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Abstract: To address the issue of uncertainty in the occurrence time of voltage sags in power grids,
which affects power quality, a voltage state prediction method based on LSTM neural networks is
proposed for predicting voltage states. For the problem of quickly and accurately compensating for
voltage sags, a DVR system based on a new approach law of sliding mode variable structure control
is proposed, which significantly reduces chattering, improves response speed, and enhances the
robustness of the system. The stability of the system is proven based on Lyapunov stability theory.
Simulation experiments are conducted to analyze the voltage state prediction effect based on the
LSTM neural network and the compensation effect of the novel reaching law of sliding mode variable
structure control under different levels of voltage sag, validating the effectiveness and correctness of
the proposed solution.

Keywords: DVR (dynamic voltage restorer); voltage sag; LSTM neural network; sliding mode control;
novel reaching law

1. Introduction

With the advancement of technology and the development of society, there is an
increasing demand for electrical energy across various sectors, accompanied by a higher
expectation for the quality of electrical power from consumers [1,2]. Electrical power quality
encompasses phenomena such as surges, flickers, harmonics, and voltage sags (also known
as voltage dips), among which voltage sags occur the most frequently [3-5]. Dynamic
voltage restorers (DVRs) have the capability to compensate for both the magnitude and
phase of voltage sags, making them the most economically effective power equipment
for addressing voltage sag issues [6-9]. Furthermore, with the increasing utilization of
large-scale grid-connected wind power generation, the low-voltage ride-through capability
of wind power generation has received more attention, and DVRs, as voltage compensation
devices, have found widespread application in this field as well [10,11].

Currently, research on dynamic voltage restorers (DVRs) primarily focuses on volt-
age detection algorithms, topology structures, control algorithms, and so forth [12-16].
The compensation performance of DVR systems mainly depends on their control sys-
tems [17,18]. Among the various control strategies studied, prevalent ones include feed-
forward control, feedback control, dual feedforward combined with feedback control,
H-infinity control [19-22], fuzzy control, artificial neural network control, and other meth-
ods [23,24]. Each of these control methods has its own advantages and disadvantages
concerning steady-state error, dynamic response, robustness, adaptability to changes in
control and hardware, and practicality.

In [1], a detailed overview of power quality analysis and control technologies for
the smart grid is provided, emphasizing the potential of new technologies in addressing
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power quality challenges. It is shown in [2] that the use of custom power devices can
significantly reduce voltage sags and momentary interruptions, thereby improving overall
power quality. Similarly, the implementation of a dynamic voltage restorer (DVR) in an
off-grid hybrid renewable energy system enhances both power quality and system stability,
as demonstrated in [3]. The role of custom power devices in mitigating power quality issues
within distributed generation systems is explored in [4], highlighting their importance in
improving system reliability and stability. Moreover, the application of a battery-based DVR
in grid-integrated PV systems has been shown to effectively reduce voltage fluctuations
and harmonics, improving voltage quality, as discussed in [5].

In the context of wind turbine systems, [6] presents the design of parallel powertrains,
which are shown to enhance system availability and reliability, particularly in high-demand
environments. The zero active power tracking technique, explored in [7], significantly en-
hances the performance of DVRs by improving their voltage sag compensation capabilities.
Further, the integration of an isolated H-bridge DC-DC converter into a transformerless
DVR system, as outlined in [8], results in substantial improvements in power quality
by mitigating voltage disturbances. A comprehensive review of DVR topologies, power
converters, and control methods is provided in [9], summarizing their applications and
contributions to enhancing power quality.

The fault ride-through capability of grid-connected PV systems can be improved using
DVRs, as demonstrated in [10], where system stability under fault conditions is significantly
enhanced. Similarly, in [11], the integration of battery and superconducting magnetic
energy storage (SMES) with DVRs substantially improves the voltage sag performance
of grid-connected hybrid PV-wind power systems. A conventional three-wire DVR is
shown in [12] to effectively attenuate zero-sequence voltage, further improving power
quality. In [13], the power quality of grid-connected photovoltaic systems under partial
shading conditions is addressed using a Trans-z-source inverter. A linearly decoupled
control method for DVRs without energy storage is proposed in [14], which improves
power quality while simplifying the control system design.

Reviews of DVR technology, such as the one in [15], trace its development and ap-
plications, suggesting future research directions for enhancing power quality. The high-
frequency link cycloconverter-based DVR proposed in [16] is effective in mitigating voltage
sags and improving power quality. The fault ride-through capability of grid-connected
systems using a Third-Harmonic Injection Pulse Width Modulation (THIPWM)-fired Five-
Level Diode Clamped Multilevel Inverter (DCMLI)-based Doubly Fed Induction Generator
(DFIG) is enhanced through the use of DVRs, as explored in [17]. In [18], a robust control de-
sign using quantitative feedback theory is proposed for multi-functional DVRs, improving
both power quality and system robustness.

Further advancements in DVR control systems are discussed in [19], where high-
performance stationary-frame controllers are compared, revealing significant enhance-
ments in voltage recovery capabilities. Similarly, the use of flying capacitor multilevel
converters operated by repetitive control in DVR applications, as discussed in [20], leads to
notable improvements in voltage quality. The integration of fuzzy neural and neuro-fuzzy
controllers in DVR systems, as explored in [21,22], results in significant improvements in
power quality, particularly when dealing with nonlinear loads.

Sliding mode control is introduced in [23] for its effectiveness in improving the ro-
bustness and disturbance rejection capabilities of electromechanical systems. In [24], a
three-phase DVR utilizing sliding mode control and an adaptive notch filter is shown to
protect sensitive loads and enhance power quality. Furthermore, the study in [25] proposes
time-varying and constant switching frequency-based sliding mode control methods for
transformerless DVRs employing half-bridge voltage source inverters (VSIs), significantly
improving voltage control performance.

The model predictive control of packed U cells in transformerless single-phase DVRs,
as presented in [26], proves effective in compensating for voltage sags. A series-side three-
phase decoupling unified power quality controller is proposed in [27], which significantly



Energies 2024, 17, 5528

3o0f17

reduces voltage and current fluctuations, thus improving power quality. A data-driven
approach for predicting voltage sag residual voltage, detailed in [28], shows high accuracy
and feasibility using real grid data from East China. Additionally, a method for identify-
ing voltage sag causes, utilizing bidirectional Long Short-Term Memory (LSTM) and the
attention mechanism, is presented in [29], focusing on accurate cause identification.

Real-time methods for predicting voltage sag probability are explored in [28], where
high prediction accuracy is achieved using new voltage sag characteristics and actual
measurement data. In [30], sliding mode control technology is applied to improve the
accuracy of rotor speed and position estimation in high-performance permanent magnet
synchronous motor (PMSM) applications, enhancing system robustness and adaptability.
Finally, in [31], an improved non-singular fast terminal sliding mode controller combined
with a sliding mode disturbance observer is used for load disturbance compensation,
significantly improving dynamic response and disturbance rejection capabilities while
reducing chattering.

Rapidly identifying voltage sags and providing timely compensation is of significant
importance. LSTM (Long Short-Term Memory) networks, with their memory characteristics,
are better suited to learning the features of time series data. This enhances the model’s
ability to process temporal data and improves recognition accuracy. The sliding mode
control (SMC) strategy is recognized as an effective nonlinear control strategy, characterized
by rapid response, insensitivity to parameter variations and disturbances, and simplicity
in physical implementation [21]. However, traditional SMC control strategies suffer from
serious chattering phenomena. Although the SMC method proposed in [22] exhibits good
performance, replacing the sign function with a hysteresis function cannot completely
eliminate chattering, which consequently leads to a time-varying switching frequency.
Another method proposed in [23] is based on the variable boundary layer approach, but
the selection of the boundary layer is not based on equation analysis. However, inaccurate
boundary layer selection may result in steady-state errors [25].

In response to the aforementioned issues, this paper proposes a dynamic voltage
restorer based on LSTM neural networks for voltage prediction and novel sliding mode
variable structure control. Additionally, a novel reaching law is designed, which signifi-
cantly enhances the system’s response speed and reduces chattering.

2. Topology Structure and Operating Principle of DVR System

The DVR mainly consists of a voltage detection module, energy storage device, inverter
unit, control section, filter, series transformer, etc. [9]. The system structure is shown in
Figure 1.

The operational principle of the dynamic voltage restorer (DVR) involves the energy
provision from the energy storage unit. The control section utilizes the detected char-
acteristics of voltage sags to compute the required compensatory voltage difference. It
then generates control signals to trigger the conduction of the inverter, thereby producing
corresponding compensatory voltage. This voltage is appropriately filtered through an LC
filtering circuit to remove high-order harmonics generated by the inverter section, forming
compensatory voltage that meets the requirements. Subsequently, this compensatory volt-
age is serially connected to the distribution network via a secondary loop with a boosting
transformer. This process enables the overlay of the voltage on the distribution network
side with the compensatory voltage, ensuring that the load receives qualified voltage and
guaranteeing the reliability of load power consumption.

When no voltage sag is detected, the switching device of the dynamic voltage restorer
(DVR) remains open. During this time, the DVR operates in bypass standby mode. The
detection module continuously monitors the amplitude and phase variations in the voltage
at the power supply side of the distribution network. Upon detecting a voltage sag in
the distribution network, the bypass switch is swiftly closed, initiating the compensation
process of the DVR. At this point, the DVR is serially connected to the distribution network,
and the control unit calculates the required compensatory voltage signal based on the
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detection signal. It then drives the inverter to generate compensatory waveforms, ensuring
stable voltage at the load side and avoiding equipment shutdowns caused by voltage sags.
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Figure 1. Structural diagram of DVR system.

The following equations can clearly express the working principle of the DVR, where
the grid voltage is denoted as us, the voltage at the load side of the system is denoted as
Ulpad, and the compensating voltage is denoted as u4,,. When the grid voltage drops by
Au, if there is no DVR, the load voltage is as follows:

Uload = Us — Au 1
When the DVR is connected to the system, the load voltage is
Uload = Us — AU+ Ugyr, 2)

Setting the compensating voltage 14y, = Au allows for voltage compensation to
be achieved.

3. Mathematical Model of DVR

The main circuit of the DVR employs a fully controlled SPWM (Sinusoidal Pulse Width
Modulation) inverter configuration. Each phase is connected to the grid via an isolation
transformer in series. The basic circuit structure of the three-phase, three-wire DVR is
depicted in Figure 2.

In this figure, 1,4, usp, and uc represent the grid-side voltages; u;4, u;p, u;c denote the
voltages output by the voltage source inverter; u.4, g, and u.c signify the compensating
voltages after passing through the LC output filter of the voltage source inverter; iy 4, i,
and irc and ica and icp represent the inductor currents and capacitor currents, respectively;
and L and Cy denote the filtering inductance and filtering capacitance. According to the
defined voltage and current directions in Figure 2, and by converting leakage impedance
and losses to the secondary side of the transformer, neglecting excitation current and
system inductance, the system mathematical model of the DVR can be established based
on Kirchhoff’s law: ,

LD — (1) — uc() — ik (DR 3)
G = i) —iae(t)
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Figure 2. Topological structural diagram of DVR circuit.

In Equation (1), k = 1, 2, 3 represents the three phases.

Considering the lack of independence among the three-phase variables in a symmetri-
cal three-phase system, which is not conducive to the design of control systems, Equation (1)
is transformed into the classical Park transformation to convert it into the synchronous
rotating d-q coordinate system. The mathematical model is as follows [29]:

ducqg _ 1 1
af — Wlcq + ﬁflLd - ﬁflCd

ducg 1. 1 -

ar —Wiled + Tfqu - Tfqu (4)
di : 1 1 1 ’
& = wirg + g tia = guca — ;iR
diLq o . 1 1 1.
—p = —wipg + T;%ig — T;4Cq — EquR

ucy and uc, are the d-q axis components of the compensating voltage after passing
through the LC output filter of the voltage source inverter. u;; and u;; are the d-q axis
components of the voltage output by the voltage source inverter. i1 4, i14, icq, and ic, are
the d-q axis components of the inductor currents and capacitor currents, respectively. w is
the angular velocity of the grid voltage.

4. Voltage Sag Prediction Based on LSTM Neural Network Model

LSTM (Long Short-Term Memory) is a specialized type of recurrent neural network
(RNN) designed to capture long-term dependencies in sequential data, making it partic-
ularly well suited for tasks such as time series analysis. Unlike traditional RNNs, which
often struggle to retain important information over longer sequences due to issues like
vanishing gradients, LSTM introduces a gating mechanism that enables it to selectively
retain, update, or discard information as needed. This mechanism includes three types of
gates: the forget gate, input gate, and output gate. These gates allow LSTM to control the
flow of information, ensuring that critical historical data are retained while irrelevant or
redundant information is discarded.

The forget gate decides which parts of the previous memory to retain, while the
input gate determines what new information should be stored. The output gate controls
the amount of information that will be passed on as the current output. By regulating
the interaction between these gates, LSTM models can adapt quickly to changing trends
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and maintain long-term dependencies, even in the presence of significant fluctuations in
the data.

This makes LSTM particularly effective in tasks like predicting voltage trends in power
grids, where sudden changes and long-term patterns are both crucial. Through multiple
iterations and by minimizing errors during training, LSTM models can provide highly
accurate predictions based on time-varying data. Figure 3 shows the flowchart of the LSTM
prediction neural network designed in this paper for forecasting voltage sag.

sample pr-edlctmn ) predicted
Start solitting P sample »| sample label
SP il X2,Y2> value<Y2>

training prediction parameter- calculating
dataset sample »| optimized »| MSE for error End
<X1,Y1> <X2> model analysis

data
normalizati
on

Yes

denormalizati
on and

7| calculating
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Figure 3. Prediction of voltage sags based on LSTM neural network.

In this study, based on the voltage sag data of the 10 kV A-phase voltage that occurred
in a certain region of mainland China on 25 May 2024, at 14:36, we constructed and trained a
Long Short-Term Memory (LSTM) network model to predict the voltage state. The detailed
logic and methodology of this process are as follows:

First, during the data preprocessing stage, the voltage data were collected, cleaned,
and normalized. This step is crucial before training the model, ensuring the stability and
efficiency of the data during the training process. We extracted the time and voltage
columns from the dataset and normalized the voltage data to a specific range.

Next, we created the time series data by structuring the normalized voltage data into
input and output sequences. This step involved pairing each data point in the voltage
series with its subsequent data point, forming the time series data necessary for training
the LSTM network.

In the model construction phase, we designed an LSTM network architecture consist-
ing of an input layer, an LSTM layer, and a fully connected layer. The input layer receives
the normalized voltage data, the LSTM layer captures the long-term dependencies in the
time series data, and the fully connected layer generates the final prediction results.

For model compilation, we selected the Adam optimizer and the Mean Squared
Error (MSE) loss function. The Adam optimizer is an adaptive learning rate optimization
algorithm suitable for handling sparse gradients, while the MSE loss function measures the
error between the predicted values and the actual values.

During the model training phase, we trained the LSTM network using the training
dataset. By setting parameters such as the maximum number of epochs, gradient threshold,
and learning rate, we gradually optimized the model parameters to minimize the loss
function. We employed a learning rate schedule that reduces the learning rate periodically
to ensure better convergence towards the optimal solution in the later stages of training.

After training the model, we used it to make predictions. In the prediction phase, the
time series data were input into the model to generate the corresponding predicted voltage
values. To facilitate comparison, we denormalized the prediction results, restoring them to
the original range of the voltage data.

Finally, we plotted a comparison between the actual and predicted voltage values to
visually demonstrate the model’s prediction performance. The comparison plot shows
that the LSTM model can accurately fit the voltage data, validating its effectiveness in time
series data prediction.
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Through the aforementioned steps, we successfully constructed and validated an
LSTM-based voltage data prediction model, providing an effective method for analyzing
and predicting time series data.

In this study, a Long Short-Term Memory (LSTM) network model was constructed
and trained to achieve high-precision predictions of voltage data. The evaluation metrics
show that the Mean Absolute Error (MAE) is 0.1030, and the coefficient of determination
(R?) is 0.9956. These results indicate that the model has a low prediction error and a very
high degree of fit.

As shown in Figure 4, the predicted curve closely matches the actual curve, further val-
idating the model’s effectiveness and stability. This demonstrates that the LSTM model can
accurately predict voltage data and fully meets the prediction requirements. In summary,
the constructed LSTM model performs exceptionally well in time series data prediction,
indicating its broad application potential.
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Figure 4. Prediction of voltage sags based on LSTM neural network.

5. DQ Voltage Sag Detection Algorithm Based on Three-Phase Instantaneous Reactive
Power Theory

By applying the instantaneous reactive power theory to a three-phase system, the
three-phase voltage can be transformed as follows.

C is the transformation matrix, specifically expressed as follows.

C=4/%
3| —cos(wt) —cos(wt—3m) —cos(wt+ 3m

2 { sin(wt)  sin(wt —3m)  sin(wt + %N))} ) (6)

Since the voltage in the distribution network can be understood as the superposition
of the fundamental voltage and harmonic voltages at various frequencies, the three-phase
voltages a, b, and ¢ can be expressed as follows:

n
g = V2Usin(wt +6) + ¥, 2Ussin it + 9,-)

i=2
2 n 2
up = 2Usin(wt + 6 — 57'() + ¥ V2U;sin(iwt + 6; — §7T)' (7)
i=2

2 n 2
ue = \2Usin(wt + 0 + 57'() + ¥ V2U;sin(iwt + 6; + gn)
i=2
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U is the root mean square (RMS) value of the fundamental voltage, and U; is the RMS

value of the harmonic voltage.
After transforming Equations (3-19), the following equation is obtained:

n
uy = Usin® + Y U;sin(iwt + 6;)
52 (®)
n ’
ug = Ucost + Y- Ujcos(iwt + 6;)
i=2
The amplitude and phase information of the fundamental component can be obtained
from u,; and u, in the above equation. First, after applying a low-pass filter to filter out
the higher harmonic components, #; and %, are obtained, with values Usinf and Ucost,

respectively. Therefore,
u =/ + 1, ©)

Uy
0 = arctan—, (10)

Ug
u is the RMS value of the voltage sag, and 0 is the phase angle.
After being transformed using the C matrix, the three-phase AC current and voltage
vectors are converted into DC vectors. The transformation principle is illustrated in Figure 5
as follows:

Ugr

calculate

DQ

Urer

b —————»f sinf inverse Upr
Use cos@ transformation | U,
e
N

+ [+ |+

U, = U A U P NG p 4 Uq

a « o d U, U, V_§\')’U_"‘>
Uy - . = = b

—»{CY U N C U, LPF [ G U Cs; v O —

UC — '~_4 —J — L4 = o < »

Figure 5. Three-phase dq transformation detection principle diagram.

Firstly, u; and u, are obtained by sampling the grid-side voltage, followed by Clarke
and Park transformations. The harmonic components are filtered out using a low-pass
filter (LPF) to obtain the DC components 1, and u,. By applying the inverse coordinate
transformation, the three-phase fundamental voltage can be derived. Then, by subtracting
the reference voltages Uy, Uy, and U, the compensation voltage required by the DVR
can be obtained.

5.1. Voltage Sag Simulation Experiment and Analysis

From 0 to 0.1 s, no voltage sag occurs, and the voltage peak value is 311 V. From
0.1to 0.2 s, the grid voltage drops by 20%, and from 0.2 to 0.3 s, the grid voltage returns
to normal.

When the grid voltage sags by 20%, the grid voltage peak value is u;, = 220 x V2
x 0.8 ~ 248.901V, and the compensation voltage is ucy = unp — ujp = 220 X V2 — 248.901
= 62.23V. The simulated experimental waveform is shown in Figure 6.

As seen in Figure 6, the comparison between the expected compensation voltage of
62.23 V and the detected output value of 62.2 V shows a difference of 0.03 V, which is
0.048% of the expected value. The dq transformation voltage sag detection method, based
on instantaneous reactive power theory, effectively detects voltage sags and provides the
correct compensation voltage, offering an accurate compensation voltage reference value.
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Figure 6. Voltage waveform of 20% voltage sag compensation.

5.2. Voltage Swell Simulation Experiment and Analysis

From 0 to 0.1 s, no voltage swell occurs, and the peak value is 311 V. From 0.1 to

0.2 s, the grid voltage swells by 20%, and from 0.2 to 0.3 s, the grid voltage returns to its
normal value.

When the grid voltage swells by 20%, the peak grid voltage is u;, = 220 x V2 x 1.2

373.34V, and the compensation voltage is ucy, = unp — ujp = 220 X V2 — 373.34
= — 62.21V. The three-phase compensation voltage is shown in Figure 7.
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Figure 7. Diagram of 20% voltage swell compensation voltage waveform.

As seen in Figure 7, when a 20% voltage swell occurs, the expected compensation
voltage is 62.21 V, while the detected output value is 62.22 V, resulting in a difference of
0.01 V, which is 0.016% of the expected value. The dq transformation voltage detection
method, based on instantaneous reactive power theory, can effectively detect voltage swell

and provide the correct compensation voltage, offering an accurate compensation voltage
reference value.

6. Analysis of DVR Control System Design

This paper addresses the challenges posed by traditional PI controllers in optimizing
controller parameters and system performance for inherently nonlinear, multivariable, and
strongly coupled DVR systems, especially in the presence of significant nonlinear load
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disturbances. To overcome these challenges, sliding mode control is introduced into the
voltage outer loop, and a novel reaching law is designed to expedite system response time
and reduce oscillations.

Consider the following controlled object:

x(t) = —f(x,t)+bu(t), (11)
where f(x,t) and b are both known, and b > 0.
The sliding mode function is given by the following;:

s(t) = ce(t) +e(t), (12)

where ¢ > 0 and satisfies the Hurwitz condition.
The tracking error is as follows:

e(t) = xa(t) — x(t)e(t) = xa(t) — x(t), (13)

where x;(t) represents the ideal position signal.
Then,

() =)+ W) = (B - 1) + (Fa - ()

= () = %(0)) + (Fa(t) + f(x, 1) —bu(t)) "

An exponential reaching law $1, a constant velocity reaching law 5p,and an improved

. (]
new reaching law s3 are used as follows:

s1 = —esgnsy —ksy e >0,k >0, (15)
52 = —esgnsy € > 0, (16)
55 = —e|sy |88l Dgen (s5) — kss|sg|2sen (sl an

e>0,k>0,0<a<l.

The novel approach law adapts to system state changes by altering the shape of the
sliding mode surface, thereby reducing chattering. The exponential approaching term
ensures that the system state converges to the sliding mode surface within a finite time,
improving rapidity. The absolute value and sign function terms effectively suppress
disturbances and uncertainties in the system, enhancing robustness.

Therefore, the classical sliding mode convergence law is

uy(t) = %(ssgnsl +ksy + c(y.cd - ;c) +%, + f(x, t)) (18)

The sliding mode controller based on the uniform convergence law is as follows:
1 (] L] L 1]
up(t) = E(esgnsz—kksz—i—c(xd —x) + xy +f(x,t)). (19)

The sliding mode controller based on the novel exponential convergence law proposed
in this paper is

us(t) = 7 (e[ss 8" Vsgn(s3) + ksafss[*$"117Y | e(%y — %)+ X+ f(x,1). (20)

(S

Taking the command signal as x;(t) = sin(t), with the initial state of the controlled
object as [-0.15 0.15], the controllers given by Equations (18-20) are employed, where
c=15e=5, k=10, « = 0.2, respectively. The simulation results are shown in Figure 8.
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6.1. Dynamic Voltage Restorer Control System
The DVR output voltage error is defined as follows:
1 ° ° Y
uy(t) = E(ssgnsz+ksz+c(xd —x) + xy —l—f(x,f)), (21)

where u;* and u,* are the reference values of compensation voltage in the d-q coordinate
system, and 1.4y and Ucq are the actual output values of compensation voltage from the DVR.
Then, the dynamic equation of the output voltage error is given by the following:

S 1 1
{ed = —Wleq — ¢lrd t ¢lcd (22)
S _ 1; 1: 7
eg = Wiled — ¢lig + glcg

We take the sliding surface as the proportional-integral form of the output voltage
error, i.e., the integral sliding surface:

{Sd eg + kdf egdy — ed(O)
sq = eq +kq [ eqdr —eq(0)’

The purpose of adding the constant terms ¢;(0) and e, (0) is to ensure that the sliding
surface also satisfies the sliding condition under the initial conditions of the system so that
the sliding surface is only in the sliding phase and does not yet reach the reaching phase,
thereby improving the system’s response speed and ensuring robustness.

(23)
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Then, the expression for the derivative of the sliding surface is as follows:
* 1 1
Sq = —Wleq — ¢l T ¢rlca kaeq 4
L] _ 1 . 1 . 4
Sq = Wiked — ¢;11g + c;lcq + kgeg
The convergence law is as follows:
wgsgn(|sy|—1 wgsgn(|sg|—1
{sd = —glsq|*® ; : 1;sgn@ 4) — Kasalsal (; “ 1; 25)
g agsgn(|s agsgn(|sqg|—
— 758M\[5q _ 758115
59 = —€q5] 5871(s) — kgsqsq]

Combining Equations (24) and (25), the inner loop current reference value can be
obtained as follows:

ira" = Cs(—wieq + c ica + kaeq + £4]sa| 8"l Vsen(s,) + kysg|sy|egn sl =1y

agsgn(|sq|—1) agsgn(|sq|—1) ) (26)

irg" = Cylwiieg + 2 ch + kgeq + 4|54 s§11(sq) + kqsq|54]

Once the reference values for the inner loop currents are obtained, the dual-loop
control of the DVR system can be constructed. The voltage outer loop adopts sliding mode
control, while the current inner loop adopts PI control. A control block diagram of the
system is shown in Figure 9:

Grid
Load
voltage Lo
Uy pc
PLL
Ueypc

dq

cA,B,C iLA.E.('
Ugp - aﬁ?
d-ref
Q0 W [abe
* d
Uqrer
n Uyl Lo
u, i, )
u, u 14
cd cq .
" ’l’ it 1y wt
Compensation | °d d__
troll O
command | 3 - CORTE PI V— .
voltage - T abc [ |

Figure 9. Comparison of tracking control performance with different convergence laws.

6.2. Stability Proof

Define the Lyapunov function as follows:

1,15
V= Esd + Esq . (27)
Then,
V = 5484 + Sq54, (28)
y -1 -1
V= _Sdsd|5d|“d58"(|5d\ )Sgn(sd) _ kdsd2|5d|ﬂéd58"(|5d\ ) 29)

Sq€q|Sq ’aqsgn(ISql—l)sgn(Sq) _ kqsqz‘Sq ’aqsgn(|sq|—1).

Becausee > 0,¢5 > 0,¢; > 0; Sa-sgn(Sq) > 0;54-sgn(sq) > 0. Because all parameters
are positive,
V <O0. (30)

Thus, it is proven that the designed controller is stable in the sense of Lyapunov.
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7. Simulation Experiment Study
7.1. System Modeling

To further validate the effectiveness and feasibility of the proposed DVR based on
sliding mode control, simulation modeling is conducted in the Matlab Simulink system. In
the simulation model, the grid voltage is set to 380 V with a frequency of 50 Hz, and the
DVR series transformer turn ratio is 1. The parameters of the LC filter are set as follows:
inductance L = 0.52 mH; resistance R = 0.025 (3; and capacitance C = 120 pF.

7.2. Voltage Sag Compensation Analysis

In the simulation, initially, the grid voltage remains normal from 0 to 0.06 s, with
a peak phase voltage of 311 V, and the DVR is in bypass mode without participating in
voltage compensation. From 0.06 to 0.16 s, a symmetrc three-phase voltage sag occurs,
causing the grid voltage to drop to 80%. At this point, the DVR enters compensation mode,
and at 0.16 s, the grid voltage returns to normal, and the DVR exits compensation mode.
The proposed method (SMC1) is compared with traditional PI control, classical sliding
mode control based on the convergence law, and sliding mode control with the uniform
convergence law (SMC3). The waveforms of the grid voltage, compensation voltage, and
load voltage are shown in Figure 10.
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Figure 10. Voltage waveform of DVR with sliding mode control based on novel exponential con-
vergence law: (a) grid voltage; (b) compensation voltage of novel convergence law (SMC1); (c) load
voltage of DVR based on novel convergence law; (d) amplified compensation during voltage sag of
phase A.
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Taking phase A voltage as an example, when the voltage drops to 80%, the load
voltage of the DVR under different control methods is shown in Figure 11:
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Figure 11. Comparison of tracking control performance with different convergence laws.

Based on PI control, the DVR can restore the load voltage to normal within 0.001 s,
but oscillations are present with an overshoot of 6.7%. The adjustment speed is slow, and
there is a large steady-state error. On the other hand, sliding mode control immediately
outputs the limited value of the controller at the beginning, resulting in the maximum
output without overshoot and a faster dynamic response. The DVR based on SMC2 control
can restore the load voltage to normal within 0.0004 s, while the DVR based on SMC3
control can achieve the same within 0.001 s. The DVR based on the novel convergence
law of SMC1 control can restore the load voltage to normal within 0.0003 s, indicating
better rapidity.

Figures 12 and 13 respectively represent the waveform of the load voltage d-axis
component and the root mean square (RMS) value of the load voltage during voltage sag.
From Figure 9, it can be observed that the load voltage d-axis component of the DVR based
on the novel convergence law can quickly recover to normal during voltage sag. As shown
in Figure 10, for the DVR based on PI control, the RMS value of the load voltage undergoes
significant changes during voltage transients, whereas for the DVR based on the novel
exponential convergence law, the RMS value of the load voltage remains relatively constant.
The Fourier harmonic analysis results of the compensated load voltage under different
controllers are shown in Figure 12:

4007
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I

200

Voltage (V)
(=]
|

-200

-400

0.0 0.1 02 0.3
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Figure 12. Waveform of load voltage d-axis component.
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Figure 13. RMS value of load voltage.

From Figure 14, the total harmonic distortion (THD) of the compensated load voltage
for the DVR with the novel exponential convergence law controller is 0.80%. For the DVR
with the classical reaching law controller, the THD of the load voltage during voltage sag
is 2.14%. For the DVR with the uniform convergence law controller, the THD of the load
voltage is 2.60%. Finally, for the DVR with the PI controller, the THD of the load voltage
is 2.45%.
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Figure 14. FFT analysis of load voltage for DVR: (a) FFT analysis of load voltage for DVR based on
novel convergence law; (b) FFT analysis of load voltage for DVR based on exponential convergence
law; (c) FFT analysis of load voltage for DVR based on uniform convergence law; (d) FFT analysis of
load voltage for DVR based on PI control.

From Table 1, it can be observed that the response time of SMC1 control based on the
novel method is 1.333 times faster than that of SMC2 control and 3.333 times faster than
that of SMC3 control and PI control.
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Table 1. Table of comparative results.
Overshoot Total Harmonic Response Time (s) Root Mean Square Curve
(%) Distortion (%) P of Load Voltage
Novel SMC1 0 0.8 0.0003 Smooth

Classical convergence law SMC2 0 2.14 0.0004 Relatively smooth

Uniform convergence law SMC3 0 2.60 0.001 Moderately smooth
6.7 2.45 0.001 Not smooth

References

8. Conclusions

LSTM is a type of neural network, and like any other neural network, it requires a
large number of data points for proper training. To further improve prediction accuracy,
increasing the data volume is necessary. Despite this, LSTM is highly effective in handling
long-term and short-term dependencies in time series data, such as power grid voltage.
It adapts well to sudden trend changes, has a low prediction error, and exhibits high
fitting accuracy. This makes it particularly suitable for predicting fluctuating voltage trends
and meeting the requirements for power grid voltage forecasting, thereby minimizing the
impact of sudden voltage drops on industrial production.

Additionally, the novel reaching law dynamically adjusts the shape of the sliding
surface based on changes in the system state, reducing chattering. The exponential ap-
proach term ensures that the system state converges to the sliding surface within a finite
time, enhancing the response speed. The absolute value and sign function terms effectively
suppress disturbances and uncertainties in the system, improving robustness. The dynamic
voltage restorer based on the novel reaching law of sliding mode variable structure control
accelerates the system response speed, reduces oscillations, and demonstrates strong ro-
bustness. It can adapt to various levels of voltage sags and surges, efficiently compensating
for the load-side voltage to the desired setpoint.

However, while LSTM and sliding mode control offer significant advantages, they
also have limitations. LSTM models struggle to train effectively on small datasets, and the
reaching law in sliding mode control may not fully suppress all disturbances under extreme
conditions. Therefore, despite their strengths in many applications, it is important to
consider factors such as data volume, system complexity, and environmental disturbances
when applying these methods in real-world scenarios.
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