire road condition.

Fig. 20 shows the experimental results of HESS operated
under the UDDS load specifications, where CH1 is the converter
output current (I.ony), CH2 is the supercapacitor current (I.), CH3
is the electric vehicle load current (Ly j0aq), and CH4 is superca-

pacitor voltage (V). Among them, CH4 has adjust DC level
offset, so that the oscilloscope presents a subtle change in the
voltage of the supercapacitor. Observably, V. under the whole
road condition is 66.7V ~ 83.9V. It can be therefore verified that
the DC bus terminal voltage is stably controlled within the set
range, based on the rule-based control strategy. Since the upper
limit voltage of 85V is not exceeded, the whole road condition is
not operating in the energy recovery mode.

As can seen from Fig. 20, I, outputs a relatively smooth
current curve, while the precipitous changing load current curve
is suffered by I.. This confirms the effectiveness of HESS with
the power split strategy, and so HESS can effectively reduce the
regeneration energy of electric vehicles to recharge the lithium
battery. And the lithium battery only needs to provide a smooth
and relatively stable current waveform.

Among them, when L, 1,,q reaches a full load value of 32.2A,
I, takes 16.5A, and I, allocates 15.7A. Compared with a single
energy storage system, the current stress of the lithium battery is
reduced by 51.24% at full load.
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Fig. 19 HESS with UDDS driving cycle simulation results
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Fig. 20 HESS with UDDS driving cycle experiment results
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Fig. 21 Simulation and experiment results comparison

Figure 21 is illustrated by reading the data provided in Figs.
20 and 19 in the same graph for comparison. Among them, the
solid blue line refers to the actual measured waveform, and the
red dashed line represents the simulated waveform. The convert-
er output current trends of the two curves are the same. This can
verify the accuracy of the hardware modelling of the hybrid en-
ergy storage system, and so the power distribution strategy can
be realized by a digital controller.

In this paper, the ESR of the supercapacitor is not consid-
ered. Since the ESR value of the supercapacitor is actually very
low, it will only slightly affect the sampling value of V., temper-
ature rise, and system efficiency. However, it will not affect the
stability of the power distribution strategy, for the variation of V
is employed to calculate the real-time power evaluation of Py..

It is noted that the energy recovery mode is not included in
both the simulation and the actual measurement results. This is
mainly because when the proposed system is operated g in the
UDDS road conditions, the recovered energy cannot lead the
supercapacitor voltage to exceed the upper limit voltage in the
hysteresis control (Vs he max = 85 V). Therefore, neither the actu-
al measurement nor the simulation result will enter the energy
recovery mode. Meanwhile, if the upper limit voltage value of
the proposed hysteresis control is directly changed or other driv-
ing conditions that recover more energy (for example, a long
downhill road) are considered , then the RB control can enter the
energy recovery mode.

5. CONCLUSIONS

The battery semi-active hybrid energy storage system with the
proposed real-time power split strategy has been proposed in this
paper. To be specific, a real-time power split strategy can be im-
plemented by a digital controller to better control the power con-
verter. The load energy of the electric vehicle is appropriately dis-
tributed to the battery and the supercapacitor, so that the superca-
pacitor could withstand precipitous current curve when the accel-

eration and deceleration phases takes place, and so the battery
would provide a smoother load curve according to the power split
strategy. This real-time power estimation is based on the physical
characteristics of the supercapacitor, combined with the periodic
sampling by a digital controller through which the load change of
the electric vehicle in real time without adding a current sensor in
output line can be calculated. The core concept of power distribu-
tion is to pass the vehicle load through a digital filter, so that the
power provided by the battery is related to the instant load change,
and the DC bus voltage is relatively stable, based on the rule-based
control, and so this makes HESS more flexible when it comes to
energy provision. Finally, this research paper employed Simulink
simulation modeling and the actual experiment platform of HESS.
The results indicate that HESS with power split strategy can great-
ly reduce battery current by allocating part energy to supercapaci-
tor. At the peak load, the battery pack provides 48.8% load current,
and the supercapcitor pack withstands 51.2% load current, which
extends the battery life.
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