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TYPE Il FUZZY LOGIC BASED UNIT VOLTAGE
TEMPLATE FOR IMPROVING DC-VOLTAGE RESPONSE
OF DSTATCOM

Muhannad Drak ALSEBAI ¢, Kishore Kumar PEDAPENK |2

The widespread of the rectified non-linear loads affect the power quality in the
distribution systems. The three-phase four-wire DSTATCOM device is used to
improve the power quality in the distribution system. The interval type Il fuzzy logic
controller has used recently to control DSTATCOM device. In this paper, interval
type 1l fuzzy logic-based unit voltage template based DSTATCOM device to improve
the power quality is simulated via MATLAB, and the results compared with the other
common interval type Il fuzzy logic control algorithms. The tunning process of
interval type Il fuzzy logic-based on different control algorithms including the unit
voltage template theory and in the respect of different load situations is explained.
The utilization of interval type Il fuzzy logic with unit voltage template control
algorithm improves the DC capacitor voltage response of DSTATCOM device in
comparison with the other interval type Il fuzzy logic control algorithms.

Keywords: Unit VVoltage Template control algorithm, Interval Type Il Fuzzy
Logic Controller, DC Capacitor Voltage Response Improvement,
DSTATCOM Device

1. Introduction

The excessive use of electronics appliances these days consumes a lot of
reactive power demanding to increase the size of distribution grid unless the
compensating process of the reactive power [1]. Besides, the penetration of
renewable energy causes power quality issues in the distribution grids such as
harmonic current, source neutral current and power factor reduction, [2,3]. The
reliability of the distribution grid and the necessity to provide the customers with a
pure three-phase currents increase the need of the utilization of power quality
improvement devices [4,5].

Flexible Alternating Current Transmission Systems DFACTS device is very
sensitive for electrical grid condition changes and has the ability to maintain the
reliability of the power supplied by the electrical source [6]. Static Compensator
STATCOM monitors the reactive power transmitted between the load and the
electrical source which causes the voltage fluctuation and generates the necessary
reactive power to regulate the voltage [7]. Distributed static compensator,
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DSTATCOM Device, considered as a current quality improvement device, which
Is connected in shunt to enhance the power quality. Dynamic voltage restorer, DVR
Device, considered as a voltage quality improvement device, which is connected in
series with load to enhance the power quality. The Unified power quality
conditioner, UPQC Device, considered as a current and voltage quality
improvement device, which is connected in shunt and series with load for
improving the power quality [8]. DSTATCOM device is considered as one of the
best power quality improvement devices for the load changing conditions [9].
Three-phase four-wire DSTACOM device eliminates the neutral currents caused by
unbalanced loads in the distribution grids keeping the three-phase source currents
balanced. [10,11].

There are many control algorithms used recently to control the DC capacitor
voltage of DSTATCOM device such as instantaneous reactive power theory, unit
voltage template and synchronous reference frame theory [12]. In [13], the author
used a new control algorithm root counting and signatures for controlling
STATCOM device. Many researchers recently put much effort for improving
control algorithms such as, a New Grey Wolf optimization algorithm, which tunes
the parameters of fuzzy logic controller leading to the distribution grid stability
increment [14]

The regulations of PI controller tunning process are explained in many
papers [15,16]. A new PI controller for increasing the voltage stability is used to
control STATCOM by generating 48 pulses necessary for voltage source converter
VSC in [7]. The authors utilized a new technique of control algorithm which has
the ability to adjust Pl gains making it as adaptive algorithm [17]. Also, the adaptive
Pl can be reached by employing fuzzy logic which used in instantaneous PI tuning
process in the regard to the load [18,19] The main purpose of using type | fuzzy
logic to control STATCOM is to reach the power distribution stability [20]. Type |
fuzzy logic is easy to implement and considered as a solution for complicated
control algorithms, but the programmer needs to select the inputs and rules carefully
to avoid using costly hardware [21,22]. The regulations of the tunning process of
type | fuzzy-logic-based unit voltage template algorithm to control shunt active
power is presented in [23]. The increment of the interval type | fuzzy logic input
membership functions improves THD of the source currents and keeps it in very
reduced rate [24]. The optimized fuzzy logic controller is achieved by using genetic
algorithm for improving the efficiency of DSTATCOM device in the transient
situation is explained in [25]. The adaptive fuzzy logic type | examined in different
abnormal situations in [26]. The application of adaptive fuzzy logic PID controller
and how to use it for controlling the speed of wind turbine is examined in [27].
Zadeh, in [28], discussed the disadvantages of interval type | fuzzy logic and gave
interval type Il fuzzy logic as a solution of the uncertainty. The utilization of
interval type 1l fuzzy logic can deal with the uncertain data and decreases the size
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of the hardware used because it uses a reduced input upper and lower membership
functions. The instructions how to activate interval type Il fuzzy logic and examples
how it works is presented in [29]. The researchers started to apply fuzzy logic type
Il for controlling STATCOM device to enhance many aspects such as voltage
changing mitigation, stabilize of voltage during faults and reducing voltage
variations in PV generations [30,31,32]. The researcher started to compare the
interval type | fuzzy logic with the interval type Il fuzzy logic for controlling
DSTATCOM device as in [33]. STATCOM device with Interval type 11 fuzzy logic
controller is connected to the high voltage bar to improve the power quality with
low voltage load and high voltage loads at the same time is explained in [34].

In this paper, the application of interval type Il fuzzy logic with unit voltage
template control algorithm takes place by using MATLAB environment®. The
instructions how to tune the interval type Il fuzzy logic in the respect different load
situations are given to keep the efficiency of the DSTATCOM device in mitigation
the harmonics and improving the source power factor. The comparison between the
different control algorithms with different range of error and change of error inputs,
depending on the DC capacitor voltage response and source current THD, were
included in this paper to examine the efficiency of the new interval type Il fuzzy
logic-based unit voltage template control algorithm.

2. DSTATCOM three-phase four-wire Device

DSTATCOM device is one of the DFACTS devices that integrated in
parallel with load to improve the power quality instantaneously. It contains of
Voltage Source Inverter VSI, interface inductor L, DC capacitor Cpc, and it needs
control algorithm which measures the parameters of electrical grid instantaneously
and provide the VSI with the pulses needed to improve the power quality of the
source. Fig. 1 illustrates the DSTATCOM device utilized in this paper. The
DSTATCOM utilized in this paper has the same structure of three-phase three-wire
DSATCOM device, but with one difference, which is the utilization of two more
IGBT thyristors of the neutral line. This type of DSTATCOM device used with
unbalanced loads to keep the three-phase source currents pure and balanced. The
DSTATCOM device parameters utilized in this paper for different load situations
are mentioned in the Table 1 [35].

Table 1
The DSTATCOM device Parameter
Magnitude 4KkVA | 8kVA | 14kVA
Capacitor Vdc 700 V 700 V 700 V

Capacitor Cdc 3000 uF | 3000 uF | 3000 uF
Interface Inductor Lf | 21 mH | 10 mH 7 mH
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Fig. 1. Electrical grids parameters with DSTATCOM device integrated in parallel

3. Control Algorithms

A. Interval Type Il Fuzzy Logic based Instantaneous Reactive Power Theory
Control Algorithm:
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Fig. 2. Interval Type Il Fuzzy Logic based IRP Theory

Surface of IRP- Surface of IR KVA-2R Surface of IRP-

-550

Pad)
-

700

25

Change of Error < Ervor Change of Error 2 Error Change of Error b Error

Fig. 3. Surface of Interval type Interval Type Il Fuzzy Logic based IRP theory tuned for 4-8-14
kVA with error and change of error three membership functions second range [-5, +5]
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The working principal of this theory is to generate reference three-phase
source currents and compared them with the measured three-phase source currents
in order to generate three error signals, which they are used as inputs for the
hysteresis controller to generate three-phase six pulses needed by the DSTATCOM
device. The reference active power component Ps* consists of the filtered load
active power component Pdc by using low pass filter and the adjusting component
extracted by the interval type Il fuzzy logic Padj. The reference reactive power
component gs* should be at the zero value to make the source power factor at the

unity value [36]. See Fig. 2.
Table 2
Interval Type 11 fuzzy logic-based IRP Theory parameters

g e ol el P
4 KVAPF 0.7 Eég %gg} [-3172,2007]
8 KVAPF 0.7 Eég %gg} [-6283,3983]
14KVAPF 0.7 Eég %gg} [-10960,7356]

The interval type Il fuzzy logic keeps the DC capacitor voltage at the
reference value by increasing or decreasing the active power generated by the
electrical source to cover the active power needed by the load in addition to the lose
power consumed in the DSTATCOM device.

In this paper, the interval type Il fuzzy based IRP theory tuned to three
different loads 4 kVA 8 kVA 14 kVA with PF 0.7. It has two input signals,
DSTACOM DC capacitor voltage error signal and DSTACOM DC capacitor
voltage error signal change of error signal, and it has one output signal, the adjusting
active power signal Padj. The two input signals have three membership functions
with two examined ranges [-2,2] [-5,5] which are the same for all different loads,
while the output adjusting active power Padj has different ranges in the respect of
the different loads [37]. See Fig. 3. The range of Padj output has been selected
depending on the output of PI controller-based IRP control algorithm which keeps
the DC voltage capacitor at the reference value.

B. Interval Type Il Fuzzy Logic based Synchronous Reference Frame Theory
Control Algorithm:

The main idea interval type Il fuzzy logic based SRF theory is to generate
reference three-phase source currents and compared them with the measured three-
phase source currents in order to generate three error signals, which they are used
as inputs for the hysteresis controller to generate three-phase six pulses needed by
the DSTATCOM device. The reference direct component of the source current Isd*
consists of the filtered direct load current component Iddc by using low pass filter
and the adjusting component extracted by the interval type 11 fuzzy logic Idadj. The
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reference quadrature source current component Igs* should be at the zero value to
make the source power factor at the unity value [38]. See Fig. 4.
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Fig. 4. Interval Type Il Fuzzy Logic based SRF Theory Control Algorithm
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Fig. 5. Surface of Interval type Interval Type Il Fuzzy Logic based SRF Theory tuned for 4-8-14
kVA with error and change of error three membership functions second range [-5, +5]

Table 3
Interval Type Il fuzzy logic based SRF Theory parameters

I L T
4KVAPF 0.7 Egg Egg} [-8.733,5.933]
8 KVAPF 0.7 Egg Egg} [-17.47,11.87]
14 KVAPF 0.7 Eég %;é} [-30.67,20.67]

The interval type Il fuzzy logic keeps the DC capacitor voltage at the
reference value by increasing or decreasing the direct source current component
generated by the electrical source to cover the direct current needed by the load in
addition to the direct lose current consumed in the DSTATCOM device.

In this paper, the interval type Il fuzzy based synchronous reference frame
tuned to three different loads 4 kVA 8 kVA 14 kVA with PF 0.7. It has two input
signals, error signal and change of error signal, and it has one output signal, the
adjusting direct current component signal Idadj. The adjusting direct current
component is utilized to decrease or increase the reference direct source current lapc
to keep the DC voltage value at the reference value. The two input signals have
three membership functions with two examine ranges [-2,2] [-5,5] which are the
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same for all different loads, while the output direct current component Idadj has
different ranges in the respect of the different loads [39]. See Fig. 5. The range of
Idadj output has been selected depending on the output of PI controller based SRF
control algorithm which keeps the DC voltage capacitor at the reference value.

C. Interval Type Il Fuzzy Logic based unit voltage template Theory Control
Algorithm:

The main idea interval type Il fuzzy logic-based UVT theory is to generate
reference three-phase source currents and compare them with the measured three-
phase source currents in order to generate three error signals, which they are used
as inputs for the hysteresis controller to generate three-phase six pulses needed by
the DSTATCOM device. The reference three-phase source currents should have the
same phase of the source three-phase voltages to keep the source power factor at
the unity value, while the reference three phase source currents should have the
amplitude generated by the interval type Il fuzzy logic ISp* [40]. See Fig. 6.

Table 4
Interval Type Il fuzzy logic-based unit voltage template theory parameters
Interval Type Il fuzzy Logic based UVT Parameters
Load kVA Error Change of Error ISp* A
[_2!2] [_212] _
4 KVA PF 0.7 [5.5] [5.5] [-2.133,12.53]
[_212] [_212] _
8 kVAPF 0.7 [5.5] [5.5] [-3.867, 25.47]
[_212] [_212] _
14 kKVA PF 0.7 [5.5] [5.5] [-3, 41]
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Fig. 6. Interval Type Il Fuzzy Logic based UVT theory Control Algorithm
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The interval type Il fuzzy logic keeps the DC capacitor voltage at the
reference value by increasing or decreasing the amplitude of three-phase source
currents generated by the electrical source to cover the amplitude of three-phase
load currents in addition to the amplitude of the three-phase lose currents consumed
in the DSTATCOM device. The range of ISp* output has been selected depending
on the output of PI controller based UVT control algorithm which keeps the DC
voltage capacitor at the reference value.

In this paper, the interval type Il fuzzy based unit voltage template tuned to
three different loads 4 kVA 8 kVA 14 kVA with PF 0.7. It has two input signals,
error signal and change of error signal, and it has one output signal, the amplitude
of the three-phase source currents signal ISp*. The two inputs have three
membership functions with two examine ranges [-2,2] [-5,5] which are the same for
all different loads, while the amplitude of the three-phase source currents ISp* has
different ranges in the respect of the different loads. See Fig. 7. As Fig. 8 illustrates,
the Sugeno interval type Il fuzzy logic is utilized with UVT at load 14 kVA. The
type-reduction method is ‘eiasc’, the defuzzification method used is ‘wtaver’
[29,42]. The two inputs have three lower and upper membership functions of the
type ‘gaussmf” with the second range [-5,5]. There are nine rules utilized as the
follows,

Table 5
The nine rules utilized in IT2FL based UVT at 14kVA
CE/E Low Normal High
Low Low Low Normal
Normal Low Normal High
High Normal High High
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Rule Editor
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E
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cE
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Fig. 8. Interval type Il fuzzy logic controller based UVT at load 14 kVA
4. Simulation and Results

MATALB Simulink Environment® used to examine the proposed control
algorithm in comparison with other control algorithms to find out the improvement
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in DC capacitor voltage response of DSTATCOM device. As Fig. 9 shows, the
targeted electrical grid contains of low voltage electrical source side, DSTATCOM
device connected to distribution grid at the point of common coupling and low
voltage load side with different load situations. The control algorithm examined in
this paper are T2FL based IRP theory tuned to the different load situations, T2FL
based SRF theory tuned to the different load situations and T2FL based UVT theory
tuned to the different load situations. These different control algorithms with two
ranges of input signals [-2,2] [-5,5] were examined with different load situations to
figure out the optimized control algorithm with the application of interval type 1l
fuzzy logic for controlling DSTACOM device.

oc_Sous la
qlb
late_S
= ic
Discrote
10055, Retified Load
4KVA 0.7
la
CH
dic
Retified Load
BKVA0.7
oo voe - Vabe_Sourcq
ABCSP
3Phase DSTATCOM Pulses T e . pC
g o
be_Sourcs Vabe_Source
- . cc_source a monts
/g, e o
Noutral DSTATCOM Pulses ] [ d It e
ahc_Saurce abe_souree” | - unbalianced
- 2 Rectified Load
labe_dlat y AKVAPFO.T
TT2FL_UVT dita
Gontroller vac qiLb IL
Vae
e
iLn Unballanced
ILn Rectified Load
BKVA PFO.7
-—'-ICH icn
icn [
ILb' ILs
DSTATCOM 1sn

Intorface Inductor Unballancod
DATA Bank Rectifisd Load

Fig. 9. Electrical gird which consists of, low voltage electrical source, low voltage distribution grid,
different load situations, DSTATCOM device with UVT-T2FL Control algorithm.

A. Different Load Situations:

1. Error and change of error with three membership functions first range:

Table 5
Capacitor DC voltage signal response comparison at Different Load Situations with error
and change of error first range

Apparent Capacitor dc Voltage Parameter
Controller Power Rising time | Peak time | Settling time Peak
Overshoot%
kVA ms ms ms \Y
IRP_T2FL ‘ 89.5 205 210 0.07% 700.5
SRF_T2FL ‘F‘,F\éé 84.4 186 190 0.14% 701
UVT_T2FL ' 79.5 169 180 0.14% 701
IRP_T2FL " 44 105 120 0.21% 7015
SRF_T2FL ﬁF\éé 42 95 110 021% | 7015
UVT_T2FL ' 37 80 90 0.28% 702
IRP_T2FL 27.5 66 70 0.28% 702
14 kVA
SRF_T2FL PE 0.7 26.5 60 68 0.28% 702
UVT_T2FL ' 245 53 62 0.5% 704
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Table 6

Source current THD and Source PF comparison at at different constant loads with error and

change of error first range

Apparent Electrical Source Parameter
Controller POR" | 1sTHD Ps W QsVar | Source PF
W/O DSTATCOM 11.03% 2840 2810 0.7
IRP_T2FL 4 kVA 4.30% 2860 535 0.98
SRF_T2FL PF 0.7 4.21% 2860 535 0.98
UVT_T2FL 4.22% 2860 535 0.98
W/O DSTATCOM 10.89% 5660 5620 0.7
IRP_T2FL 8 kVA 3.87% 5680 1080 0.98
SRF_T2FL PF 0.7 3.86% 5680 1080 0.98
UVT_T2FL 3.83% 5680 1080 0.98
W/O DSTATCOM 10.95% 9820 9650 0.7
IRP_T2FL 14 kKVA 3.52% 9850 1880 0.98
SRF_T2FL PF 0.7 3.49% 9850 1880 0.98
UVT_T2FL 3.53% 9850 1880 0.98

The IT2FL with first range input signals [-2,2] based on different control
algorithms used to control DSTATCOM device in different load situations. First, at
the load 4 kVA PF 0.7; IT2FL based UVT in comparison with IT2FL based
IRP/SRF improves the DC capacitor response as follows, RT 79.5 ms, PT 169 ms
and ST 180 ms; increases the overshoot to the value 701 V; maintains the THD of
the source current at almost the same value 4.22%; maintains the source power
factor at the value of 0.98. Second, at the load 8 kVA PF 0.7; IT2FL based UVT in
comparison with IT2FL based IRP/SRF improves the DC capacitor response as
follows, RT 37 ms, PT 80 ms and ST 90 ms; increases the overshoot to the value
702 V; decreases the THD of the source current to value 3.83%; maintains the
source power factor at the value of 0.98. Third, at the stable load 14 kVA PF 0.7;
IT2FL based UVT in comparison with IT2FL based IRP/SRF improves the DC
capacitor response as follows, RT 24.5 ms, PT 53 ms and ST 62 ms; increases the
overshoot to the value 704 V; maintains the THD of the source current at the value
3.53%; maintains the source power factor at the value of 0.98. The utilization of
IT2FL based UVT with the first range input signals [-2,2] in comparison with
IT2FL based IRP/SRF improves the DC capacitor voltage response; and it doesn’t
affect the efficiency of DSTATCOM device in the mitigation of the harmonics and
in improving the source power factor at the different stable loads.

2. Error and change of error with three membership functions second range:
Table 7
Capacitor DC voltage signal response comparison at different load situations with error and
change of error second range
Apparent Capacitor dc Voltage Parameter
Power Rising time | Peak time | Settling time Overshoot% Peak
kVA ms ms ms V

Controller
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IRP_T2FL 89.5 206 206 0% 700
SRF_T2FL | 2KVA 84.4 186 186 0% 700
UVT T2FL 795 170 180 0% 700
IRP_T2FL 44 110 120 0.14% 701
SRF_T2FL EE\(@ a1 95 105 0.14% 701
UVT_T2FL 36 82 90 0.28% 702
IRP_T2FL 275 66 75 035% | 7025
SRF_T2FL 1#‘8’ A 265 62 68 0.42% 703
UVT _T2FL ' 23.5 53 62 0.5% 703.5
Table 8

Source current THD and Source PF comparison at at different constant loads with error and
change of error second range

Apparent Electrical Source Parameter
Controller Poer Is THD Ps W Qs Var Source PF
W/O DSTATCOM 11.03% 2840 2810 0.7
IRP_T2FL 4 kVA 4.35% 2860 535 0.98
SRF_T2FL PF 0.7 4.27% 2860 535 0.98
UVT T2FL 4.27% 2860 535 0.98
W/O DSTATCOM 10.89% 5660 5620 0.7
IRP_T2FL 8 kVA 3.72% 5680 1080 0.98
SRF_T2FL PE 0.7 3.52% 5680 1080 0.98
UVT T2FL ' 3.76% 5680 1080 0.98
W/O DSTATCOM 10.95% 9820 9650 0.7
IRP_T2FL 14 KVA 3.26% 9850 1880 0.98
SRF T2FL PE 07 3.21% 9850 1880 0.98
UVT T2FL ' 3.08% 9850 1880 0.98
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Fig. 10. DC voltage capacitor response, rising time RT, peak time PT, sitting time ST, over shoot OS as
function to load apparent power SL; Source current total harmonic distortion IS THD% as a function to
load apparent power SL with error and change of error three membership functions second range.
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Fig. 11. DSTATCOM Capacitor DC Voltage response at load apparent power 4 k\VA PF 0.7 with error
and change of error three membership functions second range.
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Fig. 12. DSTATCOM Capacitor DC Voltage response at load apparent power 8 k\VA PF 0.7 with error
and change of error three membership functions second range.
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Fig. 13. DSTATCOM Capacitor DC Voltage response at load apparent power 12 kVA PF 0.7 with error
and change of error three membership functions second range.

The interval type Il fuzzy logic with second range input signals [-5,5] based
on different control algorithms used to control DSTATCOM device in different
load situations. First, at the load 4 kVA PF 0.7; IT2FL based UVT second range
input signals [-5,5] in comparison with IT2FL based UVT with first range input
signals [-2,2] maintains the DC capacitor response at the same values, RT 79.5 ms,
PT 170 ms and ST 180 ms; decreases the overshoot to value of 700 V; increases the
THD of the source current to the value 4.27%; maintains the source power factor at
the value of 0.98. See Fig. 11. Second, at the stable load 8 kVA PF 0.7; IT2FL based
UVT second range input signals [-5,5] in comparison with IT2FL based UVT with
first range input signals [-2,2] maintains the DC capacitor response at the same
values 36 ms, 82 ms and 90 ms respectively; maintains the overshoot at value of
702 V; decreases the THD of the source current in good margin to the value 3.76%;
maintains the source power factor at the value of 0.98. See Fig. 12. Third, at the
stable load 14 kVA PF 0.7; IT2FL based UVT second range input signals [-5,5] in
comparison with IT2FL based UVT with first range input signals [-2,2] maintains
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the DC capacitor response at the same values, RT 23.5 ms, PT 53 ms and ST 62
ms; decreases the overshoot to value of 703.5 V; decreases the THD of the source
current in good margin to the value 3.08%; maintains the source power factor at the
value of 0.98. See Fig. 13. The utilization of IT2FL based UVT with second range
input signals [-5,5] in comparison with IT2FL based UVT with the first range input
signals [-2,2] maintains the DC capacitor voltage response at almost the same value;
it doesn’t affect the efficiency of DSTATCOM device in improving the source
power factor; but it improves the efficiency of DSTATCOM device in the
mitigation of the harmonics at the different stable loads. See Fig. 14.

Source Three Phase Currents with UVT-T2FL DSTATCOM
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Fig. 14. Electrical grid waveforms at the rectified nonlinear load of 14 kVA PF0.7 while using
UVT_T2FL with error and change of error three membership functions second range based
DSTATCOM device for compensating starting from t=0.1 s

5. Conclusion

The interval type Il fuzzy logic-based unit voltage template is utilized in this
paper for improving the DC capacitor voltage response in different load situations.
According to the results, the main contribution of this paper as follows (i) The
instructions of tuning process of different interval type Il fuzzy logic control
algorithms in the regards of different load situations is produced. (ii) The interval
type Il fuzzy logic-based unit voltage template succeed in the mitigation of the
harmonics and improving the DC capacitor voltage response (iii) The interval type
Il fuzzy logic-based unit voltage template control algorithm is better than the
interval type Il fuzzy logic-based instantaneous reactive power and synchronous
reference frame control algorithms (iv) The interval type 1l fuzzy logic with error
and change of error three membership functions second range [-5,5] is better than
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the interval type Il fuzzy logic with error and change of error three membership
functions first range [-2,2].
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