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Abstract: In this study, the inverter in a microgrid was adjusted by the particle swarm
optimization (PSO) based coordinated control strategy to ensure the stability of the isolated
island operation. The simulation results showed that the voltage at the inverter port reduced
instantaneously, and the voltage unbalance degree of its port and the port of point of common
coupling (PCC) exceeded the normal standard when the microgrid entered the isolated island
mode. After using the coordinated control strategy, the voltage rapidly recovered, and the
voltage unbalance degree rapidly reduced to the normal level. The coordinated control
strategy is better than the normal control strategy.

Key words: coordinated control, isolated island operation, microgrid, particle swarm opti-
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1. Introduction

The traditional centralized power supply system is relatively simple in the structure and
relatively low in cost, but it is faced with the disadvantages of low reliability and large interference.
Once a fault occurs at a point, it will easily spread to the whole power grid [1]. To make up
for these defects, the distributed grid was proposed. The distributed power grid [2] is a large
power grid composed of complex micro grids, and its power supply form is very suitable for
existing new energy sources, such as photovoltaic power generation, wind power generation,
etc. Although the microgrid composed of energy such as photovoltaic and wind cannot provide
large-scale power supply, it can supplement the main grid, reduce the current feeder loss, and
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enhance the reliability, efficiency, and flexibility of power [3]. Zhang er al. [4] proposed an
improved pre-synchronization controller for the isolated island operation mode of the microgrid
with photovoltaic power generation to stabilize the microgrid. The experimental results showed
the effectiveness of the strategy. Liang et al. [5] established the multi-master-slave control model
of the three-source microgrid in the isolated island mode, then established the small-signal
decoupling control model and its stability discriminant equation based on "virtual impedance",
and verified the influence of converter parameter variation in the microgrid on stability by the
simulation experiment. Zhang et al. [6] proposed a direct current bus control algorithm and found
through the simulation that the algorithm could realize the stable operation of the microgrid.
In this study, the particle swarm optimization (PSO) algorithm was applied to the coordinated
control under the isolated island operation mode of the microgrid, and it was compared with
the traditional power coordinated control strategy in the subsequent simulation experiments.
In the related studies mentioned above, relevant control strategies are proposed for microgrid
stability, which can realize the stability control of microgrid. The traditional microgrid coordinated
control strategy under the isolated island mode is to add an energy storage battery which can
supplement the power in the microgrid because of the mismatch between power supply and
load power. Once the microgrid power mismatch is detected, the power will be supplemented
immediately. Although the traditional coordinated control strategy is relatively simple, there
are delays in the response to power mismatch among more than one energy storage battery in
the microgrid, and the battery capacity is limited. To solve the above defects, this study used
the unbalanced voltage compensation for the inverter to realize the coordinated control of the
microgrid. Moreover, the optimal compensation voltage was calculated using the PSO algorithm
to improve the control effect. The purpose of this paper is to ensure the power stability of the
microgrid when it enters the isolated island mode due to sudden fault, so as to improve the
security of the grid. The contribution of this paper is to provide an effective reference for the
power stability regulation strategy of the microgrid under the operation mode of the isolated
island.

2. Coordinated control of microgrid based on PSO algorithm

2.1. Traditional coordinated control

The isolated island operation mode of the microgrid caused by unplanned grid failure [7] will
cause system instability due to the mismatch between the power supply and load power. Therefore,
effective control strategies are needed to control the microgrid. The traditional control strategy
starts with the power of the microgrid: since the instability is caused by the power mismatch
between the power supply and load, the stability can be improved as long as the power of the
unmatched part is compensated. The basic steps of the control strategy are as follows. When
the microgrid control center detects the isolated island mode, it first calls the energy storage
batteries [8] to inject active power into the microgrid or absorb active power to stabilize the
frequency of the microgrid. Then the frequency affected by the energy storage battery is taken as
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a reference to control the frequency of other microgrid power sources. The calculation formula
of the control power is as follows:
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where: P; is the active output of the energy storage battery, f and f’ are the actual opera-
tion frequency and reference operation frequency of the microgrid, respectively [9], and U, U’
are the actual operating voltage and reference operating voltage of the microgrid, respectively.
The above-mentioned coordinated control method based on power compensation is simple and
straightforward in the principle and implementation. It can stabilize the microgrid only by ab-
sorbing excessive power or compensating insufficient power through an energy storage battery.
However, in the process when the energy storage battery is used to make the balance regulation
of the microgrid and other micro sources, refer to the new frequency given by the energy storage
battery to adjust the output. Although the energy storage battery will make a timely response
at the moment of “the isolated island” formation, the frequency follow-up of other micro-power
sources will delay, which will eventually delay the coordinated control of the microgrid. Also, the
energy storage batteries that can be installed in the microgrid have limited installation capacity
and cost control [10].

2.2. Unbalanced voltage compensation control based on PSO algorithm

Since the traditional control strategy mentioned above has problems such as delay and the
limited capacity of the energy storage battery, this study proposed a coordinated control strategy
based on PSO by combining the unbalanced voltage compensation with the PSO algorithm [11]
from the perspective of voltage compensation of the microgrid. The cause of the unbalanced
voltage is the same as that mentioned above, i.e., when the microgrid enters the mode of isolated
island operation, the power supply and load power are unbalanced, resulting in voltage imbalance.
The unbalanced voltage compensation control framework is shown in Fig. 1. In Fig. 1, i, apc
and u, qpc are the current and voltage at the inverter port, and ipcc ape and Upce abe are the
current and voltage at the PCC terminal. In Fig. 1, after reference voltage ur is synthesized
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Fig. 1. The microgrid coordinated control framework based on unbalanced voltage compensation
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with 6 that is obtained by the integral calculation of angular frequency, it transforms from the
three-phase axis to the dg axis. Then after the PI link processing based on the positive sequence
current voltage up .4, iP,0,d> UP,0,q> iP,0,q Of d and g axes, it transforms from the dg axis to
the three-phase axis. Feedback voltage ugve and the reference voltage and negative sequence
compensation instruction that are processed by PI constitute the pulse width modulation signal.
The inverter adjusts the current according to the signal to stabilize the microgrid. In the process
of voltage balance regulation, if the voltage at any part of the inverter port and PCC is fully
compensated, the other part cannot be guaranteed to be fully compensated. Therefore, the PSO
algorithm is adopted to realize the coordinated voltage balance at the inverter port and PCC, as
shown in Fig. 2.

Update particle Calculate the
Initialize Input data » according to »  fitness of
PSO formula particle

Inverter adjust Output negative deate |nd|V|dual
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Fig. 2. The flow of the PSO algorithm

The detailed flow is as follows.
1. The parameters of the algorithm are initialized [12].

2. The current and voltage data of the inverter and PCC port collected by the sensor are input
into the algorithm.

3. According to Equation (2), the position and velocity of particles are calculated iteratively:

{ vi(t +1) =vi(®) + c1(pi — x; (1)) + c2(gi — x: (1)) )

xi(t+ 1) =x;(t) +vi(t + 1)

where: x;(t) and x;(¢t + 1) are the particle position of the current time of iteration and
the next time of iteration (the coordinates of the particle position is the negative sequence
voltage reference command), v;(f) and v; (¢ + 1) are the particle speed of the current time of
iteration and the next time of iteration respectively, ¢; and ¢, are learning factors, p; stands
for the best position of the particle that is reached in multiple times of iterations, and g;
is the best position that is reached in the population at the current time of iteration. In the
iterative searching process of the particle, to ensure the effectiveness of the corresponding
results of the particle, it is necessary to limit the search space by constraint conditions. The
conditions are: the voltage imbalance degree of the inverter and PCC port does not exceed
the corresponding maximum allowable range, and the compensation voltage of negative
sequence ports of inverters is equal.
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4. After the particle swarm is updated, the fitness of each particle in the population is calcu-
lated:

f=kilun,o1 —un,02| + k2gp: + k3gpec
gpG = rpc Max(0,épG — €pG,max)
gpcc = rpcc max(0, épcc — €pcc,max)
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where: f is the objective function, i.e., fitness, k|, k» and k3 are the proportion of the cor-
responding penalty function, gps and gpcc are the penalty functions of voltage unbalance
between the inverter and PCC [13], rpg and rpcc are the penalty factors of the corre-
sponding unbalance degree, £pg and épcc are the degree of voltage unbalance between the
inverter and PCC, un prepec,aq is the predictive value of PCC terminal’s negative sequence
voltage predicted according to the negative sequence compensation voltage at the dg axis,
Zr and zjine are the filter impedance and line impedance of the inverter respectively, and
iN,0,dq 1 the actual inverter negative sequence current.

5. According to the fitness of particles, the individual optimal particle and the globally optimal
particle are selected.

6. If the algorithm is not terminated, it returns to step 3. If the algorithm is terminated, the
negative sequence reference voltage corresponding to the optimal particle is output.

7. Taking the calculated negative sequence reference voltage as the negative sequence com-
pensation instruction, the inverter is adjusted according to the frame shown in Fig. 2 to
realize the coordinated control.

Through the above flow of the PSO algorithm, the optimal negative sequence reference voltage
is gradually iterated out as the negative sequence compensation instruction of the inverter. After
that, the inverter is controlled by PI according to the control theory in Fig. 2. The direct current
power supply can adjust the output alternating current voltage and current after being regulated
by the inverter.

3. Simulation analysis

3.1. Experimental environment

In this study, the stable and coordinated control strategy of the isolated island operation of
the microgrid was simulated using MATLAB software [14]. The experiment was carried out in
a laboratory server. The server configurations were based on a Windows7 system, 17 processor,
and 16 G memory.
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3.2. Experimental setup

The basic structure of the experiment in this study is shown in Fig. 3. For the convenience
of calculation, only two inverters and distributed generation were used to form the microgrid.
Each inverter was responsible for one load, and the relevant parameters are shown below. Two
inverters and distributed generation were connected in a line, which was connected with the
transformer through a static switch, and the other side of the transformer was connected with the
distribution network. The corresponding voltage and current sensors were set at the port and PCC
of the two inverters, and the collected current and voltage information was sent to the microgrid
control center. The microgrid control center has a corresponding coordinated control strategy.
According to the current and voltage collected by the sensor, after the judgment by the coordinated
control strategy, the inverter was regulated by the pulse width modulation signal to realize the
stability of the isolated island operation of the microgrid. Table 1 shows relevant parameters in the
simulation experiment, and relevant parameters needed by the PSO algorithm were determined
by the orthogonal experiment.
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Fig. 3. The setting of relevant parameters of microgrid

Table 1. The basic structure of the microgrid under the coordinated control

Parameter Value Parameter Value
Distributed supply voltage 900 V Active droop coefficient 5% 1070
Microgrid voltage frequency 50 Hz Reactive droop coefficient 1074
Inverter filter capacitance 20 uF Load 1 and 2 250 Q
Inverter filter inductance 5 mH Penalty coefficient gpGgpcc 1
Inverter filter resistance 0.1Q Weight k| 20
Line inductance 0.5 mH Weight ko k3 5
Line resistance 0.5Q Maximum voltage imbalance 0.02
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3.3. Experimental methods

Firstly, the simulation model was built according to the basic structure shown in Fig. 3 in
MATLAB software, and the PSO algorithm in the microgrid control center module is initialized,
and then the simulation experiment is started. The steps are as follows. Two inverters were
turned on at the same time and connected to the public bus in the microgrid to form PCC, and pre-
synchronization was carried out for some time. At the moment, the microgrid was connected to the
distribution network through the substation. After the pre-synchronization, the fault condition of
the distribution network was simulated. The static switch between the microgrid and distribution
network was used to disconnect them, and the disconnection time was taken as the initial time.
Within 0.2 s after disconnection, the microgrid control center did implement the coordinated
control strategy and adjusted the unbalanced voltage by relying on the regulation performance of
the inverter. After 0.2 s, the PSO algorithm based coordinated control strategy was used until the
microgrid was stable again. In the above process, the changes in voltage and voltage imbalance
in the microgrid were collected by the sensor and recorded.

Moreover, to further verify the effectiveness of the proposed coordinated control strategy
based on the PSO algorithm, it was compared with the traditional power-based coordinated
control strategy mentioned above. The basic structure of the microgrid simulation model used
in the traditional coordinated control strategy was consistent with that in Fig. 3. The difference
only lies in the coordinated control strategy adopted in the control center module and the energy
storage battery for each inverter in the microgrid, in which the load power provided by the
energy storage battery was 4 kW. The steps were consistent with those of the coordinated control
strategy.

3.4. Experimental results

The coordinated control strategy based on PSO algorithm needs to calculate the negative
sequence command current that was used for controlling the inverter in the micro grid with the
PSO algorithm, so as to obtain the most appropriate inverter regulation parameters and maintain
the imbalance of the microgrid under the isolated island operation mode within the safe range.
When calculating the optimal negative sequence command current, the iterative curve of the PSO
algorithm is shown in Fig. 4. It was seen from Fig. 4 that the imbalance degree in the microgrid
decreased rapidly with the increase of the iteration times of the PSO algorithm, and it decreased
to less than 0.02 after 20 times of iterations and then remained stable.

In the simulation experiment, the change of the inverter port voltage of the two coordinated
control strategies with time is shown in Fig. 5 (the negative time of the time axis in Fig. 5 indicates
the pre-synchronization time, 0 s indicates the starting of the control strategy at the disconnection
moment; the data before 0 s were also recorded, and the display of the data is to present the sudden
change of voltage when the grid was disconnected). It was seen from Fig. 5 that the voltage at the
inverter port was stable at 340 V before the disconnection between the microgrid and distribution
network at O s. The voltage at the inverter port dropped to 320 V at a very high speed at the
moment of disconnection, i.e., 0 s. The voltage recovered to some extent due to the regulating
function of the inverter itself at 0~0.2 s, but the recovery degree gradually reduced. Up to 0.2 s,
the coordinated control strategy was not used in the two simulation models, and the structure
was similar, thus the voltage changes were nearly coincident. After 0.2 s, the coordinated control
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Fig. 4. Convergence curve of the coordinated control strategy based on PSO algorithm

strategy was used respectively. It was seen from the curve change in Fig. 3 that the two strategies
could ultimately restore the voltage to the original level, but the coordinated control strategy
proposed in this study recovered to the original level faster.
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Fig. 5. Voltage variation of inverter port under two coordinated control strategies

It was seen from Fig. 6 that the voltage unbalance of the inverter and PCC port reached 8.5%
and 9%, respectively, due to the disconnection at 0 s, which was far beyond the specified standard
of IEEE (IEEE stipulates that the three-phase power supply unbalance degree of the electrical
power system should be smaller than 2%). Within 0.2 s, the unbalance degree decreased under
the regulation of the inverter, but the effect was not obvious. After 0.2 s, the coordinated control
strategy was used, and the imbalance degree significantly reduced, and under the two coordinated
control strategies, the imbalance degree reduced to less than 2%. The unbalanced voltage-based
strategy adopted in this study could reduce the imbalance to a lower level more quickly.
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Fig. 6. The voltage unbalance between the inverter and PCC port under two coordinated control strategies

3.5. Discussion

In today’s increasingly expanding power grid, the existence of the microgrid can be a good
supplement to the large power grid and provide convenient power for the remote areas in the
large power grid that are hard to reach. The grid and microgrid assist each other. However, once
the power grid fails, in order to ensure the normal power consumption in other areas, the fault
area will be disconnected from the normal area, and the microgrid will enter the isolated island
operation mode. In the mode switching, the load power in the microgrid area that is previously
shared by the grid and microgrid is only provided by the microgrid after entering the isolated
island mode, which will lead to the mismatch of power and the power fluctuation. To reduce the
impact of power fluctuations on the stability of microgrid, it is necessary to adjust the microgrid
through the coordinated control strategy. The traditional coordinated control strategy mentioned
in this paper that is aimed at the mismatch between the power of the microgrid and the load power,
compensates the mismatched power with the energy storage battery. On the one hand, the response
of complex energy storage batteries to power mismatch in the microgrid has different degrees of
delay. On the other hand, the capacity of the storage battery is limited, and the installation cost
of the complex battery is high. A coordinated control strategy based on unbalanced voltage was
proposed in this study. The strategy did not need an additional energy storage battery to assist
in power regulation, but uses the adjustment of inverter output to compensate for the unbalanced
voltage in the microgrid. The regulation principle of the inverter in the strategy was that the control
signal of the inverter was obtained after processing the electric power in the microgrid circuit
collected by the sensor with PI based on the set negative sequence command voltage and the
inverter adjusted the output. The control effect of the coordinated strategy based on unbalanced
voltage on the stability of the microgrid largely depended on the negative sequence command
voltage. In order to ensure the optimal negative sequence command voltage, this study used the
PSO algorithm to optimize the negative sequence command voltage.
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Then, to verify the effectiveness of the proposed control strategy based on unbalanced volt-
age, simulation experiments were carried out. The final experimental results were shown above.
It was seen from the above results that the optimal negative sequence command voltage could
be quickly iterated by the unbalanced voltage-based and PSO algorithm-based optimized coordi-
nation strategy. Moreover, the proposed strategy was compared with the traditional coordinated
control strategy. The comparison results showed that the port voltage decreased rapidly when the
microgrid entered the isolated island mode, and it recovered slowly when the control strategy
was not used; once the control strategy was used, the voltage could be restored to the original
level faster by the control strategy proposed in this study than the traditional strategy, as well as
the degree of unbalance in the microgrid. The control strategy proposed in this study was better
than the traditional control strategy, and the reason was that the capacity of the energy storage
battery in the traditional strategy was limited, and the response delay of complex batteries to the
isolated island mode was different, which made the control effect on the stability of the microgrid
poor. The control strategy based on unbalanced voltage was to adjust the inverter according to the
detection of a power signal by the sensor, which was more timely in response, and also adopted
the PSO algorithm to optimize the command signal to the inverter, which made the response to
the isolated island mode more timely and the voltage and unbalance degree recover more quickly.

4. Conclusion

In this study, the PSO algorithm was applied to the coordinated control of the microgrid
island operation mode and compared with the traditional power coordinated control strategy
in subsequent simulation experiments. The results are as follows. When the microgrid was
disconnected from the distribution network, the voltage at the inverter port decreased obviously,
from 340 V to 320 V; when the control strategy was not enabled between 0 and 0.2 s, the voltage
rose slowly; the control strategy was used in 0.2 s, the voltage rose rapidly, and the voltage
recovery under the control strategy proposed in this study was faster. When the microgrid was
disconnected from the distribution network, the voltage unbalance of the inverter and PCC port
significantly exceeded the specified standard, 9.0% and 8.5%, respectively; when the control
strategy was not enabled, the unbalance degree decreased slowly. After the coordinated control
strategy was enabled, the unbalance degree rapidly reduced to the standard range, and moreover,
the reduction speed was higher and the unbalance degree after stability was lower under the control
strategy proposed in this study (inverter: 1.5%; PCC port: 1.8%). In conclusion, the unbalanced
voltage-based and PSO algorithm-based optimized control strategy can effectively control the
stability of the microgrid under the operation mode of the isolated island.
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