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This paper introduces an improved decentralized control strategy for a
photovoltaic (PV) hybrid energy storage (HES) system (HESS) in a DC
microgrid. The power sharing method of the HES system is discussed in
depth. The basic principle of virtual resistance and capacitance droop (VRCD)
control, which consists of virtual resistance droop (VRD) and virtual capacitance
droop (VCD) control, is analyzed in detail to achieve the decoupling of the HES
system for high- and low-frequency load power distribution. For the virtual
capacitance control loop, the voltage compensator is added to achieve
terminal voltage restoration of the supercapacitor (SC). For the virtual
resistance control loop, in order to solve the problems of the unbalanced
state of charge (SOC) of battery storage, a virtual resistance droop control
based on a novel adaptive function is introduced. Finally, a model of the HESS
in a DC microgrid is built in a real-time emulator to verify the effectiveness of the
proposed control strategy.

KEYWORDS

hybrid energy storage system, virtual resistance and capacitance droop control, voltage
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1 Introduction

With the development of new energy and power electronics technology, distributed
energy sources such as wind and photovoltaic (PV) are connected to the DC distribution
network (DC microgrid) through DC converters, which has become one of the current
research hotspots. In recent years, the DC microgrid has been successfully applied in
communication systems, ship systems, and green building fields. Compared to the AC
microgrid, the DC microgrid has the following advantages: no problems of reactive power
and phase synchronization, fewer power conversion stages, and higher device power density
(Al-Ismail, 2024). To efficiently utilize the microgrid, the overall control strategy is a very
important research topic. The control of the microgrid can be generally classified into
centralized control and decentralized control. In the centralized control, each distributed
unit receives the power set points from the central control unit through the communication
network, which makes the microgrid encounter issues due to a single point of failure. In the
decentralized control, the single-point-of-failure problem can be avoided, and the overall
reliability of the microgrid is improved (Guerrero et al, 2011; Sechilariu et al., 2013;
Valderrama-Blavi et al.,, 2013; Lu et al., 2014a; Lu et al., 2014b; Pan et al., 2022).
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Conventional droop control is the most common decentralized
control technique (Huang et al., 2011). The operating principle is to
reduce the reference DC bus voltage with the increase in the output
current of each unit. It is easy to implement. The disadvantages are
that the current sharing accuracy is easily affected by line resistance,
resulting in poor voltage regulation. To overcome the influence of
line resistance, the virtual resistance-based droop control is
proposed. A virtual resistance is included in the feedback loop of
the output voltage control (Guerrero et al., 2011). However, it still
encounters the problem of poor voltage regulation. Augustine et al.
(2015) proposed an adaptive droop control based on instantaneous
virtual resistance. The merits of minimizing the circulating current
and current sharing differences can be achieved. The problem is that
the interconnecting resistance between the converter and microgrid
DC bus must be known in advance. An intelligent technique-based
droop control is proposed by Diaz et al. (2014). A fuzzy logic
technique is used to adjust the virtual resistance to reduce the
voltage deviation of the microgrid DC voltage bus. However, the
voltage deviation cannot be eliminated. Gu et al. (2014) introduced a
mode-adaptive droop control for the PV-wind storage hybrid DC
microgrid. The droop control mode or power control mode is
employed with respect to different voltage ranges of the DC bus.
The overload condition of the system can be avoided. The sensor
accuracy and the voltage range selection are quite critical for the
overall control.

Multiple techniques are proposed in the literature to improve the
droop control. Kakigano et al. (2013) and Diaz et al. (2014) obtained the
virtual resistance adjustment by inputting the bus voltage deviation
signal to the fuzzy controller. However, when the system is to be
extended, the affiliation function needs to be adjusted. Morstyn et al.
(2018) proposed the dynamic average voltage and current consistency
algorithm to correct the droop reference voltage in real-time. However,
the convergence of the consistency algorithm is determined by the
system communication topology, and the expansion of multiple
intelligences will result in a longer convergence time. Yang et al.
(2024) proposed an improved nonlinear droop control strategy,
which uses the difference between the squared nominal voltage and
the squared DC voltage as the droop input. A faster transient response is
achieved. Sevostyanov and Gorbunov (2023) designed a droop-based
frequency-selective impedance control for a regular droop-controlled
DC converter to mitigate the voltage ripples in DC microgrids. Sharma
et al. (2023) proposed a droop-based distributed control method for
radial DC microgrid systems with reduced communication complexity.
Lu et al. (2014c) achieved state-of-charge (SOC) balance by introducing
a power function with SOC as a variable as an adaptive function to
adjust the virtual resistance. However, compared with the constant
virtual resistance, it has a larger charging current, which can cause
battery energy storage overcharge problems.

This paper proposes a decentralized control strategy for a hybrid
energy storage (HES) system for achieving the decoupling of the HES
system for high- and low-frequency load power allocation, maintaining
the DC bus voltage, and achieving SOC balance among the battery
energy storage systems. The proposed control strategy includes virtual
resistance and capacitance droop (VRCD) control, supercapacitor (SC)
terminal voltage restoration, and improved SOC balancing control
based on a novel adaptive function. First, the VRCD control extends
the traditional droop control. The battery storage adopts virtual
resistance droop (VRD) control, and the SC adopts virtual
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capacitance droop (VCD) control. Thus, the SC can quickly respond
to the load power fluctuation, and the battery storage provides all the
steady-state load power. Second, a voltage compensator is added in the
VCD loop to achieve the terminal voltage restoration of the SC. Finally,
a novel adaptive function is introduced in the virtual resistance control
loop to achieve the SOC balance of the battery storage system and also
avoid the overcharge and over-discharge of battery storages.

2 System architecture and control

A typical low-voltage DC (LVDC) microgrid mainly consists of PV,
HES system, and constant power load (CPL), as shown in Figure 1. In
the structure, the HESS consists of a high-power density storage system
like an SC and a high energy density storage system like a battery. The
distributed renewable energy storage is PV. Each PV or HESS is
connected to the DC bus through a DC/DC converter. The
mainstream topology for the DC/DC converter of the PV and HESS
currently is basic Buck or boost (including derived topologies such as
interleaved Buck or boost). The existing DC/DC converters used in an
LVDC microgrid have a common drawback: the conventional Buck or
boost circuit topology severely limits the input voltage range, which can
constrain the design of the distributed PV or HESS modules. However,
the voltage of the distributed PV or HESS modules varies over a wide
range, and a single Buck or boost topology cannot meet this demand.
Generally, the input voltage for the PV string inverter is 200 V-1,100 V.
On the other hand, there is currently no unified standard for the voltage
level of LVDC microgrid systems. The voltage level of the LVDC is
generally decided by the power capacity. For a low power capacity, the
voltage of the LVDC microgrid system is in the range 300 V-400 V
(typically 380 V). For the high power capacity, the voltage of the LVDC
microgrid system is in the range 600 V-800 V (typically 750 V). In
order to improve the equipment compatibility, a DC/DC converter
capable of increasing or reducing the voltage at the same time is more
promising. Compared with traditional reverse-polarity Buck-boost
converters, dual-switch or four-switch Buck-boost converters have
the same polarity in output and input. The voltage stress of each
switching device is lower, making it convenient to choose the
corresponding withstanding voltage-switching device. At the same
time, in order to be compatible with most LVDC equipment and
achieve a high efficiency output, the four-switch Buck-boost converter
technology is adopted in the LVDC microgrid system architecture. If
the LVDC microgrid is connected with the utility grid through the
bidirectional inverter, the proposed control can still be effective if the
bidirectional inverter cannot guarantee a constant DC bus voltage
under all scenarios. In that case, the virtual capacitance droop
control without voltage restoration can be applied to the
bidirectional inverter while taking the utility grid as an infinite
energy storage system.

3 Proposed control method

3.1 VRCD controller

The conventional droop control adopted to achieve load current
sharing in the DC microgrid is given by the following equation
(Zeng et al., 2021):
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Typical structure of a low-voltage DC (LVDC) microgrid.
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FIGURE 2

Equivalent circuit of the hybrid energy storage (HES) system employing the virtual resistance and capacitance droop (VRCD) control.

Uou =Up — Rl gy, (1)

where U, is the reference DC microgrid bus voltage, U, is the
output voltage of each distributed unit, R is the virtual resistance,
and I, is the output current. The droop control has been extended
to the HES system, which is named as VRCD control. The equivalent
circuit is shown in Figure 2.

Frontiers in Energy Research

The virtual capacitor is equal to a short circuit responding to the
high-frequency waveform and an open circuit responding to the
low-frequency waveform. Thus, the role of a high-power density
storage system (such as an SC) is to mitigate the high-frequency
power without providing low-frequency power support.

The control equations of the VRCD for the HES system are
as follows:
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Step responses of iosc and iop (RpCse = 1)

Ugp =Up — Ryiop
1

Uosc = UO - iosc >
SCse

Io = Lob T Losc

where U is the reference voltage of VRCD control and U,y
and i,p, are the output voltage and current of the conditioning
(battery
converter), respectively. Uy, and i, are the output voltage
and current of the conditioning converter for the high-power

converter for the high-energy density storage

density storage (SC converter), respectively. i, is the total output
current of the HES system. R, and C,. are the virtual resistance
and virtual capacitance, respectively. If the line resistance is
considered, the virtual resistance of the system will be increased,
which will slow down the overall dynamic performance. To
guarantee the designed dynamic performance, the virtual
capacitance C,. can be reduced to compensate for the impact
of the line resistance.

If the line resistances r;, and rs¢ are neglected, the output current
of each converter is calculated as

B s75cCsc + 1
- S(Ry +1p +75c)Cc + 1
s (Rb + rb)Csc

i= -ig = Gpp(s) - i
0sc S(Rb Frp+ rsc)csc +1 o HPF( ) o

iob io = GEPF(S) : io

3)

As shown in Eq. 3, R, should be designed to be much larger than
rsc to reduce the influence of r5c. In the actual design, the SC and its
DC/DC converter should be placed as close as possible to the bus or
be connected to the low-resistance wires. If rsc is not taken into
consideration, Gppr*(s) and Ggpr*(s) can be expressed in the
standard form of a first-order low-pass filter and first-order high-
pass filter.

The response output current of the SC and battery converter
corresponding to a unit step change in the output current i, of
the HES system is given in Figure 3. It can be found that the i
of the SC converter follows the i, step change instantaneously.
This SC converter output current decreases to 0 progressively.
Moreover, i,, of the battery converter increases from 0 to i,
progressively.
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3.2 Proposed adaptive virtual droop
controller

A high-power density storage system like an SC is employed to
compensate for the high-frequency power fluctuation owing to its
fast dynamic feature. However, if the power of the SC converter
flows uninterruptedly in the same direction, the voltage across the
SC will increase or decrease quickly because of its low energy
density. When the voltage of the SC changes into overcharge and
over-discharge states, the SC stops working. This will have a negative
effect over the SC because the power sharing technique of the
transient power of the HES system will fail in that case.
Therefore, it is essential to restore the terminal voltage of the SC
during its operation.

The main function of the SC based on its I-V characteristics is
as follows:

[Vt

U (t) = Uk (0) - c

(4)

where C represents the capacitance of the SC. U is the voltage
across the SC. iy is the discharge current value of the SC. To realize
the voltage restoration of the SC, a voltage restoration loop is added
in the VRCD controller, as shown in Figure 4.

The equation of the voltage restoration control is

AU, = (kp + %)(Uﬁf _ Usc)> (5)

where Uy, and U;gf represent the actual value and reference value of
the voltage across the SC, respectively. The voltage difference
between these two values feeds the following PI controller, which
will create the compensation term AU,. With the above voltage
restoration loop, the droop control equations of the HES system are

U =Up — Ryiop
1

=Up = —losc —
sCyc

io = iob + iosc

U AU, . (6)

During the power compensation process of the transient power
of the microgrid, the voltage across the SC is subject to variation. As
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shown in Figure 5, if Uy < U;ﬁf, the compensation term AU, is
positive. The SC charges until Uy = U;ﬁf. If Uy, > U;gf, the
compensation term Uy is negative. The SC discharges until Uy, =
U,

The response output current of the SC and battery converter
corresponding to a unit step change in the output current i, of the
HES system is given in Figure 5. It can be found that the SC
converter current i, follows step change in i, instantly. Later,
the SC converter current i is gradually commutated to the battery
output current iyp,. After iy decreases to 0 and i, increases to iy, ipsc
keeps decreasing in the negative direction and i}, keeps increasing to
avalue higher than i,. During this process, the SC discharges initially
and restores the voltage later. At the end of the restoration process of
the SC voltage, iy and i, stabilize at the value of 0 and i,
respectively.

The high-energy density storage system like the battery in the
HES system balances the system power under the steady-state
condition in the microgrid. The virtual resistance R, is decided
by the battery capacity and designed AU,y If the SOC is neglected,
a constant value of R, results in the overcharge or over-discharge of
the battery storage system. The SOC unbalance of the battery will
also be a problem. To overcome the above disadvantages, the virtual
resistance Ry, is proposed to be adaptively attuned according to the

Frontiers in Energy Research

SOC of the battery storage system under the steady-state condition,
as shown in Figure 6.

The SOC of the battery is the ratio of the rest charge to the
overall charge. It can be generally calculated using the Coulomb
counting method as shown in the following equation (Zhang
et al., 2022):

SO (£,) = SOC; (to) - ir indt, )
Ceilty

where SOC;(t,) is the initial SOC and SOC(t,) is the SOC at the
time of f,. i,; presents the output current of the battery storage
system. When iy; is positive, the battery storage discharges the
energy. When i, is negative, the battery storage charges the
energy.
system.

Ce is the overall capacity of the ith battery storage

Generally, the battery storage energy density is
comparatively large, and the ratio of SOC variation can be
considered quite slow.

Thus, the voltage across the battery storage system is assumed to
be constant within a short time interval. If the loss of the
bidirectional DC/DC interfacing the battery and dc bus is not

taken into consideration, then,

Ubi - i = Uobi * fobi = Udc * Tobi- (8)
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Substituting Eq. 8 into Eq. 7 provides the following equation: smaller virtual resistance, and its DC/DC converter output

discharging current will be larger. When iy, <0, sin (m:SOC;/

1 U ("
ASOC; = SOC; (t,) — SOC; (to) = UdJ ionidt, (9)  2+m/2) decreases monotonically with the value of SOC; The
el biJ ty

battery with a lower value of the SOC will have a smaller virtual
where ASOC; is the SOC variation of the ith battery energy  resistance, and its DC/DC converter input charging current will be
storage system. Uy; represents the voltage across the ith battery ~ larger as well.

energy storage. Uy and iop; are the output voltage and output Moreover, both sin (m:SOC;/2) and sin (m:SOC;/2+7/2) vary
current of the ith battery DC/DC converter, respectively. Uy is the ~ Within the range of [0, 1]. During the process of the discharging and
microgrid DC bus voltage. charging states, the following relationship is established:

Based on Eq. 9, the SOC variation of the battery storage system is Nz
influenced by the value of the interfacing DC/DC converter output Rﬁ? = Rf}i . Sln(a . SOCi) < Rgi, (12)
current. To realize the SOC balance of the battery storage, the main RO = R . sin (z SOG4 E) <R 13)
control principle is that the battery with a higher SOC bears a larger bi bi 2 Y A

proportion of current during the discharge procedure and a smaller

proportion of current during the charging procedure It is worth noting that the adaptive virtual resistance is larger

than the initial value for the same energy storage system. Thus, the

The droop control equation of the SOC is given as
current of the battery DC/DC converter decreases if the SOC impact

Uaobi = Uog — Ruiiobi is not included. It can be expressed by
AU , (10)
_ 0 _ max
Rii = Ry; - £(SOC) = — .= - £(SOC) 4, =% sin(E : soci) <i®, (14)
obi ob1 ob1 2 oDb1
c . (T T .
where RY; is the initial virtual resistance of the ith battery energy i, = i%, - Sln(z -SOC; + E) <P (15)

storage system. Ry, is the adaptive virtual resistance of the ith battery

energy storage system. 755~ is the maximum output current of the ith where i4, is the discharging current of the battery DC/DC

battery converter. AU, is the maximum droop voltage converter and dc obi is the charging current of the battery DC/
drop. f(SOC;) represents the adaptive function to decide the  DC converter with the consideration of the adaptive function. i), is

adaptive virtual resistance, where SOC; is the independent  the discharging current of the battery DC/DC converter, and i), is

variable of the function. the charging current of the battery DC/DC converter without
The trigonometric function is proposed as an adaptive function.  considering the SOC impact.
The adaptive virtual resistance for both charge and discharge states The virtual capacitance of the HES system C,; can be calculated
can be calculated as by the following equations with the proposed trigonometric function
as an adaptive function:
d RSO AU gmax .
Rbi = —7 1 = » I Tobi >0 C.. = 1
A sm(i . SOC;) ek sm(z . SOCi) sci = 25wnR8i ~£(S0C)
bi = .
R, - R _ AU crmax i <0 (sznRg?)’1 . sin(g . soci> igpi >0
i T T T Ty obi
sin(3-50C+2) g sin(3-50G,+2) - ., (15a)
2 2 2 2 (26w,RE)™ sin(z SOG; + ’—’) iopi <0
(11) ndl; 2 i P obi
When i,p,; >0, sin (1:SOC;/2) increases monotonically with the where the natural frequency w, and damping coefficient & are

value of SOC;. The battery with a higher value of the SOC willhavea  presented as
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Based on Eqs 13, 14, the curves of the charging and discharging
of the battery DC/DC converter currents with respect to their SOC
are given in Figure 7. During the discharging process, the adaptive
function of sin (m:SOC;/2) decreases with the decrease in the SOC.
Moreover, the battery DC/DC converter discharging current reduces
from i®). to 0. During the charging process, the adaptive function of
sin (:SOC;/2+7/2) decreases with the decrease in the SOC. At the
same time, the battery DC/DC converter charging current decreases
from if;; to 0. This technique solves the issue of overcharging or
overdischarging of the battery energy storage system.

The charging and discharging currents of the battery DC/DC
converter with respect to different values of the SOC are shown in
Table 1. Here, the charging and discharging currents are normalized
with i€,; and i%,, respectively.

As shown in Table 1, the discharging current is high when the
SOC is high in the discharging state. As the SOC decreases, the
discharging current decreases faster. In the charging state, when the
SOC is low, the charging current is large. As the SOC increases, the
charging current decreases at an accelerated rate. Therefore, the
proposed adaptive function can effectively suppress the charging
and discharging currents in the undesirable SOC condition, while
guaranteeing the power regulation capability of the battery storage
system in the proper SOC condition.

4 Analysis of experimental results

A DC microgrid simulation model, which consists of two PVs
(MPPT), one HES, and a constant power load (CPL), has been
established in order to examine the proposed control technology in
this section. Experiments are conducted using a real-time emulator for
hardware-in-the-loop (HIL) testing. The proposed control is achieved
through 1/O signals or communication. The closed-loop test of the
device has low delay, high precision, and high degree of programming
freedom, which can effectively simulate the actual operation. These real-
time simulation experiments are tested over a StarSim MT6020 real-
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TABLE 1 Charging and discharging currents at different state-of-charge
(SOC) typical values (standard values).

SOC Discharge current (%) Charge current (%)
0.1 15.6 98.8
02 309 95.1
0.3 454 89.1
0.4 58.8 809
0.5 707 70.7
0.6 80.9 58.8
0.7 89.1 454
0.8 95.1 309
0.9 98.8 156

TABLE 2 System-related parameters.

Parameter Value

Switching frequency, f; 20 kHz
Inductor Ly, Ly 3 mH

Input capacitor Cy, Cy, 10 uF

Output capacitor Cyp, Cosc 470 pF
Rated power Pyy 4 kW

Super capacitor rated voltage, Uy 150 V.
Battery rated voltage, Upyx 200 V
Super capacitor 10 F

DC bus voltage 400 V

time emulator. Three different experiments have been conducted.
Table 2 illustrates all related system parameters.

4.1 Experiment |: VRCD control

The work principle of VRCD control for the HES system is
verified in this experiment. For an instance, as in the discharge
mode, the rated power of the battery storage is 4 kW, and the
maximum instantaneous power of the SC is 6 kW, while the
maximum output power is 4 kW for PV1 and 3 kW for PV2.

The experimental results are shown in Figure 8A. The droop
reference voltage is set as U, = 390 V. The virtual resistance R, = 2.7
Q, the cutoff frequency fc = 0.2 Hz, and virtual capacitance Cy. = 0.295 F.

Interval 1 (0-6.6 s): The total PV power is 7 kW, and the total
load power is 9kW. Uy is 378 V. The HES system is under a
discharging situation with a battery discharge power of 2.08 kW and
an SC output power of 0.4 kW.

Interval 2 (6.6-12.8 s): A sudden decrease to 7 kW can be
observed on Pjp,q when t = 6.6 S. Plgag < Ppys Py, which results
in an increase in Uy.. The SC charging power decreases from 1.8 kW
to 0 slowly after an instant response, while the battery discharge
power decreases from 2.08 kKW to 0.4 kW. After 1.97 s, Uy is 388 V.
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Experimental results of VRCD control (Vgc: 50 V/div, Py: 2 kW/div, Psc: 5 kW/div, and Poaq: 5 kW/div): (A) discharging mode; (B) charging mode.

Interval 3 (12.8-17 s): A sudden increase to 10 kW can be
observed on Pjyq when ¢ = 12.8's. Pigaq > Ppvs Py, which results in a
reduction in Uy.. The SC charging power decreases from 3 kW to
0.4 kW slowly after an instant response. The battery discharge power
increases from 0.4 kW to 2.96 kW slowly. After 2.59 s, Ug. is 372 V.

The decoupling power compensation for the high-/low-
frequency load power of the HES system can be completed by
the VRCD control, according to the experimental data. On this
occasion, the high-frequency power variation can be balanced by
rapid SC responses, while the output power of the SC remains nearly
0 under a stable state. A battery with high energy density maintains
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the power balance of the system under a stable state, while under a
transient state, its output power makes mild changes.

The experimental results of VRCD control for the charging
mode are given in Figure 8B. The droop reference voltage is set as
U, = 400 V. The virtual resistance R, = 1.0 Q, the cutoff frequency
f. = 0.2 Hz, and virtual capacitance Cy. = 0.796 F. Similarly, like the
discharging mode, during the sudden change in load power, the SC
immediately responds to maintain a constant DC bus voltage. Later,
the battery will take over the power, and the SC power will reduce to
0 slowly. The experimental result given in Figure 8B shows that the
decoupling power compensation for high-/low-frequency load
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power of the HES system can be achieved by the VRCD control
under the charging mode as well.

4.2 Experiment |l: terminal voltage
restoration of the SC

Compared with experiment I, the virtual capacitance control

loop in the conventional VRCD control is modified by adding a
voltage compensator. In the discharging mode, U, = 390 V, R,, = 2.7

Frontiers in Energy Research

Q, f.=0.4 Hz, and C,. = 0.164 F. The experimental results are shown
in Figure 9A.

Interval 1 (0-10.35 s): The total PV power is 7 kW, and the total
load power is 9kW. Uy, is 376 V. The voltage across the SC is
149.88 V. The HES system is under a discharging state with a battery
discharge power of 2.08 kW and an SC output power of 0.16 kW.

Stage 2 (10.31-20.67 s): A decrease to 7 kW can be observed on
Pioag When t = 10 s. Pigaq < Ppy. Py, which results in an increase in
Uqc. During the first stage (10.35 s < t < 11.21 s), the SC charging
power decreases from 2 kW to 0 slowly after an instant response,
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while the battery discharge power decreases from 2 kW to 0. The SC
terminal voltage increases to a peak of 150.32 V. During the second
stage (11.2 s < t < 20.67 s), by changing to the discharging state, the
SC discharging power fluctuates, with an increase followed by a
decrease. The SC terminal voltage decreases to 149.92 V smoothly,
and Uy is 390 V.

Stage 3 (23.67-40 s): An increase to 10 kW can be observed on
Pigag When t = 23.67 8. Pigaq > Ppy Py, which results in a reduction in
Uyqc. During the first stage (23.67 s < t < 24.66 s), the SC charging
power decreases from 3.2 kW to 0.08 kW after an instant response,
while the battery discharge power increases from 0.16 kW to
3.28 kW step by step. The SC terminal voltage decreases to a
minimum of 149.2 V. During the second stage (24.66 s < t <
40 s), by changing to the discharging state, the SC discharging
power fluctuates, with an increase followed by a decrease. The SC
terminal voltage increases to 149.96 V smoothly, and Uy, is 368 V.

The experimental results for the charging mode are given in
Figure 9B. In the charging mode, Uy =400 V, R, = 1.0 Q, f. = 0.4 Hz,
and C, = 0.442 F. During the sudden change in load power, the SC
immediately responds with the proposed VRCD control. Because of
the charging or discharging of the SC, its voltage deviates from the
rated value. With the terminal voltage restoration control added in
the control loop, the voltage of the SC changes to the rated
value slowly.

According to the experiment data, the terminal voltage of the SC
can be restored in time in the transient process with the addition of a
voltage compensator. The decoupled power compensation of the
HES system with respect to the high/low frequency power of the load
remains effective. The SC and battery storage responded to both
instantaneous and stable situations.

4.3 Experiment lll: SOC balance

The proposed triangle adaptive function has been applied in the
virtual resistance control circuit for the operation of battery storage
systems in parallel circuits. The capacities of Bl and B2 are set to
4 KW. The initial SOCs are 0.8 and 0.2, respectively. The output line
resistance of the converter is ri,; = 1, = 0.1 Q. In the discharge mode,
Uy = 390 V and Ry; = Ry, = 2.7 Q. The experimental results are
shown in Figure 10.

Interval 1 (5-20 s): Pigaq = 9kW > P,, = 7 kW, the battery
storage systems are discharged. The discharge powers of Bl and
B2 are 16,000 W and 760 W, respectively, and the ratio reaches 2.11:
1. Uy is 384 V.

Interval 2 (20-35 s): An increase to 10 kW can be observed on
Pjoaqa When t = 20 s. Uy, decreases to 380 V. The discharging powers
of Bl and B2 are 2,400 W and 900 W, respectively, and the ratio
reaches 2.66:1.

Interval 3 (35-50 s): An increase to 11 kW can be observed on
Pjoaqa When t = 35 s. Uy, decreases to 376 V. The discharging powers
of Bl and B2 are 3,120 W and 1,020 W, respectively, and the ratio
reaches 3.06:1.

The above experimental result reveals that the discharging
power ratio of Bl and B2 remains in a steady state, which is
consistent with the parameters listed in Table 1. A decrease of
around 2.95% in SOC1 and 0.99% in SOC2 can be observed at 50 s of
discharging.
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In the charging mode, the experimental results are shown in
Figure 11. Uy = 400 V, and Ry,; = Ry, = 1.0 Q.

Interval 1 (5-20 s): Pigaq = 5 kW < P,y = 7 kW, and the battery
storage systems are charged. The charging powers of B1 and B2 are
400 W and 1,280 W, respectively, and the ratio reaches 1:3.2. Uy,
is 406 V.

Interval 2 (20-35 s): A decrease to 4 kW can be observed on Pj,,q
when t = 20 s, which results in an increase to 408 V on Uyg.. The
charging powers of B1 and B2 are 600 W and 1,920 W, respectively,
and the ratio reaches 1:3.2.

Interval 3 (35-50 s): A decrease to 3 kW can be observed on Pj,,q
when t = 35 s, which results in an increase to 410 V on Ug.. The
charging powers of B1 and B2 are 800 W and 2,600 W, respectively,
and the ratio reaches 1:3.25.

The above experimental result reveals that the charging power
ratio of B1 and B2 remains in a steady state, which is consistent with
the parameters listed in Table 1. An increase of around 0.82% in
SOCI and 2.6% in SOC2 can be observed at 50 s of discharging.

The experiment illustrates that in the discharging process, the
discharging power is negatively correlated with the SOC for the
battery storage. In the charging process, the charging power is
positively correlated with the SOC for the battery storage. The SOC
difference from different battery storage systems becomes smaller
during the experiment, which verified that the assumed adaptive
function can maintain the SOC balance of battery storage systems.

The initial SOCs of B1 and B2 are set to be 0.8 and 0.5, respectively;
charging and discharging at 1,000 s have been conducted for battery
storage systems in a parallel circuit. Between 0 and 500 s, Pio.q =
11kW > Py, = 7 kW, and the battery storage system discharges at a
power of 4 kW. Between 500 and 1,000 s, Piooq = 3 kW < P, = 7kW,
and the battery storage systems are charged with a power of 4 kW.
Different SOC balance effects by adopting different forms of adaptive
functions are shown in Figure 12.

If a constant virtual resistance is adopted, the SOC difference
between the battery energy storage systems remains constant during
the whole charging and discharging process. Two existing adaptive
functions, namely, the power exponential function and the power
function, are introduced to compare with the proposed
trigonometric function. The adaptive virtual resistance for both
charge and discharge states for the power function can be
calculated as

Ry = B AU iopi > 0
X b7 50CE T idme . SOCT o s)
bi =
AUcmax .
Rf, = RY) - SOC; = 2 SOC] gy <0
obi

The adaptive virtual resistance for both charge and discharge
states for the power exponential function can be calculated by

R AU,
Rd, — bi — max .0 >0
. b~ exp (SOCY) — i - exp (SOCY) fob
"t . o) _ AUonss o
Rﬁi = an © €Xp (Socl ) = emax exp (Socl ) Lobi < 0
obi
(19)

RY and R{; are the adaptive discharging and charging virtual
resistance, respectively. RY and R are the initial discharging and

charging virtual resistance, respectively. AU, and AU,y are the
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maximum droop voltage decrease under discharging and charging
states, respectively. iM% and iM% are the maximum discharging
current and charging current of the battery DC/AC converter,
respectively. « is the order value of the power function, which
impacts the SOC balancing speed.

When different adaptive functions are introduced into the
virtual resistance control for the battery storage systems, the SOC
differences decrease steadily. Two existing adaptive functions and
the proposed trigonometric function all achieve the SOC balance of
the battery storage systems. However, considering the speed of the
SOC balance, the proposed trigonometric adaptive function is much
faster than the power exponential function and slightly slower than
the power function form.

Further comparison of different forms of adaptive functions is
carried out in terms of the output power under the same operating
condition. For a battery with initial SOC = 0.5 and rated power of
4 kW, the output power when employing different adaptive
functions is shown in Figure 13.
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During the discharging process, Pg3>Pg;>Pp4>Pp,. It can be
found that when the discharging power of Bl reaches 4 kW, the
discharging power of B3 is higher than 6 kW. Under this
condition, the battery storage is easily over-discharged by
adopting the power exponential function. However, the
discharging current of the proposed trigonometric adaptive
function is smaller. It is advantageous to the battery storage
operation. During the charging process, Pp,>Pp;>Pp4>Pg;. [t can
be found that when the charging power of B1 reaches 4 kW, the
charging power of B2 is almost 7 kW. In this case, the battery
storage is easily over-charged by adopting the power function.
However, the charging current of the proposed trigonometric
adaptive function is smaller. It is advantageous to the battery
storage operation as well. It can be concluded that the proposed
novel adaptive function can solve the overcharge and over-
discharge issues of the battery energy storage system, which is
with obtained  from  the
theoretical analysis.

consistent conclusion
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Comparison of the output power of different forms of adaptive functions.

5 Conclusion

For the energy storage devices in a DC microgrid, battery energy
storage has high energy density but a slow dynamic response. The SC
has a fast dynamic response but small energy density. This paper
proposes a decentralized control strategy for the HES system, which can
achieve the decoupling power compensation for high- and low-
frequency load power distribution. For the problems of SOC
unbalance, uneven load current sharing, and fast terminal voltage
change in the SC, this paper proposes a decentralized control
strategy with SC terminal voltage restoration and virtual resistive
and capacitance droop control based on a novel adaptive function.
It can achieve dynamic SOC balance and accurate load current sharing.
Furthermore, the experimental results show that the proposed control
strategy has better SOC convergence performance and can better avoid
the energy storage overcharge and over-discharge problems compared
with the traditional control strategy.
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