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ABSTRACT This study proposes a novel technique of cooperative control for a distributed hybrid DC/AC
Microgrid (MG) by designing a digital Infinite Impulse Response (IIR) filter-based Proportional-Resonant
(PR) current controller. This controller adopts an Adaptive Neuro Fuzzy Inference System (ANFIS) trained
by Particle Swarm Optimization (PSO) to control inverter output current while tracking Maximum Power
Point (MPP). A hybrid ANFIS-PSO extracts maximum power from both inverter and boost converter-based
solar Photovoltaics (PVs) systems quickly and with zero oscillation tracking. The proposed PR controller
cancels harmonics while achieving high gain at the resonant frequency (grid frequency). The PR controller
offers quick reference signal tracking, grid frequency drift adaptation, easy system design, and no steady-
state error. Moreover, this investigation features a PR controller frequency-domain analysis. The proposed
technique smooths voltage and improves steady-state and transient responses. Cooperative control is imple-
mented on an IEEE 14-bus MG with distributed communication. The findings indicate that the proposed
control technique can regulate MG voltage to obtain a more stable voltage profile. The adopted MG, made
up of dispersed resources, is crucial for assessing power flow and quality indicators in a smart power grid.
Finally, numerical simulation results are utilized to verify the recommended technique.

INDEX TERMS IEEE 14-bus MG, proportional resonant controller, inverters, digital filters, DC/DC
converter, adaptive neuro fuzzy inference system, particle swarm optimization.

I. INTRODUCTION

Power electronics converters and output power filters are crit-
ical components in connecting Renewable Energy Resources
(RERS) to the utility main grid. The power converter enables
appropriate, secure, and dependable energy transactions
between the grid and RES. Traditional power grids have
evolved into Smart Grids (SGs), which rely on bidirectional
power flow and data transfer capabilities [1]. Control centers,
generation power, power transmission, distribution, and end
users are all parts of a traditional grid [2]. Several appli-
cations have been distributed in the SG as a result of the
advancement of new digital technologies, such as micro-
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processors, and developments in power electronics, notably
in the configuration of energy conversion systems and con-
trollers. Recent academic advancements have a substantial
impact on these fields, primarily in the areas of data acqui-
sition, automation, and MG regulation [3]. MGs not only
reliably and neatly combine distributed generation with the
utility grid, but also produce greater dependability in its
ability to function in response to natural events and changing
distribution grids, resulting in lower energy losses in trans-
mission/distribution and reduced time spent on construction
and investment [4], [5], [6], [7].

Due to the depletion of traditional energy sources, the
demand for RERs is growing exponentially throughout the
world. Since the previous decade, the PV system has made
remarkable strides in comparison to the rest of the renewable
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energy sources [8]. The transfiguration ability of PV modules
is restricted due to the nonlinear voltage/current character-
istics of the modules. MPPTs are critical components in
ensuring that solar PV energy output is at its maximum under
global MPPT conditions. Many MPPT control techniques
have been examined in the literature in [9], [10], and [11].
Classic MPPT approaches such as Perturb and Observe
(P&0O), Hill Climbing (HC), and Incremental Conductance
(INC) are discussed in [12], [13], and [14] as conventional
MPPT methods. It is easier to implement the P&O and HC
techniques, but it includes significant oscillations closer to
the Maximum Power Point (MPP), which results in power
losses. Even in the face of altering atmospheric conditions,
the INC technique remains precise and adaptable. Despite
this, there are complications in modeling and implementa-
tion. The above mentioned techniques, on the other hand,
are inefficient when subjected to fluctuating solar irradia-
tion and when attempting to calculate the right perturbation
size. Because of this, intelligent Fuzzy Logic Control (FLC)
and Artificial Neural Network (ANN) approaches have been
chosen to serve as MPPT trackers in order to correct the
deficiencies of traditional MPPT algorithms when operating
in changeable weather situations [15]. The MPPT technique
based on fuzzy logic plays a critical role since it has a
more robust design and a simpler structure that is capable
of solving the uncertainties and nonlinearity problems. FLC
design, on the other hand, is complicated by the need for
expert knowledge and the construction of rule base systems.
While the ANN approach, which consists of multilayered
neurons rather than classical algorithms, is commonly used
for quick PV power monitoring under changing environmen-
tal circumstances. After integrating ANN and FLC, a hybrid
algorithm is created that has attractive learning skills and may
be used to train members for MPPT activity. The training and
updating of ANFIS standards is a difficult undertaking for
the designers to do on time. Optimization issues are solved
with the help of recently developed artificial intelligence
algorithms, such as the PSO, the firefly algorithm, the ant
colony optimization (ACO), and the artificial bee colony
(ABC) [16], [17], [18], [19]. When the Sun’s insolation
level varies uniformly, the FLC and ANN have greater PV
tracking capabilities than the FLC alone. Under changing
weather conditions, when several peaks are present and it’s
difficult to reach the MPP region, PSO is an excellent solution
because it only requires a few modification parameters. While
the PSO method is less complex mathematically than the
previously mentioned optimization algorithms, it is easier to
implement and provides more economical computing estima-
tion. It also provides fast and accurate PV power tracking
under a variety of operating conditions when compared to the
previously mentioned optimization algorithms. In contrast to
gradient approaches, the PSO delivers a simpler and more fast
convergence velocity throughout the updating process [20].
A photovoltaic system’s training and operational conditions
make developing an effective ANFIS model training strategy
challenging. The PSO algorithm can be used to find the opti-
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mum topology and determine the optimal initial weights of
the ANFIS model in order to improve model accuracy. Thus,
the conflict between computing speed and ANFIS model fit
is solved, and the mean squared error is reduced. Therefore,
it is more robust to improve the control method of DC/DC
and DC/AC converters via ANFIS-PSO to efficiently extract
MPP in addition to controlling the intended target.

The connectivity of Distribution Generation (DG) systems
and the grid is now a major challenge for DG energy. These
systems typically require DC/DC and DC/AC converters. Due
to its importance in grid-connected operation, the DC/AC
inverter, whether single or three-phase, can be regarded the
system’s core. In terms of inverter types, there are two types
of inverters utilized in distributed generation: Voltage Source
Inverter (VSI) and Current Source Inverter (CSI), also known
as P-Q inverter. A two-layer cooperation method is used in
both inverter variants. Grid Connected Inverters (GCIs) can
be operated in either current or voltage mode. The GCI is
an appealing option since its functionality is not as reliant
on the impedance of the grid as VSI. Furthermore, a GCI in
conjunction with a current controller can provide overcurrent
protection.

Regarding of the control techniques of the inverters, Dead
Beat (DB), hysteresis, Proportional Integral (PI), and PR
controllers are the main control techniques for incorporating
DG equipped with inverters into the power grid [5], [21], [22],
[23], [24], [25], [26]. Reference [21] proposed a hysteresis
control for grid connected inverter in MG. While the proposed
method is simple and responsive, the output current has big
ripples, which results in bad current quality and makes the
design of the output filter more difficult [21]. DB current
controller has gained attention because of its zero steady-state
error. Although it is quite complex and highly reliant on sys-
tem parameters, it is nonetheless very effective [22]. Among
the numerous benefits of the PI controller are improved wave
shaping, immediate control, and a constant switching fre-
quency of the power inverter during its application in several
grid-connected MGs [5], [25], [26]. However, the PI also has
a downside of steady-state error. PR controllers are preferred
over PI controllers in grid-connected converters because they
have a high gain at the resonating frequency, which eliminates
steady-state error, allows for fast tracking of the reference
signal, can adapt to grid frequency drift, and are simple to
implement. The PR control approach is often used when the
intended goal is to compensate for a large number of harmon-
ics underlying sinusoidal signals and minimize steady-state
error [23]. However, in order to achieve best performance, the
main grid frequency and resonant frequency must be identi-
cal. The authors of [24] presented a robust PR controller using
an internal model-based harmonics compensator in MG. Also
because of its simplicity and versatility, the PR controller
has received a lot of attention lately. In fact, GCI with a PR
controller is a popular combination of terms in the literature.
Some of them go into detail on the process of designing the
PR controller. All of these studies are legitimate, and they
demonstrate the effectiveness of public relations campaigns.
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Most of them, on the other hand, express their technique
in continuous-time manner, but the vast majority of GCI
applications are implemented digitally. Numerous studies
have been conducted to control MG’s power supply and
inverter-based distributed energy system. An AC/DC hybrid
MG powered by wind, hydrogen, and supercapacitors was
proposed by the authors of [27]. A primary inverter connects
a DC-bus that supplies energy from renewable sources to the
community power grid. The effects of load variability on the
infrastructure have not been studied. Another proposal for a
photovoltaic and fuel-cell based hybrid DC/AC MG system
is provided in [28]. To increase system stability and lessen
the number of operating mode variations, a synchronized
scheme of system control and feeder flow control was devel-
oped. Similar hybrid MG architecture is described in [29].
In order to meet frequency regulatory requirements when
using hybrid MGs, proper day-ahead scheduling is required,
as stated in [30]. In order to serve a market for frequency
regulation, MG’s Distributed Generation is analyzed for the
optimal balance of power production and related services.
In [31], the AC / DC hybrid MG system for managing
AC power in an isolated village that uses a solar-powered
desalination system was investigated. It was proposed that
an optimization technique based on mixed-integer nonlinear
programming be used, and that the goal functionality be used
to lower the daily operating costs. In [32] and [33], the authors
demonstrated how a real-time power management application
may be constructed. A complete, incomplete, and accurate
forecast were made for each of the three scenarios under
consideration. The optimization model was examined on both
linked and isolated MGs, and it was discovered that there was
a considerable imbalance between load and generation. The
authors of [34] provide a PI control of grid connected MG
inverter. Using an IEEE 14 bus program, the recommended
algorithm’s efficiency was tested. The authors of [35] propose
an approach for managing power transmission/management
in hybrid AC/DC MGs. The penetration ratio for MGs is
critical in determining the MG’s location within a power
distribution setup. This study determines the MG’s optimal
location by comparing two distribution systems. The voltage
characteristics and line losses of these systems are inves-
tigated. While MGs are considered on a small scale, their
technical complexity for modeling and simulation is greater
than that of the conventional energy system. As a result,
dynamic analysis models are critical for ensuring the stability
of future MGs.

The literature has a lot of references to GCI with PR
controllers. Few studies describe how to design the PR con-
troller [36], [37], [38]. Moreover, the majority of research
emphasizes the PR controller’s application without a system-
atic process to determine control parameters, while others
deal with PR controller modeling in continuous-time only.
Unlike, most GCI applications need a digital set up. In this
case, the reader should figure out how to use the PR controller
digitally. Furthermore, this research proposes a novel method
for PR current controller design-based PV inverter fed by
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a reference signal through an adopted PSO- ANFIS-based
MPPT. Also, PSO trained ANFIS adopted for maximum
energy extraction from boost converter-based solar PV. The
following are the primary distinctive contributions of the
strategy advocated in this paper:

1) 14-node IEEE hybrid MG energy distribution is mod-
eled. This hybrid MG can manage renewable energy,
distribution resources, loads (linear, unbalanced, bal-
anced), and storage devices.

2) This work presents a discrete-time control tech-
nique for grid-connected inverters using a hybrid
ANFIS-PSO MPPT and PR current controller. The pro-
posed technique’s genesis is explained. This technique
helps academics construct GCI using digital control
systems.

3) This study proposes a 60 Hz digital IIR filter for the
PR controller’s resonance part. The proposed controller
is preferred over the PI controller because its parame-
ters are calculated systematically, it can operate with
a direct quadratic dg-frame or «f-frame, it allows
selective harmonic compensation, it has an appropri-
ate bandwidth, and it reduces lower-order grid current
harmonics and grid THD.

4) Both the MG’s closed-loop inverter and boost converter
feature MPPT. MPPT based on hybrid ANFIS and
PSO achieves quick PV power tracking with negligible
oscillations.

5) The proposed technique enhances transient and
steady-state responsiveness via voltage smoothing and
uses closed loop and open loop controlled inverters to
increase MG’s power-management capabilities.

The rest of the paper is structured as follows:
Section 2 describes the system being proposed. The mathe-
matical modes of energy generation resources and power con-
verters are described in the third section. Section 4 addresses
problem formulation. A case study has been described in
Section 5. Section 6 defines system analysis. The results
of the simulation are presented and discussed in Section 7.
Section 8 concludes the paper.

Il. DESCRIPTION OF THE PROPOSED SYSTEM

In contrast to previous studies-based inverter control, this
study focuses on the design of a PR control unit with a
reference current signal derived from an ANFIS-based MPPT
trained by PSO. This hybrid achieves the advantages of
the previously described PR controller while simultaneously
extracting the maximum capacity from the solar PV. The
arrangement of investigated hybrid DC/AC IEEE MG is
illustrated in Figure 1. It is comprised of two substation
MGs, 14 lines, 14 buses or nodes, and 9 loads. The proposed
network combines a MG with a 69 kV power transmis-
sion system. AC MG supplies electricity to all loads via a
diesel generator, Battery Energy Storage System (BESS2)
and PV2. The AC MG operates at 60 Hz. The second zone
(DC MQG) includes a PV1 and BESSI. A two-way power
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flow buck-boost converter connects the BESS1, while a boost
converter connects the PV1. Two parallel bidirectional power
transformers connect the DC bus and the AC MG, which can
be used as rectifiers or inverters to exchange reactive and
active power. Eventually, this hybrid system is equipped with
a grid, load-equivalent and a diesel generator. Residential
loads make up the majority of the loads. Residential loads
are calculated using daily non-seasonal consumption on the
resort island. Furthermore, simulations of residential loads
are carried out based on the actual differences in the specific
loads profile of the specified resort island. Table 1 shows
the MG load information. The main 13.8 kV network has a
resistance of 0.339 ohm/km, a reactance of 0.1168 ohm/km,
and an impedance of 0.41 ohm/km. Table 2 contains more
details information of the MG lines [39].

lIl. MATHEMATICAL MODELS OF ENERGY GENERATION
RESOURCES AND POWER CONVERTERS

A. SOLAR PHOTOVOLTIC

The I-V behavior of a model of PV cell circuit with one diode
and two resistors is described by eqn. (1) [40].

V +IR V+IR
ot ()
S

where Ipy represents the PV current; the diode has a reverse
saturation current denoted by Ip; Ry is the resistor in series
that compensates for losses in the cell’s solder joints, junction
box, interconnection, and other components; p-n junction cur-
rent leakage is accounted for by the shunt resistor denoted by
Rgp,; o represents an ideality factor that describes the deviation
of diodes from Shockley diffusion. V7 denotes the diode’s
thermal voltage, and it depends on the diode’s temperature
(T), the Boltzmann constant (k), the number of electrons (q),
and the number of cells in series (n).
kT
Vr =n— 2)
q

ey

O!VT

B. BATTERY ENERGY STORAGE SYSTEM (BESS)

The State Of Charge (SOC) and terminal voltage of BESS are
two critical parameters that accurately represent the battery’s
state, and they are represented as follows [41]:

0 B [ ipdt
K—= 4t AB0
O+ [ipdt ¢ )

SOC = 100 (1 " fiQ”dt) @)

where R;, denotes the BESS internal resistance, V,, denotes
the battery’s open circuit voltage, i, denotes the charging
current for the BESS, K denotes the polarization voltage,
Q denotes the capacity of BESS, A denotes the exponential
voltage, and B denotes the battery’s capacity.

Vo = Vi + Rpip —

C. DIESEL GENERATOR

Diesel generators keep a balance between the demand for
electricity and electricity supply generated by MGs. Sev-
eral components are required for making diesel generator’s
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TABLE 1. Load DATA OF MG.

Load Name Min. Load  Max. Load Power
(kVA) (kVA) Factor
Load2 13 39 0.9
Load3 10 29 0.89
Load4 14 49 0.9
Load9 100 319 0.98
Loadl0 239 799 0.91
Loadll 119 399 0.91
Load12 239 799 0.92
Loadl4 479 1599 0.85
DC Load 0.7 3 0.98
TABLE 2. LINE DATA OF MG.
Line No. Resistor Inductor Distance
(%)} (H) (km)
1 0.029 0.016 0.15
2 0.039 0.012 0.2
3 0.029 0.016 0.15
4 0.079 0.043 0.4
5 0.079 0.043 0.4
6 0.079 0.043 0.4
7 0.019 0.01 0.1
8 0.78 0.23 2
9 2.36 0.7 6
10 2.36 0.7 6
11 1.18 0.35 3
12 2.36 0.7 6
13 1.18 0.35 3
14 0.78 0.23 2

model include a diesel engine, an anticipatory system, a syn-
chronous computer, and a control system. The diesel engine
and governor system models are connected via two inputs,
one for real speed and another for required speed in one unit.
The mechanical prowess of the diesel engine is referred to as
its ”’mass production’ capability. The console functions in a
similar way to the transfer function described below [42]:

k(1 + T3s)

= Q)
14+Ts+TTrs

c

where k denotes proportional gain and T, T2, and T3 are
used to denote the regulator’s time constants (seconds). The
transfer function of the actuator is as follows:

. 1+ Tys
T [s(1 + Tss)(1 + Tes)]
On the other hand, a time delay is incorporated into the
design of engine generators, which temporarily reduces the
torque output produced by the operator. The transfer function
describes the machine’s excitation system shown below [42]:
Via _ 1
Vie kg + Tos
where Vj; denotes the exciter voltage, V,, denotes the regu-

lator’s output, k; denotes the gain, and T, is the exciter time
constant.

(6)

a

N
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FIGURE 1. The IEEE 14 bus MG under investigation.
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D. GRID SIDE CONVERTER
The equations for the AC side voltage of the main inverter are

shown in abc-frame and dq coordinates respectively, in eqns.
(8) and (9) [43]

d la Iq VCa VCra
Ly 7 b | +Re|ip | =] ver | — | verb (8)
c ic VCe VCre

L dila| _| —R ol ||l

dt | 1q —wLf  —Ry 1,
+ |:vcd:| _ |:Vsdi| 9)

Veg Vsq

where Ry and Ly are the inverter power filter resistor and
inductor, vcg, vep and ve, are the voltages of AC side of
inverter, VCras VCrb and V(ye are the voltages across the capac-
itors of the three phase power filter; Iy and 1, veq and vey,

and vy and vy, are the dq coordinate variables that corre-
spond to them.

E. BOOST AND BIDIRECTIONAL BUCK-BOOST
CONVERTERS
As shown in Fig. 1, a PV panel is connected to a boost
DC/DC converter (which is controlled by ANFIS-PSO) and
subsequently to the open loop control inverter.

According to [44], [45] the relationship between the boost
converter load resistance (Ry ) and optimal internal resistance
of a PV panel at maximum power point (Ryspp) is as follows:

_ Rupp
(1 — Dypp)*

where Dypp denotes the duty cycle of the boost converter at
its MPP.

Load resistance must be higher or equal to the PV array’s
optimal internal resistance at MPP for a boost converter to
track maximum power (Rr > Rypp), because the duty ratio
(D) can be anywhere from O to 1. If the preceding condition is
not met, the tracking of maximum power will be unsuccess-
ful [44], [45].

The boost inductor’s value is determined in accordance
with the maximum allowable current ripple that occurs at
the MPP under the highest solar irradiance (1000W/m?). The
ripple output current decreases with increasing inductor value
and vice versa for the capacitor. Because the inductor is the
priciest component when compared to the other components,
it is preferable to use a lower inductor value in order to
achieve a low-cost converter. The DC/DC boost converter’s
topology was designed to enhance the input DC voltage (V;)
from 100 V=130 V to roughly 350 V output voltage (V,),
which is the voltage level of the DC bus, as proposed by
the authors in [51]. The switching frequency f is adjusted
to 10kHz to avoid two common problems: audible sounds
and high-frequency parasitic components. Both parameters
are chosen above the critical values in order to retain the
controller’s stability. The critical parameters can be computed

Ry (10)
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TABLE 3. DC converter specifications and parameters.

DC/DC PWM Capacitor  Inductor DC
converter Frequency (uF) (mH) Voltage
(Hz) (Vde)
Buck-Boost 10000 100 9 300
Bidirectional
Converter
Boost 10000 100 3 300
Converter
using the eqns. (11-13) [39]:
Vi
D=1-—- (11
Vo
Lo=2- D’ R (12)
c — 2f
C b (13)
¢T3 /R

where L. denotes the critical inductance value; C. denotes the
critical capacitance value; D denots the duty cycle; f denotes
the switching frequency; and R denotes the load resistance.

The bidirectional buck boost DC/DC converter manages
the battery’s loading and unloading processes, regulating the
DC bus voltage’s connection to the BESS1. It uses two PI
controllers to keep the reference current signal stable during
loading and unloading processes. The controllers charge and
discharge the BESS1, which is tied to the DC MG, using a
current reference signal. The objective is to produce more
efficiency and extend the battery system’s usable life by
focusing on low current ripples. It’s also good to know that
the control technique regulates the voltage of DC bus when
the MG is in an “off grid” mode [44]. The characteristics
of the adopted batteries are 120V rated voltage, 800Ah rated
capacity, and 80% initial SOC for BESS1 unit, while 650V,
1.5Ah, and 80% for BESS1 units (three units). In order to
select the filter values of buck boost, eqns. (14), (15), (16),
and (17) are used.

AJ VinD
o= (14)
L:D
AVygy = ();i (15)
Aly =D Vou _ Vou (16)
.fL fLVin
Vin(D — D?)
AVyiy = sz—LC (I7)

where Al gy is the boost side’s inductor current; AV gy is the
boost side’s capacitor voltage ripple; Alry is the buck side’s
inductor current; AV yy is the buck side’s capacitor voltage
ripple. The adopted component values of both the boost and
buck-boost converters are shown in Table 3. Considering
a 45Q DC resistance, which translates to a 2 kW power
required at nominal voltage.
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FIGURE 2. The proposed inverter's closed loop control method.
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FIGURE 3. The proposed PSO-ANFIS-based boost converter.

IV. PROBLEM FORMULATION

The inverter’s proposed closed loop control method is illus-
trated in Figure 2. Figure 3 shows the proposed PSO-ANFIS-
based boost converter. The following subsections elaborate
on the proposed diagrams’ individual blocks.

A. HYBRID ANFIS-PSO BASED MPPT CONTROLLER

Here, we propose an innovative inverter control technique
based on PR digital current controller that employs a refer-
ence current control signal applied by PSO trained ANFIS
to control the output current of the inverter accurately and to
obtain maximum power from the PV related to that inverter.
The ANFIS uses fuzzy logic and weighted artificial neural
networks to transform system inputs into desired outputs. The
ANFIS is a machine learning methodology that combines the
advantages of two machine learning methods (least square
error algorithms and backpropagation) into a single method.
A first-order Sugeno model is used to illustrate the ANFIS
structure using the two fuzzy IF-THEN rules below [46]:

RULE 1:
RULE 2:

If xis Ay and yis By,
If xis Ay and y is By,

then fi =kix+r1y+pi1
then f> =kyx+ry+p>

where x and y are the input variables; A; and B; are the fuzzy
variables; f; represents the outputs of fuzzy sets; k;, r; and
pi the design parameters of the ANFIS system, which are
derived during the training phase of the ANFIS system. The
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FIGURE 4. The architecture of the ANFIS.

structure of the ANFIS is shown in Figure 4. ANFIS features
a five-layer design, with nodes in each tier performing tasks
that are similar to one another. Each layer is discussed in
further depth below.

Layer 1: In this layer, the eqns. (18 and 19) are used to
determine the fuzzy membership classes of the inputs, which
are then rendered visible on the layer as the outputs. The
inputs’ fuzzy membership grades are transformed into the
outputs of Layer 1.

i=1,2 (18)
i=3 (19)

Output | ; = pai (x) ,
Output| ; = upi-2 (x),

The node i has two inputs which are x and y, and the
linguistic labels Ai and Bi (low or high) associated with this
node’s functions. wa; (x) and up;—» (y) may take on any
fuzzy membership function. For instance, if the Gaussian
membership function is used, the following is the value of
Hai (X):

1
2

x—cn;

dj

i (x) = e[ '] (20)

Here, cn; stands for center, d; stands for width, and g; stands
for fuzzification factor.

Layer 2: Layer 2’s nodes are fixed nodes. The layer makes
use of fuzzy operators, and by adopting the AND operator it
fuzzifies the inputs. They are recognized with the letter =,
which indicates that they execute the function of a simple
multiplier. The output of this layer may be represented by the
following:

Output, ; = W; = jua; (x) .jugi (y) (21)

These are the rules’ so-called firing strength™.

Layer 3: The fixed nodes, labeled N, play a role in layer 3.
They normalize the firing strengths from layer 2. This layer’s
output may be represented by the following equation:

Outputy ; = W= —— i=1,2 22
utputs ; = WEW (22)
This layer’s outputs are normalized firing strengths.

Layer4: Nodes in layer 4 are adaptable. Each node’s output

is equal to the product of its normalized firing strength and a
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first-order polynomial (for a first-order Sugeno model). This
layer’s output may be expressed as follows:

Outputy; = Wif; = Wi (kix + riy+pi)  i=1,2 (23)

where W; is the output of layer 3 and k;, r;, and p; are the
consequent parameters.

Layer 5: In layer 5, there is only one fixed node with the
name »_ x. This node sums up all the signals that have come
in. Output from the model as a whole is given by this.

> Wifi
Zi Wi

Designers today must update and train ANFIS require-
ments. The PSO updates are simpler and quicker than gra-
dient updates. In a D-dimensional study space, the swarm’s
particle k is represented by its vector position X¥ =
(xkl,xkz,.....,ka) as well as by its vector of velocity
vk = (vkl, w2 ka). This particle retains the best
position in memory through which it has already travelled,
which we denote by PK = (pk!, pk2 .. ... p*P). The best
position attained by all of the swarm’s particles is denoted
by P* = (pzl, pzz, e pZD). The following equations are
used to calculate the position and velocity vectors at iteration
n [47], [48]:

Outputs ; = ZiW‘fi = (24)

vn]-H =X I:V]r(lJ + Clrijn (plr(tj _x];]) + CZTgn(pfl] _x}]?):l’
jell,2,....,D] (25)

kj i kj .

Xl =xg vl jell,2,....D] (26)

where r; and r, are random values between O and 1, and c¢;
and ¢, are positive constant (personal and global) learning
rates; x is referred to as the constriction factor and is defined
as follows [49]:
2
X = )

2—c—+/c2—4c

The comprehensive flowchart of a PSO trained ANFIS-
based MPPT control is shown in Fig. 5. An advanced hybrid
ANFIS method gathers fuzzy data with the help of trained
learning rules for adjusting membership values appropriately
before error minimization is performed. The learned system
can serve as a hybrid MPPT controller once the appropriate
membership parameters are set. By employing the flowchart
depicted in Fig. 5, the ANFIS parameters (Table 4), and PSO
parameters (Table 5), we can defuzzify the system so that the
output is calculated using the weighted average method. Inde-
pendent simulations of the foregoing and following parame-
ters have been conducted. In contrast, the mean square error
is minimized while simultaneously training all parameters in
this hybrid ANFIS-PSO approach. We have used input/output
parameters to measure the ANFIS architecture’s adaptive
learning rate.

The inputs of ANFIS are solar irradiance and temperature,
and the structure formed was based on fuzzy clustering,
as illustrated in Figure 6. There are 2’ inputs and ““1”” output
in this arrangement. Each input has ten Gaussian membership

c=c1+c 27
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TABLE 4. ANFIS parameters.

Parameters Values
No. of inputs 2
No. of outputs 1
Range of input 1 (solar irradiance) [1 1000]
Range of input 1 (temperature) [15 35]
Range of output [27 35]
No. of membership functions for each 10
inputs and output
No. of rules 10
TABLE 5. PSO parameters.
Parameters Values
Inertia Weight 1
Inertia Weight Damping Ratio 0.99
Individual Learning Coefficient 1
Coefficient of Global Learning 2
Maximum Iteration Number 1000
Population Size (Swarm Size) 25
Lower Bound of Variables -25
Upper Bound of Variables 25

Collection PV System
Data and Fuzzy Data

Implementation of ANFIS
Model

Optimize the F of ANFIS
Functions Using PSO

1

— .
New Membership NO g _ —
Fu }\Qeﬁh Error <= Max'E[r’o’r/,.

|

-
NO p— B
L =""Chech Error <= Max. Err

T
PSO and ANFI

FIGURE 5. Flowchart structure of an ANFIS-PSO-based MPPT control.

functions as shown in Figure 7 (a and b), with 10 linear
membership functions in the output and ten rules.

The Figures 8 and 9 show the initial fuzzy inference sys-
tem’s structure, which was based on the fuzzy clustering
structure. As illustrated in Figures 8 (a) and 9 (a), there is
no difference between the actual output and ANFIS during
the testing and training stages. Figures 8 (b) depicts the root
mean square error fluctuations during ANFIS training, while
Figures 9 (b) depicts the root mean square error fluctuations
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FIGURE 7. Gaussian membership functions of inputs for solar irradiance
in (a) and temperature in (b).
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FIGURE 8. Difference between ANFIS output and actual outputs during
training stage.

during ANFIS testing. In Figures 8 (c) and 9 (c), error his-
tograms are given, with the error value on the horizontal axis
and the plentitude on the vertical axis.

The proposed ANFIS-based MPPT controller is comprised
of the ANFIS reference model and a discrete PI or PR con-
troller. This application uses these controllers because both
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FIGURE 10. PSO-ANFIS MPPT, DC voltage, and PR controllers of the
proposed method.

are equally effective at handling constant signals in this stage.
Knowing the maximum power point (MPP) of a PV module
under a given solar irradiation and temperature allows this
MPPT controller to accurately monitor the MPP in real time.
Maximum power output from PV modules can be estimated
using the PSO trained ANFIS reference model for a given
temperature and irradiance. When comparing the ANFIS
model’s reference value to the PV module’s actual voltage,
a low-pass filter with a 5S00Hz cutoff frequency is used to
remove distortion. The difference between the two voltage
levels is computed to provide an error, which is then applied to
the PI controller (with proportional gain k, = 2 and integral
gain k; = 400) to produce a control signal (reference inverter
DC voltage (Vyc,rer)) as shown in Fig. 10.

Figure 11 (a and b) shows the maximum powers extracted
using the ANFIS-PSO technique from the PVI, which is
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FIGURE 11. Maximum power extracted from (a) solar PV1 and (b) solar
PV2.

connected to the boost converter, and the PV2, which is
connected to the inverter-based PR controller, respectively.

B. DC VOLTAGE CONTROLLER

The referenced DC voltage from ANFIS-PSO is applied to the
PI DC voltage regulator (has k, = 2 and k; = 400) with the
measured inverter’s input voltage (V) to produce reference
d-axis current component (I4.r) as shown in Figure 10. The
d-axis component of the reference current is given in eqn.
(28), while the g-axis component is set to zero (Iyrer = 0).

kV k'Vd\'< 3
lsdc - kpvdc,ref - SL i

k[’ Vdc +

Idref = (28)

Vdc, nom

where V¢ nom 1s the nominal DC voltage.

C. PROPORTIONAL RESONANT CONTROLLER

The PR controller receives an error signal based on a compar-
ison between the inverter’s output current and the reference
current from the DC voltage regulator. Pulse Width Modu-
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lation (PWM) is used to regulate the PR output signal. The
modulator uses a carrier signal with an amplitude of ”1”.
Because the reference signal is a grid tension-synchronized
sinusoidal signal, voltage sensing and transmission can be
demonstrated. However, synchronization is guaranteed by a
Phase-Locked Loop (PLL). As things stand, the PWM delay
is greater than the time constant of the current control loop.
The controller’s architecture need not change to accommo-
date for PWM delay. The ideal PR controller’s transfer func-
tion is given in eqn. (29):

N
G =kp+kr——— 29
PR (8) = kp + R (29)

where kp is the controller’s proportional gain, kg is the con-
troller’s resonant gain, and w, is the controller’s resonant
frequency in general, which is the grid frequency.

The ideal PR controller behaves like a system with an
infinite quality factor, which makes it difficult to implement
in reality. As a result, the following is an non-ideal PR
controller:

2weS

G =kp+ k"""
PR (8) = kp + I

(30)
where w, = 2xpixfp,, angular resonance bandwidth revolves
around ac frequency w, = 2% pi*f, or w, = 2 pi*fg; fpw is
the resonance bandwidth frequency, f, and f, are the resonant
and grid frequency respectively.

The closed loop control technique of the microgrid’s
inverter with a discretized PR controller uses the tustin fre-
quency pre-wrapping method. Tustin’s method can be used to
explore the discretization of analog controllers [50]. Accord-
ing to this relationship, each S-domain in analog controllers
is replaced with a Z-domain.

z—1

§= 00 31

Te+D

where T is the sampling time.
z—1
Gpr| w——
(%(z + 1))
z—1
20 <§(z+1))

= kp + kg (32)

2
z—1 z—1 2
(£<z+1)) + 2o <§(z+1)> t @

The digital PR controller is shown in Figure 8 proceeding
from a proportional gain (kp) to a resonant part. The resonant
path is coherent with the discrete resonant IIR filter and the
resonant gain (kg), and its defined by the z-domain transfer
Gg (2) as shown by eqn. (33).

bo+ b1z~ 4+ brz?
Gr (7) =
r @ ap+ajz~' +arz2

(33)

where by, by, by are the feedback filter parameters and
aop, ai, a are the feedforward filter parameters.
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It should be noted that the value of ag is intentionally set
to 1 in order to allow the z-domain IIR filter transfer function
in eqn. (33) to be rewritten as a difference equation by:

y(n) = —ayy(n—1) —axy (n—2) + bou (n)+bru (n—1)
+ bou (n—2) (34)

where y (n) denotes the resonance filter output while u (n)
denotes the resonance filter input.

This step can be regarded as an important contribution
made by this work overall. Defining the resonant frequency
is the most important parameter to consider because it deter-
mines the frequency at which the controller will act in order
to achieve zero error in steady-state. The designer is able to
compute for the resonant filter coefficients, allowing for more
accurate filter design, if only the preferred filter frequency
response is outlined in the s-domain. The proportional gain,
resonant gain, and the coefficients for digital implementation
are then provided by eqns. (35) to (43) [51].

(m) 2+ 1D wrL, — Ry i

kp = (35)
Ve H;
20+ 1) = 1] %L, 1
kR:[(c )? —1]wiLo 1 36)
2Vae H;
by = kB, T, (37)
1
by = T, |:—krBre0‘SB"T" cos <Ta,/ w? — ZB%) - c}
(38)
where C is a constant that has the following definition:
0.5k, B2 / 1
C = —r ¢ 998Tacog (Ta w? — —B%)
Jor - 18?2 !
(39)
b, =0 (40)
ap =1 (41)
1
a; = —2e "BrTa cog (Ta,/ w? — ZB%) (42)
az = eiBrTa (43)

where H; denotes the measured current gain, Ro and Ly
denote the inverter’s line resistor and inductor, ¢ denotes the
damping factor, B, is the angular resonance bandwidth, w,
is the resonance angular frequency, 7, denotes the sampling
period, k, denotes the resonance gain, and V. is the DC
voltage applied to the inverter.

Notch Filter is a term used to describe a resonant
filter. In this paper, the term “resonant IIR filter” is
used. As a result of the digital PR controller architec-
ture, the values of the controller’s gains and coefficients
(kp, kr, ag, a1, az, by, by, and by) can be obtained using
eqns. (35-43) above.

The magnitude response of the designed resonant filter in
the w-domain is shown in Fig. 12 (a). The gain is O dB only
at 60 Hz, demonstrating the effectiveness of the specified
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FIGURE 12. The magnitude and phase response of the resonance filter in
(a) and the designed PR controller in (b) in the w-domain.

10* 108

resonant filter. Only the component of the error at 60 Hz is
multiplied by one in this case. The power of all other compo-
nents is greatly reduced. The filter’s phase response in the w-
plane is illustrated at the bottom of Fig. 12 (a). Because of the
transfer function’s poles, the phase shifts 180 degrees at the
resonance. Fig. 12 (b) displays the designed PR controller’s
magnitude response. At 60 Hz, the most amplification occurs.
The same figure displays the designed PR controller’s phase
response. The phase shift is the same as the resonant filter’s
phase shift for both low and high frequencies, which is zero.

V. CASE STUDY

A case study is to develop a control technique for the GCI by
designing a digital PR current regulator that adopts the ref-
erence input current signal obtained from PSO-based ANFIS
and a DC voltage regulator, respectively, as depicted in Fig-
ure 2. This control technique based inverter is proposed to be
applied in IEEE 14 bus MG inverter to improve transient and
steady-state responses by smoothing the voltage signals while
also producing the maximum electric power available from
inverter’s solar PV. The proportional gain, resonant filter’s
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TABLE 6. PR CONTROLLER parameters.

Parameter Name Variable Value
Proportional gain kp 0.12
Resonant gain kg 54
by coefficient b, 0.000314159265358979
b, coefficient b, -0.000313539408720314
b, coefficient b, 0
a, coefficient a, 1
a4 coefficient a; -1.999576246032268
a, coefficient a, 0.999685890077496
TABLE 7. GClI parameters.

Parameter Name Value Symbol
Inverter Inductance 2.4838e-05H L,
Inverter Resistance 9.3636e-05Q Ry

DC Link Voltage 415V Ve

Gain of current sensor 0.6mA/A H;
Inverter Power 1500W Piny

Angular sampling 1.88 x 10° Rad/s wg = 21f,
frequency
Sampling period 34ps T, =1/f,
Peak voltage of grid 180V 73
Angular grid frequency 377 Rad/s wg = 27fy
grid Inductance 100pH Ly
grid Resistance 0.1mQ Ry
Angular resonant 377 Rad/s W, = 27f,
frequency
Resonant bandwidth 1.5Hz fow
Angular resonant 10 Rad/s We = 2T fpn
bandwidth
Damping factor 0.95 4

gain and coefficients were determined separately using eqns.
(35 and 43). Table 6 summarizes the parameters of digital
IIR resonant filter that has been designed, while the other
GCI designed parameters are listed in Table 7. To be more
precise, all obtained resonant filter’s coefficients must have
a minimum of 15 decimal points. These coefficients of IIR
filter type are very sensitive, see [52] for more information
about these filters. Moreover, in this work, the PSO trained
ANFIS technique has been presented to extract maximum
power from boost DC/DC converter-based solar PV. The PV
voltage is filtered with a low pass filter before being digitized
with the Zero Order Hold (ZOH) method. The digitalized
voltage is compared with the PSO-ANFIS output to generate
an error signal, which is then applied to a discrete-time PI
controller to generate a duty ratio signal.

V1. SYSTEM ANALYSIS

Daily demand characteristics for the proposed MG system
are depicted in Figure 13. The curve is computed by adding
the total hourly demand for each load defined by the model.
As can be seen in Figure 13, the system has a minimum
demand that is only 30% of its maximum demand. The mini-
mum demand scenario must be utilize to determine the com-
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pensation mechanism’s capacity and location. As illustrated
in Figure 13, peak demand occurs at 11:00 AM., which is
also the time of greatest solar irradiance, thus, solar energy
production.

With both load scenarios, the voltage profile can be visu-
alized by measuring each bus voltage independently. The
voltage deviation is calculated by measuring the voltage in
each bus and comparing it to the desirable voltages. Eqn.
(44) defines the formula for calculating the magnitude of the
Maximum Voltage Deviation (MVD).

MVD = maxi<i<n [|[vai — vill (44)

where v;; denotes the desired voltage, and v; denotes the bus
voltage.

All angle buses in the hybrid MG system depicted in
Figure 1 are calculated using an adaptive notch filter based
on PLL. After that, a subtraction is performed on these two
numbers in order to compute 6; for each bus (7).

When a voltage-current pair signal is received at the funda-
mental frequency, the power block computes the active power
(P;) and reactive power (Q;) of the signal. For this calculation
to be completed successfully, the block must first identify the
peak magnitude of the two input signals v;(¢) and ;(¢), also
known as |v;| and |i;|. It is therefore necessary to calculate the
output variables (P;) and (Q;) for every period of the basic
waveform, as indicated in eqns. (45), and (46).

1 . .

0; = z(sm@,-) [vil i (45)
1

Pi = 5 (costp) lvil i (46)

However, Tables 8 and 9 show active and reactive power.
Py and Q; are provided for any load bus, whereas P, and Q,
are introduced for any generator bus, respectively. Finally, for
each transfer bus, the letters Pr and Q7 are provided.

The system’s active power losses have been calculated for
both balanced and unbalanced currents. Eqn. (47) indicates
the power losses [7]:

NP
APop = | Y lias|* | R + Ry] @7
i=1

where [; 4 is current of the phase i cycling in line b during the
condition of charge a; phase and neutral resistors are denoted
by Rp and Ry, respectively. NP is the phase count of the
system in line b.

Also, the analysis of the sine wave voltage deformation is
presented in this section. This is one of the factors affecting
the quality of the electric power supply, particularly in distri-
bution systems. The THD in each bus is estimated as given in
eqn. (48) [53], [54].

0.5
(Zz‘i2 Vi,w)
Vit

where V;,, denotes the node i voltage component that
corresponds to the harmonic w; V; 1 denotes the first of

THD = 100 (48)
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FIGURE 13. The demand curve for one day.

fundamental harmonic of voltage component at the node /;
W denotes the greatest harmonic order to be computed.

VII. SIMULATION RESULTS

Figure 14 (a) illustrates the calculated voltage profile in (per
unit) for the maximum energy load scenario, while for the
minimum load capacity is depicted in Figure 14 (b). In both
cases, the voltage profile complies with the acceptable oper-
ating limits. As illustrated in Figure 14 (a), when demand
reaches its maximum, low grid voltage (220 V) on buses 2 and
3 experience a noticeable voltage drop.

The maximum voltage deviation for this system is found to
be 0.071 on bus 3 (0.085, 0.05, and 0.08 for the first, second,
and third stages, respectively) as illustrated in Figure 15 (a).
As shown in Figure 15 (b), the system voltage deviations
are quite low, and the voltage profile is enhanced, showing
that the system is functioning properly under minimum load
capacity.

Both the kVA of power generated/consumed in each bus
and the kW of electricity on the DC bus are shown in Fig-
ure 16 (a and b), indicating their relative importance for
meeting the two different loads. Unless otherwise specified,
positive power values in a schematic depict the amount of
load power connected to that bus or the amount of power
transferred. Where negative power is displayed, as it is for
bus 14, the diesel generator is helping to power the grid (this
is explained in more detail in Tables 8 and 9). The remaining
negative powers are representative of the bus’s internal power
plant. There is a contribution of generating power in six buses
in the highest demand scenario in Fig. 16 (a) (1, 2, 8, 13,
14 and DC Bus). Power balance of the system is shown
in Fig. 16 (b) in the minimal demand scenario, where the
power consumption in each bus reduces in comparison to
the case of maximum demand. Additionally, this illustration
depicts the contribution that distributed generation makes to
this scenario, with just the diesel generator linked at bus (8)
and the remaining contribution in active power being given
by the connected grid via bus (13).

Figure 17 (a) demonstrates the reactive power balance
per bus for the maximum demand, while for the minimum
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demand in Figure 17 (b). There is a consistent relationship
between reactive injection and an increase in bus voltage
when reactive power is compensated by available generation.
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TABLE 8. Result of loads at minimum demand.
Bus No. Angle \" Qq 1A Q. P; Pr Qr
(deg.)
1 -30 0.91 16 26 - - - -
2 -30.1 0.94 - - - - 13 15
3 -31 0.92 - - 15 20 24 21
4 -30.1 0.93 - - - - 48 49.9
5 =31 0.95 - - - - 50 49
6 -32 0.94 - - - - 430 480
7 -29.1 0.96 - - - - 93 90
8 -62.5 0.96 51 150 - - - -
9 -30 0.93 - - 0.7 120 - -
10 -30.1 0.93 - - 157 184 - -
11 -29.5 0.99 - - 80 95 - -
12 -30 0.89 - - 160 192 - -
13 -29.5 0.93 72 90 - - - -
14 -30 0.91 - - 279 379 16 19
TABLE 9. Result of loads at MAXIMUM demand.
Bus No. Angle A% Qq 1A 0, P; Pr Qr
(deg.)
1 -30 091 16 26 - - - -
2 -30.1 0.94 - - - - 13 15
3 =31 0.92 - - 15 20 24 21
4 -30.1 0.93 - - - - 48 49.9
5 =31 0.95 - - - - 50 49
6 -32 0.94 - - - - 430 480
7 -29.1 0.96 - - - - 93 90
8 -62.5 0.96 51 150 - - - -
9 -30 0.93 - - 0.7 120 - -
10 -30.1 0.93 - - 157 184 - -
11 -29.5 0.99 - - 80 95 - -
12 -30 0.89 - - 160 192 - -
13 -29.5 0.93 72 90 - - - -
14 -30 0.91 - - 279 379 16 19

This system receives its reactive power from two different
buses: bus 8, which houses the diesel generator, and bus 13,
which houses the reactive power contribution from the utility
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Bus14AC

main grid. However, buses 9 and 14 appear to be injecting
reactive power when demand is at its peak. Transfer buses
have negative powers in this case because the power flows’
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FIGURE 17. Reactive power balancing for (a) maximum and (b) minimum
demand.

direction. Tables 8 and 9 provide a more in-depth discussion
of this concept. The voltage profile in this case is presented
in Fig. 14. There are certain buses when it exceeds 1PU. and
has excellent values.

The power factor of each bus is critical when determining
the power flow in a compensating system. Figure 18 (a and b)
represents the power factor for each bus in the system under
minimal and maximum scenarios, respectively. The scenario
depicted in Figure 18 (a) depicts bus 2 and bus 9 have a unity
power factor. This is due to the fact that bus 2 only draws
active power from the DC MG at peak demand, while bus
9 has a nearly unitary power factor given the fact that the
measurement was taken directly in the non-linear load.

By comparing the power factor for both demand circum-
stances, an interesting finding is discovered. The majority of
buses have a maximum power factor operation at minimum
demand than in maximum-demand scenario. According to
this analysis, the grid’s power factor has to be the same.
However, at maximum demand, the power factor is 0.76 and
at minimum demand, it is 0.79. Similarly striking is the
power factor difference between the two scenarios, which is
also evident in Buses 5 and 6. As the loss of active power
contribution in solar PV output does not occur during times
of low demand, such as at night when there is actually no solar
radiation, this phenomenon does not occur. This analysis
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FIGURE 18. The power factor for each system bus under (a) maximum
and (b) minimum demand conditions.

demonstrates the complications that can arise when using
only active power to compensate a power electrical system.
Because of the detrimental effect on power factor that inject-
ing only active power can have on the grid, compensating
systems must take into account additional criteria, such as
compensating for both active and reactive power simultane-
ously. Due to the contribution of reactive power from the
diesel generator, which is dependent on the power flows,
power factor of the bus (7) is lower in the minimum demand
scenario shown in Fig. 18 (b) than it is in the same bus in the
maximum demand scenario.

In Fig. 19 (a) and (b), the losses in each phase of each
line in the system are shown under maximum and minimum
demand, respectively. It is interesting to note that despite the
line’s short length, it has the highest level of losses per phase
(approximately 9 kW; connection between buses 3 and 4),
a value that relates to the transportation of high imbalanced
powers over a short distance. In buses with unbalanced loads,
as shown in Fig. 19, active power losses are disproportion-
ally distributed among the phases. A major contributor to
this problem is the prevalence of single-phase loads on the
system’s low-voltage grid. Losses at maximum demand are
shown in Fig. 19 (b), and even at their worst they don’t add
up to more than 1.4 kW per phase.

As shown in Figure 20 (a and b), the THD of each bus’s and
phase’s voltage is calculated under two different scenarios:
maximum and minimal demand, respectively. The proposed
method reduces harmonic distortion to below 2.86% with two
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FIGURE 19. Phase-losses in each of the system’s lines for (a) maximum
and (b) minimum demand.

scenarios. In comparison to another control method, the PI
controller-based inverter control restricts the maximum THD
t0 3.1%.

VIIl. CONCLUSION

A novel cooperative control method for hybrid AC/DC
MG inverters was proposed, which makes use of a dis-
crete PR controller fed by the PSO-ANFIS MPPT tech-
nique. In this paper, we present the design methodology for
a GCl-integrated discrete PR current controller in details.
To maximize electric power generation from solar PV while
attaining a stable AC voltage with a low steady state error,
the proposed controller adopted the reference input current
obtained from ANFIS-PSO and DC voltage regulator. A sys-
tematic list has been presented to compute the resonant and
proportional gains, as well as the coefficients of the digital
resonant IIR filter. Applying the control technique with PR
controller design-based procedure proposed here, the authors
analyzed the frequency spectrum in the imaginary w-domain.
In addition, with inverter proposed technique, the PSO trained
ANFIS technique has been introduced as a technique to
extract the maximum amount of power from boost DC/DC
converter-based solar PV. This technique was developed in
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order to maximize the amount of power that can be harvested.
A case study as well as a discussion demonstrated the effi-
ciency of the design approach, which makes it a desirable tool
for actual engineering applications.

The proposed method takes into account two different
power demand scenarios: the minimal and maximum power
demand. The outcomes of the simulations of power flow
have been presented for each scenario. Each bus has its own
measurement module. It is capable of calculating measures
relating to power quality, voltage THD, power factor, and the
losses of power lines. Separate result details were obtained
from the analysis of both the minimum/maximum demand
scenarios generated by the proposed system to provide a more
comprehensive understanding of the problem for each power
quality and efficiency analysis variable. Acquired results can
be applied in design, development and implementation of
systems in which energetic demands are crutial variables of
feasibility [55].
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