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With the access to a large number of intermittent and fluctuating new energy sources in the
low-voltage distribution network, the complex relationship between producers and
consumers makes the node voltage stability and other problems in the power system
increasingly prominent. Aiming at the voltage stability problem caused by the intermittent
and fluctuation of the new power system, based on the high-precision measurement data
of PMU, this article used the model predictive control algorithm to realize regional voltage
optimization and improve the stability of node voltage. First, the voltage sensitivity matrix is
calculated using PMU measurement data and grid structure state information. Second,
active power, reactive power, and voltage were taken as the input of the MPC algorithm,
and the optimal compensation voltage instruction was obtained by rolling optimization,
and the node voltage was compensated by SVG and SVC. Finally, a simulation experiment
was carried out on the MATLAB/Simulink simulation platform, and the experimental results
verified the correctness and effectiveness of the proposed control method.
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INTRODUCTION

With the increasing popularity of distributed photovoltaic (PV), the original electricity consumers
have been transformed into electricity consumers, which will bring great challenges to the operation
of the power grid. In addition, there are a lot of problems such as insufficient use of high-precision
measurement data in a distributed generation system. Therefore, it is an urgent problem to improve
the adaptability of the distributed generation system by using a large amount of high-precision
measurement data. The synchronous phase measurement unit (phase measurement unit, PMU) is
based on the precise time provided by the global positioning system (global positioning system, GPS).
PMU can collect real-time data from the power system and realize the synchronous measurement of
each node. With the development of the distribution network, the application prospect of
synchronous PMU in the distribution network has been paid increasing attention. The
application of PMU in the distribution network can be mainly divided into diagnostic
application and control application, and this article belongs to the application of PMU in the
control direction. In this direction, the literature (Yu et al., 2018) proposed a static equivalence
method using boundary PMU measurements and established an optimal reactive power tide model
based on this method, which has high accuracy for power system tide calculation. The literature
(Pham and Erlich, 2014) presents a method for solving optimal reactive power scheduling. This
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optimization algorithm uses the PMU measurements to estimate
the sensitivity, while the LMS is used to maintain the voltage
within a limited range for the purpose of minimizing the active
power loss.

SVC (static var compensator, SVC) and SVG (static var generator,
SVG) are typical reactive power compensation devices; SVC is a
means of supplying reactive power different from generators. It
mainly includes silicon-controlled rectifiers and electrostatic
capacitors. SVC can compensate the consumed reactive power for
the load containing capacitor and inductor with unbalanced three
phases, which needs a lot of reactive power: adjusting single-phase
inductor and capacitor through phase control to achieve three-phase
balance of load without changing the active power of grid and load.
SVC and SVG have been widely used in the power system for a long
time. In the study (Wang et al., 2019), the capacity of the inductor is
configured to optimize the FC switching and TCR-triggering angle in
the reactive power compensation process, which can effectively resist
the risk of subsequent phase change failure and solve the voltage
“backstepping” in the SVC compensation process for the common
ground fault on the AC side of HVDC transmission. However, the
compensation accuracy of this method is relatively weak. In order to
improve the voltage compensation accuracy of SVC, in Lei et al.
(2013), a second-order nonlinear dynamic model of the SVC system
with time-varying parameter uncertainties is developed, and then, the
controller of the SVC system is designed on the basis of this model
using adaptive control techniques and robust control techniques. In
order to consider the access characteristics and operation
characteristics of distributed power supply in different reactive
power zones, the operating strategies of reactive power
compensation devices such as capacitor banks and SVG were
proposed in the literature (Lin et al., 2018), and their reactive
power values were optimized under various operating conditions.
Aiming at the problem of voltage stability caused by unstable output
of the new energy power generation system, in Fu and Fan (2015),
SVG is used for reactive power control of doubly fed wind turbines,
and the control structure model, the selection of capacity, and the
determination of main parameters when SVG is grid-connected are
discussed. In addition, the hybrid compensation method of SVC and
SVG has also been studied in relevant literature studies. In the article
(Chen et al., 2016), a low cost–high-capacity SVC is used for initial
coarse compensation and a small-capacity SVG for
microcompensation, and an improved dynamic PI controller
based on an artificial immune algorithm and an inter-module
coordination control strategy are used. In order to improve the
voltage regulation efficiency of SVG + SVC, in Zhu et al. (2021),
the reactive command current is decomposed, and the reactive
component with smaller frequency is assigned to SVC for
compensation, and the larger frequency is compensated by SVG.
The PI parameters of the SVG controller are rectified using an
adaptive particle swarm algorithm, and the reactive power is
compensated by issuing reactive currents to the SVC and SVG
main circuits.

In this article, a SVC + SVG hybrid reactive power rolling
optimization compensation-layered control strategy based on
PMU measurement data is proposed to solve the problem of
voltage stability caused by insufficient use of a large number of
PMU measurement data and high proportion of output and

consumption. First, the voltage sensitivity matrix is calculated
by using the data uploaded by PMU, and the optimal
compensation voltage and reactive power are predicted by
MPC (model predictive control, MPC) algorithm at the next
moment. Second, control instructions are sent to SVG and SVC
by the local controller. When the voltage fluctuation frequency is
small, reactive power compensation is carried out by SVC; when
the voltage fluctuation frequency is large, voltage is dynamically
adjusted by SVG. Finally, simulation experiments are carried out
on the MATLAB/Simulink simulation platform to verify the
effectiveness of the proposed method.

Overview of the Power Grid Structure and
Voltage Regulation Device
Overview of the Power Grid Structure
The PV power generation system of the consumer is connected to
the low-voltage distribution network to realize grid-connected
operation, as shown in Figure 1. The data collected by PMU are
transmitted to the wide area controller through communication
technology and then sent from the wide area controller to the local
controller. The local controller adjusted the voltage of the reactive
power compensation device so as to solve the problem of voltage
fluctuation caused by the unstable distributed photovoltaic output.

As shown in Figure 1, the photovoltaic power generation
system is connected by 14 nodes; node 7 is the neutral point of the
three-phase transformer. The configuration of PMU follows
IEEEStdC37118.2-2011 standard, installed at nodes 1, 6, 8, and
10, respectively, to fully observe the system; GPS satellite provides
accurate synchronization time for PMU to ensure the
synchronization of PMU measurement data; the main function
of the wide area controller is to be responsible for global
regulation. Its output is used as the input of the local
controller, which directly controls SVG and SVC.

Overview of SVC and SVG
SVG is usually composed of a three-phase voltage source
converter (VSC) based on a gate turnoff thyristor and a DC
capacitor, and the response speed of SVG is no more than 5 ms.
SVG can be regarded as stepless switching, which can compensate
reactive power shortage with a high change frequency and small
compensation capacity; SVC is usually composed of a fixed
capacitor (FC) and a thyristor-controlled reactor (TCR) in
parallel, which controls the conduction angle of thyristor α,
and the equivalent reactance of the TCR connected to the
circuit is changed, and then the equivalent capacitance of SVC
is changed. The response time of SVC is between 20 and 40 ms,
which can be regarded as class switching and can compensate the
reactive power deficit with low-frequency change and large
compensation capacity.

The response speed of SVC is 40ms and that of SVG is 5 ms. The
relationship between frequency F and time T is expressed as follows:

F � T−1. (1)
It can be seen from Eq. 1 that SVC can effectively compensate

the reactive power whose frequency is less than 25 Hz, and when
the reactive power change frequency is higher than 25 Hz, there
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may be under compensation or over compensation. In order to
facilitate the cooperative control of SVC and SVG, the reactive
power whose frequency change is less than 25 Hz is defined as
low-frequency reactive power, and the reactive power whose
frequency change is greater than 25 Hz is defined as high-
frequency reactive power. The schematic diagram of over
compensation and under compensation is shown in Figure 2.
When the reactive power gap required by the system is in the o–a
range, and when SVC responds to action once, the reactive power
of the system crosses from point b to point o. At this time, the
compensation capacity of SVC is less than the reactive power
demand required by the system, which will cause under
compensation. When SVC responds twice, the reactive power
of the system crosses from point b to point a. At this time, the
compensation capacity of SVC is greater than the reactive power
demand required by the system, which will cause over
compensation. Therefore, in order to better dynamically
compensate the reactive power of the system, this article

adopts SVC and SVG composite reactive power compensation
devices. When the reactive power change frequency of the system
is greater than 25 Hz, SVC is used to compensate the reactive
power of the system; when the reactive power change frequency
of the system is less than 25 Hz, then SVG is used to compensate
the reactive power of the system.

INTEGRATED MODEL PREDICTIVE
CONTROLLER

Principle of the Model Prediction Algorithm
The basic idea of the model prediction algorithm is to first
discretize the system, then predict the state of the system in the

FIGURE 1 | Schematic diagram of system network structure.

FIGURE 2 | Schematic diagram of SVC under compensation and over
compensation.

FIGURE 3 | MPC control algorithm.

Frontiers in Energy Research | www.frontiersin.org June 2022 | Volume 10 | Article 9045543

Liu et al. Voltage Compensation Based on PMU Data

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


next N cycles in combination with the current time state and
control quantity of the system, and then calculate the optimal
control quantity at the current time, according to the expected
value. The specific process can be illustrated in Figure 3.

In the figure, y(k) represents the output of the system at time k,
so the output of the system in the future can be recorded as
follows:

YN(k + 1|k) � [yN(k + 1|k), yN(k + 2|k) · · · yN(k + p
∣∣∣∣k)]. (2)

In addition, to predict the future output of the system, it is also
necessary to predict the control input in the next n-1 cycle. It can
be expressed as follows:

Uk � [u(k|k), yu(k + 1|k) · · · u(k + N − 1|k)]. (3)
The control goal of MPC is to make the deviation between the

system output, and the reference value tends to 0 and meet the
system constraints at the same time. It can be expressed as follows:

⎧⎪⎨⎪⎩
min Uk

J(YN(k + 1|k),Uk)
s.t. umin#u(k + i|k)#umax (i � 1, 2,/, N)
ymin#yN(k + i|k)#ymax (i � 0, 1,/, N − 1|)

J(YN(k + 1|k),Uk) � ∑p
i�k+1

(r(i) − yN(i|k))2.
(4)

FIGURE 4 | Reactive power voltage optimal control structure based on MPC.

FIGURE 5 | Schematic diagram of simulation system.

TABLE 1 | Simulation system parameters.

Parameter Value

Rated voltage 220 V(AC)
Rated frequency 50 Hz
SVG DC-rated voltage 100 V(DC)
SVG filter inductance 0.5 MH
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By solving Eq. 4, we obtain the following:

Up
k � [up(k|k), up(k + 1|k) · · · up(k + p − 1|k)]. (5)

The first component of U p k is applied to the system. At the time
of k+1, the newly obtained measurement y(k+1) is used as the initial
condition to solve Eq. 4. Therefore, MPC can be summarized as
follows: the optimization problem should be updated with the latest

measured values in each sampling period, and the first component of
the obtained solution should be allowed to act on the system,
continuously circulating. Compared with the traditional PI
controller, the model predictive controller does not need the one-
to-one correspondence between the input and output loops; it only
needs to consider the constraints of input variables, output
parameters, and control state. The predictive control quantity is
calculated by measuring the deviation value of the control target in

FIGURE 6 | Grid controlled node voltage.

FIGURE 7 | Compensation voltage of voltage compensator.
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real-time, and repeated prediction and optimization are carried out
under the given control weight and within the sampling period so as
to realize the on-line dynamic tracking control of the system.

Design of the Integrated Model Predictive
Controller
Newton–Raphson power flow calculation can be obtained from
the power grid state information measured by PMU at time k:

[ΔPΔQ] � −[H N
K L

][ Δθ
V−1

(k) ·△V]. (6)

Among them, the Jacobian matrix can be expressed as

follows: J � [H N
K L

]
Eq. 6 is multiplied by J−1 at both ends to obtain the following

equation.

[ Δθ
V−1

(k) ·△V] � −J−1[ΔPΔQ] � [A B
C D

][ΔPΔQ]. (7)

A, B, C, and D can be calculated by using the Jacobian matrix.
Then, the voltage sensitivity matrix based on the power grid

state quantity at time k is as follows:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

zV
zP

(k) � V(k) × C

zV
zQ

(k)(k) � V(k) × D

. (8)

Therefore, taking the current grid voltage operation state at
time k as the initial value and the reactive power plan adjustment
of SVC/SVG at time k as the control variable to be optimized, the
grid voltage prediction equation at time k+1 is derived as follows:

⎧⎪⎪⎨⎪⎪⎩
V(k + 1|k) � V(k|k) + ΔV(k|k)
ΔV(k|k) � zV

zQ
(k)ΔQ(k|k) + zV

zP
(k)ΔP(k|k) . (9)

The predicted value of reactive power adjustment value ΔQ is
as follows:

ΔQ(k|k) � ΔV(k|k) − zV
zP (k)ΔP(k|k) zVzQ (k)
zV
zQ (k)

. (10)

This article calculated the optimal reactive power
compensation value and the optimal dynamic voltage
compensation size through MPC, so the evaluation function
adopted in this article is as follows:

g �
∣∣∣∣∣α(Qref − Q(k/k + 1)) + λ(Uref − U(k/k + 1))∣∣∣∣∣. (11)

In Formula (11), α and λ are weight coefficients, and α > λ is
more important when the system compensates reactive power. α
< λ, when more emphasis is placed on the compensation of
reactive power. In this article, α = λ = 0.5.

Since the sampling frequency of the system data is greater than
the action frequency of the reactive power compensation device,
the value of the next k+1 moment is usually replaced by the value
of k moment for model calculation, but this will inevitably bring
some errors and reduce the control precision of the system. To

FIGURE 8 | Compensated node voltage waveform.
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compensate, the Lagrange extrapolationmethod is used to predict
the value of K +2 moment. The value at k+2 is applied to the next
prediction calculation, and the calculation is carried out in this
iterative cycle until the voltage meets the standard requirements.
The specific delay link is shown in Formula (12).

{V(k + 2) � 3V(k + 1) − 3V(k) + V(k + 3)
ΔQ(k + 2) � 3ΔQ(k + 1) − 3ΔQ(k) + ΔQ(k + 3) . (12)

According to the characteristics of SVC and SVG,when the voltage
deviation is greater than the trigger threshold β, SVC is used for
reactive power compensation to roughly adjust the voltage; when the
voltage deviation is small, SVG is used for dynamic adjustment of
reactive power. The specific reactive power voltage optimization
control structure based on MPC is shown in Figure 4. According
to the introduction inOverview of Power Grid Structure section, when
the voltage change frequency is higher than 25Hz, SVC is likely to be
overcompensated or undercompensated. In order to improve the
voltage compensation effect and consider the 10% compensation
margin, β = 22.5 is chosen in this article. Therefore, the voltage
change rate dU/dt can be discretized to obtain the following equation:

dV/dt � (V(k + 1) − V(k))/Ts. (13)

SIMULATION RESULTS AND ANALYSIS

In order to verify the effectiveness of the designed local voltage
optimization controller, a simulation model is built in the
MATLAB/Simulink simulation platform. IEEE14 node is replaced
by the generator g with infinite capacity, and photovoltaic/fan and
other new energy power generation systems are connected to the
system by 14 nodes. The schematic diagram of the simulation system
is shown in Figure 5. The parameters of the simulation system are
shown in Table 1.

In order to verify the accuracy of the control algorithm proposed
in this article, after the system operates stably, the voltage amplitude
on the grid side is reduced from 1.0 to 0.8 Pu step by step; after
continuous operation for 2s, the grid voltage was restored to the
rated voltage for operation. After the system is stabilized again, the
grid voltage was set from 1.0 to 1.2pu. After continuous operation for
2s, the grid voltage was restored to the rated voltage for operation.
The experimental results are shown in Figures 6–8.

The simulation results showed that when the grid voltage is stable,
the integrated reactive power compensation device dynamically
compensates the interference caused by the fluctuation of new
energy power generation by SVG. At this time, the compensation
voltage is relatively small, and the bus voltage maintains the rated
voltage unchanged; when the grid voltage drops by 0.2 pu at 0.5 s, SVG
and SVC act at the same time to compensate the system voltage. The
compensation voltage amplitude is 65 V, and the PCC bus voltage
continues to maintain the rated voltage. When the grid voltage rises by
0.2 pu compared with the rated value at 3.0 s, SVG and SVC act at the
same time to compensate the systemvoltage. The compensation voltage
amplitude is 100V, and the PCC bus voltage continues tomaintain the
rated voltage. At the same time, it can be seen from thewaveformof the
compensation voltage that when the voltage drops, the compensation

voltage is in phase with the grid voltage.When the grid voltage rises, the
compensation voltage and the grid voltage differ by 180°, and the phase
and amplitude of the compensation voltage are controlled so as to
achieve the dynamic optimization of the regional voltage.

CONCLUSION

Aiming at the problem of large regional voltage fluctuation after
new energy access, based on the high-precision measurement
data on PMU, this article realizes regional voltage optimization
using the model predictive control algorithm. The simulation
model is built on the MATLAB/Simulink simulation platform,
and simulation experiments are carried out to verify the
effectiveness of the control strategy proposed in this article.
The experimental results showed that:

1) By using SVC + SVG hybrid reactive power compensation, the
efficiency of voltage dynamic optimization can be greatly
improved. When the voltage change frequency is small,
using SVC for voltage adjustment can reduce the capacity
configuration of SVG and the investment cost of SVG.

2) The high-precision calculation ability of PMU at the edge of the
power grid is fully utilized to realize the optimization of regional
voltage. The data acquisition frequency of PMU is high, and the
amount of data is large. The local controller used the measured
data of PMU for local reactive power compensation, which can
reduce the transmission of redundant data and improve the
utilization efficiency of data.

3) The model predictive control algorithm used in this article can
better optimize the regional voltage. When the voltage on the grid
side rises or falls, the MPC controller sends instructions to the
reactive power compensation device, and the SVG + SVC hybrid
reactive power compensator compensates the reactive power.
From the load side voltage, it can be seen that the
compensation effect is good, which verifies the effectiveness of
the algorithm proposed in this article.
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