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ABSTRACT In this paper, a power-split strategy based on a real-time average power method is developed
for improving power output of battery and mode switching frequency of a multi-mode hybrid energy storage
system (HESS) in electric vehicles. To achieve mode switching and power distribution for the multi-mode
HESS, a rule-based strategy is designed based on the high-frequency power demand. Furthermore, a simple
real-time average power method is adopted to process the high-frequency power demand. Then, the real-
time average power is used as a variable logic threshold value for the power-split strategy. Since the
power-split controller responds to the smooth average power rather than the high-frequency power demand,
the high-frequency mode switching of the multi-mode HESS can be avoided. The ultra-capacitor works as
an enhanced low-pass power filter and the battery can supply smooth and steady output power to the motor
inverter. Comparative simulations between the developed power-split strategy and the rule-based strategy
are performed. The advantages of the developed power-split strategy for improving the power output of the
battery and the mode switching frequency of the multi-mode HESS in electric vehicles are indicated under
three typical driving cycles. Moreover, the longer time duration of the real-time average power is designed,
the smoother power output of the battery and the lower mode switching frequency of the multi-mode HESS
can be achieved.

INDEX TERMS Electric vehicles, battery, ultra-capacitor, hybrid energy storage system, power-split

strategy, mode switching.

I. INTRODUCTION

Pure electric vehicles (EVs) have been considered as one of
the most important parts in the sustainable transportation,
due to their lower noise, lower carbon emission, and bet-
ter economic performance when compared with traditional
vehicles powered by internal combustion engines [1], [2].
For pure EVs, energy storage systems (ESSs) are of criti-
cal importance [3]. Generally, a battery pack is one of the
most appropriate options for ESSs [4]. However, the battery
cycle-life would be shortened with the high-frequency and
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excessive power or current operation [5]. In other words,
the energy management system (EMS) could not effectively
deal with the high-frequency and excessive power opera-
tion in EVs if the ESS is only with the batteries [6], [7].
In practical applications, many series/parallel batteries could
be used to enhance the power performance of the ESSs, while
the mass, the size or the cost of these ESSs might not be
satisfactory for EVs [8]. In addition, the energy management
would become more difficult if more batteries need to be
managed [9]. Ultra-capacitor (UC), as another one of the most
appropriate options for the ESSs in EVs, has a significant
high-power density and an excellent long charge-discharge
cycle-life [10]. However, the drawback of the UC is that its
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energy density is relatively low [11], [12]. So the UC can
be used as an auxiliary energy source to integrate with the
battery in a hybrid energy storage system (HESS), thereby
achieving perfect high-power and high-energy performance,
simultaneously [13].

In previous studies, HESSs were successfully used to
avoid irregular current surge and prolong the battery cycle-
life in EVs [1], [14]. Since the battery and the UC are
used in the HESS, the energy management system (EMS)
should effectively achieve power-split and coordinated usage
between the two energy sources [15], [16]. To design the
power-split strategy, the HESS topology should be considered
firstly [17]. The topologies of HESSs include the passive-
parallel topology [18], the semi-active topology [19], and the
multi-mode topology [8]. The passive-parallel HESS cannot
actively implement the power distribution between the two
energy sources [18]. For the semi-active HESS, one of the
two energy sources can be regulated with a DC/DC converter
to supply optimal power, while the other is passively used
to supply or absorb power [20]. Therefore, the semi-active
HESS could not achieve the best usage of the battery or the
UC. For the multi-mode HESS, it can work with various oper-
ating modes. These operating modes can be actively carried
out [8], [13]. Moreover, both the battery and the UC can
be actively controlled with a bidirectional DC/DC converter
to implement the power distribution. In addition, the two
energy sources can also individually supply power to the load
without the bidirectional DC/DC converter, which can avoid
the energy loss of the DC/DC conversion [21]. Therefore,
the multi-mode HESS is a good choice to achieve the best
usage of the battery or the UC.

Since various operating modes can be carried out for the
multi-mode HESS, the power distribution between the two
energy sources should be in accordance with these operating
modes [22]. For this purpose, both the mode switching and
the power distribution should be considered when designing
the power-split strategy for the multi-mode HESS. Usually,
the rule-based strategy can be employed to implement the
power distribution [23], [24]. According to different logic
threshold values of the power demand, the voltage levels of
the UC and the battery, the rule-based strategy can achieve
a simple power-split control for the multi-mode HESS [8],
[25]. However, the mode switching frequency might be very
high if only the constant logic threshold values are utilized
for the rule-based strategy [13]. These inflexible constant
logic threshold values are not in accordance with the high-
frequency power demand [26], [27]. To reduce the mode
switching frequency, the hysteresis control (HC) method was
proposed [28]. With the HC of the UC voltage and power
levels, the power-split controller has buffer regions for the
mode switching. However, the high-frequency power demand
would pass through the HC region frequently such that the HC
method might not restrain the high-frequency mode switching
completely [13].

There are other optimization methods which can reduce
the mode switching frequency [29], [30]. For instance,
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the constant threshold values could be replaced by some vari-
able logic threshold values for the rule-based strategy [31].
However, the rule-based strategy with many variable logic
threshold values might be very complicated, i.e., many vari-
able logic threshold values would involve the multi-level
control for the EMS [32]. According to previous studies,
some intelligent control methods such as the neural network
[33] and the model predictive control [34] were developed
to replace the rule-based strategy for the HESSs. But it is
very difficult for developing controllers to implement the
neural network and the model predictive control methods
[34], [35]. To simplify the rule-based strategy with many
variable logic threshold values, the real-time average power
method (APM) could be used to process the high-frequency
power demand [8], [27]. The real-time average power can
be used as a variable and flexible logic threshold value for
the power-split strategy. It can ensure that the battery can
flexibly supply smooth and steady power to the load and
the UC acted as an enhanced low-pass power filter needs to
supply compensation power or absorb additional power [27],
[36]. When the power-split controller responds to the smooth
average power, the high-frequency mode switching of the
multi-mode HESS can be avoided since the change frequency
of the smooth average power is low [37]. Moreover, since the
power output of the battery is designed according to the real-
time average power rather than the high-frequency irregular
power demand, the power output of the battery in the multi-
mode HESS would be improved too.

In this paper, a power-split strategy based on a real-
time APM is developed for the multi-mode HESS in EVs.
It can effectively improve the power output of the battery
and the mode switching frequency of the multi-mode HESS
in EVs. Besides, the developed power-split strategy can
be simply implemented. This paper is structured as below.
Section 2 illustrates the multi-mode HESS. In Section 3,
the rule-based strategy is developed. Section 4 presents the
developed power-split strategy. Section 5 performs the sim-
ulations and the corresponding analyses. Section 6 presents
the conclusions.

Il. MULTI-MODE HESS

Fig. 1(a) illustrates the multi-mode HESS. It adopts a bidirec-
tional DC/DC converter to interface the two energy sources.
The UC interfaces the motor inverter directly such that it can
work as an enhanced low-pass power filter, i.e., the UC can
supply the compensation power or absorb the extra power
frequently. With this topology, the battery can supply an opti-
mal and steady output power to the UC or the motor inverter.
Battery cycle-life can be extended due to the optimal smooth
and steady output power operation. Moreover, the battery is
always isolated from the load. To actively control the power
flow transmission, two switches S1 and S2 are installed in
the paths of the power flow transmission of the two energy
sources. S1 and S2 are MOSFET switches, which can be
controlled by the high logic signal (high or low voltage) and
has a long lifetime. It can be seen that two reverse biased
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FIGURE 1. Configuration of the multi-mode HESS. (a) Multi-mode HESS;
(b) Buck-boost converter.
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FIGURE 2. Operating modes with the UC/Battery scheme. (a) Pure battery
driving mode; (b) Low power driving and recharging mode.
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power diodes are paralleled with S1 and S2, respectively. The
recover power could be recovered through the power diodes if
S1 or S2 is turned OFF. Notice that, the minimum operating
voltage of the UC is higher than the battery output voltage.
The bidirectional DC/DC converter should operate with boost
mode when the power flow transmission is from the battery to
the UC. On the contrary, when the power flow transmission is
from the UC to the battery, the bidirectional DC/DC converter
should operate with buck mode. As shown in Fig. 1(b), the
bidirectional DC/DC converter is a buck-boost converter.

When driving the EV, the multi-mode HESS has four
operating modes to supply power. If S1 is turned OFF and
S2 is turned ON, the UC/Battery scheme could be actively
implemented. With this operating scheme, the multi-mode
HESS has two operating modes, as shown in Fig. 2. For
the pure battery driving mode, it has no energy to flow the
buck-boost converter. So this operating mode can avoid the
DC/DC energy consumption. For the low power driving and
recharging mode, the battery needs to supply a low power to
the motor inverter. The UC doesn’t need to supply power, and
the buck-boost converter should operate with the boost mode
to charge the UC.

When S1 is turned ON, the power diode would be reverse
biased. In this case, the Battery/UC scheme can be actively
implemented. With this operating scheme, the multi-mode
HESS also has two operating modes, as illustrated in Fig. 3.
If S2 is turned ON, the hybrid Battery/UC driving mode could
be actively carried out and the buck-boost converter should
work with the boost mode. The battery can supply power with
the buck-boost converter. With this operating mode, the UC
works as a low-pass power filter. If S2 is turned OFF, the pure
UC driving mode can be activated. With this operating mode,
the buck-boost converter doesn’t need to work. The UC has
too much energy such that it has a priority to supply power.

During the regenerative braking, both S1 and S2 are turned
OFF. The braking power can be recovered through the power
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FIGURE 3. Operating modes with the Battery/UC scheme. (a) Hybrid
Battery/UC driving mode; (b) Pure UC driving mode.
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FIGURE 4. Operating modes in braking condition. (a) Pure UC recover
mode; (b) Hybrid UC/Battery recover mode.

diode paralleled with the switch S1. As shown in Fig. 4, two
operating modes can be implemented based on the ON/OFF
state of the buck-boost converter. In general, the buck-boost
converter is turned OFF since the UC has the priority to
recover the braking energy. However, if the UC is fully
charged, the buck-boost converter should work with the buck
mode to charge the battery. In this case, the power can be
recovered through the power diode paralleled with the switch
S2. To prolong the battery cycle-life, the constant current
control should be implemented for the buck-boost converter.
Based on the specific configuration of the multi-mode
HESS, six operating modes can be implemented. So the mode
switching of the six operating modes and the corresponding
power distribution in different operating modes should be
taken into account for the design of the power-split strategy.
In the next sections, the rule-based strategy will be firstly
designed. Then, we will improve the rule-based strategy and
develop a power-split strategy based on the real-time APM.

Ill. RULE-BASED STRATEGY

A. MODE SELECTION AND MODE SWITCHING

The rule-based strategy uses some constant logic threshold

values to actively select the operating modes of the multi-

mode HESS in accordance with the power demand, the UC

voltage, and the battery voltage/SOC, as shown in Fig. 5.
The constraints for the voltage of the battery and the UC

should be satisfied when starting the EV.

Voattery > Vitery e)
Vuc > Vbattery 2

where Vblgxery is the low limit of the battery voltage, which is
=0.1.

in accordance with the state of charge S OCII)ZKery
During the regenerative braking, the pure UC recover
mode should be selected when the UC voltage is lower than

the up limit (95% of its rated voltage). However, if the
EV has a long duration of the braking condition, the UC
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FIGURE 6. HC in braking mode.

would be fully charged. To ensure the UC safety, the hybrid
UC/Battery recover mode would be selected if the UC voltage
is higher than the up limit. To reduce the mode switching
frequency between the pure UC recover mode and the hybrid
UC/Battery recover mode, the HC of the UC voltage is
designed for the braking mode. Notice that, 90% of the UC
rated voltage is the target voltage, as shown in Fig. 6.

In driving conditions, the power demand is positive. If the
power demand is lower than the low power limit (i.e.,

Protor < Pm’tery) and the UC voltage is lower than the low-

target voltage (i.e., Vuc < V[Saégetflow, in which Vl?égeuow
is equal to 71% of its rated voltage), the low power driving
and recharging mode should be selected. With this design,
the UC would have enough energy to feed the motor inverter
at the later high power demand. When the UC voltage is in the
normal target voltage region (i.e., V[tjaéget‘low <Vuc < V{}%),
if Protor < PL‘;‘{{CW, the pure battery driving mode can be
used. However, if Vyc > VS%, to guarantee that the UC
can absorb the braking energy at the later braking condition,
the pure UC driving mode must be actively implemented

to discharge the UC. In addition, if Ppotor > P{,‘;‘gery and

Vuc < VG%, the hybrid Battery/UC driving mode should be
implemented.

Similarly with Fig. 6, the HC design of UC voltage can
be used to avoid the high-frequency mode switching among
the pure UC driving mode, the hybrid Battery/UC driving
mode and the pure battery driving mode. By using the HC
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method, the UC can supply enough power to meet the high
power demand. Meanwhile, the system stability can be guar-
anteed. Furthermore, the power level should be defined for
designing the mode switching rules among the low power
driving and recharging mode, the pure battery driving mode
and the hybrid Battery/UC driving mode. To prevent the high-
frequency mode switching among the three operating modes,
a 2000 W power of HC region is also designed to implement
the mode switching according to the engineering experiences.
The HC of the UC voltage and power level are designed as
Fig. 7. The low limit of the HC power region is designed as
1000 W. So the up limit of the HC power region is 3000 W.

B. POWER DISTRIBUTION
When the pure UC driving mode or the pure battery driving
mode is implemented, the output power of the buck-boost
converter is equal to zero. The power distribution of the pure
UC driving mode or the pure battery driving mode is defined
as (3) and (4), respectively.

P%Z?:O&P%%HZPdmeé?or (3)
d d d
PbZin:Pnigltlor&Pl%nzo “

dem
where P

and the UC, respectively. P
from the motor inverter.

On the other hand, the battery must supply all the power to
the load when the low power driving and recharging mode is
used. With this operating mode, the battery should charge the
UC with constant power by using the buck-boost converter.
To obtain a high working efficiency of the multi-mode HESS,
the buck-boost converter should work with the optimum effi-
ciency.

P%eé“ represent the power demand of the battery

dem
motor fepresents the power demand

dem __ pdem peak_efficiency dem __ peak_efficiency
P bat — P motor + P dc_input &P uc — —P dc_output
%)

eak_efficienc eak_efficienc .
where P imput Y, P ontput ¥ are the input and output

power when the buck-boost converter is working with the
optimum efficiency, respectively.

When the hybrid Battery/UC driving mode is used,
the power distribution includes two situations. Usually,
the battery provides the constant power with the buck-boost
converter, and the UC should supply the additional power.
To improve the operating efficiency, the buck-boost converter
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also works at the optimum efficiency.
dem __ ppeak_efficiency dem __ pdem peak_efficiency
P bat =P dc_input &P ucC =P motor_P dc_output (6)

In particular, if Vyc < V[tjaéget‘low or the power demand

is high, the battery should provide compensation power to
the motor inverter. For instance, if the UC voltage is equal to
50% of its rated voltage, it has little power to feed the motor
inverter such that the battery should supply the maximum
compensation power. The maximum compensation power
should be designed according to the maximum output power
of the buck-boost converter. For the compensation control,
the power demand of the battery in (6) is changed as.

It Pdem - Pconstant

motor bat
dem __ pdem __ max constant
Pbat - Pbat_l - (Pbat - Pbat )
dem constant
(P motor P bat + peonstant )
pmax __ peonstant bat
dem bat

target_low
If Ve > Vue,

dem __ pdem __ max __ pconstant
Pbat - Pbat_Z - ( bat Pbat

1
Ve =" = Vue)
(Vltja(‘r:getflow _0. 5)

t. t_1
If Pdem - Pconstam &V, Jl(‘r:ge _low > Ve,

+ Pg(;?stant (8)

motor bat
dem __ dem dem
Prar = max(Ppy "y, Prg o) (€)

where PUi* represents the maximum output power of the

battery; PG is equal to the maximum power demand from

m
R . eak_efficienc
the motor inverter; Ppor*™ is equal to ch_igput v

With the logic threshold values and the HC method,
the mode selection and the corresponding power distribution
can be achieved. However, these threshold values are static
values, while the power demand is high-frequency. So the
rule-based controller cannot dynamically achieve the mode
selection and power distribution for the multi-mode HESS in
accordance with the high-frequency power demand.

IV. POWER-SPLIT STRATEGY BASED ON THE REAL-TIME
APM
As mentioned above, if the mode switching responds to the
high-frequency power demand directly, the mode switching
frequency might be very high. It would affect the system
stability of the multi-mode HESS. What’s worse, the power
output of the battery would be high-frequency, which would
shorten the battery cycle-life. To improve the rule-based
strategy, the real-time APM is proposed to process the high-
frequency power demand. The real-time average power will
be utilized as one of the variable logic threshold values to
implement the mode switching and power distribution. Since
the real-time average power is variable and follows the power
demand, the mode switching and power distribution would
become flexible and reliable.

Generally, the future power demand is very difficult to
predict since it is determined by the driving cycles and the
driver’s intended actions. For the APM, the real-time average
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power is obtained according to the historic power and real-
time power demands.

Ts
{Pave = (/;H_ Pdemdt)/ Ty, t>T;

10
O0<t<T; (10)

Pave = (fot Paemdt)/1,

where T is the time duration.

The above APM is quite simple but effective. For instance,
the real-time average power with 30 s of time duration in
the Urban Dynamometer Driving Schedule (UDDS) is shown
in Fig. 8. It can be obviously seen that the real-time average
power is smoother than the power demand. So the power-
split strategy is developed according to the real-time average
power and the rule-based strategy. Actually, the developed
power-split strategy is an improved rule-based strategy.

In braking conditions, the mode switching and power dis-
tribution of the developed power-split strategy are the same as
the rule-based strategy. In the driving condition, the power-
split strategy based on the real-time APM is designed as
follows.

A. PURE UC DRIVING MODE

The energy management (i.e., mode selection and power
distribution) is the same as the aforementioned rule-based
strategy.

B. PURE BATTERY DRIVING MODE

The power distribution is the same as the aforementioned
rule-based strategy. However, the restrictive condition of the
mode selection is changed. The real-time average power is
used as a variable logic threshold value for the power-split
strategy. Furthermore, the optimum efficiency point of the
buck-boost converter is designed as a reference power (i.e.,

peak_efficiency .o

Preference = Pdc_input ). When the UC voltage is in the
normal target voltage region, if the reference power is higher
than the real-time average power (i.e., Preference > Pave)
and Protor < PL‘XCW, the pure battery driving mode will be
implemented.

C. HYBRID BATTERY/UC DRIVING MODE
The energy management is totally different from the afore-
mentioned rule-based strategy. When the UC voltage is in the
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normal target voltage region and the power demand is higher
than the low power limit, if Preference < Pave, the hybrid
Battery/UC driving mode should be selected. The power
output of the battery is designed according to the real-time
average power. The UC supplies or absorbs the extra power,
as shown in (11).

ngn = Pave/Ndc & P%e(ljn = Pdem Paye (11

motor

where 74. represents the working efficiency of the buck-boost
converter.

If Preference > Pave, the battery only provides the con-
stant reference power with the buck-boost converter. The UC
should absorb the extra power.

d d d
P bZin = Preference/Ndc & P Ue(r:n =P Ifé?or — Preference  (12)

When the UC voltage is lower than the low-target voltage,
the stored energy in the UC would be less than 50%. The UC
energy should be compensated with the hybrid UC/battery
driving mode. The compensation power of the battery is

target_low
Pdem —(PMax_p (VUC —Vuc)
bat —( bat ave/ref)

target_low 0 +P ave/ref (13)
uc — Y.

where Payesret = max {Paye , Preference }-

D. LOW POWER DRIVING AND RECHARGING MODE
The energy management is the same as the aforementioned
rule-based strategy.

For the developed power-split strategy, the same HC of the
UC voltage and the power levels are also used to reduce the
mode switching frequency. Moreover, the real-time APM is
used to improve the mode switching frequency, which is an
enhanced constraint for avoiding the high-frequency mode
switching. Besides, the power-split strategy can effectively
improve the power output of the battery by using the real-
time APM.

V. RESULTS AND DISCUSSION

To validate the developed power-split strategy for the multi-
mode HESS, a simulation model is established in Simulink,
as shown in Fig. 9. Table 1 shows the related parameters.
The mode switching and the power distribution of the multi-
mode HESS will be discussed in three driving cycles, i.e.,
the UDDS, the New York City Cycle (NYCC), and the New
European Driving Cycle (NEDC).

The power demand and the real-time average power of the
NYCC and the NEDC are shown in Fig.10. In the NYCC,
the reference power is always higher than the real-time aver-
age power. So the battery only needs to supply the constant
power when the hybrid Battery/UC driving mode is used.
In the NEDC, although the real-time average power is higher
than the reference power at sometimes, it is smoother and
lower than the power demand. Notice that, the real-time
average power will be higher than 20 kW. In this condition,
the battery would supply the maximum power to the motor
inverter.
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TABLE 1. Important parameters of the simulation model.

Total mass of the EV 750Kg
Vehicle Motor 20kW
UC pack 400V 16F
Battery pack 300V 40Ah
Bidirectional DC/DC converter Peak efficiency: 8kW
Accessory power 500W
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FIGURE 10. Real-time average power in the NYCC and the NEDC. (a)
NYCC; (b) NEDC.

The comparison of the two strategies in the UDDS is
illustrated in Fig. 11. With the developed power-split strat-
egy, the high-frequency power output of the battery can be
avoided. Usually, the power output of the battery is constant
when the hybrid Battery/UC driving mode is implemented.
Meanwhile, the constant power can be designed in accor-
dance with the optimum power output of the battery and
the optimum efficiency of the buck-boost converter. So the
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battery cycle-life can be extended and the working efficiency
of the multi-mode HESS can be improved, simultaneously.
However, with the rule-based strategy, the change frequency
of the corresponding power output of the battery is very high,
which would shorten the battery cycle-life.

On the other hand, the mode switching can be implemented
based on the battery and the UC power profiles. For instance,
when the battery power is higher than 8§ kW and the UC
power is higher than zero, the hybrid Battery/UC driving
mode is implemented. While the battery power is less than
3 kW and the UC power is equal to zero, the operating
mode is switched to the pure battery driving mode. When the
battery power is equal to zero and the UC power is higher
than zero, the operating mode is switched to the pure UC
driving mode. It can be known that mode switching frequency
can be reduced based on the developed power-split strategy.
It is without a doubt, the low mode switching frequency can
enhance the system stability of the multi-mode HESS.

The comparative results in Fig. 11 also show the con-
trol effect of the power compensation of the two strategies.
With the developed power-split strategy, the power com-
pensation control is only used when the power demand is
very high. Moreover, the compensation power of the battery
increases smoothly. However, the power compensation con-
trol is usually used when the rule-based strategy is imple-
mented. What’s worse, the compensation power increases
suddenly, which would be harmful to the battery cycle-life.
Based on the UC voltage profile, it can be known that UC
is deeply discharged with the rule-based strategy. The corre-
sponding voltage is 320 V~380 V after 200 s. Compared with
the rule-based strategy, the UC works as an enhanced low-
pass power filter and is charged/discharged more frequently
within the voltage of 340 V~380 V with the developed
power-split strategy. Although the real-time APM has a delay
effect, the UC will provide additional power such that the
battery can supply the smooth and steady output power. For
the HESS, the smooth increase of the output power would be
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FIGURE 12. Comparison between the two strategies in the NYCC.

more suitable and acceptable for the stability control of the
EMS. Furthermore, the developed power-split strategy can
guarantee that the battery provides low output power, the low-
frequency and constant power in most cases. The low output
power, the low-frequency and constant output power have a
less adverse effect for the battery cycle-life when compared
with the high-frequency and peak-value output power.

The comparative results in the NYCC are shown in Fig. 12.
The same pure battery driving modes are used with the two
strategies at the start, since the power demand is less than
the low power level and the UC voltage is equal to 90% of
its rated voltage. By combining with Fig. 10(a), it can be
known that the reference power is always higher than the
real-time average power in the NYCC. So the battery never
needs to supply compensation power with the developed
power-split strategy. Moreover, the buck-boost converter can
work with peak efficiency when the hybrid Battery/UC driv-
ing mode is implemented. While the rule-based strategy is
used, it increases the mode switching frequency. The battery
responds to the excessive power demand around 200 s such
that it provides sudden compensation power when the hybrid
Battery/UC driving mode is implemented. Although the com-
pensation power can respond to the peak-power demand
rapidly, this operation might affect the system stability of the
multi-mode HESS. In practical applications, engineers do not
encourage to use this operation since it has an adverse effect
on the battery cycle-life.

In both the UDDS and the NYCC, the developed strategy
has a delay effect to avoid the battery providing excessive
power or sudden increased power to the motor inverter. So the
battery power output becomes smoother than the rule-based
strategy. If the battery supplies the optimal smooth and steady
output power with the hybrid Battery/UC driving mode,
the UC would supply more compensation power or absorb
more extra power. So the UC would work as an enhanced
low-pass power filter to extend the battery cycle-life.

Also, the control effect of the two strategies in the NEDC is
performed, as shown in Fig. 13. Since the change frequency of
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TABLE 2. Quantitative evaluation of the two strategies.

Energy loss in buck-boost converter
Driving cycles

Developed strategy ~ Rule-based strategy

Total energy consumption

System working efficiency

Developed strategy ~ Rule-based strategy ~ Developed strategy ~ Rule-based strategy

UDDS 15.6kJ 17.4kJ
NYCC 13.2kJ 16.2kJ
NEDC 11.4kJ 11.4kJ

6328.7kJ
989.5kJ
6260. 4 kJ

64199 kJ 91.73% 90.42%
1000.3 kJ 90.26% 89.28%
6281.7kJ 92.33% 92.02%
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FIGURE 13. Comparison between the two strategies in the NEDC.

the power demand based on the NEDC is very low, the mode
switching frequency of the two strategies has no significant
difference. The obvious difference between the two strate-
gies is the power compensation when the power demand is
high after 1050 s. With the developed power-split strategy,
the battery can provide enough compensation power to charge
the UC after 1050 s due to the reference power is lower
than the real-time average power. The UC voltage can be
maintained up to 300 V. As a comparison, with the rule-based
strategy, the UC drops quickly after 1050 s, while the battery
cannot provide enough compensation power to charge the UC
since the compensation power is designed according to the
actual power demand. Then, the UC voltage is lower than
284 V, the battery needs to supply more power. However,
the maximum power of the battery output is 20 kW such that
the UC voltage cannot be effectively recovered with the rule-
based strategy. Meanwhile, the compensation power of the
battery also increases suddenly.

Based on the above analyses, it can be known that the
battery should supply the compensation power with a slight
delay with the developed power-split strategy. In EV applica-
tions, the UC energy design can guarantee that it can supply
high output power within 30 s. It allows a suitable delay
for the compensation power control of the battery. However,
the power compensation control is directly implemented with
the rule-based strategy when the power demand is high. So the
power output of the battery increases suddenly. What’s worse,
the UC energy might not be compensated effectively.
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The quantitative evaluation of the two strategies based on
different driving cycles is illustrated in Table 2. Since the
extra energy dissipation cannot be avoided with the ON/OFF
state switching of the buck-boost converter, the lower fre-
quency of the mode switching is obtained, the more energy
can be saved. Therefore, the developed power-split strategy
would improve the working efficiency of the multi-mode
HESS. Compared to the rule-based strategy, the developed
power-split strategy can improve the system working effi-
ciency up to 1.31% and 0.98% in the UDDS and the NYCC,
respectively. In the NEDC, the system working efficiency
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is not significantly improved with the developed power-split
strategy, since the mode switching of the two strategies has
no significant difference.

It is known that the developed power-split strategy has a
delay effect on the power compensation control of the battery.
So the power compensation control based on different time
durations of the real-time average power is also studied. The
time durations are designed as Ty = 10s, Ty = 20s, and T =
30s, respectively. We define them as 10s_APM, 20s_APM,
and 30s_APM, respectively. The comparative results are
illustrated in Fig. 14. The significant difference is that the
power compensation control would be carried out in advance
when the 10s_APM or the 20s_APM is implemented. If the
10s_APM is implemented, the mode switching frequency
would increase obviously. What’s worse, the peak power
of the battery is close to 20 kW after 200 s, which would
be harmful to the battery cycle-life. While the 20s_APM
is implemented, both the mode switching frequency and
the peak power of the battery can be improved. Actually,
the longer time duration is designed, the smoother for the
real-time average power can be achieved. However, the time
duration design of the real-time average power should con-
sider the maximum stored energy of the UC. Compared with
the 30s_APM, although the battery could provide the power
compensation earlier if the 10s_APM or the 20s_APM is
implemented, the power output of the battery and the mode
switching frequency of the multi-mode HESS would become
worse.

VI. CONCLUSION

This paper has developed a power-split strategy based on
a real-time APM for improving the power output of the
battery and the mode switching frequency of the multi-mode
HESS in EVs. The rule-based strategy was firstly designed
to achieve the mode selection and power distribution. Then,
a simple real-time APM was developed to deal with the
high-frequency power demand. On this basis, the power-
split strategy was developed based on the real-time average
power. With this design, the UC can work as an enhanced
low-pass power filter. The high-frequency mode switching
can be avoided since the multi-mode HESS responds to the
smooth average power rather than the high-frequency power
demand. Moreover, the power output of the battery and the
system stability of the multi-mode HESS can be improved,
simultaneously.

Numerous analyses based on three driving cycles were pre-
sented to validate the developed power-split strategy. In the
UDDS and the NYCC, the developed power-split strategy
can effectively improve the mode switching frequency of
the multi-mode HESS. Furthermore, the developed power-
split strategy has a delay effect to prevent the battery from
providing the excessive power to the motor inverter. So the
power output of the battery becomes smooth. Since the bat-
tery usually operates with a suitable constant power or opti-
mal smooth power, the battery cycle-life can be extended.
In addition, the advantage of power compensation control
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based on the developed power-split strategy is obvious. The
power compensation of battery based on the rule-based strat-
egy increases suddenly, while it is with a smooth increase
with the developed power-split strategy. Compared with the
UDDS and the NYCC, this advantage is more obvious in the
NEDC. It is without a doubt, the smooth power compensation
control can enhance the system stability of the multi-mode
HESS.

In addition, this paper also studied the power compensation
control effect based on different time durations of the real-
time average power. Results showed that the longer time
duration was designed, the smoother real-time average power
and the better mode switching of the multi-mode HESS
could be achieved. However, the UC should supply more
extra power to compensate the battery power output when
the time duration of the real-time average power was added.
Therefore, the time duration design of the real-time average
power should consider the maximum stored energy of the
UC. According to the comparative analyses, it can be known
that the power-split strategy with the 30s_APM could achieve
the satisfied control effect of the mode switching and smooth
power output of the battery for the multi-mode HESS. In EV
applications, the smooth power output of the battery would
be very useful for extending the battery cycle-life.
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