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Abstract: In isolated operation, DC microgrids require multiple distributed energy storage units
(DESUs) to accommodate the variability of distributed generation (DG). The traditional control
strategy has the problem of uneven allocation of load current when the line impedance is not
matched. As the state-of-charge (SOC) balancing proceeds, the SOC difference gradually decreases,
leading to a gradual decrease in the balancing rate. Thus, an improved SOC droop control strategy is
introduced in this paper, which uses a combination of power and exponential functions to improve
the virtual impedance responsiveness to SOC changes and introduces an adaptive acceleration factor
to improve the slow SOC balancing problem. We construct a sparse communication network to
achieve information exchange between DESU neighboring units. A global optimization controller
employing the consistency algorithm is designed to mitigate the impact of line impedance mismatch
on SOC balancing and current allocation. This approach uses a single controller to restore DC bus
voltage, effectively reducing control connections and alleviating the communication burden on the
system. Lastly, a simulation model of the DC microgrid is developed using MATLAB/Simulink
R2021b. The results confirm that the proposed control strategy achieves rapid SOC balancing and the
precise allocation of load currents in various complex operational scenarios.

Keywords: DC microgrid; droop control; distributed energy storage units (DESUs); line impedance
mismatch; dynamic consistency algorithm; SOC balancing; current allocation

1. Introduction

Renewable energy sources (RESs) are increasingly becoming the mainstream choice
in the current global energy transition due to their clean and sustainable nature [1,2]. The
widespread adoption of RESs, such as solar and wind power, reduces dependence on finite
resources and significantly mitigates greenhouse gas (GHG) emissions, offering crucial
opportunities for global climate change mitigation. However, RES faces challenges, notably
its inherent instability and intermittency. Solar photovoltaic (PV) and wind power genera-
tion are directly influenced by weather conditions, resulting in frequent and unpredictable
energy fluctuations within the grid [3]. DC microgrids have emerged as a promising energy
system solution to effectively integrate large-scale RES.

DC microgrids optimize energy distribution in generation, transmission, and con-
sumption through DC technology [4]. Unlike traditional AC grids, DC microgrids offer
lower energy conversion losses, increased energy utilization efficiency, and superior com-
patibility with various electronic devices and energy storage systems (ESSs). Usually, ESSs
are widely applied in various sectors of modern industrial technology, including marine
and railway energy storage systems [5]. However, in DC microgrids, ESSs are crucial for
ensuring the stability and reliability of energy supply, as they store surplus electricity to
manage the intermittent fluctuations in renewable energy generation [6]. ESSs typically
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consist of multiple DESUs, which may vary in capacity and SOC due to differences in
brands and usage levels. This variation can lead to some DESUs being overcharged or
discharged, thereby reducing the ESS’s lifespan. Maintaining balanced SOC levels is crucial
for extending the lifespan of ESS and optimizing energy utilization efficiency [7-9].

I-U droop control is commonly utilized in DC microgrids to regulate DC/DC convert-
ers along the line. This control method achieves equal distribution of ESS load currents
without requiring communication and is known for its high stability, flexibility, and plug-
and-play nature [10]. Despite its straightforward implementation, droop control introduces
virtual impedance into the DC/DC converter circuit, leading to voltage deviations that
affect the precise allocation of load output current [11]. Furthermore, droop control does
not consider SOC information, making balancing SOC between DESUs impossible.

To achieve SOC balancing, reference [12] proposed an exponential descent control
strategy, which changes the virtual impedance based on the SOC difference information.
Reference [13] used an SOC balancing strategy based on this strategy, which combines
a power function with an exponential function to speed up the SOC balancing process.
Reference [14] introduces a method that utilizes the SOC power function to adjust the
droop coefficient, facilitating power balancing dynamically. However, it only discusses
the SOC balancing during ESS discharge and does not consider the SOC balancing during
charging. In reference [15] the droop coefficient varies inversely with the nth order of the
SOC, enabling adaptive charging and discharging of DESU. When the system is in the
discharged state, the larger the SOC, the more power the DESU releases, thus accelerating
the SOC convergence. Reference [16] designs a SOC balancing control strategy, considering
different capacities of DESUs. References [12-16] do not account for potential bus voltage
deviations that may occur during system operation, reducing the reliability of the system.
Reference [17] uses a fuzzy logic system to achieve SOC balancing and stabilize voltage by
adjusting the droop coefficient according to the SOC. Reference [18] incorporates variable
regulation factors into its SOC-balancing strategy. However, fluctuations in these factors
can lead to sudden changes in current output, thereby complicating the maintenance of
stable load demand. None of the SOC balancing strategies proposed in references [12-18]
account for the potential impact of line impedance mismatch, which complicates SOC
balancing and the allocation of load output current.

Reference [19] combines the inverse tangent function containing droop coefficients
with SOC and facilitates the inverse tangent function characteristics to accelerate SOC
convergence. It then introduces the virtual rated power compensation term to achieve
power-sharing equally and eliminate the effect of line impedance mismatch. Reference [20]
introduces an integrator-based unified controller that combines power and voltage to
form a state information factor for power sharing and stabilizing the average bus voltage
close to the rated value. Reference [21] introduces a state-factor-compensated control
strategy integrating current, voltage, and dynamic droop factor information. DESUs are
considered with different capacities, and the SOC equalization function is designed with an
acceleration factor. Reference [22] details the design of a SOC balancing function alongside
the implementation of a power-sharing control link for adaptive output voltage regulation.
However, the difference in the capacity of DESUs is not considered.

This paper introduces a coordinated control strategy for multiple DESUs to eliminate
the effect of line impedance mismatches and achieve rapid SOC balancing. Table 1 com-
pares this method with other SOC balance control methods. It provides several critical
contributions compared to existing methods. To address the capacity differences among
DESUs, a nested power and exponential function is employed to correlate the rated ca-
pacity with SOC, enabling adaptive adjustment of virtual impedance based on SOC. Two
convergence coefficients and an adaptive acceleration factor are introduced to expedite
SOC balancing. A global optimization controller is proposed to mitigate line impedance
effects and ensure reliable bus voltage quality. This controller utilizes a single integrator to
maintain constant bus voltage stability and achieve precise load current distribution. Each
DESU communicates exclusively with neighboring units through a sparse communication
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network and employs a dynamic consensus algorithm to gather global average state infor-
mation. This approach effectively minimizes communication overhead and system-wide
control dependencies.

Table 1. Comparison of different strategies for energy storage in DC microgrid.

Comparison of SOC Balancing Capacity Overcoming Line Impedance Bus Voltage

Strategies Speed Difference Mismatch Restoration
[12] Slow X X X
[13] Slow X X X
[14] Slow X X X
[15] Slow X X X
[16] Slow Vv X X
[17] Slow X X X
[18] Slow X X Vv
[19] Fast Vv v v
[20] — — v v
[21] Fast Vv Vv Vv
[22] Fast X vV vV
This paper Fast Vv vV Vv

2. Isolated DC Microgrid Structures and the Analysis of Conventional Droop Control

This paper investigates an isolated DC microgrid consisting of PV and wind power
generation units, AC and DC loads, and an ESS [23]. These elements are interconnected
through DC/DC converters to a common DC bus, as depicted in Figure 1.

Wind turbine PV array
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Figure 1. DC microgrid structure diagram.

PV and wind power units usually employ maximum power point tracking (MPPT)
techniques to maximize RES and improve energy efficiency [24]. In DC microgrids, ESS is
crucial in equalizing the difference between supply and demand, enhancing the system’s
stability and reliability, and providing backup power in contingencies. Maintaining the SOC
balancing in the ESS ensures that the charging and discharging levels of individual DESUs
remain relatively consistent. This approach helps prevent damage and energy loss from
overcharging and discharging, extending the service life and enhancing performance [25].
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Additionally, SOC balancing enhances the reliability and stability of the energy storage
system, enabling adequate power support under diverse operating conditions.

In DC microgrid systems, I-U droop control is often used. It regulates the voltage levels
within the microgrid to ensure voltage stability between individual connected devices and
power sources. The equivalent structure of two DESUs in parallel is shown in Figure 2. The
expression is as follows:

Uger = Uret — Ra1lda 1)

where Uy is the DC/DC converter output voltage of DEUS;, U, is the bus voltage rating,
Rg1 is the virtual impedance of DEUS;, 14 is the DC/DC converter output current of
DEUS;, and R)y,g4 is the load impedance.

i ! . !
i Ry, I L r 7 L | R, I
i > AN NN < I |
h | |
QU v, Razu, vl UQ
i ! - . !
i = = = = = |
| DESU; ! | DESU, !

Figure 2. Equivalent circuit diagram of DESU in parallel.

Considering the line impedance and assuming that the DC/DC converter is ideal and
the converter output voltage follows the reference value, the ratio of DESU; and DESU,
output currents can be obtained:

laa _ Raptr2 )
lar  Rar+n
The real-time SOC acquisition of DESU; is carried out using the Cullen counting
method:

Si = Sijp— Cih/ldcidt 3)
1

where S is the initial SOC of DESUj; 7 is the ratio of the DC/DC converter output voltage
Ug.; of DESU; to the battery voltage U;, and Cy,; is the DESU; capacity. The derivation of
Equation (3) leads to

ﬂzf%%i @)
1

Substituting into Equation (2) yields

51 _ Coa(ra+Rap) )
Sy Gpi(r +Rar)

From Equation (5), the DESU’s SOC balancing effect in a DC microgrid is related to
the line impedance 7, the virtual impedance Rq4, and the capacity Cy, [26]. The adaptive
adjustment of virtual impedance is necessary to achieve rapid SOC balancing and address
issues such as line impedance mismatch and variations in DESU capacity due to repeated
charging and discharging.

Figure 3 shows the overall control block diagram for DESU;, which this paper verified
using multiple DESUs in parallel.
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Figure 3. Overall control block diagram.

3. Improved Droop Control Strategy
3.1. Dynamic Consistency Algorithm

This paper considers each DESU as intelligent within a multi-agent system (MAS). The
DESUs are interconnected through a communication network, depicted by the communica-
tion topology in Figure 4. The system connectivity graph is represented as an undirected
graph G (V, E), where V = {1, 2, ..., n} denotes the set of nodes and E = {(i, j)eV x V}
denotes the set of edges. Each intelligence only needs to interact with its neighboring units
to exchange state information and attain average system state information. The classical
consistency algorithm can be expressed as

Xavgi = ui(t) ©
ui(t) = =3 ai(xi(t) — x;(t)) @)
JjEN;

where x; and x; are the state variables of nodes i and j, respectively; a;; is the neighborhood
matrix coefficients; (i,j) € E, a; > 0, and otherwise a; = 0; and N; represents the set of
neighbors of node i. The Laplacian matrix L = (/;) N x N of the undirected graph G is

—ajj i #]
lij = Yoa i=j 8
j=1Lj#i
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Figure 4. DESUs’ communication topology network.

To enhance the algorithm’s convergence speed and to meet the stability requirements
of the DC microgrid operation, reference [21] presented an improved dynamic consistency
algorithm with the following expression:

Xavgilk+1) = xi+ ¥ a;Dji(k+1)
X ©)
Djj(k+1) = Djj(k) 4 0ij [ Xavgj(k) — Xavgi(k)]

where x,yg; (k + 1) is the estimation of the global average state information of the ith node
after the k + 1st iteration, which is utilized to derive the global mean data estimate in this
paper; D;; (k + 1) is the cumulative difference between nodes i and j at the k + 1st iteration,
with an initial iteration value of 0; 517 denotes the state of the communication connection
between DESU; and DESU;, where d;j =1 denotes that there is a communication connection,
and §;; = 0 means there is no communication connection; and 4;; is the link weight, and its

expression is as follows:
2

M (L) + Apm-1(L)
where A; (L) is the ith largest eigenvalue in the Laplace matrix L and M is the total number
of nodes. The Laplace matrix L can be expressed as

ajj = (10)

dq Il ... llN
121 dz - ZZN
L=|. . : (11)
INt In2 ... dn
where d is the degree of node I, and /;; = —1 when nodes i and j are neighboring nodes, and

otherwise, [;; = 0.

All intelligent agents iteratively calculate and adjust the values of state variables
according to consistency algorithms to make the state variables of the entire system tend
towards consistency and ultimately achieve convergence. It reduces system communication
pressure and avoids adverse factors such as single-point failures, enabling system control
to operate stably and flexibly.

3.2. SOC Balancing Control Strategy with an Adaptive Acceleration Factor

For fast SOC balancing, reference [13] proposes a power function combined with an
exponential function for droop control with the following virtual impedance representation:

Raoexp(p(S!—SY)) Igei >0

(12)
Raoexp(—p(SP—S)) laei <O

R4i(Si) = {
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Sa = ° (13)

where Ry is the initial value of virtual impedance, p is the acceleration factor, and S, is the
average SOC. The control proposed in [13] has a better balancing effect, but SOC balancing
is slow. Moreover, SOC balancing cannot be achieved in the presence of a capacity difference
and mismatched line resistance.

RdO m
R i Si = + 14
ai(51) Cpi ( exp [sgn(laci) pki (S} —53)]> .
1 x>0
sgn(x) =40 x =0 (15)
-1 x<0

where the sign function sgn(x) denotes the charging and discharging state of the system;
m and p are convergence coefficients; and k; is the acceleration factor, which is expressed
as follows:

1
ki = - 16
! oc|5;1 — SQ} +d (16)
where «, d are adjustment factors, « >1,0<d < 1.
Combined with Equation (1), Equation (3) can be expressed as
C ‘_L/uref_udcidt 17
Sz 510 Cbi Rdi ( )

To validate the proposed SOC balancing function, the output voltage of the DESU’s
DC/DC converter is assumed to track the reference value, with the discharge state con-
sidered as an example. Combining with Equation (14), the SOC of the DESU; can be
expressed as

Q. 77(uref - udc) / exp [Pki(s? - Sg)]
Sl - SzO Rd() exp [pkl (S:,l — Sg)] . dt (18)

The derivation of Equation (18) is

o — MUt —Uge) [ exp[pki(S} — S3)]
Z Rgo exp [pk; (S" — S) | +m

Substituting the first-order Taylor expansion of e* =1 + x,

S/i _ _Tl(uref_udc)< 1+Pkl‘(5?—52) > (20)

(19)

Ryo 14 pki(SP—S2) +m

From Equation (20), the SOC derivative deviation of neighboring DESU is given as

(cn _ ¢gn
AS . — U(Uref - Udc) 1+ pk] (Sf Sa> _ 1+ Pki(s? B Sg) (21)
o=
j Rqo 1+pkj(8;’—sg)+m 1+ pk;(SF —St) +m
Equation (21) is replaced with the following;:
Urer — U
AS . — 1 (Unes dc) [yj _—_ (22)

K Rgo
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X
xX+m

vy = (23)

The function y = x/(x + m) is positive for x > 0 and exhibits an increasing trend. When
Sio > Sjo, Sio > Sa > Sjo, AS’ij <0, Ry; < Ryj, the discharge current of DESU,; is higher, and
the rate of SOC decrease is faster. When S;o < Sjo, Sip < Sa < Sjo, AS’ij >0, Rg;i > Ryj, the
discharge current of DESU; is more extensive, and the rate of SOC decrease is faster. As
the balancing process continues, DESU’s SOC will tend to be consistent. Likewise, SOC
balancing can also be achieved during the charging process.

Set the SOC balancing error factor y:

Sa=Si| < u (24)

when Equation (24) holds, the SOC can be considered to have reached balancing.

Figure 5a,b illustrate that with m = 5, the virtual impedance Ry increases steadily as p
increases when S < S,, while this trend diminishes with increasing n. Conversely, Ry decreases
with higher values of p and n when S > S,. Figure 5¢,d show consistent trends with Figure 5a,b
for increasing values of m and n when S < S,, with p set to 5. For S > S,, R4 increases with m
and decreases with 7. Increasing the convergence coefficients m and p enhances SOC balancing
speed; when p and m are more significant than 5, the convergence coefficient p-value for the
SOC balancing impact is more significant than m. However, overly large m and p values can
lead to heightened system fluctuations, risking a current output exceeding the limits. Larger n
values reduce the SOC balancing speed. This study opts for m = 5, p = 6, and n = 2 to ensure
the requirements of fast SOC balancing and system stability.

(© (d)

Figure 5. The effect of different valuesof m,pandnonRy. (a)m=5,n=2;(b)ym=5n=4;(c)p=5,
n=2(d)p=5n=4
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The adaptive acceleration factor k; is designed to address the issue of slow balancing
speed during the late stages of SOC balancing in the system. The regulation coefficients
« and d values in the speedup factor k; are also crucial. During the later stages of SOC
balancing, when the SOC difference among DESU tends to 0, « | S"—S", | in the speedup
factor k; also gradually tends to 0. The d should be less than 1 to expedite the late stage of
SOC balancing. The adaptive increase in the speedup factor improves the slow balancing
speed of a slight SOC difference, but d is too small, which affects the accuracy of the load
current allocation in the line. In the pre-SOC balancing stage, the SOC differences among
DESU are significant, and to avoid an enormous impact of d on the SOC balancing effect,
a|S"—5",1 should be much larger than d. When m =5, p = 6, and n = 2, Figure 6 shows the
impact of different values of « and d on Ry, respectively.

50
________________ d=0.001
40 N\\ —
""""" o a=0.01
30 .
Rq L _d=0.1

20 A

10 :

0
-0.6 04

0
0 0.2 0.4 0.6 -06 —-04 —02 0 0.2 0.4 0.6

Figure 6. The effect of differences in « and d on Ry. (a) d = 0.1, a different; (b) a = 3, d different.

Figure 6a shows the variation in the virtual impedance Ry concerning S"—S5", for
different values of a at d = 0.1. The SOC balancing speed can be adjusted by increasing
«. Moreover, it can prevent the risk of current overrun due to the significant difference
in the SOC of each DESU during the balancing process. As seen from Figure 6b, d can
improve the problem of slow SOC balancing in the late stage of balancing. However, a
value of d that is too small is also prone to cause significant fluctuations in the system, thus
affecting the stability of system operation. In summary, this study selects parameters based
on theoretical analysis and extensive experimental results to achieve rapid SOC balancing
and ensure system stability: m=5,p=6,n=2,a =4,d =0.01.

3.3. Global Optimisation Controller

In the DC microgrid, line impedance mismatch significantly impacts the system’s
operational performance, slowing down the SOC balancing rate and impacting the precise
distribution of load currents. Moreover, the droop control mechanism decreases the bus
voltage, further impacting the system'’s stability and efficiency [27]. This paper proposes a
multi-objective global optimization controller to address these issues.

As shown in Figure 7, the virtual rated current value can be obtained from the maxi-
mum voltage deviation and the virtual impedance [28].

AU,
Larefi = % (25)
di

where [, is the virtual rated current value and Upax is the maximum bus voltage deviation.
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Figure 7. Droop control based on virtual current rating.

For illustrative purposes, g; and g, are introduced and defined as follows:

I i
g = (26)
drefi
,;181’
8a = n (27)
g1 =8 = = &n (28)

when Equation (28) is satisfied, the effect of mismatched line impedance can be eliminated.
We define the current compensation factor y; as

y1 = bi(ga—&i) (29)

where by is the current compensation adjustment factor.

Implementing the droop control method results in standard DC bus voltage excursions.
Voltage compensation must be introduced to maintain unaffected system operation despite
excessive voltage deviation. The average bus voltage Ug., of DESU is

Ugeci

Uea = 55— (30)

Iz

We define the voltage compensation factor y, as

Yo = bZ(uref - udca) (31)

where b, is the voltage compensation adjustment factor.
The global optimization controller is designed as follows:

AU; = Kyi [ (y1+y2)dt (32)

where K,; is the integrator control coefficient.
Considering the convergence of the integrator, one obtains

Taci _ Goi (33)

Iqcj Cy;

uref = udca (34)
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udcl

uch

This multi-objective controller effectively compensates for the adverse effects of line
impedance by introducing a mechanism that combines compensation factors. An integrator
can simultaneously process and adjust the compensation factor to achieve SOC balancing,
load current distribution, and bus voltage restoration. This approach not only improves
the system’s response speed and load regulation capability but also significantly improves
the stability of the DC bus voltage. Finally, the SOC balancing strategy proposed in this
paper is denoted as

Uresi = Urer — Ryi(Si)laci + Au; (35)

4. Stability Analysis

Applying the control strategy outlined in this paper, an operational stability analysis of
an isolated DC microgrid system using two parallel DESUs of equal capacity is conducted.
Figure 8 illustrates the equivalent model used for stability analysis.

—
Ra Lot

Figure 8. The control schematic of DESU;.

The SOC estimation process can be equivalent to an inertia process, and its transfer

function is as follows: 1

s+1
The transfer function of the current low-pass filtering link is expressed as follows:

Ge(s) = (36)

We
p— 7
Guls) = o (37)
where w, represents the cut-off frequency of the low-pass filtering link.
Gc(s) is the closed-loop voltage transfer function, expressed as follows:
Gels) = — (39)
)T T

where 7 is the time constant of the switching action, and its value is approximated as 0, so
Ge(s) =~ 1.
From Figure 8, it is evident that the output voltage expression is

k .
= Gc(s) [Uref - Idclelcw(s)Ge(s)} +Gels)~- [b1Gw(s) (8a — 81) + b2 (Uret — udca)} (39)

k .
= Gc(s) [Uref - Idc2RdZGw(s)Ge(s)} + GC(S)% [ble(s) (8a — §2) + b2 (Ures — udca)} (40)
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The expression for the output current is given by
{ lir = mUgc — PUac (41)
lix = maUge — ﬁudcl
a1 = 2+ Ricad
1 7172+V;R_~1_0ﬁd+72Rload
— 1 load
a2 1112471 Rioad +72Rioad (42)
ﬁ — load
7172471 Rioad +72Ri0ad

Without considering the communication delay, the characteristic equations of the

system state can be obtained by combining Equations (24)—(26) and (35)-(40), which are
expressed as follows:

Bs® 4+ Cs®> + Ds + E =0 (43)
where
B =2
C = 2(wc +1) + kyiba (44)
D = 2(1+4a1Ry)wc +kyib2 (1 + wc)
E = bkywc

By substituting data from Table 2 into the characteristic equations, the root trajectory

plots of virtual resistance, cut-off frequency, line impedance, and load impedance can be
obtained, as shown in Figure 9.

Table 2. Simulation parameters.

Parameter Symbol Value
Input-Side Capacitance of DC/DC Converter Cy 0.2 mF
Output-Side Capacitance of DC/DC Converter C 0.5 mF
Filter Inductance L 0.9 mF
1 0.8 Q)
Line Impedance 03 1.00
r3 120
Rated Bus Voltage Ut 700V
U 400 V
Rated Battery Voltage U, 400V
Us; 400 V
Maximum Bus Voltage Deviation AUmax 3BV
Maximum Output Current Tdemax 100 A
Initial Virtual Impedance Ryo 0.35
Maximum Power of PV Prmax 20 kW
Maximum Power of DESU Pamax 20 kW
m 5
14 6
SOC Balancing Controller Factor Z i
d 0.01
u 0.1
Ky 15
Global Optimization Controller Factor by 11
by 1
Switching Frequency fs 15 kHz
Cut-Off Frequency we 60 rad/s
PI Controller Current Loop Kpr + Kpi/s 0.5+30/s

PI Controller Voltage Loop Kpy + Ky /s 1.5+60/s
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Figure 9. Trajectory diagram of the roots of the characteristic equations of the system. (a) r; = 0.8 (),
72 =1 Q, Rjpaq = 80 O, w, = 60 rad/s and Ry increased from 1 to 50 QO; (b) 11 =08 Q, rp, =1Q,
Rioad =100 O, R4 =1 O and w, increased from 10 to 60 rad/s; (¢) r1 =08 ), 1 =1Q, Rq1 =1 Q,
we =5rad/s and Ryy,q increased from 10 to 1000 (3; (d) r1 =0.8 Q, Rg1 =1, Rjpaq =80 O, w.=10rad/s
and r; increased from 1 to 5 Q).

Figure 9a,b indicate that changes in virtual impedance and cut-off frequency sig-
nificantly affect system stability. Considering bus voltage offset and current allocation
accuracy, the virtual impedance must remain within an optimal range. Similarly, the cut-off
frequency selection should consider the system’s sampling frequency and the component
parameters. Figure 9¢,d illustrate that line and load impedance variations influence sys-
tem stability. Nonetheless, the system’s closed-loop poles consistently reside in the left
half-plane, affirming that the proposed control strategy maintains robust system stability.

5. Simulation Results

To validate the validity and reliability of the proposed control strategy, a model of
an islanded DC microgrid, consisting of three groups of parallel DESUs and one group of



Energies 2024, 17, 3885 14 of 21

PV-generating units, is constructed using MATLAB/Simulink software. The PV-generating
unit is in MPPT mode, and the three groups of DESUs are connected to the DC bus through
DC/DC converters using batteries. The simulation mainly verifies whether the proposed
control strategy can achieve a fast balancing of SOC, accurate distribution of load current
according to capacity, and stability of bus voltage under different complex operating
conditions. The simulation parameters are detailed in Table 2.

5.1. Case 1: Normal Charging Ignoring Line Resistance

Normal charging is carried out while ignoring the line impedance. The paper compares
the proposed control strategy with ref. [13] to validate its ability to achieve rapid SOC
balancing, accurate load current distribution based on DESU capacity, and stable bus
voltage. The simulation results are depicted in Figures 10 and 11. The SOCs at the initial
moments are 30%, 40%, and 50%; the capacity Cy, is the same, all are 0.3 Ah; the load power
P4 is 891 W; the PV output power Ps is 8 kW.

Figures 10a and 11a demonstrate that the SOC balancing speed under the control strat-
egy presented in this paper is notably superior to that of the strategy proposed in [13]. At
the beginning of the system operation, due to the initial moment, S; is the lowest; it mainly
bears the charging power, rises the fastest, and has the most significant charging current. As
the balancing process progresses, the SOC difference between DESUs diminishes gradually.
The control strategy proposed in [13] exhibits a slow SOC balancing speed, finally achieving
balancing at 68 s. In contrast, with the control strategy outlined in this paper, the presence
of an adaptive acceleration factor serves to amplify the SOC difference among DESUs as
it decreases gradually. This accelerates the SOC balancing process, achieving balancing
in just 25 s. Figures 10b and 11b illustrate that once SOC balancing is achieved, both the
control strategy from [13] and the strategy proposed in this paper allocate output current
based on DESU capacity. However, this paper’s output current fluctuates and deviates
less. Figures 10c and 11c show that the bus voltage of [13] has been higher than the rated
value because no bus voltage restoration measures have been added. In this paper, the bus
voltage has been continuously stabilized at the rated value of 700 V.
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Figure 10. Simulation results with the strategy mentioned in ref. [13] for Case 1. (a) SOC; (b) output
current; (c) bus voltage.
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Figure 11. Simulation results with the strategy mentioned in this paper for Case 1. (a) SOC; (b) output
current; (c) bus voltage.

5.2. Case 2: Normal Discharge with Line Resistance Mismatch

DESUs are discharged normally with mismatched line impedance and unequal
DESU capacity. The strategy introduced in this paper is contrasted with that of ref. [13]
to assess its capability in achieving rapid SOC balancing, precise load current distribution
based on DESU capacity, and stable bus voltage. Simulation outcomes are depicted in
Figures 12 and 13. The initial moments of the SOC are 90%, 80%, and 70%, respectively,
and the capacities of C, are 0.2, 0.3 and 0.4 Ah, respectively. The load power Py is
6.125 kW, and the PV output power Py is 576 W.

From Figures 12a,b and 13a,b, it is evident that when confronted with line impedance
mismatch and DESUs of unequal capacities, the control strategy advocated in ref. [13]
does not meet the objectives of SOC balancing and precise current allocation. In this
paper, the SOC achieves fast balancing under the control strategy, overcoming the effect
of line impedance mismatch. The output current is accurately distributed based on a
capacity ratio of 2:3:4. Figures 12c and 13c show that the bus voltage in reference [13]
falls below its rated value. Under the strategy proposed in this paper, the bus voltage
has been continuously stabilized at the rated value of 700 V, ensuring the power system’s
reliable and stable operation.
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Figure 12. Simulation results with the strategy mentioned in ref. [13] for Case 2. (a) SOC; (b) output
current; (c) bus voltage.
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Figure 13. Simulation results with the strategy mentioned in this paper for Case 2. (a) SOC; (b) output

current; (c) bus voltage.
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5.3. Case 3: Load Change

The working condition mainly verifies whether the strategy proposed in this paper
achieves rapid switching between charging and discharging states, quick SOC balancing,
and precise load current distribution amid frequent load changes. The simulation results
are depicted in Figure 14. The initial moments of the SOC are 60%, 50%, and 40%; the
capacity Cp, is 0.2, 0.3 and 0.4 Ah; the changes in the load power P4 are shown in Figure 14a;
and the PV power P¢is 7.1 kW.
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Figure 14. Simulation results for Case 3. (a) Output power; (b) SOC; (c) output current; (d) bus voltage.

From Figure 14a—c, it is evident that the initial load power P4 is 1.7 kW, which is
less than the output power P; of the PV-generating units, indicating that the system is in
the charging state. At 20 s, the load power P¢ abruptly surged to 13.14 kW, which was
insufficient for the PV-generating units to maintain the power demand, and the DESUs
were discharged. During this process, the SOC balancing trend is unaffected and is always
in the convergence state. At 40 s, the load power P; mutates slightly lower than the PV
output power Py, and the system is charging, but the DESU charge current is small. At
43 s, the system SOC reaches the balancing requirement. The output current is accurately
allocated based on the capacity ratio 2:3:4 among the DESUs. At 60 s, the load power P
falls to 3.34 kW. Despite the increase in charging current, the current distribution remains
unaffected and remains accurately maintained as per the ratio, ensuring the SOC remains
efficiently balanced. Figure 14d illustrates that the DC bus voltage fluctuates in response to
sudden load changes. These fluctuations remain within a safe range, and the bus voltage
swiftly returns to 700 V following a brief adjustment period.

5.4. Case 4: Failure of PV-Generating Units and Frequent Load Switching

This scenario primarily tests whether the strategy proposed in this paper achieves
rapid SOC balancing, accurate load current distribution, and sustained bus voltage stability
amidst PV unit failures and frequent heavy load switching. The simulation results are
depicted in Figure 15. The initial moments of the SOC are 30%, 40%, and 50%, and the
capacity G, is 0.4, 0.4, and 0.2 Ah. Figure 15a depicts the variations in load power P4 and
PV output power Ps.
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Figure 15. Simulation results for Case 4. (a) Output power; (b) SOC; (c) output current; (d) bus voltage.

Figure 15a—c show that at the initial moment, the load power P4 is 985 W and the
output power P¢ of the PV generation unit is 4.8 kW, indicating that the system is in the
charging state. At 20 s, the PV units are shut down due to a fault, the DESUs take up the
load demand, and the system transitions from charging to discharging. At 40 s, the PV
unit restarts, but the output power P is lower than the initial moment, only 2.56 kW, and
the system reverts to the charging state. At 50 s, frequent heavy load switching occurs,
resulting in frequent sudden increases in load power to 10.78 kW, and the system changes
frequently in the charging and discharging states, during which the SOC balancing is
always unaffected and maintains efficient balancing capability. At 65 s, the system achieves
SOC balancing, and subsequent load changes do not impact the balancing effect and current
allocation accuracy. The output current maintains the capacity ratio of 2:2:1 for accurate
allocation. Figure 15d depicts fluctuations in the DC bus voltage occurring during PV unit
failures and load-switching events. After a short adjustment period, the bus voltage quickly
recovers to 700 V and stabilizes at 700 V.

5.5. Case 5: Validation of System Scalability

To assess the scalability of the proposed control strategy, the number of energy storage
units was increased from three to five groups, with the communication topology illustrated
in Figure 16. Initially, the SOC values are 90%, 85%, 80%, 75%, and 70%, with corresponding
capacities Cp, of 0.2 Ah, 0.2 Ah, 0.3 Ah, 0.4 Ah, and 0.4 Ah, respectively. The line impedances
for the additional DESUs are 0.9 () and 1.1 (), while all other simulation parameters remain
consistent with those of the original DESUs. The load power P4 is 7 kW, and the PV output
power Py is 427 W. The simulation results are presented in Figure 17.
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Figure 16. Communication topology for five groups of energy storage.
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Figure 17. Simulation results for Case 5. (a) SOC; (b) output current; (c) bus voltage.

In Figure 17a,b, the system is observed in a discharged state. At 20 s, the SOC
for DESU,, DESU3;, and DESUj, reached a balance, with their output currents precisely
distributed by their respective capacities at a ratio of 2:3:4. By 38 s, all DESUs were balanced
and stabilized. The output current is precisely allocated according to the 2:2:3:4:4 ratio
of the storage unit capacity. Figure 17c shows that the bus voltage remains consistently
stable at its rated value, ensuring a steady and efficient power supply. This case study
vividly illustrates the proposed control strategy’s scalability and capability to uphold
overall system stability and efficiency.

6. Conclusions

Under the circumstance of line impedance mismatch, to be satisfied with the require-
ments of fast SOC balancing and accurate allocation of load currents for multiple DESUs in
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DC microgrid systems, this paper proposes an improved SOC droop control strategy with
the following main contributions:

(1) By designing a new SOC balancing function, the SOC is closely associated with
combining exponential function and power function, and two convergence factors
and an adaptive acceleration factor are introduced. It effectively improves the problem
of slow SOC balancing in the late stage of system operation, significantly accelerates
SOC balancing, and improves the energy utilization efficiency of the DESUs.

(2) To design a global optimization controller that combines bus voltage compensation
and output current correction to achieve bus voltage stabilization and accurate load
current distribution with only a simple integrator, it effectively reduces the communi-
cation burden of the system, reduces the control links, and improves the stability and
reliability of the system operation.

(3) The control strategy uses an improved consistency algorithm to obtain the global
average state information and optimizes the communication topology combination of
DESUs by establishing a sparse communication network, which dramatically reduces
the system’s communication pressure and makes the method more adaptable to
various complex working conditions.

This paper thoroughly analyzes the proposed control strategy’s fundamental princi-
ples and implementation process while validating the system’s stability under this approach.
Simulation results validate the efficacy of the proposed control strategy in this study. Com-
pared to traditional methods, the proposed strategy accelerates SOC balancing, yielding
superior balancing effects in scenarios involving line impedance mismatch. This approach
effectively safeguards DESU operations and extends the service life of ESS. Moreover, it
reduces the system’s communication pressure to a greater extent and reduces the control
link. However, due to each DESU’s communication interaction, communication delays
may arise in DC microgrid operations. When these delays become substantial, they can
cause voltage fluctuations at the bus or even lead to system instability. Consequently, the
focus of subsequent research will be the study of coordinated control strategies for DC
microgrids that consider communication delay.
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