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Abstract

The interval type Il fuzzy logic controller (IT2FL) is a recent artificial intelligent technology which is applied in many aspects of electrical
power engineering and controlling strategies these days. The improving of Distribution Static Synchronous Compensator (DSTATCOM)
control algorithms is still ongoing, because the control strategy of DSTATCOM device is considered as a decisive factor which affects
the performance of DSTATCOM device in enhancing the quality of power in the distribution grids. The improving process focuses
in two main aspects the DC capacitor voltage response to the control system and the mitigation of the harmonics which are produced
by the controlled and uncontrolled rectified loads. In this paper, the interval type Il fuzzy logic controller (IT2FL) based the Unit Voltage
Template strategy (UVT) is examined by the MATLAB program with two different ranges of input signals, and compared with the type |

Fuzzy logic controller (T1FL). The IT2FL based UVT shows promising results in improving the deformed shape of source current waves

in comparison with the other controllers.
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1 Introduction

The power quality term is widespread these days in the
distribution electrical grids, which means the ability of the
source to supply the load with current and voltage waves
which are pure harmonics-free without deformation [1, 2].
It becomes one of the customers and producers' import-
ant priority these days. The customers of the electrical
system nowadays are utilizing variety load types caus-
ing the deformation of electrical source current waves
and drive them away from a sinusoidal, which affects
the power quality negatively and increases the necessity
of the improvement process [3]. In some nonlinear loads
such as Diode Bridge Rectifier (DBR) with Brushless DC
Motor (BLDC motor), the total harmonic distortion of
source current reaches to 70% and the source power fac-
tor becomes under 0.7, and these values are not accept-
able by the international power quality standards [4—6].
Furthermore, Induction motor, which uses DBR and Space
Vector Modulation (SVM) inverter to control its speed,
produces noise and disturbances to the power system [7].
Power quality disturbances can be identified as any devi-
ation may happen in the sinusoidal shape in the voltage

or current waveforms [8]. The smart grids suffer from
the power quality disturbances more than the traditional
grids, because of the high penetration of the renewable
energy sources in the smart grids in comparison with the
traditional one [9, 10]. The electrical disturbances can be
classified as harmonics, unbalanced load, flickers, voltage
swell and voltage sag. They may cause an excessive heat
for the electrical appliances and increasing of the power
losses in the transmission and distribution grids [11].

For the improvement process, inverter-based power
quality conditioners are used in these days, because of
their small size and fast response in comparison with con-
ventional ways [12—14]. The utilizing of Distribution Static
Synchronous Compensator (DSTATCOM) device in the
distribution grid compensates the reactive power, returns
the electrical current waves to sinusoidal form, leading to
the enhancement the power quality [15—17].

The multilevel inverters are used recently for the
medium and high-power loads because of their ability
to produce a high voltage without using transformers.
The high voltage can be obtained by using many levels of

Cite this article as: Drak Alsebai, M., Pedapenki, K. K. "Transformation of Type | Fuzzy Logic into Interval Type Il Fuzzy Logic-based Unit Voltage Template
with Controlled Load", Periodica Polytechnica Electrical Engineering and Computer Science, 68(1), pp. 37-53, 2024. https://doi.org/10.3311/PPee.22465


https://doi.org/10.3311/PPee.22465
https://doi.org/10.3311/PPee.22465
mailto:muhannad.drak@jainuniversity.ac.in

38 | Drak Alsebai and Pedapenki
Period. Polytech. Elec. Eng. Comp. Sci., 68(1), pp. 37-53, 2024

small voltage to reach the desired high voltage. These mul-
tilevel inverters can be achieved by utilizing additional
switching devices which need complicated control strat-
egy to provide them with the necessary pulses [18—20].

DSTATCOM device is one of the Shunt Distributed
Flexible AC Transmission System (DFACTS) devices,
which is connected in parallel with the distribution grid.
The working principle of DSTATCOM device is to inject
the compensating current into the distribution grid to
reduce harmonics, compensate the reactive power, main-
tain power factor, balance the load [21].

The performance of DSTATCOM device in improving
the power quality depends on the effectiveness of con-
trol strategy and the controller used. Many conventional
control strategies have been used to improve the perfor-
mance of DSTATCOM device. Besides, the control strate-
gies should have features of fast response and load change
tracking to meet the requirements of controlling and
operating smart girds [22—24]. Unit voltage template con-
trol depends on the principle of unites the phases of the
current and voltage source waves to improve the power
factor [25, 26]. Many controllers were an applied to these
control strategies, such as: PI controller, neural network
and type I fuzzy logic [27-29]. PI controller is consid-
ered as linear controller which needs the linear model of
the controlled system, while the artificial neural network
and fuzzy logic controller are considered as linear and
non-linear controllers which doesn't need the nonlinear
model of the controlled system [30-32]. Consequently,
the use of artificial intelligence controllers is recom-
mended when the model of the controlled system can't be
reached easily [33].

The best performance of DSTATCOM device can be
achieved with PI controller with the suitable selection of
the proportional and integral gains for a specific condition
of the load [34].

The application of IT2FL with the UVT control algo-
rithm is not implemented, even though, that UVT control
algorithm give fast response and better harmonics miti-
gation in comparison with the other control strategies,
because it does not need to utilize Low Pass filter (LPF)
for filtering the input signals in comparison with the other
control algorithms.

In this paper, the utilizing of IT2FL controller with
UVT is implemented to control the DC Capacitor voltage
of the DSTATCOM device instead of PI, to improve the
DSTATCOM device performance in the mitigation of the
source current harmonics, and to improve the DC capaci-
tor response of the DSTATCOM device.

First, the tunning process of TIFL and IT2FL controllers
based UVT control strategy takes place in the response to
different controlled rectified load situations with two differ-
ent ranges of input signals. Second, The TIFL and IT2FL
controllers based UVT control strategy is examined by
using MATLAB environment with two different ranges of
input signals at different load situations. Third, The T1FL
and IT2FL controllers based UVT control strategy is exam-
ined by using MATLAB environment at different loads
and disturbances in one wave form situation. Fourth, the
comparison between two different ranges of input signals
was conducted, to define the better controller based UVT
in improving the shape of source current waves and keep
them with the same phase of the source voltage waves. Two
aspects were used to examine the new intelligent IT2FL
based UVT; the DC capacitor response parameters as set-
tling, peak and rising time; the electrical source parameters
as source power factor and Source current-THD.

2 Review of literature

The type I fuzzy logic has been utilized in many papers to
control DSTATCOM device in the past [35]. First, a com-
bination of the fuzzy logic controller along with PI con-
troller were utilized to merge the benefits of both con-
trollers in one strategy. First loop was used to keep the
DC capacitor constant, while the second loop were used
to extract the reference source currents [36]. Second, the
type I fuzzy logic were used as an adjuster to tune the PI
controller in the double-loop control strategy [37]. Third,
the fuzzy logic controller used to change the proportional
and integration gains in the respect of the load changing
instantaneously. A new strategy of varying the PI gains to
suit the transient situation has been utilized [38]. Fourth,
new inputs for fuzzy logic controller used as a trial for
improvement. This control strategy used the speed vari-
ation and acceleration of the generator as inputs for the
fuzzy logic controller and it compared with the PI con-
troller [39]. Fifth, A combination between two fuzzy logic
controllers is used to generate the reference source cur-
rent. The two fuzzy logic controllers are used to control
the direct and quadrature axis of the load current wave.
The error and change of error of direct and quadrature
components of the load current are used as inputs for the
two fuzzy logic controllers used in [16]. Sixth, Fuzzy logic
controller was used alone for controlling the active power
filter. The fuzzy logic controller is applied to the active
power filter to diminish the harmonics in the supply side
feeding three phase induction motor by utilizing vertical
speed indicator (VSI), and it compared with PI and PID



controllers [40]. A fuzzy logic controller was applied to
control the active power filter and compared with neu-
ro-fuzzy logic controller [41]. After the application of the
type I fuzzy logic the researcher started to face the uncer-
tainty problem which is considered as one of type I fuzzy
logic drawbacks [37].

IT2FL controller is one of the artificial intelligence
controllers which can overcome the uncertainty situation
which the T1FL controller can't handle. IT2FL control-
ler can be tuned easily to handle the nonlinear situations
because it has strong learning ability and the ability to be
adaptive with system parameters changing [42, 43]. First,
IT2FL controller was applied alone with control strategy to
control the DSTATCOM device. The IT2FL with SRF con-
trol strategy was utilized for improving the source power
quality for hospital load which is considered as sensitive
loads. The authors compared the interval type II fuzzy
logic controller based recursive least square filter with PI
and type I fuzzy logic controllers to show the improve-
ment of control strategy [44]. The IT2FL with seven mem-
bership functions was utilized to control shunt-high-volt-
age DSTATCOM device to make suitable for all types
of loads which connected either to low voltage busbar or
high voltage bus bar [45]. Second, IT2FL was utilized to
change proportional and integral gains of the PI controller.
The output of IT2FL was used along with the direct com-
ponent of load current to tune the proportional and integral
gains of the PI controller, to give the best mitigation to the
source current harmonics and best DC capacitor response
parameters. A new structure of interface bank inductor
also used to enhance the performance of DSTATCOM
device [46]. Third, IT2FL controller was utilized to control
a DSTATCOM with complicated structures which is hard
to be controlled by PI or T1FL controllers. IT2FL is uti-
lized in the instantaneous reactive power strategy to gen-
erate the reference current signals. This control strategy is
used to control the three-level active neutral point clamped
DSTATCOM device with special structure [42]. Interval
type II fuzzy logic was utilized with least mean square
control strategy to control the five-level cascade H-Bridge
Multi Level Inverter (CHBMLI) DSTATCOM device and
compare it with the PI controller [43].

Artificial Neural network (ANN) is considered as
one of artificial intelligence controllers which can be
utilized with complicated PQ problems that may face
the DSATCOM device, because it offers fast dynamic
response, better steady state and transient stability to the
control system. The common types of ANN which utilized
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to control the DSTATCOM device are backpropagation
(BP) and ADALINE. Five ANN controllers were trained
and used to replace PI controller and all the LPFs in the
IRP theory algorithm to improve the DSTATCOM device
in the mitigation of the harmonics [47—49].

3 DSTATCOM device

In this paper, three-phase four-wire DSTATCOM device is
used for the mitigation of source current harmonics and to
unite the phases of voltage and current source waves, while
the application controlled rectified loads with resistance
and inductor connected in series (R = 16 Q, L = 16 mH,
R=20Q,L=20mH, R =24 Q, L =24 mH). The voltage
source inverter (VSI) is used to inject or absorb the reactive
power needed from the energy stored in the DC capacitor
and through three interface inductors to the examined elec-
trical grid. The characters of DSTATCOM device for dif-
ferent controlled rectified loads is listed in the Table 1 [50].

4 Control algorithms

4.1 Unit voltage template theory control algorithm

This control algorithm extracts the reference source cur-
rent waves, and then compare them with the sensed source
current to generate the error signals. These error signals
are the inputs for the hysteresis controller which extracts
six pulses for the six thyristors of the DSTATCOM device
three phases, and extracts two pulses for the two thyristors
of the DSTATCOM device neutral.

The desired reference source current waves should have
the same phase of the source voltage waves. In order to
extract the desired reference source currents, the phases
of the source voltage waves are needed to be extracted by
the means of the Egs. (1)—(3) as follows [25]:

V xsinwt .
Va = —  — =gsinwt M
.pu V
am
v xsin(wt—-120°) .
vV, . =—2= =sin(wr—120°) 2)
.pu V
bm
V xsin(wt+120°) .
v, o=-n =sin(wz +120°). €)
.pu V
cm
Table 1 The DSTATCOM device characters
Controlled rectified loads
DSTATCOM characters RI16L16 R20L20 R241.24
Capacitor V,, 700 V 700 V 700 V
Capacitor C,, 3000 uF 3000 uF 3000 uF
Interface inductor Lf 5 mH 5 mH 5 mH




40 | Drak Alsebai and Pedapenki
Period. Polytech. Elec. Eng. Comp. Sci., 68(1), pp. 37-53, 2024

The amplitude of the reference source current should
cover the active power needed by the load and the
losses of the power due to the switching process of the
DSTATCOM thyristors. PI controller can be utilized to
keep the DSTATCOM DC capacitor voltage at the refer-
ence value of 700 V by extracting the desired reference
source current waves' amplitude by using Egs. (4), (5):

Vch(n) = Vd*c - Vdcm(n) (4)
ISp(n) = ISp(n—l) + KP (I/ch(n) - I/a{cE(rl—l) ) + KincE(n)' (5)

The proportional and integral constants utilized in this
paper are K = 0.65 and K, = 10.

The desired reference source current waves are the
multiplying of the desired reference source amplitude into
the desired reference source current phases as showing
in Egs. (6)—(8):

L5, =1g,xV,,, =1, xsinwt ©6)
Iy, =1, %V, ,, = Iy, xsin(wr ~120°) ()
I =1y, xV, . =T xsin(wr+120°). ®)

Finally, the desired error signals to feed the hysteresis
controller are extracted by comparing the desired refer-
ence source current waves with the sensed source current
waves as Egs. (9)—(11):

4.2 Type I fuzzy logic-based unit voltage template
theory control algorithm
As Fig. 1 shows, the unit template strategy for controlling
DSTATCOM device is wide explained with the detailed
equations in [26]. The reference source current waves
are generated to have the same phase as the source volt-
age waves by absorbing or injecting the reactive power to
the controlled rectified load. Furthermore, the amplitude is
extracted by the artificial controller to support the load with
the necessary active power, and to supply the DSTATCOM
device with active power needed to cover the loses in the
IGBT switches and to charge the DC capacitor [26, 43].
In this paper, as Fig. 2 and Table 2, the Fuzzy Inference
System (FIS) type utilized for TIFL controller is "Sugeno”
with defuzzification method "wtaver". The type 1 fuzzy
logic is function is to maintain the DC capacitor voltage
at the reference-desired value of 700 V which stand for
the "controlled" signal, which means that the two inputs
should derived from controlled signal. For achieving this
purpose, it has two input signals and one output signal.
The first input is the difference between the DC capaci-
tor reference value and the sensed value, which stands for
the "error" signal, while the second input is the difference
between the real value and the past value of first input,
which stands for "change of error". The benefits of these
two inputs to give information to the fuzzy logic control-
ler if the controlled signal near to the reference value and
if it is increasing or decreasing. Furthermore, while the

erra = ISa - ISam (9) . . . .
unit voltage template strategy is used in this paper, so
. . .
err, =1y —1, (10) the output signal is the reference source current peak 1’;[7.
The benefit of the output signal is to change the value of
* .
err,=1g -1, . (11) the source current peak to keep the controlled signal at the
desired value. The characteristics of the type I fuzzy logic
700 + *
Vdc* o~ inMnut 1Sp
Vd:irref Vde_m T
%} Type | Fuzzy Logic
LPF2 50Hz
vs Ve VSa_p.u
a a_p.u
= ISabc* = » ISabc_ref ABCEP
vsb  Vsb_pu » VSb_p.u ISabe ABC6P
Vabe_Sourcgprq 250Hz
VSC  VSC_pu B N
VSc_p.u »{1Sabc_m N2P [—{ : )
VSabc_p.u Estimation ISabe_m NzP
ISabc* Estimation
Hysteresis
Controller
D,
labe_source

Fig. 1 TIFL-based UVT control strategy
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Fig. 2 Surface of type I fuzzy logic-based UVT tuned for controlled rectified loads 0.8 PF R =16 Q, L =16 mH, R=20 Q, L =20 mH, R =24 Q,
L =24 mH with three membership functions second range of the two inputs. The Rule viewer of two examples shows the application of the nine rules

on different values of inputs and the extracting the respect output values.

Table 2 Type I fuzzy logic controller-based unit voltage template
strategy parameters

Controlled TI1FL controller based UVT strategy parameters
rectified load Error Change of error I, A
R=16Q, [-2.2] [-0.2,0.2] [13,19]
L=16mH [-5.,5] [-0.5,0.5] [13,19]
R=200, [2.2] [-0.2,0.2] [11,17]
L=20mH [-5,5] [-0.5,0.5] [11,17]
R=24Q, [-2.,2] [-0.2,0.2] [10,15]
L=24mH [-5,5] [-0.5,0.5] [10,15]

is as follows; the inputs use three membership functions
with two different ranges, the output use three member-
ship functions with one range, and the rule bases contain
of nine rules. For the better results, the output range tuned
to suit the three controlled rectified loads.

Thenine rules utilized by the TIFL-based UVT (Table 3)
consists of the logical statements in Algorithm 1 [25].

The Fig. 2 shows the surface of the T1FL based UVT
with second range of input signals, tuned to suit the recti-
fied load connected to the terminals of different situations
of resistance in series with inductance. The surface is sim-
ply identified as three-dimensional mapping of the two
inputs' values and the output's values. In the mentioned
case above, the MTLAB program applies the inputs' val-
ues from the specific range £ [—5,5] CE [-0.5,0.5] in the
nine rules mentioned above, and then extract the output
values from its specific range [11-17]. Then, the MATLAB

Table 3 Nine rules utilized by the TIFL-based UVT

CE/E Low Normal High
Low Low Low Normal
Normal Low Normal High
High Normal High High

Algorithm 1 Nine logical statements

1. If(£is Low) and (CE is Low) then (/;, is Low)

If (£ is Low) and (CE is Normal) then (I;,P is Low)

If (£ is Low) and (CE is High) then (I;p is Normal)

If (£ is Normal) and (CE is Low) then (Igp is Low)

If (£ is Normal) and (CE is Normal) then (Ig,p is Normal)
If (£ is Normal) and (CE is High) then ([;p is High)

If (£ is High) and (CE is Low) then (1;p is Normal)

If (£ is High) and (CE is Normal) then (1;/} is High)

If (£ is High) and (CE is High) then (I;p is High)

© X N e R W

program plot the extracted output values as a surface of
three-dimensional mapping in the respect of the inputs'
values. For example, if £ is —2.02 and CE is 0.232 and after
applying the nine rules then Igp is 14.3, another example,
if Eis —8.88 x 107'° and CE is —0.323 and after applying
the nine rules then 7 is 12.

As a results, in the surface view of TIFL R20L20,
the respect output for the inputs £ —2.02 and CE 0.232 is
14.3, and the respect output for the inputs £ —8.88 x 107!
and CE 0.323 is 12.
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Fig. 3 IT2FL-based UVT control strategy

4.3 Interval type II fuzzy logic-based unit voltage
template theory control algorithm

As Fig. 3 shows, the same unit voltage template strat-
egy which utilized with type I fuzzy logic. It generates
the reference source current signals and extracting the
eight pulses needed to control the three-phase four-wire
DSTATCOM device.

IT2FL considers as an artificial intelligence controller
because it is utilizing the logic statements, as illustrated
in the Table 4, to extract the output from the inputs not
by applying mathematical equations. As Fig. 4 illustrated,
the crisp values of the inputs are applied into the lower
and upper input membership functions, and then trans-
fer the crisp values into two fuzzy sets, because of using
lower and upper input membership functions. Then after
applying the rules on the IT2FSs inputs, the output will be
extracted in IT2FSs. The type reduction utilized here to
reduce the IT2FSs output into T1FSs, and this is the main
deference between IT2FL and T1FL. Finally, the DE fuzzi-
fier is used to transfer the output into the crisp value which
be used by the controller.

As the Fig. 5 and Table 5 show, the main difference is
the utilizing of IT2FL instead of the T1FL, to obtain the
reference source current peak I;p. The input signals have

Table 4 Nine rules utilized by the IT2FL-based UVT

CEIE Low Normal High
Low Low Low Normal
Normal Low Normal High
High Normal High High

Fuzzifier Rule Base Defuzzifier

_.b
Crisp
Inputs

T2 FSs Inference

Type-reducer

Engine

Fig. 4 Schematic diagram of IT2FL

three upper and lower membership functions with two dif-
ferent ranges. The output signal has three upper and lower
membership functions with one range. The reason for the
application of two input signals with different ranges to
examine which range will give the better results. For the
better results the output range is tuned to suit the three dif-
ferent controlled rectified loads.

5 Simulation and results

Fig. 6 is illustrated the examined low voltage grid with
electrical source 415 V phase to phase, which supplying
the controlled rectified load with three different situations
of resistance and inductance connected to the terminal
of the rectifier; 0.8 PF, R =16 Q, L = 16 mH, R = 20 Q,
L =20mH, R =24 Q, L =24 mH. DSTATCOM device
is used to enhance the PQ of the loads with two exam-
ined control algorithms; T1FL based UVT and IT2FL
based UVT with two different ranges for the two inputs
three membership functions. The examination of control
strategies took place in MATLAB environment R2021a
by using Fuzzy toolbox in the Simulink library, and the
added Fuzzyt2 toolbox from official MATLAB website.
The instruction how to add and to deal with Fuzzyt2 tool-
box is explained in details in [51].

5.1 Controlled rectified loads

5.1.1 T1FL and IT2FL controllers with input signals of
three MFs first range

In this situation, as Table 2 and Table 5 show, the applica-
tion of three controllers PI, T1FL and IT2FL with the UVT
control strategy to control DSTATCOM device. The exam-
ined controlled rectified load has three values of resistance
and inductance connected in series between its terminals;
R=16Q,L=16mH, R=20Q, L =20 mH, R =24 Q,
L =24 mH with the same firing angel o = 30° and 0.8 PF.
The applied T1FL and IT2FL have two inputs with three



Surface of IT2FL R16L16 Second Range

=

N NN
_—_ Tt nnNR:R

N

SN
RRTTHn

NN
\%\‘

Surface of IT2FL R20L20 Second Range

Drak Alsebai and Pedapenki | 43
Period. Polytech. Elec. Eng. Comp. Sci., 68(1), pp. 37-53, 2024

Surface of IT2FL R24L24 Second Range
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Fig. 5 Surface of interval IT2FL-based UVT tuned for controlled rectified loads 0.8 PF R =16 Q, L =16 mH, R=20 Q, L =20 mH, R=24 Q,
L =24 mH with three membership functions second range of the two inputs.

Table 5 IT2FL-based UVT strategy parameters
IT2FL based UVT parameters

fe(;rtlitfrizgeigad [Iigfvzrr/ Error Change of I, A
MF error Sp
U MF [2,2,1] [-0.2,0.2,1]  [13,19,1]
R=16Q LMF  [-22,05] [-0.2,02,0.5] [13,19,0.5]
L=16 mH U MF [-5,5.1] [-0.5,0.5,1] [13,19,1]
LMF  [-5505] [-0.50.50.5] [13,19,0.5]
U MF [2,2,1] [-0.2,0.2,1] [11,17,1]
R=200Q LMF  [-2,2,05] [-0.2,02,05] [11,17,0.5]
L=20mH U MF [-5,5.1] [-0.5,0.5,1] [11,17,1]
LMF  [-5505] [-0.5050.5] [11,17,0.5]
U MF [-2,2,1] [-0.2,0.2,1]  [10,15,1]
R=240Q LMF  [-22,05] [-0.2,0.2,0.5] [10,15,0.5]
L=24mH U MF [-5,5.1] [-0.5,0.5,1] [10,15,1]
LMF  [-5505] [-0.5,0.50.5] [10,15,0.5]

MFs first range of [—2,2] for the first input signal £ and
[-0.2,0.2] of the second input signal CE; while the output
signal has three different ranges for each load situations.

As Table 6 and Table 7 show, the results cover the con-
trolled signal response characteristics of RT, PT, ST and
OS; the electrical source parameter Is-THD (electrical
source current total harmonic distortion), Ps, Qs and S-PF
(source power factor); for the three controlled rectified
load situations with the mentioned controllers to conclude
which the best controllers between them.

First, as Fig. 7 shows, at the controlled rectified load
with resistance and inductor connected in series between
its terminals R = 16 Q, L = 16 mH, a = 30° 0.8 PF;
the IT2FL controller based UVT Strategy with inputs
first range has; the DC capacitor voltage wave response
as RT =7.8s, PT =149 s, ST = 50 s which is as same as
the TIFL with UVT strategy and better than PI control-
ler with UVT Strategy, see Table 6; the electrical source
current with total harmonic distortion of 3.04% which is
better than both T1FL controller and PI controller respec-
tively 3.21% 3.35%, see Table 7, the electrical source
power factor of 0.98 which is as same as the TIFL and
PI controller.
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Fy z H
= B
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;Je05s. | .
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Fig. 6 The examined electrical gird which is supplying the controlled rectified load, DSTATCOM device is connected in shunt with load and
controlled by UVT-T2FL control strategy.
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Table 6 The comparison of response parameters of controlled capacitor
DC voltage signal at different controlled rectified load scenarios with
input signals of three MFs first range

Controlled Capacitor DC voltage parameter
Controller rectified RT PT ST 0S Peak

load08PF s mS  msS % A
UVT PI Rolcq 64 315 200 125% 787
UVT TIFL L=16mH 78 149 50  028% 702
uvt T2FL ¢ 30 78 149 50 0.28% 702
UVT PI Rosq 64 315 200  13% 791
UVT TIFL L-20mH 78 148 50 0% 700
uvt T2FL #730 78 148 50 0% 700
UVT PI Resag 64 315 200 132% 793
UVT TIFL L-24mH 78 147 50 0% 700
uvr T2 3% 98 147 50 0% 700

Table 7 The comparison of electrical source parameters THD and
Source PF at different controlled rectified loads with input signals of
three MFs first range

Electrical source parameter

DSTATCOM Capacitor DC Voltage Response R16L16 First Range
T T T T

Second, as Fig. 8 shows, at the controlled rectified load
with resistance and inductor connected in series between
its terminals R = 20 Q, L = 20 mH, o = 30° 0.8 PF; the
IT2FL controller based UVT Strategy with inputs first
range has; the DC capacitor voltage wave response as
RT =7.8s, PT=14.8 s, ST = 50 s which is as same as the
T1FL with UVT strategy and better than PI controller with
UVT Strategy, see Table 6; the electrical source current
with total harmonic distortion of 3.35% which is better
than both T1FL controller and PI controller respectively
3.38% 3.47%, see Table 7; the electrical source power fac-
tor of 0.98 which is as same as the TIFL and PI controller.

Third, as Fig. 9 shows, at the controlled rectified load
with resistance and inductor connected in series between
its terminals R = 24 Q, L = 24 mH, a = 30°, 0.8 PF; the
IT2FL controller based UVT Strategy with inputs first
range has; the DC capacitor voltage wave response as
RT =7.8s,PT=14.9s, ST = 50 s which is as same as the
T1FL with UVT strategy and better than PI controller with
UVT Strategy, see Table 6; the electrical source current
with total harmonic distortion of 3.64% which is better
than both T1FL controller and PI controller respectively
3.69% 3.81%, see Table 7; the electrical source power fac-
tor of 0.98 which is as same as the TIFL and PI controller.

The utilization of the new intelligence IT2FL controller
based UVT control strategy with the first input signals range
and specified output signal range for each load situations
improve the DC capacitor voltage response in the same way
of the old intelligence T1FL, and improve the source current
wave total harmonic distortion in better way of the old intel-
ligence T1FL with all different controller rectified loads.

UVT-PI-R16L16-1R
UVT-T1FL-R16L16-1R [
UVT-T2FL-R16L16-1R

Controlled
Controller  rectified load Ps Qs
0sPF  ISTHD o SPE

UVT PI Rol6q 3% 8250 1600 098
UVT TIFL  L=16mH  321% 8250 1600 098
uvr T2r 739 3049% 8250 1600 0.98
UVT PI Reo0o  3AT% T30 1400 098
UVT TIFL  L=20mH  338% 7350 1400  0.98
uvr T2k #7300 335% 7350 1400 098
UVT PI Ronaq  381% 6580 1250 098
UVT TIFL  L=24mH  3.69% 6580 1250  0.98
uvrt T2FL #730 3.64% 6580 1250 0.98
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Fig. 7 DSTATCOM capacitor DC voltage response is shown at controlled rectified load 0.8 PF R = 16 Q, L = 16 mH with input signals of three
MFs first range.

DSTATCOM Capcitor DC Voltage Response R20L20 First Range
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Fig. 8 DSTATCOM capacitor DC voltage response is shown at controlled rectified load 0.8 PF R =20 Q, L =20 mH with input signals of three
MFs first range.
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Fig. 9 DSTATCOM capacitor DC voltage response is shown at controlled rectified load 0.8 PF R =24 Q, L = 24 mH with input signals of three
MFs first range.

5.1.2 T1FL and IT2FL controllers with input signals of
three MFs second range

In this situation, as Table 2 and Table 5 show, the applica-
tion of three controllers PI, TIFL and IT2FL with the UVT
control strategy to control DSTATCOM device. The exam-
ined controlled rectified load has three values of resistance
and inductance connected in series between its terminals;
R=16Q,L=16mH, R=20Q, L =20 mH, R =24 Q,
L =24 mH with the same firing angel o = 30° and 0.8 PF.
The applied TIFL and IT2FL have two inputs with three
MFs second range of [—5,5] for the first input signal £ and
[-0.5,0.5] of the second input signal CE; while the output
signal has three different ranges for each load situations.

As Table 8 and Table 9 show, the results cover the con-
trolled signal response characteristics of RT, PT, ST and
OS; the electrical source parameter Is-THD, Ps, Qs and
S-PF; for the three controlled rectified load situations with
the mentioned controllers to conclude which the best con-
trollers between them.

First, as Fig. 10 shows, at the controlled rectified load
with resistance and inductor connected in series between
its terminals R = 16 Q, L = 16 mH, a = 30°, 0.8 PF; the
IT2FL controller based UVT Strategy with inputs second

Table 8 The comparison of response parameters of controlled capacitor
DC voltage signal at different controlled rectified load scenarios with

input signals of three MFs second range

Controlled Capacitor DC voltage parameter

Controller rectified load Rt PT ST 0S Peak

0.8 PF mS mS mS % v
UVT PI R=160Q 6.4 31,5 200 12.5% 787
UVT TIFL L=16 mH 7.8 14.9 50 0.28% 702
uvt T2FL ¢730° 78 149 50 0.28% 702
UVT PI R=200 6.4 31.5 200 13% 791
UVT TIFL L=20mH 79 14.8 50 0% 700
uvr ror. 4730 79 148 50 0% 700
UVT PI R=240 6.4 3.5 200  13.2% 793
UVT TIFL L=24mH 79 14.7 50 0% 700
uvr T2FL ¢330 79 147 50 0% 700

Table 9 The comparison of electrical source parameters THD and
Source PF at different controlled rectified loads with input signals of

three MFs second range

Controlled Electrical source parameter

Controller rectified load Ps Qs

0.8 PF ISTHD 0 O SPF
UVT PI R 160 3.35% 8250 1600 0.98
UVT TIFL  L=16mH  299% 8250 1600  0.98
UVT T2FL *=30° 298% 8250 1600  0.98
UVT PI R-200 347% 7350 1400 0.98
UVTTIFL  L=20mH  334% 7350 1400 098
UVT T2FL @=30° 330% 7350 1400 098
UVT PI k240 381% 6580 1250 098
UVT TIFL  L=24mH  364% 6580 1250  0.98
UVT T2FL @=30° 3.63% 6580 1250  0.98

range has; the DC capacitor voltage wave response as
RT = 7.8 s, PT = 149 s, ST = 50 s which is as same as
the IT2FL controller based UVT Strategy with inputs first
range, see Table §; the electrical source current with total
harmonic distortion of 2.98% which is better than IT2FL
controller based UVT Strategy with inputs first range
3.04%, see Table 9; the electrical source power factor of
0.98 which is as same as IT2FL controller based UVT
Strategy with inputs first range.

Second, as Fig. 11 shows, at the controlled rectified load
with resistance and inductor connected in series between
its terminals R = 20 Q, L = 20 mH, a = 30° 0.8 PF; the
IT2FL controller based UVT Strategy with inputs sec-
ond range has; the DC capacitor voltage wave response
as RT =7.8 s, PT = 14.8 s, ST = 50 s which is as same as
the IT2FL controller based UVT Strategy with inputs first
range, see Table §; the electrical source current with total
harmonic distortion of 3.30% which is better than IT2FL
controller based UVT Strategy with inputs first range
3.35%, see Table 9; the electrical source power factor of
0.98 which is as same as IT2FL controller based UVT
Strategy with inputs first range. The Fast Fourier transfer
of the load current and source current with three different
controllers are illustrated in Fig. 12.
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DSTATCOM Capacitor DC Voltage Response R16L16 Second Range
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Fig. 10 DSTATCOM capacitor DC voltage response is shown at controlled rectified load 0.8 PF R = 16 Q, L = 16 mH with input signals of three MFs
second range.
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Fig. 11 DSTATCOM capacitor DC voltage response is shown at controlled rectified load 0.8 PF R =20 Q, L =20 mH with input signals of three MFs

second range.

Selected signal with FFT window (in red)

AT}

0.2 0.22 0.24 0.26 0.28 I 021 022 023 024 025 026 027 D28 029
Time (s) | Time (s)

Selected signal with FFT window (in red)

[:*]

[=]
Magnitude

= =

'
= =

Magnitude
[=]

o
=}
a3

Fundamental (50Hz) = 20.91 , THD= 25.02% Fundamental (50Hz) = 14.61 , THD= 3.47%

100

-
=
=

50

Mag (% of Fundamental)
(%))
=]

Mag (% of Fundamental)

0 g I [ i ]
0 5 10 15 20 0 5 10 15 20

=

Harmonic order

FFT for Surce Current Wave
W/O DSTATCOM

Selected signal with FFT window (in red)

Harmonic order

FFT for Surce Current Wave
With PI Controller

Selected signal with FFT window (in red)

Magnitude
(=] 8
Magnitude
= 3

i
=
'

=

=
M

0.22 0.24 0.26 0.28 0.3 0.2 0.22 0.24 0.26 0.28 0.3
Time (s) Time (s)

Fundamental (50Hz) = 14.7 , THD= 3.34% Fundamental (50Hz) = 14.69 , THD= 3.30%

Mag (% of Fundame ntal)
g =
Mag (% of Fundamental)
w
[=}

=]

=
=
(=]

=

0 5 10 15 20

Harmonic order

FFT for Surce Current Wave
With TIFL based UVT

5 10 15 20
Harmonic order

FFT for Surce Current Wave
With T2FL based UVT

Fig. 12 FFT for source current with different controller with second range at controlled rectified load with R =20, L =20 mH



Third, as Fig. 13 shows, at the controlled rectified load
with resistance and inductor connected in series between its
terminals R =24 Q, L =24 mH, « = 30° 0.8 PF; the IT2FL
controller based UVT Strategy with inputs second range
has; the DC capacitor voltage wave response as RT = 7.8 s,
PT=14.7s, ST =50 s which is as same as the IT2FL control-
ler based UVT Strategy with inputs first range, see Table §;
the electrical source current with total harmonic distortion
of 3.63% which is better than IT2FL controller based UVT
Strategy with inputs first range 3.64%, see Table 9; the elec-
trical source power factor of 0.98 which is as same as IT2FL
controller based UVT Strategy with inputs first range.

The utilization of the IT2FL controller based UVT con-
trol strategy with the input signals second range and spec-
ified output signal range for each load situations improve
the DC capacitor voltage response in the same way of the
IT2FL controller based UVT control strategy with the
input signals first range, and improve the source current
wave total harmonic distortion in better way of the IT2FL
controller based UVT control strategy with the input sig-
nals first range with all different controller rectified loads.

In Fig. 14, the DSTATCOM device with the new intelli-
gence IT2FL controller based UVT with input signals sec-
ond range begin to compensate at the = 0.1 s to improve
the PQ of the source current waves of the controlled recti-
fied load with resistance and inductor connected in series
between its terminals. First, between the time ¢ = [0,0.1] s,
there is no compensating current, so the source current
waves have the same shape of the deformed load cur-
rent waves, and there is a phase between the voltage and
source current waves. In the other hand, between the time
t=10.1,0.5] s, the compensating current eliminate the har-
monics in the load current waves, so the source current
waves have a pure sinusoidal shape, and there is no phase
between the voltage and source current waves.

In Fig. 15, between the time ¢ =[0,0.1] s, the source was
providing the controlled rectified load with the reactive
power which makes the source power factor at the value

DSTATCOM Capacitor DC Voltage Response R24L24 Second Range
I T T I I
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of 0.8. Between the time ¢ = [0.1,0.5] s, the DSTATCOM
device starts to provide the controlled rectified load with
the reactive power which improve the power factor of the
source to the value of 0.98.

5.2 Different loads and disturbances with controlled
rectified load

This situation examines the new intelligence IT2FL based
UVT control strategy with input signals three MFs sec-
ond range with different load situation and disturbances of
the controlled rectified load. The different loads are nor-
mal load 20 A, decrement of load 17 A and increment of
load 23 A. While the disturbances are unbalanced load in
one phase A, unbalanced load in phase B and phase C and
the voltage swell 0.8 p.u. As Fig. 16, Fig. 17 and Fig. 18
illustrate; between the time ¢ = [0—0.4] s, the normal con-
trolled rectified load peak current value is almost 20 A;
between the time ¢ = [0.4—0.6] s, there is an unbalanced
load in the phase A; between the time 7 =[0.6—0.8] s, there
is decrement of the controlled rectified load peak current
to the value 17 A; between the time ¢ = [0.8—1] s, there is an
unbalanced load in the phase B and phase C; between the
time ¢ = [1-1.2] s, there is an increment of the controlled
rectified load peak current to the value 23 A; between the
time ¢ = [1.2-1.4] s, there is voltage swell in the point of
common coupling voltage by the value of 0.8 p.u.

As Table 10 and Table 11 show, the results cover the con-
trolled signal response characteristics of RT, PT, ST and OS;
The electrical source parameter S-THD, Ps, Qs and S-PF;
for different loads and disturbances with the mentioned con-
trollers to conclude which the best controllers between them.

As the Table 10 and Fig. 17 show, for the DSTATCOM
DC capacitor voltage response, the IT2FL and T1FL have
the same response as a rising time 7.9 ms, peak time of
14.8 ms and settling time 50 ms with no overshoot; in
comparison with PI controller with the response as rising
time 6.4 ms, peak time 31.5 ms and settling time 200 ms
with 13% overshoot.

0 1 1
0 0.05 0.1

0.15 0.2

Time (Seconds)

Fig. 13 DSTATCOM capacitor DC voltage response is shown at controlled rectified load 0.8 PF R =24 Q, L = 24 mH with input signals of three MFs
second range.
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Fig. 14 Signals' waveforms of the examined electrical grid are shown at controlled rectified load 0.8 PF R =20 Q, L =20 mH while using UVT T2FL
with input signals of three MFs second range based on DSTATCOM device. At 7= 0.1 s, the compensation process starts.
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Fig. 15 The different power types of electrical source and DSTATCOM are shown at controlled rectified load 0.8 PF R =20 Q, L = 20 mH while using
UVT T2FL with input signals of three MFs second range based on DSTATCOM.

On the other hand, as the Table 11, Fig. 16 and Fig. 18 and disturbances situation in comparison with PI and T1FL
show, for the electrical source parameters, the IT2FL based based UVT. First, the normal load of 20 A between time
UVT gives the best THD mitigation in the different loads 0-0.4 s, the IT2FL improves the source current THD to the
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Fig. 16 FFT for source current with different controller with second range at controlled rectifier load with unbalanced load two phases between 0.8-1.00 s
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Fig. 17 DSTATCOM capacitor DC voltage response is shown at controlled rectified load with load changes and disturbances.

value of 3.30% in comparison with T1FL with 3.34% and PI
with 3.47%. Second, the unbalanced load in phase A between
time 0.4-0.6 s, the IT2FL improves the source current THD
to the value of 2.96% in comparison with T1FL with 3.35%
and PI with 4.52%. Third, the load decrement 17 A between
0.6-0.8 s, the IT2FL improves the source current THD to the
value of 3.66% in comparison with T1FL with 3.70% and PI
with 3.86%. Fourth, as Fig. 17 shows, the unbalanced load
in phase B and phase C, the IT2FL improves the source cur-
rent THD to the value of 2.77% in comparison with T1FL
with 2.88% and PI with 3.85%. fifth, the load increment

23 A, the IT2FL improves the source current THD to the
value of 3.12% in comparison with T1FL with 3.23% and
PI with 3.31%. Sixth, the voltage swell, the IT2FL improves
the source current THD to the value of 3.99% in comparison
with T1FL with 4.01% and PI with 4.40%.

The new technique of IT2FL based UVT with the input
signals three MFs second range keeps the source current
waves at the sinusoidal shape and with the same phase
with voltage current waves, it gives the best harmonics
mitigation of the source current wave at different loads
and disturbances situation in comparison with the other
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Point of Common Coupling Voltage Wave, Voltage Swell between 1.2-1.4 s
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Fig. 18 Electrical grid parameters are shown with UVT-T2FL with input signals of three MFs second range based on DSTATCOM device at different
loads and disturbances with controlled rectified. First normal load is between 0-0.4 s, unbalanced load one phase is between 0.4-0.6 s, load decrement is

between 0.6-0.8 s, unbalanced load two phases is between 0.8—1.00 s, load increment is between 1.00-1.2 s and voltage swell is between 1.2—1.4 s.

Table 10 The capacitor DC voltage response at different loads and

disturbances with controlled

Capacitor DC voltage parameter

Controller RT PT ST 0S Peak
mS mS mS % \%
UVT PI 6.4 315 200 13% 791
UVT TIFL 79 14.8 50 0% 700
UVT T2FL 79 14.8 50 0% 700

controllers. It also keeps the DC capacitor voltage wave
at the desired value for reference at 700 V in load changes
and disturbances situation.

6 Conclusion
The recent intelligent interval type II fuzzy logic con-
troller is utilized with the unit voltage template control
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Table 11 The comparison of electrical source parameters THD and Source PF at different loads and disturbances

Different loads and disturbances with controlled rectified load

Normal load Unbalanced load Load decrement Unbalanced load Load increment Voltage swell
Controller 20 A one phase 17 A two phases 23 A 0.8 p.u.
0-04s 0.4-0.6 s 0.6-0.8 s 0.8-1s 1-1.2s 1.2-14s
Is-THD S-PF Is-THD S-PF Is-THD S-PF Is-THD S-PF Is-THD S-PF Is-THD S-PF
WO/DSTATCOM  25.08% 0.8 25.06% 0.8 25.89% 0.8 24.90% 0.8 23.80% 0.8 24.99% 0.8
UVT PI 3.47% 0.98 4.52% 0.98 3.86% 0.98 3.85% 0.98 3.31% 0.98 4.40% 0.98
UVT TIFL 3.34% 0.98 3.35% 0.98 3.70% 0.98 2.88% 0.98 3.23% 0.98 4.01% 0.98
UVT T2FL 3.30% 0.98 2.96% 0.98 3.66% 0.98 2.77% 0.98 3.12% 0.98 3.99% 0.98

strategy to control DSTATCOM device in the electrical
grid which supplying controlled rectified load. According
to the results, the main contributions of this paper:

1. Tuning process of the IT2FL controller based UVT to

suit the different values of controlled rectified loads.

. Two ranges for the input signals with three MFs suc-

ceeds in improving the shape of deformed source
current waves to the sinusoidal shape and keep them
at the same phase of the source voltage waves.
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