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Abstract: The fluctuating characteristics of renewable energy generation in hybrid AC/DC microgrids, combined with
timevarying loads, can result in high total harmonic distortion (THD) and distorted output voltage and current waveforms.
To address these issues, a faster and more comprehensive primary and secondary hierarchical control method is required. In
this paper, a faster model predictive optimization algorithm is introduced as a primary control method to predict operational
states in advance, maintain a low THD state, and reduce the impact on power quality. Then, a secondary switching control is
added to correct frequency and power allocation errors caused by primary control, recover microgrid voltage and frequency
to their rated values, and ensure stable reactive power. Finally, simulation and comparison results prove the proposed
method’s effectiveness and applicability.
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1. Introduction

Microgrid is a small-scale power network that employs various distributed generations (DGs), storages, and protection
devices to provide power. The system offers two ways of working: islanded and grid-connected. When operating in
islanded, it acts as a stand-alone system that maintains its stability autonomously. Several inverters connected in parallel
are used to convert DC to AC power. Moreover, the microgrid can operate in conjunction with the public grid, but it
switches to islanded mode when functioning independently or when there’s an issue with the external grid. However,
microgrid systems are diverse and complex in their operation and power supply, making efficient control necessary for
stability. To ensure this, two levels of control are involved: primary control for power distribution and conversion, and
secondary control for power state restoration. The resulting two-layered control architecture is important for optimal
performance of the system [1].

In current microgrids, droop control without interconnection lines is often used in islanded mode [2], while PQ
control is usually used in grid-connected mode [3]. Droop control mimics the characteristics of synchronous generators by
adjusting the output of inverters through voltage and frequency, thus controlling power distribution in the microgrid. As
local loads increase, there may be a slight drop in voltage and frequency in the system due to the effect of droop control.
To compensate for this deviation, secondary control of the system is required. Applying secondary control reduces the
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frequency and voltage amplitude deviation resulted from droop control, thus restoring them to their rated values and
ensuring the power distribution capability of droop control simultaneously.

In primary control, after power droop control allocation, voltage and current dual-loop control is often required to
generate PWM control signals to drive power conversion. Currently, there are studies that replace the aforementioned
dual-loop control with equipment-level model predictive control (MPC) [4, 5]. For example, in [6] an improved MPC-based
strategy is proposed to mitigate low-frequency oscillation from PV generation. The strategy analyzes both AC and DC
sides of the VSC to improve performance in PV-based microgrids. In [7], controllers are designed with multipurpose
MPC strategy use dynamic current and VSC voltage, making them suitable for grid-connected and island operation modes
and transferrable between them. To avoid suboptimal performance with uncertainties from the conventional MPC for
grid-forming inverters in microgrids, a new model-free predictive control is proposed in [8]. In [9], a new MPC for 3-phase
bidirectional power inverters is presented in renewable-based microgrids, which applies sliding mode theory to attain
effective dynamic response and minimize computational load. On the other hand, research on MPC in microgrids often
focuses on system optimization. By measuring the internal disturbance signals within the microgrid, such as load variations,
renewable energy fluctuations, battery status, network connection changes, etc., MPC can promptly adjust control strategies,
enabling the microgrid system to more effectively respond to external changes and achieve greater stability and reliability
in operation. For example, microgrids manage energy based on user preferences, weather, prices, and technical constraints
using an MPC framework in [10, 11] that handles forecast errors and disturbances with perfect knowledge of microgrid
state and renewable energy. The paper [12] presents the MPC framework, which utilizes the alternating direction method
of multipliers to adaptively manage distributed energy resources and execute control actions at each time step. A new MPC
strategy for optimal power flow in an AC microgrid is presented in [13]. It uses a simplified optimization problem based on
a linear d-q voltagecurrent model and approximates the power flow linearly for a fast and reliable solution. In [14], a novel
adaptive controller is proposed to mitigate the destructive effect of time-varying uncertain constant power loads (CPLs). A
nonlinear disturbance observer is developed to estimate the instantancous power of the CPLs. The estimated CPLs powers
are then employed in a Takagi—Sugeno fuzzy-based MPC strategy. Experimental results show that the proposed adaptive
controller is able to increase the stability margin and improve the transient response of the DC microgrid.

To put it simply, the use of MPC in microgrids focuses on controlling power conversion at the device level and
optimizing at the system level. However, there is currently very little optimization of MPC for device-level power
conversion control. Nevertheless, MPC has distinct advantages over ordinary linear methods as a multivariable control
and optimization strategy, including intuitive concepts, rapid dynamic response, and flexible handling of multiple control
objectives and constraints [15, 16, 17]. Therefore, at the primary control level, current research shows a need for optimizing
the linear power conversion control method through the use of MPC.

In secondary control, there are several common methods, including centralized, distributed, and discrete methods
[18]. Typically, voltage and frequency information at the point of common connection (PCC) is collected in real-time to
eliminate steady-state errors through controllers with integral functions, allowing the system to recover its rated value. For
this study, a centralized signal sampling mechanism is used, followed by a discrete local control strategy, which includes
designing secondary controllers within each DG.

Overall, in primary control, power electronic devices such as inverters and rectifiers are typically utilized to convert
the direct current output of renewable energy sources into alternating current. These power electronic devices often exhibit
nonlinear characteristics, with switch operations introducing high-frequency harmonics. These nonlinear characteristics
contribute to an increase in harmonic components within the system. Additionally, renewable energy systems may inject
power into the microgrid at different frequencies and amplitudes under varying operating conditions. This uneven power
injection results in fluctuations in the frequency and amplitude of voltage and current, further contributing to the increase
in harmonic components, leading to an increase in THD values. To solve this problem, an MPC optimization method is
introduced into the linear dual-loop control based on droop control strategy. This method leverages the responsive and
dynamic performance of MPC to decrease the THD value of the system, ultimately improving the quality of electrical
energy. Introduction of MPC optimization may lead to instability in the reactive power of the system. Thus, it is necessary to
consider incorporating secondary control here. The secondary switching control can dynamically adjust control parameters
and more flexibly handle external disturbances, thereby reducing the deviations resulted from droop control. This also
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ensures a balanced reactive power system after grid connection. For this paper, a hybrid AC/DC microgrid will be utilized,
as illustrated in Figure 1, as the research platform. This paper makes the following key contributions:

(1) To solve the problem of excessive THD during transient state of mode changes, the MPC optimization is introduced.
Compared with traditional control methods, MPC has advantages such as faster response and lower THD, which not
only increases the system stability, but also reduces the harm of harmonics to the PCC.

(2) To solve the problem that reactive power cannot be stable after microgrid is connected to the grid, secondary
switching control is added to the controller. This reduces the amplitude deviations generated from droop control,
while ensuring the quality of system output voltage and the balance of reactive power.

The following content of this paper is organized as such: the proposed MPC optimization method is described in
Section 2 for primary level; Section 3 presents the proposed method for secondary switching control; Section 4 conducts
simulation verification and result analysis discussion; and finally, the conclusion is provided in Section 5.

2. Primary MPC optimization

Droop control in the primary control level is responsible for managing the inverter in a distributed power system,
allowing for newly connected loads to be shared. However, the process can create harmonics that have a negative impact
on power quality and the lifespan of components. In order to address this situation, it is necessary to decrease the level of
harmonics. One way to achieve this is by introducing an MPC based on the droop control strategy, which can enhance
microgrid stability and practicality.
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Figure 1. Topology of the hybrid microgrid.
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2.1 Primary droop control

The working principle of droop control involves detecting the real-time output power of the inverter and using it to
regulate its output voltage. The Figure 2 shows the simplified structure of two DG systems in parallel within a microgrid,
with the power converter as the focus. In the figure, U Z¢| and U, £¢, represent the no-load output voltages, where ¢
and ¢, denote the no-load output voltage phases. £ Z0 is the parallel bus voltage. Z; £6; = R; + jX; is the sum of the output
impedance and line impedance of DG; (i = 1, 2). Where 6; = arctan(R;/X;) is the impedance angle. Z; is the common
load impedance. /() is the common bus current, while /7| and /7, denote the output currents of DG; (i = 1, 2). The output
powers P and Q of DG; can be calculated using the following formula.

1
P= zl [(EU; cos ¢; — E*) cos 6; + EU; sin @; sin 6] (1)
1 n . .
Qi = Z [(EU;cos ¢; — E*) sin 6; — EU; sin ; cos 6] )
i

where |Z;| is the impedance magnitude corresponding to DG;.

|Zi| = \/R? + X? 3)

If Z; £6; is inductive, the droop method results in the following relationship.

f:fn_m<P_Pn)
U:Un_n(Q_Qﬂ)

where f,,, Uy, P,, and Q, represent the reference values for frequency, voltage, active and reactive power respectively. The

“4)

corresponding droop coefficients are denoted by m and ».
For ease of calculation, in practical applications, the instantaneous power output of DGs for the power control module
is:

)

P =ugiy+uyl,
Q = uqid - I/ldiq

where u, and u,, refer to the voltage on the grid side, while i; and i, are the output current.

—— — —— — — — —— — — — — — —

Figure 2. Simplified structure of two DGs in parallel.

2.2 MPC optimization

As mentioned earlier, MPC can be used to optimize primary control to improve power quality. MPC is a control
strategy that aims to optimize the predicted future behavior of a system while adhering to specific constraints, and determines
the ideal control sequence at each step of control [19, 20]. Once the first element of the control solution has been calculated,
the controller proceeds to the next predicted step window and solves the optimization problem iteratively. MPC relies on
utilizing a system model to forecast the outcomes of a specified control strategy.
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Figure 3 illustrates the complete architecture of MPC, including the MPC module, the state estimation value calculation
and the work module. Upon receiving the reference value 7(k) and disturbance value w(k), the Kalman filter estimates
the output value y(k) of the operation module and sends the state value to the MPC. The MPC then outputs the optimal
solution v(k). Figure 4 demonstrates the MPC prediction process, which can forecast the impact on future system behavior.

Interference signal
w(k)

MPC controller

(k) MPC D v(k) &)
> (Optimization problem) | St >

Estimated state value
(Kalman filter)

t

Figure 3. MPC architecture.

Linear and nonlinear models can be utilized to design an MPC controller for both single-input single-output and
multiple-input multiple-output systems. In this case, the MPC’s predictive system model is in its discrete-time statespace
form with a specified sampling period T),, as shown in (6) and (7):

x(k+1) = Ayx(k) + Bpu(k)
y(k) = Cyx(k) + Dyu(k)

o (o

where A, B, C, and D are matrices for the system, x(k) represents the vector of state variables, v(k) indicates the vector of
control moves that have been calculated by MPC, w(k) stands for the vector of measurement disturbances that affect the

(6)

system, y(k) represents measured system output vectors, and & indicates the sampling instant. The control objective, which
is to track a given reference r(k), is accomplished by solving an optimization problem of appropriate structure to obtain the
optimal v(k).
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Figure 4. MPC evolution diagram example.

The MPC controller estimates the states using the Kalman filter in the state estimator, which can utilize sensor
measurements and a system dynamic model to estimate the real-time values of each state variable in the microgrid,
including the state and parameters of the system. These state estimates can be used as inputs to the MPC controller to
adjust the control strategy in real time. Meanwhile, during each control interval, MPC solves an optimization problem,
which is in the form of a quadratic programming problem, to determine the manipulated variables utilized as module inputs
while satisfying the constraints until the next interval. In this optimization problem, it also exists a cost function, which
must be minimized, as demonstrated in (8):

](Zk) :Jy(Zk)+Ju<Zk)+JAu(Zk> +J£(Zk) (3

Each part in the above formula has a specific meaning. J,(z;) is the target value for tracking y with reference to r,
chosen to be zero across the entire prediction range. J,,(z;) tracks manipulated variables to maintain the controller’s output
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at target values. J A, (zx) suppresses changes in manipulated variables and controls deviations by comparing previous and
current control commands. The main role of Jg(z;) is to detect situations that do not conform to the constraint conditions.
The cost function formula written in quadratic form is commonly denoted as:

» 2
=Y ¥ [ " {ri(k+m k) — yz(k+m/k)}] ©)
I=1m=1
Based on (9), the parts of (8) are written in quadratic form as follows:
ny p 2
Ka) =Y ¥ [ —5 {ri(k+m/k) - yl(k'f'm/k)}] (10)
I=1m=1
n, p—1 wh 2
L) =YY { T Ly ( k+m/k)—u1(k+m—l/k)}} (11)
I=1m=1
n, p—1 2
Ialz) =Y Y [ " Ly ( k+m/k)—ul(k+m—1/k)}] (12)
I=1m=1
Je(2k) = Pesi (13)

Among them, k, p, n,, n,, and € are the current control time, prediction range, number of manipulated variables,
number of measured outputs, and adjustable variables, respectively. z; is the command signal in the optimization problem.
w and pg are weight adjustments made to ensure the required robustness.

The optimization problem is converted from an MPC optimization problem solver to a general optimization problem
form, as seen in (14).

1
min( 5xTHxJr fx)s.e.Bx>b (14)
X

where the solution vector is denoted as x, the Hessian matrix is represented as H, and both b and 1" are vectors. H, 3, b, and
f are calculated by the controller at the start of each control interval. It is required that H is a positive definite value to
allow the optimization problem to converge. The KWIK algorithm is used to solve the optimization problem. Once the
constraint condition is satisfied by x, the algorithm terminates, where x" is the optimal solution.

2.3 Implementation of primary MPC

The optimization issue discussed in this paper is resolved with the help of the MPC module in MATLAB/Simulink.
This module is designed to accept the current output signal measurement (o) and reference signal (ref’), and can also
select the measured disturbance signal (md). The default KWIK solver is utilized to solve the quadratic programming
problem and thus calculate the optimal control variable (mv).

During the optimization process, it is necessary to design the main parameters of the MPC module. “mo” is the
measured output, specified as a vector signal, which is used to improve its state estimate by using the measured device
output. If the controller uses the default state estimate, the measured device output must be connected to the “mo” input
port. The “ref” module output is a reference value, which can be either a row vector or a matrix signal. For consistency,
use the same reference value from time (k + 1) to time (k + p) for the entire prediction horizon, where £ is the current
time and p is the prediction range. The “mv” signal is the best option for controlling manipulated variables, and should be
outputted as a column vector. If the solver successfully finds a local optimal solution (qp.status is positive), then “mv” will
contain that solution.

The Q-U droop unit can integrate the MPC module to improve its performance. The compensated voltage amplitude,
with the rated voltage amplitude as reference, is inputted into the MPC. The output from the MPC passes through the
PI controller, and the adjusted output is fed back to the system voltage. The proportional adjustment component of the
PI controller responds to the system’s deviation in proportion. In the presence of a deviation, the proportional regulator
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generates a corrective effect, which is determined by the set parameters. The integral adjustment part of the PI controller
can eliminate steady-state errors and improve the error-free degree of the system.

The effectiveness of the integral action is influenced by the time constant. By placing the PI controller at the MPC
output position, errors caused by MPC can be eliminated, and system stability can be increased. The Q-U droop unit with
added MPC module is shown in Figure 5.
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Figure 5. Primary and secondary controls of an AC microgrid.

3. Secondary switching control

3.1 Secondary control

A microgrid is a small power system that requires hierarchical control to function effectively. This control is usually
divided into two layers: primary and secondary. The primary control layer manages the generation units, loads, and energy
storage devices to maintain microgrid stability. The secondary control layer builds on the primary layer, further optimizing
the overall operation of the system and enhancing the microgrid’s reliability. By implementing hierarchical control, the
microgrid can achieve intelligent control and operational optimization.

While droop control strategy has been successfully implemented to ensure smooth power allocation in microgrids, it
has not resolved issues related to voltage and frequency errors. On the other hand, the introduction of MPC optimization
has resulted in the inability to balance reactive power under droop control, which greatly impacts the stable operation
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of the microgrid. To address this problem, introducing an external control loop called secondary control is necessary to
restore the microgrid’s internal frequency and voltage to their rated standard values.
Based on droop control, the microgrid secondary control is implemented through the following formula:

{ f=fo—m(P—P)+8f

U =Uy—n(Q— Q) +8U (15)

where 6f and 6U are secondary control compensators. The compensation value will be added to the droop control formula,
which will linearly enhance the droop curve, thereby maintaining the operating point under the original power distribution
near the rated value. The value of the compensator is calculated specifically using the following formula:

{ Of = kpo(fy1g — fmc) +kio | (fyyg — fuc)dt +Afs

. 16
O0U = kpe(Uyig — Ung) +kie | (Uyyg — Umc)dt (16)

where k,@, kiw, kyE, and kg are settings for the secondary control compensator, and Afs is the synchronization term, which
is kept at zero when the microgrid is in island mode. Here & and 6U must be controlled within the allowable maximum
frequency and voltage amplitude deviations.

3.2 Switching control and implementation

Microgrid switching control involves switching between two operation modes: islanded and grid-connected. This is
crucial for maintaining a reliable power supply to important loads in microgrids. During grid-connected operation, the
main power grid provides voltage and frequency support to the microgrid, and they exchange electrical energy at the
common coupling point. If there is a fault in the power system, the microgrid can quickly and actively disconnect from the
power system, smoothly switch to islanded operation, and independently distribute power from distributed energy sources
to local loads. The smooth switching ensures that the voltage amplitude and frequency transient oscillation process during
the switching process remains within the allowable fluctuation range.

In order to reduce frequency deviation and active power allocation errors in the system, secondary control employs
PI compensators and compensations to synchronize and restore frequency and voltage. As previously mentioned, taking
into account the characteristics of frequency/voltage droop control, secondary frequency/voltage control can be used.
First, determine which stage the system is in and activate the corresponding control protocol. Then, under multi-stage
coordination, provide compensation signals for the main control. Based on this, a secondary frequency control with two
stages and a secondary voltage control with three stages are designed to strictly control the amplitude of frequency and
voltage.

The design of the frequency switching controller is based on two stages: one where the frequency deviation value is
large, and the other where it is small. The control protocol is as follows:

fi(t) = fu —mi(Qi(t) — Oni) + a1:01:fi(t) + a2 82 fi(t) (17)

where ay;, ay; are the switches of each stage, whose values depend on the event generator; 81;f;, 82;f; are the frequency
compensations for stages one and two, respectively, which can be obtained from the following formulas.

Siifilt) = kiigp (o — Fi(0)) + kg / (fu— £i(0))dt (18)

8 fi(1) = kaigp (fr — 11(0)) + i / (fu— Fi(0))dr (19)

where k15, k1j, ki, and ko are the PI control coefficients for the frequency first stage and second stage, respectively.
Event generators can detect the frequency range of received events, and then control the switch commands of different
stages to trigger frequency control of the corresponding stages. Their settings are as follows:
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20
a1 = 0,3, = Lwhenf(1) € (fu, fw] ¢
where f; is the preset triggering threshold, while f,,,, is the maximum allowable frequency value.

The purpose of secondary frequency control is to follow the control instructions of the event generator, improve
the frequency produced by droop control, and create a compensating signal for primary frequency control. This process
enables the restoration and stabilization of frequency.

{ ay; = Lyay; = 0;whenf;(t) € (fu, f4]

Similar to frequency recovery, the two stages of larger and smaller nominal voltage deviation values can be considered
for designing the secondary voltage switching controller, with the expression as follows:

Ui(t) = Up+ni(P(t) — Byi) + b1:61U; (1) + b2:6U; (1) (21

where by; and by; are the switches of the secondary voltage in each stage; 01;U; and 8,,;U; are the voltage compensation
signals in stages one and two, respectively, which can be calculated using the formulas below.

81:Ui(1) = ktiup(Un — Us(t)) + ks / (Un — Ui(0))dt 22)

8:1Ui(r) = ki (U — Ui(0) + s [ (U~ Ui0))ds (23)

where kjip, k jivis k2iup, and k;,; are the PI control coefficients for the voltage first stage and second stage, respectively.
Similar to frequency control, we use the following formula (24) to configure switches in the event generator to
coordinate the two stages:

{ b = 1,by; = 0;whenUi(t) € (Uy,Uy] o9

bli = O,bzl' = 1;whenUi(t) S (UdaUmax]

where Uy is the preset triggering threshold, while Uy, is the maximum allowable voltage value.

To reduce THD, MPC lowers the microgrid’s reactive power. But this can cause instability. To fix this, a reactive power
feedback step can be added. In grid-connected mode, the system will detect signals from the main grid and use secondary
switching control to stabilize the reactive power and improve energy quality. The principle diagram for implementing
secondary switching control is shown in Figure 5.

4. Simulation and analysis

Here, a hybrid AC/DC microgrid have been built, as illustrated in Figure 1, with the public AC bus serving as the
connection point to the grid. The structure is mainly divided into 3 parts: wind turbine system, energy storage devices to
ensure the voltage stability of the microgrid in island mode as well as rational distribution of power and droop control.
Table 1. shows the system settings and control parameters. In order to simulate the stable switching of the microgrid from
island mode to grid-connected mode and to show the speed of the system response within 2 s, it is in the island mode for 0
<t <1 s and enters the grid-connected mode for # > 1 s. When the microgrid receives the grid-connection command, the
system detects the voltage and current information from the main grid, and once the grid synchronization requirements are
met, the control strategy will switch from droop control to PQ control to complete the grid-connection process.

Volume 3 Issue 1]2024| 197 Journal of Electronics and Electrical Engineering



Table 1. System Setting and Control Parameter.

Description Symbol and Value

/" =50Hz, E* =380V (p-p, rms),
Electric power filter: L =0.9 mH, C =250 uF,
Low-pass filter: 1/(0.015 s + 1),
Power line: R=0.05Q, L= 1.6 mH.

= —3/70,000 rad/W, n = 4/11,000 V/W,
Primary control Outer-loop PI: 10 + 0.1/s,
Inner-loop PI: 0.24 + 0.01/s.
klfP: 01, k[ﬁ = 12, kgﬁ_,: 5, kgﬁ = 12,
kpup=0.8, ki =15, kpyp = 1.5, ki = 15.

System setting

Secondary switching control

By calculating and comparing the THD values of the system under only PI control and under optimized control with
the introduction of an MPC module, the output performance of the system can be seen intuitively. The THD values are
compared in Figure 6. According to Figure 6, at t = 0.25 s, the microgrid system output voltage had not yet stabilized
due to the startup of various units, resulting in many harmonics in the grid. However, the MPC method showed relatively
low THD and better control strategy compared to the strategy without MPC. At # = 1 s, when the system switched from
islanded to grid-connected mode, the THD under the PI control strategy is significantly higher than that under the MPC
control strategy, indicating the effectiveness of MPC in improving power quality by suppressing harmonics.
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Figure 6. Comparison of THD with and without using MPC optimization method.

4.1 Switching control in secondary control

Switching control can seamlessly transition the microgrid from islanding operation mode to grid-connected operation
mode, This is a crucial method to ensure continuous and reliable power supply for significant loads in the microgrid area.
When the microgrid is in grid-connected mode, it exchanges power with the main grid at the public point of connection.
Meanwhile, the frequency and voltage of the microgrid need to align with the main grid. When the main grid fails,
the microgrid can swiftly transition from grid-connected mode to island mode, with distributed generators and batteries
supplying power to local loads.
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Subsequently, the microgrid’s performance will be further enhanced by utilizing a secondary controller featuring
switching control. To better showcase the microgrid’s performance, a simulation will be performed for both grid-connected
and islanded operation modes. The simulation will commence at ¢ = 0, when the DC voltage output of the wind generator in
the microgrid system has stabilized. From ¢ =0 to 0.5 s, the microgrid will operate in islanded mode, and at t = 0.5 s, it will
be linked to the grid. At¢= 1.5 s, it will disconnect from the grid and return to islanded mode. The local load will be set to
50 kW, and the parameters for this section are presented in Table 1. Performance parameters and output characteristics of
the microgrid will be observed under these conditions.

The purpose of secondary control is to reduce the voltage and frequency errors resulted from the droop control strategy,
and to bring the offset voltage and frequency back to the rated value. To compare the three-phase voltage values under
the synergistic effect of secondary control and MPC and only PI control more intuitively, the peak voltage is selected for
comparison. Therefore, the frequency and peak voltage waveforms are shown in Figures 7 and 8, respectively.

As presented in Figure 7, a stable frequency of 48.313 Hz is maintained by the microgrid under PI control in islanded
mode, and a maximum frequency difference of 1.787 Hz is observed after grid connection. During the subsequent
disconnection process, the frequency drops to a minimum of 48.300 Hz. The frequency difference Af is greater than 0.1 Hz
due to droop control between 0-0.5 s, and then secondary control is activated to restore the system frequency. Therefore,
the maximum frequency difference after grid connection is only 0.541 Hz, and the system is re-stabilized at t = 0.8 s
with the collaborative action of secondary switching control and MPC. During the subsequent disconnection process, the
frequency drops to a minimum of 49.756 Hz, significantly improving the stability of the microgrid.
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Figure 7. Frequency waveforms under the coordination of secondary switching control and MPC.

From Figure 8, it can be observed that a stable peak voltage output of 306 V in islanded mode is achieved by the
microgrid with only PI control, and the peak voltage rises to the highest value of 436.1 V when it is connected to the grid,
while the peak voltage output remains stable at 320 V after grid connection. When the secondary control is coordinated
with MPC, the peak voltage output remains stable at 311 V, which is closer to the rated value than PI control, and the peak
voltage drops to 297.5 V when connected to the grid. Throughout the entire process of switching from islanded mode to
grid connection, the voltage is maintained at 311 V, and the maximum voltage difference of 12.5 V is achieved, which is
much better than PI control.

As illustrated in Figure 9, prior to the incorporation of MPC and secondary switching control into the system, the
THD value of the microgrid remained at an elevated level, significantly higher than the optimized THD value. During
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the transitional process of switching from islanded to grid-connected mode, the THD value was temporarily elevated,
potentially resulting in significant harm to both the microgrid and the main grid, ultimately posing a serious threat to the
safety of electricity consumption for end-users.
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Figure 8. Voltage waveforms under the coordination of secondary switching control and MPC.
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Figure 9. THD values under the coordination of secondary switching control and MPC.

From Figure 9, it can be observed that stable operation can be achieved in islanding mode with only PI control.
However, the total harmonic distortion (THD) of the system is relatively high at approximately 0.14% on average. By
contrast, when MPC and secondary switching control are employed, the THD is significantly reduced to an average of
0.03%. Consequently, optimized control methods greatly enhance the performance of the microgrid in islanding mode.
Similarly, during the grid connection process, the highest THD of the system is reduced from 0.869% using only PI control
to 0.472% with optimized control.

To maintain the stability and normal work of the microgrid’s reactive power, it is necessary to check whether the
reactive power is balanced. The focus is mainly on the reactive power status in islanded mode, as the reactive power of the
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microgrid in grid-connected mode is determined by the main power grid under PQ control. Figure 10 shows the waveform
of the reactive power during the entire operation of the microgrid. As can be seen in the figure, islanded operation mode
was observed in the microgrid during the time intervals of 0—0.5 s and 1.5 s—3.5 s. Compared to the microgrid controlled
only by MPC, the reactive power of the microgrid using secondary switching control coordinated with MPC control was
converged and remained stable, resulting in an improvement in the microgrid stability.
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Figure 10. Reactive sharing under the coordination of secondary switching control and MPC.

5. Conclusions

This paper establishes a hierarchical control architecture with primary MPC optimization and secondary switching
control. In comparison to microgrids that rely on traditional droop and power conversion control, this paper finds that
the use of secondary switching control coordinated with MPC optimization yields greater stability. The output voltage of
microgrid under islanded and grid-connected modes is improved, leading to an average output voltage of 99.6% of the
rated value. The proposed control method in this paper reduces the peak reactive power by 10% during the microgrid
transition from islanded to grid-connected mode, resulting in an improved transient performance of the system.
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