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ABSTRACT. Aiming at addressing the problem of coordinated operation in distributed
Hybrid Energy Storage Systems (HESS) for DC microgrid systems, a power coordinated
control strategy based on Continuous Control Set Model Predictive Control (CCS-MPC)
is proposed. The strategy comprises upper and lower layers. The former implements pow-
er distribution, using wavelet packet transform to decompose the power demand to the
supercapacitors and batteries. Moreover, the adaptive factor is utilized to distribute bat-
tery power demand based on the State of Charge (SOC) of the battery to achieve SOC
consistency. The lower layer, namely CCS-MPC, uses distributed control, where each
DC/DC converter is associated with a model predictive controller. In order to verify the
effectiveness of the proposed method, an island DC microgrid model containing distribut-
ed HESS was built and compared with the multi-agent consistency control algorithm using
a distributed PI controller. The results confirmed that the proposed strategy can effective-
ly reduce DC' bus fluctuations and achieve consistent battery SOC faster. In addition,
this strategy improves the stability of power grid operation and extends the service life of
batteries.

Keywords: Distributed hybrid energy storage system, Continuous control set, Model
predictive control, Power distribution, Wavelet packet transform, SOC consistency

1. Introduction. The effective control of power balance within a DC microgrid is crucial
for its stable operation. One important metric for measuring power balance is the stability
of DC bus voltage, as indicated by previous studies [1,2]. However, achieving complete
power balance between the distributed power supply and the DC load in a DC microgrid
is often challenging. Meanwhile, external environment changes and variations in power
demand will lead to power fluctuations within the DC microgrid [3,4]. Therefore, ener-
gy storage systems are commonly integrated into DC microgrids to buffer power abrupt
changes, balance system power and ensure uninterrupted operation of loads [5,6]. Com-
pared with centralized energy storage, distributed energy storage offers advantages such
as low cost, high utilization, compatibility and reliability, making it a more flexible op-
tion [7,8]. Currently, the energy storage unit is broadly categorized into two types: energy
storage and power storage. The former based on batteries, provides long energy storage
time and low costs but has a shorter service life. The latter utilizing supercapacitors offers
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fast response time and a large number of charge-discharge cycles but comes at a high cost
[9,10]. HESS combines with the battery and the supercapacitor technologies. Leveraging
their complementary characteristics HESS can smooth instantaneous power fluctuations
within the microgrid, reduce the charging and discharging times of the battery to extend
its service life and improve the dynamic response of the system [11,12]. Therefore, the
research motivations of this paper are mainly focused on two research objectives. First-
ly, it aims to tackle the challenge of balancing power within distributed hybrid energy
storage systems. Secondly, it seeks to develop an accurate power allocation algorithm for
efficiently distributing the given power of each energy storage unit.

Model Predictive Control (MPC) is a control approach commonly employed in con-
verters. It involves analyzing the topological structure model and appropriately handling
input/output constraints. The optimal control signal is obtained by solving the value
function through an online optimization algorithm [13,14]. In recent years, with the im-
provement of microprocessor computing power, applications of MPC in power electronic
systems have aroused great interest [15,16]. MPC can predict the values of controlled
variables, such as voltage, current and stator flux at the next time point through the
model. [17] and [18] adopted a current high-performance MPC for permanent magnet syn-
chronous motor drivers. [19] and [20] used Finite Control Set Model Predictive Control
(FCS-MPC) to control bus voltage in parallel inverters within a microgrid. [21] proposed
a model predictive control method for current control, while not considering bus volt-
age regulation. [22] proposed a double-layer MPC to solve the problem of extra voltage
ripple caused by transient power loss in converters resulting from supercapacitor current
in dynamic responses. The upper MPC calculates the optimal power of the lower layer
based on the dynamic power loss, while the lower MPC determines the optimal duty
ratio of the converter based on the value function and the power loss estimation. [23]
proposed an HESS energy management strategy based on Continuous Control Set Model
Predictive Control (CCS-MPC), considering the constraints of battery current rate and
supercapacitor overvoltage protection, to achieve optimal predictive control of voltage and
current. Furthermore, a three-level DC/DC converter control based on MPC is designed
in [24]. This converter structure effectively reduces the current ripple and voltage fluc-
tuation during switching device operation. However, MPC under this converter involves
eight value functions, which greatly increases the calculation amount.

Compared with existing results, this paper mainly makes the following contributions.

1) A coordinated power control strategy based on CCS-MPC is proposed to realize the
coordinated control of distributed HESS.

2) Wavelet packet transform is used to decompose the power demand, and subsequently,
the power allocation for the battery is determined based on the adaptive factor designed
for the SOC' of the battery, ensuring precise distribution of power.

3) By designing two schemes, the effectiveness of the control strategy proposed in this
paper is verified by comparing and analyzing the dual-loop and CCS-MPC as well as
the multi-agent consistency and the battery SOC adaptive factor consistency.

The remainder of this paper is organized as follows. Section 2 introduces the distributed
HESS structure of DC microgrid. Likewise, Section 3 provides a detailed explanation of
the power allocation strategy. Section 4 provides the design and implementation process
of the CCS-MPC method. The effectiveness of the algorithm is shown in Section 5. Lastly,
the work is concluded in Section 6.

2. Distributed HESS Structure of DC Microgrid. Figure 1 shows the topology of
distributed HESS consisting of photovoltaic renewable clean energy, DC load and multi-
ple HESS. The distributed HESS and photovoltaic power generation are connected to the
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Ficure 1. Topology of distributed HESS

DC bus through DC/DC converters, while the DC load is directly connected to the DC
bus. HESS is used to compensate for the power difference between the distributed power
supply and the load, that is, the power demand P,.; that HESS needs to meet. According
to the characteristics of HESS, P,.; must be divided into high and low-frequency compo-
nents, which are given to the supercapacitor and the battery, respectively. As the battery
provides more power than the supercapacitor in the power grid, additional factors, such
as the SOC inconsistency of multiple groups of batteries need to be considered in the
power distribution of the battery. Considering that the capacity of the battery and the
initial SOC are different, the adaptive factor is designed to redistribute the low-frequency
part after the wavelet packet transform. This enables batteries with large capacity and
high SOC' can output more power when discharging or absorb less power when charging,
ultimately achieving uniform SOC across multiple batteries. After power distribution,
this paper adopts the distributed control of CCS-MPC, where each DC/DC converter
corresponds to a model predictive controller. Through the control of voltage and current,
the stability of bus voltage and the real-time tracking of power setting might be realized.

3. Power Allocation Strategy.

3.1. Wavelet packet transform. Once the wavelet packet transform decomposes the
signal into high-frequency and low-frequency parts, it can not only continue to decompose
the low-frequency part, but also decompose the high-frequency part again. Firstly, the
wavelet packet decomposition tree is obtained through wavelet packet transform; then the
signal is reconstructed with the decomposition tree through the reconstruction of wavelet
packet coefficients. A three-layer wavelet packet transform is employed. After performing
the decomposition and reconstruction process on P, 8 segments of power requirements
are obtained as shown in Figure 2, where L is the processed low frequency part, and H
is the processed high frequency part.

In the signal values obtained from wavelet packet transformation, it is observed that,
except for LLLs, the remaining 7 segments exhibit minor fluctuations around zero, in-
dicating that the energy storage unit must undergo frequent charging and discharging
to meet the power requirements of these segments, yet excessive energy transfer is not
essential. As such, it is most appropriate for the supercapacitor to be responsible. As the
simulation verification in this paper uses 5 groups of HESS, the 7 segments are merged
as follows:
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Prepse1 = LLH3

Prepsex = LHL3

Pref se3 = LHH 3 + HHLg (1)
Prf sea = HLL3 + HLH 4

| Pros o5 = HHH,

The LLL3 is in charge of the battery, and this paper further distinguishes two param-

eters, namely capacity and initial SOC for the battery part, while the parameters of the
super capacitor part are the same. The LLLs part will be further allocated below.

Pre

LL, LH, HL, HH,
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FIGURE 2. Schematic diagram of the three-layer wavelet packet transformation

3.2. Consistent power allocation based on battery SOC adaptive factor. Bat-
tery SOC is expressed as [25]

f 1 LdT f P [dT

Cht =506 u; Ct 2)
where SOC| is the initial SOC' of the battery. Cj; is the capacity of the storage battery.
Py is the output power of the storage battery, which is also the input power of the
DC/DC converter. u; is the output voltage of the battery, which is also the input voltage
of the converter. iy, is the inductor current. Among them, the relationship involving Py is
expressed as

SOC = SOC, —

Pr =i, = Ri} + P, (3)
where R is the inductor resistance. P, is the converter output power. Relative to P,, R is
very small, and its power consumption can be effectively disregarded. As the magnitude
of | P,| increases, the corresponding SOC' undergoes a more significant change. Similarly,
a larger Cy results in a smaller SOC. When distributing the given power of multiple
batteries, the purpose is to achieve uniform SOC' levels across multiple batteries. During
the discharge phase, a battery with a larger SOCy needs to be allocated with a larger
power reference at first. When the SOC' is consistent, in order to keep the SOC' change
consistent, the given power distribution is based on Cy;.

Assuming the presence of n groups of HESS, the power demand that n storage batteries
need to meet is Pf j, transformed by wavelet packets for P.s. Firstly, all batteries are
sorted from 1 to n according to their SOCy;. When P, 4, is positive, all batteries are
discharged, and y; is sequentially set for 1 to n — 1 batteries. Conversely, when P p; is
negative, all batteries are charged, and y; is set for n to 2 batteries in reverse order. y; is
related to the SOC and Cy,; of the battery, and y; € (0,1), denoted as follows:

{ a; — bja~PASOC (ASOC; > 0)
Yi =

4
CZ'OKPASOCi + dz (ASOOZ < O) ( )
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where ASOC; = SOC; — SOC;;;. « is the difference base number, and a > 1. p is the
difference coefficient. a; is the maximum value of positive difference consistency. b; is the
consistency coefficient of positive difference. ¢; is the consistency coefficient of negative
difference. d; is the consistency maximum value of negative difference. a;, b;, ¢; and d;
must satisfy the condition y; € (0,1), and the relationship among them is expressed as

f# (Pref,bt Z 0)

Zf:i Chre

ai—bi=c+d; = Ch (5)
1

2 e=1 Chte g < 0)
where Cjy; is the capacity of the i-th storage battery. When P, > 0,7 € {1,2,...,
n—1}. When Py <0,7€ {n,n—1,...,2}

In Equation (5), the values of a;, b;, ¢; and d; are mainly determined by the capacity
of each battery. The values of a; — b; and ¢; + d; are the ratio of the capacity of the
1-th battery to the sum of the capacities of the batteries when considering the remaining
unallocated power. When the battery achieves consistent SOC, the larger its Cy; is, the
correspondingly larger power can ensure the same SOC change. The reason for calculating
the sum of the remaining unallocated battery capacities is that the calculation of y; is
special and will be elaborated below. Each value in a;, b;, ¢;, and d; must meet the
requirements of the two equations (4) and (5): one is that y; € (0,1) must be satisfied in
the distribution, the other is that the sum of the two must be equal to the capacity ratio.
When P, 4 is positive, a; is first evaluated. Its value cannot be greater than or equal
to 1, and its value cannot be smaller. Since a; represents the upper limit of the adaptive
factor y;, the larger the value, the greater the proportion of power allocation. Therefore,
the value of a; should be as large as possible to make b; correspondingly large. When
Pres 5t is negative, ¢; is first evaluated, and its value cannot be less than or equal to 0.
Correspondingly, ¢; should be made as small as possible to make d; as large as possible. It
can be seen from Equation (5) that when the values of b; and d; are as large as possible, as
the SOC difference gradually decreases, the change of the adaptive factor y; also becomes
larger accordingly.

According to the positive or negative characteristics of P j:, the power of n storage
batteries is determined sequentially by y;. When P, 5 @s positive, the allocation process
starts with battery 1, which has the largest SOCy. It is necessary to allocate the maximum
power reference, and then directly multiply P..s 5 by y1 to get the power reference Pres p1
of battery 1. The remaining allocation, namely Pe; pt — Pres p11, is multiplied by y, to
get the power reference Ps 2 of battery 2. Similarly, the allocation for battery 3 is the
remainder after allocating to the first two batteries, namely Pres pr — Pref st1 — Pref p2- By
analogy, the factor y, is not used for the final storage battery n. The remaining allocation
after distributing to the first n — 1 storage batteries represents power reference, Pref pin,
for storage battery n. It can be seen that when P, 4 is positive, the power of n storage
batteries is expressed as

p

Pref,btl = Pref,btyl
Pref,th - Pref,bt(l - yl)yQ

Pref,bti = Pref,bt(l - 3/1)(1 - yz) T (1 - yiq)yi (6)

Pref,btn—l - Pref,bt(l - 3/1)(1 - y?) o (1 - yn—2)yn—1
\ pref,btn = ref,bt(l - yl)(l - y2) te (1 - yn72)(1 - ynfl)
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where Pt 4t is the power reference of the i-th storage battery. When P, 4 is negative,
the power distribution for battery charging is reversed, starting from battery n to battery
1. It can be seen that when P, j; is negative, the power of n storage batteries is expressed

as
( Prepvt1 = Prepot(1 = yn)(1 = Y1) - - (1 = y3) (1 — 1)
Pref,th = Pref,bt<1 - yn)(l - ynfl) T (1 - 3/3)1/2

Pref,bti - Pref,bt(]- - yn)(l - yn—l) o (1 - yi—l—l)yi (7)
Pref,btnfl = Pref,bt(1 - yn>yn71

\ Pref,btn = Iref_btYn
To sum up, the block diagram of power distribution control is shown in Figure 3.

P 50C,, SOC

l btl bt2

Wavelet packet transform L Pyl Adaptive factor redistribution

S

ref _sel ref sc2 ref _sen ref _btl = ref bt ref _btn

N

btn

F1GURE 3. Power distribution control block diagram

4. Model Predictive Control.

4.1. Bidirectional DC/DC converter model. The topology of a bidirectional DC/DC
converter is depicted in Figure 4. In this paper, we only study two complementary MOS
tubes, one in the on state and the other in the state off. When Ty is on and T, is off,
the converter operates in Boost mode. The relationship between load voltage u, and iy,
is established as follows:

dat L L't <
du, 1 (8)
it ~ CR,"

where L is inductance value, C' is load stabilized capacitance and Ry, is load resistance.
When T5 is on and T} is off, the converter works in Buck mode. The relationship between
u, and iy, is established as follows:

A A o)
duo——Lu —|—li
dd ~ CR, ° ' C*

The mathematical model of the converter can be obtained by combining (8) and (9),
denoted as (10):
F AR A
du, 1 1—wu.
dt — CRy C

Uo

(10)
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of T1 and S is the switch status of Ts.

where u = is the control signal of the model, S is the switch status
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FIGURE 4. Bidirectional DC/DC converter circuit topology

According to the principle of MPC, the sampling period is set as T, and the mathe-
matical model of the converter is discretized as Equation (11):

in(k+1)= “"LTS + (1 — %) i (k) — wuo(@

(11)
gk +1) = <1 _ C%L) (k) + %Wg)

o 1, Sl - 1, 52 =0
10, 51=0,9=1
MPC is considered a lower-level control, it is desirable to have a smaller value of Tg in
order to achieve a faster control response.

By denoting z(k) = [i(k) wu.(k)]T, y(k) = z(k), the discrete model (11) can be repre-
sented as a matrix form, as shown in Equation (12) [23]:

where u(k) is the model control signal after discretization. As

x(k+1) = Az(k) + Bu(k) + C (12)
y(k) = Dz (k)
|_ Bls  _Ts Ts oy, (k uiTs
where A = TL LT , B = LTU.() ,C = L1, D=1
T l-an —cic(k) 0

4.2. CCS-MPC strategy. Given the bidirectional DC/DC model, as illustrated in
Equation (12), the goal of control is to drive z(k) towards a predetermined reference
value. To achieve this, the reference values of u, and ¢; are initially determined as
F(k) = [izres () g (R)]T.

Since distributed HESS is connected to the DC bus in parallel via the converter, the
reference value w,s of u, is the given value of the bus voltage. By analyzing Formula (3),
it is found that it is a quadratic equation of a single variable about 7;. As a result, i

can be solved as
T 2 — 4Rpre
u \/ ul f (13>

2R

To meet the requirements of both voltage control and power control, additional com-
pensation terms for voltage error and power error are incorporated based on iry. This is
done in order to improve the dynamic performance of the control system and reduce the
steady-state error when the load changes abruptly. The compensation items of voltage

iro =
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error €, and power error €p are as follows:

Eu:KpuAU+K[u/AUdT
(14)
€P:KPPAP+KIP/AP(1T

where Au = Uy — Uy, AP = P,y — P,, Kp,, Kpp are proportional coefficients of com-
pensating voltage error and power error, respectively. Kj,, K;p are the compensation
integral coefficients of voltage error and power error. Thus, the reference value iy, of ir,
is expressed as follows:
Z.Lref =110+ eutep (15)
Then the reference vector r(k) = [ifrer (k)  wres(k)]T for x(k) is determined according
to the given value. The error between the reference value and the actual value is denoted
as
e(k) = r(k) — x(k) (16)
To predict the K step in MPC, u, and iy, at time k+ 1 can be calculated using Formula
(12). Subsequently, by substituting the calculated value at time k£ + 1 into Formula (12),
u, and 77, at time k + 2 can be determined. This process continues until u, and iy, at time
k + k can be calculated. Ultimately, the prediction of z(k) is expressed as follows:

( 2(k+1) = Ax(k) + Bu(k) + C
z(k +2) = A%x(k) + ABu(k) + Bu(k + 1) + (A+ 1)C

&;(k +i) = A'z(k) + A7 'Bu(k) + A7?Bu(k + 1)+ -+ + Bu(k +i — 1)

(AT AT+ ] C (17)

}c(k + K) = ARz(k) + AK'Bu(k) + A ?Bu(k + 1)+ -+ + Bu(k + K — 1)

A suitable number of predicted steps K should be carefully chosen. A small value of K
facilitates rapid realization of predictive control with swift responsiveness. However, a dis-
advantage is the diminished anti-jamming ability due to the limited number of predictive
steps. Conversely, a larger value of K enhances the control capability and anti-interference
of the system, but the dynamic response speed is reduced due to the increase of the num-
ber of predicted steps. The above equation needs to be transformed into a state-space
equation:

\

{ X(k)=Fxz(k)+GU(k)+ H (18)
Y (k) = X(k)
w(k+1) A B
w(k+2) A2 AB B
where X (k) = : JF=| . |.G= : , Uk) =
+(k + K) AK AK-1B AK-2B ... B
u(k) ¢
A+1)C
u(k—i— 1) - ( + 1)
ulk+ K —1) S adc

The steady-state error is measured by the variance between the reference value and the
actual value. Moreover, the control of the actual value is closely related to the control
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signal, leading to their integration into the value function of MPC, as expressed in (19):

(J=J1+Js

Ji=q Z {lin(k +3) = iprer ()] + [to(k + 1) — wres (k)] }

where ¢, w are Welght Coefﬁ(:lents, repectively. In the above equation, iy (k+i) and u,(k+1)
are the predicted value from time k£ + 1 to time £ + K. The variance sum between the
predicted value and the reference value at time k is one of the important components of
the value function of model predictive control. Additionally, the sum of the squares of the
control signal u(k + i — 1) at time k£ and time k + K — 1 is added into the value function
to reflect the fluctuation degree of the predicted value. By assessing the importance of
the two elements in achieving the control objective, the values of the two elements are
determined, with the larger value indicating the primary control target. In this paper, in
order to achieve coordinated power distribution while maintaining a stable bus voltage, ¢
is much larger than w.
Convert the above value function into a matrix form:

= E(k)TQE(k) + Uk)"WU (k) (20)
r(k) q w
r(k) q w
where E(k) = R(k)— X (k). R(k) = Q= W= .
r(k) q w

In simulation, ¢ = 10, w = 0.1.
One obtains ( 1) through calculation:
Fa(k

J = [R(k) - ) — GU(k) — H" Q[R(k) — Fa(k) — GU(k) — H] + U (k)" WU (k)
= [R(k) - Fa(k) — H]' Q[R(k) — Fx(k) — H] = 2[R(k) — Fx(k) — H]" QGU(k)
+U (k)" (GT"QG + W) U(k) (21)

where U (k) is the variable. Obviously, the above equation is a quadratic function of U (k).
Since J is the sum of three squares, in order to minimize .J, the derivative of J with
respect to U(k) is set to be zero, i.e., 0J/0U(k) = 0. Finally, the value of U(k) can be
obtained as
Uk) = (GTQG + W)™ GTQ[R(k) — Fa(k) — H] (22)
Take the first data of U(k) as the control signal inputting to the converter, i.e., U(1).
U(1) is treated as the duty ratio of PWM after the limiting process. Subsequently, the
control signal of DC/DC converter is achieved. The block diagram of the bottom CCS-
MPC is shown in Figure 5. The bottom layer adopts CCS-MPC. The power of Pef s
and P is given as input, and the control signals of MOS tube in DC/DC converter
are directly obtained from the output of CCS-MPC, namely f,. 1 and f,. 2 and fi; 1 and

fbti,Q :

5. Simulation Verification and Result Analysis. The photovoltaic DC micro grid
model with energy storage system is built and verified by simulations. The following two
schemes have been utilized for comparative analysis.
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FiGure 5. Distributed HESS control block diagram

1) Scheme 1: The control object is the photovoltaic DC microgrid with distributed
HESS, and the control strategy is power distribution control based on the consistency of
multi-agent.

2) Scheme 2: The control object is the photovoltaic DC microgrid with distributed
HESS, and the control strategy is the one proposed in this paper.

The control objectives of the two schemes center around isolated DC micro-grid featur-
ing five sets of HESS. In the upper control, both schemes decompose the power demand
P,.s through wavelet packet transform to obtain the power settings of five supercapacitors.
For the battery part, Scheme 1 adopts the multi-agent consensus strategy, while Scheme 2
adopts the control strategy in Section 3.2 of this paper. In the lower control layer, Scheme
1 adopts a double closed-loop control for voltage and current, whereas Scheme 2 adopts
CCS-MPC strategy. The level of wavelet packet transform operates at level 3. The pri-
mary control objective for both schemes is to meet the power demand of the system while
ensuring consistency in the SOC across batteries with different capacity and initial SOC
levels, all while maintaining stability in DC bus voltage. A comparative assessment based
on bus voltage, energy storage unit output power, and battery SOC values confirms the
significance of HESS and validates the efficacy of the proposed HESS control scheme in
this study. The parameters of the control object model under two schemes are consistent.
The main simulation model parameters are shown in Table 1. The power demand P
that the energy storage systems in both schemes are required to meet is shown in Figure
6. This paper mainly studies the control of the energy storage system, while the photo-
voltaic power generation and DC load are not the focus of this paper. In the simulation
of the two schemes, the PV power generation has a stable output power of 100 kW. The
simulation results of the two schemes are shown in Figures 7-10.

Figure 7 shows the DC bus voltage curve. It can be seen that the bus voltages of both
schemes are above or below 500 V, realizing the bus voltage stability of the microgrid.
In contrast, the voltage jitter of the double closed-loop is large, especially during the
charging of the energy storage system. Scheme 2 displays minimal voltage jitter and fewer
waveform burrs, indicating its superiority over Scheme 1.

Figure 8 shows the output power curve of five batteries in the energy storage system.
The supercapacitor assists in mitigating the power demand fluctuations experienced by
the batteries by absorbing the high-frequency component of the power demand. After
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TABLE 1. The main simulation parameters of DC microgrid

Parameter symbol Parameter value Parameter description
Uhret 500 V DC bus reference voltage
SOC (o) 80% Initial SOC of battery 1
SOC ) 79% Initial SOC' of battery 2
SOC3) 78% Initial SOC' of battery 3
SOC ) 7% Initial SOC of battery 4
SOC5) 76% Initial SOC of battery 5
Chia 16 Ah Capacity of battery 1
Cho 24 Ah Capacity of battery 2
Chts 16 Ah Capacity of battery 3
Chta 16 Ah Capacity of battery 4
Chts 12 Ah Capacity of battery 5
L 5 mH Inductance value
R 0.02 © Inductance resistance
C 0.01 F Load voltage stabilizing capacitor
SOC s 0) 0% Initial SOC' of supercapacitor
Cse 8 F Rated capacitance of supercapacitor
200

Power (kW)
=
S

0 50 100

Time (s)

FI1GURE 6. Power demand curve that the energy storage system needs to meet
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Ficure 7. DC link voltage curve
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FIGURE 8. Battery output power curve



100 Z. XU, Z. YIN AND T. PAN
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FiGure 9. Battery SOC curve
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FiGURE 10. Given power curve and output power curve of the supercapac-
itor in Scheme 3

power distribution, each battery bears a smaller fluctuation in power, ensuring the stable
operation of the microgrid system. It can be seen from Figure 8(1) that the output power
curve is relatively rough due to the large fluctuations of the bus voltage in Scheme 1.
Figure 9 shows the SOC' curves of three batteries. It can be seen from the analysis
of Equation (2) and Equation (3) that the greater absolute value |P,| of battery output
power, the greater changes of SOC. By referring to Figure 8, we can analyze Figure 9. The
SOC value of battery 1 is the largest, and the capacity value of battery 2 Cy; is the largest.
It can be seen in Figure 8 that the output power of battery 1 of Scheme 1 is the largest
at the initial time, and the output power of battery 2 of Scheme 2 is the largest. Once
the SOC' of the last five batteries in Figure 9(2) becomes consistent, battery 2, with its
larger capacity (Cy), needs to output more power than the other batteries. Conversely,
battery 5 must output the least power compared to the other batteries. Additionally, since
the capacities of batteries 1, 3, and 4 are the same, the output power of the last three
batteries is also identical. It can be seen from the comparison of the two schemes in Figure
9 that the power allocation method in this paper is better than that of the multi-agent
consensus approach. Under the same power demand, Scheme 2 achieves SOC' consistency
around 60 s, while Scheme 1 is close to achieving consistency until the end of simulation.
The two schemes take the SOC difference between batteries as the main reference for
power distribution. From the Py waveform in Figure 8(1), it can be seen that the control
parameters of Scheme 1 have been the optimal values. Combined with Figure 8(1) and
Figure 9(1), when the SOC difference is small, the reduction of SOC difference between
batteries is slow, resulting in similar output power of batteries 1, 3 and 4. Compared
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with Figure 8(2) and Figure 9(2), when the SOC difference is not 0, the output power
of battery 5 in Scheme 2 is less than that in Scheme 1, and other batteries bear more
power output. Therefore, the SOC difference between batteries in Scheme 2 undergoes
more noticeable changes. It can be seen that the SOC difference between batteries in the
power distribution strategy plays a greater role than that in Scheme 1. Although multi-
agent consensus can ultimately achieve battery SOC consistency, the strategy designed
proposed in this paper is better.

Figure 10 shows the output power curve of the five supercapacitors. The thicker black
dotted line is the reference power, and the thinner black solid line is the output power
of the supercapacitor. Since both schemes assign the same power to each supercapacitor,
the five supercapacitors in the two schemes follow the power assignment well and meet
the high-frequency part of the power demand. Consequently, only one group of superca-
pacitors’ output power and power assignment diagram is displayed.

6. Conclusion. In this paper, we investigate an isolated-island DC microgrid featuring
distributed HESS and propose a power coordinated control strategy based on CCS-MPC
for the energy storage system. The strategy involves two layers, with CCS-MPC at the
lower layer and a power allocation strategy at the upper layer. Upon determining the pow-
er demand required to compensate for the distributed HESS, the power demand of the
energy storage system is decomposed using wavelet packet transform to compensate for
the supercapacitor and battery. Considering the battery capacity and the initial SOC are
different, we design a power distribution method based on battery SOC adaptive factors,
leading to the redistribution of the battery to achieve SOC' consistency. Following the
allocation of designed power of each energy storage unit, CCS-MPC optimizes the output
stable voltage of the energy storage unit and real-time power setting values through online
prediction. Two simulation schemes are designed in this paper, and the two-layer control
methods are compared with other control methods: CCS-MPC and a voltage and cur-
rent double closed-loop, battery SOC based adaptive factor consistent power distribution
method and multi-agent consistent control. The simulation results indicate that when the
energy storage system encounters the complex power demand, CCS-MPC yields certain
voltage fluctuations but small voltage jitter. Furthermore, the power distribution method
based on battery SOC adaptive factor consistency proposed in this paper can achieve
faster battery SOC consistency In conclusion, the power coordination control strategy
based on CCS-MPC proposed in this paper proves to be effective for isolated-island DC
microgrids with distributed HESS.

Although many scholars are currently working on simplified model predictive control
methods in an attempt to reduce the computational burden of model prediction, when the
prediction step size is large, it will still affect the real-time performance of the algorithm.
The subsequent research focus of this article will give priority to combining the event-
triggering mechanism with the model predictive control method to improve real-time
performance.
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