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Given the contradiction between compensating speed and compensating
overshoot in traditional Proportional Integral (PI) control of Dynamic Voltage
Restorer (DVR), A Feedforward compensation-active Disturbance Rejection
Control (FC-ADRC) strategy based on Feedforward Compensation is
proposed. ADRC control is used to improve the problem of compensating
oversets existing in traditional PI control, and the voltage and current of the
LC filter are introduced as the feedforward quantity to compensate the DVR
controller to realize the rapid voltage compensation for the voltage dip on the
user side and ensure the safety and stability of the voltage on the user side. The
simulation results show that the proposed control strategy not only keeps the
high dynamic response of the DVR device but also ensures the device’s
adaptability to deal with uncertain disturbances.
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1 Introduction

With the wide application of electronic power equipment in new industrial systems, the
high-frequency harmonic pollution of power systems is increasing, and the problem of
voltage sag is becoming more serious (Ma et al., 2023; Guan et al., 2023; Kang et al., 2022;
Zhang et al., 2022). With the development of modern industry, the user equipment is
becoming increasingly sophisticated, and the user’s requirements for power quality are
increasing daily. How to ensure the safety and stability of power quality on the user side has
become an urgent problem (Chen et al., 2022; Ying et al., 2023; Hong and Zhun, 2022; Liu
and Tang, 2019; Gu et al., 2020) to be solved in modern power systems.

The Dynamic Voltage Restorer (DVR) generates the AC voltage with the same phase as
the power grid through the power electronic device, and the compensation voltage enters
the system through the power transformer in series to eliminate the influence (Deshpande
et al., 2024; Jerin et al., 2017; Wang and Pei, 2022; Xin-Xin et al., 2022) of voltage sag on the
user equipment. Dynamic voltage restorer (DVR) is one of the most important and effective
devices for improving the user’s power quality in existing research, and it has been
extensively studied by scholars at home and abroad. The main control strategy of DVR
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is to use the PI controller with voltage feedback so that DVR can
track the voltage dip (Shukir, 2021; Appala et al., 2021; Li et al., 2018)
that needs to be compensated. However, PI controller adaptability is
not strong. It is easy to lead to the output voltage overshoot
phenomenon, thus endangering the safety of user equipment. For
the versatility of DVR in the face of different working conditions,
literature (Zhang et al., 2023) proposes a composite closed-loop
controller is proposed in the literature. Although this control
method does not need to obtain the reference voltage value
before the voltage dip, the controller needs to carry out a lot of
current vector operations, and the control effect is not good when
the voltage changes rapidly. Literature Li and Zhao (2022) proposes
a closed-loop control idea of line voltage feedforward, but this
method uses the traditional PI controller for error compensation,
and overshoot still occurs when the DVR device performs voltage
sag compensation.

To solve the problem of the response speed and overshoot of a
dynamic voltage restorer not being balanced under the traditional PI
control strategy, active disturbance rejection control technology has
been introduced into the dynamic voltage restorer control field.
The active disturbance rejection controller is a new control method
based on disturbance estimation, which uses the extended state
observer to observe the internal disturbance and external
disturbance of the system and realizes the control (Ma et al.,
2020; Yu et al., 2023; Wan and Yuzhen, 2022; Huiyu et al.,
2020) of the nonlinear system without a precise mathematical
model through the error differential feedback mechanism.
Literature Ben-run et al. (2012) proposes introducing the active
disturbance rejection controller into the dynamic voltage restorer
as a closed-loop feedback control. Literature Kumar et al. (2021),
Arya et al. (2024) aims at the problem that DVR controller’s
control effect relies heavily on the parameters of proportional
integral controller and its tuning method when dealing with
different levels of voltage sag, and proposes to adopt optimized
multi-layer neural network and fuzzy neural network control to
avoid the influence of controller parameters on compensation
effect. Although this method improves the control accuracy and
robustness of the system, the system response speed is slow when
only the active disturbance rejection controller is used to control
the system. When faced with the phenomenon of power grid
voltage sag, the output response speed of the dynamic voltage
restorer using only the active disturbance rejection controller is
difficult to track the voltage frequency after the power grid sag and
the compensation voltage output of the dynamic voltage restorer
will aggravate the harmonic pollution in the power grid and further
endanger the safety of subsequent equipment.

Therefore, based on the existing research, this paper proposes
the DVR control strategy based on feedforward active disturbance
rejection and integrates the advantages of feedforward
compensation control strategy and active disturbance rejection
control strategy. It reduces the controller gain required by the
system through feedforward compensation, improves the system
response speed, and eliminates the system’s static error and
overkill phenomenon by using the active disturbance rejection
controller. Finally, the correctness and effectiveness of the
proposed new control strategy are verified through simulation
experiments.

2 Mathematical model of dynamic
voltage restorer

For the theoretical feasibility verification of the control strategy
proposed in this paper, this paper constructs the mathematical
model of the DVR system, conducts a quantitative description
and analysis of the DVR system, deeply analyzes the working
principle structure and characteristics of the DVR system, and
gradually builds the mathematical model of the dynamic voltage
restorer based on the feedforward active disturbance rejection
control strategy proposed in this paper.

In this paper, a single-phase DVR system is taken as an example
to verify the feedforward active disturbance rejection control
strategy. The single-phase DVR device converts the DC voltage
of Udc into the required compensation voltage through SPWM
modulation technology, and then the compensation voltage is
cascaded into the AC bus through the isolation converter. The
main circuit structure of the single-phase DVR system is shown in
Figure 1. According to the state equation, output equation, and the
relationship between each component of the single-phase DVR
system, a dynamic voltage restorer based on a feedforward active
disturbance rejection control strategy is proposed in this paper.

According to the topology diagram and physical information of
the main circuit of the single-phase DVR system, as shown in
Figure 1, the state variable equation of the single-phase DVR
system can be listed as shown in Equations 1–5.

Lf
dii
dt

� ui − uc (1)

Cf
duc

dt
� ii + it2 (2)

ui � 2di − 1( )Udc (3)
Lt2

dit2
dt

� ut2 − uc (4)

FIGURE 1
Main circuit of single-phase DVR system.
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uL � us + ucmp − Ltl
diL
dt

(5)

Where Lf is the inductance value of the low-pass filter; And Lt1 is
Lt2 leakage sensing of the transformer; Cf is low-pass filter capacitance;
ui is the output voltage of the full-bridge inverter; uc is the capacitance-
voltage of the low-pass filter;Udc is the DC source voltage; us is the grid
side voltage; ut2 is the transformer secondary side voltage; ucmp is the
transformer primary side voltage; uL is the user side load voltage; di is
the duty cycle ratio of bridge arm one and bridge arm three of the full-
bridge inverter; ii is the output current of the full-bridge inverter; it2 is
the transformer primary side current; iL is the user side load current.

To prevent the high-frequency harmonics of the compensated
voltage output by the single-phase DVR device from entering the
power grid, the main circuit of the single-phase DVR system
connects a set of LC low-pass filters at the back end of the full-
bridge inverter circuit to filter out the switching ripple in the
compensated voltage.

In designing the LC filter, the filter must have as little impact as
possible on the system characteristics of the single-phase DVR
device. Therefore, the LC filter needs to meet the following
approximate conditions within the harmonic frequency range
contained in the compensated voltage:

| LfCf s
2 | ≪ 1

Where s is the transformation parameter in the Laplace transform.
The full bridge circuit composed of four switching tubes

constitutes the main circuit of power electronics of single-phase
DVR device. By controlling the conduction of the four switching
tubes, the AC voltage containing higher harmonics can be inverter
output. The single-phase DVR device studied in this paper will work
under bipolar PWM modulation, assuming the control quantity
k � 2di − 1. The system control block diagram is shown in Figure 2.

In the single-phase DVR device studied in this paper, the
variable ratio of the isolation transformer is 1. Therefore, the
voltage and current of the primary and secondary sides of the
transformer are equal, that is it2 � iL, ucmp � ut2.The state

variable equation of a single-phase DVR control system is
simplified as follows:

uc � uL + us − Lt2 − Ltl( ) diL
dt

(6)

When the single-phase DVR control system is in the open loop
control, the control quantity k of the full-bridge inverter in the
single-phase DVR system can be expressed as:

k � ur − us

Udc
(7)

Where, ur is the user load target voltage.
Equation 6 and Equation 7 are combined and solved to obtain:

uL � ur + Lf + Lt2 − Ltl( ) diL
dt

(8)

According to Equation 8, the single-phase DVR system can
adjust the load voltage by adjusting the filter capacitor voltage, the
filter inductor current, and the output current of the single-phase
DVR transformer.

The second-order differential calculation of Equation 6 can
be obtained:

du2
c

dt2
� du2

L

dt2
+ du2

s

dt2
− Lt2 − Lt1( ) di

3
L

dt3
(9)

By differentiating Equation (2) and substituting it into Equation
(1), we get:

LfCf
du2

c

dt2
+ uc � ui + Lf

diL
dt

(10)

Can substitute Equation 6 and Equation 9 into Equation 10,
simplify the solution:

LfCf
du2

L

dt2
+ uL � ui + LfCf

du2
s

dt2
+ us + LfCf L12 − Ltl( ) du

3
L

dt3

+ Lt2 + Lf − Ltl( ) diL
dt

(11)

FIGURE 2
Single-phase DVR system control block diagram.
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Denote the higher-order perturbation �ω(t) in Equation 11 as

�ω t( ) � LfCf
du2

s

dt2
+ us + LfCf Lt2 − Lt1( ) du

3
L

dt3
+ Lt2 + Lf − Lt1( ) diL

dt

Then Equation 9 can be simplified as:

LfCf
du2

L

dt2
+ uL � ui + �ω t( ) (12)

From Equation 12, it can be seen that single-phase DVR can be
reduced to a second-order controlled system by taking the internal
disturbance �ω(t) as a system.

3 Feedforward active disturbance
rejection control strategy

Although the single-phase DVR system is a complex
nonlinear system, according to the analysis in the second
chapter of this paper, the mathematical model of the single-
phase DVR system can be simplified by treating the higher-
order time-domain part of the single-phase DVR mathematical
model as the internal disturbance function of the system,
and the simplified single-phase DVR system can be
regarded as the second-order controlled system, as shown in
Equation 12.

The simplified mathematical model of the second-order single-
phase DVR system can be closed-loop controlled by the second-
order ADRC controller. The ADRC controller is mainly controlled
by a Linear Tracking Differentiator (TD), Linear Extended State
Observer (Linear Extended State Observer), ESO, and Linear State
Error Feedback (LSEF) three parts. The ADRC controller process is
shown in Figure 3.

Aiming at the difficult problem of ADRC parameter tuning,
Linear Active Disturbance Rejection Control (LADRC) proposed by
Dr. Gao Zhiqiang’s team is used to adjust the feedforward ADRC
controller in (Gao, 2023) this paper.

The expression of a second-order linear differential tracker is
as follows:

e0 � uL − �u
_v1 � e0
_v2 � −re0

⎧⎪⎨⎪⎩
Where, �u is the voltage observation estimation error; e0 is the voltage
dip value; _v1 and _v2 are respectively the error tracking value and the
error differential value at the next time; v2 is the differential value of
the error at the previous time; r is the speed regulating factor. Select
the state variable x1 � uL, x2 � u′L, x3 � �ω, linear expansion state
observer expression is:

_x1 � x2

_x2 � x3 + bu
_x3 � �ω
y � x1

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (13)

Where, b is the compensation factor; u is the control signal output by
the controller. _x1, _x2 and _x3 are the first differential values of x1, x2

and x3 respectively; y is the output value of LESO.
The linear extended state observer of Equation 13 is obtained by

using the forward Euler discretization method:

e1 t( ) � z1 t( ) − y t( )
z1 t + 1( ) � z1 t( ) + h z2 t( ) − β1e2 t( )[ ]
z2 t + 1( ) � z2 t( ) + h z3 t( ) − β2e2 t( ) + bu t( )[ ]
z3 t + 1( ) � z3 t( ) − hβ3e2 t( )

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Where, t express any moment of the system; e1(t) and e2(t) is the
controller error; z1(t), z2(t), z3(t) and y(t) are discrete expressions
of x1, x2, x3, and y respectively; h is the integral step of the discrete
system; β1, β2 and β3 is the calculation gain of the state extended
observer, which can be adjusted to estimate the state variables of the
system. The calculated gain is associated with the observer
bandwidth for simplifying the discrete LESO parameter design, as
shown in Equation 14.

β1, β2, β3[ ] � 3ωc, 3ω
2
c ,ω

3
c[ ] (14)

FIGURE 3
Flowchart of second-order ADRC controller.
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Where, ωc is the observer bandwidth. Since the discrete linear
extended state observer z3(t) contains both the internal
disturbance of the system and the external disturbance of the
device, the linear simplification of the system can be realized
after compensation to the z3(t) controller, and the system is a
definite integral series system after simplification. Because the series
integral system has disturbance compensation, the static error is not
considered so that the equivalent PD combination can control the
system. The linear error feedback law is expressed as:

u0 t( ) � kp r − z1 t( )( ) + kdz2 t( )
Where, u0 is the output of the linear error feedback law. kp and kd
are respectively the gain coefficients of the p link and D link. For the
controller’s stability measurement, it is necessary to configure the
gain coefficient kp and kd so that the pole of the system transfer
function is located in the left half plane of the coordinate axis. For
the tuning simplification of the gain coefficient of the p link and the
D link, it can be made kp � ω2

0 kd � 2ω0, where ω0 is the
system bandwidth.

If the extended state observer can realize the error calculation
and differential calculation of the system variables, namely,
z1(t) ≈ y(t), z2(t) ≈ _y(t), z3(t) ≈ �ω(t), the first differential value
of _y(t) is y(t). If the internal disturbance observation error is
ignored, then:

y t( ) � z3 t( ) − �ω t( ) + u0 t( ) ≈ u0 t( )
Finally, the estimated internal disturbance �ω(t) and the external

disturbance of the actual grid voltage are compensated at the control
input and output:

u t( ) � 1
b

u0 t( ) − z3 t( )( )

It is necessary to improve the response speed of the DVR device
and suppress the overshoot caused by the controller in the existing

control methods. Thus, this paper proposes unifying feedforward
compensation and active disturbance rejection control. It constructs
a feedforward active disturbance rejection control strategy, which is
easy to implement and suitable for engineering practice. This paper
takes, uc, iL and ii, as the feedforward compensation quantity of the
DVR controller and uses ADRC active disturbance rejection control
and feedforward compensation control to construct the new control
strategy proposed in this paper jointly. The control block diagram of
the new control strategy constructed in this paper is shown
in Figure 4.

4 Simulation and experimental
verification

4.1 New control strategy simulation
verification and comparative analysis

For the verification of the high response speed and high
compensation accuracy of the control strategy proposed in this
paper, the mathematical model of the dynamic voltage restorer was
built in MATLAB/Simulink, and the working characteristics of the
dynamic voltage restorer in the face of voltage sag phenomenon
under different control strategies were compared and analyzed.

In the simulation, taking China’s low-voltage AC distribution
network as an example, the normal peak voltage of the grid is 311 V
and the operating frequency is 50 Hz. At the moment of 0.15 s of
simulation, the voltage of the grid is reduced by 50 V (adjusting the
peak voltage of the grid to 261 V) and continues for 10 cycles (the
duration is 0.2 s), and a slight voltage sag fault occurs in the
simulated grid. At the simulation time of 0.35 s, the voltage of
the grid is reduced by 100 V (adjusting the peak voltage of the grid to
211 V) and continues for 5 cycles (the duration is 0.1 s), and serious
voltage sag failure occurs in the simulated grid. At 0.45 s of the
simulation, the grid voltage returned to normal. In order to show the

FIGURE 4
Feedforward active disturbance rejection control block.
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voltage sag problem introduced in this paper more intuitively, the
simulation and experimention work waveforms of voltage sag
problem of power grid are shown in Figure 5.

In the simulation experiment, the inductance of the low-pass
filter of the dynamic voltage restorer is set to 5μH, the capacitance of

the low-pass filter is set to 5μF, the transformer ratio is 1:1, Lf andCf

the modulation frequency of the dynamic voltage restorer is set to
10 KHz. For comparison and verification of the effect of the
proposed method, only the control strategy of the DVR system is
changed under the condition that other parameters remain
unchanged. The control parameters of feedforward ADRC
control and feedforward PI control in this paper are shown in
Table 1. The dynamic voltage restorer of the control strategy
proposed in this paper is connected to the analog power grid,
and the grid voltage before and after compensation is shown
in Figure 6.

As shown in Figure 6, the peak voltage can be guaranteed to be
stable around ±310 V after the dynamic voltage restorer
compensates the grid voltage. To further quantify the
compensation effect of the dynamic voltage restorer under the
new control strategy proposed in this paper, the output voltage
of the power grid from 0 to 0.5 s (25 cycles in total) was calculated

FIGURE 5
Simulated power grid operating voltage waveform.

TABLE 1 Comparison of performance of dynamic voltage restorer under
different control strategies.

Parameter Value

Feedforward ADRC control strategy Input gain 100,000

Observer bandwidth 150 rad/s

Controller bandwidth 25 rad/s

Feedforward PI control strategy Proportional 1

Inegral 30

FIGURE 6
Dynamic voltage restorer before and after compensation under
the new control strategy Grid voltage.

FIGURE 7
Dynamic voltage restorer compensated voltage FFT results
under the new control strategy.

FIGURE 8
The grid voltage construction of the virtual two-axis αβ rotating
coordinate system after the dynamic voltage restorer compensation.
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and processed by Fast Fourier Transform (FFT). The calculation
results are shown in Figure 7.

As shown in Figure 7, after compensation by dynamic voltage
restorer under the new control strategy proposed in this paper, when
voltage sag occurs in the power grid, the voltage fundamental of
subsequent equipment can be maintained at 309.3V, with only a
fundamental error of 0.7 V. The Total Harmonic Distortion (THD)
of the voltage waveform is only 1.43%, which meets the standard
that the THD value of the grid voltage is less than 5% in the technical
guidelines of GB/T 42,154–2022 power quality monitoring of the
distribution network.

For verification of the fast response performance of the proposed
method, the load voltage delay after compensation of the DVR
system is 90° to construct a virtual two-axis αβ rotating coordinate
system, as shown in Figure 8.

Park transform was calculated for the virtual two-axis αβ

rotating coordinate system shown in Figure 8. The Park
transform is shown in Equation (15). The relationship between
voltage amplitude before and after compensation of the DVR system
can be solved by Park transform calculation, as shown in Figure 9.

uα

uβ

u0

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � cos ωt( ) −sin ωt( ) 0
sin ωt( ) cos ωt( ) 0

0 0 1

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ ud

uq

u0

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ (15)

As seen from Figure 9, under the new control strategy proposed
in this paper, the dynamic voltage restorer can compensate well for
the defects of the voltage amplitude of the power grid, making the
user voltage stable around 310 V. In addition, under the new control
strategy proposed in this paper, when the grid voltage has a
temporary drop, the dynamic voltage restorer has a high
response speed, and no obvious overrash phenomenon occurs,
which further verifies the stability and rapidity of the proposed
control strategy.

For verification of the proposed strategy’s superiority, the
feedforward PI control strategy is introduced to compare with
the feedforward ADRC control strategy. The grid voltage after
voltage compensation of the dynamic voltage restorer under the
feedforward PI control strategy is shown in Figure 10.

As seen in Figure 9, under the feedforward PI control strategy,
the dynamic voltage restorer can also maintain the power grid’s peak
voltage. However, the PI control strategy inevitably has some
overkill phenomenon, which reflects that the power grid voltage
will over-surge due to the access of the dynamic voltage restorer,
causing harm to the electrical equipment at the rear stage. To further
compare the compensation effect of the dynamic voltage restorer
under different control strategies, the compensated voltage of the
dynamic voltage restorer under the feedforward PI control strategy
is calculated by FFT, and the calculation results are shown
in Figure 10.

As shown in Figure 11, under the traditional feedforward PI
control strategy adopted in the control group, it can be seen that the
dynamic voltage restorer can only ensure that the voltage
fundamental wave of the subsequent equipment is maintained at
307.9V, with a fundamental wave error of 2.1V, and the total
harmonic distortion degree of the voltage waveform is 2.49%.

Similarly, a virtual two-axis αβ rotating coordinate system was
constructed for the dynamic voltage restorer based on the

FIGURE 9
Relationship of voltage amplitude of the power grid after
compensation by dynamic voltage restorer based on the new
control strategy.

FIGURE 10
Grid voltage after voltage compensation of dynamic voltage
restorer under feedforward PI control strategy.

FIGURE 11
FFT results of the compensated voltage of dynamic voltage
restorer under feedforward PI control strategy.
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feedforward PI control strategy. Park transformation was performed
to calculate the unit amplitude relationship after compensation by
the dynamic voltage restorer, as shown in Figure 12.

Compared with the voltage amplitude relationship of the power
grid after compensation by the dynamic voltage restorer based on
the new control strategy, as shown in Figure 9, the voltage amplitude
of the power grid after compensation by the dynamic voltage
restorer based on the feedforward PI control strategy as shown in
Figure 12 has an obvious disturbance in the face of both voltage dips.
The dynamic voltage restorer based on the feedforward PI control
strategy makes it difficult to achieve a fast and stable voltage
compensation response when dealing with rapidly changing
power grid voltage fluctuations.

The performance comparison between the dynamic voltage
restorer under the feedforward PI control strategy and the new
control strategy proposed in this paper is shown in Table 2.

By comparing the data in Table 2, it can be seen that the
fundamental amplitude of the proposed control strategy in this
paper is 309.3 V, while that of the traditional PI control strategy is
307.9 V. The output result of the proposed control strategy is closer
to the standard 310V, which proves that the error of the proposed
control strategy is lower. Moreover, the Total Harmonic Distortion
of the voltage waveform of the traditional PI control strategy is
2.49%, while the total harmonic distortion (THD) of the proposed
control strategy is only 1.43%. It is proved that the proposed control
strategy can effectively reduce the power quality pollution caused by
harmonic factors in DVR compensation voltage. Through the
comparison of the data in Table 2, it can be seen that compared
with the traditional control strategy, the dynamic voltage restorer
under the new feedforward active disturbance rejection control has

better performance indicators in terms of voltage safety, voltage
error, and power quality, and can better achieve the task of
controlling the power grid voltage sag.

4.2 Comparative analysis of new control
strategies bode

For further verification of the superiority of the new control
strategy proposed in this paper, this paper analyzes the DVR system
using a sweeping frequency method based on the MATLAB
platform and obtains the closed-loop Bode of the DVR system.
The advantages of quantifiable automatic control theory data of the
control strategy proposed in this paper can be directly observed
through the sweep method. This paper analyzes the performance of
the new control strategy and feedforward PI controller from the
three angles of phase margin, amplitude margin, and delay margin
in the Bode diagram. Phase and amplitude margin are important
factors when designing stability control systems.

In the control system, phase margin is one of the important
indexes to evaluate the stability and performance of the system. The
phase margin is the gap between the phase Angle of the system and
the critical phase Angle. Typically, the greater the phase margin, the
more stable the system will be regarding parameter changes and
external perturbations. The amplitude margin is the gap between the
gain of the system and the critical gain. The greater the amplitude
margin, the more stable the system regarding parameter changes
and external perturbations. The delay margin depends on the phase
margin and unit-gain cross-frequency of the system and is often
used to express the maximum time delay that the system can
withstand under closed-loop control without causing instability,
i.e., the delay margin is the minimum amount of additional delay
that the system can withstand at the stability boundary.

This paper uses the frequency sweep method to scan the
dynamic voltage restorer under different control strategies. The
frequency response data of the system is obtained by applying
input signals of different frequencies to the system and
measuring the amplitude and phase of the output signals.
According to the data obtained by the sweeping frequency, the
system can be fitted to the curve, and finally, the transfer function
model of the system can be obtained. In the sweeping method, the
sinusoidal signal or other input signal of a specific frequency is
usually used as the excitation signal, and the output response under
different frequencies can be obtained by changing the excitation
signal frequency. The gain and phase difference of the system at
different frequencies can be obtained by measuring the amplitude
and phase of the output signal and comparing it with the input
signal. In this paper, the input parameter of the closed-loop
controller, that is, the grid voltage dip, is the signal injection
point, and the compensation voltage of the DVR system is the

FIGURE 12
The voltage amplitude relationship of the power network after
the dynamic voltage restorer compensation based on the feedforward
PI control strategy.

TABLE 2 Performance comparison of dynamic voltage restorer under different control strategies.

Control strategy Overshoot Fundamental voltage error THD

Feedforward ADRC control strategy 0.97% 0.7 V 1.43%

Feedforward PI control strategy 4.49% 2.1 V 2.49%
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output response point of the sweeping frequency method, that is, the
output voltage of the DVR system. The excitation signal parameters
of the sweeping frequency method used in this paper are shown
in Table 3.

In this paper, with the 3-order transfer function as the fitting
target, the transfer function of dynamic voltage restorer under two
different control strategies is fitted by the sweeping frequency
method. Among them, the third-order transfer function of the
dynamic voltage restorer based on the new control strategy fitted
by the sweeping frequency method is shown in Equation 16.

G s( ) � 7833s2 − 7.098 × 107s + 6.397 × 108

s3 − 330.6s2 − 6.968 × 107s + 1.18 × 109
(16)

According to the transfer function shown in Equation 16, the
closed-loop Bode response diagram of the dynamic voltage restorer
based on the new control strategy proposed in this paper can be
drawn, as shown in Figure 13.

It can be observed from Figure 13 that the dynamic voltage
restorer based on the new control strategy has better response
characteristics. Its phase margin can reach 150°, and its
amplitude can reach 19.2 dB, which meets the stability judgment
requirements of a gain margin greater than 6 dB and a phase margin
greater than 40° in general engineering.

Then, the dynamic voltage restorer based on the feedforward PI
control strategy was fitted with the transfer function under the

sweeping frequency method. The third-order transfer function
obtained by the dynamic voltage restorer based on the
feedforward PI control strategy was fitted with the sweeping
frequency method, as shown in Equation 17.

G s( ) � −3533s2 − 1.434 × 108s − 1.281 × 1012

s3 − 4966s2 + 1.581 × 108s + 1.329 × 1012
(17)

According to the transfer function shown in Equation 17, the
closed-loop Bode response diagram of the dynamic voltage restorer
based on the feedforward PI control strategy can be drawn, as shown
in Figure 14.

It can be observed from Figure 14 that the dynamic voltage
restorer based on the feedforward PI control strategy has good
response characteristics, its phase margin can reach 83.3°, and its
amplitude can reach 10.2 dB, which meets the stability judgment
requirements in general engineering. However, compared with the
dynamic voltage restorer based on the new control strategy, the
dynamic voltage restorer based on the feedforward PI control
strategy has a phase margin of 44.4% less and an amplitude margin
of 46.8% less, which reflects the overall performance superiority of
the new control strategy proposed in this paper. The performance
pairs of dynamic voltage restorers under different control
strategies are shown in Table 4.

4.3 Experimental verification and
comparative analysis of new control
strategies

To further compare and verify the superiority of the new
control strategy proposed in this paper, this paper completes
the Hardware In the Loop (HIL) experimental test of the
DVR model based on the RT-LAB platform, as shown
in Figure 15.

TABLE 3 Excitation signal parameters of the sweeping frequency method
used in this paper.

Sweep frequency range 10 Hz ~ 10000 Hz

Number of sweep points 50

Periodic sampling rate 40 times/cycle

Inject the signal amplitude 10 V

FIGURE 13
Bode diagram of dynamic voltage restorer based on the new control strategy.
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Figure 16 shows the experimental waveform of the dynamic
voltage restorer based on a feedforward active disturbance rejection
controller when it faces the power grid with different scale dips. As can
be seen from the amplified part of the waveform in Figure 16, the
feedforward active disturbance rejection controller can make the
dynamic voltage restorer realize rapid and stable compensation
when the grid voltage is temporarily dropped and stabilize the
peak value of the grid voltage received by the user side
near ±310 V. The harmonic component in the waveform is low.
The experimental data can prove that the dynamic voltage restorer
based on the feedforward active disturbance rejection controller can
stabilize the user side voltage in the process of power grid voltage dip.

Figure 17 shows the experimental waveform when the dynamic
voltage restorer based on the feedforward PI controller faces the
power grid with different scale dips. According to the enlarged part
of the waveform in Figure 17, compared with the dynamic voltage
restorer based on the feedforward active disturbance rejection
controller, the dynamic voltage restorer based on the feedforward
PI controller can also stabilize the user-side voltage near ±310 V.
However, the harmonic component of the compensated voltage
is higher.

The above simulation and experimental results show that compared
with the traditional feedforward PI control strategy, the feedforward

FIGURE 14
Bode diagram of dynamic voltage restorer under feedforward PI control strategy.

TABLE 4 Comparison of performance of dynamic voltage restorer under different control strategies.

Phase margin Amplitude margin Delay margin

Feedforward ADRC control strategy 150° 19.2 dB 0.007

Feedforward PI control strategy 83.3° 10.2 dB 9.43 e−5

FIGURE 15
Hardware in the Loop (HIL) experiment platform based on
RT-LAB.
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active disturbance rejection control strategy proposed in this paper can
improve the compensation performance of dynamic voltage restorer
and verify the effectiveness of the proposed control strategy.

5 Conclusion

There is a contradiction between response speed and the
overshooting of traditional DVR controllers. This paper proposes
a dynamic voltage restorer control strategy based on feedforward
active disturbance rejection control. Through simulation analysis,
the following conclusions are obtained.

(1) The new control strategy proposed in this paper combines the
advantages of fast response of feedforward compensation
method and low overshoot of active disturbance rejection
control. Compared with the traditional feedforward PI control

strategy, the new control strategy proposed in this paper further
improves the response speed of the controller without overshoot.

(2) In this paper, the mathematical model of DVR device is analyzed
and a reasonable feedforward compensation control is proposed.
Compared with the traditional feedforward PI control strategy,
the THD value of the compensating voltage of the DVR device is
reduced, thus reducing the pollution of harmonic factors in the
compensating voltage of the DVR device to the power quality.

(3) In this paper, three feed-forward loops are introduced on the basis
of the active disturbance rejection controller. The response
bandwidth of the controller is improved by feed-forward loops,
so that the control response speedof the controller is improved, and
the voltage dips of different degrees can be compensated quickly.
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