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Intelligent cascaded adaptive neuro fuzzy interface system controller fed KY converter
for hybrid energy based microgrid applications

Purpose. This article proposes a new control strategy for KY (DC-DC voltage step up) converter. The proposed hybrid energy
system fed KY converter is utilized along with adaptive neuro fuzzy interface system controller. Renewable energy sources have
recently acquired immense significance as a result of rising demand for electricity, rapid fossil fuel exhaustion and the threat of
global warming. However, due to their inherent intermittency, these sources offer low system reliability. So, a hybrid energy system
that encompasses wind/photovoltaic/battery is implemented in order to obtain a stable and reliable microgrid. Both solar and wind
energy is easily accessible with huge untapped potential and together they account for more than 60 % of yearly net new electricity
generation capacity additions around the world. Novelty. A KY converter is adopted here for enhancing the output of the
photovoltaic system and its operation is controlled with the help of a cascaded an adaptive neuro fuzzy interface system controller.
Originality. Increase of the overall system stability and reliability using hybrid energy system fed KY converter is utilized along with
adaptive neuro fuzzy interface system controller. Practical value. A proportional integral controller is used in the doubly fed
induction generator based wind energy conversion system for controlling the operation of the pulse width modulation rectifier in
order to deliver a controlled DC output voltage. A battery energy storage system, which uses a battery converter to be connected to
the DC link, stores the excess power generated from the renewable energy sources. Based on the battery’s state of charge, its
charging and discharging operation is controlled using a proportional integral controller. The controlled DC link voltage is fed to
the three phase voltage source inverter for effective DC to AC voltage conversion. The inverter is connected to the three phase grid
via an LC filter for effective harmonics mitigation. A proportional integral controller is used for achieving effective grid voltage
synchronization. Results. The proposed model is simulated using MATLAB/Simulink, and from the obtained outcomes, it is noted that
the cascaded adaptive neuro fuzzy interface system controller assisted KY converter is capable of maintaining the stable operation of
the microgrid with an excellent efficiency of 93 %. References 21, table 1, figures 20.

Key words: photovoltaic system, hybrid energy system, proportional integral controller, adaptive neuro fuzzy interface system
controller.

Mema. Y yiii cmammi npononyemocsi Ho6a cmpamezis ynpaeninns nepemeopiogavem KY (niosuwenns nanpyeu nocmiiinoeo cmpymy).
TIpononosana 2ibpuona enepeemuyna cucmema, wo dcugumocs nepemeoprosatem KY, sukopucmogyemucs pazom i3 KOHmMponepom cucmemu
adanmusHo2o Helpo-Heuimkoeo immepgheticy. Bionosmosari doicepena enepeii ocmanuiv yacom HAOYIU GeIUUE3HO20 3HAUEHHS 6HACTIOOK
3POCMAHHA NONUMY HA eNeKMPOEHEP2II0, WBUOKO20 BUCHAIICEHHS GUKONHO20 NATUBA MA 3az2po3u 2nobambHozo nomentinua. OOHax uepe3
enacmugy im ypusuacmicme yi Odicepena 3a0e3neuyioms HU3bKy Haditinicme cucmemu. Takum uunom, 2iOpUoHa enepeemuyna cucmema, wo
BKTIIOUAE eHEPIIO GIMPY/(HOMOENEKMPUYHUX eNeMEHIMI6/AKYMYIMOPY, Peani308ana Olsi OMPUMAHHsL CIMAOLILHOL | HAOIIHOT MIKDOMEPECI.
Ak conauna, mak i 6imposa enepeis OOCHYNHi 3 6elU4esHUM HEBUKOPUCTAHUM NOMEHYIANoM, | pasom 6oHu 3abesneywyioms nonao 60 %
WOPIUHO20 HUCMO20 NPUPOCMy HOGUX NOMYJiCHOCmell 3 eupobHuymea enekmpoenepeii 6 ycvomy ceimi. Hoeusna. Ilepemsopiosau KY
BUKOPUCTOBYEMBCA MYM ONA NIOBUWEHHSL BUXIOHOT NOMYHCHOCTT (PomoeneKmpuuHoi cucmemu, i 1020 poboma Kepyemuvcs 3a 00NOMO2010
KACKAOH020 KOHMpONepa cucmemu 3 a0anmueHum Hetpo-Heuimxum inmepgheticom. Opuzinansvhicms. Iliosuwenns 3aeanvhoi cmabinbnocmi
ma HaolliHOCMI cucmemuy 3a OONOMO20I0 2IOPUOHOI eHepeemuyHOL cucmemu, wo dcusumvcs nepemeoprosadem KY i euxopucmogyemucs
Pa3oM 3 KOHMPONEPOM Cucmemu 3 a0anmueHum neupo-wewimxum inmepeeticom. Ipaxmuuna yinnicme. [Iponopyiiinuti inmezpanvruii
KOHMpONEp BUKOPUCMOBYEMbCS 8 CUCEMI NepemeopeHHsl eHepaii 6impy HA OCHOBI ACUHXPOHHO20 2eHEPAMOPaA 3 NOOBITIHUM JHCUBTIEHHAM Os
VAPAGTIHHS SUNPSIMIISTYOI0 POOOMOIO 3 UUPOMHO-IMIYILCHOKO MOOYTSYIEIO Ol 3a0e3NeUeHHst pe2yb08aHOl GUXIOHOT Hanpyau NOCMIHO20
cmpymy. AKyMYIAMOpHA cucmema HAKONUYeHHs enepeil, 6 AKIll GUKOPUCIIOBYEMbCS AKYMYIAMOPHULL NEPemBopIosay ONisi NIOKIOYeHHs. 00
Koa NOCMILIHO20 CMPYMY, 30epieae HAOMIPHY NOMYNCHICMb, WO BUPOOIAEMbCA 3 8IOHOGTIOBAHUX Odcepen eHepeii. 3anexcHo 6i0 cmany
3apady akymynamopa, npoyec oo 3apsaoKu i po3psaoKu KOHMPOTIOEMbCs 3a 00NOMO20I0 NPONOPYIIHO20 [HMESPANbHO20 KOHMpOiepa.
Keposana nanpyza xona nocmitinozo cmpymy nooacmucs Ha mpugasnuii ingepmop 0dicepena Hanpyau Onsl eqeKmueHo20 nepemeopeHHs
nocmitinoi’ Hanpyau 3MiHHy. IHeepmop niokmouenuil 0o mpughastoi mepedici uepe3 LC-pinomp 015 egpexmugro2o npuoyuieHHs 2apMOHIK.
Tlponopyitinuil inmespanvhuii pe2yisimop 6UKOPUCMOBYEMbCSL Osl OOCASHEHHs eqheKmusHOi CUNXpoHizayii nanpyau mepedici. Pezynomamu.
3anpononosana modenv 3modenvosana 3 suxopucmannim MATLAB/Simulink, i 3 ompumanux pe3yibmamie UNIUBAE, WO KACKAOHULL
adanmueHuil Heupo-HeuimKuil tHmepghelic i3 cucmemMHUM KOHmMpoaepom ma nepemsopiosavem KY 30amuuii niompumyeamu cmadinbHy
pobomy mixpomepesici 3 uyoosum KKJT 93 %. bion. 21, tabdmn. 1, puc. 20.

Kniouosi cnosa: ¢pororanbBa”iuHa cucTema, riOpuaHa eHepreTM4Ha cucTeMa, NponopuiiiHuii iHTerpajbHMii KOHTpO.Jep,
CHCTEeMHHIl KOHTPOJIep 3 alaNTUBHUM Heiipo-HediTkuM iHTepdeiicom.

Introduction. The increasing energy demand and
awareness about the harmful consequences of carbon
emissions from fossil fuels have intensified the need for
infusion of clean and sustainable sources of energy that
includes wind, solar, biomass and fuel cell into electrical
systems. Among these, solar and wind power, in
particular have grown at an incredible rate during the last
decade. Since, both are non-polluting, abundantly
available and generate power closer to load centers [1].
The widespread integration of renewable energy sources
(RESs) into the utility AC grid causes voltage fluctuations
and protection issues [2]. As a result, the utility grid’s
reliability, security and quality are highly affected. To

subdue the effect of these issues, a new concept called
microgrid has been developed for future electrical power
systems. Microgrid is an interconnected network of
Distributed sources of energy, loads and energy storage
systems (ESS) that operates in either grid connected mode
or islanded mode [3, 4]. Microgrids are basically
categorized as AC, DC and hybrid microgrid on the basis
of the voltages and currents used [5]. The voltage output
from a photovoltaic (PV) is basically a low DC voltage
and it fluctuates with the varying weather conditions and
solar irradiance, hence a DC-DC converter is considered
to be crucial for the conversion of the low voltage to a
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high voltage [6]. Different DC-DC converters like boost
[7], buck-boost [8], Cuk [9], SEPIC [10] and so on are
used with the PV system for the purpose of executing
effective DC-DC conversion process.

By using efficient control techniques, the efficiency of
the converter is significantly improved with the reduction of
total harmonic distortion, settling time, peak overshoot issues
and steady state error. The control techniques are categorized
into two major types, which are conventional control and
intelligent control [11]. The conventional control technique
like PI controller is simple in design and effectively controls
the DC quantities. However, this controller suffers from
certain drawbacks like nonzero steady state error, poor
performance during sudden load variations and excessive
integration of distributed energy resources in microgrid.
Additionally, for the system's operation, an accurate
mathematical model is required. Artificial neural network
(ANN), fuzzy logic controller (FLC), and neuro fuzzy
systems are examples of intelligent control approaches.
When compared to conventional PI controller, these
techniques are more reliable and efficient as they enhance a
system’s dynamic performance without the requirement of
an accurate mathematical model of the system. One of the
most frequently used approach in microprocessor-based
control system is FLC because its working is not affected by
the fluctuations in operating points and PV parameters.
However, it is an error prone and time-consuming approach
as it works on the basis of membership functions and rule
base. ANN, which is made up of a group of simple
processing interconnected neurons, replicates the human
learning approach. Here, the learning process is complicated
and focused on a number of methods. Moreover, it is too
difficult to create a mathematical model that incorporates all
of these methods. The adaptive network based fuzzy
inference system (ANFIS) is a neuro fuzzy system that
combines ANN and FLC characteristics. Here, the
parameters and structure of a fuzzy inference system are
identified and tuned using neural learning rules solely with
the given data [12-15].

In [16], both doubly fed induction generator (DFIG)
based wind energy conversion system (WECS) and solar
PV system are integrated into the microgrid for providing
seamless power supply. The two most common types of
wind turbines utilised for wind energy extraction are
variable-speed and fixed-speed wind turbines. Fixed speed
wind turbines are simple in operation, but generation of
high-power losses has limited their application. Variable-
speed wind turbines with DFIG are broadly utilized due to
the several advantages they provide, including lower
acoustic noise, lower converter ratings, excellent energy
efficiency and minimum power loss.

The stability, resiliency and efficiency of the electric
power grid are greatly improved by using a proper ESS.
Some of the most essential tasks of the ESSs are to store the
surplus energy generated from the RESs, to smoothen the
variations that result from the non-linear quality of the RES,
to heighten the flexibility and security of the power system
[17-19]. For the sake of minimizing the DC voltage
fluctuations, a bidirectional DC-DC converter is
implemented for interfacing the ESS to the DC bus [20, 21].

A hybrid wind/PV/battery based microgrid is
designed in this research work. The non-linear output

from the PV is stabilized using cascaded ANFIS assisted
KY converter (KY is the name given to this converter by
the first letters of both authors K.I. Haw, Y.T. You). The
output from the DFIG based WECS is stabilized using PI
controller. The excess power from both PV and WECS is
stored in battery energy storage system (BESS), which
acts as a secondary power source in the absence of power
supply from primary sources. The interfacing of battery to
the microgrid is accomplished using a battery converter
and the state of charge (SOC) of the battery is managed
using a PI controller. The effective grid synchronisation is
also achieved by the control of 3¢ voltage source inverter
(VSI) using the PI controller. The performance of the
designed hybrid microgrid in enhancing the voltage
stability is examined using MATLAB simulations.
Proposed system description. The PV system’s
output is generally low, so a KY converter is implemented
for boosting the solar panels output voltage. The output of
the converter is not stable and experience incessant
fluctuations due to the intermittency of the PV system so
the cascaded ANFIS controller is chosen for stabilizing the
converter output. The error signal obtained by comparing
the actual DC voltage output Vpc — of the converter to the

reference voltage VDCref is fed to cascaded ANFIS

controller. The reference signal generated from the
controller is provided to the PWM generator for the
purpose of generating PWM pulses. The resultant pulses
control the switching action of the converter so as to
produce a stable output. Figure 1 illustrates the block
diagram of proposed hybrid energy based microgrid. In the
WECS, the wind turbine produces mechanical energy by
conversion of the kinetic energy of the wind, whereas the
DFIG produces electrical energy by conversion of
mechanical energy. The obtained electrical energy is AC,
hence the conversion of AC voltage to DC voltage is
carried out using a pulse width modulation (PWM)
rectifier. The output power of the WECS fluctuates with
the changing wind speed, so the PI controller is used for
stabilizing the voltage output of the PWM rectifier.
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Fig. 1. Proposed hybrid energy based microgrid

The error obtained by analogising the actual DC
voltage Vpc, — of the PWM rectifier with the reference

voltage VDCM is supplied to the PI controller. The

control signal generated by the PI controller is supplied
into the PWM generator for the generation of PWM
pulses. These pulses control the switching operation of
the rectifier so as to generate a controlled DC output. The
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error signal produced by comparing the actual DC voltage
output VBm of the battery with the reference voltage

VBM_ is provided to the PI controller. The controller

generates a control signal, which is fed to the PWM
generator for generating PWM pulses. These pulses
control the switching operation of the battery converter
for providing a constant DC supply. The 3¢ VSI, which
converts the DC output voltage of the converter into AC
voltage, is connected to the 3¢ grid through an LC filter.

Proposed system modelling.

a) Solar PV modeling. The solar cell is the most
essential component of a PV system that generates DC
voltage when exposed to sun light based on the
phenomenon of PV effect. A PV panel consists of many
solar cells, which are linked in parallel and series, with
the parallel connection expansion increasing the current
and the series connection expansion increasing the
voltage. A PV array is made up of many PV panels.
Figure 2 illustrates the equivalent circuit of a PV cell.
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Fig. 2. Equivalent circuit of PV cell

By applying Kirchchoff’s current law

Ipy =lpp=1a~1p, (1
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where Ipy is the PV output current that flows through the
series resistance Rg; Vpy is the PV output voltage; 1, is
the photo generated current; [, is the diode saturation
current; I, is the reverse saturation current; Ip is the
current that flows through the shunt resistance Rp;
n is the number of series connected solar PV cells;
v is the junction thermal voltage; a is the diode ideality
constant; g is the electron charge (1.602-10" C);  is the
Boltzmann constant (1.381-10% J/K); T is the
temperature of p-n junction.
The PV panel’s open circuit voltage is:

VOC=“'k'Tlogn(lﬂ+1J. (5)
q lq

b) KY converter. KY converter is a voltage
boosting converter, which has low output voltage ripple.
This converter has the same properties as that of the buck
converter and has rapid transient load response. It
comprises of two power switches S; and S,, a diode VD,
an output capacitor C, an energy transferring capacitor Cy,
an output inductor L and a load resistance R. The terms v,
and v, represent the output and input voltage
respectively. The i,, specifies the input current and i

denotes the current flowing through L. The voltage across

Cy is denoted as v,, as the voltage across C, completely

follows the input voltage v,,. Figure 3 presents the

equivalent structure of KY converter. The two different

modes of operation of KY converter are illustrated in Fig. 4.
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Fig. 4. KY converter operating modes: @) mode 1; b) mode 2

Mode 1. At this stage, the power switch S, is switched
ON, whereas the power switch S, is switched OFF. On
subtracing the output voltage v, from the sum of voltage v,
across C, and input voltage v,,, the magnitude of voltage
across the inductor L is determined. The inductor L is
magnetized in this mode. As a result, the differential
equations are:
oi ov v
o Vpv ~Vos C'a_;:i_?; ipy =i. (6)
Mode 2. At this stage, the power switch S; is
switched OFF, whereas the power switch S, is switched
ON. During this mode, the demagnetisation of inductor L
takes place. On subtracing the output voltage v, from
voltage v, across C,, the magnitude of voltage across the
inductor L is determined. As a result, the differential
equations are:
oi ov, v
L'EZVPV—VOQ C- a::l’—??; iPV:i+ib' (7)
where i, is the current of energy transferring capacitor.
The relationship between v,, and v, is represented as
follows:

Yo _14D, (8)
va
where D is the duty cycle.
The intermittent nature of the solar energy has a
huge impact on the KY converter output, so it fluctuates
and remains unstable. The operation of the converter is

made more efficient by using cascaded ANFIS controller.
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¢) ANFIS controller. ANFIS is a versatile
intelligent control technique, which is first introduced by
Jang in the year 1993, combines both the ANN and fuzzy
inference system (FIS).To deal with non-linear functions,
a system is transformed into if-then rules using ANFIS.
The structure of ANFIS controller comprises of five
different layers, which are fuzzification layer, rule layer,
normalization layer, defuzzification layer and output layer
as represented in Fig. 5. Here, the two inputs to the
ANFIS structure are a and b, while the output is f.

ANTECEDENT CONSEQUENT
T NORM NORMALIZER T NORM ouTPUT

I | ] ]

INPUTS MEMBERSHIP

ouUTPUT
REFERENCE
+
[
> e

OUTPUT

BACKPROPAGATION
ALGORITHM

LAYER1 LAYER2

Fig. 5. ANFIS structure

The Sugeno FIS-based ANFIS
configuration is as follows:
rule 1:ifais Gy and b is Hy; then fy =p-a+q-b +ry;
rule 2: if a is G, and b is Hy; then f, = pr-a + qo-b + 125

The design parameters for training process are p;, ¢;
and r;, where i = 1, 2. The fuzzy sets are represented by
the terms G, and H,.

In the initial layer, the membership functions for each
of the specified input data are developed. The membership
functions of the adaptive nodes of this layer are given by:

01, = pa), i=1,2; )

Ol,i = ,qu(b)n i= 1929 (10)

where the membership grades for fuzzy set (G, Gy, H;
and H,) are represented as pg(a) and p(b).

The second layer consists of circular nodes that are
labeled as 7. This layer multiplies the input signals as
shown in the following mathematical expression

Oa=wi = pca) x py(b), i =1,2; (11)
where the term w; specifies the firing strength of node i.

The third layer is the normalization layer, which
consists of circular nodes that are labeled as N. The output of
the second layer is normalised in this layer, as given below:

Oy, =W =—2—, i=1,2, (12)

Wy + Wy

LAYER3 LAYER 4 LAYERS

if-then rule

~

where w; specifies the normalized firing strengths.
The third layer output is simplified in the fourth
layer and the result is given by:

Ogi =Wy fi=wp(pi-g+q;+r) i=12,  (13)
where {p;, q;, ;} represents the parameter set and the term
w; specifies the output of the third layer.

The summing of all the inputs is carried out in the
final layer. This layer consists of only one node, which is
labeled as X. The overall result is given as:

2
— wifitwy fo
Os; =Y w-fy =—H——2-2
i-1

Wy +wy

(14)

The parameters of first and fourth layer are known
as premise and consequent parameters, respectively. The
first layer parameters are tuned by back propagation
approach, while the fourth layer parameters are tuned by
least square approach. These two approaches improve the
system’s accuracy and speed of convergence, hence the
learning ability of ANFIS is better.

d) Cascaded ANFIS controller. The conventional
ANFIS method has certain limitations like computational
complexity and the curse of dimensionality. These
limitations are overcome by using cascaded ANFIS
method, which is an extension of conventional ANFIS. It
comprises of two important modules namely, pair
selection module and training module. The flow chart of
cascaded ANFIS is represented in Fig. 6,a.

Pair selection module. The overall procedure of the
pair selection module is illustrated in Fig. 6,b. Here,
ANFIS structure with two inputs and one output is used to
find the best matching pair from the input variables. In
this module, sequential feature selection process is carried
out and the matching pair is obtained as the final
outcome. To go through all two pair combinations, a
nested loop is used. The term NI in Fig. 6,b specifies the
number of input variables. The chosen inputs for the
system are input; and input;,. The value of root mean
square error (RMSE), which is represented as E, is
computed and saved for comparing with the prior value of
RMSE (E,,,.,). The matching pair is extracted by checking
the lowest RMSE value at the conclusion of second loop.
The training phase begins after the pairs have been chosen.

Train model module. The train model module also
uses the ANFIS model with two inputs similar to the pair
selection module. It receives the matching pairs from the
pair selection module as input, and outputs are produced
for each set of inputs provided. When the target error is
reached, the process is completed; otherwise, the next
iteration is performed. The operational flowchart of
training module is presented in Fig. 7.

Consider X;, X, X3 and Xj as the input variables of
optimization problem:

Input = {Xl,Xz, X3, X4} (15)

The four input variables form pairs with the best
match in the pair selection module as specified below:

Inputyuirs = {X1, X3}, {X0, Xi}, X, Xa}, 1X0, Xi}. (16)

For each input pair, ANFIS model with two inputs

are used to generate two outputs namely, RMSE; and Y;:

RMSE =+/(4-P)* ; (17)

1

N (0, -0px) |2

RMSEA,p:[Z—(OA’ NOP’) ] : (18)
i=1

where the actual results and predicted results are specified
as A and P, respectively; N is the sample size.

The output fis:

. W . w w . w, .

= 1 i+ 2. + 3 .f3+ 4 f4(19)
wp + wy W + wy wy + w3 w3 + Wy

The initial iteration comes to an end after the
determination of RMSE and Y. The RMSE and goal error
are compared before moving on to the next iteration. The
outputs obtained from the first iteration are Y}, Y, Y3 and
Y4, which are used as inputs for the second iteration.
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Fig. 7. Structure of training module

e). Grid voltage synchronization using PI controller.
Voltage control and current control are the two different
types of control techniques adopted for controlling the 3¢
VSL In case of voltage controlled VSI, the phase angle
between grid voltage and the inverter voltage output is used
to establish power flow control, where as in case current
controlled VSI, the reactive and active components of the
injected current to the grid are controlled by the use of PWM
approach. The current control technique provides quick
response and is less sensitive to grid voltage distortion and
voltage phase shifts. The voltage control technique is
sensitive to small phase errors and when the grid voltage is
distorted, significant harmonic currents occur. As a result,
the current control technique is highly preferred for
controlling the operation of grid connected inverter. Among
different current control techniques, the PI controller is
widely adopted approach for compensating current errors as
it provides quick steady state response, minimum current
ripple and stable switching frequency. Figure 8 illustrates the
process of grid voltage synchronization using PI controller.

The PI controller minimizes the error, which is
determined by comparing the actual output current of the
inverter with the reference grid current. The proportional

THREE PHASE
INVERTER i
a

vo [+ oo T 7
£ e
f

PWM | |° «— PLL |—

Fig. 8. A synchronous PI controller-based grid voltage synchronization

constant Kp and the integral constant K; are the two
different parameters that are involved in the calculation
procedure of the controller. Here both proportional and
integral operation takes place. In case of proportional
operation, the error e is multiplied with the gain Kp,
whereas in case of integral operation, the error e is
integrated and then multiplied with gain K. At the end of
both operations, the steady state error is totally minimized
and the reference signal is generated in a short span of time.
This controller is capable of working with both stationary
reference frame (o) and synchronous reference frame
(dq). Here the PI controller is used in dq reference frame
for achieving effective grid voltage synchronization.

The grid-connected inverter’s output voltage in the
synchronous (dq) frame is calculated using the inverter’s
mathematical model, as shown below:

[ud}:L.i[l:d}+R~{l:d:|+a).L.|:_iq}+|:ed}, (20)
Ug de| iy lq iq €q

where u, and u, are the Park transformation components
of the inverter output; e; and e, are the Park
transformation components of the grid voltage; R, L are
the resistance and inductance between the grid and the
grid connected inverter, respectively; w is the angular
frequency of the grid.

The structure of synchronous PI controller for grid
tied inverter is illustrated in Fig. 8. The current vector
components indicated in the synchronous reference frame
(dq) are compensated using two PI controllers One PI
controller compares 7, and Id*, while the other compares /,
and I,” and generate errors that are minimized to zero.
The power factor and output power are regulated by
varying the g-axis and d-axis currents.

f) DFIG based WECS. The wind turbine produces
mechanical energy by conversion of the kinetic energy of
the wind. The developed mechanical power is:

Bu=5Col )z oV, @1
where C, is the power coefficient; A is the tip speed ratio;
[ s the pitch angle; r is the radius of wind turbine, m; p is
the air density, kg/m3 ; V., 1s the wind speed, m/s.

Figure 9 illustrates the direct interfacing of the stator
to the grid, while a grid-side converter (GSC) and rotor-
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side converter (RSC) are used for interfacing the rotor to
the grid. The control of DC link voltage in between the
two converters is performed by the GSC. The reactive
power required by DFIG for magnetization is provided by
RSC. A PWM rectifier converts the AC voltage generated
by the DFIG to DC voltage. An error signal is produced
when the actual DC voltage Vpc — of the PWM rectifier

is compared to the reference voltage Vpe,, - The error

thus obtained is given as input to the PI controller. In the
PI controller, proportional and integral action takes place
and the error is eliminated. The PWM generator receives
the control signal generated by the PI controller and
generates PWM pulses. The switching operation of the
rectifier is monitored using these pulses in order to
generate a steady and controlled DC output voltage Vpc.

TRANSFORMER

(QH

POWER SYSTEM

Fig. 9. DFIG based WECS

g) PI controller based BESS. The actual battery
voltage Vp ~ and the reference voltage VBref are

compared to find the steady state error e. This error is fed
into the PI controller, which performs both proportional
and integral control operations and generates the control
signal u as shown below:

u=Kp-e+K;-[edr. 22)

The circuit diagram of PI controller based BESS is
illustrated in Fig. 10. The PWM generator generates
PWM pulses based on the control signal, which is
obtained from the PI controller. The resultant PWM
pulses controls the duty cycle of the battery converter in
order to enable buck as well as boost mode of operation.
The battery is charged during the buck mode of operation
and discharged during the boost mode of operation.

Results and discussions. A hybrid energy based
microgrid is designed with PV, WECS and BESS for
getting a reliable power supply in this work. By adopting
cascaded ANFIS controller and PI controllers the overall
system voltage stability is maintained. The performance
of the proposed hybrid energy based microgrid is
analysed by using MATLAB simulation and the results
are obtained as specified below. The specifications of the
solar panel, WECS, converters, BESS and load are
mentioned in Table 1.

P = Kp * e(t)

e

-

iBATTERY

T

BATTERY
CONVERTER

Fig. 10. PI controller for BESS

Table 1
Solar panel, WECS, KY converter, BESS, battery converter
and load specifications

PV Panel
Parameters Ratings
Peak power 10 kW
No. of solar PV panels 750 W, 13 panels
Short circuit voltage Ve 12V
Short circuit current /g 62.5 A
Open circuit voltage Voc 22.6 V
No. of series connected solar cells 36
WECS
No. of wind turbines 1
Power 10 kW
Voltage 575V
Speed range 4-16 m/s
KY converter
L 4 mH
Co 22 uF
C 1000 pF
Switching frequency 10 kHz
BESS
Capacity 100 A-h
No. of battery units 5.12V
Battery converter
L 1 mH
C 1000 pF
Switching frequency 10 kHz
Load
Capacity | S5kW

The waveforms that indicate the magnitude of
voltage and current obtained from the PV panel is
illustrated in Fig. 11. The panel voltage experiences a
slight rise at 0.2 s and maintained constant, while the PV
panel output current is constantly maintained at 25 A after
0.1 s. However, the effects of the variations in operating
condition are seen on the panel output current, which also
happens to be the converter’s input.

SOLAR PANEL VOLTAGE WAVEFORM CONVERTER INPUT CURRENT WAVEFORM

250 30
& 200 T 20
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>
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o 0.05 0.1 0.15 0.2 0.25 0.3 o 0.05 0.1 0.15 0.2 0.25 0.3
a b

Fig. 11. Solar panel: output voltage («); output current (b)

The KY converter output voltage and current settles
quickly after undergoing incessant fluctuations at 0.15 s
and 0.1 s respectively due to the application of cascaded
fuzzy controller as illustrated in Fig. 12. Thus, the
adopted cascaded fuzzy assisted KY converter displays a
remarkable performance in stabilizing and enhancing the
PV output within a short period of time.
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Fig. 12. KY converter:
output voltage (a); output current waveform (b)

68

Electrical Engineering & Electromechanics, 2023, no. 1



In Fig. 13,a the output voltage of the DFIG is around
550 V with slight fluctuations owing to the wind energy
intermittency. The output voltage of the PWM rectifier
undergoes a sudden rise at the beginning and gradually
settles down at 0.15 s with the implementation of PI
controller as seen in Fig. 13,b. The output of the PI
controller based PWM rectifier is constant and remains
distortion free.

DFIG OUTPUT VOLTAGE WAVEFORM PWM RECTIFIER QUTPUT DC VOLTAGE WAVEFORM

o Niva EEm——
& o )
% % 200
> -500 >

LS 0 fs

a b
Fig. 13. Output voltage waveform of DFIG (@)
and PWM rectifier (b)

The battery voltage and current waveforms are
illustrated in Fig. 14,a and Fig. 14,b respectively. The SOC
of the battery is about 60 % as indicated in Fig. 14,c. When
the SOC of the battery is below 60 %, the battery converter
executes battery charging by operating in buck mode.
When the SOC of the battery is above 60 %, the battery
converter executes battery discharging by operating in
boost mode. From the figure, it is evident that the battery
voltage and current initially suffers from fluctuations and
becomes stable within a short period due to the application
of PI controller.

BATTERY VOLTAGE WAVEFORM BATTERY CURRENT WAVEFORM
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Figure 15 presents the waveforms that indicate the
magnitude of the real and reactive power. The magnitude
of reactive power gradually increases and becomes stable
at a value of 5400 W at 0.03 s. The magnitude of reactive
power is =50 VAr from 0.1 s.

REAL POWER WAVEFORM

REACTIVE POWER WAVEFORM

comparatively higher than the other four conventional
DC-DC converters. The efficiency of cascaded ANFIS
controller assisted KY converter is about 93 %, which is
higher than the efficiency of other 4 conventional DC-DC

converters as represented in Fig. 17,b.
GRID VOLTAGE AND CURRENT WAVEFORM
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Fig. 16. Waveform of grid voltage and current
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Hardware implementation is represented in Fig. 18.
In Fig. 19, 20 the oscillograms of voltages for KY
converter, which got from experiments, are shown.

Fig. 18. Hardwre setup
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Fig. 15.Waveforms of real power (a) and reactive power ()

The waveforms that represent the grid voltage and
current are seen in Fig. 16. Both the grid voltage and grid
current are stable without fluctuations with the effective
grid voltage synchronization achieved by PI controller.
The magnitude of grid voltage is maintained at 230 V and
the magnitude of grid current is maintained at 10 A.

The voltage gain and efficiency of different DC-DC
converters are compared with KY converter in Fig. 17,a
and Fig. 17,b respectively. From Fig. 17,a, it is clear that
the voltage gain of KY converter is 1:10 and it is

l oV
Volts/div =35 V, Time/div = Sps
Fig. 19. Gating pulses of
S1 and S2

Fig. 20. V, and V; of
KY converter

Conclusions.

A hybrid energy based microgrid that combines
renewable energy sources like photovoltaic system and wind
energy conversion system is designed for the purpose of
heightening the overall system stability and reliability. The
KY converter, which is connected to the output side of the
photovoltaic system, enhances its output voltage with
reduced switching loss. The operation of the converter is
optimized with the assistance of cascaded adaptive neuro
fuzzy interface system controller. A proportional integral
controller is used to stabilize the output of the doubly fed
induction generator based wind energy conversion system.
The battery energy storage system, which is interfaced with

Electrical Engineering & Electromechanics, 2023, no. 1
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the microgrid through a battery converter, ensures consistent
supply of power. The state of charge of the battery is
monitored and controlled with the help of a proportional
integral controller. The adopted control approach of cascaded
adaptive neuro fuzzy interface system assisted KY converter
operates with an impressive efficiency of 93 %.
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