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ABSTRACT

This paper proposes a Fuzzy Logic Controller (FLC) of Dynamic Voltage Restorer (DVR) to
enhance the capability of High voltage Ride-Through (HVRT) for a wind turbine based on a
Switched Reluctance Generator (SRG). Voltage Swell on the grid side may cause the wind
turbine to be disconnected from the grid. Two FLCs are used to regulate the IGBT pulses of the
voltage source inverter (VSI) driving DVR by adjusting the D-Q axes voltage signals. To validate
the effectiveness of the DVR based FLC, three test scenarios are investigated includes (balanced
swell, unbalanced swell, and total harmonics distortion). The enhancement of the system
performance is achieved through improving the voltage, the current as well as the power
waveforms for the wind turbine and fulfill the grid codes without disconnecting the turbine from
the grid. The proposed system is modeled using MATLAB/Simulink.

KEYWORDS: Switched Reluctance Generator (SRG), Dynamic Voltage Restorer (DVR),
High Voltage Ride-Through (HVRT), Fuzzy L ogic Control (FLC).
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1. INTRODUCTION
wind energy generation has been noted as the most rapidly growing renewable energy
technology. The rapid deployment of wind power plants (WPPs) has made grid integration and
operational issues focal pointsin industry discussions and research [1]. The Switched Reluctance
Generator (SRG) is a good alternative for wind generation applications because of its operating
characteristics, which alow it to function in awide range of speed at high-performance levels [2].
Besides, the SRG has attractive features, such as mechanical robustness, high performance, low
fabrication cost, and the absence of permanent magnetic elements [3], [4], [5]. The increasing
penetration level of wind energy can have a significant impact on the grid, especially High
Voltage Ride-Through (HVRT) conditions.
The impact of voltage dip on Wind Turbine (WT) and its Low Voltage Ride-Through (LVRT)
technology are common studied currently [6]. However, the impact of grid voltage swell on WT
and the corresponding HVRT have not been given sufficient attention. In actual WPPs, a voltage
swelling is the brief increases in voltage over the time range from milliseconds to a few seconds.
Among the grid disturbances, a voltage swell is a critical event that can be caused by abrupt
switching off large loads or switching on capacitive load or damaged/loose neutral connection in
the power system.
Currently, SRG is used mostly and its stator is connected to the grid through the converter [2].
Therefore, similar to the grid voltage dip, the transient process will also format current and
voltage shocks to the stator of SRG when the grid voltage swell. To circumvent these problems
and protect the converter, a wind turbine should automatically off-grid and then connect to the
grid after the recovery of the grid, but this off-grid strategy does not satisfy the scale wind power
in today's grid-connected standards and requirements.
Among the modern grid codes for wind energy grid integration, (LVRT) capability is considered
under transient conditions and providing the grid by reactive currents as specified in the grid
codes (e.g., of China GB/T 19963 [7], and of United States’ Federal Energy Regulatory
Commission (FERC) [7], [8]). During the HVRT, The time requirements in Figure 1 are
displayed, if so the PCC voltage is below the HVRT line, the WTGs should be able to connect to
the power grid. WTGs can be aswell cut off from the power grid only if the PCC voltage exceeds
the HVRT LINE [7].
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Many types of equipment are available to comply with the LVRT grid codes. Series Flexible AC
Transmission Systems (FACTS) devices as for example dynamic voltage restorer (DVR),
Thyristor-Controlled Voltage Regulator (TCVR) capable of injecting series voltage, super-
conducting fault current limiters (SFCL) and Modulated Dynamic Braking Resistor Series
(MSDBR) have desired performance to improve LVRT capability [9], [10]. Furthermore,
increasing this capability with parallel equipment like Static Synchronous Compensator
(STATCOM) is not cost-effective [11].

Figure 2(a) shows the proposed system in this paper. On the other hand, DVR used to mitigate
the disturbance applied to the system as shown in Figure 2(b), DVR consists of energy storage,
voltage source inverter, injection transformers, and L-C filters. The VSI will be controlled using
two FL controllers. The DVR has the ability to attenuate voltage disturbances [12]. It is generally
installed between the load and the source in the distribution system to provide rapid support of
the voltage by injecting the required voltage in series with the mains voltage through an injection
transformer [13]. A DVR is a good solution since no other protective circuit is needed in
operation [14].

In [15], STATCOM connected to the PCC bus is applied to absorb reactive power from the grid
to enhance the HVRT of the WTGS. Literature [16] proposes a control strategy for low voltage
ride-through capability enhancement of a grid-connected switched reluctance wind generator.
The adaptive PI controllers were successfully applied to control the power electronic circuits. The
adaptation agorithm is based on the Widrow-Hoff delta rule. It is shown that the controller
design significantly improves the wind turbine fault ride-through capability.
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Fig. 2. (a) Block diagram of Wind system with DVR and (b) DVR components.

Authors in [17] have used the DVR with combined Feed-Forward and Feed-Back (CFFFB)
control using voltage control based on the proportional-integral (Pl) controller. The output
voltage measured of the DVR (or load voltage) is fed back to the voltage controller to produce of
Voltage Source Inverter (VSI) switching pulses in the CFFB system. The Pl control scheme
displays simplicity and easy to implement. It is also not suitable for systems with changing
parameters and operating conditions because of their fixed gains [18].According to the analysis
of the above literature, a DVR based on FLC is employed in this paper to overcome the
deficiencies of the PI controller under various fault conditions such as balanced voltage swell and
unbalanced voltage swell. The results of the simulation show that DVR can enhance the SRG
terminal voltage during HVRT on the grid by using MATLAB/SIMULINK software.
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2. MATHEMATICAL MODEL OF THE SRG

An SRG is a machine that a doubly salient pole supplied by unipolar power converters [3]. The
configuration of a 3-phase machine with 12 poles on the stator and 8 poles on the rotor is
displayed in Figure 3(a). The asymmetric half-bridge (AHB) converter for a three-phase SRG is
shown in Figure 3(b), when the switches are turned on, the phase is excited and energy is saved
in the magnetic field. Turning off the switches leads to the transmission of the generated el ectric
power to the grid through freewheeling diodes. For the determination of the dynamic
characteristics of the SRG using MagNet Software, it is necessary to establish an appropriate
coupling between the external electric circuit and the finite element model model.

The average electric power of SRG phases (Pout) is the summation of the output power of each

phase in one electric cycle [19]
a"lr_g-

1 r .
'PG'HE = ? z J; 'U_I I-j dt
j=1 1

Where N=, T | ¥ | Ij are the number of motor phases, the conduction period of one phase,
voltage and current of Phase . It must be remembered that each phase of the SRG, ideally, can be
considered as a de-coupled magnetic circuit, whose dynamics are given by its phase voltage
differential equation.
di;

dt 2
Where R is the winding resistance per phase, Aj represents the flux linkage of Phase j due to the
current i, and t istime. The phase flux linkage 47 is given by
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Fig. 3. (a) Machine structure Fig. 3. (b) Asymmetric half bridge converter for a 3-ph
SRG

Using MATLAB/SIMULINK software, the behavior of the SRG under normal operation of the
system is shown in Figure 4. Figure 4(a) shows the output voltage generated by the WT-SRG,
Fig. 4(b) shows the output current of SRG and Figure4(c) shows the active power generated by
the WT-SRG.
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3. DYNAMIC VOLTAGE RESTORER (DVR)

The proposed DVR consists of energy storage, voltage source inverter, LC filter, injection
transformer as shown in Figure 2(b). The energy storage feed voltage source inverter which
injects a suitable voltage to restore the load voltage by using an injected transformer. Controllable
AC supply is obtained from VSI, due to IGBT, the output includes some harmonics so that the
LC filter is used to mitigate this problem [20], [21]. When any disturbance is applied V,, the
DVR will inject an appropriate voltage through an injection transformer to mitigate this
disturbance. The DVR will treat with these disturbances and inject an appropriate voltage to
mitigate the problem and released a cleared sinusoidal and balanced wave from distortions and
effects of disturbance that emerged in the system.

3.1  Control Techniquesof DVR

The important and essentia part of the DVR system is the controller. To control the DVR system,
a closed-loop control in a rotating DQ reference frame is introduced in [22],[14], when
disturbances occur, the DVR controller injects a suitable pulse for IGBT of VSI. Figure 5
illustrates the control Scheme of DVR. The ABC three-phase coordinate system is converted into
the dgO coordinate system by the following equations [21]:

2 2 2
Vi = §[Va sinwt + Vasiu(mt — Tﬂ) +V, sin (wt + Tﬂ)]

(4)
2 2 2
V, = E[Va cos w t+1V} cos (mt — T) + V. cos (wt +?n')
®) s
Vo=3Va+Vs+Vc] (6)
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Fig. 5. The control scheme of DVR with FLC

The disturbance that occurred in the DQ coordinate will be calculated by comparing the DQ with
a reference value, then it’s converted to ABC again. On the other hand, the phase-locked loop
(PLL) is used to measure the system frequency. The error between the actual values and
reference values of DQ voltage is used as input to the FLC of DVR as shown in the following
equations:

errora(t) = [Vares — Val ™

errorg(t) = [Vgrer — Vgl (8)
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The errorg signal is used as an input to the D-axis FLC and errorg is used as an input to the Q-axis
FLC. The output is converted to ABC coordinates, then it is directed to the PWM to give
appropriate pulses for the IGBT of VSI. Theload voltage (V Load) is measured, then transformed
to dgO coordinates, the error between the dqg voltages and a reference voltage of DQ coordinates
represents the input of FLC, the d reference is 1 p.u. (rated voltage) and q reference is 0. Two
FLCs are used for d and q error signals FLCqy, FLCq respectively. The output of the FLC is
transformed to ABC then forwarded to PWM for triggering IGBT of VSI.

3.1.1 Fuzzy Control Strategy

Nonlinear controllers such as FLC are more suitable to control applications of power systems
[23]. They are designed and implemented easily and can adjust to a greater variety of operating
conditions. Self-organized fuzzy controllers can refine the membership functions automatically
[12]. Conventional process-based control techniques involve a linear model of the system and
cannot guarantee good performance across a wide range of operations.

The Fuzzy process operates through two stages. Fuzzificaton and Defuzzification. Fuzzification
is the process of transforming the crisp input to a fuzzy value. The fuzzy output is developed
using the rules. FLC is structured on fuzzy control rules which use the value of fuzzy sets
generally for error and change of error and control action. Defuzzification is the process of
combining the results to provide a crisp output controlling the output variable [24].
Table 2 displays the error signal sign and the linguistic code output. Error and derivative of error
are exits in FLC with seven linguistic variables. Which is; Positive-Big (PB), Positive-Medium
(PM), Positive-Small (PS), Zero (ZE), Negative-Small (NS), Negative-Medium (NM), and
Negative-Big (NB).

Table. 1 Rulesfor Fuzzy Controllers

Ce € 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

Figure 6 shows the partition of Fuzzy subsets and the form of the membership functions. The
triangular shape of this arrangement's membership functions presumes that there is only one
dominant fuzzy subset for any particular input.
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4. SIMULATION RESULTSAND DISCUSSION

The results of the simulation under HVRT with DVR are discussed. The presented DVR is
investigated in the MATLAB/Simulink platform in terms of enhancing balanced and unbalanced
voltages swell, for the power system shown in Figure 7, the designed DVR has the power of 1
MVA to regulate the voltage of a 100 Kw SRG based on WT connected to the 25 kv distribution
network. The DVR adjusts the voltage at buses B-Grid and B-PCC by injecting an appropriate
voltage. The leakage reactor of the coupling transformer produces this voltage-transfer by
producing a secondary voltage in phase with the primary voltage (gate side).

The DVR during normal operation is in standby mode. If the fault occurs, the control system
detects the voltage disturbance in supply and then, as will be explained in al cases, the required
voltage is injected by the DVR. During various fault conditions, the effects of transient active
power, transient voltage, transient current, DC output voltage of SRG and harmonics
performance in terms of % THD are discussed in detail. The SRG and DVR simulation
parameters are given in Table 2. The results for the PCC are given where the simulations are
provided with the proposed DVR based on FLC and DVR based on the PI controller.

For the following cases, the WT HVRT performance will be assessed and analyzed:

Case 1: Balanced voltage swell of 1.5 p.u.

Case 2: Unbalanced voltage swell of 1.5 p.u.

Case 3: Harmonics spectrum analysis.

Fig. 7. MATLAB simulation model of the system under study.

Table 2. Smulation parametersfor SRG and DVR.

DVR parameters Value SRG parameters Value
Vbc 3000 V Rated voltage 600V
R 01Q Torque 650 N.m
Voltage source inverter 3 arms, 6 pulses Output power 100 kW
Carrier frequency 5000 Hz Stator poles 12
Filter shunt resistance 60 Q Rotor poles 8
Filter shunt capacitance 6 uF Base speed 1200 r.min*
Filter series inductance 80 mH Resistance per phase 0.03109 Q
Filter series resistance 01Q Moment of inertia 0.05 kg.m?
Boosting transformer ratio 1.1 Friction coefficient 0.02 N.m.s
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4.1 Case 1. Three-Phase Balanced Voltage Swell

Swelling occurs because the heavy loads in three phases are switched off. Therefore, for this test,
the symmetrical voltage swelling of 150 % with respect to V,¢ is created in the grid sideat t = 0.2
s. for 0.2 s duration (10 cycles at 50HZ). When connecting the DVR to the PCC and the same
voltage swelling is created; in that case, DVR injects the required voltage on the three phases and
then enhances the system's PCC voltage profile. Figure 8(a) shows the grid side balanced swell
voltage in volts. The PCC voltage in Volts is shown in Figure 8(b) after compensation and Figure
8 (c) shows DVR injection voltage in Volts.

The transient behaviors of the studied SRG wind turbine are simulated and compared,
respectively during a swell mode with DVR-based series compensation using both control
schemes with FLC and PI controller. The dynamic responses of the system studied are shown in
Figure 9 during this swell mode. The results of the simulation in Figure 9 (a) shows that voltage
magnitude in p.u. at PCC during the swell mode, As aresult, the voltage is closdly regulated to 1
p.u. with small overshoot below the safety limits for both control schemes. It is also observed that
overshooting and oscillation can be minimized more effectively with the FLC scheme compared
to the PI controller scheme. The output voltage of SRG in Voltsis shown in Figure 9(b). After 1
cycle of oscillations, which corresponds to approximately 0.02 s, the voltage reaches the steady-
state with asmall overshoot.

Grid Yoltage (V)

Voltage at the PCC V)

(b)

I

DVR injected voltage (V)

0.25 0.3

Time (S)

(©)
Fig. 8. Simulated resultsfor case 1: Balanced swell mode by using DVR based
on FLC (a) Grid voltagein volts, (b) compensated PCC voltagein volts, and (c)
DVR injected voltagein volts

Figure 9(c) indicates the current injected into the grid at PCC from the SRG wind turbine. If the
DVR is absent, the current dropped from 230 A to 125 A until the end of a swell disturbance
where large oscillations appeared. The current decrease from 230 A to 225 A can aso be seen.
With small overshoots and oscillations for 0.04 s and is then completely damped using DVR
based on FLC. The active power produced by the WT based on SRG at the PCC is shown in
Figure 9 (d). During the swell disturbance, if the DVR is absent, the active power dropped from
100 Kw to 60 kw with large oscillations until the swelling period ended. DVR based on FLC
reduces overhead and oscillating active power and is fully damped after 0.04 s.
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These standards have been agreed on for the results of a ssmulation. The time of recovering of
these values is well within the recovery limits as displayed in the grid code curves of Figure 1.
The smulation results show that the DVR based series compensation using FLC works
effectively to prevent the SRG wind turbine from transient voltages and currents.
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with Pl and without DVR in Valts. (c) The output current of SRG with 150 % balanced swell using DVR
based on FLC, with PI and without DVR in A. (d) Active power of SRG with 150 % balanced swell using

DVR based on FLC, with Pl and without DVR in Kw.

4.2 case 2: Three-Phase Unbalanced Voltage Swell

In this case, an unbalanced voltage swell of 150% with respect to the reference voltage occurs
from 0.2 sto 0.4 s (10 cycles at 50HZ) in the system in phase A. It can be observed that the
DVR rapidly detects this case in phase A and injects the necessary magnitude and phase angle
of voltage to keep PCC in balance. Figure. 10 depicts the load voltage profile before and after
compensation as well as the necessary injected voltage. Figure 10(a) shows the grid side
unbalanced swell voltage in volts.

The PCC voltage in Volts is shown in Figure 10(b) after compensation and Figure 10(c) shows
DVR injection voltage in Volts. The transient behaviors of the SRG wind turbine with DVR-
based series compensation using both control schemeswith FLC and PI controller are simulated
and compared during the unbalanced swell mode.
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The dynamic responses of the system studied are shown in Figure 11 during the unbalanced swell
mode. The voltage magnitude at the PCC is controlled to 1 p.u. without overshoot for the FLC
scheme compared to the Pl controller asillustrated in Figure 11 (). The output voltage of SRG in
Voltsisillustrated in Figure 11 (b). The voltage reaches the steady-state without overshoot for
the FL C scheme compared to the PI controller.

Figure 11(c) and Figure 11(d) shows the current and the power injected from the SRG wind
turbine into the grid at PCC. Without the DVR, these figures show the large oscillations during
the unbalanced swell disturbance period. It can also be seen that the current or power has not
overshoots and oscillations for DVR based on FLC.

The results of simulation show that the DVR based series compensation using FLC works

effectively to prevent the SRG wind turbine from transient voltages and currents. The time of
recovering is well within the recovery limits asillustrated in the grid code curves of Figure 1.
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Fig. 11. (a) Voltage magnitude at PCC with 150 % unbalanced swell using DVR based on FL C, with PI and without DVR
in p.u. (b) The output voltage of SRG with 150 % unbalanced swell using DVR based on FLC, with Pl and without DVR
in Volts. (c) An output current of SRG with 150 % unbalanced swell using DVR based on FL C, with PI and without
DVRin A. (d) Active power of SRG with 150 % unbalanced swell using DVR based on FLC, with Pl and without DVR in
KW.

4.3 Case 3: Analysis of Harmonic Distortion

Tota harmonics distortion (THD) has major negative implications for the system and most grid
disturbances are followed by harmonics, Therefore it is important to measure the voltage or
current waveforms level of harmonic distortion [25]. The THD values of the voltage and current
at the source and load busses with the proposed DVR are therefore investigated.

Figure 12 depicts the measured THD of voltages and currents at the PCC during swell mode to
verify the effectiveness of the proposed DVR schemes. It is clearly seen that the THD of the
voltage and current values using DVR based on FLC are significantly reduced to be within the
allowable limits stated in IEEE 519 [26]. The comparison shows a significant improvement in the
performance of DVR using DVR based on FLC. DVR complies to operate within the acceptable
limits of THD%.

556 JAUES, 15, 55,2020



ENHANCEMENT OF HIGH-VOLTAGE RIDE-THROUGH OF A GRID-CONNECTED SWITCHED RELUCTANCE GENERATOR (SRG)
WIND TURBINE USING A DYNAMIC VOLTAGE RESTORER BASED ON FUZZY LOGIC CONTROLLER

Fundamental (60Hz) = 2.041e+04 , THD= 5.42%

Fundamental (60Hz) = 2.041e+04 , THD= 0.26%

@
3

N

@

5 0.05 . -
THD=5.42% THD= 0.26%

a
3

N

-]

0.04

0.03

@
3
a
o

3
\aauuh
@
-]
@
a
a
a
L}

0.02

0.01

N
3
a
o

Mag (% of Fundamental)
Mag (% of Fundamental)

o

o
o
N
IS
L
®
a
)
a
N
a
Y
a
£l

2 4 6 8 10 12 14 16
Harmonic order

€Y (b)

100 Fundamental (60Hz) =62.1 , THD= 6.05% 25 Fundamental (60Hz) = 62.43 , THD= 4.52%

. ! 10— . .
THD= 6.05% THD=4.52%
80 0.8

0.6
60 [

0.4

a9

Mag (% of Fundamental)

N
o 2 N w b o

Mag (% of Fundamental)

20 [

c d
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5. CONCLUSION
This paper presented two FL controllers of DVR to improve the performance of SRG-based wind
turbines to achieve HVRT. The DVR is connected between the PCC and the grid. The main idea
behind the proposed controller is to regulate the injected DVR voltage to improve the voltage
profile at the PCC at abnormal operating conditions. Results show that, at faulty conditions, DVR
based FLC has the ability to mitigate the distortions in currents, voltages and power waveforms.
In the three test cases introduced (balanced voltage swell, unbalanced voltage swell, and THD),
by using DVR based FLC, there is a noticeable improvement in the waveforms and performance
of the system. Moreover, an improvement in the wind turbine generator speed performance. In
addition, the integration of controlled DVR proposed into SRG-based wind turbines also keeps
the continuous operation of the WT at faulty conditions without the need for additional protection
methods and meet any requirements for a grid code.
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