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ABSTRACT

To provide green energy, the renewable energy sources are most preferable choice in the world. Most
of the Renewable energy sources especially Wind and Solar PV depends on wind speed and solar irradiance.
Due to this limitation, they lead to power fluctuations. The dynamic voltage restorer (DVR) is used to protect
and compensate the sensitive loads affected by load side fluctuations. This paper attempts to withstand and
secure the effect of voltage fluctuations of grid connected hybrid PV-Wind power system. For voltage sag
condition, a DVR with battery and super magnetic energy storage (SMES) is used as a compensating device. In
this paper the pre-sag compensation is used for compensation which locks both magnitude and phase angle. The
Park and inverse park transform techniques are used in the control of voltage source converter (VSC) of DVR.
The compensation is carried out for both symmetrical and asymmetrical voltage sag cases by using
MATLAB/SIMULINK software.

Keywords:Dynamic voltage restorer (DVR), Voltage source converter (VSC), Power quality, Voltage sag
compensation.

1. INTRODUCTION

The energy consumption increased in the world due to increasing development of population of the
world and also due to the large number of industrial plants. The energy consumption was nearly twice from the
past five years [1]. The non-renewable energy sources like coal, oil and natural gas etc., are not suitable to meet
these energy consumptions because its lack of probability in the nature, cost of the resources, capital investment
and theseproduce greenhouse effect gases like carbon dioxide, methane and certain other gases in the air. So
that, the renewable energy sources (RES) including PV solar, Wind energy, Geothermal energy, energy from the
oceans and biomass energyare suitably used to meet these energy consumptions.
Renewable energy sources include both ‘direct’ solar radiation and ‘indirect’ solar energy mostly wind, tidal,
wave and biomass energy resources that can be managed in a suitable manner. Among all RES, solar PV and
wind energy sources are most used due to its availability to construct and extract.

The combination of renewable energy sources commonly PV solar and Wind system are connected to
grid, it supplies the energy to different localities [4]. The power fluctuations occurred by the grid connected
system due to dependence on weather conditions such as wind speed and solar irradiance [3], [4]. To reduce
these fluctuations the compensation techniques should be implemented at the remote locations. The power
fluctuations reduced to maintain within the limits can be done by using custom power devices (CPD). The
CPD are connected either in series, or parallel or combination of both at the remote locations (or load end
side). The CPD are static var compensator, distribution static compensator (DSTATCOM), active filters and
dynamic voltage restorer (DVR) [5], [7].

A series type DVR is one of the most used compensation techniques for the improvement of power
quality problems such as sag, swell, harmonics, flickers and interruptions that can separate the consumer loads
from the system to reduce the losses [5], [8]. Sag is the one of the most occurred in the system due to starting
of large motors, switching of power electronic devices, faults at the bus and burden on transformer. This can
affect the magnitude and phase jumps [7]. The DVR stores the energy through capacitors and external devices
nearly battery energy storage (BES) and super magnetic energy storage (SMES) [6], [9], [10]. The combined
BES-SMES based DVR is used in the grid connected PV-Wind hybrid energy system for the improvement of
voltage sag [6], [9], [11], [12].
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During voltage sag conditions, the DVR will discharge and inject the voltage to compensate the
missing voltage and during voltage swell conditions the DVR will charge and stores the energy in BES and
SMES devices [11]. The SMES will be combined with BES to increase the performance of the DVR [6], [12].
The control and compensation techniques of DVR are described in [7]. The pre-sag compensation technique is
used to lock the instantaneous voltage of three phase magnitude and phase angle jumps [6], [11].

The hybrid PV-Wind energy systems will not be stable and should not produce required output. The
system will be stable and produce required output attained by using HES based DVR with BES and SMES
devices. The disturbances in the system are mainly due to non-linear power output of renewable energy
sources of PV and Wind energy systems. The operation of DVR for improving the voltage sag is done by
MATLAB/SIMULINK software. HES to grid connected is described in section 2. The proposed DVR with
BES-SMES based HES is described in section 3. The FUZZY logic controller described in 4. Results of

simulation and conclusion are described in section 5 and 6.
2. HYBRID PV-WIND POWER SYSTEM TO GRID CONNECTED

The renewable energy sources like Wind and PV energy sources are naturally comfortable in
environment and gradually reduces its investment costs [2], [13]. The total installed capacity of solar PV and
Wind energy systems are more than 405GW [15] and 539GW [14]. The solar PV and Wind systems depends on
irradiance and wind speed data [3], [14], [15]. The wind turbine system and its power curve is shown in fig. 1
[1], [14], [16]. The wind turbine output power (Pwr) is determined using the equation (1). As shown in the
power output of wind turbine, the output power is non-linear and non-zero values from the interval cut-in to

rated wind speed values. To provide constant output power to load end consumers it should be combined with
another renewable energy sources like solar PV which

is most commonly hybrid power system.
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Figure 1. Wind turbine system and its power curve
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Where V.; is cut-in speed, V; is rated wind speed, V¢, cut-out speed, A is swept area, p air densityand Cp is the

power co-efficient of wind system.
The equivalent circuit of a PV cell and its power output curve is as shown in fig. 2 [2], [17]. The

output of a PV cell is DC which is converted to AC using inverter to grid connected. The maximum power
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output of a cell is calculated using equation (2). Maximum power point tracking (MPPT) control technique is
used to get maximum output from the PV cell [13], [17], [18]. The open circuit voltage (Vo) and short circuit
current (Is) are determined from (4) and (5) depends on irradiance and temperature of a PV cell.
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Figure 2. PV circuit and its curve

Pmax = Voe. Ise. FF.cooeinii. )
Where Prax 1S maximum output power, Vo is open circuit voltage, I is short circuit current of a PV cell and
FF is fill factor.

Where, FF =Vmm 3)

Voe=V*+p (T-25)....(4)
oc v
Where V* is PV cell open circuit voltage under standard test conditions, § temperature co-efficient regarding
oc v
open circuit voltage, T is temperature of the cell.

I =6(" +B(T-25)...... 5)
SC Gn SC 1

Where I* is PV cell short circuit current under standard test conditions, f§ temperature co-efficient regarding
SC 1

short circuit current, G is incident solar irradiance and , is incident solar irradiance under standard test

conditions.
P =P “(1-y(T-25)..... (©6)
PV STCG-

Where Pgst¢ is maximum output power under standard test conditions, y is temperature co-efficient to maximum
power.

G

T= amb ( evoer = Tnocr) ---- (D)

GNnocT

Where ,p is ambient temperature, yocr is incident irradiance under normal operating temperature.

On-grid hybrid PV-Wind power system is as shown in the fig. 3 [17]. It is consisting of PV solar, wind
turbine system and grid main low voltage. To provide voltage to power distribution loads these are connected to
PCC bus. During steady state conditions a constant voltage of 5kV is supply to the PCC bus through wind, solar
and low voltage grid line. During any disturbances like faults, it supplies above or below 5kV to the PCC bus.
The distribution loads affected by voltage fluctuations can be withstand by using custom power devices.
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Figure 3. Hybrid PV-Wind power system

3. DVR WITH BES-SMES BASED HES

The SMES can store the energy in the of electromagnetically and BES can store the energy in the form
of electrochemically because an AC system cannot store energy electrically. To improve the power quality,
custom power devices are the most preferable choice [10]. In case of voltage swell conditions, the SMES will
charge, and it can be released during voltage sag conditions to maintain load voltage as stable [19].
During charging the SMES will act as an inductive loadand during discharging state it acts as a reducible current
source [6], [19]. To increase the response time combination of BES and SMES devices to withstand thevoltage
fluctuations affected by the distribution loads [2].

The grid connected hybrid PV-Wind with BES and SMES based DVR system and its detailed block
diagram is shown in fig. 4 and fig. 5 and its parameters are described in Tablel.

Table (1): Grid connected Hybrid system

Parameters Value
PV source voltage stepup 1kV/5kV, 60Hz
Grid line voltage step down 11kV/5kV, 60Hz
PCC bus voltage SkV
Load side Transformer 5kV/0.48kV, 60Hz
Load capacity 0.IMW+0.1IMVAr

To determine any disturbance or fault and reference signal is a basic need to control the DVR system
[20]. To identify the voltage sag or swell conditions we need to determine the real time three phase
instantaneous voltage at PCC bus and evaluate with the root mean square per unit voltage (Vpu) to observe the
any interruption or fault. The generation of reference signal is a type of compensation technique is used. The
compensation techniques are pre-sag, in-phase, energy optimized and hybrid compensation. In Case of voltage
dips (sag condition) the DVR will inject the voltage to compensate the voltage dips and during voltage spikes
(swell condition) the DVR will absorb excess voltage and it can be stored in hybrid energy system. Proper
operation of DVR will be done through controlling of BES, SMES and VSC is as shown in the fig. 6, fig. 7,
fig. 9 and the related parameters mentioned in Table 2.
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Figure 5.Detailed block diagram of BES-SMES based DVR

The control block diagram of BES is shown in fig. 5, the degree of voltage level at the point of
common coupling (PCC) and the battery state of charge (SOC), the battery will be charged or discharged or
with in the energy storing conditions. The state of charge is in the interval between 5% and 100% to limit the
damage of battery from excess charging and discharging conditions.

Volume XI, Issue II, FEBRUARY/2022 Page No : 79



International Journal of Research in Science Advanced Technology and Management Studies ISSN NO: 2249-3034

Y
dchg-mode L/ dchg-enable
SOC

fem o Lo F

chg-mode

chg-enable Carrier signal
491 tq P
DI @
Pref é)—r
.—’-C- % Y Ref-dch;
. P ref-pu ’_I &) 1™ ) 2

- Pbatt-pu PI controller
P reted : . Ref.chs

— PI-controller

swell detection

Pb-pu
2y

Figure 6.BES Control block diagram

The control block diagram of BES is shown in Fig. 6, by observing the status of ON switch, the
charging and discharging switches will charge and discharge the BES. If SOC will cross the limits, then the
SOC signal will not allow for charging and discharging conditions. To get per unit value of reference power,
the reference power is considered and compared with rated capacity of battery. For the generation of reference
discharge signal (Ref-Discharge), the error will be passes through PI controllerl. To generate reference
charging signal (Ref-Charge), reference per unit value add with battery per unit value and that can be passes
through PI controller2. The carrier signal of frequency 5kHz will be compared with reference signals to get the
gate pulses of charging and discharging conditions.
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Figure 7.SMES Control block diagram
The control block diagram of SMES is shown in fig. 7, the degree of voltage level at the point of
common coupling (PCC) and the SMES state of charge (SOC), the SMES will be charged or discharged or

with in the energy storing conditions. If both switches sw1 and sw2 are ON, then the SMES will be in charging
condition. The SMES will be in discharging condition, if both switches swl and sw2 will be OFF. If either
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switches swl or sw2 will be turned ON and another will be OFF, then the SMES will be under energy storing
condition.

Table (2): specifications of BES-SMES HES based DVR

Parameters Value
Filter inductance 2uH
Filter capacitance 30mF

DC-link capacitance 55mF
DC-link rated voltage 500V
SMES inductance 0.1H
SMES critical current 150A

BES capacity 200Ah
Battery nominal voltage 600V

Injection transformer 0.48kV/0.48kV,

rating 60Hz

The reference energy is compared with SMES stored energy, and it can be sent to PI controller. The
controller output multiplied with ON or OFF value and that can be sent to differentiator to get power. Later,
the DC power in DC-Link capacitor compared with SMES power and it can be multiplied with ON or OFF
value, that will be passes to PI controller to get reference signal. Similarly, BES the SMES will charge and
discharge if it’s SOC below 100% and above 5%.

The charging, discharging and energy storing conditions of BES and SMES, the total combination of
BES-SMES based DVR will be operated.

The different voltage sag compensation techniques are pre-sag, in-phase and energy optimized
techniques are as shown in fig. 8 and are described [6], [7] and [16].
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Figure 8.DVR voltage compensation techniques

In this, the pre-sag compensation technique is used for the recovery of sag and swell voltage
magnitudes and phase angle jumps. This compensation technique is also used for non-linear thyristor-controlled
loads to recover phase jumps still it consumes a part of extra active power from the DC-Link. [6], [7] and [16].
As shown fig. 8, Vay. is voltage magnitude of three phase line prior to fault and Vabc ' is voltage magnitude of
three phase line at the time of fault occurrence.V ascls output voltage prior to fault, Viqp'is output voltage during
the fault and Vpyr is DVR injected voltage at the time of fault occurrence. Similarly, L is output or load
current prior to fault and Ilabc ' is output or load current at the time of fault occurrence.

To modify the DC-Link voltage, direct axis current (id) and to modify the reactive power, quadrature
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axis current (iq) are used in the current controlled pulse width modulation (PWM) converter [21]. To regulate
the active and reactive power transferred between the DC and AC sides of voltage source converter (VSC), the
sinusoidal pulse width modulation (SPWM) technique and voltage control techniques are used in the
controlling of VSC as shown in fig. 9.
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Figure 9.VSC Control block diagram

Vabc is converted into Vd and Vq elements when it is passed through transformation technique called
as park transform. Similarly, labc is converted into Id and Iq elements by applying park transform. These Id and
Iq are in-phase and perpendicular to the three-phase voltage Vabc. The active power exchange between AC and
DC sides of VSC is done by using direct axis element, Id and it can also control the voltage of DC-Link.
Similarly, the reactive power component at the VSC terminals can be controlled by using quadrature axis
element, Iq.

To produce the conjugate component of Vd, compares the components of Vd and Iq*W*L where,
W=2znf and L is inductance of SMES and to produce the conjugate component of Vq, compares the
components of Vq and Id*W*L. The elements of Vd* and Vg* are passed through transformation technique
called as inverse park transform to obtain the modulations waveforms Va-ref, Vb-ref and Vc-ref signals as
shown in fig. 9. The frequency value of 5040Hz triangular carrier signal is compared with modulation
waveform signals to generate firing pulses.

4. FUZZY LOGIC CONTROLLER

Fuzzy logic system is a complex mathematical method to determine the different simulation problems
with inputs given as error and change in error. The basic fuzzy logic system is as shown in fig. 10.
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The major components of fuzzy system is shown fig 10 [22]. are input variables, fuzzification

interface, rule matrix, fuzzy inference engine, defuzzification interface, and output variables. First phase of

fuzzy system is that the input variables given to fuzzification inference mechanism to produce output result. The

fuzzy rules are interpreted in the rule matrix, which is a simple graphical representation toll to mapping the

fuzzy rules [22]. The fuzzy rules and its rule matrix are as shown in Table 3. Membership functions, logical

operations and if-then rules are described in fuzzy inference engine to mapping the given input to output. The

main function of Defuzzification inference mechanism is to change the fuzzy output set into crisp output values.

The various defuzzification techniques are centroid, mean, maximum and weighted average defuzzification

techniques. Among all, the centroid technique is most commonly used defuzzification technique.

Table (3): Fuzzy logic controller rule

)
$\NB NM NS ZE PS PM PB
NB | NB NB NB NB NM | NS ZE
NM | NB NB NB NM NS ZE PS
NS | NB NB NM NS ZE PS PM
ZE | NB NM NS ZE PS PM PB
PS | NM NS ZE PS PM PB PB
PM | NS ZE PS PM PB PB PB
PB | ZE PS PM PB PB PB PB

The fuzzy rules are given to the fuzzy system are shown in Table 3. These rules are used by the fuzzy

controller to produce required output. The membership functions for inputs error and change in error are shown
in fig 11(a) and 11(b) and output membership function of input control change is shown in fig 11(c) [22].
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Figure 11. Fuzzy logic membership functions

5. SIMULATION AND RESULTS
The operation of BES-SMES based dynamic voltage restorer (DVR) as shown in fig. 4 and the related

parameter values mentioned in Table 2, the simulation is done for 5Omilliseconds duration time by using
MATLAB/SIMULINK software. Due to switching transients present in the system at the start and stop of DVR
operation, very short time the simulation not completely compensated.

For symmetrical voltage sag case, as shown in fig 12(a) and fig 13(a), the load voltage without DVR
dropped to 75% and 88% of rated value. After injecting DVR voltage as shown in fig 12(b)and 13(b), the load
voltage is improved to normal value as shown in fig ~ 12(c) and 13(c). Similarly for asymmetrical voltage sag
case, as shown in fig 14(a) and fig 15(a), the load voltage without DVR dropped to 75% and 65% of rated value.
After injecting DVR voltage as shown in fig 14(b)and 15(b), the load voltage is improved to normal value as
shown in fig 14(c) and 15(c).
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The voltage was dropped not only due to any disturbance, but also due to fluctuations in the source
voltage in the hybrid PV-Wind power system connected to grid. In that situation also, the presented BES-SMES
based DVR will improve the voltage sag for both symmetrical and asymmetrical cases. Thetotal hormonic
distortion (THD) for different voltage sag conditionsis shown in Table 4.

Table (4): THD values for different voltage sag cases

Voltage sag case THD values
25% symmetrical 2.55%
12% symmetrical 4.04%
25% asymmetrical 3.37%
35% asymmetrical 4.39%

6. CONCLUSION

The operation of DVR for grid connected PV-Wind hybrid power system for voltage sag
improvement are described. Due to non-linear loads, the faults occurred by the hybrid system, the presented
DVR will mitigate these fluctuations. For the proper operation of DVR, the control of BES, SMES and VSC
are implemented to identify the voltage level at state of charge (SOC) and point of common coupling.For
recovery of both magnitude and phase jumps the pre-sag compensation technique is used. The presented BES-
SMES based DVR has three operating conditions, as charging, discharging and energy storing state. The
voltage sag improvement of both symmetrical and asymmetrical cases is presented. For 25% and 12%
symmetrical voltage sag case the THD will be 2.55% and 4.04%. similarly, for 25% and 35% asymmetrical
voltage sag the THD will be 3.37% and 4.39%. The obtained total hormonic distortion (THD) by fuzzy
controller is within the TEEE standards (+5%).
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