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Abstract— Energy storage technology (EST) is an important way to boost the power output of renewable energy
production (such as solar and wind energy), but it is difficult for a single energy storage device (ESS) to satisfy the
demand for secure grid service. A battery / super-capacitor HESS is proposed according to the configuration and
operating characteristics of the current battery / super-capacitor hybrid energy storage system (HESS). The HESS
work theory and three working modes (the super-capacitor pre-loading cold stand-by mode, boost mode and buck
mode) are studied in detail. The boost mode and buck mode state equations are extracted. To create the small signal
equivalent model under the buck / boost mode, the state space average method is used. In addition, the HESS charge
and discharge control technique is obtained via the combination of the closed-loop voltage control. In Matlab /
Simulink, the simulation model is designed to verify the efficacy of the suggested HESS and its control strategy. The
results show that the HESS and its control strategy can ensure good stability and superior anti-interference of the DC
bus voltage, and can simultaneously produce large current, increase battery life and improve the technological
economy of storage of energy.

Index Terms— Battery, bi-directional DC/DCconverter, HESS, super-capacitor, voltage closed Loop.

I. INTRODUCTION

With the large amount of renewable energy utilized in the grid, renewable energy power generation (such as solar energy
and wind energy) is going to play an indispensable role in the future development of the power system [1]. However, the
output power of distributed generation (DG) units are intermittent and random, which brings new challenges to the safe and
stable operation of the power system [2, 3]. space, size, weight, changes in transmission, control strategy management etc.
Existing on-board Energy storage technology (EST) with the function of “peakcutting and valley filling” is an effective way
to solve the power quality of renewable energy generation, and it is also the key technology to ensure the safe and stable
operation of the grid [4].The hybrid energy storage system (HESS) has been becoming a hot research topic because it can
overcome the limitations of the single energy storage system (ESS) (low power density, low energy density, slow effect
speed and short life, etc.) and combine the advantages of both [5]. The ESS is mainly composed of two parts: an energy
storage unit and a bi-directional DC/DC converter [6]. A battery ESS can reduce the fluctuation of wind energy output in
wind power generation, but the power density of the battery is low [7]. A super-capacitor ESS can realize the storage of
regenerative braking energy in urban rail transit, but the low energy density of the super-capacitor may affect the safe and
stable operation of the train [8]. An isolated bi-directional DC/DC converter can achieve high power density and current
isolation, but when the isolation transformer exists, the leakage inductance and control of the transformer should be
considered [9]. Authors of [10] have proposed a high ratio DC/DC converter, which can effectively reduce the voltage stress
of the switch. A high-power bi-directional DC/DC converter for distributed photovoltaic power generation has been
suggested by [11], which can maximize the solar energy collection capacity.An HESS of a battery and super-capacitor has
been presented [12], which effectively combines the advantages of both and reduces the impact of wind energy fluctuation.
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However, the HESS is a parallel two independent branches with complex control and poor economy. The application of the
HESS in the grid is investigated [13—15]. The results show that the HESS can effectively combine the advantages of a battery
and super-capacitor, stabilize the stable operation of the grid and improve the battery life.Based on the study of energy
storage requirements for safe and stable operation of a DC microgrid, this paper proposes a battery/super-capacitor HESS,
which adopts voltage closed-loop control to improve the voltage stability of a DC bus and the anti-interference performance
of the HESS. This paper compares the recovery effect of the HESS and battery ESS on the DC bus voltage to illustrate the

advantages of the HESS.

The specific arrangement of the paper is as follows: Section 2 exhibits the topological structure and working principle of the
proposed HESS, while section 3 displays the control strategy of the HESS. Section 4 introduces the simulation results and
analysis of the system. Finally, section 5 summarizes the article and shows the next work.

II. SYSTEM CONFIGURATION AND WORKING PRINCIPLE

2.1. System configuration

The HESS shares a set of a DC/DC converter, adds a diode D with the function of selective switch, and adds a separate pre-
charging circuit as cold stand-by to ensure the normal operation of the super-capacitor. The specific topology is shown in
Fig. 1. Among them, UE and UC are the battery and super-capacitor terminal voltages, respectively, and U, is the DC bus

terminal voltage.

2.2. Working modes of the system

The HESS has three working modes: the super-capacitor pre-charging cold stand-by mode, the boost mode and buck mode.
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Fig. 1. Structure of battery-super-capacitor HESS

Case 1: the super-capacitor pre-charging cold stand-by mode
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Fig. 2. Equivalent circuit diagram in supercapacitor pre-charging mode:
Working state 1 (a); working state 2 (b)
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When the system is in the stand-by state, provided that UC is detected to be in safe working voltage, K1 is closed and K2 is
opened. The equivalent circuit diagram is shown in Fig. 2(a). As can be seen from Fig. 2(a), D3 is cut off due to reverse
voltage UC, and the super-capacitor pre-charge circuit will not work [16]. Provided that UC is detected to be lower than the
cut-off voltage, K1 is opened and K2 is closed. The equivalent circuit diagram is shown in Fig. 2(b). As can be seen from Fig.
2(b), D is cut off due to reverse voltage, and the super-capacitor is in the pre-charge mode.

The super-capacitor pre-charging mode is actually a first-order RC circuit. Power supply U (power supply U is actually
introduced from the DC bus voltage to improve the economy of ESS) charges the super-capacitor through discharge resistance
R1. Meanwhile, the pre-charge circuit of the proposed topology has been applying the pre-charge of capacitor voltage in the
sub-module of the modular multilevel converter.

Case 2: the buck mode

When the DC bus voltage rises, the system operates in the buck mode. Its equivalent circuit diagram is shown in Fig. 3. In
buck mode, the anti-parallel diode D2 of switch S2 and switch S1 works alternately.
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Fig. 3. Equivalent circuit diagram of buck mode

Define switch function S:

1 the S; or $; is turned on

S = : (1)
0 the §; or §; is turned off

According to Fig. 3, the corresponding equation of the state can be obtained as follows:

diL\ (1 ' | .
dt | |z ~1 |[SUa L 0/ Ue 2
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According to Equation (2) and the state space average method [17], the corresponding average equation can be obtained:
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Where:
D = ton/(ton + o), is the duty cycle of §.
Added disturbance:
d=D+d
i, = I + fL
{ wa = U +idia . (4)

ug = Ug + i

kHCZUc—l—HC

By substituting Formula (3), the small signal transfer function of control-voltage can be obtained through the Laplace
transformation:

g (5) Ua(s) 5)

val = = 5 ,
U7 40) lapeo LCS?+ RLCs + 1

Case 3: the boost mode

When the DC bus voltage decreases, the system operates in the boost mode. Its equivalent circuit diagram is shown in Fig. 4.
In the boost mode, the anti-parallel diode D1 of switch S1 and switch S2 works alternately.
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Fig. 4. Equivalent circuit diagram of boost mode
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According to Fig. 4, the corresponding equation of the state can be obtained as follows:

dip (1-35) Ry ]

dt L L (U [T .
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a |71 a=n i) ©

dr RC C :

According to Equation (6) and the state space average method, the corresponding average equation can be obtained:

dipy ((1-D K 3
dr L L || U -
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dug B a-o |\ i + ; E (7)
dt RC C /

Where:
D = ton/(ton + toff), is the duty cycle of 5a.

By substituting Formula (4) into Formula (7), the small signal transfer function of control- voltage can be obtained through the
Laplace transformation.
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where: D'= 1-D
3. CONTROL STRATEGY

The energy management of the HESS mainly depends on the control strategy of a bi-directional DC/DC converter, that is, the
charge and discharge of a battery and super-capacitor bank are realized by controlling the bi-directional DC/DC converter. It is
the core of control to keep the voltage of the DC bus constant. In this paper, the voltage closed-loop control is used to make
the DC bus voltage stable at the rated voltage quickly. The way to generate the control pulse of the bi-directional DC/DC
converter is mainly composed of complementary pulse width modulation (PWM) and independent PWM. The difference
between them is whether the driving signals of S1 and S2 are complementary. In order to improve the stability of the system,
the independent PWM mode is used.

The bi-directional DC/DC converter control strategy of the HESS consists of two parts: a logic judgment unit and a voltage
closed-loop control unit. The specific control block diagram is shown in Fig. 5. When the voltage U, suddenly rises (such as
locomotive braking process), the difference AUd1 between the reference voltage U, at the DC bus and the actual value Ud,
then the theoretical duty cycle d', is obtained through PI and the limiting link, and then the current actual duty ratio d1 is
obtained by combining the independent PWM mode. At this time, the HESS works in the buck mode, S2 is off, S1 is in PWM.
When the voltage U, suddenly drops (such as the starting process of the locomotive), the difference AUd, between the
reference voltage U’y at the DC bus and the actual value U,, then the theoretical duty cycle d’, is obtained through the
proportional-integral (PI) and limiting link, and then the current actual duty ratio d, is obtained by combining the independent
PWM mode. At this time, the HESS works in the boost mode, S1 is off, S2 is in the PWM. The PI is used to realize the
tracking control of U, at the DC bus to U, ref.
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Fig. 5. Control strategy block diagram of bi-directional DC/DC converter for HESS

3.1. Simulation results and discussion

In order to verify the effectiveness of the HESS and its control strategy, Matlab/Simulink scientific computing environment
was used to simulate, and the main simulation parameters of the system are shown in Table 1. Fig. 6 shows the pre-charge
waveform of the super-capacitor when the discharge depth of the super-capacitor is 50%. From Fig. 6, it can be seen that when
the super-capacitor voltage is detected to be reduced to 24 V or below, the super-capacitor pre-charging circuit is activated to
Charge the super-capacitor. At 600 ms, the super-capacitor voltage reaches 47.2 V, and the power supply will be restored to
the normal working voltage. Meanwhile, the pre-charge time of the super-capacitor is within a reasonable range [18].

Table 1. Main simulation parameters of the system

Parameter name Symbol Value Unit
Battery voltage Ug 48 Vv
Super-capacitor voltage Uc 45 \
DC bus voltage Uy 120 \
Inductance L 8.2x 1073 H
Discharge resistance R 6.94 x 1073 Q
Output capacitance C 3.76 mF
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Fig. 6. Pre-charging waveform of super-capacitor

Case 1: no load disturbance
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When the DC bus voltage suddenly decreases (such as the moment of motor start, etc.), the system works in the boost mode.
Fig. 7 shows the waveform of the DC bus voltage Ud of the HESS and the battery ESS in the boost mode when the DC bus
voltage is reduced to 90 V. It can be seen from Fig. 7 that under the HESS, the maximum voltage Ud at the DC bus is 134.1 V,
and the Ud stability value is 120 V; the system overshoot is about 11.6%; the system regulation time is 0.95 ms; the voltage
ripple is about 0.73%, less than 2%. Under the battery ESS, the stable value of the DC bus voltage Ud is 123.9 V, the stable
value of Ud is 119.8 V; the system overshoot is about 3.5%; the system regulation time is 1.45 ms. The regulation time of the
battery ESS is 34.5% longer than that of the HESS. Therefore, the DC bus voltage recovery effect and dynamic

Performance of the HESS in the boost mode are better than that of the battery ESS.
When the DC bus voltage suddenly increases (such as locomotive braking process, etc.), the system works in the buck mode.
Fig. 8 shows the waveform of the DC bus voltage Ud in the buck= mode when the DC bus voltage increases by 150 V. It can
be seen from Fig. 8 that under this condition, the stable value of the DC bus voltage Ud is 118.55 V; the system overshoot is
about 11.25%; the system regulation time is 0.8 ms; the voltage ripple is about 0.75%, less than 2%.
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Fig. 7. Waveform of boost mode

Case 2: adding load disturbance
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Fig. 8. Waveform of buck mode
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When the DC bus voltage suddenly decreases (such as the moment of motor start, etc.), the system works in the boost mode. A
periodic load disturbance is added at 1 ms to decrease the DC bus voltage, and a periodic load disturbance is added at 2 ms to
increase the DC bus voltage. Fig. 9 shows the waveform of the voltage Ud at the DC bus of the proposed HESS in the boost
Mode when the load disturbance is added. It can be seen from Fig. 9 that the voltage at the DC bus drops to 111.8 V in 1 ms
and recovers to 120 V after 0.305 ms; the voltage at the DC bus rises to 129.5 V in 2 ms and recovers to 120 V after 0.385 ms.
When the DC bus voltage suddenly increases (such as locomotive braking process, etc.), the system works in buck mode. A
periodic load disturbance is added at 1 ms to decrease the DC bus voltage, and a periodic load disturbance is added at 2 ms to
increase the DC bus voltage. Fig. 10 shows the waveform of the DC bus voltage Ud in buck mode of the proposed HESS when
the load disturbance is added. It can be seen from Fig. 10 that the voltage at the DC bus drops to 114.3 V in 1 ms and recovers
to 119.8 V after 0.41 ms; the voltage at the DC bus side rises to 126.3 V in 2 ms and recovers to 119.8 V after 0.39 ms.
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Fig. 9. Waveform of boost mode with load disturbance Fig. 10. Waveform of buck mode with load disturbance
4. CONCLUSION

Maintaining a constant DC bus voltage is the first prerequisite for the safe and stable operation of the DC micro grid. In this
paper, the HESS and its control strategy are analysed in theory and simulation. The results demonstrate that the HESS and its
control strategy can increase the service life of the battery, reduce the size of the battery, and improve the economy of the ESS.
Simultaneously, the super-capacitor pre-charge cold standby state and the boost, buck mode work

Independently. The diode D with the function of a selective switch can charge the main power battery, and the super-capacitor
pre-charge circuit, as the cold standby, effectively guarantees the performance of the super-capacitor. In addition, the voltage
ripple of the HESS and its control strategy is small, while the voltage stabilizing effect and the anti-interference performance is
superior.

Finally, the next step is to verify the proposed HESS in practical engineering, and further discuss and analyze the coordinated
control strategy of the HESS for a micro grid.
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