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Abstract— Modeling of distribution system has got an importance in successful maintenance of a power system
and in serving the demand optimally. A specific case related to distribution system viz., unbalanced radial
distribution system has been taken up to model using dynamic phasors with Fuzzy logic based MPPT control in
this paper. Comprehensively the model is analytical in nature and called as analytical model of an unbalanced
radial distribution system consisting of a single-phase photo-voltaic (PV), a three-phase induction machine
load, a three-phase power factor correction capacitor (PFC), and a load. The developed model with fuzzy logic
control is better in performance represented in terms of THD with respect to the PI control. The fuzzy control
integrated model is capable of small-signal analysis and can be used effectively to identify variety of stability
and /or harmonic issues in distribution networks, (e.g. instability due to weak grid) in a better than other
control techniques. The analytical model is built in Matlab where power electronic switching details are
included. The comparative analysis between the varied control techniques viz., Pl control and Fuzzy control is
carried out by validating the THD values of I, of PV and Vg, of induction machine.

Keywords— Dynamic phasor (DP), Induction machine, Single- phase photovoltaic, Small-signal analysis,
Fuzzy control MPPT

I. INTRODUCTION

Increased focus on reduction in pollution into environment by making world agreements on carbon emissions has
increased the use of renewable energy resources extensively from the past decade. From 2000 to 2010 total capacity of grid
connected PV systems has seen a growth from 300 MW to 21 GW respectively [10]. Higher efficient PV panels that are
being supplied at economical prices and subsidies have boosted the integration of solar technology in modern power systems.

Induction machine was proved to be the major part of load component in distribution system. By modeling the
unbalanced radial distribution system that includes PV system and induction machine using Dynamic Phasors can be used in
small signal analysis and to predict instability due to weak grid [1].

The comparison of the four modeling methods, ABC, DQO, DP-ABC and DPDQO, in [11] illustrates the potential
application of DPs in modeling the Electrical Power Systems for acceleration simulation studies, especially for the system
under fault condition. With an increase in system complexity, the benefits from DPs will increase simultaneously.

The fuzzy logic based MPPT technique can track the maximum power point faster compare to the P&O based MPPT
technique. It has the capability of reducing the voltage fluctuation after MPP has been recognized. The efficiency of the fuzzy
logic controller in maintaining the stable maximum power point is studied in [8].

The pitfall of the DP model established in [1] is that it neglects the dynamics of MPPT technique of PV system. This
paper argues that there is considerable amount of importance needed to be given for the above mentioned issue. An attempt
has been done in this paper to emanate the importance of controlling technique of MPPT by analysing the percentage total
harmonic distortion (%THD). In the following sections DP model of the system components has been understood and the
better control technique model is suggested.

Il. DYNAMIC PHASOR CONCEPT

Dynamic phasor (DP) models provide abundant merits, including: 1) the capability of small-signal analysis and 2)
availability of large step size simulations. The main idea of DP comes from describing the waveform x(z)on interval
[t — T, t]by Fourier Series [2]:

(1) = Z X, (D)elkost (1)

k=—o
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Where w, = 2m/T and X, is the kth complex Fourier coefficient or DP. Due to the fact that these coefficients are constant at
steady state, the DP model can be linearized for small-signal analysis. The kth DP of the time varying signal x(t)can be
obtained by (2) [2]:

1t .
%@ =3 x@eorrdr = (@) @
t-T

Where (. ), denotes the kth harmonic DP.
The main characteristics of the DP modelling are described as follows [2]:
[ dx aXp . \
| (G =g TIkoXi |
= (3)
t(x-)% = Z (Xk—l-yl)-J
l=—x

Equation (3) describes the relationship between the DP of a derivative versus the DP of the original signal while (3)
describes the relationship between the DP of a product versus the DPs of the individual variables. In this paper the DP model
of a distribution system composed of a single-phase PV, a three-phase induction machine, a PFC and distribution lines
represented by RL circuits [1] has been studied for improving the THD value by using a better controlling technique.

The DP models in the abc frame can be derived by converting the DP model from the positive-, negative-, and zero-
sequence (pnz) reference frame [3]. The original signals in the abc frame can be expressed by pnz DPs as follows:

Xq i 1 /1 1 1\[%u
w|@= ) etor—la a 1)|| @
Xe V3 .

a o 1/ Xy
Where [ stands for the harmonic component index, M is the transformation matrix (M = M~1) from pnz to abc. The
relation of DPs of abc variables with the DPs of pnz sequences can be seen as follows:

l=—w

Xa,l Xp,l
Xpi| =M [Xn, (5)
Xc,l Xz,l

I11. SYSTEM CONFIGURATION AND MODELING
The study system taken from [1] is shown in Fig. 1. The distributed system consists of a single-phase PV station installed
in phase a of the system, a 3-phase induction machine, a 3-phase PFC, and a 3-phase load.
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Fig. 1. Study system
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Fig. 2. Basic configuration of PV system.
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Fig. 3. Simplified PV model with different filters. (a) LCL filter (b) L filter

A. DP Model of a Single-Phase PV

Traditionally, two-stage converters (a DC-AC converter after a DC-DC converter) have been used for PV systems. Two-
stage converters need additional devices compared with single-stage converters. Therefore, single-stage converters have been
implemented in PV grid integration [4]-[7]. The basic configuration of a single-phase PV is illustrated in Fig. 2. The main
elements of the single-stage PV are the proportional resonant (PR) current controller and the output filters.

Fig. 2 shows the basic configuration of an LCL filter in a single-phase PV. It is composed of two inductances and one
capacitor connected to the grid through a single-phase transformer. The simplified model of PV connected to the grid with an
L or an LCL filter has been illustrated in Fig. 3. The output voltage of the DC-AC converter is v,,, , the filter inductances are
Lg,and L;, and the grid side voltage is v;. Note that the transformer can be represented by an inductor L. Therefore, L, = L,
and L, = L, + L. Furthermore, for a PV connected to an L filter, if L is used for the L filter inductance, L3 = Ly + L.

The time-domain equations of the system for the LCL filter are as follows:

diq )
| 1gr = Ue1 — Vg |
di,
4 LZ E = Veon — Vc1 } (6)
| dv |
k G dtﬂ 2~ 4 }

Fig. 4. Basic control of a single-phase PV.
The dynamics of the PV system with LCL filter in DP is expressed as follows. It should be noted that only the first
harmonic is considered for the derivation of dynamic phasor coefficients [1]:

1
L = L_(Vcl —Ve) — jwgly
1

1
_(Vcon - Vcl) _jwsIZ (7)

{12=L2

1
- (12 - 11) _jwchl

V., =
cl Cl

It should be noted that is the DP of the output voltage of PV inverter. For an L filter enabled PV system, the basic DP
equation of the PV system connected to grid is

T ,
I; = L_B(Vcon - VG) — jwsls. (8)
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A detailed control block diagram of the single-stage single phase PV is illustrated in Fig. 4. It is composed of a
maximum power point tracking (MPPT) unit, a proportional resonant (PR) controller, a phase-locked-loop (PLL), and a pulse
width modulation (PMW) pulse generation unit. In this paper, the effect of PI control unit in MPPT unit has been taken into
account before going to control unit an attempt has been made here to understand the DP models of PR controller and the
LCL filter.

1) DP Model of a PR Controller: PR control is used to track ac signals. The PR controller in Fig. 4 tries to provide unity
power factor power from the PV. Therefore, the current reference is synchronized with the grid voltage through a PLL. The
dynamics of a PR controller considering only the fundamental harmonics can be expressed as

Vcon _(K + 2+( )2) (l _ll)

0.5
[ ()
s+]a)S S — jws

G0 9)

where i* is the reference current comes from PV array. i, is the grid current when the PV enhanced with LCL filter. In a case
where the PV is interconnected with an L filter, i; will be replaced by i5, which is the grid current. Defining intermediate
state variables x; and x,, where
(s +jwg)x; = 050" — i)}
{ (s — jw,)x, = 0.5(" — 1) 10

Rewriting (10) in time domain gives (11):

dx
d1+]wsx1 =0.50"—10)

g (11)
dx,

Tt —jwsxy, = 050" — i)

Applying the characteristics of DP, the DP relationship can be derived

X1 .
dt = 05(1*_11) 2](1)5)(1

(12)
X,
= -1
=050~ 1)
The DP of the converter output voltage's fundamental frequency component can be expressed as
Vcon = pl(I* _Il) +Kr1(X1 +X2)- (13)

2) Maximum Power Point Tracking Controller: Maximum power point tracking controller used in this paper is Fuzzy
Logic Controller. Fuzzy logic control is a convenient way to map an input space to output space. Fuzzy logic uses fuzzy set
theory, in which a variable is a member of one or more sets, with a specified degree of membership. Recently fuzzy logic
controllers have been introduced in the tracking of the MPP in PV systems. They have the advantage to being robust and
relatively simple to design as they do not require the knowledge of the exact model. They do require in the other hand the
complete knowledge of the operation of the PV system by the designer [8]. Fig 5 shows the block diagram of Fuzzy Logic
Controller.

RULE BASE

CRISF CRISFP

FUZZIFICATION
DEFUZZIFICATION *
INFUT OUTPUT

INFERENCE

Fig 5: Block diagram of fuzzy logic controller

A fuzzy logic controller basically includes three blocks. They are fuzzification, inference and defuzzification. The fuzzy
logic controller requires that each input/output variable which define the control surface be expressed in fuzzy set notations
using linguistic levels. The process of converting input/output variable to linguistic levels is termed as Fuzzification. The
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fuzzification method used in this model is triangular method. The behaviour of the control surface which relates the input and
output variables of the system are governed by a set of rules. A typical rule would be—“If x is A THEN y is B” [8]. When all
the rules are fired, the resulting control surface is expressed as a fuzzy set to represent the constraints output. This process is
termed as inference. Defuzzification is the process of conversion of fuzzy quantity into crisp quantity. There are several
methods available for defuzzification. The most commonly used is centroid method. The defuzzification method used in this
paper is centroid method.

3) Fuzzy logic controller: Fuzzy logic is implemented to obtain the MPP operating voltage point faster and also it can
minimize the voltage fluctuation after MPP has been recognized. The proposed fuzzy logic based MPPT controller has two
inputs and one output. The error E(K) and change in error CE(K) are the input variables to Fuzzy Logic Controller and is
given below in equation (14) & (15) for kth sample time [9] :

P [P, (k) - —1)]
av v, 00 - pv(k D]

E(k) = (14)

CE(k) = E(k) — E(k — 1) (15)

Where Ppv(k) denotes the power of photovoltaic panel. The input variable E (k) represents the error which is defined as the
change in power with respect to the change in voltage. Another input variable CE (k) expresses the change in error. The
output of the Fuzzy Logic Controller is duty cycle (D) which should be given to the converter.

i R

P
CEK) Fuzzy Legic
Controller

Fig 6: Fuzzy logic controller

Fig.6 represents the Fuzzy Logic Controller in which E (k) and CE (k) are the input variables and D as the output
variable. To design the FLC variables which can represent the dynamic performance of the system to be controlled, should be
chosen as the inputs to the controller. The input and output variables are converted into linguistic variables. In this case, five
fuzzy subsets, NB (Negative Big), NS (Negative Small), ZE (Zero), PS (Positive Small) and PB (Positive Big) have been
chosen.

Membership function plots
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Fig 7 (a) Input 1 Error E(k) noted as voltage Vi,
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Fig 7 (b) Input 2 Change in Error CE (k) noted as voltage dV,,
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Fig: 7 (c) Control signal output of the Fuzzy controller

Table: 1. Fuzzy Rule Table

Error E(k)> NB [NS | ZE [ PS [ PB

Change in error

CE(k)|
NB ZE | ZE |PB | PB | PB
NS ZE | ZE |PS | PS | PS
ZE PS | ZE | ZE | ZE | NS
PS NS | NS | NS | ZE | ZE
PB NS | NB | NB | ZE | ZE

The columns in table 1 is noted as error E(k) which is input variable 1 as shown in eq (14) and the rows in table 1 are
change in error CE(K) noted from eq (15). The error and change in error are noted as variables Vp, and d Vy,, Which can be
understood as maximum power point voltage and change in maximum power point voltage respectively.

B. DP Model of an Induction Machine

Since the single-phase PV will introduce unbalance in the distribution system, the induction machine will be modeled to
include unbalance effect. Negative-sequence components in the stator voltage can cause a clockwise rotating stator flux.
When this flux is interacting with the counter-clockwise rotating rotor flux, a 120-Hz torque ripple will appear. In turn, the
rotating speed will have ripples with 120-Hz frequency. To count in the negative effect, the dynamic model of a three-phase
induction machine in [3] based on pnz-sequence of components is adopted in the paper [1] has been studied. The space-
vector model of a squirrel-cage induction machine with magnetic saturation and slot harmonics neglected is presented as
follows:

( . dy. d. \
| Us:<rs+LsE)ls+LmElr |
d , dy, . P R R
{l 0 =LmEls +(rr +Lra>lr_]wrz(l‘mls+l‘rlr)l}
d 3P =
k ]%wr = TLmS(lSl"s) —Bw, — T, J

(16)

where ¥,,1,, T, denote the stator voltage, stator current, and rotor current, respectively. 77, is the mechanical torque and w, is
the rotor speeds and denote the stator and rotor quantities, respectively. 3 denotes the imaginary part. The DP model of an
induction machine can be derived by considering the positive+ and negative-sequence components in stator/rotor voltages
and currents, as well as the dc and the 120 Hz components in the rotating speed [3].
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V*ns ( ]wsl‘ + Ls dt) - (]a)sLm - Lm E) I*nr
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0= <Lma_1wsl‘m)1*ns +(Tr —JjwsL, +Lra>1 nr _]erE(LmI ns T Lrl nr)_]w rZE(LmIps +LTIP7“)

d 2P _ . N
]Ewro = TLm'J(IpsI pr +1 nsInr) —Bwyy— T,
d 2P . o .
]Ewrz = j_8LmJ(Ipslnr + InsInr) - (B +]2]0)S)0Jr2 (17)

where the subscripts p and n stand for positive and negative sequence components, respectively.

Since the DP model for the PV system is based on phase a, to integrate the induction machine model with the PV system
model, the above pnz model will be converted from and to the abc frame using the relationship presented in eq.(5). The block
diagram of the conversion has been |Ilustrated in F|g 8

v—{ ABC | % ¢ Lo PNZ L
4 V I a
V,— to \’/‘ > I“ > to — 1,
\Y > PNZ z Model z g ABC ’_> I,

Fig.8 Conversion from abc to pnz and back to abc for an induction machine.

C. PFC and the Integrated System

Considering that there is a three-phase PFC in parallel with the PV, the circuit model of the distribution system can be
illustrated
as in Fig. 9, where C denotes the capacitance of the PFC, I, is the induction machine's stator current, | is the line current, R
and L are the distribution line's parameters R, is the load model, and E is the system voltage.

V. R L Voo R L

P19 T8

(a) (b)
Fig. 9 (a) Circuit model of the distribution system with PV in phase a. (b) Circuit model of the distribution system in phase b
andc

For phase a, the DP model of the integrated system can be expressed as

( LRy _ )
4 dt Ia L( (]wsL + R)I + VGa Ea)
d Vo = ! C V I I
k EGa_C< (](U + )Ga_ma+PV_ >}
(18)
where two state variables (grid voltage and grid current) have been introduced.
For phase b and c, the DP model of the integrated system can be expressed as
d
[ Zh=1 L Gol + BRI + Ve —E,) )
d 1 1 }
it =3 (o s 7)1 1)
(19)

Where p represents either phase b or phase c.
The individual elements such as PV systems, induction machine loads and resistive loads are modeled as current sources
or passive elements. Through the PFC dynamics and the grid inductor dynamics, the individual current sources are then
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integrated with the grid voltage. As long as the distribution system is radial, additional unbalanced elements can be modeled
as shunt current sources or passive elements and easily integrated into the overall system model [1].

IV. CASE STUDIES

The analytical model for the entire distribution system derived in paper [1] has been investigated in Section Ill. The
dynamics of MPPT was neglected for simplicity in paper [1]. An effort has been made to measure the neglected effect of
MPPT in the DP model presented in [1]. The said effort is carried out by constructing the physical model of the study system
taken from [1] with both PI control and Fuzzy control separately. And the total harmonic distortion THD in PV current I,
and voltage of induction machine V. of both models with PI control and Fuzzy control has been analysed. The model has
been built in Matlab/Simulink based on the physical circuit connection.

Three case studies have been carried out.
. In the first case, the analytical model in Simulink with PI control is benchmarked with the high-fidelity model with
Fuzzy control in Simulink. Dynamic simulation results are compared for the same dynamic event: a step change in

load torque of the induction machine.

* Inthe second case, the effect of unbalance on the dynamic performance is investigated by applying a ramp change
in irradiance of the PV. This dynamic event matches with the cloud effect on a PV and a distribution system.

* Inthe third case, the effect of the grid-line length on stability is investigated.
The simulation results of different quantities with Fuzzy and P1 in three case studies was presented as follows:
A. Case Study 1

In this part, the Matlab model-based simulation results with Pl control are compared with the Matlab model-based
simulation results with Fuzzy control. A single-phase PV is connected to the phase a of the system at the point of common

coupling (PCC) shown as in Fig. 1. At t = 4s, the induction machine's mechanical torque was applied a step change from 28
N.M to 23 N.M.
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3 36 [ [ 5 55 3 65 T 75 8 3 35 4 45 5 55 & 65 7 75 [

Fig: 10 Simulation results of Torque of Induction Machine  Fig: 11 Simulation results of Rotor Speed of Induction Machine

The simulation results of the electromagnetic torque and the rotor speed of the induction machine have been presented in
Fig. 10 and Fig. 11 respectively. The difference in the dynamic response from the two varied control technique models can be
observed well. In fig 10 torque decreased from 28 N-m to 23 N-m, with PI control the change was steep that implies a larger
steady state error whereas with fuzzy control the change was sudden and step in nature. The Pl and Fuzzy labels were
mentioned in the top right of the figure 10.

In fig 11 rotor speed of the induction machine was raised from 1570 RPM to 1620 RPM with step change, then to 1630
RPM with a knee shape change with Fuzzy control. With PI control the rotor speed raised from 1570 RPM to 1630 RPM
directly with lesser knee curve than Fuzzy control.

The simulation results for the line current, the line voltage and the PV current are presented in Fig. 12, Fig. 13 and Fig.
14 respectively. The results of the line current and the line voltage from both models can be observed well, which
demonstrates the accuracy of the Fuzzy control model over PI control model suggested in this paper.
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Fig: 12 Simulation results of stator current of Induction Machine Fig: 13 Simulation results of stator voltage of Induction Machine

In fig 12 stator current of the induction machine dropped from 9.7 A to 7.8 A at t=4 seconds exactly with fuzzy control
whereas with the PI control the stator current is prolonged upto 4.5 seconds from 4 seconds in the form of a steep curve and
merged with the fuzzy control stator current at t=5 seconds.

In fig 13 the stator voltage of the induction machine has negligible variation from 230 V to 230.5 V. The simulation
results of stator voltage with a change in torque from 28 N.M to 23 N.M with fuzzy control and PI control are fall in line with
each other.

The PV power is constant and V; has negligible variation; therefore the PV current of the analytical model is almost
constant. This can be observed from the fig 14, the value of PV current I,, stood at 8.9 A throughout the time period of 8
seconds. Also the simulation results of PV current for the effect of torque change with Fuzzy control and PI control fall in
line with each other as shown in fig. 14.

10

fuzzy
— i

98—

96— —

94 -

92— -

ipy RMS(A)
w
T
|

8 | | | | | | | | |
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Fig: 14 Simulation results of PV current due to a step change in mechanical torque (from 28N.M to 23 N.M)
B. Case Study 2

1) PV Irradiance Change: In this part, the effect of PV irradiance change with fuzzy control model and PI control model
will be simulated in Matlab/Simulink.
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Fig: 16 Simulation results of PV Power (watt) for the effect of Irradiance change

Fig: 15 Irradiance input to the PV panel

In fig 15 the PV irradiance was set to 1000 W /M?previously. A ramp change will be applied at t = 4s to decrease the
irradiance to 200 W/M? in 0.2 s. Then after 1.4 s, the irradiance will be set back to 1000 W /M?.

The change of irradiance has been illustrated in detail in Fig. 15. The PV power which follows the irradiance order can
be seen in Fig. 16. The PV power of the analytical model is set to follow the change of the irradiance. It can be noticed that
the maximum power level (2 kW) is obtained when the irradiance is set to 1000 W/M?. The difference between the

dynamics of Fuzzy control and PI control can be seen in fig 16 that the fuzzy control reaches the maximum value 2kw after
irradiance been raised to 1000 W /M? slightly before the PI control reaches the value.
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Fig: 17 Simulation results of Torque of Induction Machine Fig: 18 Simulation results of PV current for the effect of
for the effect of Irradiance change irradiance change

Fig. 17 shows the electrical torque of the induction machine. When the irradiance is decreased due to clouds, the PV
power is decreased, which leads to the decrease in the unbalance injection level to the system. The magnitude of the 120-Hz
ripple has been decreased during the interval of 4 to 6 seconds. Fig. 17 shows the PV current which has been decreased due
to the irradiance change from 4 to 6 seconds. In fig 17 the torque of induction machine with both Fuzzy control and PI
control have shown the similar behavior and fall in line with each other.

In fig. 18 PV current for the irradiance effect with both Fuzzy control and PI control has been shown. There has been no

hostile behavior between the two control models, the only difference that can e observed from fig. 18 is that Fuzzy control
model converges more than the P1 control model.
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Fig 19: %THD of PV current with PI control for irradiance change Fig 20: %THD of PV current with Fuzzy control for irradiance change

FFT analysis has been carried out for the PV current with PI control model and THD is shown in fig. 19. The THD value
for the PV current with PI control for the effect of irradiance change is 40.15%. FFT analysis has been carried out for the PV
current with Fuzzy control model and THD is shown in fig. 20. The THD value for the PV current with Fuzzy control for the
effect of irradiance change is 28.80%.

C. Case Study 3

In Case 3, impact of line length on system stability was investigated by both PI control and Fuzzy control in
Matlab/Simulink. The grid line length has been changed from 3 km to 15 km in order to observe its effect on dynamics. It is
worth mentioning that increasing the line length more than 15 km causes non-convergence of the sweeping method for
initialization. Therefore the results are only shown for the initial conditions where the system is able to converge.
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Fig 21: Simulation results of Stator Voltage of IM Fig 22: RMS stator voltage of IM for the effect
for the effect of grid line length increase of grid line length increase

In time-domain simulations, a dynamic event to increase the grid line from 3 km to 30 km was triggered. Initially the
grid connection consists of two parallel lines. Att = 4s, a breaker of one line is opened so the effective line impedance
increases suddenly. The stator voltage of the induction machine decreases significantly as shown in Fig. 21. Fig. 22 presents
the dynamic response of the RMS value from 3.5 sto 6 s, which clearly shows the decline of the voltage magnitude.

In fig. 21 the stator voltage of the induction machine for the effect of the grid line length increase is shown, at t=4
seconds a breaker of one line is opened that decreases the voltage passes through a transient state between 4 to 4.3 seconds
and settles down after 4.5 seconds. With PI control the voltage spike can be seen at t=4 seconds from fig. 21 whereas the
voltage with Fuzzy control model decreases steadily from 4 seconds to 4.3 seconds after which fall in line with the voltage of
P1 control model.

In fig. 22 contrast behavior of the fuzzy with the proposed behavior has been seen. The RMS stator voltage of induction
machine for the grid line length increase with PI control has shown better transient behavior than RMS stator voltage with
Fuzzy control model after opening of a breaker of one line at t=4 seconds.
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Due to the decrease of the stator voltage and system voltage magnitude, for the induction machine, its electromagnetic
torque will decrease and its rotor speed will decrease as shown in Fig.23 and Fig.24. For the PV, since the reference power is
kept intact, the reference current increases due to the decrease of the voltage. In turn, the PV current's magnitude increases as
shown in Fig. 25. The entire system becomes unstable.
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Fig 23: Simulation results of torque Fig 24: Simulation results of rotating speed
for the effect of grid line length increase for the effect of grid line length increase

The simulation results of torque for the effect of grid line length increase with P control model and Fuzzy control model
fall in line with each other and torque with Fuzzy control decreases beyond 0 value for fraction of milli-seconds after which
falls in line with the torque of PI control model as shown in fig. 23.

The simulation results of the rotating speed for the effect of grid line length increase with PI control model and Fuzzy
control model fall in line up to t=4 seconds after which the rotating speed with both control models undergoes a steep linear
decrease. The rotating speed with Fuzzy control model exhibits a better behavior than the rotating speed with PI control.

With increase in time period the difference between the two signals increase, it has been shown up to 6 seconds in fig. 24.
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Fig:25 Simulation results of PV Current for the effect of grid line length increase

The simulation results of PV current for the effect of grid line length increase with Fuzzy control and PI control fall in line
with each other as shown in fig. 25.
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—FFT analysis —FFT analysis

Fundamental (50Hz) = 16.21 , THD= 38.49% Fundamental (50Hz) = 17.28 , THD= 19.02%
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Fig: 26 a. %THD of PV current (38.49%) with PI control Fig.26 b. %THD of PV current (19.02%) with Fuzzy Control

Fig. 26(a) shows the total harmonic distortion THD of PV current with PI control which reads 38.49%. Whereas the total
harmonic distortion THD value of PV current with Fuzzy control is 19.02% as shown in fig.26 (b).

— FFT analysis — FFT analysis

Fundamental (50Hz) = 359.3 , THD= 27 56% Fundamental (50Hz) = 374.9 , THD= 19.57%
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Fig: 27 a. % THD of Stator Voltage of IM (27.56%) with PI control Fig: 27 b. %THD of Stator Voltage of IM (19.57%) with Fuzzy control

Fig 27(a) shows the total harmonic distortion THD value of Stator Voltage of Induction machine with PI control which reads
27.56%. whereas the total harmonic distortion THD value of Stator Voltage of Induction machine with Fuzzy control is 19.57%
as shown in Fig 27(b).

V. CONCLUSION

In this paper, the effect of varied control techniques in a dynamic phasor-based model was investigated for an unbalanced
radial distribution system consisting of a single-phase PV, a three-phase induction machine and a three-phase power factor
correction capacitor with three case studies. The simulation results of different quantities in three case studies with Fuzzy
control model have shown better behavior than PI control model except in case study 3 for stator RMS voltage of induction
machine.

The difference in the THD values of PV current and Stator voltage with Pl and Fuzzy control can be summarized and
clearly understood by tabulating all the values obtained from the constructed models as shown in Table 2.
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Table: 2. THD comparison values of PV current and Stator Voltage with Pl and Fuzzy Control Techniques

Case Study Parameter %THD with PI control %THD with Fuzzy control
2 - 40.15 28.80
3 Ipy 38.49 19.02
3 Vabe 27.56 19.57

Table 2 shows the values of THD for PV current i,,,,, stator voltage of induction machine V. with PI control and Fuzzy
control. Percentage THD value of PV current i,,,, for case study 2 with PI control is 40.15% and with fuzzy control is 28.80%.
Percentage THD value of PV current i, with fuzzy control is reduced to 19.02 % from 38.49 % with PI control as shown in
the table 2. THD value of stator voltage of induction machine with fuzzy control is reduced to 19.57% from 27.56% with PI
control. From the discussion it is evident that fuzzy is the better control technique than PI and dynamic phasor modeling
becomes more efficient with fuzzy control.
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