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This paper is aimed to illustrate and expose the performance of single-phase
voltage dynamic voltage restorer (DVR) control connected to the electrical
distribution grid. This performance is easily expressed by compensating for
the sags and the swells voltages, and regulating the voltage across the load by
injecting a voltage component in series with the source voltage increased or
decreased with respect to the source voltage the load-side waveforms are
purely sinusoidal. The integration of serial and chopper converters makes
the DVR capable of bidirectional power flow. The key to this topology is its
ability to compensate for sagging and swelling of the voltage in the long run.
The modeling of the DVR and the design of its controller is included in this
document. Effectiveness of control systems and start-up sequence of DVR
operation is verified by detailed simulation studies. The control method used
in this work is based on the use of a booster chopper and two cascade loops
to generate the PWM command to control the chopper. The effectiveness
of the suggested method is confirmed by the MATLAB/SIMULINK®

simulation results and some prototype experiments. These results show
the capacity of the proposed DC link control.
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1. INTRODUCTION

Industries have achieved a remarkable rate of growth in recent years with sophisticated and advanced
computers and equipment. A very good product quality, downsizing and financial gain from this modern
industrialization method have opened the door to market for sensitive equipment and control systems,
automated manufacturing units and computerized process controls. The significant benefit of the revenues
collected has provided these popular systems in the industrial field, whatever their initial cost. Most processes
involving this equipment are disrupted by voltage quality issues. The dynamic voltage regulator (DVR) has
become in recent years famous as a successful solution for the protection of sensitive loads with voltage sag
and swells by injecting the series voltage and the synchronism with the mains supply voltage. The DVR is
connected in series with the line via an injection transformer. When a short-circuit fault occurs at load,
the voltage on the distribution bus decreases. This causes a dip in the voltage supplied to the sensitive load.
To restore the voltage across the load, the DVR is used [1, 2].
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The active power provided by the DVR depends on the angle between the charging current lload and
the injected voltage Vinj. In this method, these two vectors are preserved in quadrature, thus ensuring a zero
active power injection by the DVR. only the reactive power must be supplied/absorbed by the DVR. So,
the energy storage device in the DVR is eliminated, thus limiting the cost. However, the cavity compensation
capability is decreased in the case of unit power factor loads. The following equation defines the amplitude of
the maximum sag of the voltage that this technique can compensate for:

AVsag < VI(1 — cosf) @

where V_ is the rated load voltage and cosp power factor. It is fair that for loads with a weak power factor, it
is easier to compensate for the dip of the voltage without real power injection [3-5].

The phase advance method for optimizing the active injection power uses only the phase angle of the charging
voltage as a control parameter. However, when the voltage drops considerably, the phase advance method has limits to
optimize the active power injected. By using not only the phase angle but also the amplitude of the charging voltage in
the voltage tolerance range in order to optimize the active injection power of the DVR. This method has the merit of
optimizing the active power injected compared to the conventional method, especially during a deep subsidence [6].
Recently, a method termed single-phase SRFT (Single phase SRF d-q theory) which generates a reference for
sthe injected voltage has been proposed and applied to the design of the DVR controller. This controller uses a moving
average filter to extract the fundamental component of the positive sequence of the distorted supply voltage and proves
very effective in mitigating the voltage sag in distorted supply voltage [7]. In [8-10], the authors presented the design
and control of single-phase DVR. With the proposed combination of series and shunt converters, the DVR can provide
bidirectional flow of energy. DVRs based on H-bridge converters connected in back-to back configuration with a
common dc-link capacitor are commonly used to compensate the load voltage against sag and swell.

In this article, a new and simple DVR-based bridge topology is presented. The proposed DVR scheme
can address energy quality issues and the high utilization rate of the DVR, including dynamic voltage
compensation in real time. In fact, in normal operating mode, the proposed topology is equivalent to
the traditional DVR. In the event of a failure, the DVR is able to immediately limit the current rate of increase.
This document is organized as follows. Diagram of the DC link DVR control is proposed in section 2.
Section 3 explains the system specification, the mathematical expressions required and control strategy. In
section 4, includes a detailed discussion of the results of the simulation during the development of the control
DC link of single-phase DVR topology and the conclusions of this work in section 5 conclude this document.

2. DESIGN OF DVR
2.1. Operation of single-phase DVR

The proposed DVR consists of AC-DC boost and serial converters connected via a common DC
capacitor, as shown in Figure 1. The serial converter allows to inject the voltage in series with the mains
voltage. The injection of tension is accompanied by an injection transformer. During the voltage drop, a boost
converter is used to control the DC link voltage and functions as a booster chopper. The serial converter exerts
an action as an inverter and generate a constant alternating output voltage. The supplied voltage is in phase
with the mains voltage. During the low voltage, the active power required by the DVR is operated from
the source and the energy flow from the shunt converter to the serial converter. Similarly, during voltage swell,
the converter-series converter sends energy to the shunt converter. During voltage sag and swell, both
converters provide switching frequency voltages with the fundamental component. To filter the switching
signals, filters are used at output of series converter.

2.2. Phase-locked loop

The phase locked loop (PLL) explained in [9-12] is used to determine a phase angle and the frequency
of the grid voltage. These parameters are essential to ensure the performance of systems connected to
the network according to predefined standards under abnormal conditions such as voltage sag, voltage swells,
notches, phase jumps, harmonics, etc. The principle of PLL is based on generating an orthogonal voltage
system. It is a non-linear circuit whose input signal is synchronized with its frequency and phase output signal.

2.3. Control scheme

The controllers for the boost and serial converters are illustrated in Figure 2. A cascaded control
scheme based on a voltage and current controller is used in the parallel converter. In the serial converters a
simple control method is proposed and its efficiency at frequent instances is evaluated by simulation. Voltage
distortion and voltage dip as well as over-current are simulated and compensated by an active filter in series
with a simple control method. In addition, a single-phase locked loop is used to extract the attitude data. The phase
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locked loop of this document is a good choice for such structures and the handling method is simple and exceptionally
robust. In the case of a boost converter, the reference voltage of the intermediate circuit is compared with the actual
voltage in order to generate an error. The controller Pl processes this error to generate a reference current amplitude
multiplied by a sinusoidal signal to generate a reference AC signal [13-16]. The sinusoidal signal is of the same phase
and frequency as that of the network voltage and is generated by the PLL. An internal current controller is used to ensure
that the alternating current is equal to this reference value.
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Figure 1. Diagram of the DVR and its control DC link system
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Figure 2. Equivalent circuit of series converter and its block diagram of control scheme

2.4. Modeling of series and boost converter

In this section, the mathematical modeling of the series converter is performed. The equivalent circuit
of the serial converter is illustrated in Figure 2. Where Vi (t) voltage at the charging terminal, the voltage
produced by the active filter is injected in series using the device via a transformer. Because in such cases, a
high-quality voltage is important, the DC voltage of the active filter is provided by a low power diode rectifier.
Figure 2 shows the control approach of the active filter. The reference voltage Vs(t)—Vini(t) is used by a pulse
width modulator to produce it by means of an active filter. The series injected voltage of the DVR can be
written as:

Vovg =V, +Zep x I, = Vi 2
I, = —PL;Z'QL 3)

where:

V,, : desired load voltage magnitude

Zp: load impedance

I;.: load current

Ven: system voltage during fault condition
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Similarly, the mathematical modeling of the boost converter is performed. The equivalent circuit of
the parallel converter is illustrated in Figure 3. It consists of a front-end uncontrolled diode bridge rectifier
followed by a standard boost converter [17-20], and it consists of the AC input supply voltage, the input
inductance Lin, the capacitor C, the supply switch S (mosfet), the diode D and the output inductance Lo It
allows the output voltage to be greater than the input voltage, depending on the ratio D. In the circuit, there is
one capacitor storage element.

L
Qe

trlgonom etric Abs Vref
function

Vgrid PLL

Figure 3. Equivalent circuit of AC-DC boost converter and its control scheme

The boost converter can operate in two modes. The first mode starts when the switch is turned on t=0.
The input current increases and crosses the inductor and switches while the second mode starts at t= ton,
the input current passes through the inductor, the capacitor, and the diode, the current of the inductor decreases
until the next cycle and the energy stored in the inductor flows in the load. In full steady state in time of
the voltage of the inductor on the period must be zero, as shown in (3). The values of the different parameters
used are presented in Table 1.

Vin* tON +(Vin'Vout)*toﬁ:O (4)
dividing both sides by Ts and rearranging terms we obtain:

Vin _ Ts _ 1 (5)

Vour torFr 1-D

where:

Vin: input voltage

Vout: average output voltage
ton: switching on time

torr: Switching off time

Ts: switching cycle

D: duty cycle

Table 1. Parameters values of boost converter

Parameter Value
Input voltage 7V
Out voltage 75V
Inductance L 9.6e-04 H

Input capacitance Ci, 0.0041 F
Out capacitance Cout 2.3232e-05 F

2.5. Controller PI for series converter

Figure 4 shows a block diagram of voltage control loop of the series converter [21-22]. The charging
voltage is detected and passed through a sequence analyzer. The amplitude of the actual voltage is compared
to the reference voltage (Vrer). If you measure the reference voltage and rms value of the terminal voltage,
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the end result is the PI controller input, which uses the error signal. While the output is considered the angle
that leads to the PWM signal generator. The PWM generator then sends the pulse signals to the voltage source
converters (Vsc) of the IGBT gates. The PI controller cannot react to changes in the error signal (¢), it analyzes
the instantaneous value of the error signal without taking into account the rise or fall of the error.
Mathematically, this practice is called the derived error signal and is characterized by Ae. [23].

2.6. Controller design for AC-DC boost converter

The boost converter maintains the DC voltage of the DC link during the voltage drop and swell
compensation. The slam voltage is detected using a voltage sensor. The output of the voltage controller is
compared with the inductance current of the shunt converter to generate a reference signal. This reference
signal maintains a constant DC link voltage. Figure 5 shows a block diagram of the internal current control
loop and the external voltage [24, 25].
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Figure 4. Block diagram of series converter
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Figure. 5. Block diagram of AC-DC boost converter

3. DEVELEPEMENT OF CONTROL DC LINK OF DVR

This DVR is designed to compensate for voltage sag and swell in the range of 3.3 V (rms) to 10 V
(rms) and maintain the load voltage at 7 V. The DVR is designed for a charge of 50 ohm. The nominal power
of the injection transformer depends on the voltage to be injected and the load current flowing through
the secondary of the injection transformer. The current through the secondary of the injection transformer is
the same as that of the load, because they are connected in series. The specifications of the DVR are shown in
Table 1. The proposed controller for DVR has been depicted in Figure. 1. To implement the control strategy
discussed in the previous sections, a detailed simulation study of the DVR is performed in MATLAB/Simulink.
The system and controller parameters are shown in Tables 2 and 3, respectively. The performance of the digital
recorder during the conditions of voltage dips and swelling is determined for the linear load.

Tables 2. DVR system parameters in simulation

Parameter Value
Supply voltage A%
Series transformer 12 V230 V
DC link voltage BV
Filter inductance 24 mH, 6 Q
Filter capacitance 1nF
Load resistance 50Q

Table 3. Controller parameters in simulation
Voltage loop Current loop

Parameter K, Ki HB
AC-DC boost converter 2 30 0.001
Series controller 50 20
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4. RESULTS AND DISCUSSION

This section presents the results of the simulation and the performance analysis of the DVR.
The results of the simulation are presented for a boost converter and series converter. The performance of
the DVR during voltage sag and swell conditions is determined for the linear load. Figure 5 shows
the performance of the DVR with a resistive load during sags voltage. Up to 0.8 s, the value of the mains
voltage is 7 V (rms value). A swell voltage of the source voltage occurs at 0.4 s. The swell voltage value is 7
V (rms value) and the duration of the voltage disturbance is 1.2 to 2 s. However, the load voltage remains
constant at 7 V (rms value). During swell, power is transferred from the series converter to boost converter.
Similarly, Figure 6 shows the performance of the DVR with network swell voltage for a resistive load.
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Figure 5. Single phase voltage sags: (a) Supply voltage, (b) Voltage injected by the DVR, (c) Voltage at load,
(d) DC link voltage
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Figure 6. Single phase voltage swell: (a) Supply voltage, (b) Voltage injected by the DVR, (c) Voltage at
load, (d) DC link voltage
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The sag voltage occurs between 1.2 and 2 s. Even during this period, the load voltage is regulated at
7V (rms value). During the sag voltage, the actual power goes from the AC-DC boost converter to the serial
converter. During transients, the load voltage remains constant, equal to 7 V (rms value). However, due to load
shedding, the DC link voltage increases momentarily. After a duration of 0.8 ms, the DC voltage is restored to
its normal value of 75 V. Therefore, it is clear that the AC-AC-AC two-way converter is able to compensate
for the sags and swell voltage for linear signals.

5. CONCLUSION

Power quality issues, such as troughs and overvoltage, can negatively impact the performance of
critical loads. These power quality issues can even cause unwanted deactivation of these loads. To solve these
problems, a DVR without energy storage element to compensate for the voltage across the load is designed.
Tow converters connected in a back-to-back configuration with a continuous-link current capacitor are used to
compensate for the load voltage against sag and swell. the load voltage is compensated by the injection of a
series voltage with supply voltage using an injection transformer connected between power supply and load.
Converter modeling is discussed and their controllers are designed. The performance of the DVR is tested by
detailed simulation studies in MATLAB/SIMULINK. The results of the simulation are shown for the sag
and swell with linear load.
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