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Abstract: To adapt to frequent charge and discharge and improve the accuracy in the DC microgrid
with independent photovoltaics and distributed energy storage systems, an energy-coordinated
control strategy based on increased droop control is proposed in this paper. The overall power
supply quality of the DC microgrid is improved by optimizing the output priority of the multi-energy
storage system. When photovoltaic and energy storage work simultaneously, the proposed method
can dynamically adjust their working state and the energy storage unit’s droop coefficient to meet
the system’s requirements. In DC microgrids with energy storage units of different capacities, the
proposed strategy can be used to maintain the stability of bus voltage, improve the equalization
speed and accuracy of the energy storage state of charge, and avoid the shutdown of energy storage
units due to overcharge or discharge. Verification of the proposed strategy is implemented with
MATLAB/Simulink. The simulation results show the proposed control strategy’s effectiveness in
balancing energy supply and demand and reducing the time of charging and discharging energy
storage units.

Keywords: DC microgrid; multi-energy storage coordinated control; droop control; photovoltaic
power generation

1. Introduction

With the decreasing number of fossil fuel reserves, renewable energy has become one
of the leading research directions for the energy supply of future power systems, namely, the
new energy power systems. Among all renewable energy sources, distributed photovoltaic
(PV) power generation has been well recognized and applied in many fields, especially
for the microgrid for its high efficiency and convenience for deployment. Generally, the
microgrid is classified into DC and AC microgrids according to the different bus current
forms. In recent years, the DC microgrid has gained considerable attention among scholars
due to its ease to control and high energy utilization for PV and wind power. However,
because of the randomness and intermittent nature of renewable power generation (e.g.,
wind and PV power), the microgrid must deploy a distributed energy storage system
(DESS) consisting of multiple energy storage units (ESUs) to smooth the power fluctuation.
However, balancing the state of charge (SOC) of the ESU may partly shorten its life,
resulting in instability of the entire system. Therefore, developing an effective DESS control
strategy has become a main task for researchers exploring DC microgrid systems containing
DESS [1,2].

Some progress has been made to fulfill such a goal, and research on this topic has been
reported. In [3], the authors proposed a vertical self-adaptive control strategy based on
the SOC of the DESS, where the sag coefficient of the DESS was proportional to the n-th
order of the SOC, which means the DESS with a higher SOC provided more power by
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comparison. Moreover, some researchers also considered increasing the SOC equalization
speed by adjusting the distribution of load power. The authors of references [4-6] applied
a fuzzy algorithm to equalize SOC by analyzing the SOC deviation of ESUs and the sag
coefficient of the output voltage. While in [5], the authors monitored the SOC of a DESS in
real time.

Additionally, by using a fixed sag coefficient, the authors synchronously adjusted the
operating mode of the micro-source, output power, and working situation of the distributed
controllable load to achieve SOC equalization. The authors of reference [7] performed the
SOC equalization of a DESS via an enhanced power exponential control strategy, which
can quickly find the optimal sag curve. Based on sag control, the authors in [8] proposed a
sag control strategy for realizing SOC equalization of a DESS. Furthermore, by considering
the charging and discharging transient situation of the ESUs, they proposed a system-
level coordinated control strategy. To achieve a quick SOC equalization of the DESS, the
authors of reference [9-11] created an enhanced dynamic sag control strategy to accelerate
the power equalization speed among the ESUs. Although improving SOC equalization
speed has certain advantages, it ignores the accuracy of load-side shunting affected by
sag control. The authors of reference [12] created a SOC-managing strategy for energy
storage units based on deep learning. In references [13-15], the authors proposed a model
predictive control strategy for DC microgrids with an isolating operation, which calculates
the deviation prediction value based on multistep prediction and selects different strategies
for SOC equalization control according to the size of the predicted deviation value.

To sum up, the above control strategies only consider an ESU with a similar or equal
SOC. still, if multiple ESUs with unequal SOCs and considerable differences exist, the
control effect will be regarded as poor, and the accuracy will be much lower. Moreover,
frequent charging and discharging problems exist during operation for the DESS of DC
microgrid coupling PVs and batteries, which inevitably slows SOC equalization and may
yield poor accuracy.

Therefore, this study proposes an enhanced multi-layer sag control strategy to deal
with the problems regarding ESUs with different initial capacities or SOC. In the first control
layer, the power output and working modes of the distributed microsource and DESS are
adjusted to adapt to the power demand from the load. In the second layer, to solve the
imbalance SOC issue of DESS, the charging and discharging state are monitored to generate
a precise SOC of the ESU. After that, the droop coefficient is obtained using the power
exponential sag control method, which fulfilled all the requirements needed to realize a
quick equalization of SOC. Furthermore, the acceleration factor with the consistency control
algorithm is adjusted to be adaptable to obtain the secondary voltage compensation level.
By doing so, the SOC deviation in all the ESU units is significantly reduced, and the bus
voltage is prevented from rapidly decreasing. As a result, the SOC in the ESU units is
quickly and precisely balanced simultaneously.

The rest of this paper is organized as follows. Section 2 reviews the DC microgrid’s
structure and control, and Section 3 details the proposed control strategy. Finally, the article
is concluded in Section 4.

2. Structure and Control Scheme of the DC Microgrid
2.1. Structure of DC Microgrid and Hierarchical Control Scheme of Bus Voltage

The DC microgrid structure that is under investigation in this paper is shown in
Figure 1. As can be seen, the system mainly contains PV generation units, an ESU, load
units (including critical load and uncritical load [16,17]), and interface circuits. When the
system operates in isolation environments, all the loads must be appropriately distributed
to ensure that the bus voltage is smooth for the DC microgrid. Moreover, as the power
output of the microsources and storage is optimized, the stability and economic can also
be enhanced.
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Figure 1. DC microgrid structure under investigation.

For microgrids, a layered bus voltage control is a commonly used control strategy.
Based on this, a layered control strategy that utilizes the bus voltage fluctuation amplitude
as a control signal is proposed. The principle of this method is shown in Figure 2. The
primary control mainly manipulates interface circuits; it adjusts the operation mode of the
interface circuits according to the change in the distributed microsource and load demand.
The secondary control mainly undertakes the operation mode of the DESS according to the
given operation regulations, which can adjust the working modes of the DESS among the
ESU to smooth the bus voltage once fluctuation occurs.

A Working
Mode
Output | Control Prime
Power Mode Mode
Standby Working Secondary
Mode Mode Mode
0 204 5.%Voltage Flucﬁtion

Figure 2. Hierarchical control strategy of DC microgrid.

In the microgrid control system, switching the working modes of the PV units and ESU
according to the voltage fluctuation of the DC bus is necessary. Generally, the threshold is
set at 2-5% higher or lower than the base value. If the bus voltage fluctuates too rapidly,
the microgrid system will be automatically shut down to avoid equipment damage caused
by voltage instability [18-20].

2.2. Components of DC Microgrid and its Control
2.2.1. PV Power Generation

The PV generation units are mainly controlled by the maximum power point tracking
(MPPT) method, and the power output is adjusted under a constant voltage condition. The
control scheme for the PV generation units is shown in Figure 3. In the figure, Upy stands
for the PV output voltage, Ipy is the PV output current, Is is the interface circuit current,
and Upc is the DC bus voltage.



Energies 2023, 16, 665

4 of 14

—» YN N —
L 1 +
PWM
h .
lpv Constant lpy
S weet | S| S e
Upy ontro control Uge

Figure 3. Structure and control scheme of PV power generation.

In MPPT mode, the PV generation units keep the maximum power output under the
current temperature and sunlight conditions. The details of the control methods, which
include the constant voltage and hill-climbing search method, can be found in [21,22]. In
addition, the constant voltage is achieved by the double closed-loop control structure,
which can maintain the output voltage of the PV units always synchronized with the
reference voltage.

2.2.2. Energy Storage Units

The ESU and its interface circuit are shown in Figure 4. The inductor L, switches S;
and Sy, diodes Dy and D», and filter capacitors C; and Cj, are connected in parallel to
form a DC-DC double-direction converter, where the switching signals of the switches
51 and S; are complementary. When the ESU works in Buck mode, I1, < 0: (1) the current
direction will become L-C1-C-S1-L once Sy is open and S; is closed; (2) if D5 is open, the
current direction becomes D1-L,-C1-D; if Sy is closed and S; is open. Once the circuit works
in Boost mode, I;, > 0: (1) the current direction will become L-D1-C,-C1-L if S; is closed
and S is open; (2) if Dy is open, the current direction becomes L-D1-C»-51-L. Therefore, a
double-direction operation of the DC-DC circuit can be realized by controlling the switch
signal of S; and S, [23-25].

Figure 4. Working principle of ESU and DC-DC converter.
2.2.3. Loads of the DC Microgrid

Considering the voltage level of the load is relatively low, it is generally connected
with the DC bus via a Buck circuit to lower the voltage [26]. The Buck circuit works at a
high frequency; Thus, though the capacitors release energy, it will not result in the voltage
rapidly fluctuating within a cycle, and the voltage can be regarded as a constant. Figure 5
shows the working principle of the Buck circuit, where Uy, is the voltage of the DC bus,
ip(t) is the diode current, 7 (t) is the inductor current, uy () is the inductor voltage, and ur(t)
is the load voltage. The output voltage of this circuit is equal to the rated load voltage after
the voltage step-down.



Energies 2023, 16, 665

50f 14

iL(t) L
—>/ Y Y Y
+1 1yl + o - +

11
Uge p /N Tio(t) C_— R D Ur(t)

A 4

Figure 5. Load working principle and the Buck circuit.

3. SOC Equalization Strategy of DESS in the DC Microgrid
3.1. Overall Control Architecture

Traditional DESS droop control may cause the bus voltage to drop rapidly. As a
result, the fixed droop coefficient will be affected by low response speed, overcharging, and
discharge of some ESU units when balancing multiple ESU and SOC factors. An enhanced
droop control strategy is proposed to deal with such issues, which can satisfy the different
initial SOC values and simultaneously enhance the SOC equalizing speed. Therefore,
in this paper, a coordinated control structure of distributed energy storage systems for
DC microgrids coupling photovoltaics and batteries is proposed and given in Figure 6.
In this figure, Ipyer and Ipaer represent the PV and ESU output current reference values,
respectively. Under different load requirements, the PV generation system adopts a constant
voltage output control or MPPT control to meet the voltage stability demand [27]. While
Py, and SOC; represent the output power and charging state of the ith ESU, respectively,
and SOCaye is the SOC average. When operating the microgrid system, the ESU regulates
the power output and input according to the power conversion required by the load or the
PV power generation output to smooth the DC bus voltage fluctuation in time.
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Figure 6. DC microgrid and its control structure.

3.2. Enhanced Control Strategqy of ESU

This paper proposes an enhanced strategy based on the traditional method, which is
different from the ESU that generally applies an exponential droop control strategy based
on SOC power [28-30]. While ensuring the reasonable distribution of load power, the SOC
level of ESU can be quickly balanced. The units on each equipment layer apply the P-V
droop control [31].

uclci = udcref - Rbip bati (1)
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where Uy, Rpi, and Py represent the ith output voltage value, droop coefficient, and
output power of the DC-DC converter, respectively. Since the droop control may lead
to a bus voltage drop, a proper droop coefficient within the voltage fluctuation range is
necessary. Because the ESU usually connects with the DC bus via a converter, it is assumed
that the output voltages of all the ESUs are equal. This leads to

RpiPoati = RpjPoatj(i # J) 2)

The formula above shows that the output power of the ESU is proportional to its droop

coefficient. The SOC of the ESU can be correlated with the droop coefficient, and the power
output can be precisely allocated by changing the droop coefficient.

R — { KN exp[p(SOC,' — SOCave)/,B]/Pbat <0 ®)
b Kn exp[—p(SOC; — SOCave)/B], Ppat > 0

B = Ks|SOC; — SOCave| + K 4)

where Ky is the adjusting factor; SOC; is the ith SOC level of ESU; B is the accelerating factor
and a smaller B value indicates a higher velocity when B < 1; p, K, and K are constants [32].
The bigger the p-value, the faster the responding speed of the system, but when the stability
drops, the equalization accuracy can be determined by K, while SOC,yy is the average of
the SOC in all the ESU units.

To enhance the SOC equalizing speed once an over-charge or -discharge occurs in the
DESS, one can change the droop coefficient and adjust the charging or discharging power
to ensure a quick change of the SOC level of all the DESS units, and thus reduce the number
of charging or discharging incidents.

To calculate the SOC deviation between the average for all the ESUs using:
ASOC =|SOC; — SOCa,ye|, when ASOC > 25%, set the ESU droop coefficient with the
maximum deviation from SOC,ye as the minimum value within the allowable range, and
set it as the main power unit. When ASOC < 25%, the sag coefficient can be determined by
Equation (3). Through these settings, the SOC equalizing speed can be further increased.

A‘udcmin < Rb < A‘udcmax (5)

Idcmin Idcmax

In Equation (5), igcmin and igemax represent the minimum and maximum output current
of the PV generation units, respectively, and AUgcmin and AUgemax represent the minimum
and maximum of the bus voltage allowable fluctuation range, respectively. After the bus
voltage’s acceptable fluctuation range is set, the acceptable range of the droop coefficient
can be calculated by Equation (5).

Considering the DESS output voltage may not match the bus voltage since the droop
control will lead to bus voltage drops [33], a secondary voltage compensating controller
composed of a voltage observer and PI controller based on the discrete consistency al-
gorithm is added to the ESU control. The voltage observer calculates the average volt-
age difference of the entire grid. The local voltage difference can be expressed with the
following equation:

AU = Upat — Uqge (6)

where Uy, represents the output voltage of the energy storage system [34].

The result of the local voltage difference obtained through the discrete consistency
algorithm is set as the initial value AU;[0]. Then, according to the adjoining ESU output
voltage information, the local voltage difference state variables are updated. The equation
is as follows:

AUk +1] = Y a;;AU; K] )
JEN;



Energies 2023, 16, 665

7 of 14

where AU; is the jth ESU local voltage difference; [a;;] € RNV*N g the weighting matrix,
which decides the converging speed, and a connecting structure decides its value.

The converged average local voltage difference of the ESUs, AU;[c0], can be obtained
after serval iterations through Equation (7). Then, the algorithm uses the output voltage
average amount and DC bus-rated voltage as the input value of the PI controller. Finally,
the secondary voltage compensating value Av,_; can be obtained. The ESU control is
shown in Figure 7.

R e
e~ RN -
: L DC
= H =
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SOC Ubat% wlbat wUdC "Udc
Calculation Power M k] pi Bl U
T T T Calculation .
SOC of Energy . AUi[k]
Storage Units Equation Equation
(3)4)©)
AU @

Figure 7. ESU control principle.

From the above analyses, one can clearly determine that when the DESS is in operating
mode, adjusting the power of each ESU unit based on an enhanced power exponential
droop control ensures the stability of the DC bus voltage and the equalization of the
SOC in all ESU units. If over-charging or -discharging units exist in the DESS, one can
further increase the equalization speed by setting a minimum droop coefficient within the
allowable range [34,35]. As for the voltage drop caused by droop control, the algorithm
obtains a compensation value by installing a voltage observer and PI controller to fulfill
the voltage drop with discrete consistency. The above rule can ensure that the fast SOC of
all ESUs is balanced during the operation of DESS and avoid the situation of ESUs’ quiet
operation due to too low /high SOC.

4. Simulation Results and Analysis

A simulation model shown in Figure 6 is implemented on MATLAB/Simulink to
verify that our proposed control strategy is feasible. In this microgrid, the DC bus-rated
voltage was 400 V, and the maximum output power of the PV generation system was
10 kW. In contrast, the load power was 5 kW (including the critical and uncritical load).
DESS consisted of three ESU units, whose capacity was 2 Ah, maximum output voltage
was 150 V, and SOC was constrained between 20 and 90%. This section considers three
scenarios for the simulation study: DESS and SOC are within constraints, DESS and SOC
have excess limitations, and ESU is controlled with SOC equalization strategy.

4.1. Simulation Results of DESS under Different Working Conditions
4.1.1. Scenario 1: DESS and SOC Are within Constraints

In this scenario, the initial SOC values of the three ESUs were set to 80, 70, and 60%.
Moreover, the corresponding droop control factor was Ky =9 x 1073, p = 3.5, Ks = 2.5, and
K =0.02. The environmental temperature was 25 °C. The simulation results under different
sunlight conditions are shown in Figure 8.



Energies 2023, 16, 665

8 of 14

20
va I:)Ioad
10 | Lo
; |
< A
o J\.
0 -
Pbat
0 0.5 1 15 2 25
t/s
(a)
1
0
§ Pbatl
. -1 \PbatZ
1 1 1 Pbats 1 ]
0 0.5 1 15 2 2.5
t/s
(b)
410
2
S 400 - -~
D
390 1 1 1 1 )
0 0.5 1 15 2 25
t/s

(c)

Figure 8. Simulation results of ESU not exceeding the limit. (a) Photovoltaic, load, and DESS power.
(b) ESU output power. (c) DC bus voltage.

As shown in Figure 8a, from 0 to 0.5 s, the consumed power was equal to the PV
output power because the ESU was in standby mode, and the bus voltage was stabilized
at 400 V. From 0.5 to 1.5 s, the PV output power generally increased, and the ESU output
power was a negative value, which means the ESU changed from standby to charging
mode. From 1.5 to 2.5 s, the PV output power generally decreased, and the ESU output
power was a positive value, indicating that the ESU changed from charging to discharging
mode. Figure 8b shows that the lower the SOC is, the bigger the input power is when the
ESU is charging. Additionally, the higher the SOC value is, the bigger the output power
is. From Figure 8c, one can clearly see that when the PV power system’s output power
changes, the bus voltage’s fluctuation is always within the allowable range due to the fast
response of the ESS and the voltage compensation of the secondary control.

4.1.2. Scenario 2: DESS and SOC Excess Constraints

The initial SOC values of the three ESUs were set to 88, 89, and 70%, and the other
parameters remained the same as in Scenario 1 to verify the effectiveness of the proposed
strategy when the DESS is at its complete condition. The output results are shown in
Figure 9.

Figure 9a shows that from 0 to 0.4 s and 2 to 2.5 s, the output power of the PV generation
system was equal to the consumed power; at this time, the ESS was in standby mode. From
0.4 to 2 s, the PV output power was more significant than the load consumption, and the
ESU was in charging mode. Figure 9b shows that from 0.4 to 2 s, the units with the lowest
SOC value first entered charging mode; as the SOC value increased, the other unit changed
to charging mode, and then finally, all the ESU units changed to charging mode. At the 2 s
point, due to the ESU reaching the maximum capacity condition, the PV reduced its output
power to maintain stability, and the ESU changed from charging to standby mode.
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s
(b)

Figure 9. ESU exceeds the limit simulation results. (a) Photovoltaic unit, load, and DESS power. (b)

ESU output power.

4.1.3. Scenario 3: ESU Controlled with SOC Equalization Strategy

When the ESU is in the charging and discharging modes, the SOC of all the units needs
to keep balancing. The initial SOC values of the three ESUs were set to 82, 68, and 53%
to verify the effectiveness of the proposed SOC equalization strategy. The droop control
coefficients were set to: Ky = 7.5 x 1073, p=29,Ks =25, and K = 0.01 to compare with
the traditional SOC control strategy of DESS, whose droop coefficients were fixed at the
same time. When the ESU was charging, the PV output power was set at 8 kW, and when
the ESU was discharging, the PV output power was set at 3 kW. The simulated results are
shown in Figures 10 and 11.

As shown in Figures 10a and 11a, the lower the SOC value was, the larger the in-
put power was when the units were charging and vice versa. Therefore, the higher the
SOC value was, the larger the output power was when the units were discharging. The
simulation results are consistent with the theory in this regard. In Figures 10b and 11b at
the time of 2 s, one can see that the ESU and SOC were consistent and well-balanced. In
Figures 10c and 11c, one can see that, compared with the traditional SOC control strategy,
the proposed strategy was more effective at controlling SOC equalization and maintaining
the balance of DC bus voltage as the higher SOC equalization speed and accuracy.

4.2. Simulation Results of the Tracking Compensation of DESS to the PV System

The SOC initial values of the three ESU units were set to 70, 80, and 85% to verify the
DESS dynamic responding characteristics. The simulation results are shown in Figure 12.
Clearly, the ESU could quickly track and compensate for the difference and redundancy of
the PV output power to establish the energy supply and demand balance.

3r Pbat3
5 I:)bat2
2 e e
a1
Pbatl
0 1 1 1 1 []
0 0.5 1 15 2 25
t/s

(@)
Figure 10. Cont.



Energies 2023, 16, 665 10 of 14

100 G o R — s, o
gef I IEEmee .
O | e -
o)
& 60
0 05 - - : )
t/s
(b)
T Soe SOC, SOCs
oSO e 00 —— 500,
wE———— "

SOC/%

\

(0)
Figure 10. DESS charging simulation results. (a) Charging power under ESU equalization strat-

egy. (b) Charging SOC under ESU equalization strategy. (c) Charging SOC under ESU traditional
control strategy.
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Figure 11. DESS discharge simulation results. (a) Discharge power under ESU equalization strategy.

(b) Discharge SOC under ESU equalization strategy. (c) Discharge SOC under ESU traditional
control strategy.
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Figure 12. Dynamic response capability of the energy storage system. (a) Photovoltaic and load unit
power. (b) DESS and load unit power. (c) ESU SOC curve.

4.3. Simulation Results of Sudden Load Change

Non-critical loads were switched at 1 and 2 s to observe the system’s response charac-
teristics during load switching when the system operations are stable to understand the
system’s behavior in case of sudden load changes. The initial SOC values of ESU were set
to 70, 80, and 85%. The simulation results are shown in Figure 13.

From Figure 13, one can see that the ESU and PV bus voltage increased to the rated
values, and the voltage deviation between the DC bus and rated value generally decreased.
The output power of ESU is gradually reduced until it enters standby mode. When the
load suddenly changes, the ESU can quickly respond, switch from the standby mode to the
charging mode, and quickly absorb the excess power to maintain the DC bus voltage. When
the load demand increases, the ESU can release the stored energy to keep the stability of
the DC bus voltage. The results also showed that the proposed control strategy maintained
the DC bus voltage well when the load changed.

To sum up, DESS can timely supplement the bus power shortage in different states of
charge, maintain the bus voltage at an ideal level, and have a response time of less than
0.1 s. Its subunit (ESU) can also balance each ESU’s charging and discharging power by
adaptively adjusting the droop control coefficient when the states of charge are different;
This feature is also practical when the light changes and the load suddenly changes. It can
quickly balance the SOC of each ESU within 0.3~0.6 s and improve the operating efficiency
of the overall system.
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Figure 13. System simulation under sudden load change. (a) Load power. (b) Bus voltage. (c) ESU
output power.

However, with the increase of nodes in the network, the discrete consistency algorithm
needs to distribute ESU power on demand and adapt to the random switching of nodes,
which will cause frequent changes in the final value of consistency iteration. That is, the
voltage balance point of the system bus leads to the problem of coordination between
consistency iteration and control cycle, which still needs further analysis and study in
the future.

5. Conclusions

Based on layered control of the bus voltage for the DC microgrid with PV storage and
power exponential droop control, a fast SOC equalization strategy is proposed for each
ESU in the DESS of the DC microgrid. The main conclusions of this study are as follows:

(1) Power fluctuation caused by sunlight conditions and load variation can be quickly
stabilized, which allows the system to maintain an energy balance between supply
and demand.

(2) In DC microgrid systems with ESUs at different initial SOC, the proposed method can
reduce the deviation between each ESU and consequently reduce the time of charging
and discharging.

(3) Compared with the traditional ESU control strategy, the proposed strategy is more
efficient at increasing the SOC equalization speed and is more accurate when the ESU
is in charging or discharging mode.
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Nomenclature

Symbols

L inductor

S; switches

D; diodes

C; filter capacitors

Upat output voltage of the energy storage system
Uge DC bus voltage

ip(f) diodes current

i () inductor current

up(t) inductor voltage

ugr(t) load voltage

Abbreviations

ESU energy storage unit

ESS energy storage system

DESS distributed energy storage system
50C state of charge

PV photovoltaic

MPPT maximum power point tracking
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