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Abstract—Distributed battery systems (DBS) are widely used
in microgrids to compensate imbalanced active and reactive
power flows, and for stabilizing bus voltages of microgrids with a
high penetration of renewable energy sources (RES). In this
paper, a particle-swarm-optimization (PSO) method is adopted
as the secondary control of DBS in a standalone AC microgrid.
The fitness function of the PSO algorithm contains the
parameters of the bus voltage deviations and the power losses on
the distribution lines. Through iteration, the bus voltage
deviations and the power losses on the distribution lines are
reduced, simultaneously. Importantly, the State-of-Charges (SOC)
of the battery packs are also being taken into consideration and
the battery packs are controlled by local controllers to prevent
deep-discharge and over-charge. Both results from Matlab
simulation and Real-Time Digital Simulator (RTDS) validate the
effectiveness of the proposed control scheme in concurrently
reducing the distribution power losses and meeting bus voltage
regulations in AC microgrids.

Index Terms—AC microgrid, bus voltage regulation,
distribution power losses, particle-swarm-optimization (PSO).

1. INTRODUCTION

Microgrids comprising renewable energy sources (RES),
energy storage systems (ESS), various types of loads, and
power electronic interfaces have been widely investigated by
different researchers [1]-[4]. The use of standalone microgrids,
which is a popular trend for data centers’ application, can
suffer from serious power imbalance and bus voltage
fluctuations caused by intermittent RES [5], [6]. ESS, such as
batteries, super-capacitors, and flywheels have to be
introduced to compensate both the active and reactive power
imbalances to alleviate bus voltage fluctuations [7]-[9].

Thereinto, due to their high energy densities and relatively
simple control, batteries have been the most widely used ESS
for such applications [10]. As the batteries are usually
distributedly installed over the microgrids, they are known as
distributed battery systems (DBS). Conventionally, the droop
control or modified droop control are adopted as the primary
control in DBS/RES for regulating the bus voltages. So far,
different strategies have been proposed. In [11], a scheme
involving a voltage compensation term that is proportional to
the integration of the active power is proposed to achieve bus
voltage restoration. In [12], an integral-droop combined
controller is adopted to improve the power quality of an AC
microgrid. In [13], a combination of virtual inductance method
and frequency droop control is introduced to damp the power
oscillation. In [14], an interlinking control scheme is presented
to balance the active power in a hybrid microgrid. In [15], a

multi-agent flow strategy is proposed to optimize the dynamic
power flow in a microgrid, which further enhances the power
quality. In [16], based on the average voltage deviation, a
secondary frequency and voltage control method is applied in
an islanded microgrid to simultaneously achieve critical bus
voltage tracking and accurate reactive power sharing. In [17],
a consensus algorithm is adopted to set the voltage reference
of a RES node based on the measurement of neighboring RES
nodes to achieve good bus voltage tracking capability. In [18],
a centralized model predictive control is proposed to regulate
the bus voltages of DC electric springs to mitigate the
distribution power losses of a DC microgrid while meeting
voltage regulation standards. So far, there are relatively few
works that report and take into consideration the power losses
on the distribution lines as a control parameter.

Swarm intelligence algorithms are well-established
technique that can deal with complex optimization problems
without knowing specific parameters of the system. Thereinto,
particle-swarm-optimization (PSO) is a heuristic algorithm
that has been applied to power systems to optimize the
economic profits [19]-[21], the power dispatch [22], [23], and
the power quality [24]-[26]. PSO possesses the merits of high
accuracy, strong reliability, and fast convergence speed in
optimizing the parameters of multivariate coupling systems.

In this paper, a PSO-based control strategy is developed for
DBS to concurrently regulate the bus voltages of a microgrid
and state-of-charges (SOC) of the batteries, while mitigating
the power losses on the distribution lines. In the process, the
bus voltages, line currents, and SOC of the DBS are measured
as feedbacks to the fitness function of the proposed control
strategy. Consequently, optimal bus voltage references for the
DBS can be searched using several iterations within the
constraints of the bus voltages and the SOC of the batteries.
Verification works are carried out in the Matlab platform and
by using a Real-Time Digital Simulator (RTDS).

II. OVERVIEW OF THE PROPOSED CONTROL STRATEGY

A typical architecture of a standalone AC microgrid is
shown in Fig. 1. The microgrid comprises several RES units,
loads, DBS, and power electronics interfaces. The DBS are
adopted to compensate both active and reactive power flows.
When the supplied power by the RES is excessive relative to
the grid demand, the DBS will operate in the charge mode.
Conversely, when the supplied power by the RES is
insufficient relative to the grid demand, the DBS operate in the
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Fig. 1. A typical architecture of a standalone AC microgrid.
discharge mode. Besides, to prolong the lifespan of the
batteries (by preventing it from entering deep-discharge), the
diesel generators will be activated to operate once the SOC of
the DBS are lower than a specified lower limit. Conversely, in
the charge mode, the reserve loads will be activated to operate
once the SOC of the DBS are higher than a specified upper
limit. This prevents the DBS from going into an over-charge.
The flowchart of the control strategy for the DBS is shown
in Fig. 2. In the figure, r, vv, and #, represent the battery
number, voltage and output current of the battery,
respectively. V., is the measured line bus voltage, Iy is the

usa

root-mean-square (RMS) value of the current between bus a
and bus b, and V. is the bus voltage reference from the PSO

refr

control. Here, the values of SOC are estimated using

I .
SOC, =S0C, (0)—C—wjzb,,dt (1)
where SOC,(0) and C, are the initial SOC and the capacity of
the battery unit r, respectively.

III. PROPOSED PSO CONTROL FOR DBS

The PSO control provides the optimal line bus voltage

reference values V. for the local controllers. The flowchart

refr

of the PSO control is shown in Fig. 3. An explanation of the
flow of the control strategy is given as follow.
Step 1: Initialization
Initialize the parameters of the inertia weight w, the velocity v,
the position x;, the learning factors ¢; and ¢z, and the
population size G. Generate the random initial positions x;
within the search range as

xi = Vmin + rand(Vmax - Vmin) (2)
where i is the number of the particles; Voom is the nominal line
bus voltage; and Vmax and Vmin are the upper limit and the
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Fig. 2. Control strategy for the DBSs.

lower limit of the line bus voltage, respectively.
Step 2: Fitness Function Calculation
The fitness function of the PSO control is

J= aﬁ +(-) i IR, (3)

a,b=1
where m is the number of the buses; a is the weighting factor;
and Ry is the resistance between bus a and bus b. The fitness
function includes parameters of both the bus voltage
deviations and the line losses.
Step 3: Update of Inertia Weight, Velocity, and Position
To accelerate the global search, the drop function for the
inertia weight is

V;wm - I/busa

k * —W..
W’- = Wmax — (Wmax Wmm) ( 4)
G

where k is the number of iterations of the PSO control, and
w,.. and w_. are the tolerances of the inertia weight. Then,

max

the equations of the updated velocity and position are given as

)

— k * _ K % —_ ¢k
v, =wy; +¢ R rand(py, —x; )¢, *rand (g, — X;)

xz.k” =x! +v
where p, ., is the best position of the iy particle and g, ., is
the best position of the population. Certainly, all the positions
are limited by V,,, Sx*' <V

Step 4: The Search for puesti, gbest, Jvesti, and Jvest.

The selection process can be given as

for i=1:10
lf Jrk < chsti lf Jbest < Jbesti
then pbesti = xik (6) then gbest = pbesti (7)
Jbesti = Jlk chst = chst[
endif endif
endfor
| Initialization |
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Better global
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Output the optimized position x;, also
the optimal bus voltage references V.

End
Fig. 3. Flowchart of the PSO control.



Step 5: Iteration of Search (Step 2 to 4) Till End

In case the stop-searching criterion Jues<¢ (¢ is predefined)
is satisfied, the PSO control stops the search and outputs
the optimized positions, which are the optimal line bus

voltage reference

v

refr

for the local controller.

The

schematic diagram of the proposed PSO control is shown

TABLE II. PARAMETERS OF THE PROPOSED PSO CONTROL

in Fig. 4.
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Fig. 4. Schematic diagram of the proposed PSO control.

IV. SIMULATION RESULTS

To verify the performance of the proposed PSO control,
simulation of a five-bus AC microgrid is carried out in
Matlab/Simulink. The topology of the five-bus microgrid is
shown in Fig. 5. Here, two RES are installed at Bus 2 and Bus
4, respectively. The diesel generator is installed at Bus 1.
Reserve loads are installed at Bus 5. All buses are load-
connected. The parameters of the microgrid and the PSO
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Load 4

. 2
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Fig. 5. Topology of the five-bus microgrid.

TABLE I. PARAMETERS OF THE FIVE-BUS MICROGRID

Parameters Value
Nominal voltage (Vyom) 380V
Nominal frequency (f) 50 Hz
Load 1 ($) 1000 W +200 VAR
Load 2 (S,) 2000 W +200 VAR
Impedance of Load 3 (Z3) 100 Q2+ 1 uH
Load 4 (S4) 2000 W + 600 VAR
Load 5 (S5) 1000 W + 200 VAR
Line resistance between Bus 1 and 2 (R),) 1.2730 Q
Line resistance between Bus 1 and 3 (R3) 0.6365 Q
Line resistance between Bus 2 and 3 (R23) 0.7638 Q
Line resistance between Bus 2 and 4 (R24) 0.7638 Q
Line resistance between Bus 2 and 5 (Rs) 1.5276 Q
Line resistance between Bus 3 and 4 (R34) 1.0184 Q
Line resistance between Bus 4 and 3 (Rus) 1.2730 Q

Parameters Value
Execution cycle (7o) 0.05s
Population size (G) 10
Local learning factor (c;) 1.3
Global learning factor (c,) 1.7
Upper limit of inertia weight (Way) 0.9
Lower limit of inertia weight (Win) 0.1
Upper limit of velocity (Viax) 20V
Lower limit of velocity (Viin) 20V
Upper limit of position/voltage (Vimax) 39 vV
Lower limit of position/voltage (Viin) 361V

control strategy are given in Table I and II, respectively.

A. Case Studies with Fixed Weighting Factors

The waveforms of the bus voltages (RMS), voltage
references (RMS), and the fitness values for three cases with a
fixed weighting factor of 0.9 are given in Figs. 6 to 8,
respectively. The PSO control is activated at time = 6 s. In the
searching period, the bus voltages fluctuate. The optimal
voltage references are obtained as Vies=396.4 V for Case 1,
Viets=397.8 V and Viers=382.2 V for Case 2, and Vier1=381.5 'V,
Vietw=384.4 V, and Viers=381.4 V for Case 3. Clearly, the bus
voltage tracking performances are improved, and the
distribution power losses are mitigated when more DBS are
installed in the microgrid. And the searching periods of the
PSO are longer for more DBS installed in the microgrid.

Figs. 9 and 10 present the comparisons of the distribution
power losses and voltage tracking errors between the DBS
with conventional droop control and that with the proposed
PSO control. With the PSO control, the distribution power
losses are mitigated by 1.14% in Case 1, 1.42% in Case 2, and
2.48% in Case 3, as compared to that with conventional
control. Meanwhile, the bus voltage deviations are reduced by
6.51% in Case 1, 9.56% in Case 2, and 15.32% in Case 3,
respectively. Apparently, with more DBS installed in the
microgrid, both the distribution power losses and the bus
voltage deviations are reduced.
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Fig. 6. Case 1: (a) bus voltages (RMS), (b) bus voltage reference (RMS), and
(c) fitness values of the DBS at Bus 4 with a=0.9.
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Fig. 7. Case 2: (a) bus voltages (RMS), (b) bus voltage references (RMS), and
(c) fitness values of the DBS at Bus 4 and 5 with «=0.9.

400

[——Bus1 —Bus2 Bus3 —— Bus4 —— Bus5

2 4 6 8 10 12 14 16 18 20

vref5)| |

3 ,
AE il
H—

18 20

o T
= 450 | ]
% ;2 W.h\‘l_i;njﬁ.‘,’ NN EERS RN R .
E L S L | AN ALt il AL o o -/.z-.,—‘,«,,\,-,—;
= s / ‘ ‘ ‘ i A ‘ ‘ ” ‘ ‘ .

0 2 4 6 & 10 12 14 16 18 20

Time (s)
(©)

Fig. 8. Case 3: (a) bus voltages (RMS), (b) bus voltage references (RMS), and
(c) fitness values of the DBS at Bus 1, 4, and 5 with =0.9.
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B. Case Studies with Variable Weighting Factors

The weighting factor of the fitness function affects the bus
voltage tracking performance and the power losses on the
distribution lines. Theoretically, a greater value of the
weighting factor a results in better bus voltage tracking
performance and higher distribution power losses. In these
case studies with variable weighting factors, the PSO control
are used for the DBS at Bus 2 and Bus 4 with ¢=0.9, a=0.15,
and 0=0.09, respectively. The results are shown in Figs. 11 to
13. Clearly, the bus voltage tracking performances obtained in
Fig. 11 is better than that in Fig. 12, which is better than that
in Fig. 13. Conversely, the distribution power losses obtained
in Fig. 13 is less than that shown in Fig. 11 and Fig. 12. The
optimal voltage references are Vep=394.3 V and Vee=395.7 V
for Case 4, Vien=376.85 V and Vz=394.2 V for Case 5, and
Vie2=366.35 V and V4=393.83 V for Case 6.
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and (c) fitness values of the DBS at Bus 2 and 4 with o=0.9.
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The bus voltages (RMS) of the microgrid with the
conventional droop control and that with the proposed PSO
control are listed in Table III and IV, respectively.
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Fig. 14 gives a comparison of the distribution power losses Case 2 3708V 3855V 3725V 367.6V 3804V
and bus voltage deviations of the system among the different Case 3 3806V 3862V 3783V 3682V 3800V
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the microgrid decrease while the bus voltage deviations Case 5 3667V 3797V 3696V 3678V 3636V
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increase as weighting factor is set smaller. With the proposed
PSO control, the bus voltage deviations are reduced by about
19.44% in Case 4, and the distribution power losses are
mitigated by about 9.04% in Case 6, as compared to that with
conventional control. Importantly, both objectives of
mitigating distribution power losses and bus voltage
deviations can be optimally balanced, as shown in Case 5.
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Fig. 14. Comparative bar charts of the distribution power losses and bus
voltage deviations among the PSO control with different weight factors.

Fig. 15 shows the plots of the real-time SOC of the DBS
installed at Bus 2 and 4 for Case 5 (SOC2 indicates the SOC
of the battery pack at Bus 2 and SOC4 indicates the SOC of
the battery pack at Bus4). Initially, as the power supplied by
the RES is insufficient in meeting the demand, both DBS
operate in discharge mode. When SOC2 reaches 20%, DBS2
stops discharging but the DBS4 continues to discharge until
SOC4 reaches 20%. At that instance, as the power supplied by
the RES is still falling short of the demand, the diesel
generator operates to compensate the shortfall power. When
power supplied by the RES is in surplus, the diesel generator
goes into idling mode and the DBS starts to charge. When the
SOC of both DBS reach 90% and the power supplied by the
RES are still having a surplus, the reserve loads activate to
consume the redundant power. When the supplied power by
the RES fall short, the reserve loads are disconnected and the
DBS start to discharge.

V. RESULTS IN RTDS

The circuit model of the five-bus microgrid is built in
RSCAD for Case 6 and tested using the RTDS. The steady-
state waveforms of Bus 1 voltage and the waveforms of RMS
values of the five buses of the microgrid with conventional
control and that of the proposed PSO control are presented in
Figs. 16 and 17. The comparisons of the bus voltage
deviations and the distribution power losses between the
conventional control and that of the proposed PSO control are
given in Fig. 18. It is found that with the proposed PSO
control, although the bus voltage deviations are increased,
they are still regulated within the tolerance of +5%.
Accordingly, the distribution power losses are mitigated by
about 5.46% as compared to that with conventional control.
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Fig. 16. Waveforms of the steady-state Bus 1 voltage and the bus voltages in
RMS values with the conventional control.
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VI. CONCLUSIONS

Conventional droop control methods are widely used in
distributed battery systems (DBS) to regulate the bus voltages
and SOC of the batteries in standalone AC microgrids. In this
paper, a particle-swarm-optimization (PSO) control is
proposed to not only regulate the bus voltages and the SOC of
the batteries, but also mitigate power losses on the distribution
lines. The effectiveness of the proposed PSO control are
demonstrated via various case studies in the Matlab and the
Real-Time Digital Simulator (RTDS). The results obtained
from the RTDS illustrate the distribution power losses of an
AC microgrid with the proposed control can be mitigated by
about 5.46% while the bus voltages are still regulated within
the tolerance, as compared to that of the conventional control.
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