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In this paper, we address the problem of connectivity maintenance for a group of
robots connected via wireless communication. We consider fading in the
wireless channel between agents, where the exchange of information is possible
at permissible distances. A distributed controller is designed to maintain the
global connectivity of the network communication graph. On the other hand,
obtaining the best communication quality between agents is the definition of
good network connectivity. Therefore, the Laplacian matrix is defined as a
weighted graph according to the communication parameters. Initially, the
controller uses the supergradient algorithm to remake the network Laplacian
matrix for having a greater second eigenvalue. While each agent in the network
only has access to the neighbor's information. The control algorithm uses a multi-
agent estimator to find the eigenvector corresponding to the second small
eigenvalue. The formation problem has been considered in the second step after
the reference topology has been obtained. Because of the nonlinear dynamics of
the agents, the sliding mode controller has been used for this purpose. This robust
controller could be a suitable choice due to the modeling and sensor measurement
uncertainties. Finally, an example of multi-agent robots is provided to evaluate
the algorithm.

l. Introduction

network.

With the advancement of communication networks, multi-
agent systems have been considered in many types of research
and applications [1],[2],[3]. In these systems, independent
units are interconnected and work together for various
purposes. They consist of autonomous units, related to each
other and working together to meet a common goal. e.g., the
participation of a series of exploration robots or mobile sensor
networks in an unknown area [4],[5]. Usually, in multi-agent
systems, there are some limitations, and information is not
always fully available to all agents. In a group of robots, it is
assumed that each agent has access to data from its neighbors
at certain intervals only depending on its place and conditions.
Therefore, achieving network goals such as average consensus
requires the permanent connection of the robot's set in a

Because of different plans that can be considered for agents
and the existence of disturbances in the workplace, changes in
network topology are always likely. In these systems,
communication is limited only in the range of specific
distances due to hardware limitations, and the movement of
agents can cause changes in the communication graph [6],[7].
This problem makes it necessary to set a controller to keep the
distances of the agents in an acceptable range. In this case, the
controller is designed by assuming the initial connection of the
communication graph to prevent the separation or collision of
agents over time [8]. In some cases, arranging robots at certain
intervals in a rigid network is the primary purpose [9],[10].
Keeping agents at a constant distance is not possible in many
applications. For instance, in some cases, secondary goals in
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the group or obstacle avoidance purposes can make disturbing
and stubborn agents [11],[12]. So, the continued maintenance
of initial distances imposes many limitations on the agents.
However, achieving global connectivity is usually a higher
priority than local connectivity. Therefore, in many papers, the
connectivity of agents has been studied and controlled
according to global characteristics. The second small
eigenvalue of the Laplacian matrix is used in the network
connection graph to assess global communication [13]. In [14],
connectivity in the graph is described as a Semidefinite
Programming (SDP) problem. The optimal topology is
determined for this optimization problem by considering some
constraints.

Connectivity maintenance in distance-based networks has
been reviewed in [15] which the states of agents are set to form
the best possible communication graph. Due to the lack of
access to information for each node in the distributed multi-
agent systems, estimating the eigenvalues or eigenvectors is
necessary for the global connectivity maintenance process. In
[16], the distributed PI estimator and in [17], the decentralized
Orthogonal Iteration Algorithm are used for this purpose. The
dynamics of the agents in the multi-agent system can be
different in modeling (linear or nonlinear). Accordingly, there
are used lots of methods like [18],[19],[20] to maintain the
connectivity of graph communications.

Multi-agent networks also have a great variety in terms of
the type of agent communication. Numerous studies have been
carried out on major problems such as packet loss and time
delay [21]. In [22], the consensus problem in a multi-agent
system is addressed, and the permissible delay boundaries are
determined. Also, in [23], the formation control for a second-
order multi-agent network, despite the delay in the channel, is
designed. In [24], communication links are considered with the
possibility of disruption, and the consensus problem is
analyzed.

The use of wireless communication networks to exchange
information in multi-agent systems is widely used [25],[26]. In
this case, communication signals are always at risk of being
lost, and part of it is usually converted to heat or absorbed by
the environment. So, The received signal power at the receiver
will differ from the transmitted power depending on the
environment. One of the conventional models in wireless
communication is the fading channel. The fading channel is
usually modeled as a random time process. Many factors, such
as geographic area and radio frequency, affect the fading
channel.

Shadow and multipath propagation are two phenomena
observed in the fading channel. Rayleigh model [27] is one of
the models used in fading channels. In this model, changes and
attenuation of the signal (communication quality) are modeled
over time by changing the path loss power. So the fading
phenomenon is related to the path losses that are increased by
distance. In [28], fading channels are used in multi-agent

systems, and sufficient condition for consensusability is given.
Multipath propagation may cause some information to be lost,
and the packet loss rate increases in the network.

In this paper, the connectivity problem for nonlinear multi-
agent systems under fading channels is investigated. Due to the
fading, the exchange of information is associated with errors,
and it causes data loss. In other words, changing the distances
between agents will change the channel's specification. So, we
can define the connectivity maintenance problem based on
achieving the best formation of agents. In this case,
connectivity means placing the agents at desired distances to
have the lowest information loss rate. With the distributed
estimator, the controller in each agent determines the ideal
distances to reach the best conditions over time. A robust
sliding mode controller was used due to the nonlinear
dynamics of the agents and the presence of uncertainties in
modeling.

Additionally, this paper considers the fading effect in the
communication between agents. In such a communication
channel, the signal appears with varying degrees of attenuation,
which can generally lead to non-convergence of the multi-
agent system. The multi-agent system must be capable of
establishing or strengthening effective communications
between agents when necessary to maintain connectivity,
thereby avoiding non-convergence or slower, weaker
convergence; For this purpose, a sliding mode controller is
used in this paper.

The remainder of the paper is organized as follows. Section
2 presents the Problem Formulation and introduces signal
fading in the wireless communication network. It also
describes the optimal topology to achieve the best connectivity
conditions and provides the optimization solution with the
supergradient algorithm. In Section 3, the design of the
distributed controller is considered. A sliding mode controller
is used to achieve the reference topology over the undirected
graph, despite the presence of the fading effect.

The necessary and sufficient conditions for stability are also
studied. In Section 4, the algorithm is tested by using numeric
simulation in MATLAB software. Concluding remarks are
drawn in Section 5.

1. Problem Formulation

A network consisting of N mobile robots is assumed with
the directional graph G = (V, €) that the robots form the graph
nodes, and there is an edge between each connected robot. The
set of nodes is V = {1.2 ....n} and the set of edges £ consists
of two subsets of V from the beginning and end of each edge.
The existence of an edge between pairs (i. ) is possible if j is
at a certain distance.

r;; = ||lx: — x;|| is the distance between two agents i and j in
two dimensions, which can be connected in a wireless
communication channel. Regardless of the disturbing agents in
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the communication channel, here, the phenomenon of
communication path losses will be considered as a criterion for
evaluating the quality of network communication. Path loss or
path attenuation refers to the reduction in the power density of
an electromagnetic wave as it propagates through space. Eq.(1)
is used to compute the path loss.

r. .
P, = P,y + 10y log(10) (f) @
0

In this equation, P, is the initial value of the path loss
interference in reference distance r,. y is the path loss
exponent, and r;; is the current distance between two agents in
each dimension. Fig.1 shows this function relative to the
changes in ;. For each agent within a range of less than r,,
the path loss power is assumed to be the lowest, and for further
distances, this value increases slowly.

In this paper, the path losses, which are proportional to the
network hardware equipment in the transmitter and receiver of
an agent, are considered only in proportion to the distance of
the agent to its neighbors. As a result, the adjacency matrix A4,
which represents the matrix of connections between robots in
the graph is:  [A(§)];; = PLo/P;; -

The neighbors of ith agent are a subset of agents located in
a circle with radius p and the center of ith agent. In other
words, the C; neighborhood is:

C2{jev,j#i:m;=|x—x] <p} 2

Eq.(3) shows the Laplacian matrix £(z), which represents the
network communication graph,

L(x) =D(x) — A(x) ®)

D(x) is the diagonal matrix and D; = ¥;; yA;; are the
main diagonal elements.
The dynamic of each agent in the network where x;eR? and
u;eR? is as follows,

%,(t) = f(x) +ui (0) (4)

The state vector for all network agents is:
Oy, and f(x) = [i(r) 202017 is a generic

X; =

nonlinear ~ function of x, and |I[f(x)I <Y,
where Y is a positive scaller constant.
52 ol
50
48
3
=46
&
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Fig. 1. The function P(r;;) fory = 0.5, P,y = 40,75 = 1.

In an actual multi-agent system, agents often receive only
partial or weakened information from their neighboring agents,
rather than precise data. This occurrence can be described by
the random attenuation of real-state information, meaning the

Connectivity Maintenance of Nonlinear Multi-Agent System/Akhlaghi, et al

true information is scaled by a random variable ranging
between 0 and 1. This phenomenon is known as signal fading .
In this study, signal fading is observed during transmission
between followers, as described by the following fading model:

Xij = $ij X; (®)
Where x;; represents the signal received by the i-th agent from
its neighboring agent j. The fading effect of the transmission
channel from agent j to agent i is captured by the random
variable &;;, which falls within the range (0, 1) and has a mean

value of ¢.

A. Optimal Laplacian matrix

Finding an optimal structure for the best second eigenvalue
of the Laplacian matrix in the network, A(L), is considered in
this Section. According to Eq.(1) and Eq.(2), this problem is
expressed as follows,

max A,(L) (6)

L* is the answer to the above problem and determines the
optimal topology During the process, this matrix is considered
independent of states. It's noted that 1,(£) is a concave
function [15].

Hence the optimization problem (5) can be solved in the
form of an SDP (Semidefinite program) problem. Here, the
solution to the problem is in distributed form due to the
necessity of using local control commands in agents. In other
words, it is not possible to know the location of all agents for
each of them, and every agent is able to make decisions using
only the information of neighbors. The distributed
supergradient optimization algorithm [29] can be a good
choice for use in this algorithm.

Definition: Let F be a concave function from RN to R. If y
x and,

Fiy) <F(x)+G"(y —x) @)

The vector G is the supergradient of F in x. We can use the
following updating rule by knowing the value of G in kth step,
X(er) = Xy X G 8)

@k > 0 is a constant coefficient.
According to the above definition, it is shown that the matrix
G = v,v! is considered as a supergradient function fora,(£)
[15]. By assuming £ # £ and v,e1* the following equation
holds,
1(£) < LD +< vpvl. (£ - £) > ©
And the L matrix update rule is specified as follows,
Ly = Li + agn G (10)
While each agent has access only to the neighbors, this rule
must be defined in a distributed form. So, for computing the
appropriate £(x) matrix, the agent only needs to update the
values of one row of the matrix.
The vector m = (m;;) is a part of matrix £ is defined as
follows,
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The matrix Eij is considered for each pair (i.j) with the
elements of £;; = Eij” =-1, EUU = injﬁ =1, and other
elements equal to zero. The Laplacian £ matrix is:

J>i
And the main optimization problem is expressed as follows,
(13)
max/lz Zﬁumu B i=1....N.
J>i
s.t. —1SmUSO V(l])

As mentioned, 1,(p) is a concave function on m[15]. The
supergradient vector corresponding to each m;; is defined as
follows,

- 2
Gy = VzTLijvz = —(U2i - Uzj) (14)

The v, in a network must be estimated by each agent using
available information. So, we can write the update rule similar
to (7):

Mijer) = Mij o) + %o Gy (15)

a Is the step-size coefficient, and Gj; (, is the function of
the supergradient in the step k. The m;; ., should be on the
feasible set of (12), and if a;Gyjuy < 0, the update rule
guarantees that the inequality m;; .1y < mj; 4, is true.
Therefore, to have a solution on a feasible set, m;; .1y = —1
must be met. It leads to the Eq. (15) [15].

p;j,(k+1) = max(p;j,(k+1) ,—1) (16)

The updated values are determined as follows,

N A7)
Lii ey = = z Lijk+ry -i=1-.N
j=1.j=#i

The above results show that each agent can find the related
row values of the updated Laplacian matrix by using the
supergradient algorithm. As can be seen, it is important to
know the elements of the second eigenvector for ith agent and
its neighbors. The following Section presents a method for
estimating the second eigenvalue in a connected graph.

In the problem of eigenvalue estimation, the fading effect of
the channel in the exchange between agents has been
disregarded.

B. Decentralized power iteration

This section introduces an algorithm to estimate the second
small eigenvalue (1,) for the weighted Laplacian matrix (3).
During the process, it is assumed that £ is approximately
independent of the change in states. Since all eigenvalues of
the Laplacian matrix (£) are non-negative, the Power Iteration
Algorithm can be used for I — aL with small and positive a-
values to find the second small eigenvalue of a matrix [16].

The vector ¥ = (¥ ...5™)T € R™ is assumed as an estimate
of the eigenvector v,. The algorithm includes the following
three parts,

L. ¥ = —Ave({#' DI

II. —aLl®

II. & =—-vre{#)?}) - DD

<[t
Il

Where Ave({#'}) 2 (3;7;)/n and 1 is the eigenvector
corresponding to the largest eigenvalue of the I — aL. matrix.
The first step is driving ¥ to the null space 1 (the space is
spanned by eigenvectors (v,, ..., v,,). For most of the initial
values for ¥, the second step directs ¥ to the v, =1, but if
17 = 0, & converges to the second eigenvector v,. The third
step move ¥ to the sphere of radius vn [16].

The three steps of this algorithm lead to the weighted
equations as follows, where the weight parameters k4, k,, k5
are scalar values.

P = —k,Ave({#' D] — k,L (18)

— ks (Ave({(#)?}) - DT

Theorem [16]: For each initial value #(t,) and the
weights kq, k,, k3 > 0, as long as v2#(t,) # 0, for system

(17), where||,|| = fn(krkﬂ), the following conditions for
3

convergence A, to the weight matrix L is necessary and
sufficient.
ky > ky2, (19)
ks > kyA,

The estimate equation (18) requires access to all elements of
¥, but agent i only has access to some of them with local
communication. Therefore, a decentralized algorithm should
be proposed. In other words, the estimate of A, will be
considered for each agent. The most critical problem in the
power iteration algorithm is the Ave operator for #* and (&%)2.
In [16], the average consensus Pl estimator has been used to
overcome this problem. Since there are two unknown average
variables in (18), two estimators will be required.

This estimator is designed for n separate agents so that each

agent can get the value of a‘(t) to compute a(t) = %Zi ai(t)
by measuring using local connections. The Pl estimator is
considered as follows:

Zi=y(a' -z — K, (zt - 2)) (20)
JEN; ()
+ K, Z wi—w/)
JeN;(t)
Wi = —K, (z' — 7))
JEN; (1)

z'eR? is the average estimate, z!(1) for Ave({#'}) and
z!(2) for Ave({(")?}). K,, and K, are estimator weights, and
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constant y determines the effect of past information on the
estimate. The estimator error is:
HOEPIOREN WO @
Nitaij=

In the proposed algorithm, the ith agent, according to the
neighborhood radius and the number of adjacent agents, can
have access to the variables {#/, z/*, w/'t, /2, w/2},

The second eigenvector 7, the variable needed to build the
supergradient function, is estimated by each agent. By
estimating the unknown variables, the kth step of the
supergradient algorithm to determine the optimal structure will
be considered as follows,

I.  Calculate the second small special value % and
receive ; 4, from the neighbors

l. Update G;; «, values according to Equ.(13)
1. Update £;; 4, values according to Equ.(14) and
Equ.(15).
V. Update £;; .4, values according to Equ.(16)

I11.  Design decentralized controller

A decentralized controller will be required to move agents
from their current state to the desired status. Defining the
topology of the graph in the previous Section is performed
without considering that the Laplacian matrix can be different
by changing the position of the agents during the estimation
process. Therefore, the movement of agents causes a constant
error in elements of the Laplacian matrix in each step. So, the
controller should be as fast as possible despite the input
limitation and have a minimum steady-state error.

According to each L;,, based on the definition of the
Laplacian matrix Equ.(3) and the adjacency matrix, and the use
of the inverse operator, the desired distance between the
connected agents can be achieved as follows,

dij o = Ay (Lijw) (22)

It should be noted that the connections between the agents
are affected by the distance between them, or as mentioned in
the introduction, the strength of communication and packet
loss phenomenon in the network is different in various
positions. It is possible that the reference values obtained for
the distances Equ.(21), don’t be in the detectable range of
agents.

The agents in the multi-agent network should present at the
appropriate distance from each other in the least possible time
according to the desired topology in Equ.(21). We use the
answer obtained from the optimization problem as a reference
in the decentralized controller. In other words, the problem in
this part will be as follows,

min|[£,() = Ligo ||, (23)

Where L;(x) is the ith row of the Laplacian matrix,

Connectivity Maintenance of Nonlinear Multi-Agent System/Akhlaghi, et al

generally a function of system states. L, is the row
corresponding to the ith agent, which is estimated in the kth
iteration from the previous Section optimization problem.

The sliding error s;(t) for every possible (i, j) is defined as
the weighted sum function as follows,

5:(t) = Z Sij(t) , i=1....N (24)
jec
Where,
s =yl = dijgy,  JEC (25)

The sliding surface for all agents will generally be as follows,
s51(8) (26)
S(®) = l%@‘
sy(t)

It should be noted that the sliding surface is defined locally
and in a distributed form. It is linear with respect to the £
(Laplacian matrix). The reaching rule is defined as follows for
the sliding mode controller,

$;(t) = Z (—1/1 5i;(t) — ¢ sgn (Sij(t)))
jec

By substituting Equ. (4) and with the assumption that the

position changes of the neighbors are limited in each
estimation run, x; =0, Vj€C ,weget,

(27)

(28)
5(t) = Z Vi (Sij (t)) (f(xi) + ui(t))

jec
= Z (—1/) 535(t)
jec
—¢sgn (Sij (t)))

By rewriting the above relation, the control signal is written
as follows.

w®=( Y% (s®)) " (wsy®

jec

(29)

— ¢ sgn (Szj (t))) = f(x)

Theorem: Consider dynamics of the agents as Equ(4). With
the distributed controller (29) and by setting parameters ¢ > 0
and §r > 0, the sliding surface S(t) = 0 in a finite time with
the boundary ¥ jc¢ |s;;(0)| is achievable.

Proof: The following Lyapunov function is a candidate for the
networked system,

1
V() = 3 S@OTS®) (30)

By taking the derivative of Lyapunov's function,
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V() = S()T. S(b) (31)

= Z Z s;j(®) Z (-d’ 545(t)

ien \jec jec

— ¢ sgn (Sij (t)))

By replacing the Equ.(23) and Equ.(25), we get,
T (32)

V() = Zsij(t) - Z(‘Eb s (@)

jec jec
— ¢ sgn (Sij (t)))
s;j ()7 s4;(t)
= |5ij (t)|

= _¢Z |5ij ]

jec
With the help of the above Lyapunov function and the
appropriate selection the ¢ > 0, the access time ¢, at the
boundary ¥cc |si; (0)] is limited. It should be noted that
achieving the better structure for the communication graph
increases the convergence time in the control Section.

Theorem: Consider dynamics of the agents as Equ(4). In
sliding phase, when S(t) =0, the assumed system will
converge to £L* c L*.

Proof: As long as the matrix £ is positive definite and,

SO =L 5y©) =0 (33)

jec

We can conclude the following equation.

7yl = dijow =0, jec (34)

This equation shows that the two agents i and j are at the
desired distance r;;.
Theorem: Consider dynamics of the agents as Equ(4). In
sliding phase, when S(t) =0, the assumed system will
convergeto £L* c L*.

Proof: As long as the matrix £ is positive definite and,
SO = £ sy®) =0 (35)
jec
Considering the fading effect in the channel, the
mathematical expression for r;; is modified as follows:

Ay = [l — x5 (36)
As a result,
5, () = |7l = dij (37)

=[] = & %[l — dijoo
In this case, by substituting the above expression into
equation (28), the control signal is defined as follows:

(38)

w® = > (% (50) (wao

jec
~ ¢ 59n(5,©)) | - )

To compensate for the impact of fading on the measured
distance values, the new sliding surface is defined as follows

using the mean value &:

§;® =1/ |yl — dijgy, jeC 39

The sliding error s;(t) for every possible (i, j) is defined as

8,0 = Zﬁi}-(t), i=1..N (40)

jec
And the sliding surface for all agents will generally be as
follows,

10 @)
JORIRS

Sn(®)

To analyze the stability of the closed-loop system in the
presence of measured values from neighboring nodes affected
by fading channels, a control signal in the form of Equ(38) is
proposed. By substituting this control signal into the sliding
surface (41), the stability of the closed-loop system is
guaranteed through the following theorem.

Theorem: Consider dynamics of the agents as Equ(4) and the
sliding surface defined by Equ(41l), With the distributed
controller (38) and by setting parameters ¢ > 0 and ¢ > 0,
the sliding surface S(t) = 0 in a finite time with the boundary
Yjec |5;(0)| is achievable.

Proof: The following Lyapunov function is a candidate for the
networked system,

1, ..
V() = 3 SOTS() (42)

By taking the derivative of Lyapunov's function,
V() = ST S0 (43)

= Z (%)2 (si(t) (—lIJ 5;(t)
ieEN

-¢ Sgn(§i(t)))>

_ ZN (%) (~osios®
- ¢ si(Osgn(5.0)))

Using Young's inequality for products with €,,&, > 0,
we have the following:
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ieN

1
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— s
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2
S (2o
o \$ &2
from (24) and (39), we have E(s) = E(S). Take the
expectation of both sides of the expression (18), we have,

E[V(D)] < Zi(—f E[V(D)] ) (45)
e &

With the help of the above Lyapunov function and the
appropriate selection the ¢ > 0, the access time t, at the
boundary ¥;cc |$;; (0)| is limited. It should be noted that
achieving the better structure for the communication graph
increases the convergence time of consensus in the multiagent
system. Equ(45) shows that if S(t) = 0, the trajectories
outside the S(t) = 0 will reach it in a limited time.

—Agent 1
200 —Agent 2
Agent 3
=Agent 4
—Agent 5
Agent 6

) =—Agent 7
100 —Agent B
—Agent 9
Agent 10
50 —Agent 11
[
0 05 1 15 2 25
Time (s)
Fig. 2. The graph connectivity 1, estimated over time by each
agent.
300 -
==Horizontal Position Error|
200 ~—Vertical Position Error
S 100
i
s 0
£ |
& -100
-200
300 - J
0 5 10 15 20 25 30 35 40 45 50
Time (s)

Fig. 3. The closed-loop tracking error for agent#5 under
normal conditions, without considering fading in the
communication channel.
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Fig. 4. The closed-loop tracking error for agent #5,
considering fading in the communication channel, using

conventional control similar to the [15].
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Fig. 5. The closed-loop tracking error for agent #5,
considering fading in the communication channel, using the

sliding mode controller.

In the above case, in general, there is no guarantee that all
neighbors are available and the graph forms a tree, so the
Therefore, the convergence study of the supergradient
algorithm in the upper layer can be affected by the possible
error.

In other words, the difference error between the Laplacian
matrix and the desired matrix should not affect the
convergence of the algorithm to find the optimal eigenvalue.

Assuming that m, 4, is the updated vector in the matrix
Lix+1y In the iteration (k + 1) of the supergradient
calculations because there is no guarantee to find non-
neighboring agents, the formation leads to form the agents with
the error €.

In this case, instead of obtaining the vector mfkﬂ), we will
reach the vector 5+1, which is:

M) = Mer1) T Egern) (46)
€+1) = Mk+1) — M s the error of the supergradient
algorithm relative to the final optimal value of m*. It is shown
that the assumed error will not affect the convergence of the
estimator to the optimal value and the error between fi .,
and the optimal value m* has a finite bound. The error between
the optimal eigenvalue and the eigenvalue reached with the
supergrdient algorithm can be defined as follows [15],
As a result, the error between the optimal eigenvalue

and the eigenvalue reached with the supergrdient
algorithm can be defined as:
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% = 2o (ig) < gy —m||” 40
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The difference between the eigenvalue obtained in k" step

with the desired optimal value is in a specific band by setting
the square and summable values of a(;, and assuming the norm

of the supergradient function is bounded ||Gj; 0| < G and
lleqo || is not divergent.

V. Simulation results

In this Section, the proposed algorithm has been tested using
simulation. A multi-agent system is composed of 11
autonomous agents. The maximum permissible range is R =
10, and the input signal changes inthe range —1 < U < 1. The
minimum distance is r, = 1. Assume the graph of the network

is initially connected. By choosing a® = k—il the algorithm is

convergent.

The estimated signal of the second small eigenvalue A for
each agent can be seen in Fig.2. It can be seen that the estimates
values of all agents converge to the algebraic connectivity of
the graph.

Fig.3 shows the closed-loop tracking error for agent#5 under
normal conditions, without considering fading in the
communication channel. Fig.4 shows the closed-loop tracking
error, considering fading in the communication channel, using
conventional control similar to the [15] and Fig.5 shows the
closed-loop tracking error, considering fading in the
communication channel, using the sliding mode controller.

Fig. 6 shows the movement of agents over a period of time.
As can be seen from the movement of robots, agents are
moving towards more effective communication across the
network. This is also shown in Fig. 7, where the second
eigenvalue changes are plotted. The small second eigenvalue
is A = 2 in the first, and its final value is A = 9.

In another example, the algorithm was investigated by
considering uncontrollable agents in the network. The results
are plotted in Fig. 8 and Fig. 9. In some iterations, due to
inaccessible agents, the second small eigenvalue may decrease,
but the final position of the agents eventually changes to
improve the overall connectivity of the graph.

Compared to [15], the obtained results have more robustness
to noise in controlling the position of agents. The algorithm of
the mentioned article will not guarantee control and reach the
optimal formation in every iteration.

Also, comparing the results with [28] and [30] shows that
the use of sliding mode control can be effective in maintaining

connectivity despite fading in communication channels.

In these papers, the subject of average consensus among
agents has been discussed, which does not guarantee
connectivity and convergence over time if the structure of the
communication network is variable. The use of global
preservation connectivity algorithm can be a guarantee of this.
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Fig. 6. Changes the position of agents on the plane in order to
achieve the maximum second small eigenvalue.
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Fig. 7. Value of maximum second small eigenvalue A, (t)
during the first simulation.
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Fig. 8. Changes the position of agents on the plane by
considering uncontrollable agents (Agent 1 and Agent 3).
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Fig. 9. Value of maximum second small eigenvalue A, (t)
during the second simulation.

l. Conclusion

In this paper, the problem of connectivity maintenance in a
robotic multi-agent system with nonlinear dynamics was
investigated. Wireless communication is used to exchange
information, and according to the fading channel model for a
wireless network, the quality of communication is in a specific
range in the best condition to have the least packet lost. This
goal is achieved by maximizing the second small eigenvalue
of the Laplacian matrix L(x) . Distributed sliding mode
controller was designed to achieve the best topology for the

Connectivity Maintenance of Nonlinear Multi-Agent System/Akhlaghi, et al

information exchange. Finally, the results were evaluated
through numerical simulations.
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A new framework for controlling load frequency in a complex, interconnected
power system with multiple sources has been developed. This framework
combines a fuzzy logic controller (FLC) and a tilted integral derivative (TID)
controller, creating a self-tuning fuzzy tilted integral derivative (STFTID)
controller. The purpose of this controller is to conduct and reduce load frequency
perturbations during the operation of a multi-area interconnected multi-source
power system. The STFTID controller is optimized using a particle swarm
optimization algorithm to minimize the frequency fluctuations effectively.
Investigations of the proposed STFTID controller were performed for power
systems with generation units of a conventional system and renewable energy
sources. In the design process of the STFTID controller, various nonlinearities,
uncertainties, and fluctuations are considered to simulate practical challenges.
These challenges include generation rate constraints, governor deadband, and
communication time delays (as the sources of nonlinearity), as well as
fluctuations caused by step load switching and the connection of renewable
power plants to the system. The STFTID controller is compared with the
proportional integral derivative (PID), titled integral derivative, and integral
tilted-derivative (1-TD) controllers. Simulation results show that the developed
STFTID controller significantly enhances the system frequency control under
various applied conditions, including multi-step load perturbation, renewable
power plant integration, communication time delays, and generation rate
constraints.

l. Introduction

severe switching oscillations in the system’s response. By
integrating multiple RESs, such as wind and solar energy,

The power system has the critical task of maintaining a
balance between the supply of electricity and the demand for
it. This delicate balance can be influenced by uncertainties on
either the demand side or the supply side. Moreover, hybrid
power systems are designed to address the integration between
conventional and renewable energy sources (RESs) for power
generation. The discrepancies that may arise between the
generation of electricity and its consumption may be increased
in such cases, especially when the weather and daylight cause

these systems can improve overall efficiency and achieve an
optimal balance in electricity generation [1, 2]. However, the
connection of such systems to the power grid may introduce
perturbations to the output frequency and power.

Nowadays, the new challenges that hybrid power systems
face are unpredictable because of the intrinsically volatile
nature of the RESs and the variations in power demand.
Therefore, integrating the RESs into the power grid system

Copyright © Morteza Janfaza, et al.
BY NG Publisher: University of Sistan and Baluchestan
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decreases inertia, negatively affecting system stability in
higher load frequency and power deviations. Conventional
power-generating systems face such challenges, but they
become more severe when RESs are added to the grid,
impacting the reliability and safety of the power system [3, 4].
To maintain a steady grid frequency and manage the power
distribution between various power system regions, it is crucial
to have load frequency control (LFC) [5-8].

To control power systems, various control methods have
been employed to address the LFC problem. These methods
include robust control [9, 10], model predictive control [11,
12], fuzzy logic control [13, 14], and artificial intelligence
control [15, 16]. Furthermore, PID controllers have attracted
the attention of researchers due to their effectiveness and
relatively simple implementation [17, 18]. However,
determining the appropriate PID parameters can be
challenging, especially when dealing with uncertain or
nonlinear systems. This often requires trial-and-error
techniques. To tackle this challenge, one can employ
numerical optimization algorithms to calculate the best PID
parameters [19-22]. Overcoming the fluctuations of real power
and load angle of a synchronous generator in both transient and
permanent conditions of the system and expanding the range
of stable operation of the generator using a PID controller, is
one of the important issues in power systems [19]. In [20], a
PID controller is used to control the real output power and load
angle of the synchronous generator, whose parameters are set
using the genetic algorithm. The Harris Hawk optimization
algorithm is used to optimally adjust the coefficients of the PID
controller to control the load angle of a synchronous generator
[21]. In [22], using an arithmetic optimization algorithm, PID
controller coefficients are set with two approaches reducing
the settling time and reducing the amount of overshoot of the
step response to control the load angle of a three-phase
synchronous generator.

Furthermore, there has been increased research focus on
using fractional-order (FO) controllers in recent years. The
reason behind such interest in FO controllers is their ability to
expand the stability range and provide more flexibility in
controller design [23, 24]. Specifically, the TID controller,
which falls under the category of FO controllers, has been
utilized to address LFC issues [25]. This controller effectively
handles disturbances, meets the required specifications for the
closed-loop system, and ensures a satisfactory level of
robustness [25-27]. An optimal TID controller for the LFC
problem is constructed in [28] by taking a cost function into
account and applying a GA algorithm. For a two-area multi-
source interlinked power system made up of thermal-hydro-
gas generating units with nonlinearities, a cascade type of TID

controller is suggested in [29]. In [30], an optimal TID
controller is formed for the LFC problem of a multi-area
networked reorganized power system. With the use of a hungry
games search algorithm, the recommended TID controller
settings are adjusted. However, a significant challenge in this
research area remains unsolved: the controller parameters of
the TID controller are considered fixed after optimization in
the design phase and cannot be modified dynamically.

Several authors have recommended the utilization of the
Fuzzy Logic Controller along with the conventional
controllers to improve the performance of the LFC system [13,
14]. In a fuzzy control system, the input variables are usually
represented by fuzzy sets. These sets consist of membership
functions (MFs) that can be adjusted to obtain the desired
efficiency of the system. Several algorithms have been
proposed in the literature to modify the gains of the fuzzy
controller, including the Whale Optimization Algorithm [31],
the Ennoble Class Topper Algorithm [32], and the Particle
Swarm Optimization (PSO) [13, 14]. Furthermore, for
frequency stability in hybrid systems, a Fuzzy-PIDF controller
has been presented based on the PSO algorithm and the
Competition over Resources (COR) method [33]. Moreover, a
fuzzy self-tuning PID controller has also been proposed for
LFC that uses the Tribe-DE optimization method to handle
parametric uncertainties and external disturbances. Previous
fuzzy-based LFC structures have shown satisfactory system
responsiveness. However, these controllers cannot be
considered fully optimized because only the input and output
scaling factors were optimized in these structures. Additionally,
the limitations of the membership functions were solely
determined based on the designer’s expertise and may not be
fully optimized [34].

This study introduces a new adaptive framework called the
self-tuning fuzzy tilted integral derivative controller, dedicated
to LFC of power systems. This controller addresses the issues
with the FLC and TID controllers mentioned earlier. The
STFTID parameters are adjusted using the PSO algorithm.
Then, two-area interconnected power systems are considered
to evaluate the performance of the proposed STFTID
controller based on PSO: one system for conventional power
generating systems and another for RESs. In the first two-area
interconnected power system, each area consists of various
traditional generation units (thermal, gas, and hydraulic power
plants). In contrast, in the second one, renewable generation
units (wind and solar power) are considered. The design of the
proposed controller considers various nonlinearities in the
system, including generation rate constraints, governor
deadband, and communication time delays. It also addresses
uncertainties in the fluctuations in load and RESs.
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To validate the effectiveness of the STFTID controller, its
performance is investigated by comparing it with other control
techniques discussed in the literature, including the PID
controller, TID controller, and I-TD controller. The I-TD
controller is an improved version of the TID controller
proposed for the LFC of a power system in [35-37]. The
paper's contributions are summarized as follows.

An Optimal Self-Tuning Fuzzy .../Janfaza, et al.

constraints, governor deadband, and communication time
delays.

e The performance of the proposed STFTID controller is
compared with traditional PID, TID, and I-TD controllers.
e The improvement of performance indicators of the
proposed STFTID controller was evaluated and shown

o A load frequency control framework based on a self-
tuning fuzzy tilted integral derivative controller is proposed.
e The proposed STFTID combines a fuzzy logic controller
and a tilted integral derivative controller.

o A hybrid power system including various conventional
generation units (thermal, gas, and hydraulic power plants),
and renewable generation units (wind and solar power) is
considered for evaluating the proposed STFTID.

e The performance assessments of the proposed STFTID
controller are done taking into account various
nonlinearities in the system, including generation rate

during four different scenarios.

The organization of the remains of the paper is as follows:
Section 2 introduces the description of the hybrid power
system models investigated in this study. Section 3 describes
the PSO algorithm used for optimization. Section 4 focuses on
the structure of the proposed STFTID controller. In Section 5,
the parameters of the system being studied are presented, as
well as the definition of four different scenarios. Then, the
proposed control method is numerically analyzed, and the
improved performance of the proposed STFTID structure is
studied and discussed for these scenarios. Finally, the
conclusion is presented in the last section.
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plants.
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1. Dynamic Modeling of the Studied Power

System

Firstly, we have examined a two-area diverse-unit power
system [35-37]. Fig.1 shows the MATLAB SIMULINK
modeling structure used for this purpose. The assumption for
this structure is presented here.

There are dedicated building blocks for different power
plants in these areas, including i) gas, ii) hydro, and iii) reheat
thermal power plants. The gas power plant contains transfer
functions for the valve positioner, speed governor, fuel and
combustion reaction, and compressor discharge. The transfer
functions are shown in the building blocks of Fig. 1. The hydro
power plant comprises its governor, transient droop
compensator, and a penstock hydraulic turbine with a
generation rate constraint (GRC). The reheat thermal power
plant includes a governor deadband (GDB), and its transfer
function provides the input for a turbine with a nonlinear steam
turbine and a GRC.

GDB and GRC limit the capability of the power system to
reject disturbances immediately. Therefore, reliable, realistic,
and precise results depend on the considered physical
constraints and multi-source power generations in each control
unit/area. To study such effects, we define the GDB as a
function of the sustained speed change magnitude resulting
from mechanical frictions, valve overlaps in hydraulic relays,
and backlash. It should be noted that the position of the valve
in the thermal turbine is considered fixed. GDB prevents
immediate reaction of the governor until the input reaches a
specific value. This increases the fluctuations, and the stability
of the power system reduces accordingly. Such an effect leads
to sinusoidal oscillations with a fundamental frequency of 0.5
Hz. GDB equation nonlinearity may be decreased by
variations in the speed/speed rate. The linear model for a GDB
with 0.5% backlash can be written as Eq. 1.

GDB =—2—2 1)

This model is solved for Ni= 0.8 and N,= -0.2/n for the
reheat thermal power plant.

GRC allows for the maximum variations of the practical
generation rate for both the hydro and thermal units. For the
rising and falling rates of the hydro unit, generation variations
of 270% and 360% are assumed, respectively, while a GRC of
10% is considered for the reheat thermal units [35-37].

The effects of renewable energy penetrations are modeled
by dynamic blocks of a two-area power system for wind and
solar energies, as shown in Fig. 2. These units are modeled
based on the assumptions and considerations of Sections 2.1
and 2.2, respectively.

Afy

— | +
AP tig >
Tie Line }a—( 3

+ —

Pv

modules

Insolation

+

Af2

Wind +

300 turbine AP wr

2005 +1 generator L

Wind speed

Fig. 2. The interconnected dynamic model for a two-area
double-source power system, including PV and wind power
plants.

A. PV System Model

The PV system is constantly affected by diverse
environmental factors. Such factors, including seasonal
changes in sun irradiation, variations in irradiation time during
the 24-hour day, and weather conditions, should be considered.
Additionally, the irregular output power of the PV systems
generates significant frequency deviations, posing a threat to
the stability of the system. Thus, careful consideration should
be given to both the uniform and non-uniform deviations in
insolation when estimating the output power of PV systems.
To this end, the oscillated output power of this system is
simulated using white noise. These variations are then added
to the output power of the PV system [35-37]:

APso10r = 0.6,/ Psorar 2

B. Wind Generation Unit Model

The behavior of the wind is random as well. To account for
this randomness, another white noise block is applied to
multiply the wind speed. Consequently, the computed output
power from the wind generation unit (Pw) is determined by
equation (3) [35-37], where the density of air, the area swept
by the rotor, and the wind-rated speed are represented as p, Ar,
and Vw, respectively.

1
Py = EPATVV?I}CP(A; B) @
Moreover, the parameter of the rotor blades is given by Cp
asin (4);
Co ) = € x (32 = G = C? = Cs)
1

Ce
X erM + Cyldr

4)
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Here, coefficients C; to C; represent the wind turbine
parameters (see Table 1), and the pitch angle is 4. Furthermore,
Ar and A, are the optimum tip-speed ratio (TSR) and the
intermittent TSR, which can be calculated from (5) and (6):
wr X 17

Vi (5)
1 1 0.035
A Ar+0.088 B3+1

AT = A?’*P =

(6)

In (5), wrand ry are the rotational speed and the radius of
the rotor, respectively. Therefore, Py can be calculated as 750
kW for the coefficients of Table 1.

TABLE 1 THEPARAMETERS OF THE WIND GENERATION UNIT

[35-37]
Coefficient Value Coefficient Value
C, —0.6175 P) 1.225Kg- m3
C, 116 Ar 1684 m?
C; 0.4 Vw 15m/s
C, 0 Tr 229m
Cs 5 A 22.5rpm
Cs 21 Py 750KW
C, 0.1405 Py 750KW

The photovoltaic (PV) system and wind power plants of Fig.
2 are connected to areas 1 and 2, with power rates of 50 MW
and 70 MW, respectively. The obtained output power
deviations, calculated with the model for the PV power plant
and the wind turbine, are shown in Fig. 3.

0 50 100 150 200 250 300
Time (sec.)

0.033 1

0.0325 1

0.032

APWT (p-u.)

0.0315

0.031 - . . . . .
0 50 100 150 200 250 300

Time (sec.)
Fig. 3. The RESs output power deviations are calculated from
the model shown in Fig. 2.

I11.  Particle Swarm Optimization Algorithm

PSO is an optimization technique in which a simplified
social model simulates populations called swarms. Each

An Optimal Self-Tuning Fuzzy .../Janfaza, et al.

population is composed of particles (similar to a bird’s swarm),
in which the particles fly through the problem space and look
for the optimal position, just as a bird swarm searches for food.
This evolutionary technique solves multiple conditions
simultaneously and collaborates on the solutions to yield the
final results. Each particle corrects its position based solely on
the knowledge from its own experience and that of its
neighbors. The initial population is random, while the
algorithm updates the particles and populations in generations.

For an N-dimensional search space, particle i has N-
dimensional position and velocity vectors, namely xi = (Xi1,
Xi2, .y Xin) @nd vi = (V Vig, Viz, ..., Vin), respectively. The
objectives of the optimization problem monitor the fitness of
particles, and the best position previously visited by particle i
is considered as its best experience and indexed as Pi = (pis,
Pi2, ..., Pin), While the best position of the whole population is
considered as the best global position, indexed as G = (g 03,
g2, ..y gN)

Having data for each search step, i.e., x;, vi, Pj, and G, the
new positions of each particle change according to the x and v
vectors based on Eq. 7. In Eq. 7, w represents the inertia weight
which controls the impact of the v vector from previous steps,
ri, and c; are random variables (in the range of [0, 1]) and
positive acceleration constants, respectively.

vi(k+1) =w?vi(k)+¢ 1y

(PR — () + ¢3 7 @
(G (k) = x, (k)
xi(k +1) = x,(k) + v, (k) ®)

The velocity vector is limited in the range of [-Vimax, and Vimax],
so that the particle’s roaming outside the search space can be
controlled, and excessive roaming is prevented.

IV.  Proposed Self-Tuning Fuzzy Tilted

Integral Derivative Controller

The most crucial aspect of operating an interconnected
power system is ensuring frequency stability. Fluctuations in
such systems arise from an imbalance between production and
demand. In real-world scenarios, electrical loads within a
power system are constantly changing. Consequently, the
production rate must be carefully managed to maintain a
sustained balance between production and demand. To achieve
such a balance, the power system should be able to restructure
the integration between the conventional power units and the
RESs. In order to study the behavior of the operation and
control of a power system, uncertainties should be considered
during standard operational intervals. Various technical
problems can be used to reduce system fluctuations and
maintain a balanced production and demand cycle [1, 2]. The
STFTID controller proposed in this section is a self-tuning
fuzzy-based structure that utilizes a TID controller, as shown
in Fig. 4.
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Fig. 4. The tilted integral derivative controller scheme.

The TID controller offers enhanced performance and
control, with increased sensitivity to system parameter
variations and improved disturbance rejection. System tuning
is also made more accessible [27, 35, 38]. As is obvious from
Fig. 4, the structure of the TID controller is similar to a PID,
in which the proportional component is replaced by a titled
integral derivative with a transfer function of 1/s*™. In other
words, for a PID controller, the transfer function is generally
shown as (9), while it is modified as (10) for a TID.

K,
PID = Kp + <+ K,S )
Kr K
TID = Sam + < +KpS (10)

With Kp, Ky, K, and Kp as the proportion, proportional tilt
gain, integral, and differential coefficients, the transfer
functions govern the controller systems. Moreover, the tilt
fractional component is shown by n in (10) which may be

tuned in the valid range of [1 10]. The modified system
performance is a result of considering the tilt fractional
component n, allowing the improved system performance to
face disturbances and uncertainties. Therefore, the overall
tuning process can be simplified. Additionally, a self-adjusting
control structure is crucial in new power systems with diverse
sources of uncertainty. Thus, a self-tuning fuzzy tilted-
integral-derivative controller is proposed to regulate the load
frequency, utilizing the advantageous TID controllers
illustrated in Fig. 5. This STFTID structure is employed in a
system comprising i regions.

Self-tuning fuzzy tilted integral derivative controller
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Fig. 5. The proposed optimal STFTID control structure.
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The FLC block in the STFTID control structure of Fig. 5 is
a Mamdani type, including two inputs and three outputs, which
sets the values of the TID controller coefficients for areas in a
self-tuning manner. Coefficients Ky, K;, and Kp, get values
based on the rules summarized in Table 2. In this table, NB, N,
Z, and P show negative, zero, and positive values, respectively.
In contrast, S, M, and B abbreviate small, middle, and
significant values, and V is the acronym for the word "very".

TABLE 2 RULES FOR THE FUZZY CONTROLLER USED IN THE PROPOSED CONTROLLER.

dACE
K K., Kp Tdt
NB NM NS z PS PM PB
NB VB/VS/M VB/VS/SM B/SIS B/SIVS BM/SM/S BM/M/SM M/M/M
NM VB/VS/M B/S/SM B/SIS BM/SIVS BM/M/S M/M/SM SM/M/M
NS B/SIM B/S/SM BM/SM/S BM/M/VS M/M/S SM/M/SM SM/BM/M
ACE z B/S/BM BM/SM/M BM/M/SM M/M/S SM/M/SM SM/BM/M S/B/BM
PS BM/SM/B BM/M/BM M/M/M SM/M/SM SM/BM/M S/B/BM S/B/B
PM BM/M/VB M/M/B SM/M/BM S/IBM/M S/B/BM S/B/B VS/VB/VB
PB M/M/VB SM/M/B SM/BM/B S/B/BM S/B/B VS/VB/B VS/VB/VB

The self-tuning manner of the STFTID controller of Fig. 4,
working based on the rules applied by Table 2, updates the
values of Ky, K;, and Kp to feed the TID controller structure.
This is repeated for each time step, while the value of
parameter n and two scaling factors K. and Kg are updated
based on implementing the optimization process in these steps.

The style of input membership functions for the fuzzy block is
exhibited in Fig. 6.
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Fig. 6. The input MFs for the STFTID controller.

The Ky, K, and Kp represent the outputs from the fuzzy
block. These MFs of the outputs are illustrated in Fig. 7,
wherein Br, By, and Bp are considered for the parameters of the
upper bands. During the design process, a PSO algorithm can
specify these parameters. When the values of By, By, and Bp are
determined, the following equations are employed to calculate
the magnitude of the output membership functions’ centers.

1
a§=—Bi
6
2,
a2_6 i
.3
Clé:gBi (11)

4
a4_6 i
a‘=EB
5 6 i

Here, index iissetas T, I, and D to satisfy all the necessary
parameters. For the optimal design process in our proposed
controller, a design vector Xp is used as shown in (12):

Xp = [Br, By, Bp, K¢, Kge, m]. (12)

To complete the optimization procedure, a cost function was
also used in the STFTID controller based on (13).

t=Tsim

6e0) = |

t=0

t. ((Afl)z + (Afz)z (13)
+ (Aptie)z)dt

Finally, the design intervals for the parameters are
considered based on (14).
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0<B; <10
0<B, <10
0<B,<10
0<K, <1
0<Kg <1
1<n<10

(14)
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Fig. 7. The considered output membership functions for the
STFTID controller.

V. Performance Validation and Simulation

Results

To validate the performance of the proposed controller, four
different scenarios were investigated and the results from the
proposed STFTID controller were compared to [36-38]. The
parameters of the hybrid power system are as follows: The
governor speed regulation parameters of the gas, hydro, and
thermal units are Rg=Rnys=R=2.4. The first and second Fourier
coefficients in the GDB transfer function are N;=0.8 and
N»=-0.2/m, respectively. The time constants of the transient
droop, Governor of the steam turbine, and steam turbine are
Trh=28.749, Tsg=0.06, and Tt=0.3, respectively. The starting
time of water in the hydro turbine, the steam turbine reheats
constant, and the steam turbine reheat time constant are T,=1.1,
K:=0.3, and T,=10.2, respectively.
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The first and second power system time constants are
Tps1=Tps2=11.49. The first and second power system gains are

Kps1=Kps2=68.965. The synchronizing coefficient is T1,=0.0433.

The participation factors of gas, hydro, thermal, PV system,
and wind generation units are PFz=0.2873, PF=0.138,
PFm=0.5747, PF=0.015, and Prw1=0.025, respectively. The
lead and lag time constant of gas turbine governor are X4=0.6,
and Yg=1.1. The time constant of the value positioner, Hydro
turbine governor, and Compressor discharge volume are
By=0.049, Tg=0.2, and T=0.2, respectively. The valve
positioner, fuel time constant, and combustion reaction time
delay of the gas turbine are Cg=1, T=0.239, and T.=0.01,
respectively. The hydro turbine speed governor reset time and
frequency bias coefficients are T,s=4.9 and B1=B,=0.4312.

A. First Scenario
For the first scenario, we compared our proposed STFTID
controller with the PID, TID, and I-TD controllers in [35], with
a 1% step load only in the first area of the two-area power
system shown in Fig. 1. The comparison was based on the
parameters listed in Table 3 for the STFTID controller
parameters.

TABLE 3 PARAMETERS OF THE PROPOSED STFTID
CONTROLLER FOR THE FIRST SCENARIO

Br B, Bob Ke Kee n
Area-
T 85316 90135 61037 03912 04692 21976
Arga' 59136 6.8601 4.0671 04168 05318 23671

The results of Fig. 8 confirm the convergence between the
output of all considered controllers. As can be seen from the
results of this figure, the characteristics of the TID and I-TD
controllers are better than those of the PID. The STFTID
performance is the best in terms of the maximum overshoot
and undershoot (MO and MU), as well as the settling time (ST),
rise time (RT), peak time (PT), and the index of the integral
time square error (ITSE). To quantify these factors to evaluate
of the dynamic system performance, they are summarized in
Table 4.

STFTID
0.02 T
0 |-
S)
=)
« -0.02
<
0.04 |
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Time (sec.)

0.02

Af, (Hz)

0 10 20 30 40 50
Time (sec.)

APtic (p-u.)

0 10 20 30 40 50

Time (sec.)
Fig. 8. The time history of the studied controllers for the first
scenario.

TABLE 4 THE DYNAMIC SYSTEM PERFORMANCE INDICES FOR
THE FIRST SCENARIO.

PID TID I-TD STFTID
ST 25 15 11 10
MO 0.004 0.005 0.006 0.006
Afy MU -0.04 -0.034 -0.033 -0.021
RT 1.01 0.92 0.88 0.31
PT 6.21 5.82 5.76 5.41
PID TID I-TD STFTID
ST 30 16 13 7.5
MO 0.001 0.005 0.0051 0.001
Af, MU -0.038 -0.031 -0.029 -0.010
RT 1.28 0.94 0.90 0.26
PT 6.76 6.11 5.98 554
PID TID I-TD STFTID
ST 20 25 25 8
MO 0 0 0.002 0.0001
APyie MU -0.006 -0.005 -0.005 -0.002
RT 1.22 091 0.84 0.26
PT 6.49 6.02 5.87 5.32
PID TID I-TD STFTID
ITSE 0.0056 0.0035 0.0022 0.0007

B. Second Scenario

To further evaluate the performance of the proposed
STFTID controller, in the second scenario, we applied a multi-
step load perturbation (MSLP) to area 1 of the two-area power
system shown in Fig. 1 to simulate a more realistic situation.
This MSLP, shown in Fig. 9, can represent a series of forced
shutdowns occurring for the power-generating units, and
unexpected loading switches. The results of the system's
response are shown in Fig. 10 for different controllers, namely
TID, I-TD, and STFTID, for this scenario.
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Fig. 9. The step load pattern for the second scenario.
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TABLE5 PARAMETERS OF THE PROPOSED STFTID
CONTROLLER FOR THE SECOND SCENARIO.

Bt B, Bo Ke Kee n
Arfa' 76319 89137 56186 04961 04169 29135
Arga' 53619 6.0371 39135 03916 04692 2.6912

TABLE 6 THE SYSTEM DYNAMIC PERFORMANCE INDICES FOR
THE SECOND SCENARIO.

TID I-TD TFTID
ST 20 200 10
MO 0.05 0.03 0.03
Afy MU -0.08 -0.07 -0.04
RT 1.06 1.26 0.86
PT 5.56 5.87 521
TID I-TD STFTID
ST 20 200 9
MO 0.05 0.03 0.010
Af, MU -0.08 -0.06 -0.021
RT 0.97 112 0.79
PT 531 5.58 5.14
TID I-TD STFTID
ST 30 200 10
MO 0.008 0.007 0.001
APyie MU —-0.014 -0.01 -0.005
RT 0.92 1.10 0.75
PT 523 5.47 511
TID I-TD STFTID
ITSE 35 25 3.11
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Fig. 10. The time history of the studied controllers for the second
scenario.

The optimized parameters for the proposed STFTID are

summarized in Table 5, whereas the dynamic system
performance under this situation can be seen in Table 6. As is
evident from Fig. 10 and Table 6, the best ST, MO, MU, RT,
and PT are the results of the proposed STFTID, for all the
loading variations of the applied MSLP. Therefore, this
STFTID controller can be a practical, high-performance
solution for the LFC problems, giving the best damping
performance for the forced MSLP.

C. Third Scenario

The third scenario compares the performance of three
controllers, i.e. TID, I-TD, and STFTID, under load
disturbances with various applied patterns, as shown in Fig. 11.
This scenario evaluates the performance of the proposed
STFTID for RES fluctuations in the interconnected dynamic
model shown in Fig. 2. To this end, three controllers under
investigation are examined for solar energy and wind
penetrations, wherein the PV system and the wind power
plants are connected to area 1 and 2, respectively, with rated
powers of 50 and 70 MW. The parameters for the STFID
controller are presented in Table 7 for this scenario, and the
maximum iteration and search number agents are set to 50 and

0 50 100 150 200 250 300
Time (sec.)

Fig. 11. The step load pattern for the third scenario.
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TABLE 7 PARAMETERS OF THE PROPOSED STFTID
CONTROLLER FOR THE THIRD SCENARIO.

TABLE 8 THE SYSTEM DYNAMIC PERFORMANCE INDICES FOR
THE THIRD SCENARIO.

Br B, Bp Ke Kee n
Area-
T 43671 16138 29376 03371 04923 59637
Arzea' 38613 13812 33682 04631 05037 2.6381

This time, the simulations, including controllers under series
load disturbance in area 1, as shown in Fig. 11, are performed
for the wind power plant and the PV system connected after
100 and 250 s, respectively. It should be noted that this figure
represents the frequency deviations for the two-area model and
the variations of the tie-line power under the second scenario.
One can easily conclude from the results of Fig. 12
(summarized in Table 8) that severe oscillations occur during
the multistep load and RES connection time intervals for the
frequencies and tie-line power. However, the proposed
controller performance is superior to the TID and I-TD
controllers and can reduce the ST in Af, and AP4. The TID
performance is better for decreasing the ST for Afy. In all other
evaluated parameters, i.e., MO, MU, and ITSE, the STFTID
performance is superior to the TID and I-TD. In addition to
this, the STFTID controller has better convergence compared
to the other two controllers under investigation.
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Fig. 12. The time history of the studied controllers for the third
scenario.

TID I-TD STFTID
ST 120 150 150
MO 0.07 0.06 0.05
Af; MU -0.07 -0.06 -0.05
RT 111 1.25 0.93
PT 101.95 102.86 101.02
TID I-TD STFTID
ST 120 150 101
MO 0.07 0.06 0.021
Af, MU -0.07 -0.06 -0.026
RT 1.09 1.23 091
PT 101.86 102.68 101.01
TID I-TD STFTID
ST 120 150 102
MO 0.012 0.01 0.005
APyie MU -0.035 -0.035 -0.005
RT 1.03 1.18 0.88
PT 101.24 102.14 101.01
TID I-TD STFTID
ITSE 28.12 23.45 12.55

D. Fourth Scenario

In our last scenario, a 0.1 s communication time delay
(CTD) was introduced to the controller's output. Additionally,
load disturbances of 0.01 and 0.05 p.u. were considered for
areas 1 and 2, respectively. In this scenario, the PV system and
wind turbines were connected after 80 and 220 seconds,
respectively, and the load disturbances were applied to areas 1
and 2 after 10 and 150 seconds. Based on the parameters in
Table 9, the STFTID was configured, and its results are shown
in Fig. 13 for TID, I-TD, and STFTID controllers.

TABLE 9 PARAMETERS OF THE PROPOSED STFTID
CONTROLLER FOR THE FOURTH SCENARIO.

Br B Bo Ke Kee n
Arfa‘ 21304 21835 39613 03687 05316 1.6631
Arga‘ 19385 18624 40136 04531 03286 18671

The perturbations in the output of the controller lead to
oscillations of the system, as is evident in the frequency
deviations of the two-area system, and the tie-line power
response. Once again, the response of the proposed STFTID
controller remains more stable, with significantly lower MO
and MU values (see Table 10). However, the ST is also lower
for the proposed controller than the TID and I-TD controllers.

From Fig. 13, it can be seen that more severe oscillations
contribute to the system response at 150 and 220 s, while the
step load disturbance in area 2 and the PV system connection
occur. In both cases, the STFTID controller is more effective
in dampening the oscillations. However, the TID shows worse
performance.
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Fig. 13. The time history of the studied controllers for the fourth
scenario.

TABLE 10 THE SYSTEM DYNAMIC PERFORMANCE INDICES FOR
THE FOURTH SCENARIO.

TID I-TD STFTID
ST 250 250 232
MO 0.15 0.13 0.05
Afy MU -0.29 -0.25 -0.07
RT 1.23 1.34 111
PT 152.92 152.98 151.09
TID I-TD STFTID
ST 250 250 223
MO 0.1 0.1 0.05
Af, MU -0.25 -0.2 -0.11
RT 121 1.26 1.09
PT 152.65 152.71 151.05
TID I-TD STFTID
ST 250 250 223
MO 0.05 0.04 0.017
APe MU -0.02 -0.02 -0.005
RT 1.18 1.20 1.02
PT 152.13 152.16 150.98
TID I-TD STFTID
ITSE 53.1 39.2 12.64
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VI, Results and Discussion

The preceding part presents the results of four scenarios in
which the performance of the proposed STFTID controller is
compared with that of the PID, TID, and I-TD controllers [35-
37]. This allows for an evaluation of the controller's
performance. In conclusion, the suggested STFTID controller
can reduce the ST, MO, MU, RT, PT, and ITSE in every
scenario.

In the first scenario, for example, the STFTID controller
reduced the ST index for Afi to 60%, 33.3%, and 9.1%,
respectively, compared to the PID, TID, and I-TD controllers.
These reductions for the MU index are 47.5%, 38.2%, and
36.4%, in that order. In comparison to the PID, TID, and I-TD
controllers, the RT index for Af, was reduced by the STFTID
controller to 79.7%, 72.3%, and 71.1%, respectively. The PT
index for APy fell to 18%, 11.6%, and 9.4%, while the ITSE
index also decreased to 87.5%, 80%, and 68.2%, respectively.

The ST index for Af; dropped to 50% and 95% compared to
the TID and I-TD controllers for the second scenario, which
involves imposing an MSLP onto area 1 of a two-area power
system. The MU index for Af; has been reduced by 73.8% and
65%, respectively. The STFTID controller decreased the RT
index for APy to 18.5% and 31.8%, respectively, in contrast to
the TID and I-TD controllers. In addition to the ITSE index,
which dropped to 91.1% and 87.5%, respectively.

The third scenario results in a reduction in the MO index for
Afi to 28.6% and 16.7%, respectively, when renewable power
plants are taken into account. Compared to the TID and I-TD
controllers, the STFTID controller reduced the MU index for
Af, 10 62.9% and 56.7%, respectively. Apart from the ST index
for APge, which decreased to 15% and 32%, and the RT index
fell to 14.6% and 25.4%, respectively. Also, the ITSE index
fell to 55.3% and 46.5%, respectively.

In the fourth scenario, in addition to connecting the PV and
wind power plants at different time steps, two-step load
disturbances and a communication time delay were enforced.
With a 66.7% and 61.5% drop in the MO index for Af;
compared to the TID and I-TD controllers, respectively, this
scenario further demonstrates the superior performance of the
STFTID controller. Apart from the MU index for Af,, which
fell to 56% and 45%, respectively, there was a decrease in the
ST index to 10.8% and 10.7%, a reduction in the RT index to
9.9% and 13.5%, respectively. Also, a significant decrease in
the ITSE index to 76.2% and 67.8% was achieved, respectively.
The findings collected from all scenarios show that the
STFTID controller performs better than the PID, TID, and I-
TD controllers in [35-37], despite having a more complex
structure than the latter three kinds of controllers.

VII. Conclusions

A control structure is presented in this paper, a self-tuning
fuzzy tilted integral derivative control structure, to control the
load frequency response of a hybrid power system.
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The hybrid power system contains different power plants,
including conventional (gas, hydro, and thermal plants) and
renewable (PV and wind turbine). Nonlinear factors such as
generation rates, governor deadband, and communication time
delays are considered for the system. To evaluate the
performance of the proposed STFTID control system, we
present the results of four scenarios in which the results of
STFTID are compared with those achieved by PID, TID, and
I-TD controllers, confirming the performance of the proposed
system. In summary, this system can mitigate the settling time,
rise time, peak time, maximum overshoot/undershoot, and
integral time square error in all scenarios. The STFTID
controller decreased the ITSE index compared to the PID, TID,
and I-TD in the first scenario down to 87.5%, 80%, and 68.2%,
respectively, where a 1% step load is only applied to the first
area of a two-area power system. For the second scenario, in
which a multi-step load perturbation is forced onto area 1 of a
two-area power system, ITSE decreased to 91.1% and 87.5%
compared to the TID and I-TD controllers. In the third scenario,
considering renewable power plants, this parameter was
reduced to 55.3% and 46.5%, respectively. In this scenario,
load disturbances were applied with various rectangular
functions at different time intervals, and wind and PV power
plants were connected at different times. For the last scenario,
a communication time delay and two-step load disturbances
were forced onto the controller's output, in addition to
connecting the PV and wind power plants at other time steps.
This scenario also exhibits the better performance of the
STFTID system, with a 76.2% and 67.8% reduction in the
ITSE compared to the TID and I-TD controllers, respectively.
Overall, the proposed STFTID controller presents more
sustainability than other control methods.
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In this paper, a single switch transformer-less DC-DC converter with continuous input
current for photovoltaic applications is proposed. The suggested configuration utilizes a
CL'C?D? structure to achieve a high voltage gain and alleviate voltage stress on the
semiconductor components. The voltage gain of the proposed converter is enhanced
through a reduction in the turn ratio of the coupled inductor, offering a significant benefit
in minimizing the overall size of the converter. The reduction in the turns ratio of the
coupled inductor results in lowered voltage stress on the semiconductor elements.
Additionally, employing just one power switch in the converter simplifies control and
reduces expenses. With its continuous input current, this converter is particularly well-
suited for integration in photovoltaic systems. Simulation results conducted using
PSCAD/EMTDC software validate the efficacy of the proposed power converter.
Furthermore, the maximum power output of the photovoltaic module through an MPPT
(Maximum Power Point Tracking) controller under varying irradiance levels is

Continuous Input Current,
Turn Ratio Reduction.

determined, and simulations are executed using PSCAD/EMTDC.

l. Introduction

Renewable energy technologies like solar (photovoltaic),
fuel cells, and wind power are gaining popularity due to the
increasing energy demands [1, 2]. This trend has spurred power
industry professionals, organizations, and regulators to deepen
their investigation of renewable energy sources [3, 4]. Solar PV
panels primarily generate direct current (DC) with relatively
low voltage levels. To efficiently elevate this voltage to higher
levels, a high voltage conversion ratio converter is essential as
an intermediary between the renewable energy source and the
end user. A topology with high voltage gain, compact size, and
low power losses is crucial for this task. DC-DC converters play
a vital role in increasing voltage levels to match the load or DC
bus requirements [5, 6]. Consequently, the development of
high-voltage-gain converters has emerged as a significant
solution to leverage renewable resources effectively [7, 8].

Various types of high-step-up DC-DC converters are being
explored, broadly categorized into isolated and non-isolated
classes for renewable energy applications [9, 10]. Non-isolated
DC-DC converters offer advantages like smaller size, higher
efficiency, and reduced production costs due to the absence of
a transformer. In solar PV setups, DC-DC converters handle
input voltage conversion from 12-60 I/to a fixed output ranging
from 24 Vto 760 V. The demands for high-step-up DC-DC boost
converters arise from the necessity for very high output
voltages with limited input voltage ranges. It is critical for the
DC-DC converters deployed in renewable energy systems to
exhibit minimal input current ripple, as high ripple can reduce
the lifespan of the solar panels and overall system efficiency.
Hence, there arises a requirement for an appropriate input filter
for the utilized DC-DC converter, and the filter used in these
converters must be carefully selected to avoid an excessive
increase in converter size and cost. Traditional DC-DC
converters achieve high voltage gains through wide duty cycles,
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leading to increased conduction losses and electromagnetic
interference (EMI) issues [11, 12]. Furthermore, the voltage
gain is limited in practice due to power losses in
switches/diodes and the equivalent series resistance of
capacitors and inductors. The enhancement of voltage
conversion ratio through the use of switched capacitors and/or
switched inductor units has been a subject of research [13, 14].
However, concerns related to electromagnetic interference
(EMI) impose limitations on voltage boosting due to high duty
cycle levels. Additionally, operational challenges arise at high
step-up voltage ratios, leading to increased current stress levels
that can result in component failures and reduced element
lifetime [15, 16]. To address these issues, alternative traditional
DC-DC converters such as forward, push-pull, and fly-back
converters can be employed by adjusting the transformer's turns
ratio. Various isolated converters have been presented to
achieve high voltage conversion ratios, but their
implementation comes with increased cost and volume due to
the isolated configuration. To mitigate these challenges, non-
isolated DC-DC converters offer a viable solution, presenting
advantages such as lower cost and smaller volume. Various
high-gain converters leveraging coupled inductors with
minimal core loss can be employed. These converter topologies
achieve high voltage gain by adjusting the duty cycle of the
power switch and the turns ratio of the coupled inductor. An
introduced non-isolated topology in [17] is suited for microgrid
inverters; however, the high input current ripple associated with
this design may diminish the operational lifespan of the input
PV panels. Another high step-up structure presented in [18]
involves a voltage multiplier cell (VMC) and coupled inductor,
yet it also suffers from high input current ripple and a high
component count, leading to reduced efficiency. Several DC-
DC converters with high voltage gain benefits are presented in
the literature. Despite these advancements, challenges persist in
high step-up DC-DC converters, including issues such as high
input current ripple, elevated voltage stress on semiconductor
components, diode reverse recovery troubles, increased
component count, and lower overall efficiency. In [19], an
economical and effective converter known as the Z-source DC-
DC converter was introduced. This converter implements the
Z-source network using two inductors and two capacitors. The
unique X-shaped interconnection of the inductors and
capacitors in the Z-source network enables its integration with
other converters and methodologies like the boost converter,
switched-inductor, and switched capacitor [20-22]. However,
due to its atypical non-grounded configuration, the basic Z-
source converter is limited in its applications. To enhance the
voltage gain, a combination of the switched-inductor and Z-
source network was explored in [23], but this approach
exhibited complexities, increased costs, and larger dimensions.
Another prospect involved integrating a switched capacitor into
a Z-source DC-DC converter [24], leading to a similarly
intricate and expensive design that lacks common ground.

Recent research efforts have aimed at addressing common
grounding and reducing voltage stresses in such converters [25,
26]. For instance, a quasi-Z-source converter was introduced in
[27] to mitigate issues like discontinuous input current and
leakage current attributable to the absence of a common
grounded connection between the output null and input
negative terminal in the Z-source converter. The quasi-Z-
source converter, akin to the Z-source counterpart, can be
synergistically combined with techniques like switched
capacitor and switched inductor to enhance characteristics such
as voltage gain and voltage stress [28, 29]. Nevertheless, these
combined converters necessitate additional components,
escalating their complexity and cost. Moreover, the duty cycle
of these converters is constrained by design limitations. In [30],
a high-gain transformer-less converter employing a switched
inductor, capacitor, and active network is presented. This
configuration incorporates two switches, resulting in elevated
conduction losses. Another converter described in [31] utilizes
a coupled inductor and VMC, but the achieved voltage gain is
modest. A high step-up structure with continuous input current
is detailed in [32], utilizing a coupled inductor and voltage
multiplier cell. Although a high voltage gain is achieved
through increased turns ratio, this design suffers from high
voltage stress on the main switch.

In this study, a single-switch transformer-less DC-DC
converter with continuous input current is introduced. The
proposed converter features a CL'C?D? network and offers
several advantages, including high step-up gain with a low turn
ratio of the coupled inductor, low voltage stress on the
semiconductor devices, and a shared ground. The proposed
converter features a straightforward design with a single power
switch, devoid of any additional complexity in its topology.
Simulation results conducted using PSCAD/EMTDC software
are presented to verify the performance of the proposed
converter. Additionally, the simulations involved the utilization
of a photovoltaic module as an input source and the MPPT
capability of the converter is confirmed.

Il.  Proposed DC-DC Converter

The configuration of the proposed converter is illustrated in
Fig. 1. It comprises one power switch (.5), three diodes (D1, D»,
and [%), one inductor (Z), one coupled inductor (CL), four
capacitors (G, G, G, and (). The proposed converter
incorporates a conventional boost switching configuration with
inductors L, switch S, diode D1, and capacitor ¢i (resembling a
conventional boost converter). Additionally, a CL!C2D?
network is introduced, consisting of coupled inductor CL,
capacitors (:, G, diodes D, and D, situated between the
conventional boost switching arrangement and the output
capacitor C,. The integration of the CL*C?D? network enhances
the voltage gain of the proposed converter while alleviating the
voltage stress on the semiconductor components.
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Fig. 1. The proposed converter.

The key waveforms for the proposed converter are depicted in
Fig. 2. The proposed converters exhibit two distinct operational
states: the shoot-through (ST) state, lasting D7, and the non-
shoot-through (NST) state, lasting (7-D) 7s. In the proposed
converter, the coupled inductor is conceptualized as a dual-
headed transformer, depicted in Fig. 3. This transformer
incorporates a magnetizing inductance (L) aligned in parallel
with the primary winding. Therefore, the turns ratio of the
coupled inductor is denoted as n=Ns/Np. To express the
conceptual performance of the proposed converter, several
assumptions are considered in the analysis of the proposed
converter: 1) Continuous conduction mode (CCM) is
consistently maintained, 2) All components are assumed to be
ideal, 3) The input DC source is constant, 4) The capacitors and
inductors are sufficiently large, allowing for the application of
the small ripple principle.

iL “/\/

LmA

/\/

—Vps 4

< > >t

DT, “Tor,

Fig. 2. Key waveforms of the proposed converter.
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Fig. 3. Transformer modelling of the coupled inductor.

Shoot-through (ST) state: Fig. 4(a) demonstrates the
corresponding circuitry depicting the ST state. During this state,
the switch Sis activated. The inductor L is charged in parallel
with a voltage source via the Spaths. Diodes Di-Ds are reverse-
biased, preventing current flow. Furthermore, capacitors ¢i and
G are discharged while G is being charged. Capacitor &
delivers the necessary energy to the load and subsequently is
discharged. By employing Kirchhoff's Voltage Law (KVL) and
Kirchhoff's Current Law (KCL) in this operational state, the
following equations can be formulated:

v, =v; (1)
Vs = Ve1 + Vez — Vcs (2
VUco = Vo 3)
iCo = _io (4)
lc1 = lep = —lez = —lgs 5)
in = iLm (6)

Non-shoot-through (NST) state: This mode begins when the
switch S'is deactivated. Diodes Di-Ds transition to a forward
bias state, enabling current conduction. The voltage across
inductors Zand magnetizing inductor L turns negative, leading
to a linear reduction in their respective currents. Additionally,
capacitors (i, (2, and G are charged, while G is discharged
during this state. Fig. 4(b) illustrates the equivalent circuitry
representing this operational state. By applying KVL and KCL
in this mode, the following equations can be expressed:

V=V — Ve (7
Vim = —Vcs3 8
Vs = Vcz2 — V3 )
Veo = Ve1 t Ves (10)
lc3 = lpm +ips —lpp —ico — i (11)

lcp = —lgs 12)

ey =i+ iz +ipp = lpm — s (13)

By applying the voltage balance principle to inductors Zand Lmn
according to equations (1-3) and (7-10), the voltage across
capacitors and the voltage gain of the proposed converter can

be calculated as illustrated below:
v

Ver = j (14)
_ (A-n)Dy;
Vea = n(1-D) (15)
— _Dbvi
Ucs n(1-D) (16)
n+D

Vo = Vgo = GUL' = mvi (17)

By utilizing the current balance principle for capacitors using
equations (4-6) and (11-13), the mean current passing through
the inductor and the magnetizing inductor can be evaluated as
described subsequently:
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sl (18)
i = o (19)
where v;, v, and i, are the input voltage, output voltage and
output current, respectively. The voltage gain curves of the
proposed converter are plotted in Fig. 5 for different coupled
inductor’s turn ratios. To demonstrate the impact of leakage
inductance (Lx) on voltage gain, consideration is given to the
coupling coefficient (&) as follows:

= (20)

Lg+Lm
Fig. 6 illustrates the voltage gain of the proposed converter
across varying coupling coefficients and duty cycles. It is
observed that an increase in leakage inductance leads to a
reduction in both coupling coefficient and voltage gain.

iL=

— Vst
11

o Toad h «

— Vgt

(b)
Fig. 4. Equivalent circuits of proposed converter. (a) ST. (b) NST.
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Fig. 5. Voltage gain versus duty cycle curves for four different
coupled inductor’s turn ratios.
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Fig. 6. Voltage gains versus duty cycle for different coupling
coefficients (k) and n=0.5.

By applying KCL and the principle of current balance, it is
possible to calculate the average currents of all capacitors
during charging or discharging modes within a given time
interval.

i =i = Do
Cl-charge — 'C2—charge — n(1-D)
. _ 7, @
lCl—discharge - lCZ—discharge - ;
: o
lc3—charge = ;
. ~ i, (22)
lC3—discharge - _n(l—D)
i __ Di,
{.Co—charge ~1-D ' (23)
lco-discharge = —lo

Through the application of KVL to the equivalent circuit of the
ST state, the voltages experienced across diodes D1, Dz, and Ds

are determined using the following equations:
vi

VUp1 = Va1 =1, (24)
1-n)v;
Upz = Vc1 —Ve3z —Vpp = n(l—D)L (25)
v
Up3z = Vez —Vp = j (26)

Through the application of KVL to the equivalent circuit of the
NST state, the voltage across the switch S'is computed using
the following equation:

v
Vs =Vc1 = j (27)
By utilizing KCL on the equivalent circuit during the ST state,
the currents flowing through the switch Sare determined using

the ensuing equation:
. Lo (1+n)i
Is = iy t lc3—charge = n(l—D; (28)

Through the application of KCL to the equivalent circuit during
the NST state, the currents flowing through diodes D1, D», and
Ds are determined using the following equations:

. _ . . _ i
lp1 =1 + lC3—discharge ~ 1-D (29)

. . . . . _ i
lp2 =1 + lCo—charge + LCZ—charge + LC3—discharge ~ 1-D (30)

-0 (31)

1-D

The root-mean-square (rms) values of the currents in the power
switch, diodes and capacitors, as well as average currents of the
switch and diodes play a crucial role in efficiency analysis, and
they can be obtained as follows:

ip3 = lo t lco—charge =
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VD(1+n)ly
Is—rms =gy (32)
Io
Ip1—rms = Ipz—rms = Ip3—rms = Vi-D (33)

’ D I,
ICl—rms = ICZ—rms = IC3—rms = E; (34)

D
Ieo—rms = ’ 1-D I, (35)

D(1+n)I,
Is_qpe = n(l—_nD) (36)
Ip1—ave = Ip2—ave = Ipz—ave = Io (37)

I11.  Parameter Design

The minimum value of the inductor is calculated by following

equation:
_ lvilae

AL (38)

The voltage across the inductor during the At = DT interval
is represented by [V,|. AI, refers to the permissible
percentage ripple inductor current, denoted as Al, = x%lI,. By
utilizing equations (1), (2), (18), (19) and (38), the minimum
inductance values can be determined as such:

DV
— x%fsPo (39)
2
Lm _ D(n+D)V; (40)

 (1-D)x%fsPo
The minimum value of the capacitor is calculated by following
equation:

_ liclat
C= e (41)

The current passing through the capacitor during the At = DTy
interval is represented by |I;|. AV, denotes the voltage ripple
across the capacitor, symbolized as AV, = y%V,. Thus, based
on equations (4), (5), (14), (15), (16), (17) and (41), the
necessary capacitances can be determined as follows:

D(1-D)?P,
1= (n+D)y%fsViZ (42)
n(1-D)2P,
>~ 70
CZ - (1_n)(n+D)y%fsVi2 (43)
n(1-D)?P,
3 = (m+D)y%fov? (44)
n?D(1-D)%P, @s)

where, V;, P, and £ are the values of the input voltage, output
power, and switching frequency, respectively. A
methodological approach for the optimal selection of a
magnetic core is outlined in [33]. The initial step involves the
calculation of the geometrical constant (Kz) of the inductor and
coupled inductor core utilized in the proposed converter, as

defined by:
— A%WA PLZI‘rznax (46)
9 MLT ~ rpKyBZax

Here, Acrepresents the effective cross-sectional area of the core,
MLT denotes the mean length turn, Wa represents the window
area, p is the copper's resistivity, Buax Stands for the maximum
flux density of the ferrite core, and K. signifies the window

A Single Switch Transformer-Less DC-DC... [Toofan, et al

utilization factor. Substituting (18) and (39) into (46) allows for
the determination of the geometrical constant (Kz) for the
inductor L, as demonstrated below:

_ AtW, P
Ky = MLT = 5 D(n+DV21, | (47)

TLKuBmax(m>

Substituting (19) and (40) into (46) allows for the determination
of the geometrical constant (&) for the coupled inductor L, as
demonstrated below:
K, =A% 5 £
9 MLT

2 D(n+D)V#Io 2 (48)
TLKuBmax<(1_D)x%fSpo>
Upon selecting the most suitable core for the inductor and
coupled inductor based on the A¢value, the calculations for the
number of winding turns () and the air gap (/) are determined

as outlined below:

— umax (49)
AcBmax
_ #0L112nax
9~ ,p%C (50)

max

where p, is the permeability of air.

IV.  Power Loss of Components

The primary components of losses in DC-DC converters are
categorized into conduction loss and switching loss. Switching
losses necessitate scrutiny in both diodes and power switches.
The substantial current flow through components leads to
significant conduction losses in the majority of cases.
Therefore, an examination of the conduction losses in power
switches, diodes, inductors, and capacitors is conducted for the
converter.

Power switch losses: The conduction loss in the power switch
can be expressed as:

Pge = rSISZ—rms (51)
Here, (Is.ms) represents the rms current flowing through the
power switch, while (rs) denotes the resistance of the switch.
By employing (32) and (51), the ultimate expression for the
switch conduction loss can be formulated as:

2
Pse =75 (%) (52)
The turn-on and turn-off losses pertaining to a power switch can
be described by a shared equation, exemplified by (53), as
derived for the switch utilized in the proposed converter, as
shown in (54).

f
Pss = Vls_qpe (tr + tf) ES (53)
DA+ fsPo
ST 2n@1-p)? (54)

Here, the Pss, &, tr, Vs, Isave, and £ represent the switching loss,
turn-on delay time, turn-off delay time, switch voltage, average
switch current, and switching frequency, respectively.

Diode power losses: The power loss in diodes can be
categorized into conduction loss, forward voltage drop loss, and
switching loss. Equation (55) details the forward voltage drop
loss of a diode (Ppr), enabling the calculation of losses for the
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diodes in the proposed converter. Equation (56) presents the
total forward voltage drop loss of the diodes.
Ppr = Velp_ave (55)
Ppp = (Ve1 + V2 + Vs)l (56)
Where Vrand /p-avedenote the forward voltage drop of the diode
and the average current through the diode, respectively. The
next calculated loss for the diodes is conduction loss (Pnc). The
total conduction loss of the diodes in the proposed converter is
summarized as:

2

Ppc = (rp1 + Tp2 + 1p3) (\/%) (57)
The resistances rp1, rpz, and rps represent the resistances of the
diodes in the proposed converter. The final aspect of diode
losses is the switching loss (Pps), for which a standard equation
is presented as (58). Equation (59) is formulated specifically for
the switching loss pertaining to the diodes in the proposed
converter.

fs
Pps = Vplp_apetsr 2 (58)
. (1-n) 2 fs
PDS - (n(l—D) + (1_D))Potrr 2 (59)

The parameters &, Vb, and Ip.ave denote the reverse recovery
time, diode voltage, and average diode current, respectively.
Inductors conduction loss: The conduction loss for the
inductors (P.¢) is computed based on equation (60) and is
expressed as equation (61).

PLC = TLlf—rms (60)
n+D . 2
Pe=mn (m lo) + 1y ld (61)

Capacitors conduction loss: The conduction loss in the
proposed converter stems from the resistance in capacitors. The
converter in question incorporates four capacitors, the total
conduction loss of which amounts to:

Pee = (Ter + 12 +TCS)%(%)2 + 7co %Ig (62)
The conduction loss of the capacitors and the resistance of the
capacitors are denoted as Pcc and rg  respectively.
Consequently, the efficiency of the proposed converter can be
ascertained:

Po
n= Po+PLoss (63)

To analyze the impact of parasitic elements in both passive and
active components on the voltage gain of the proposed
converter, the model of the converter was modified to
incorporate these elements. Fig. 7 depicts the circuit of the
proposed converter with the integrated parasitic elements. This
non-ideal converter model accounts for several parasitic
elements, including the series resistances of the inductors (r;, =
r.m = 1), the equivalent series resistances of the capacitors
(rc1 =12 = Te3 = Tep = 1), the on resistance of the power
switch (rs), the forward resistances of the diodes (rp, = 1, =
1p3 = 1), and their corresponding forward voltages (Vy; =
Ve, = Vps = Vi). Considering these parasitic elements, a new
equation was derived to characterize the static voltage gain of
the proposed converter (G ") in equation (64).

C3

Co rCu
Fig. 7. The proposed converter with the parasitic elements.

V.  Comparative Analysis

Table 1 presents a comparison of the characteristics of the
proposed converter with similar converters. The results from
Table 1 are illustrated in Figs. 8(a)-8(c). Fig. 8(a) displays the
variation of voltage gain versus the duty cycle. It is evident that
the proposed converter exhibits a higher voltage gain for n=0.5
compared to others with the same duty cycle except [28, 29].
However, the converters [28, 29] have a duty cycle limitation
and suffer from high voltage stress on their semiconductors. For
lower duty cycles, the converter described in [17, 31, 32] shows
the highest voltage gain, although it may not be suitable for
high-gain applications. Fig. 8(b) portrays the variation of
normalized voltage stress on the main switch with respect to the
duty cycle. The proposed converter demonstrates lower voltage
stress on switch .S compared to other converters. According to
Fig. 8(c), the plot of normalized voltage stress across diodes for
various duty cycles with 7=0.5 reveals that the proposed
configuration's stress is lower than of the most other converters
except [2, 31]. Importantly, the proposed converter achieves
higher voltage gain with lower voltage stress on the power
switch compared to [2, 31]. In contrast to the converters
discussed in references [9, 15, 28], the proposed converter
introduces a common grounded feature, crucial for electrical
systems, particularly in photovoltaic applications. This
characteristic plays a vital role in mitigating leakage currents, a
prevalent concern in PV-based converters. In contrast to the
converters in references [15, 17, 28, 31], the proposed converter
ensures continuous input current and eliminates the need for
bulky input filters. Unlike the ZS and QZS converters described
in references [27-29] with a restricted duty cycle range of 0 to
0.5, the proposed converter overcomes duty cycle limitations,
enabling a duty cycle variation from 0 to 1. By comparing the
proposed converter to similar converters, it becomes apparent
that the proposed topology offers higher voltage gain with
reduced stress on the semiconductors. Consequently, this
design could be effectively utilized in renewable energy
systems such as PV applications with low implementation costs.
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TABLE 1: COMPARISON OF THE PROPOSED CONVERTER WITH COMPARABLE CONVERTERS

Common Continuous Duty cycle
Ref. SYD?/CL4/CLS Vo/ Vi Vs/ Vo Vn/ Vo input . y
ground limitation
current
1+nD 1 n
2 Yes Yes No
[2] 1/2/3/11 0 oD 5D
n 1
[9] 1/4/4/3/1 ) = 1 No Yes No
- n
n 1
[11] 2/2/4/1/1 = 1 Yes Yes No
1-D n
n(2-D) 1 1
15 B _— No No No
[15] 2/5/4/-11 ) "Z=D) 5
1+n 1
17 B 1 Yes No No
[17] 1/3/3/-11 ) —
1
27 - 1 1 Yes Yes Yes
[27] 121312/ T35
1+D 1 1
28 - —_— —_— No No Yes
(28] 1/3/5/3/ T30 5 )
1+D
29 - _ 1 1 Yes Yes Yes
[29] 1/5/3/3/ 55
1+n 1 n
(31] 1/3/3/-11 ) T e Yes No No
1+n 1 1+n—-D
32 Yes Yes No
[32] 1/3/4/1/1 5 T T
p d n+D n n v v N
ropose 1/3/4/1/1 2(1=D) p—— —— es es 0

Number of 1. Switches, 2. Diodes, 3. Capacitors, 4. Inductors, 5. Coupled inductors

' (n+D)(1-D)RnV,

T (Rn2(1-D)2Vy+1sD(1+n)2(1=D)Vy+37rpn2Vy(1=D)+1L(n+D)2Vy+rn2(1-D)2Vy+37cDVo(1=D)+7cD(1—-D)n2V,+3VERn2(1-D)2)

VI.  Simulation Results
To verify the efficacy and confirm the reliability of the
proposed converter, simulation outcomes are showcased using
PSCAD/EMTDC software. The simulation parameters utilized
are detailed in Table 2.

TABLE 2: PARAMETERS USED IN THE SIMULATION
Parameters and Values

Vi fs D n € -GG,
40V 220uF

L L,
400uH

load

15Q

50KHZ 0.3 0.5

The results of the simulation are presented in Fig. 9. In Fig. 9(a),
the output voltage is around 87.24 V; which agrees with the
calculated value (1=91.4 V) for an input voltage ( %) of 40 Vand
utilizing the voltage gain equation (17) with a duty cycle of 0.3.
This alignment between the simulation and theoretical
outcomes confirms the precision of the voltage gain. Fig. 9(b)
displays the current waveform, showing an output current of
5.82A. The voltage and current stresses on the inductors are
illustrated in Fig. 9(c)-9(f). The average current passing
through inductors Z and L. is determined to be 13.344 and
5.734, respectively, as depicted in Fig. 9(d) and Fig. 9(f), which
corresponds well with the theoretical predictions in equations
(18)-(19). The waveforms of voltage stress on the capacitors,

(64)

switches, and diodes are demonstrated in Fig. 9(g)-9(m). The
calculated voltage stress values on the capacitors using
equations (14)-(16), and on the switches and diodes using
equations (24)-(27), closely correspond with the simulation
results, as shown in Fig. 9(g) to Fig. 9(m).

VII. MPPT Simulation Results

In this section, the performance of the proposed converter under
Maximum Power Point Tracking (MPPT) of a Photovoltaic
(PV) system is evaluated using results obtained from
PSCAD/EMTDC simulations. The setup of the proposed
converter within a PV system is depicted in Fig. 10. A silicon
module LG400N2W-A5 serves as the PV source, and its
characteristics are detailed in Table 3 based on the
manufacturer's datasheet. The P-V (power versus voltage)
characteristic curves for radiations of 1000 W/m? and
800 W/m? at a temperature of T=298K are displayed in Figs.
11(a) and 11(b), respectively. As the change in radiation has a
greater impact on the MPP compared to temperature variation,
this study maintains a constant temperature and examines
MPPT under various radiation conditions. Fig. 12 portrays the
results obtained for the output power of the PV (Prr), the output
voltage of the PV (V/), the output voltage of the load ( V5), and
radiation (G) during the extraction of maximum power from the
PV with the proposed converter under step changes in radiation
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Fig. 8. Comparison results of the proposed converter and other
converters. (a) voltage gain. (b) voltage stress on the switch. (c)
voltage stress on diodes.

from 1000 W/m? to 800 W/m?. The MPPT capability of the
proposed converter is validated based on the P-V characteristics
in Fig. 11 and the output power of the PV source in Fig. 12(a).
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Fig. 10. Proposed converter and MPPT controller.
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Fig. 9. Simulation results of the proposed converter.

TABLE 3: MONOCRYSTALLINE /N-TYPE MODULE
PARAMETERS (LG400N2W-A5) PROVIDED BY THE
MANUFACTURER FOR THE STANDARD CONDITION

Parameters and Values

PMPP Isc Vac Vmpp Impp NS
400 | 10.47A 49.3V 40.6V 9.864 72
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Fig. 11. Power versus voltage characteristic curves for radiations
1000 W/m? and 800 IW//m? at temperature T=298 K. (a)
1000 W/mz. (b) 800 W/m2.

= Ppv [W] 3950
4001 {a%
40
0 0
0.40 010 0.20 030 040 0.10 020 0.30
(@ (b)
1050~
= vOuT V] “\W =G
w | —— 1.0k \ {
0.8k
0
0.qo 0.10 0.20 0.30 0.0 0.10 0.20 0.30
(©) (d)

Fig. 12. MPPT simulation results for the proposed converter
under step change of radiation from 1000 IW//m? to 800 W/m? and
800 W/n? to 1000 W/n22. (a) Prv. (b) Vev. (d) Vo. (a) irradiance
().

VIII. Conclusion

In this research article, a single switch transformer-less DC-DC
converter with continuous input current is introduced. This
converter utilizes only a single power MOSFET, leading to a
reduction in converter costs. Additionally, it features
semiconductors with low blocking voltage, offering added
advantages. A high voltage gain can be attained by decreasing
the turn ratio of the coupled inductor, obviating the necessity
for a high turn ratio to achieve a high voltage gain. Moreover,
being transformer-less, the proposed converter circumvents
associated drawbacks. A simple pulse width modulation
technique is implemented for switch control. The converter
incorporates MPPT control to optimize photovoltaic system
power extraction. The theoretical analysis of the converter
covers its operational modes, and the accuracy of the calculated
outcomes is confirmed by comparing them with results from
PSCAD/EMTDC software simulations.
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Deriving an accurate and simple current-voltage (I — V') characteristic for
photovoltaic (PV) module is highly significant for condition monitoring, fault
detection, and maximizing power production in PV systems. Equivalent circuits
consisting of one or more diodes are mostly utilized for I —V curve modelling.
However, these models are inherently implicit, relatively complex, and nonlinear
in their parameters. Here, a piecewise quadratic function with four different
intervals is generated from the measured [ — V data. The intervals are chosen
such that the best model performance can be achieved, especially at maximum
power point (MPP). Each quadratic function is obtained from least square
technique according to the experimental data in the corresponding interval. It is
easy to obtain the voltage value at MPP from the extracted model, analytically.
Also, a suggestion is provided for extending the generated I — V model to the
real environmental condition by utilizing artificial neural network. The derived
PV module model is highly suitable for maximum power point tracking,
monitoring, and fault detection due to its simplicity, explicit structure, and
accuracy.

l. Introduction

Recently, there is a high emphasis on the use of renewable
energy sources all over the world [1]. In this regard, solar
photovoltaic (PV) cells have attracted great attention. By series
and parallel combination of solar cells a PV system with
desired output power can be achieved [2-4].

Developing an accurate model for PV module is an essential
task for improving and optimizing the performance of this
system [5]. Also, condition monitoring of PV systems is
significant for detecting the possible faults and maximizing
power production [6].

The most common approach for PV module identification is
to use the measured data from current—voltage (I — V) curve
[7]. The I —V curve is strongly affected by environmental
conditions, such as irradiance (G) and PV module temperature
(T). Since the PV model identification is mostly accomplished
at standard test condition (STC), i.e., G = 1000 W/m? and

T = 25 °C, the identified model has to be translated into the
actual operating conditions [8]. Some identification techniques
consider the whole measured I — V' curve data. On the other
hand, some methods only consider some specific points such
as open circuit (0,V,.), short circuit (I, 0), and maximum
power point (MPP) (I, V) [9]. Moreover, an accurate and
reliable model of I —V curve can be utilized for the fault
diagnosis of PV systems [10]. Hence, the precise modelling
and analysis of the module I —V is vital for further
applications.

Different models have been established to describe the I —
V' characteristic as accurate as possible, the first of which are
the black-box approaches that are based on the conventional
artificial neural networks (ANN) [11] and their combination
with fuzzy algorithm [12]. In general, these techniques are
efficient, but they suffer from some disadvantages. First, a
large set of data is required to obtain reliable model which is
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not always available. Second, no implicit or explicit
mathematical formulations can be achieved for the I —V
characteristic. Also, equivalent circuits including single-diode
model (SDM) [13, 14], double-diode model (DDM) [15-17],
and three-diode model (TDM) [18, 19] are some common
approaches for I —V modelling. The SDM is the simplest
equivalent circuit model, but with the least accuracy. The
TDM has the highest complexity of mathematical relation, but
with the highest accuracy. The DDM holds a trade-off between
simplicity and prescience of the PV model. However, in all of
these three models, current and voltage relations are expressed
with inherent implicit formulations and high nonlinearities.
Therefore, rapid and accurate estimation of unknown
parameters in these circuits’ models is a difficult task [20]. It
should be noted that the inherent implicitly of equivalent
circuits emerged from existence of series resistance (R;) in
these models [21].

Some works have been conducted to generate explicit
equations for I —V characteristic and write I as a function
of V, or vice versa. The research in [22] can be considered as
the first work in this regard. In this work, explicit and accurate
functions are derived according to the Lambert W-function for
both current and voltage. These equations represent the
behavior of the SDM. Although these mathematical
expressions have some advantages and explain SDM in an
explicit form, they are complicated due to complexity of
Lambert W-function. This complexity was revealed in [23]
where a model-based maximum power point algorithm was
applied for PV module with SDM. Moreover, in this I —V
model description, the unknown parameters are still presented
in the nonlinear form. In [24, 25], pade approximants have
been applied to form explicit I —V relations. In [26, 27],
Taylor’s series expansion and Chebyshev polynomials have
been utilized to express the exponential term of SDM and
obtain an explicit analytical description of current. In [28], the
mathematical expression V + R I in the exponential term of
SDM was approximated by cubic polynomial function of
voltage V. In[29], an interesting approach has been applied to
extract an explicit I —V model for PV systems. The model
was obtained according to three parameters including V,., I,
and a parameter introduced as shape parameter (S). Despite
simplicity in the mathematical form, this method has some
disadvantages. The S parameter should be adjusted,
iteratively. Hence, small iterative step results in low rate of
convergence, which is an issue especially for real time
applications. On the other hand, large step lead to inaccurate
model. Moreover, the model is nonlinear with respectto S. In
[30], the solar cell characteristic curve was approximated by
Bezier curve method. The presented model addressed the
problems of nonlinearity, complexity, multivariate and
multimodal of the characteristic's curve. Although many
researches have been conducted to generate mathematical

models for PV cell/module, developing more precise and less
complicated models is still crucial. Since, some developed
models are very complicated and may have implicit
mathematical forms. On the other, some other models may not
have desirable accuracy for additional investigations.

However, the developing of desirable model is complicated
due to inherent nonlinearity of PV characteristic. Moreover,
the PV characteristic highly depends on the environmental
conditions such irradiance and temperature, which can be
considered as another challenge for PV modelling.

In this paper, a piecewise quadratic function consisting of
four separate quadratic function is derived to generate an
explicit equation for I —V characteristic. For this purpose,
the experimental data are extracted non-uniformly from the
whole T —V curve (from zero voltage to open circuit voltage)
at STC. In fact, more data is considered at the neighborhood of
MPP. Intervals are considered as: 0<V < 0.8V}, ,
0.8V, <V <095V, , 095V, <V <1.05V,, , and
1.05V,,, <V < V,.. A separate quadratic function is fitted for
each interval by linear least square technique. It is shown that
the proposed piecewise function simulates the real PV module
I —V curve with high accuracy, especially at MPP. Hence,
this model can be easily used for maximum power point
tracking to maximize energy harvesting from PV system.
Moreover, it is suggested that how one can extend the
coefficients of the piecewise function to generate another
piecewise I —V curve in the real environmental condition by
utilizing ANN. The generated model has specific advantages
over the equivalent circuits. First, the model defines an explicit
relation between current and voltage of any PV module.
Second, the generated model is linear in parameter and PV
module identification can be easily achieved by simple
numerical analysis. Moreover, it has less complexity, but
higher accuracy than the equivalent circuit models. The main
highlights and novelties of the proposed piecewise quadratic
model can be itemized as:

e Anexplicitand linear in parameters equation for I —
V' characteristic of photovoltaic module is derived
according to piecewise quadratic function.

e The proposed model is highly accurate with unique
model’s parameters and less complexity compared
with equivalent circuits.

e  This model can be utilized for maximum power point
tracking purpose and any model-based fault
detection techniques.

e Areliable suggestion is provided for extension of the
derived model to other real environmental conditions
by utilizing of artificial neural network.

In the rest of this article, the implicit mathematical I —V
characteristic equations for a PV module with diodes
equivalent circuits will be given in Section Il. Section Il
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presents a novel approach to generate a mathematical model
for PV module with explicit I —V characteristic equation and
its extension to other environmental conditions. The results for
modelling of the PV module KC200GT with the proposed
approach and a comparison with other PV modelling methods
are discussed in Section IV. Finally, the conclusion is drawn
in Section V.

I1.  Diodes Equivalent Circuits

The mathematical I —V characteristic equation for a
typical PV module is highly nonlinear. Utilization of
equivalent circuits consisting of diodes is the most common
approach for I —V modelling. In this regard, single-diode
model, double-diode model, and three diode model are
presented. SDM is the simplest circuit with least amount of
accuracy. This model has five unknown parameters that should
be estimated for PV model identification. DDM with seven
unknown parameters has moderate accuracy and complexity
among these three circuits. Finally, TDM with nine unknown
parameters has the highest accuracy, but also the highest
complexity with respect to the other two circuit models. The
schematic representations of these circuit models are shown in
Fig. 1. The corresponding I —V characteristics for SDM,
DDM, and TDM are written in equations (1) to (3),
respectively [14, 16, and 18].

Vsl V4R
1= Iph - 101 <e aVe — 1) - T (1)
P
V4Rl V4Rl
1= Iph - 101 <e aVe — 1) - [02 <e azVe — 1)
V + Rl )
Rp

V4Rl V4Rl ®)
1= Iph - 101 <e aVe — 1) - [02 <e azVe — 1)

V+Rsl V + Rl
(e ) -

p

where I and V are output current and voltage of the PV
module. Iy; and a; are saturation current and ideality factor
of the it" diode (i = 1,2,3). L,, is photocurrent, R, is
series resistance, and R, is parallel resistance. Also, V, is
thermal voltage which is proportional to module temperature
and number of series cells in the module. Despite accuracy and
complexity of these circuit models, they have some common
disadvantages. First, all the three equations are expressed in
implicit mathematical forms with respect to current and
voltage variables. Moreover, these equations generate
nonlinear in parameters models for the PV module. Hence,
model identification, parameter estimation, and I—V
extraction are complicated to achieve by these equivalent
circuits.

For the SDM in equation (1), an explicit relation between
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current and voltage was expressed as follows [22]:
%4
I=g(V)=———
IV =% ¥,

Rp (Rslph+R5101+V)>

Rs[olRpeXp< a1V¢(Rs+Rp)

w a,V;

a1Ve(Rs+Rp)

4)

Rs
Rp(101 + Iph)
R; +R,

where W(.) is Lambert W-function. It is obvious that relation
(4) is complicated and difficult to use, in practice. For example,
calculation of the voltage at MPP (1;,,,) is relatively difficult
to achieve as shown in [23]. Moreover, to the best of author’s
knowledge, no explicit mathematical equations are derived for
DDM and TDM.

AN
(a) R, *
(b) MARE

I (T) D, D, R,.§ v

~
+

| A

(¢
L D, s A 4 R,é v

Fig. 1. Equivalent circuits of a PV module: (a) SDM, (b) DDM,
(c) TDM.

I11.  Piecewise Quadratic Function

Here, a novel approach is presented to generate a
mathematical model for PV module with explicit and linear in
parameter [ — V' characteristic equation.

In order to establish the I —V curve equation, the
experimental data have to be collected from the PV module
from zero voltage (short circuit condition) up to its open circuit
condition. Since MPP condition is the most significant
operating point of the PV module, more data should be
allocated to the neighborhood around this point. In general,
maximum power extraction is a concerning challenge for
researchers due to uncertainty of renewable energy sources,
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complex operational constraints, and non-convex cost
functions [31].

To generate an explicit and precise I —V characteristic
equation, the whole operating conditions of the module are
divided into four different ranges. The first interval is related
to zero voltage up to 0.8V}, which can be shownas 0 <V <
0.8V},,. The second interval can be considered as 0.8V, <
V < 0.95V;,,. The third interval consists of MPP and has the
highest density of the collected data as 0.95V;, <V <
1.05V;,,. The last interval is started from zero and ends at 1,
which can be shown as 1.05V},,, <V < V. For each interval
(i), a quadratic polynomial function (f;) is fitted to the
corresponding experimental data by linear regression analysis,
which can be written as:

L=fWV)=aqV?+bV+c,i=1,2734 (5)

Here, ordinary least square method can be applied to
estimate the unknown constant coefficients a;, b;, and c;
(for i =1,2,3,4). The ordinary least square formula is
written as [32]:

0; = (XIX) Xy, i=1234 (6)
where 6; is vector of unknown constants, X; is a known
regressor matrix and y; is the measured output vector. By
applying equation (6) into equation (5), the constant
coefficients a;, b;, and ¢; can be achieved as:

n; 1~ n; .
ZVJZL Z[]l
1 j=1 j=1
C; ng ng ng ng
| = 2 3
H =12V 2V Q| (Vi) )
=1 j=1 j=1
n
i
1

. .
3 4
Vi z Vi
j= =1

ng

n; Z Vi

j=

<

[y

)=
i=123,4

where n;, V;;,and [;; are the number of data points, voltage,
and current values in the " interval, respectively. Hence, the
corresponding piecewise quadratic function can be obtained
as:
i), 0<V <08V,
f2(V), 0.8V, <V <095V,
1= =1cw), 095y, <v<105h, @
(), 1.05V, <V <V,

The main advantage of the least square technique is fast
unbiased convergence of the estimated parameters with the
lowest variance as verified in [32] for the case of uncorrelated
error vector. Therefore, a precise I —V characteristic model
is achieved, explicitly and with linear in parameter from.

A. MPP of Explicit Characteristic

If one considers the power-voltage (P — V) curve at uniform
environmental condition, then, there will be a unique MPP.
This point is highly desirable and multiple maximum power
point tracking (MPPT) algorithms have been implied to extract
maximum power form the PV system [33]. At the voltage in
which the maximum power occurs, the derivative of power
with respect to voltage is zero. In the derived model, the MPP
is located in the third interval which is related to f5 (V). Hence,
the voltage value at MPP can be achieved as:

dpP_d(Vx f3(V)) dfs(V) _
av - dv v

By substitution of f;(V) = azV? + b3V + ¢; in equation

(9), we have:

=f(VN)+Vx 0 ©)

3a3V? +2b3V +¢c3=10 (10)

Hence, the voltage at MPP can be easily obtained by
analytical solution of quadratic polynomial function in
equation (10). Finally, by substitution of the calculated V,,,, in
f3(V), the maximum power current (,,,) will be achieved.
This easy computation of 1, is not comparable with the
analysis performed in [23] which considered SDM relation in
(4) to obtain V,,,, forthe I —V curve.

Unlike circuits’ models which have infinite responses for
their parameter estimations problem, here, there is only a
unique response. Moreover, the proposed piecewise model
guarantees only a unique MPP for a uniform environmental
condition.

B. Extension to Other Environmental Conditions

In general, the I—V characteristic will be changed
according to the variations of G and T . The proposed
approach for developing an explicit I —V characteristic can
be easily applied at any environmental condition in real time.
In other words, one should collect the data from zero to V.
with higher data density around the MPP. Then, dividing the
whole voltage working condition into four intervals as in
equation (8). Assign a quadratic function to each interval as in
equation (5). Finally, the constant coefficients for each interval
can be obtained by equation (7). Also, it is possible to achieve
the corresponding V,,,, by solving equation (10). Although
this procedure results in a precise and explicit model at any
environmental condition, it may not be acceptable for high rate
applications such as MPPT. Moreover, this procedure requires
to stop the PV module from working at its regular condition to
collect the data, which is not desirable.

The ANN is an efficient approach for updating the estimated
coefficients in real time ambient condition as shown in Fig. 2.
More specifically, the real experimental data have to be
collected for an acceptable wide range of environmental
condition offline during a total year. Then, a separate
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piecewise quadratic function should be assigned for each
weather condition according to equation (8). Finally, the ANN
should be learned through collected data to realize a black box
modelling between G and T as inputs and polynomial
coefficients as outputs. This lead to a reliable I -V
characteristic model which is applicable for all the
environmental conditions. It should be noted that effectiveness
of the learned network is related to the reliability, accuracy,
and diversity of the collected data.

Ci

Output Layer
Hidden Layers

Fig. 2. Schematic representation of the ANN to achieve the
model’s coefficients for the real G and T values.

A block diagram is provided in Fig. 3 for better
interpretation of the established PV model with explicit I —V
characteristic based on piecewise quadratic function.

V. Results and Discussions

Without loss of generality, the popular KC200GT module is
considered to validate the effectiveness of the proposed
method. It should be noted that this modelling approach can be
applied to other PV modules in a similar manner. All the
simulations and implementation of the proposed algorithm are
developed in MATLAB environment.

First, the experimental data are extracted from module
KC200GT at STC. The corresponding data points and the three
key working conditions (open circuit, short circuit, and MPP)
are illustrated in Fig. 4. It can be observed from this figure that
more amount of data is collected in the neighborhood of MPP
due to its importance.

All the four quadratic polynomial functions are derived
according to the least square technique in relation (7). For the
module KC200GT these functions are achieved as:

fiV) = —44 x 1076V? — 0.0013V + 8.2092
f2(V) = —0.0154V% + 0.6487V + 1.3104
f3(V) = —0.0663V? + 3.1901V — 30.4071
f(V) = —0.1639V?2 + 8.5790V — 104.84

1)
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Collect I and V dataat STC from V = 0 upto
V = V,. with high data allocation around MPP

\4

The operating condition is divided into four
different intervals as:
interval#l 0=<V <08,
interval#2 0.8V, <V < 0.95V,,
interval#3  0.95V,,, <V < 1.05V,,
interval#4  1.05V,,, <V < V.

\4

For each interval, a quadratic polynomial function
(equation (5)) is fitted to the corresponding
experimental data by linear regression equation

v

The coefficients a;, b;,and ¢; for i =1,2,3,4
cab be achieved from equation (7)

A4

The corresponding piecewise quadratic model can
be obtained as in equation (8)

\4

Measure G and T variables

A4

ANN structure

Output Layer
Hidden Layers

I

The updated constant coefficients a;, b;, and c;

are achieved for real environmental condition

\ 4

The voltage at maximum power (1;,,,) can be
obtained by analytical solution of quadratic
polynomial function in (10).

Fig. 3. A simple block diagram of the proposed piecewise
quadartic model with an analytical procedure to find MPP
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The established model in equation (11) can be easily
generated in MATLAB by the command “polyfit(Vi,li,2)”
where Vi and li are measured voltage and current data at the
interval number i (i=1,2,3,4).

These polynomial functions are depicted in Fig. 5 for the
whole operating condition, i.e., 0 <V <V, . This figure
verifies that each quadratic function has desirable performance
at its corresponding voltage interval.
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Fig. 4. Experimental data from I —V characteristic of module

KC200GT at STC.
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Fig. 5. Four extracted polynomial functions for the total
operating condition 0 <V < V..

By considering each polynomial at its own extracted interval
from equation (8), the derived I —V characteristic can be
obtained as it is illustrated in Fig. 6. It can be observed from
this figure that a reliable model is achieved for the PV module
all over its operating condition. To quantitatively verify the
effectiveness of the proposed model, the root mean square
error (RMSE) between the simulated current () from equation

296

(11) and the measured experimental current (I,,,) is calculated
as [19]:

Wyl = 1)
N
where N is the number of total experimental data. For the
corresponding KC200GT module, we have RMSE = 0.0068
which is a very small value.

(12)

RMSE =
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Fig. 6. Explicit piecewise quadratic function for I —V
characteristic at STC.

In order to investigate the preciseness of the proposed
explicit function at MPP, the P —V curveisillustrated in Fig.
7. For quantitative investigation, the third quadratic function
(fs(V)) which consists of MPP is considered again. It can be
concluded from equation (10) that —0.1989V? + 6.3802V —
30.4071 = 0. By solving this quadratic equation for V, the
maximum power voltage is achieved as V;,, = 26.2546 V.
Substitution of the calculated 1, in f;(V) results in
obtaining I, = 7.6468 A. These calculated values are very
close to the real values specified in the module’s datasheet.
Hence, the results show the effectiveness of the proposed I —
V' curve model at MPP.

A. Comparison with Other Methods

In order to verify the capability of the proposed approach, a
comparison is provided with some recent methods including
SDM [13], DDM [15], and TDM [19]. First, the generated I —
V. curve from each method and the corresponding
experimental data for the module KC200GT are illustrated in
Fig. 8.

According to Fig. 8, for V < 1,,,,, the proposed method and
the SDM has the best performance while the proposed method
is still slightly better. The performance of the TDM is worse
than SDM and DDM has the worst behavior for lower voltages.
In the neighborhood of MPP, the proposed method and TDM



297

has the best fitness with experimental data. However, the
proposed approach shows slightly better fit with measured data.
After these two methods, DDM has a better performance
compared with SDM. Interestingly, all the four approaches
have a desirable performance at the MPP itself. However, it
should be noted that achieving MPP can be easily
accomplished analytically by the proposed method (equation
(10)). On the other hand, analytical calculation of MPP in
SDM is relatively complicated and it is almost impossible for
DDM and TDM. For V >1V,,, the piecewise quadratic
function has the best modelling potential. After the designed
approach, TDM and DDM has reliable performances,
respectively. Finally, SDM has noticeably the lowest accuracy
among all the four modelling methods.
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Fig. 7. Explicit piecewise quadratic function for P — V
characteristic at STC.
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Fig. 8. Comparison between different approaches for I —V
characteristic at STC.

From the above discussion, one can conclude that the
proposed method represents more reliable and accurate model

Explicit and Accurate 1-V for Photovoltaic Modules/Moshksar

with respect to circuit models at all operating conditions. For
better insight on the performance of each method some
quantitative and qualitative analyses are provided in Table 1.
The quantitative indices are RMSE, maximum absolute current
error (CMAE), maximum absolute power error (PMAE),
maximum absolute current error at MPP (CMAE-MPP), and
maximum absolute power error at MPP (PMAE-MPP). The
qualitative indices include number of unknown parameters,
linearity of model with respect to parameters, rate of modelling,
complexity, and reliability.

TABLE1 COMPARISON BETWEEN DIFFERENT PV
MODELLING APPROCHES

Comparison Proposed DDM TDM
indices method  SPM[81 g [19]
RMSE 0.0068 0.1777 0.0628 0.0189
CMAE 0.0187 0.5151 0.1208 0.0554

CMAE-MPP 9.7e-04 0.0077 6.7e-04 3.2e-05
PMAE 0.5298 15.7651 3.8250 1.6962

PMAE-MPP 0.0255 0.2017 0.0176 8.4e-04

Parameters

No. 12 5 7 9

Complexity Very low Low High \h/gr{

Convexity Yes No No No
Simulation . Very
time Very low Low High high
Linear in Yes No No No
parameters

It can be observed from Table 1 that the piecewise quadratic
model has the highest accuracy among all the other methods
considering the whole operating condition. However, at MPP
specifically, DDM and TDM lead to more accurate model. But
as previously discussed, analytical calculation of MPP from
DDM and TDM is almost impossible. Hence, this specific
preciseness is ineffective in practice.

From qualitative points of view, the proposed approach
results into a model with very low complexity regardless of its
12 number of unknown parameters. Unlike the circuit models,
the piecewise quadratic model is represented linear with
respect to its parameters. Hence, it is easy to obtain the
unknown parameters with common techniques such as linear
least square. By the assumption of the known parameters, the
simulated I —V curve from the piecewise quadratic function
can be rapidly generated in MATLAB environment. However,
numerical simulation of I —V curves for circuit models is
much slower. Therefore, the piecewise quadratic model is
highly desirable for real time applications of PV systems such
as MPPT and fault detection. Moreover, the solution of
estimated parameters for the proposed method is unique. On
the other hand, all the circuit models lead to non-convex
problems for their parameters’ estimations. In other words,
they all have non-unique solutions. Hence, the piecewise
quadratic approach results in more reliable PV model with
respect to equivalent circuits.
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V. Conclusions

It is important to generate precise and simple model for a
typical PV module. This task can be accomplished by using the
measured data form [ —V characteristic. Although the
equivalent circuits are popular modeling approaches, they
result in models with an implicit mathematical structure and
nonlinear in parameters forms. Hence, this leads to a highly
complex, nonlinear, and non-convex model, in which the

unknown parameter estimation is difficult and time consuming.

These disadvantages may reduce the application of these
equivalent circuits, in practice.

In this work, a piecewise quadratic function including four
different quadratic functions is generated from the measured
I —V data at standard test condition (STC). The interval of
each quadratic function is selected such that, the derived model
is accurate and relatively simple. One of the intervals is
allocated only to the MPP and its small neighboring. Hence,
the generated model has high reliability at MPP and it is
suitable for model-based maximum power point tracking
algorithms. Moreover, the extracted model has high
preciseness in all other operating conditions, verified
by RMSE = 0.0068. Besides, the generated model has an
explicit mathematical structure where all the parameters
appear in the linear mathematical form. These advantages lead
to a model which is desirable for maximum power point
tracking, monitoring, and fault detection. Finally, one
suggestion was provided to extend the derived model to the
other ambient conditions through utilization of ANN.
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This paper presents a new design of a minimum phase high step-up DC-DC
converter with a fast dynamic response for renewable energy systems. In addition
to the common ground sharing between the input and output ports, the proposed
converter draws a low ripple current from the input source, prolonging the input
source's life cycle. Moreover, eliminating the right half plane zero from the
control to output transfer function enables the converter to provide fast dynamic
responses. Moreover, low voltage stress across the circuit components, simple
structure, and low EMI are other merits of the suggested topology. Theoretical
analysis, including the principle of operation, the mathematical calculation for
steady-state operation, and small-signal modeling derivation, are clarified in
detail. At last, to verify these analyses and the mentioned features of the proposed
converter, a 25V input voltage, 100V output voltage and 100 W output power
with 50 kHz switching frequency laboratory prototype has been implemented,
and the main experimental results have also been outlined.

NOMENCLATURE
T TIME DURATION OF A SWITCHING CYCLE
fs SWITCHING FREQUENCY
D DUTY CYCLE OF THE POWER SWITCH
Tik TOTAL PARASITIC RESISTANCE OF COUPLED INDUCTORS

Tpo(i)» VFDo(i) THE ITH DIODE PARASITIC RESISTANCE AND VOLTAGE DROP

ton»tors THE SWITCH TURN-ON AND TURN-OFF TIMES
7, PARASITIC RESISTANCE OF THE INPUT INDUCTOR L
Tew THE ITH CAPACITOR PARASITIC RESISTANCE

l. Introduction

researchers have paid ever-increasing attention to promising
renewable energy sources such as wind and solar power and
their penetration into the power grid [2-4]. Although solar

Global warming has been seen as an accelerating issue over
the past decades that only gets worse. Needless to say, burning
fossil fuels and the released greenhouse gases are the primary
causes of this trend [1]. As a result of this worrying trend,

power is the most convenient renewable power source across
the planet, photovoltaic (PV) panels cannot be directly
connected to the utility grid since their output voltage is much
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lower than the utility grid's demanded voltage. Hence, PV
panels need an interface to inject their power into the power
grid [5-7]. Conventional Boost Converter (CBC) is the most
prevalent choice for step-up applications due to its simple
structure and easy control. However, CBC suffers from
multiple drawbacks, such as high voltage stress on its
semiconductors, limited voltage gain, and low efficiency. To
overcome these problems, extensive research has been done to
report numerous DC-DC converters capable of realizing high
efficiency and high voltage gain without extreme voltage stress
across their semiconductors [8-12].

On the other hand, fast dynamic response is vital for many
applications, namely portable electronic devices, DC
microgrids, energy storage systems, and especially
transformation electrification [13, 14]. In view of the fact that
CBC's control to output transfer function has a Right-Half
Plane Zero (RHPZ), it is a non-minimum phase system.
Subsequently, many efforts have been put into improving the
dynamic response of step-up DC-DC converters.

A damping network has been employed in several structures
to eliminate RHPZ. These converters add a series Resistance-
Capacitance (RC) to their structure to move the RHPZ to the
left-hand side, hence improving the dynamic response of the
converter. A damping network was added to the diode-
capacitor-based boost and buck-boost converters to avoid the
RHPZ in their structures [15]. Apart from the lack of common
ground sharing between the input and output ports and the
discontinuous input current of the buck-boost converter, both
suffer from low voltage gain and low efficiency. In [16], a
bidirectional switched capacitor DC-DC converter was
reported, which uses a damping network to exclude right-half
plane zero from its control to output transfer function. Also, a
dual output AC/DC hybrid converter with a damping network
was introduced in [17] to obtain minimum phase characteristic.
All the same, the voltage gain is equal to the conventional
buck-boost converter. On the other hand, using the RC
networks leads to power losses in these converters, and the
lack of high efficiency is a significant setback.

Complex control approaches have been used to realize
minimum phase behavior for DC-DC converters. Time-based
control technique was applied to CBC in [18] to remove the
RHPZ and modify the dynamic response of the converter. The
sampling position approach in a dual-loop digital average
current mode controller was implemented to cancel the RHPZ
in CBC [19]. Another method named Passivity-Based Control
(PBC) was proposed and applied to CBC in [20] for better
dynamic response. Yet, the non-minimum phase characteristic
of CBC and Z-source converter was tackled with Active
Disturbance Rejection Control (ADRC) and cascaded sliding
mode controller in [21] and [22], respectively. Despite
improving the dynamic response using advanced controllers,
the power circuit of CBC and Z-source converter still faces
several challenges, including limited voltage gain, high

voltage stress across semiconductors, inefficient energy
conversion, etc. The performance of the general predictive and
linear controllers in overcoming the non-minimum phase
feature of a multi-input boost converter [23]. This
investigation confirms that General Predictive Control (GPC)
accomplishes ~ faster ~ dynamic response  and  more
robustness than linear controller.

Researchers have addressed removing the RHPZ by
changing CBC's structure and turning it into Tri-state
converters [24, 25]. These converters add a power switch and
a diode to CBC to cancel the right-half plane zero from their
control to the output transfer function. However, these
structural modifications cause the ripple in the input current to
rise. Hence, [26] offered an interleaved-based tri-state boost
converter to tackle this issue. Nevertheless, with these
enhancements, the voltage gain of these converters is still
constrained, rendering them improper for high voltage gain
demands. Similar to tri-state converters, a third-order boost
converter was also introduced to increase voltage gain
conversion [27]. But, the input and output ports do not share a
common ground. Besides, due to the high ripple input current,
the converter falls short of the imperative specifications for
practical applications. Employing coupled inductors is another
approach to cancel out the RHPZ in DC-DC converters. This
technique was implemented in [28] for eliminating the RHPZ
since it can establish a path from the input source to the output
load when the main switch is in its ON state. Despite
possessing a fast dynamic response, the converter has a voltage
gain equal to CBC and employs a damping network, resulting
in efficiency degradation. Three inductors were coupled in
[29] and [30] to limit the input current ripple while transferring
the RHPZ to the left-hand side. Like the converter in [28], the
restricted voltage gain deteriorates the overall performance of
the converters. Furthermore, the low coupling coefficient is
another drawback that leads to energy loss of magnetic
elements and construction complexity. To attain the
requirements for high step-up voltage gain, coupled inductors
have also been utilized to acquire simultaneous minimum
phase feature and high voltage conversion ratios in several
DC-DC converters [31-34]. By making a forward path from
the input source to the output load during the ON time of the
power switch, the boost-forward converter in [31] can offer
minimum phase characteristic and higher voltage gain
compared to all the previously mentioned converters. However,
the input current ripple is large, reducing the input source's life
span. The voltage gain was improved by utilizing switched
capacitors and coupled inductors in the reported converters in
[32, 33]. Despite improving voltage gain, the high input
current ripple drawback still persists. To resolve the high input
current ripple problem, an interleaved-based converter was
proposed in [33]. Whilst the converter offered a lower input
current ripple compared to [31], the ripple is still high due to
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using an asymmetrical structure of the coupled inductors [35,
36].

Juxtaposing all the pros and cons of the above-mentioned
minimum phase converters, none can provide high voltage
gain while drawing a low ripple current from the input source.
Hence, the primary novelty of this paper is the proposal for a
minimum phase DC-DC converter by combining boost
forward [31] and conventional boost converter. In addition to
the fast dynamic response, high voltage gain, low ripple input
current, and common ground sharing between input and output

ports are other merits of the presented converter. Thanks to
these characteristics, the new converter is compatible with
many applications.

The remainder of this paper is organized as follows: Section
11 describes the operation principles of the proposed converter.
Voltage and current stresses have been derived in Section Il1.
Section IV represents the small-signal modeling process.
Performance comparison is introduced in Section V.
Experimental results are discussed in Section VI. Lastly,
Section VII concludes the paper.

Il.  Principles of Operation
The proposed converter is comprised of one power switch
S, one inductor L, two diodes D,,, and D,,, three capacitors
¢y, C,; , and C,, and two coupled inductors N, and N,.
The proposed converter equivalent circuit is shown in Fig. 1.
The voltage and current associated with each element are
shown separately.

With the object of simplifying calculation for steady-state

analysis, the below assumptions are taken into account;

1) The capacitors' voltage is considered constant during
one switching cycle.

2) All the circuit elements are ideal. Hence, the power
switch's turn-on resistance, diodes' voltage drop during
on state, and parasitic resistances of the capacitors and
inductors are ignored.

3) A transformer with a leakage inductance L, and a
large magnetizing inductance L,, is used to model the
coupled inductors.
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Fig. 1. The proposed converter.
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Fig. 2. Key waveforms of the proposed converter in a
switching cycle.

4) The proposed converter operates in Continuous
Conduction Mode (CCM).

Fundamental waveforms of the proposed converter are
drawn in Fig. 2. The proposed converter has two operational
stages. They are described in detail below.

Mode 1 [t, — t;]: At t =t, switch S isturned ON by the
driving circuit, and the diode D, is turned OFF. The input
voltage source V;, gives energy to the inductor L. At the
same time, the capacitor C; together with magnetizing
inductance L, charge capacitor C,, and the output load
through the coupled inductors and diode D,,. Moreover, the
output capacitors C,; and C,, supply the load at this time
interval. The following equations are derived for this
operational stage.

V, = Vi (D
Vik = —Vioz + nV¢q 2
Vim =Vea (3)
Vo = Veor + Voo 4
I = Icoz + 1, Q)

Mode 2 [t; — t,]: At t =t; switch S is turned OFF by
the driving circuit, and the diode D,, is turned OFF. Besides,
diode D,, isturned ON. Accordingly, the stored energy in the
inductor L is released to magnetizing inductance L, ,
capacitor C, and capacitor C,;. Like the previous mode,
output capacitors C,; and C,, supply the load. The
following equations are derived in this operational stage.

Vi =Vin —Vcor (6)
Vo = Veo1r + Veoz (7
Vin = Ver = Veor (3
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Fig. 3. Equivalent circuit of the proposed converter in a
switching cycle (a) Mode 1 and (b) Mode 2.

Ipor = I + Icor )
The equivalent circuits for both operational stages are
depicted in Fig. 3.

I11.  Steady-State Analysis of the Proposed
Converter
A. Voltage stress across circuit elements

This section calculates all the elements' voltage stresses.
Then, the voltage gain of the converter is derived. Since the
input voltage source, input inductor L, magnetizing inductor
Ly, and capacitor C; make a loop, the average voltage across
the capacitor C; is equal to the input voltage;

VCl(avg) = Vin (10)
Hence, the voltage across the capacitor C,, is derived as
Veoz = nVip (11)

in which n = % is the turns ratio of the coupled inductors.
1

Moreover, by applying the volt-second balance law to the input
inductor L, the below equations can be written.

DT T
[ Vit + [ W= Veodae =0 (12)
0 DT

Vin (13)

Veor =
Now, from (11) and (13), the voltage gain of the proposed
converter equals (14).

Moot (14)

Vin 1-D

One can see that the voltage gain of the converter can be
controlled by both the duty cycle of the power switch and the
turn ratio of the coupled inductors.

B. Semiconductor's voltage stresses

From operational principals, the power switch S and diode
D,, should tolerate a voltage equal to V., during their OFF
state. As a result, their voltage stresses are calculated as

i (15)
1-D

And the voltage stress of the diode D,, can be written as

(16).

Vpor = Vs =

Win_ (16)
1-D
C. Current stress analysis of circuit elements

Notably, the proposed converter's power losses and the
inductors' current ripple are ignored to facilitate current stress
analysis. Now, the average current of the input inductor L can
be expressed as

1

ILl(avg) =MlI, = <m+ Tl) 1,

Additionally, by applying the charge-balance law to the
capacitor C,,, the following equations are obtained.

Vboz = Veoz = V2 =

(17)

DT T
f —Lydt+ | (I, =1l —1,)dt=0 (18)
0

DT
ILM(avg) =nl, (19)
Given the above equations and doing some mathematical
calculations, the average, maximum, and Root Mean Square
(RMS) currents of the power switch and diodes are acquired as

Iy = Do (725 + ) (20)
IDol(avg) = 1D02(avg) =1, (21)
= o5 @
Ipo1(max) = 12_IOD (23)
Ipoaman) = 2 (24)

D 2n 4n? (25)

I =1 —
S(RMS) °J(1—D)2+1—D+ 3D

7
Ipo1rms) = Io ,m (26)

21
IDoZ(RMS) = —,—3:) (27)
Finally, the RMS currents of the leakage inductance and the

capacitors are given by

4—-3D 28
I = Icirus) = 1, 3D (28)
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(29)

ICol(RMS) =1,

(30)

ICOZ(RMS) =1,

The voltage gain of the proposed converter as a function of
the duty cycle at multiple turns ratio is illustrated in Fig. 4.

Likewise, the power switch's normalized RMS current by
considering various turn ratios is shown in Fig. 4. As
evidenced, the voltage gain has a straightforward relation with
both the duty cycle and turns ratio of the coupled inductors. On
the contrary, the normalized RMS current of the power switch
decreases as the duty cycle increases. Meanwhile, the coupled
inductors' turn ratio limits the falling rate.

IV.  Small Signal Modelling

This section explains the small-signal modeling process and
its mathematical derivation. Since DC-DC converters contain
nonlinear elements, such as switches and diodes, they are
inherently nonlinear systems. Hence, the proposed converter's
Nonlinear Time-Variant (NLTV) model is transformed into a
linear time-invariant (LTI) model by employing the State
Space Average (SSA) method.

Moreover, it is essential to note that the voltages across the
capacitors and the currents through the inductors are
considered state variables. In the interest of using the SSA
method, differential equations associated with each mode, with
the help of Kirchhoff's Voltage and Current Laws (KVL and
KCL), are written as

Mode 1:
dip, _ —riiL | Vin
S _ TTLW 4 Zin 31
dt L + L (31)
diLM — Vﬂ (32)
dt Ly
dvcy _ —ipm  n®DTs nDTs
% = o T Vet T Veoz (33)
1 kC1 kC1
5 T T T T 115
1
45 I.-_ _-_-ISWRMS/Iin (=1) i
1i = !
S e I ems/ln =2) f
1

— .
IszMS/Iin (=3) ]

—M (n=1) I 1o

@
o
T

w
T

Normalized RMS Current I /1.
SW "in
Voltage Gain

L L L L I L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Duty Cycle (D)
Fig. 4. Voltage gain and switch's normalized RMS currents
for various coupled inductors turn ratio.
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dvcor - _ (wco1tvcoz) (34)
dt RCo1

dvcoe2 _ nDTs VCo1 1 DT

— == Ver — - +——) Vo2 (35)
dt LkCo2 RCop2 RCo2 LkCo2

Mode2:

dip _ ZTiiL _ Yeor + Vin (36)
dt L L L

ditM _ Vc1 _ Vcor @7)
dt Ly Ly

dvcr _ _ M (38)
dt ¢,

dvcor _ i, im _ (Wco1tvcoz) (39)
dt Co1 Co1 RCopq

dvcoz - _ (Wco1tvcoz) (40)
dt RCo>

The closed-form of the state equations can now be written
by applying the time weight coefficients of every operational
stage to equations (31)-(40) as follows.

{X‘ = Ax + Bu (41)
y=Cx+Eu

in which x,y, and u are the state variables, the output
voltage, and the input matrix, respectively. Additionally, the
final form of A, B, C, and E are expressed as

A
[Tt o 271 0
L L
0 0 1 D—-1 0
Ly Ly
-1 —-T,D?*n? T,D?n
=| o — —— 0
G CiLy CiLy
1-D 1-D 0 -1 -1
Col Col RCol RCol
0 0 T.D%*n -1 (RT,D? + L)
COZLk RCOZ RCOZLk
(42)
T [1
BT =0 0 0 0] (43)
c=[0 0 0 1 1] (44)
E=0 (45)

with the help of the following equations, the steady state
value of all the variables can be determined as follows.

1
I = — (46)
L (n;— 1_ 13) 0
in — TLiL
Verr = =5 )
Ver =@ = D)Veor (48)
_ LkVC01 - RTSDZnVCl (49)
VCOZ - 2
RT,D? + L,
_ TsD*n(Vgop — nVe1) (50)
M= L

Moreover, a comparison has been made to validate the
modeling accuracy between the circuit's and model's responses.
The result is depicted in Fig. 5. As shown, there is a step
change in the input voltage value, from 50V to 60V at t =
0.05s, in which both responses have a wise agreement.
Accordingly, the converter's model is valid for further analysis.
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Fig. 5. Circuit's response and model's response comparison.

A small signal model is required to extract the conditions
that make the proposed converter behave like a minimum-
phase system. As a result, small ac perturbations (negligible
compared to steady-state values) are added to the DC values of
the state variables, the input voltage, and the duty cycle. These

added ac perturbations with the """ sign and the DC values in
capital form are summarized in (51).

x=X+% |21"1X] (51)
{ d=D+d with{ |d|"ID|
Vin = Vin + Oin 1Din]"|Vin|

After applying (51) to (31)-(40), doing some calculations,
and linearizing the model at the operation point via using (46)-
(50), the small signal model of the proposed converter is
determined as follows;

{fc = AR + Bl (52)
y=Cex + ESll

Where As is:
[ _TL 0 0 D - 1 0 T
L L
0 0 ! b-1 0
Ly Ly
-1  -T,D?n? T,D?n
0 — 0
G CiLy CiLle
1-D 1-D 0 -1 -1
Cor Cor RCyy RCyy
. . T.D>n -1 (RT,D? + L)
i Coslr  RC,, RCpolp
(53)
B,"
1 0 0 0
|z (54)
“Weor Veor 2TsnD[Vegp — V4] _ I+ 1y
L Ly CiLy Cor

CG=[0 0 0 1 1] (55)

E;=0 (56)

Q= [Uﬁ"] (57)
d

T =0 Gw Yo Veor Vcosl (58)

Hence, by employing the Laplace transformation, the
control-to-output transfer function G,,, is obtained as

v,

Gvod(s) = ED = CS(SI - As)_lBs + Eg (59)

Using (59), the control to output transfer function G,,,; can
be rewritten as (60).
P Uy ays*+azs® +aps’+as+ag (60)
vod 0 7 bgs5 + bys* + bys3 + bys? + bys + by

From (60), the control to output transfer function has four
zeros and five poles. To force the converter to function like a
minimum phase system, all the zeros should be placed on the
left-hand side of the s-plane. As a result, the Routh-Hurwitz
condition must be met by coefficients a, — a,. The following
conditions are produced when the coefficients a; —a, are
subjected to this criterion.

a, >0,a; >0,ay > 0,a,a; —a,a,
Ay03 — AyQq
>0,a4 [—] —aga; > 0(61)
as

Fig. 6 (a) sketches the pole-zero map of G4, by employing
the parameters in TABLE 1 at various output loads. Obviously,
the system does not have any right-hand side zeros after
considering the conditions summarized in (61). Hence, the
converter benefits from the minimum phase characteristic.
This figure also demonstrates that zeros with relatively higher
frequency move considerably farther as the output load rises.
Conversely, high-frequency poles move toward the imaginary
axis as the output load increases.

Moreover, the area near the imaginary axis has been
enlarged for better understanding in Fig. 6(b). As seen, with
the output load increment, zeros and poles with relatively
lower frequencies are shifted toward jw axis. Finally, the
Bode diagram of G, is illustrated in Fig. 7 for different
output loads.

TABLE 1. OPERATING POINT'S SPECIFICATIONS OF THE

PROPOSED CONVERTER
Parameters Value
v, 25V
L,m 300pH, 22mQ
Ly (turnsratio = ny:n,) 460pH (1:2)
Ly 5uH
C1,Co1,Cyy 50uF, 68 WUF, 50uF
R 50-150 Q
fs 50kHz
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Fig. 7. Bode plot of Gyoq at various output loads.

V.  Comparison with Similar Converters

Since several studies about DC-DC converters with
minimum and non-minimum phase features have been
published, this section compares the proposed converter and
its counterparts comprehensively.

Firstly, the normalized voltage stress of the power switch is
compared for the proposed converter and DC-DC converters
summarized in Fig. 8. Based on Fig.8 (a), the normalized
power switch's voltage stress of [15]-boost, [32] and [33] are
lower than the proposed converter. However, these converters
suffer from high ripple input currents. Secondly, from Fig. 8
(b), the voltage gain of the proposed converter is higher than
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all the suggested converters except [12], [32] and [33]. It
should be noted that the reported converter in [12] is a non-
minimum phase converter and struggles with slow dynamic
response. In the case of normalized input current ripple, Fig. 8
(c) confirms that only the converter in [26] can offer a lower
input current ripple only for the duty cycle around 0.5.

2 ——— T & T T T
== [15]-Boost
—©— [15]-Buck-Boost
——1[17]
[25]-[26] and [28]-[29]

—v—1[27]
+++ @+ [31] and Proposed, n=2
== [32],n=2

° —3— [33],n=2
> —f—[12], n=2
=

01 02 03 04 05 06 07 08 09
Duty Cycle (D)

@)

10 T T
—+—[15]-Boost H
—&—[15]-Buck-Boost ¥ 4
——[17] N

[25]-[26] and [28]-[29] 4
——[27] g

-+ Ref [31] and The Proposed Converter, n=2
—>—[32], n=2
- = —[33],n=
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©
Fig. 8. Comparison with other minimum phase converters (a)
Normalized voltage stress of the power switch, (b) Voltage
gain comparison, and (c) Normalized input current ripple
comparison.
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TABLE 2 COMPARISON WITH OTHER SIMILAR CONVERTERS

Item Number of elements*
. @)
. Voltage stress on Highest voltage stress :
Voltage gain 2 NI ICR*™ @
MC C D S Ry T switch(es) on diodes i
*
Converter
Ref [15 - -
ef [15] 1+D 2 5 2 1 2 12 a-n, =Dy, Low x
Boost 1-D 1+D 1+D
Ref [15
ef [15] b 2 5 2 1 2 12 Yo e High *
Buck-Boost 1-D 2D 2D
Ref [17] D s 3 1 4 . 10 Yo Yo Low v
DC Part 1-D D D
Ref [25] % 1 1 2 2 - 6 v, v, High v
Ref [26] ﬁ 2 1 4 4 - 1 v, v, Low v
2—-D V v .
Ref [27] — 1 2 2 1 - 6 2 2 High x
1-D 2—-D 2—-D
1
Ref [28] 5 1 2 1 1 1 7 v, v, High v
Ref [29] % 1 3 1 1 - 6 v, v, Low v
Ref [31 1 12 2 1 6 L "o High v
ef[31] "t1°Dp ; n(l-D)+1 n(l-D)+1 9
n v ny,
Ref [32 1+ 1 3 3 1 - 8 —0 —0 High v
[32] 1-D 1-D+n 24+n-D .
2-D v, nV, .
Ref _— 2 1 - High v
er 3] "t1oD 8 3 o n1-D)+2-D n1-D)+2-D 9
(1+n)D V. A
Ref [12 — 2 3 3 2 - 10 g —_— L v
Pk (1-D)? n+1 (1+n)D o
Proposed 1 A nv,
_— 2 3 2 1 - 8 —_— —_— Low v
converter nt 1-D n(l-D)+1 n(l-D)+1

* MC= Magnetic core, C= Capacitor, D=Diode, S= Switch, R;=Damping Resistor and T= Total **ICR=Input Current Ripple, *** C.G= Common Ground

Otherwise, the proposed converter and the converter in [12]
have the lowest input current ripple among all the converters.

Moreover, the input and output ports of the converters in
[15] and [27] do not share a common ground, which limits their
applications. From an efficiency point of view, the converters
in [15] and [27] are not proper due to using damping
resistances in their structure. Although the reported converters
in [25], [27], [29], and [31] have the minimum number of
elements, the lack of high voltage gain or continuous input
current is their main drawback.

Juxtaposing all these comparisons, while converters with
higher voltage gain exist, the proposed converter is the only
one capable of simultaneously offering high voltage gain, low
ripple input current, and common ground features.
Additionally, the proposed converter provides these features
without using a high number of elements or compromising a
vital characteristic.

Moreover, Fig. 9 illustrates and contrasts the dynamic
response to an abrupt change in the duty cycle of the proposed
converter and converters in [31-33]. It is noteworthy that all
the converters deliver 100W power to the output load in this
comparison and employ coupled inductors in their structure.
Regarding Fig. 9, a sudden change in the duty cycle is applied

at t = 0.1s and the output voltage of the converters rises from
105V to 115V. While all the converters present relatively fast
responses, the responses of the proposed converter and the
converter in [33] are the fastest ones with lower oscillation,
unlike the converters in [31] and [32].

At the end of this section, the frequency response of the
control to output transfer function for the proposed converter,
the converter in [31], and CBC are drawn and compared in Fig.
10 using the parameters in TABLE 1. As can be seen, CBC has
a negative phase margin and a gain margin. Hence, it is
unstable. To make this comparison more straightforward, the
main parameters of the bode plot, such as phase margin, gain
margin, stability, and bandwidth of the studied converters, are
summarized in TABLE 3. Although the proposed converter

TABLE 3 DETAILED FREQUENCY RESPONSE

COMPARISON
Item CBC Ref [31] The proposed
converter
PM (degree) -47.9 90.2 90.3
GM (dB) -46.7 0 S
Stable x v v
Band Width (kHz) 2.24 5.1 354
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and the converter in [31] have similar phase and gain margins,
the proposed converter's bandwidth is less than [31].

VI. Experimental Results

Steady-state analyses are validated in this section using
hardware-based experimental results. TABLE 4 also presents
the laboratory prototype's elements and their values.

A 300 pH inductor is designed and implemented as the input
inductor L. The implemented magnetizing inductance in the
laboratory is 460uH. Fig. 13(a) sketches the applied pulse to
the power switch's gate and the input current waveforms. This
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figure also confirms the proposed converter's low input current
ripple characteristic. It should be noted that for the converter
to behave like a minimum phase system, the size of elements
should pass the criteria introduced in. The output voltage and
leakage inductance's current waveforms are indicated in Fig.
13(b).

Time domain waveforms of the power switch's voltage and
current are depicted in Fig. 13(c). Since the power switch's
voltage stress is about 50V, half of the output voltage, a power
switch with low Rpge,) can be chosen, resulting in lower

power loss and higher power conversion efficiency.
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Fig. 11. Dynamic response of the proposed converter.
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Fig. 12. Efficiency comparison of the proposed converter and
[31].

Corresponding voltage and current waveforms of the diode
D,, aredemonstrated in Fig. 13(d). Like the power switch, the
voltage stress across D, is far lower than the output voltage.
Besides, the measured voltage and current waveforms of the
diode D,, have been presented in Fig. 13(e). Even though the
voltage stress of the diode D,, is larger as compared to the
power switch and the diode D,,, it is not higher than the
output voltage. Finally, Fig. 13(f) displays the implemented
prototype of the converter.

Now, to corroborate the minimum phase performance of the
proposed converter, the converter's dynamic response for a
40% step change in the duty cycle is shown in Fig. 11. As can
be seen, the converter's output voltage does not have an
undershoot as the duty cycle changes from 0.38 to 0.53. The
efficiency of the proposed converter and the converter in [31]
for a vast range of voltage gains is illustrated in Fig. 12 with
the parameters outlined in TABLE 4. This figure reveals that
although the proposed converter has more elements, it can
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Fig. 13. Experimental results of the proposed minimum phase converter (a) Applied driving signal to the power switch and input
current waveforms, (b) Output voltage and leakage inductance current waveforms, (c) Voltage and current waveforms of the power
switch, (d) Voltage and current waveforms of the Diode Dos, (€) Voltage and current waveforms of the Diode Doz, and (f) Prototype

of the converter.

offer better power conversion efficiency over a vast range of
voltage gains compared to [31]. This sketch also approves that
drawing a high ripple current from the input source leads to
higher power loss. As a consequence of these results, the
proposed converter can be utilized in various renewable energy
applications and those requiring fast dynamic responses.

TABLE 4. HARDWARE SPECIFICATIONS.

Item Specification
Output Power 100W
Output Voltage 100V
Input Voltage 25V
Switching Frequency 50kHz
Turns Ratio 2
Coupled Leakage
Inductors Inductance SHH
(EE Magnetizing
42/21/15) Inductance 460 uH
Total Resistance 27mQ
Ly (T 184-52)/300 pH/ 1, = 22mQ

Capacitors ( €y, C,1, Cyp)
Power Switch (S)
Diodes

50 uF/65mQ, 68 uF/47mQ, 50
LE/65mQ
IRFB 4227 (Rps = 19.7mQ)
D,y  MBRL0100, (V; = 0.65V)
D,,  MUR 440, (V; = 1.05V)

VI.

Conclusion

This paper proposes a minimum-phase DC-DC converter by
making a path between the input source and output load.
Accordingly, the converter can eliminate the right half plane
zero inherently. Providing minimum phase feature and the
following advantages altogether is the main contribution of
this paper;

a) High voltage gain,

b) Low voltage stress across its semiconductors,

c) High power conversion efficiency,

d) Common ground sharing between its input and output
ports,

and e) low input current ripple altogether. Despite the
existence of converters with larger voltage gains, the proposed
converter provides a respectable gain while maintaining the
previously mentioned benefits. In addition, comprehensive
theoretical and mathematical analysis, including steady-state
analysis, small signal modeling, efficiency calculation, and so
forth, have been done to lighten the novelty of the proposed
converter. Aside from verifying the mentioned characteristics
of the proposed converter through the experimental results, the
presented comparison reveals its competitive features.
Combining all the advantages of the proposed converter, one
can inspect it as a proper choice for a vast range of applications.
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Concerning the increasing application of plug-in electric vehicles (PEVS), planning PEV
fast-charging stations (PEVF-CS) has become an important research topic. Regarding the
reactive power compensation capability, the optimal planning of PEVF-CS reduces
voltage deviation and power loss in the distribution network. Also, one of the basic
requirements for expanding electric transportation is the optimal placement of accessible
PEVF-CSs, considering the geographic information data. Therefore, the optimal
placement of PEVF-CS requires attention to different geographical criteria and power
distribution network constraints. In this sense, this paper aims to propose an approach
that integrates the Geographic Information System (GIS) technique, Multi-Criteria
Decision-Making (MCDM) method, and Mixed-Integer Nonlinear Programming to find
the optimal location of a PEVF-CS in Kabul city. The first stage is decision analysis
based on the GIS technique and the MCDM approach. The second stage is suitability
analysis of the power distribution network constraints to improve power quality. This
paper considers ten different suitability criteria, and the Technique for Order Preference
Similarity to Ideal Solution (TOPSIS) is applied to rank the different candidate locations.
The analysis identified Junction 4 as the optimal choice and demonstrated a significant
3.6% reduction in power loss during peak hours, decreasing from 1071 kW to 1032 kW.
These results demonstrate the effectiveness of our approach in optimizing PEVF-CS
placement to enhance power quality and reduce the power loss.

line H H

NOMENCLATURE S Set of lines in I?N.
i,j Index of buses in DN.

AHP Analytic hierarchy process. ¢ Index of time.
EV Electric vehicle. Gj — B;; Line conductance and susceptance.
GIS G‘?Ograf)h'c mforme}tmn system. _ cvor Penalty factor for voltage deviation ($).
MINLP Mlxe.d-lr-1teg.;er norﬂ.lnear pr(?grammlng model. CPloss Penalty factor for power loss ($/kWh).
MCDM Multi-criteria decision-making. cH Grid connection and AC/DC converter costs
PEV Plug-in electric vehicle. ($/MVA).
PDN Power distribution network. Pil‘t - Qil‘t Active/reactive power consumption of
PEVCS Plug-in electric vehicle charging station. . loads.

CcS H H
PEVF-CS  Plug-in electric vehicle fast-charging station. Piy Active power consumption of PEVF-CS.

. .. . l
TOPSIS Technique for order preference similarity to Pt‘,)ss ~ Power loss.
ideal solution. PIT¢ — Q¢ Active/reactive power of lines.

WLC Weighted linear combination. P —Q;r  Active/reactive power generation.
s Set of reference bus. S — Qf¢° Apparent/reactive power of PEVF-CS.
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Vi Voltage magnitude.
Ot Voltage angle.

All electrical quantities are stated per unit (PU).

l. Introduction

Environmental pollution resulting from burning fossil fuels,
combined with the depletion of fossil energy resources, has
compelled societies to focus more on transportation systems as
significant consumers of these fuels. One effective way to
decrease greenhouse gas emissions and dependency on fossil
fuels is through the expansion of electric transportation.
Advances in battery technology have significantly promoted
the adoption of electric vehicles (EVs). Some researchers
predict that EV production will soon overcome traditional
vehicle production in the automotive industry. Additionally,
improvements in rectifier design now enable EVs to function
as mobile power sources and reactive power compensators [1].
One essential factor in expanding and promoting EVs is the
availability of refueling infrastructure, specifically charging
stations. Adequate and accessible charging stations accelerate
the adoption of electric vehicles within transportation
networks and contribute to their global proliferation.
Therefore, the problem of determining the optimal location of
charging stations has attracted more attention. In planning
plug-in electric vehicle charging stations (PEVCS), mitigating
adverse impacts on the Power Distribution Network (PDN) is
crucial. Voltage stability, reliability, power loss, and power
quality are pivotal concerns due to the potential harm from
high EV penetration, which can affect grid performance [2, 3].
Various studies have addressed these challenges through
optimization models for site selection and sizing of charging
stations.

References [4, 5] propose models considering PDN
constraints in optimizing PEVCS placement and sizing.
Reference [4] integrates costs for distribution expansion, EV
stations, voltage regulation, and protective devices into the
objective function, preserving problem sensitivity and
ensuring a global minimum through convex preservation. The
results highlight the importance of voltage regulation and
necessary upgrades to protection devices under high
recharging demand. Reference [5] determines the optimal
location and size of PEVCS in a PDN while maintaining
stability conditions. The study analyzes the impact of PEVCS
on the PDN by examining active and reactive power losses,
power flow, and voltage deviation. Simulation results on the
IEEE 33 bus distribution system indicate that up to 200 EVs
can be charged without violating network constraints, and
adding distributed generators, preferably renewable, is
necessary to meet high EV demand while mitigating
environmental pollution. Reference [6] proposes mixed-
integer linear programming to optimize the sizing and
placement of EVCSs in a real distribution system. The
objective is to minimize the number of stations while meeting
EV owners' needs and PDN constraints.

Using real EV charging data from a Turkish distribution
network, the study validates the model's effectiveness through
various case studies. It highlights potential cost reductions in
installation and infrastructure upgrades while suggesting
future research should focus on managing peak power impacts
and utilizing ancillary services from EVs in distribution
systems. However, these studies do not consider driver
convenience in urban areas, which is crucial for EV adoption.

Reference [7] introduces a novel approach using stochastic
power flow analysis to optimize the siting and sizing of
PEVCSs, focusing on addressing uncertainties in power
systems, such as load fluctuations and EV integration impacts.
The model aims to maximize PEVCS investment returns by
minimizing average wait times and charging distances
prioritizing driver convenience. Additionally, it enhances
system voltage stability through dynamic system voltage
stability (DSVS) indices, demonstrating improved service
quality even under high EV penetration scenarios. Reference
[8] addresses the location planning of urban PEVCS and
battery-swapping stations, considering user behavior and
aiming to minimize total costs, maximize user satisfaction, and
reduce energy consumption in route to stations. A multi-
objective planning model is developed and solved using
YALMIP/CPLEX, dynamically analyzing key parameters to
determine optimal station locations. The results balance
charging and battery-swapping pressures, ensuring even
distribution and full utilization of facilities, thereby alleviating
user anxiety and promoting EV adoption. These efforts
demonstrate the importance of integrating technical and
economic considerations in planning PEVCSs to sustain PDN
performance. Yet they neglect the station's ability to
compensate for voltage drop and power loss within the power
network. In [9], a new model is introduced for optimal PEVF-
CS siting and sizing, considering PEVF-CSs as power line
conditioners to improve power quality and address traffic
congestion by strategically placing stations. Reference [10]
proposes a GIS-based method and a genetic algorithm for
estimating charging demand and determining the optimal
locations for charging stations. The primary goals of this study
are to decrease investment costs and present an appropriate
geographic distribution of charging stations. Additionally, the
study investigates various aspects of electric vehicles by
modeling electric and parallel hybrid vehicles in
MATLAB/Simulink software. However, optimal planning for
charging stations is a multi-criteria evaluation problem, with
various conflicting criteria influencing the process. The recent
studies mentioned above do not address geographical
limitations, which are crucial in planning PEVF-CSs. The
model needs to account for geographical barriers that could
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affect the practical suitability of the identified optimal
charging station locations.

Furthermore, many studies have examined placing charging
stations as the MCDM or the Analytical Hierarchy Process
(AHP) for locating PEVCSs [11-15]. Reference [11] employed
the fuzzy AHP to determine optimal placing EV charging
stations in Ankara, Turkey. Their methodology included four
stages: criteria identification, scoring the availability of EV
charging station sites, criteria weighting through expert input,
and ranking proposed sites using AHP. Meanwhile, in another
study [12], AHP and FAHP methods are used to calculate
criteria weights, with AHP initially determining weights that
are subsequently averaged in the FAHP method. The study
focused on accessibility, environmental impact, and economic
considerations, including 13 sub-criteria, to identify optimal
charging station locations within Istanbul, Turkey. In [16], an
integrated strategy is proposed for ranking optimal locations
and determining the number of charging stations in the
Kadikoy and Atagehir districts of Istanbul, Turkey. The
methodology involves selecting alternatives based on different
criteria utilizing the AHP method and ranking them by the
TOPSIS method. Subsequently, the number of charging
stations is optimized to maximize profitability using the
LINGO tool. However, the paper does not introduce a new
spatial siting solution. In [17], the study calculates criteria
weights using the AHP method and prioritizes alternative
locations using PROMETHEE and VIKOR methods for
MCDM. Results indicate that the southeast of the European
side and the southwest of Anatolian in Istanbul are most
suitable for PEVCS deployment. Reference [18] analyzes
critical factors in selecting optimal charging station locations
in Greece, highlighting the importance of transportation hubs
and parking lots over land usage. Public service criteria are
comparatively less significant in location planning. Reference
[14] identified optimal locations for EV charging stations in
Upper Silesia and Dabrowa Basin, Poland. Their methodology
is more straightforward than previous studies [12, 13],
focusing on assessing and siting a limited number of off-road
charging stations. However, to our knowledge, existing
literature still needs to introduce a methodology to address the
spatial sitting problem of EV charging points while
simultaneously considering both geographical conditions and
power constraints. It's important to note that PEVCSs can
provide reactive power compensation through their power
electronic converter, benefiting power networks, yet research
still needs to integrate these parameters concurrently.

This paper addresses the optimal location for fast-charging
stations in Kabul City, Afghanistan, to facilitate the transition
from gasoline to electric wvehicles and ensure proper
geographic distribution. While some studies in Afghanistan
have used MCDM methods for various purposes such as
assessing the feasibility of wind energy for hydrogen
production in Badakhshan [19], prioritizing locations for wind
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energy-based hydrogen production [20], and evaluating
potential geothermal energy projects [21] none have focused
on planning PEVF-CSs in Afghanistan, particularly in Kabul,
the capital and largest city. Moreover, GIS-based studies have
only focused on the optimal location of charging stations
according to the proximity criterion to power transmission
lines. However, by adding the PDN constraints and power
quality issues, the optimal location of PEVF-CSs can be
achieved from both the PDN and GIS aspects. Therefore, this
paper addresses determining the optimal location for PEVF-
CSs to satisfy the geographic criteria and power quality
indexes as a distinguished feature. Improving the power
quality of the PDN and finding an accessible location for
placing PEVF-CSs are the two main goals of this paper. The
paper is organized as follows: The next section presents the
methodology for explaining all processes. The third section
presents the results and discussion. Finally, the paper is
concluded in section four.

Il.  Methodology
This paper proposes the integration of the GIS-based
MCDM approach and a mathematical model for finding
suitable locations of PEVF-CS. In this regard, the workflow of
this study is shown in Fig. 1. This figure describes different
steps in the proposed approach.

0 . 0 o
|
‘

Gathering

|
|

— > geo
| of 11 criteria

| Determin
| rank using TOPSIS

____________________ :

Fig. 1. The workflow of this study

In the first step, the essential criteria that affect the suitable
location of PEVF-CS are chosen. In the second step, the
geographic data of each criterion is gathered, and suitability
layers for each criterion are produced using GIS-based
analysis. The related data for each criterion is collected from
different sources for spatial analysis. The GIS-based MCDM
approach is implemented using the AHP and weighted linear
combination (WLC) methods. In the following, the
alternatives are ranked with the TOPSIS method. Also, QGIS
software is used to analyze the GIS data. Finally, the most
suitable alternative is analyzed as power network constraints.
The proposed MINLP is used for selecting the optimal bus for
connection of the PEVF-CS.

A. Analysis of the evaluation attributes
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This paper considers eleven criteria to select the suitable
location of PEVF-CS. Indeed, the criteria that affect the PEVF-
CS location are chosen. Also, the criteria related to statistical
data have been omitted due to the limited access to Kabul
City's statistical data and the expense of preparing
questionnaires to estimate some statistical data. In this study,
eleven criteria have been extracted using various sources. The
determined criteria are divided into three groups (Fig. 2).

Environmental

Accessibility
* Population density * ‘Grcenpreay
* Shopping malls
* Roads
Transportation stations ] Economic
«  Fuel stations (1 * Slope

¢ Park arcas
* Substation

+ Income rate
+ Land cost

Fig. 2. Criteria architecture of the PEVF-CS siting problem

1) Population density
The necessity for charging stations is more remarkable in
areas with more population density than in other areas. For this
reason, population density is used as a criterion to determine
the candidate areas. In this paper, the raster layer of the Kabul
population for 2020 is used [22]. A site with a high population
density will be more suitable for placing PEVF-CS.
2) Shopping malls
Shopping malls can be considered as an evaluation factor
for finding a suitable location for PEVF-CS. Placing PEV-FCS
near shopping malls can cover a significant part of the demand
for refueling. Google Maps has been used to determine the
location of shopping malls and produce the shapefile layer of
shopping malls.
3) Roads
In the transportation network, electric vehicles travel on the
roads. Therefore, roads play a key role in determining the
optimal location for installing charging stations. This study
omits local streets, and just the main streets are considered.
Places close to the roads are regarded as more suitable

locations. The shapefile layer of roads is extracted from Ref.

[23].
4) Income rate
The income rate factor can be considered in the PEVF-CS
location selection. The income rate criterion is used as a
determinative criterion in the TOPSIS method. A location with
a high-income rate will be more suitable.
5) Transportation stations
However, these centers are located in high-traffic areas of
the city. Therefore, places near these centers are more suitable
for installing charging stations. The map layer of

transportation stations is extracted using Google Maps and Ref.

[23].
6) Park areas
Urban parks are green spaces used for recreation in cities.

Many citizens visit these areas daily for exercise and recreation.
Therefore, parks are one of the criteria that influence the
optimal planning of charging stations. In other words, electric
cars parked near parks can benefit from being changed by
PEVF-CSs. The park map layer is produced using Google
Maps and Ref. [23].
7) Green space
Green space has been chosen as an environmental factor to
select the optimal location for installing charging stations.
Green space layering was generated using Google Maps and
Ref. [23]. Places far from green spaces are more suitable for
installing charging stations.
8) Slope
The land slope can affect the location where charging
stations are installed. The cost of placing PEVF-CS in high-
slope areas is much higher than in low-slope areas. Since
Kabul is located between mountains and rough plains, this
criterion must be considered. The raster layer of elevation is
extracted from Ref. [23], and the slope analysis tool of the
QGIS software produces the raster layer of the slope. If the
location has a low slope, it will be suitable.
9) Land values
Land value is an economic factor that can affect the suitable
location selection of PEVF-CS. The land value criterion is
used in the TOPSIS method for ranking alternatives. The land
value is obtained from field research. The low-value land is
more suitable for installing PEVF-CS.
10) Fuel stations
Fuel stations are one of the first places considered for the
installation of PEVF-CS. Many studies considered fuel
stations candidates for installing charging stations [24]. Since
fuel stations are usually located in suitable places in terms of
the transportation network and regional traffic, the places close
to them can be suitable places to install the PEVF-CS. The map
layer of petrol stations is extracted using Google Maps and Ref.
[23].
11) Substations
PEVF-CSs should be installed near power lines with
significant electrical demands. Since charging stations will
encounter high power demands, proximity to high-voltage
feeders is necessary to find the optimal location for placing
PEVF-CS. On the other hand, the distribution network cannot
accept charging stations as there is high electricity demand in
each feeder, so with the recommendation of experts of Breshna
Electric Company [25], eleven junctions are identified as
suitable locations for the map layer of substations.
B. Kabul City
Kabul, the capital and the largest city of Afghanistan is
located in the east of the country. Kabul with a population of
about 5 million [26] is located between the coordinates
34°31'31" North and 69° 10’ 42" East and at an altitude of 1.8
km from the sea level [27]. Fig. 3 shows the geographical
location of Kabul city. Replacing gasoline cars with electric
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cars can be one of the appropriate solutions to reduce air
pollution in Kabul city. The expansion of electric vehicles in
Kabul requires determining the optimal location of PEVF-CSs
according to effective criteria. Therefore, in this study, the
optimal location of a PEVF-CS in Kabul is investigated using
the GIS-based MCDM approach.

Ty
£
A : f
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Fig. 3. Geographical area of the éase study (Kabul City).

C. The analytic hierarchy process (AHP)

This study uses a GIS-based MCDM approach to find
suitable locations for placing PEVF-CS. We first extracted
maps related to critical criteria used in our research to analyze
the optimal location for charging stations in Kabul's suburbs.
These criteria include distance from power posts, population
density, and road accessibility. We prepared distance maps for
each criterion using the Proximity tool in QGIS software. After
creating these distance maps, our next step was to evaluate and
standardize them. The evaluation involved assigning values
based on the desirability of each criterion's distance from the
ideal placement. For example, shorter distances to power posts
received higher desirability wvalues per meter unit.
Standardization ensured that the range of values across all
criteria was consistent and comparable. This process is carried
out using the Reclassify by Table tool in QGIS, following the
guidelines specified in Table 1. Ultimately, this valuation and
standardization process led to the production of merit maps for
each criterion, illustrating the suitability of different areas for
charging station locations. Fig.4 depicts these merit maps,
displaying the spatial distribution of optimal criteria for siting
charging stations in Kabul's suburbs. The AHP method uses
the criteria that are essential for the decision-making process.

A detailed mythology of the AHP method can be found in
[28]. Each criterion's superiority and value are compared by
creating a pairwise comparison matrix. Finally, the weight of
each criterion is determined. This process is done using Expert
Choice software. The compatibility rate or ratio (CR) used to
evaluate the precision of pairwise comparison must be
computed. In the AHP method, CR signifies the level of
compatibility in comparisons and provides insight into the
accuracy of valuation made through pairwise comparisons.
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Pairwise comparisons are acceptable when their CR value is
less than 0.1. If the CR exceeds 0.1, it is necessary to revisit
the pairwise comparison matrix until the CR falls within the
acceptable range [12, 29]. In this study, the CR is measured at
0.09, indicating that the judgments are reliable and acceptable.
Consequently, the criteria can be weighted based on these
reliable judgments. According to Fig. 5, the criteria of roads,
petrol stations, and substations have the highest weight,
respectively.

In this study, the PEVF-CS siting is determined using the
MCDM approach, incorporating the WLC method to assign
appropriate weights to different layers. The WLC method is
the most common in MCDM analysis. This technique is also
called the scoring method. After determining the weight of the
criteria, the weight of each criterion is multiplied by the value
of that attribute, and a final value is obtained as the new weight
of the alternative [28].

D. Technique for order preference by similarity to
ideal solution (TOPSIS)
Alternative locations or points are found using MCDM-based
location selection studies. These alternatives are ranked
according to two criteria, land value, and income rates.

TABLE 1 ATTRIBUTE CLASS INTERVALS AND SCORES [12]

Criterion Population density

Score 5 4 3 2 1 0
Limits 23- 17- 10-
@oookm?) 3 3 1 9 -
Criterion Shopping malls

Score 5 4 3 2 1 0
- 250- 500- 750-

Limits (m) <250 500 750 1000 1000< -
Criterion Roads

Score 5 4 3 2 1 0
- 250- 500- 750-

Limits (m) <250 500 750 1000 1000< -
Criterion Transportation stations

Score 5 4 3 2 1 0
. 250-  500-  750-

Limits (m) <250 500 750 1000 1000< -
Criterion Fuel stations

Score 5 4 3 2 1 0
. 250-  500-  750-

Limits (m) <250 500 750 1000 1000< -
Criterion Park areas

Score 5 4 3 2 1 0
. 250-  500-  750-

Limits (m) <250 500 750 1000 1000< -
Criterion Green areas

Score 5 4 3 2 1 0
- 250-  200-  150- 100-
Limits(m)  300< 350 250 00 150 <190
Criterion Slope

Score 5 4 3 2 1 0
Limits 10- 15-

(degres) <5 510 ¢ 2n 2025 25<
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Population density 0.093
Shopping malls 0.092
Roads 0.212
Transportation stations 0.066
Park arcas 0.077
Green areas 0.071
Slope 0.114
Petrol stations 0.152

Substations 0.124
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Fig. 5. Weights of different criteria

The TOPSIS method is used to prioritize the optimal
locations. In this method, each alternative's land cost and
income rate are considered decisive criteria. First, the decision
matrix is formed according to the alternative's land value and
income rate. Next, the decision matrix is normalized, and the
distances from each alternative to the worst and best conditions
are calculated. High land value and high-income rate of points
are the worst and best conditions, respectively. Finally, the
similarity to the worst and the best conditions according to
their distance are defined. A detailed methodology of TOPSIS
can be found in [30]. Equations (1) and (2) illustrate the
distance of each alternative from the best and worst
alternatives.

@)

@

Where j represents the desired criterion and i shows the
alternative. S and S; indicate the distances of i,
alternative from the best and worst solutions, respectively. V; ;
is the performance of the i;;, alternative concerning criterion j
and V;* is the best value for the j, criterion among all
alternatives. V;~ also shows the worst value of the
Jen Criterion among all alternatives. Equation (3) calculates the
similarity index of each alternative.

. Si_

Ci = ST +s- @)

C; represents the similarity index. The range of Cj is
between zero and one. The closer Cj is to one, the more
similar the alternative is to the best solution. In other words,
the alternative with the highest Cj is ranked first, and the
alternative with the lowest C; is ranked last.

E. Examination of junctions using a mathematical
model

The GIS-based MCDM approach is analyzed considering
the constraints of the DN. On the other hand, the PEVF-CS can
compensate for reactive power using its power electronic
converter. Therefore, placing the PEVF-CS in a suitable bus
can enhance the voltage profile and decrease the power loss
[9]. This study investigates the optimal location of the PEVF-
CS obtained from the GIS-based MCDM approach according
to power quality indexes. In other words, using the constraints
of the DN and minimizing network power loss and voltage
deviation, the optimal location (bus) for placing the PEVF-CS
in the DN has been obtained.

As discussed, this study addresses the optimal location for
placing the PEVF-CS to reduce network power loss and
voltage deviation. According to equation (4), the objective
function includes the penalty cost for voltage deviation and
power loss.

F= (€7 % ) Y (1= Vi)

t i
+ Z(CtPloss X PthSS)
t

+ ) (CsFx)
i

4)

V. and P{°sS represent bus voltage and network power
loss, respectively. CV°% and C/'°sS show the penalty cost for
voltage deviation and power loss, respectively, and x; is a
binary variable that indicates the installation of PEVF-CS in
bus i.

DN constraints are modeled with AC power flow [31]. In
this study, the optimal location of the PEVF-CS has been
determined considering the capability of reactive power
compensation by the PEVF-CS. The constraints of the DN are
as follows.

PthSS = Z 05 X Gi,j
ij

+H(V0)? + (V07
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Equation (5) shows the active power loss. Equations (6) and
(7) show the line power between the network buses in each
time. Equations (8) and (9) lead to the balance of active and
reactive power in each bus and time interval, respectively.
Equation (10) calculates the apparent power of the PEVF-CS
in bus i. Equations (11) to (14) express the permissible limits
of network variables, where P, and Q,, show maximum
active and reactive power generation.

I11.  Results and Discussion
In this study, the optimal location of PEVF-CS in Kabul city
is determined using GIS-based MCDM and MINLP method.
The results of each part are discussed separately.
A. The GIS-based MCDM approach

This study uses the WLC method and nine suitability layers
to identify six optimal locations for installing PEVF-CS. Fig.
6 shows the suitable locations resulting from the WLC method.
This figure shows that these six places are close to junctions 2,
3,4,5,7,and 12. Fig. 7 shows the satellite images of these six
junctions. Therefore, it is expected that if a PEVF-CS is
installed in each of these places, it will be supplied by these
junctions. Table 2 also shows the scores of these six places.
Also, the optimal locations near junctions 4, 2, and 7 have the
highest scores.

oo [.Junction 12
Junction 2 i
frypeay peiash
JunctionS M j
° b5 aasilo At
% Junction 7
Junction 4 % -t i

Junction 3 = e o
[} & o=

=

Fig. 6. Suitable locations for placing PEVF-CSs

In the following examination of alternative ranking, the
TOPSIS method is used to identify the best location for
installing the PEVF-CS. The decision matrix D;; of the six
candidate locations for placing PEVF-CS is obtained by
considering land value criteria. The decision matrix is given by
(15).

1800
1650

1800
2000 (15)

1850
1700

In this matrix, column 1 represents the criteria value, and
column 2 represents the corresponding values for alternative
land. It should be noted that the weights of the criteria are
considered equal. Using the TOPSIS method, six alternatives
are ranked, and their closeness to the ideal solution is shown
in Table 3.

Dij =

BN DNUTWW

TABLE 2 SUITABLE LOCATIONS FOR PLACING PEVF-CS

Suitable location  Junction2  Junction 3

Junction 4

Junction5 Junction 7 Junction 12

score 4.289 4.012

4.673 4.073 4.183 3.881

TABLE 3 THE SIMILARITY OF ALTERNATIVES TO THE IDEAL SOLUTION

Alternative  Junction4 Junction 12 Junction 3  Junction 2  Junction 5 Junction 7
c 0.909 0.668 0.332 0.1168 0
Rank 1 2 4 5 6
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According to the two criteria of land price, three optimal
locations near junctions 4, 12, and 3 are selected in terms of
priority. The places around junction 4 are the most similar to
the ideal solution. However, which bus at junction four should
be the optimized place for the PEVF-CS connection? In other
words, regarding DN constraints, which bus is the best for
connecting a PEVF-CS? Therefore, the suitable bus for placing
the PEVF-CS is investigated according to the DN constraint.

B. MINLP method

Using the MCDM approach, Junction 4 is the optimal area
for installing the PEVF-CS, with the highest score and priority
percentage. Junction 4 has 162 buses (Fig. 8). The distribution
network line and bus data have been presented in [32]. The bus
voltage and power loss of the 162-bus network during 24 hours
are shown in Fig. 9 and 10, respectively. According to the
power flow analysis, the minimum voltage and maximum loss
of PDN are 0.85 pu and 1071 kW. In such a condition, placing

I-Satolllla Picture
nction 4

Optimal Placement of Plug-in Electric Vehicles .../F. Keramati, et al

PEVF-CS as a new demand and line conditioner device is
sensitive. At peak hour (13), bus 114 (the worst bus) has the
lowest voltage with a value of 0.85. The number of electric
vehicles is assumed to be 250, 5 percent of the number of taxis
in Kabul [33]. The power consumption is assumed to be 0.15
kWh/km, and the driving range is 100 km. The traffic flow
during the day is presented in [34].

This study implements the mixed-integer non-linear model
in GAMS software to place PEVF-CS and to improve the
power quality in junction 4. Due to the constraints of the PDN,
bus 4 is chosen as the optimal bus to connect the PEVF-CS.
Fig. 11 shows the voltage of PDN after placing the PEVF-CS.
Also, a comparison of the voltage of bus 114 (the worst bus) is
shown in Fig. 12 for two cases: before and after placing the
PEVF-CS. The power loss before and after placing PEVF-CS
is shown in Fig. 13, as the results show that all PDN bus
voltages increase between 1.8 and 2.07 percent.

Satellite Picture
e

Fig. 7. The satellite pictures of the suitable junctions
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In addition, there is a 3.6% reduction in power loss during
peak hours, decreasing from 1071 to 1032 kW. In other words,
the power loss is significantly reduced, and the voltage profile
improves after placing PEVF-CS. The PEVF-CS injects 850
kVAR at peak demand. The apparent power of the PEVF-CS
is obtained equal to 1345 kVVA. Fig. 14 shows the changes in
active power consumption and reactive power generation of
the PEVF-CS during 24 hours.

V. Conclusion

This study addresses the critical need for optimal PEVF-CS
locations in Kabul City, Afghanistan, during a global shift
toward sustainable transportation. Integrating GIS tools,
MCDM methods, and the MINLP model aims to balance
geographic suitability with PDN constraints and power quality
considerations. The research seeks to enhance infrastructure
planning to support electric vehicle adoption and sustainable
urban development in Kabul. Criteria such as population
density, road accessibility, income rates, and proximity to
essential facilities are analyzed using GIS tools. The AHP is
applied for criteria weighting, while the TOPSIS ranks

Voltage (p.u)

Optimal Placement of Plug-in Electric Vehicles .../F. Keramati, et al

alternative locations. Subsequently, the MINLP model selects
Junction 4 as the optimal area for PEVF-CS installation within
the PDN, demonstrating significant improvements in voltage
stability and power loss reduction during peak hours. Future
studies could incorporate additional criteria, such as PEV
distribution patterns, to enhance the proposed approach and
improve result accuracy. Furthermore, considering the
stochastic nature of PEV behavior and uncertainties in real-
world conditions like weather and demand fluctuations would
enhance the model's robustness. While this study focused on
optimizing a single PEVF-CS in Kabul City, future research
will expand to optimize multiple charging stations across
urban networks, which is essential for scaling electric vehicle
adoption strategies.

In conclusion, this research enhances the efficiency of
PEVF-CS deployment and offers valuable insights into
sustainable urban infrastructure planning. By using advanced
decision support tools, such as GIS-based MCDM and MINLP
modeling, this study promotes electric vehicle adoption. It
enhances grid reliability in Kabul City, supporting its
transition towards a sustainable urban future.

Fig. 11. The voltage profile of DN after placing the PEVF-CS
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Fig. 12. The voltage of bus 114 before and after placing the PEVF-CS
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Fig. 13. The power loss before and after placing PEVF-CS
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Fig. 14. Active power consumption and reactive power generation of the PEVF-CS during 24-hours
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The Micro-Expression (ME), which automatically reveals genuine human emotions, has
gained significant attention. Recognizing the ME is crucial for many real-time
applications. However, there are significant challenges to overcome. For instance, the
number of ME frames is limited due to their short duration, and the subtle facial
movements can be hard to detect due to their low intensity. These challenges need to be
addressed to improve ME recognition. We propose a novel method for ME recognition
in real-time. In this method, first, the apex frame is spotted using the rotated local binary
pattern from six planes (RLBPS) and correlation coefficient (CC). Next, three hand-
crafted methods such as the multi-color rotated local binary pattern from six planes
(MRLBPS), the histograms of directed gradients from six planes (HDGS), and the
histogram of image gradient direction from six planes (HIGDS) extract the features from
the apex frame and its surrounding frames. Finally, the stacks of features as matrixes are
fed into a three-dimensional convolutional neural network (3D-CNN), and the output is
the maximum recognition rate by voting three results. The proposed method has shown
promising results when compared to most state-of-the-art methods. According to the
results, an average precision of 99% has been obtained using our proposed method. The
combination of the RLBPS and the CC creates a strong method for spotting the apex
frame. Also, feeding the stacks of spatiotemporal features into the 3D-ResNet increases
the ME recognition rate in real-time.

1. Introduction

Over the past few years, the Micro-Expression (ME), as
an automatic human emotion revelation, has attracted much
attention. Recognizing it can provide insight into the
emotional state (i.e., happy, scared, anxious, depressed,
angry, and surprised). Also, analyzing it is valuable for
various applications, such as social interaction, medicine,
surveillance, law enforcement, teaching evaluations,
psychology, interrogation, national security, etc. [1, 2].

The ME is the brief, spontaneous, subtle, involuntary, and
fleeting facial expression that occurs in one-twenty-fifth to
one-fifth of a second, which is challenging to detect by the
naked eye and computer vision [3]. In other words, the ME
is the facial muscle movements reacting to the emotional
stimulus [4]. It may occur in high-risk situations when
people attempt to conceal, manipulate, hide, or suppress their

true feelings [5]. In fact, in these situations, the facial
muscles work very cleverly to unveil the appearance of real
emotions. Since this muscle action is uncontrollable, the ME
can provide the essential clues to identify the criminal and
detect lying.

Its association with thoughts and feelings was first
declared by Ekman and Friesen in 1969 [6]. They found the
MEs while examining videos of the psychiatric patients for
lie detection. Indeed, one of the patients had decided to
commit suicide. But she feigned to be glad and optimistic.
While scrutinizing the patient interview video clip, Ekman
surprisingly understood she was willing to hide her decision.
He saw that the smile was replaced by a brief sadness. Later,
the patient confessed to her lying.

In the following years, Ekman developed the ME Training
Tool (METT) [7] to increase the human identification ability.

Copyright © M., Mohassel Feghhi et al.
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Training by the MEET could slightly increase the
recognition rate, and it was time-consuming [1]. Hence,
researchers have endeavored to increase the recognition rate
with the artificial intelligence methods [8-10]. In addition,
they have tried to reduce the total elapsed time of the process.
The hand-crafted methods extract the hand-engineered
features relying on prior knowledge and heuristics, and deep-
learning methods learn the high-level features automatically
from very large datasets [1, 8-21].

The ME research is not limited to the recognition task. The
detection and spotting of the apex frame are considered as its
study bottleneck. The ME detection aims to capture the
frames including the ME, excluding the ordinary facial
expressions. Most importantly, the detection of a frame (i.e.,
the apex) that displays the expressive emotional state and the
most facial muscle motions throughout the video sequence
could be surprisingly utilized for the recognition task [1].

Still, there are severe challenges, which need to be solved.
For example, there are a low number of involuntary public
datasets as the ME happens under high-stakes, and collecting
it is an arduous task. A scarce number of ME frames due to
its short duration makes it also impossible to discover with
computer vision. In addition, indiscernible subtle motions
are not simple to describe due to the low intensity of facial
muscular movements.

To address these challenges, in this study, we propose a
novel method for the ME recognition in real-time. In this
method, first, the apex frame is spotted using the rotated
local binary pattern from six planes (RLBPS) and correlation
coefficient (CC). We named this new method the RLBPS-
CC. Second, the apex frame and surround frames are
converted to a video to add the missed frames using the
temporal interpolation model. Third, the subtle movements
in the video are magnified, and the faces are aligned. Fourth,
three hand-crafted methods such as the multi-color rotated
local binary pattern from six planes (MRLBPS), the
histograms of directed gradients from six planes (HDGS),
and the histogram of image gradient direction from six
planes (HIGDS) extract the features. Finally, the stacks of
features as matrixes are fed into a three-dimensional
convolutional neural network (3D-CNN), and the output is
the maximum recognition rate by voting three results. Fig. 1
shows a framework of our proposed method.

To summarize, our main contributions are as follows:

. We propose a new method called the RLBPS-CC
for spotting the apex frame.

. Unlike [13], we use the CC rather than the sum of
squared differences (SSD) for the apex spotting. Also, we
utilize the temporal interpolation model for the addition of
the missed frames, since a low number of ME frames is
recorded due to its short duration. In addition, the faces are
alignment to remove the differences in the face shapes during
the video recording. Furthermore, we add the HDGS and
MRLBPS for feature extraction, and the outputs of three
feature descriptors (the MRLBPS, HDGS, and HIGDS) are
fed to a 3D-CNN for the ME recognition. Moreover, we
apply our proposed method to four datasets, and we use the
large-scale and balanced dataset (i.e., the CAS(ME)3).

. We have employed the rotated local binary pattern
(RLBP) [22] on the three color channels rather than the
simple local binary pattern (LBP) [23] and uniform LBP
[23], and we also use the RLBP and CC for the apex
detection task. Since this method is not only invariant to
rotation, but also has a high discriminative power. To our
knowledge, the RLBP has not yet been used for color
channels feature extraction in six planes.

. In our proposed method, the matrixes obtained
from MRLBPS, HDGS, and HIGDS are fed to a 3D-CNN by
applying transfer learning. Although this method has more
planes than the [2], [9], and [10] works, it does not consider
as many planes as the [11], [19], and [17] works.
Accordingly, it gives powerful spatiotemporal features to the
3D-CNN.

. Our proposed method increases the ME
recognition rate compared to the previous state-of-the-art
methods.

The rest of this article is organized as follows. Section II
presents the related studies. Section III introduces the
proposed method for the ME recognition in real-time.
Section IV discusses the achieved experimental results. The
conclusion and future directions are discussed in Section V.

1I. Related works

In this section, initially, we review recent related works of
literature in the field of ME. Then, we glimpse into the LBP
on six planes (LBPS) which our proposed method derived
from it.

A. Recent related works

Recently, it has been determined that temporal features

. We propose a novel method by combining the can
spatiotemporal hand-crafted and deep-learning methods for
the ME recognition in real-time.
Apex detection Pre-processing Feature extraction Classification
Temporal interpolation model MRLBPS
RLBPS-CC Eulerian movement magnification HDGS 3D-ResNet
Face alignment HIGDS

Fig. 1. A framework of our proposed method for the ME recognition in real-time.
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reveal subtle movements [1]. In [9], four diagonal planes have
been proposed for autonomous apex detection and ME
recognition. In this work, these four temporal planes take the
sequential images, which contain the magnified micro-
motions. The pixels captured from these planes have been
encoded using the LBP. The LBP histogram of the first plane
is interconnected to the LBP histogram of the other planes for
making a feature vector. The first feature vector, which obtains
from three sequential images is compared with other feature
vectors using the SSD for detecting the apex frame.

If the apex frame is the sixth frame, then, the fifth, sixth,
and seventh frames are picked to feature extraction. The
introduced feature extractor is a combination of the optical
flow and the LBP from the four proposed planes [9]. Finally,
the extracted features are classified using a linear support
vector machine (LSVM) for the ME recognition.

In [10], the histogram of image gradient orientation (HIGO)
method has been applied to the four diagonal planes, which
consider sequential face images. Then, its histogram has been
computed on each plane. Next, the obtained histograms have
been concatenated to achieve the final histogram. Eventually,
the final histogram has been fed to the LSVM for the ME
recognition task.

In [11], the cubic-LBP feature descriptor has been presented
for the first time. This method assumes fifteen planes in all
possible directions. These planes can receive all temporal,
spatial, and spatiotemporal features. Thus, the cubic-LBP is
used for spotting the apex frame and other micro-movements
[11, 17, 19]. Nonetheless, calculating the LBP code on the
fifteen planes is time-consuming and expensive.

To reduce the processing time, in [19], one plane out of the
15 planes has been automatically selected using the partial
differential equations (PDE) and the multivariate ridge
regression as a simple linear classifier. This single plane
specifies the main direction of the changes. Furthermore, in
[17], the cubic-LBP has been made intelligent. In fact, a two-
dimensional CNN (2D-CNN) intelligently learns to offer the
particular planes for spotting the micro-movements. It
identifies the direction/directions of the most movement.

To reduce the computational costs, the studies [13] and [8]
choose the six planes with the best results according to several
experiments. In [8], the apex frame is detected utilizing the
LBP on the six planes and the SSD. Then, it is the input of a
fast region-based 2D-CNN to recognize the ME. In addition to
using these six planes for apex frame detection, these planes
have been employed for feature extraction in [13]. At last, the
features extracted from them have been classified by the
LSVM.

Nevertheless, the spatiotemporal features can be learned by
the spatiotemporal CNN (e.g., 3D-CNN) to lead to better
performance. As far as the authors know, this work has not
been done to recognize the ME.

A. Review of LBPS
Suppose a trail of images, and consider that they create a 3-
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dimensional (3D) volume (L, W, T). If val cnpix IS
corresponding to the gray value of the central pixel of the
current frame, its coordinates are (L cenpix., W cenpix, T cen.pix.)-
The coordinates of central pixel neighborhood in plane 1,
plane 2, plane 3, plane 4, plane 5, and plane 6 are respectively
given by:

2mx
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+ sin (%))
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where x is 0,1, ..., 7. When we suppose these six planes on the
3D volume, they have been intersected each other in the
central pixel.

Then, the gray value of these neighborhood pixels are taken
and compared with the gray value of the central pixel for

@)

@)

computing the LBP. If their value is more, 1 is put. Otherwise,
0 is put. At last, all LBP feature vectors obtained from the six
planes and concatenated to create LBPS feature vector.
1. Proposed method

This section presents the proposed method for ME
recognition in real-time, which employs a combination of
spatiotemporal hand-crafted and deep-learning methods.
First, the apex frame is spotted using the RLBPS-CC.
Then, the spatiotemporal features are extracted using
spatiotemporal methods such as the MRLBPS, HDGS,
and HIGDS from the apex and its surrounding frames.
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Finally, the spatiotemporal features are fed to a
spatiotemporal CNN (i.e., 3D-CNN). The flow diagram of the
proposed method for the ME recognition is illustrated in Fig.
2.

A. Apex Frame Detection Using the RLBPS-CC

Initially, a video is recorded from the face of a person who
wants to conceal her/his real emotions under special
conditions. The video is converted into a trail of images,
creating a 3D volume that includes the length (L) and width
(W) of the images, as well as a time (T) dimension. Then, the
spatiotemporal texture features are encoded using the RLBPS.
In other words, the planes pictured in Fig. 3 take the pixels of
the images in the spatiotemporal directions, and the RLBP
operator codes them. Thus, the spatiotemporal directional
changes are coded.

Clearly, the LBP weights are circularly shifting. Then, the
maximum magnitude of the difference between neighbouring
pixel's value (Valneignpix) and the central pixel value (valcenpix.)
in each plane is computed to find the dominant orientation
(DO) as a reference. Next, the RLBP is calculated on each
plane (see Equation 7). Finally, the RLBPS feature vector can
be derived as follows:

DO = maX|Valneigh.pix. - valcen.pix.|

RLBP = Z sign(valneigh.pixl — Valcen.pix_)
X 2m0d(|A—DO|,(:))

RLBPS = Z W{f(L,W,T) = a);
a = 0,...,lp —1;p=0,..5

0,i is false
v(p) = { 1, L];ﬁﬁ is];rue Y
where the A is the neighbouring pixel's number, the @ is the
whole number of the neighbours, the f(.) is the obtained
RLBP code, and the different numbers of its labels are

defined by the I,

We can find the difference between the feature vectors of
the various frames using the CC. The frame with the most
difference in feature vector is considered the apex. The CC is

calculated by:
Y, RLBPSNXRLBPSg

CC =
Jz RLBPS% x¥ RLBPS

®)

where the RLBPSy is the feature vector of the neutral face
frame, and the RLBPS, represents the feature vector of other
frames.

The process of apex frame detection using the RLBPS-CC
is shown in Fig. 4. First, a video is recorded from a person's
face to create a 3D volume. Six planes (see Fig. 3) are applied
to the trail images of the 3D volume. The RLBP code is
calculated on each plane. Here, the DO is 32 — 25 = 7, and
rotation is not needed. Values above threshold and the high
weights corresponding to the thresholded neighbors are shown
in orange color. Then, the RLBP map and its histogram are
obtained from each plane. The RLBP histograms of six planes
are concatenated to obtain the RLBPS feature vector. Finally,

all histograms achieved from the images are compared using
the CC for spotting the apex frame.

/A Y

m
Plane 1 Flanic:2 Plane 3

-

| /
; \ Plane 6
P]ancJ Plane 5

Fig. 3. The 6 planes.

B. Pre-processing

The apex frame, which was determined from section A,
along with its surrounding frames are captured as a clip. The
duration of ME short video clips should be increased and
missed frames added using the temporal interpolation model
[24] based on the Laplacian matrix. In this model, the video
clip is a trail of images selected along a continuous curve, and
the mapping between these frames has been learned to connect
them. As a result, using this continuous-time function, it can
generate by interpolation the frames that were not seen before
at various time points (Fig. 5).

The next step is to import the video clip with more frames
into a motion magnification method. We use the Eulerian
movement

Fig. 5. The temporal interpolation model for generating the
missed frames.

magnification [25]. In this method, the Laplacian pyramid
structure is utilized for separating the different frequency
bands and applying a bandpass filter on them. The resulting
signal is then amplified by a n factor. Finally, the original
signal is added back to the amplified one to reconstruct the
video. Mathematically, the movement magnification is [25]:

1(L,W,T+1)=1(L,W,T)+an ©)

where motion intensity has been shown by I. The process of
the Eulerian movement magnification is shown in Fig. 6.

Input i -I Output
video ﬂ ________ ——> ”) video

Spatial Temporal
decomposition processing

Fig. 6. The process of the Eulerian movement magnification.
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Fig. 2. The flow diagram of the proposed method for the ME recognition in real-time.
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Fig. 4. Apex frame detection using the RLBPS-CC. (a) Video; (b) Creating a 3D volume using the trail of images; (c) Applying the
six planes on the images of the 3D volume; (d) A sample of applying plane 6 to the trail of images; (e) Calculating the RLBP code on
the plane 6; (f) The RLBP map (left) and its histogram (right) obtained from the plane 6; (g) Concatenating the RLBP histograms of six
planes (obtaining RLBPS feature vector); (h) Comparing histograms achieved from all images of the trail (comparing RLBPS feature

vectors) for spotting apex frame

Since the face shapes may be changed during the recording
video, the face alignment should be performed. For the face
alignment, the facial landmarks (with the C coordinates) of the
front face (F) are detected by the discriminative response maps
fitting (DRMF) [26]. The next frames (R) are reshaped using
the local weighted mean (Y) for computing the transformation
matrix (M) to register the face. Finally, the face regions are
cropped according to the coordinates of the eyes in the first
frame. Mathematically, the face alignment is as follows [2]:
M =Y(C(R),C(F))

NR =F X M; (10)
where the NR is the normalized transformation frame. A
sample of applying the DRMF on a face is illustrated in Fig.
7.

Fig. 7. A sample of applying the DRMF on a face.
B. Feature Extraction
In this step, the MRLBPS, HDGS, and HIGDS extract the
features of the cropped face areas from the apex frame and its
surrounding frames. The MRLBPS is applied to the color
images to use their three channels (e.g., red, green, and blue).
In this method, the RLBP (see Equation 7) separately codes
the features of three channels on each of the six planes (Fig.
3). The results obtained from each channel are concatenated
together. All achieved features from each plane are put into a

matrix (Equation 11). This matrix represents the feature vector

of the MRLBPS.
MRLBPS =
RedChannelRLBP1

RedChannelRLBP2
RedChannelRLBP3

RedChannelRLBP4
RedChannelRLBP5

RedChannelRLBP6

GreenChannelRLBP1

GreenChannelRLBP2
GreenChannelRLBP3

GreenChannelRLBP4
GreenChannelRLBP5

GreenChannelRLBP6
(11)

BlueChannelRLBP1

BlueChannelRLBP2
BlueChannelRLBP3

BlueChannelRLBP4
BlueChannelRLBP5

BlueChannelRLBP6

In the second feature descriptor (i.e., the HDGS), the Sobel
operator with 90 and 0 direction masks as [-1 0 1] moves on
the pixels in each plane to achieve the vertical and the
horizontal derivatives (the D. and Dw). Then, the gradient

magnitude and its direction are calculated by

Gradient magnitude = /DLZ + Dy

Gradient direction = tan™

1 DL
Dw

(12)

To compute the feature vector, the pixels have the
weighted voting for the direction channels based on the
gradient calculation response. In the final feature vector, the
histograms (the feature vectors) of the six planes are
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concatenated. Fig. 8 represents operating the HDGS.
— — \‘
) Q{ A

V4> AURK Bin

Weighted
vote

2 BN ¥

[

The HDGS feature vector
Fig. 8. The HDGS method.

The third feature extractor (i.e., the HIGDS) is applied to
decrease the influence of the illumination and contrast.
Although this method is similar to the HDGS, it utilizes the
unweighted voting, since it gives up the gradient magnitude.
The unweighted voting means a fixed amount of votes for each
seen direction in the plane. Therefore, the gradient direction is
independent of the brightness level of the pixel.

C. Classification for ME Recognition

The feature vectors obtained in the form of a 3D volume of
matrices (224x224x224) are fed to a 3D-CNN (i.e., 3D-
ResNet) by applying transfer learning. The core idea behind
using the 3D-ResNet is the shortcut connections to resolve the
vanishing gradient problem. In addition, we have assumed that
the ResNet, which has already performed well on the
ImageNet dataset, can be successfully applied to our achieved
feature vectors as it

could be generalized to our ME recognition task.

We follow a transfer learning approach for the 3D-CNN
architecture, since it is not only optimized, but also resolves
the issues of computational expensiveness and an insufficient
number of samples. To avoid over-fitting in the training
process, the pre-trained model and its learned parameters such
as weight and bias are recommended [20].

To build the 3D-ResNet, 2D filters were extended in the
third dimension to have 3D filters. Also, the 3D-ResNet
includes the 3D-pooling and 3D-convolution layers. The depth
of this model is eighteen, and it has a total of 71 layers. The
architecture of the 3D-ResNet has been illustrated in Fig. 2.
Finally, the ME classification was performed by voting.

Iv. Experimental results

In this section, the experiments and achieved results are
discussed. First, the used datasets containing the CASME,
CASME II, CAS(ME)?, and SMIC-NIR are explained. Then,
implementation detail is brought to provide more details
about the hyper-parameter setting, data augmentation, and
the hardware and software. Finally, the experimental results
and discussion will be expressed.

Used datasets

We employ four spontaneous and publicly available
datasets. The first dataset, the CASME [27], has been tagged
with the offset, onset, and apex frames. This dataset includes
195 samples of MEs at 60 fps with 1280 x 720 and 640 x
480 resolutions from 22 males and 13 females. The CASME

IT [28] contains 247 samples recording with a frame rate of
two hundred fps from only Chinese participants. It consists
of five classes of MEs. The resolution of the data is 280 x
240. The third is a large-scale dataset: the CAS(ME)? [29]. It
offers 1,109 ME frames, which have been manually labeled.
The CASME, CASME II, and CAS(ME)? have RGB images.

The fourth dataset is the SMIC-NIR [2], which is very
close to the real situation. It contains 71 samples elicited
from eight Caucasians and eight Asians participants (10
males and 6 females). In this dataset, the infrared data with a
640 x 480 resolution have been produced using a near-infra-
red camera. We employ this dataset for extracting the
features using the HIGDS. A sample of the used datasets is
shown in Fig. 9. Table 1 illustrates the summary of these
datasets.

SMIC-NIR CASMEII CASME CAS(ME)®
Fig. 9. A sample of the used datasets.

TABLE 1
COMPARING THE SPECIFICATIONS OF USED DATASETS
The number Emotion Frame The ME
Dataset of Ethnicities ~ Classes rate samples
(fps)
SMIC-NIR 2 3 25 71
CASME Il 1 5 200 247
CASME 1 7 60 195
CAS(ME)? 1 7 30 1,109

A. Implementation detail
Our method is implemented by MATLAB 2020 using a
3.5GHZ Intel Core i7 Duo processor. The experiments for
training the model use Nvidia GTX950 GPU accelerator 8 GB
memory. The hyper-parameter setting in the training step are
listed in Table 2. To reduce the class imbalance and data
augmentation, we have used rotation, flipping, and mirroring.

TABLE 2
TRAINING HYPER-PARAMETERS
Hyper-parameter Value
Input size 224x224%224
Learning rate 0.0003
L2 regularization 0.0005
Max epoch 30
Bias/weight learning rate factor 10
Mini-batch size 8

B. Experiments, results and discussion

Initially, a video clip is recorded from the face of a person
who wants to conceal her/his real emotions under special
conditions. The video is converted into sequential images,
which create a 3D volume. Then, the spatiotemporal texture
features are encoded using the RLBPS. Next, the obtained
feature vectors are compared using the CC, and the apex frame
with a maximum changes is spotted using the RLBPS-CC.
Fig. 10 shows a sample of the apex frame spotting using our
RLBPS-CC method. In this sample (i.e.,
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CASME\sub07\EP08_2), the frame index of the ground-truth
apex is 11. Fig. 11 and Fig. 12 illustrate the errors of the apex
frame spotting using our RLBPS-CC method and other
previous methods.

== -Planel Ground-truth apex

|~~~ Plane2 !, « Spotted apex

- =-Plane3

.81 === Plane4

===Plane5
- -Plane6 '~

Changes

040

0 5 10 15 20
Frame index

Fig. 10. The apex frame spotting using our RLBPS-CC
method.
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Error rate
Fig. 11. The standard error (shown in orange color) and the

mean absolute error (illustrated in blue color) for spotting the
apex on the CASME.
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Fig. 12. The standard error (depicted in orange color) and the

mean absolute error (pictured in blue color) for spotting the
apex on the CASME 1.

The apex frame along with its surrounding frames are
captured as a clip video. The missed frames are added using
the temporal interpolation model, and the sequential frames as
a clip are imported into the Eulerian movement magnification
method. The best motion magnification factor (1) based on
several experiments is 8 (Fig. 13). According to the results,
magnifying movements with a suitable factor improves the
ME recognition performance. As seen in Fig. 13, excessive
amplification reduces accuracy due to strengthening unwanted
movements and artifacts, since these cases will hide the micro-
movements in the MEs.
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Time
Fig. 13. Movement magnification with several # factors.

Since the face shapes may be changed, the face alignment
is performed. For this task, the landmarks are determined
using the DRMF. After the face alignment, the face regions
are cropped according to the coordinates of the eyes in the first
frame. Then, the spatiotemporal features of the cropped face
areas are extracted using spatiotemporal methods such as the
MRLBPS, HDGS, and HIGDS from the apex and its
surrounding frames. The MRLBPS is applied to the color
images of the CASME, CASME I, and CAS(ME)® to use
their three channels (e.g., red, green, and blue). In this method,
the RLBP separately codes the features of three channels on
each of the six planes. The results obtained from each channel
are concatenated together. All achieved features from each
plane are put into a matrix, which represents the feature vector
of the MRLBPS.

In the HDGS, the Sobel operator with 90 and 0 direction
masks as [-1 0 1] moves on the pixels in each plane to achieve
the vertical and the horizontal derivatives. To compute the
feature vector, each pixel has a weighted vote for the direction
channel, according to the gradient calculation response. In the
final feature vector, the feature vectors of the six planes are
concatenated.

The HIGDS ignores the gradient magnitude, and it utilizes
the simple vote. This method is applied to the SMIC-NIR
images.

The spatiotemporal feature vectors as a 3D volume of
matrices (224x224x224) are fed to the pre-trained 3D-ResNet
by applying transfer learning for the ME classification task.
The fully-connected layer has been changed to adapt our work.
Training the 3D-ResNet requires several hyper-parameters to
be used in the back-propagation learning process. The
optimization solver is an important parameter. We utilize the
stochastic gradient descent (SGD) solver in the training
process. It minimizes the loss function by moving in the
direction of the negative gradient at each iteration. The other
hyper-parameters are the learning rate, L2 regularization,
mini-batch size, and drop-out. We set the L2
regularization=0.0005 and the drop-out=0. Stride is 1.
Different values of the learning rate and the mini-batch size
are implemented, and the best one is chosen. The obtained
results are pictured in Fig. 14.

Finally, the best ME recognition rate is reported by voting.
It is worth mentioning that we use the 10-fold cross-validation
strategy, and we report the average of folds. Table 3 details the



International Journal of Industrial Electronics, Control and Optimization (IECO). 2024, 7(4) 334

results for the ME recognition using our proposed method,
which shows improvements over other methods.

Since the ME is more effectively revealed in a sequence
of frames than in a single frame, it is best to use multiple
frames. Our feature extraction methods can reveal changes
in the previous and next frames using the six temporal
planes. The six introduced planes code the changes over time
in different directions. These planes have pixels, which carry
valuable and impactful information. Moreover, the
spatiotemporal features can be quickly classified with a high-
accuracy rate using a 3D-CNN (i.e., the 3D-ResNet)
compared to the LSVM.

The recognition rate of the ME using the feature extraction
100

Percentage
(%)

Learning rate

Fig. 14. The obtained results from different values of the
learning rate and the mini-batch size.
methods on the different planes (e.g., the 3 orthogonal
planes, the 4 diagonal planes, and the 6 introduced planes)
has been summarized in Fig. 15. As we have seen, the six
planes (shown in Fig. 3) produce the best result. In addition,
Fig. 16 shows the elapsed time for training of different 3D-
CNN models.
TABLE 3
THE RESULTS FOR ME RECOGNITION ON THE COMPOSITE

DATASETS. BOLD TEXT SHOWS THE BEST RESULT. UNDERLINE
TEXT INDICATES SECOND-BEST PERFORMANCE.

Accuracy
Method %)
HIGD on three orthogonal planes + LSVM [2] 55.9
LBP on three orthogonal planes + LSVM [2] 55.9
Dual-stream combining optical flow and dynamic 731
image CNNs [30]
Combinatior) of optical flow and LBP on 796
diagonal planes [9]
HIGO on diagonal planes + LSVM [10] 82.6
HIGDS + LSVM [13] 83.7
Multi-color LBP on six intersection planes + LSVM 86.2
[13]
u-Pre-training of Deep Bidirectional Transformers 89.1
(Micron-BERT) [31]
DenseNet + Efficient Channel Attention (ECA) [32] 95.76
Ours 97.6

The ME recognition rate
(%)

85
80
75

6 planes 4 planes 3 planes
Fig. 15. The ME recognition rate using the feature extraction
methods on the different planes.
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Fig. 16. The elapsed time (ms) for training of two different 3D-
CNN models.
A.  Experimental results using the evaluation metrics

In another experiment, the proposed method's usefulness is
measured using the precision, F1-score, UF1, specificity, and
sensitivity metrics [33]. These evaluation metrics can
computed using the mathematical formulas in Table 4. Table
5 represents the achieved results of cross-validation using the
proposed method. According to the results, an average
precision of 99% has been obtained using our proposed
method. Also, the average of other metrics is 97%. In addition,
Table 6, Table 7, Table 8, and Table 9 compare the results of
ours and other state-of-the-art methods on different datasets.
The results show superior performance of our proposed
method in comparison with others.

The possible reasons for increasing the ME recognition rate
could be that (1) Unlike LBP, the RLBP circularly moves the
weights to obtain the dominant direction; (2) Computing the
RLBP on three channels of RGB images can provide the
meaningful features; (3) Feature extraction on six small and
temporal planes using the MRLBPS, HDGS, and HIGDS can
reveal micro variants and changes; (4) Feeding the extracted
temporal features to a 3D-ResNet can increase the ME
recognition rate. Unlike 3D-VGG, the 3D-ResNet have
advantages include requiring the feature learning only once,
solving vanish/detonate gradients problem, reducing the
training process time.

TABLE 4
THE EVALUATION METRICS
Name Formula
Sensitivity (true positives)/(false negatives+true positives)
Specificity (true negatives)/( true negatives+ false positives)
Precision (true positives)/(false positives+true positives)
F1-score 2x((PrecisionxSensitivity)/(Precision+Sensitivity))

2x(3. ((PrecisionxSensitivity)/(Precision+Sensitivity))

UF1 /the number of classes)
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TABLES
THE ACHIEVED RESULTS OF CROSS-VALIDATION USING THE
PROPOSED METHOD ON THE COMPOSITE DATASETS
Fold UF1 F1- precision  specificity  sensitivity
score

1 97% 98% 98% 98% 98%
2 96% 97% 99% 97% 97%
3 98% 98% 98% 98% 98%
4 96% 97% 99% 97% 95%
5 97% 96% 100% 98% 96%
6 97% 97% 99% 97% 97%
7 96% 97% 98% 96% 97%
8 98% 98% 99% 95% 98%
9 97% 98% 100% 99% 98%
10 98% 97% 99% 98% 97%
Average  97% 97% 99% 97% 97%

It is noteworthy that calculating the RLBP is time-
consuming compared to the LBP. Also, feature extraction on
six planes has computation complexity. Thus, the
computational complexity of the proposed method is more
than implementation a typical method or feeding raw images
to a 3D-CNN.

TABLE 6
THE RESULTS FOR ME RECOGNITION IN TERM OF UF1 ON THE

SMIC-NIR AND CASME Il DATASETS. BOLD TEXT SHOWS THE
BEST RESULT. UNDERLINE TEXT INDICATES SECOND-BEST

PERFORMANCE.
hod SMIC-NIR CASME Il
Metho UFL (%) UFL (%)
Bi-Weighted Oriented Optical Flow
(Bi-WOOF) [34] 57.27 78.05
Optical Flow Features from Apex
frame Network (OFF-ApexNet) [35] 68.17 87.64
Shallow Triple Stream Three-
dimensional CNN (STSTNet) [36] 68.01 8382
Lightweight Apex-based Enhanced
Network (LAENet) [37] 66.2 oL01
Hierarchical Transformer Network
(HTNet) [38] 8 £.32
Ours 96.8 975
TABLE 7

THE RESULTS FOR ME RECOGNITION IN TERMS OF F1-SCORE AND
ACCURACY ON THE SMIC-NIR AND CASME |1l DATASETS. BOLD
TEXT SHOWS THE BEST RESULT. UNDERLINE TEXT INDICATES
SECOND-BEST PERFORMANCE.
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Region-based
Convolutional Neural
Network (FR-CNN) [8]
Ours 97 97.4 975 97.8

TABLE 8
THE RESULTS FOR ME RECOGNITION IN TERMS OF F1-SCORE AND
ACCURACY ON THE CASME DATASETS. BOLD TEXT SHOWS THE
BEST RESULT. UNDERLINE TEXT INDICATES SECOND-BEST

PERFORMANCE.
CASME
Method F1- Accuracy (%)
score
()
Three-stream CNN (TSCNN) [42] 727 73.88
Knowledge distillation [43] v 81.8
Dual-stream SpatioTemporal 75 78

Attention Network (DSTAN) [44]
Local Binary Pattern on Six
Intersection Planes (LBP-SIPI) and
Fast Region-based Convolutional 80 81.56
Neural Network (FR-CNN) [8]
Intelligent cubic-LBP [17] 93 93

Ours 97.1 97.5

TABLE9
THE RESULTS FOR ME RECOGNITION IN TERMS OF F1-SCORE AND
ACCURACY ON THE CAS(ME)® DATASETS. BOLD TEXT SHOWS
THE BEST RESULT. UNDERLINE TEXT INDICATES SECOND-BEST

SMIC-NIR CASME 11
Method F1- Accuracy F1- Accuracy
score (%) score (%)
(%) (%)
Key Facial Components 7 77 737 727
(KFC) [39] 8 3.75 .76
Attention-based
magnification-adaptive 77 79.87 71 754
networks [40]
Shallow Triple Stream 68.0
Three-dimensional CNN 1 70.13 83.82 86.86
(STSTNet) [36]
Multi-scale 3D- 751 746 889  9OL35

ResNet50 [41]
Local Binary Pattern on

Six Intersection Planes 92
(LBP-SIPI) and Fast

©
—
N
©
[$3]
[o2]
»
©
o
[N
[N

PERFORMANCE.
CAS(ME)®
Method (ME)
UF1 (%)
Shallow Triple Stream Three-dimensional 37.95
CNN (STSTNet) [36] '
p-Pre-training of Deep Bidirectional 56.04
Transformers (Micron-BERT) [31]
Three-stream temporal-
shift attention network based on self-knowledge 86.48
distillation (SKD-TSTSAN) [45]
Ours 97
V. Conclusions

In this paper, a novel method called the RLBPS-CC has
been proposed for the apex frame spotting. Also, a new
method has been suggested for the ME recognition in real-
time. In this method, three hand-crafted methods (i.e., the
MRLBPS, HDGS, and the HIGDS) extract the features from
the detected apex frame and its surrounding frames. Then,
the stacks of the spatiotemporal features are fed into the 3D-
ResNet, and the output is the maximum recognition rate by
voting three results. The inference processing time took
approximately 0.9 seconds. Based on the obtained results,
the proposed methods show promising outcomes compared
to most state-of-the-art techniques. In the future, this method
could be used in other applications where subtle variations
in features are required to be spotted.
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The delay-and-sum (DS) beamforming and delay-weight-and-sum (DWS)
beamforming are primary methods in ultrasonic imaging with phased arrays. Total
focusing method (TFM) and Minimum Variance (MV) based adaptive beamforming
are well-known methods within DS and DWS beamforming, respectively. The
MV-based adaptive beamforming significantly reduces interferences and provides
high-resolution image compared to TFM beamforming, at the cost of high
computational complexity, and sensitivity to input statistics for matrix inversion. To
address these challenges, recently, iterative MV (IMV) has been proposed to alleviate
computational  burdens  without the need for matrix inversion. The
delay-multiply-and-sum (DMAS) beamforming enhances TFM beamforming
performance by employing spatial information of the array signals. However, the
resulting images remain susceptible to speckle and background noises in all of these
beamformers. In this paper, we aim to improve these beamforming methods so that
speckle and Gaussian background noise are reduced while preserving the quality of the
reflective echoes in ultrasonic images. In the proposed method, a wavelet transform
with a novel threshold function is applied to the received signals to initially reduce the
noise, followed by the application of the beamformer. Subsequently, the coherence
weighting using the denoised signals is derived, and the obtained coherence weighting
is then integrated into the beamforming process. Simulation results demonstrate that the
proposed method achieves a significant reduction in background noise and speckles of
the above beamformer, and particularly reduces background noise and speckles of
beamformer up to approximately -27dB while preserving the detection capability of
reflective points.

l. Introduction

Today, ultrasound imaging systems commonly utilize
Delay-and-Sum (DS) beamformers. These types of
beamformers operate in a fast and simple manner but provide
images with low resolution [1]. Synthetic Aperture Focusing
Technique (SAFT) and Total Focusing Method (TFM) are
two widely used DS based imaging methods[2-4].

One of the advanced beamforming methods in ultrasonic
imaging with phased array is the Delay-Weight-and-Sum
(DWS) beamforming, which operates by weighting the
delayed signals and then summing them. The adaptive
beamforming method based on the Minimum Variance (MV)

theory is a well-known beamforming method within the
context of DWS beamforming techniques.

In the MV adaptive beamformer, high-resolution and
high-contrast images are generated. The associated weights
are determined at each moment in such a way that the output
power of the beamformer reaches the minimum possible
value while preserving the desired signal.

The MV adaptive beamforming method involves a
significant computational complexity. In recent years,
approaches have been proposed to reduce the computational
complexity of the MV beamforming technique[l]. In the
Decimated MV (DMV) method, which prioritizes focusing
during the ultrasonic wave transmission phase, a uniform
reduction of array information is achieved by applying a

Copyright © Ehsani et al.
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spatial low-pass frequency filter. This reduction doesn't
compromise the effective signal information contained within
the reduced array covariance matrix[5]. Another approach to
low-complexity MV beamforming involves transferring data
to the beam space. This has been proposed utilizing various
transformations such as the Discrete Fourier Transform
(DFT), Discrete Cosine Transform (DCT), or Legendre
Polynomial Transform[6]. The iterative MV (IMV) based
adaptive beamforming method exploits the fact that received
signals from two adjacent imaging points in ultrasonic
imaging do not differ significantly. A new formula for
updating the weights is presented, which eliminates the need
for computing the covariance matrix inverse and results in
faster optimization with just a few iterations for each imaging
point [7].

In[8, 9], low-complexity and robust MV beamformers are
proposed for ultrasound imaging systems using beamspace
dominant mode rejection (DMR). In DMR technique, only
eigenvectors corresponding to a few largest eigenvalues are
computed. Computational complexity is reduced by
predicting element-space data to the beam space domain and
then employing dominant mode removal on the beam-space
covariance matrix.

The Adaptive Spatial Smoothing MV (ASS-MV) method
enhances the resolution and the ratio of contrast enhancement
to noise of the MV method, by specifying subarray lengths
for spatial smoothing, while preserving MV performance [10].
Moreover, the Generalized Sidelobe Canceller (CSG)
partially suppresses MV method by dividing the weight
vector into two parts in an adaptive manner [11]. Additionally,
a Fast Adaptive Beamforming with sidelobe control is
proposed, which minimizes the sidelobe level [12].

Recent advancements in ultrasonic imaging for
non-destructive testing (NDT) have introduced innovative
approaches to enhance defect detection and image quality.
In[13], a full-matrix imaging method based on the
search-vector imaging condition is proposed to detect the
defects. The search-vector imaging condition integrates
waveform inversion using first-order derivative vectors and
approximated Hessian matrices to achieve highly accurate
defect detection in complex-surface components.

Ref. [14] proposes a cost-effective imaging method
utilizing Full Matrix Migration Total Focus Method
(FM-TFM) and normalized cross-correlation (NCC) template
matching, offering large-area scanned images without costly
equipment.

In[15], a discretized tensor-based model for TFM,
employing a sparse regularization strategy significantly
enhances defect characterization and noise suppression,
outperforming traditional TFM in both simulation and
experimental studies. In[16], an optimized TFM based on
delay-multiply-and-sum (DMAS) beamforming improves
imaging performance through synthetic focusing in TFM,

promising enhanced
applications.

Some recent studies in the field of NDT have focused on
leveraging artificial neural networks, particularly deep
learning techniques, to enhance inspection processes. In [17],
a conditional Generative Adversarial Network (cCGAN) was
employed to replace conventional Full Matrix Capture (FMC)

and Total Focusing Method (TFM) procedures with a

accuracy and quality in NDT

simplified zero-degree plane wave. This approach
demonstrated comparable resolution to TFM while
significantly improving contrast in over 94% of

reconstructions.

Reference [18] introduced a deep neural network (DNN)
tailored for ultrasonic array tomography, specifically
targeting subsurface crack recognition and pixel-wise
cross-section image reconstruction in reinforced concrete
structures. The DNN adopted an encoder-decoder
architecture enhanced by skip connections and residual
modules, effectively adapting to the semantic structure of
ultrasonic  B-scans. In[19], researchers developed a
deep-learning surrogate model for rapid generation of
realistic ultrasonic images in the Multi-modal Total Focusing
Method (M-TFM). Using a Conditional U-Net (cU-Net), they
facilitated controlled generation of high-resolution M-TFM
images. This approach was validated with a case study
involving planar defects in a complex weld-like profile,
addressing uncertainties in image parameter reconstruction
through numerical and experimental data.

While various beamforming methods aim to generate the
ultrasonic image with high resolution and low complexity,
they are sensitive to noises and may fail to detect the
reflectors in noisy situations.

On the other hand, using deep learning in NDT offers
significant benefits but also faces challenges. Deep learning
models require large, labeled datasets for effective training,
which can be costly and time-consuming to obtain, especially
for diverse or rare defects. Additionally, their computational
demands and concerns about robustness in noisy
environments pose further obstacles.

In this paper, we propose a noise robust beamforming
method to enhance the TFM, DMAS, MV, and IMV methods
in a way that reduces background speckle and Gaussian
noises in the resulting images. To achieve this, we employ a
coherence weighting method [3] along with thresholding in
the wavelet transform [20] to remove noise from ultrasonic
images. An improved thresholding function, based on logistic
function, is introduced to denoise images generated by the
mentioned beamformers.

The remainder of this paper is organized as follows. In
Section I, some well-known beamformers are introduced. In
Section 11, we propose a new noise robust beamforming
method for ultrasonic imaging. The simulation and
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experimental results are conducted in Section 1V. Conclusion
is finally given in Section V.

I1.  Beamforming methods
In this section, we outline several beamforming methods.
Our objective is to enhance their performance and make them
more robust to noise using the proposed denoising method.

A. Delay-and-Sum (DS) beamformer
In the DS beamformer, suitable delays are initially applied
to the received signals of the array elements to compensate
for path delays. Subsequently, these signals are summed with
constant weighting coefficients. If z[n] represents the
measured signal of element j at time index n, then

xj[n] = z; [n — 4 [n]] €))

where 4;[n] represents the delay of element j relative to
time index n, and x;[n] is the delayed signal received by
element j .

To obtain the output of the DS beamformer, a constant
weight is used, represented by:

Ypas[n] = Z Wy x; [n] = wHx[n] (2)

j=1

where * denotes the conjugate transpose, H denotes the
Hermitian transpose, and wy;" is the weight applied to element
j in the DS beamformer, which is obtained as a constant
vector from [21, 22]:

1

m 1 ©)

wps(n) =

where M is the number of array elements. In (2), we define
vector x[n] as x[n] = [x;[n], x,[n], ..., xy[n]]"  and
w=[wi,ws, ..., wy]".

In the SAFT method, each array element transmits a signal
and receives the signal reflection from the same element.
Therefore, the brightness intensity of each pixel in the image
is calculated as follows [22]

M
Isapr(n) = Z A; (x5, 27;) 4)
=1

where x,; is the longitudinal coordinate (the length) of the
ith element, A4;(.) is the pulse-echo response of the ith
element, and t;is the time it takes for the signal to travel
from the ith element to the point of interest, which is the
location of a specified pixel in the ultrasonic image.

Robust Beamforming for Ultrasonic Imaging / M. Ehsani, et al

In the TFM method, each array element individually
transmits a signal, and the signal reflection is received by all
array elements [22]. As a result, the brightness intensity of
each pixel in the image is calculated as follows:

M

M
Irpy(m) = ZZAi,j(xsi:xrj:Ti + Tj) ®)

i=1j=1

where xg; and x,; are the longitudinal coordinates of the
transmitting and receiving elements, respectively, 4;;(.) is
the pulse-echo response received by the jth element and
transmitted by the ith element, and 7; and ; are the times
traveled from the transmitting element i to the point of
interest and from the point of interest to the receiving element
J, respectively.

B. Delay-Multiply-and-Sum (DMAS) beamformer
In[16], an optimized total focusing method using the
delay-multiply-and-sum (DMAS) approach was proposed.
For a given point z in the imaging area, the focused signal
relative to z in DMAS is described as follows:

Ipmas(2)
M-1 M

= Z Z sign{Si(Z)Sj(Z)} |Si(z)5j(z)| ©

i=1 j=i+1

Here, the sign function denotes the signum function
extraction operation, and the signed square root calculation
ensures that the amplitude of each multiplication term is
correctly scaled to match the dimensionality of the echo
signals. S; is the result of all echo signals received by the j
-th element, calculated as:

M
k=1

where, similar to TFM, t,and t; are the travel times from
the transmitting element k to the point of interest and from
the point of interest to the receiving element j, respectively.

C. MV beamformer
The MV beamformer updates the weight vector for each
point in the image based on the received data, adjusting the
weights in such a way that the maximum level of interference
and noise is removed from the desired signal. The output of
this beamformer is obtained from:

M
Il = ) Wiy [n) = wihyxin] ®
-
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where x; is the delayed signal received by element j, and
wiyy is the weight applied to element j in the MV
beamformer. This beamformer minimizes the output power

while preserving the desired signal unchanged, as described
by:

min{wil, [n]x[n]wyy [n]} subject to wil,[n]la = 1 9)

where a is the steering vector towards the desired signal.
Since x[n] has been previously delayed, a is a column
vector of size M x 1 consisting of unit values, i.e., a=
[1,1,..,1]%. The objective is to find w[n] such that the
expression wii, [n]x[n]wyy[n] is minimized and the value
of the beamforming gain ¥ ;w;[n] is equal to one. To this
end, optimized weights are obtained using the following
equation:

R [n]a

Wyyln] = "R '[nla

(10)

where R[n] is the autocorrelation function of the output data
of the phased array elements, obtained from:

R[n] = E{x[n]x"[n]} (11)

in which E{.} represents statistical averaging. To accelerate
the algorithm in online implementation, instantaneous values
of the vectors are used instead of averaging for calculating
the autocorrelation function. Therefore, the instantaneous
autocorrelation function is given by:

R[n] = x[n]x"[n] (12)

The covariance matrix of the array is estimated from the
measured signals using[23, 24]:

R[n] = zM xj[n]xf'[n] + 61 (13)

j=1

where the regularization term &I is used to increase
numerical stability and robustness of the MV method, in
which I is the identity matrix and § is a small positive
constant close to zero.

D. IMV beamformer

To reduce the computational complexity of the MV
method while preserving its performance, and increase its
robustness against correlation matrix inverse errors, the IMV
beamformer has been proposed [7]. In this approach, weights
are updated iteratively using the steepest descent method.
Therefore, the final equation for obtaining the weight vector
is as follows:

wpaln] = [I — a(a” @)™ a™ ][I — uR]wp[n]
+a(ata)™?!
where the index D indicates the number of repetitions, and u
represents the step size. Due to the fact that the received
signal from one imaging point does not change significantly
compared to the received signal from another nearby point,
the initial weight (wgy[n]) is adjusted based on the last
weight vector found for the previous point (i.e., wy[n] =
w[n — 1]). This approach accelerates convergence speed [7].
The step size u is also set to the maximum available value,

calculated as u = tracze(R)[ZS].

By using the termination criterion ||y, [n]|? — |yp_1[nl|?],
where yp[n] represents the output of the array in the Dth
repetition, the changes in output power can be determined at
each iteration. When this criterion is less than a predefined
threshold through trial and error, the iteration is terminated

(71

(14)

I11.  The Proposed Method

In the proposed method, we aim to eliminate noise

generated in ultrasonic imaging and obtain higher quality
images by using wavelet transform and coherence weighting.
Fig. 1 illustrates the overall block diagram of the proposed
approach. As shown, after receiving signals from the
ultrasonic phased array, appropriate delays are applied to the
signals to focus the beam on a target point (which will form a
pixel of the ultrasonic image). We then use the wavelet
transform to remove noise from the delayed received signals.
Specifically, the signals are decomposed using the wavelet,
and then the noise is reduced or removed using the threshold
function proposed in this paper.
Finally, the noise-free signal is reconstructed using the
inverse wavelet transform on the modified coefficients. These
denoised signals are then used to compute coherence
weighting and beamforming for the target point. The
calculated coherence coefficients are multiplied at the output
of the beamformer, and the brightness intensity of the target
pixel in the image is obtained. This process is repeated for all
pixels in the image, and the information of each pixel is
stored in a buffer to create the final image. In this proposed
method, the resulting image not only reduces the background
noise and speckles but also enhances the resolution and the
ability to distinguish reflective points of the test piece from
each other.

The steps of the proposed method are as follows:

I Wavelet Packet Transform (WPT) is used to
decompose the signal and a proposed thresholding
method is applied to remove noise from the received
signals.
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Fig. 1. Block diagram of the proposed method, illustrating the
process from the received signals of the phased array to the
output image construction.

Output image

Il. Using the denoised signals and the optimization
formula for weights in the TFEM/MV/IMV methods,
the ultrasound image of the under-test piece is
obtained.

I1l.  Using the denoised signals from the previous step,
coherence weights are calculated for the image
obtained by the beamformer.

IV. By applying the calculated coherence weights to
the denoised beamformed image, an image with
minimal noise is obtained.

The details of the wavelet transform and coherence

weighting in the proposed method will be explained further.

A.  Wavelet Transform
Removing Speckle and Gaussian noises using wavelet
transform based on the fact that only a few wavelet
coefficients contain the highest signal power, while the rest
typically have low noise values, is feasible[26]. The wavelet
transform performs noise reduction in three steps:

1) The signal is decomposed using various methods, one of
which is the Wavelet Packet Transform (WPT). In this
transform, the signal is divided into two parts:
approximation and details, which respectively contain
low-frequency and high-frequency information. The
approximation part is successively decomposed into
multiple stages with wavelet transform to obtain more
details, and the details part is further divided into
approximation and details at each level. This method
provides high precision in signal reconstruction[27].
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2) In this stage, the coefficients of the approximation and
details parts are thresholded to remove coefficients that
contain insignificant noise.

3) After thresholding the coefficients, the noise-reduced
signal is reconstructed using the modified approximation
and details coefficients through inverse wavelet
transform.

The following effective threshold value for ultrasound
signals has been applied as introduced in[28]:

T = ’uj+koj (15)

in which the parameter T represents the threshold value, u;
denotes the mean value, and o; represents the standard
deviation.

Two threshold functions, hard and soft, are commonly used
for thresholding[29]. However, due to the issues these two
thresholds create in signal reconstruction, we develop an
alternative function to overcome the shortcomings of
classical threshold functions. This alternative is based on the
logistic function, which strikes a balance between the
advantages and disadvantages of hard and soft thresholds.

The logistic function is a type of sigmoid function that is
real-valued, bounded, and differentiable. It is defined for all
real values, has a positive derivative for all its values, and is

expressed by:
a

T 1+ eBap (16)

y

in which, a represents the maximum value of the function,
determines the steepness of the curve, and y specifies the
center of the function. With the aid of this function, the
improved threshold function is introduced. In this proposed
improved threshold function, to ensure that coefficients'
values are not zero for values smaller than the threshold level,
the thresholding function is extended by incorporating the
solution presented in[30]. This extension attenuates values
between T and —T instead of setting them to zero, as
expressed by:

— (ﬁ) x>T
F) = sgn(x) ((25) Kl<T )
x + (ﬁ) x < =T

where the parameter ¢ > 0 controls the attenuation of values
greater than the threshold level T and values smaller than
—T, and the even parameter d = 2k,k € N controls the
attenuation of values between T and —T. In this threshold
function, we have a better control over the impact of samples
close to the threshold levels +T. If ¢ and d tend to infinity,
the threshold function behaves similarly to a hard threshold
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but remains continuous. This function possesses properties of
continuity, uniformity, and differentiability over the entire
domain interval (—oo,400). The curves of the proposed
function for T = 3 are shown in Fig. 2 for some values of ¢
and d.

As shown in Fig. 2, when ¢ =100 and d = 150, the
thresholding function behaves like a hard thresholding
method. This means that wavelet coefficients within the
range of (-3, +3) are set to zero, while those outside this range
retain their values. Conversely, for smaller values of ¢ and
d, the function attenuates the magnitude of wavelet
coefficients within the range of (-3, +3), with smaller
coefficients being more heavily attenuated towards zero. For
coefficients outside the range of (-3, +3), there is also
attenuation, but the reduction in magnitude is less
pronounced for larger coefficients. Specifically, when ¢ =1
and d = 4, the curves are smoothest, resulting in minimal
attenuation for wavelet coefficients within the range of (-3,
+3) and significant attenuation for those outside this range.

B. Coherence Weighting

The concept of coherence weighting was first introduced as
the ratio between the coherence sum and the total addition of
the signal magnitudes[31]. In order to minimize background
noise and mitigate the effect of stray radiation in shaping
different radiation patterns, coherence weighting can be
employed. It is calculated according to the following
equation[32]:

CF(s)

14

~ 1(s)I? T s

A\t v |4 (e + 1)
i=14j=114%,j xSl!xT]'Tl T]

where I(s) represents the intensity of each pixel in the
image s, derived by the specified beamforming method, M
is the number of elements in the array, xand x,; represent
the longitudinal coordinates of the transmitting and receiving
elements, respectively. A;;(.) signifies the pulse-echo
response received by element j transmitted by element i,
and 7; and 7; denote the time taken from the transmitting
element i to the point of interest and from the point of
interest to the receiving element j, respectively.

Additionally, p.r (phase coherence factor) is the
sensitivity factor, which governs the relationship between
regions with different levels of coherence.

Multiplying the value of coherence weighting by the output
images of the different beamformers results in their
noise-removed images according to:

ICF(xly) = CF(x,}’)I(x'Y) (19)

=
I
x

=00 0o

Fig. 2. The curves of the proposed thresholding function for
various values of ¢ and d.

where CF(x,y) represents the coherence weighting, I(x,y)
denotes the image obtained from different beamformers, and
Icr(x,y) is the denoised image.

In the proposed method, the WPT is utilized to decompose
the signal using the effective threshold presented in (15) and
the proposed threshold function using (17) to eliminate noise
from the received signals. The signal decomposition levels
are set to two, and the Daubechies wavelet of type 4 (db4) is
employed for the ultrasonic signal. The beamformer weights
are subsequently derived using (3), (10), and (14) for TFM,
MV, and IMV, respectively, and the denoised image is
generated. Using the denoised signals obtained in the
previous stage and (18), the coherence weights are calculated.
By applying the calculated weights to the denoised image
generated by the specified beamformer, using (19), an image
with minimal noise is obtained.

IV.  Simulation and Experimental Results

The proposed method has been evaluated using simulation

and experiments.
A. Simulation results

Simulation is conducted using MATLAB software. In the
simulation, a steel specimen with dimensions of
75mmx50mm containing four point-defects, as depicted in
Fig. 3, was tested. It is assumed in the simulations that there
is no distance between the phased array and the steel
specimen. Speckle noise with SNR=4 dB and Gaussian white
noise with SNR=0dB have been added to the ultrasonic
signals. To generate the speckle noise, we add some
correlated extra peaks to the received signals of the phased
array. These extra peaks are similar to the peaks of the actual
reflections from defects. The simulation setup parameters are
summarized in Table 1.

In our simulations, the values of ¢, d, and p.r are
determined empirically to achieve effective noise reduction
from received ultrasonic phased array signals. The values of
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TABLE 1 PARAMETERS OF SIMULATION SETUP

Material Steel
Piece height (mm) 25
Number of array elements 16
Element pitch (mm) 2
Received signal type 5 cycles of modulated sinusoidal
waveform
Probe frequency (MHz) 5
Sampling rate (MHz) 40
Speed of sound in steel 3000
(mfs)
Image resolution (mm) 0.5
pcf 4
c 5
d 30

other parameters are typically chosen to simulate realistic
conditions.

To evaluate the performance of the beamformer, we utilize
the following metrics:

1) Array Performance Index (API)

APl is a dimensionless metric used to quantitatively
compare the performance of array inspection methods in
terms of their capability to detect and image reflector
points[33]. A lower value of this index indicates better noise
removal performance. API is computed giving:

A
APl = —3% (20)
where A_g4p represents the area of the region where the
value is at most, 6dB less than the maximum point, and A
denotes the wavelength of the ultrasonic signal.
2) Average Background Noise

Average noise (Nayg) is the mean intensity level of the
pixels in the image corresponding to non-reflective points.

As Nayg decreases, the background brightness of the image
decreases, leading to more accurate detection of reflective
points.

3) Intensity Function

The intensity function is expressed as the normalized
maximum intensity within the image depth range, obtained
for each length x according to the following equation:

F(x) = 10 logao {f (x) /max f ()} (21)

where the function f(x) provides the maximum intensity
level for each specified length x , thus f(x)=
mzax{l (x,v)} .

Based on the function F(x), the separability of reflective
points in the image from each other, the maximum
attenuation level of the image for reflective points, and the
average background noise level in the image are assessed
[24].
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Transducer

Test piece

Fig. 3. The steel piece under test with four point-defects. The
transducer, an ultrasonic phased array, is mounted directly over
the piece.

Fig. 4 illustrates simulated images of TFM, DMAS, MV,
and IMV beamforming methods without denoising (first
column), with coherence weighting alone (second column),
and the denoised images using the proposed wavelet
thresholding along with coherence weighting (third column).

As observed in Fig. 4, applying coherence weighting alone
to the beamforming methods has effectively increased image
clarity to the extent that reflective points become more
distinguishable from background noises. However, the
amount of background noises is still high, which affect the
image quality. As can be seen, the proposed method further
enhances the image quality with lowering the background
noises. Therefore, this approach exhibits a high capability in
reflective point detection and background noise elimination.
Particularly, in the IMV beamforming, it is clear through Fig.
4 that while coherence weighting alone reduces image noise
substantially, our proposed denoising method enhances defect
detection by producing brighter reflective points and lower
background noise.

Fig. 5 depicts the intensity function for the TFM, MV,
IMV, and DMAS methods in the noisy condition using (21).
As evident in Fig. 5, in the presence of noise, IMV and
DMAS methods present reflective points with higher
discrimination compared to the other two methods.
Additionally, Fig. 6 illustrates the intensity plots for the TFM,
MV, IMV, and DMAS methods with the application of
coherence weighting alone.

Comparing Fig. 6 with Fig. 5 demonstrates the positive
impact of coherence weighting on the clarity of reflective
points, the distinguishability of these points from each other,
and significant background noise reduction. It is also
noticeable that applying this weighting to these methods has
led to the creation of more discriminated peaks in the
intensity plot, indicating an enhanced ability to detect the
reflective points.
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Fig. 4. Simulated images of TFM, DMAS, MV, IMV methods in three modes: Noisy mode (first column), Applying of coherence
weighting alone (second column) and removal of noise by time thresholding and coherence weighting simultaneously (third column).

Fig. 7 displays the intensity plots of the proposed denoising
methods. The increase in peak levels, representing the
intensity of reflective points and the ability to detect defects,
is well evident in the proposed methods.

It can be observed that the attenuation of peaks in this
method is less than 1dB, whereas in the TFM method, this
value is approximately 1.5dB, and the MV method has an
attenuation of about 2dB. Additionally, with careful
observation of this plot, we find that the depth of valleys
between two peaks in the proposed method is lower

compared to the other methods, indicating the superior ability
to distinguish reflective points from each other.

Another notable point regarding the proposed denoised
methods, is that background noise is reduced more than 5 dB
for all of proposed beamforming methods, in comparison
with their primary counterparts.

Table 2 presents the average noise level (Nayg), and the API
metric values. It shows a reduction in APl values in the
proposed beamforming methods compared to the primary
methods, which is considerable for TFM and MV.
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Fig. 5. Intensity function for TFM, MDAS, MV, and IMV in

noisy conditions. IMV demonstrates superior noise reduction but

exhibits more peak attenuation compared to the others.
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Fig. 6. Intensity function for TFM, DMAS, MV, and IMV with
coherence weighting applied. IMV exhibits greater noise
attenuation around the peaks, resulting in better peak
distinguishing compared to the others.

Additionally, the average noise level has significantly
decreased for all beamforming methods. Consequently, the
proposed denoising approach has been able to demonstrate
satisfactory performance in the removal of background
Gaussian noise and speckle noise, while preserve the image
quality of defects.

Furthermore, the performance of the proposed denoising
method can be influenced by the value of p.,. Table 3 shows
API and Nayg values for four different p... As p.f increases,
Navg correspondingly decreases, and API slightly decreases,
resulting in better resolution of reflective points. However,
this improvement comes at the cost of peak attenuation,
which reduces detectability for weak reflections. Moreover,
computational complexity increases with higher p,, values.
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Fig. 7. Intensity function for TFM, DMAS, MV, and IMV with
wavelet thresholding followed by coherence weighting.
Denoised DMAS and Denoised IMV exhibit better noise

attenuation than others, with Denoised IMV showing less peak

attenuation compared to the others.

TABLE 2 AVERAGE BACKGROUND NOISE AND API FOR
VARIOUS BEAMFORMING METHODS IN THE SIMULATION

TFM DMAS MV IMV
API 6.25 2.9 10.8 3
Navg -5.2dB -17.9dB -2dB -15.9dB
TFM+CF DMAS+CF MV+CF IMV+CF
API 4.2 2.8 45 2.6
Navg -8.9dB -18.8 -7.4dB -19.4 dB
Denoised Denoised Denoised Denoised
TFM DMAS MV IMV
API 3.8 2.8 4.8 2.9
Navg -15dB -23.9 -18.8dB -21.6dB

TABLE 3 AVERAGE BACKGROUND NOISE AND API FOR
DIFFERENT VALUES OF P IN THE SIMULATION

Pes Denoised Denoised Denoised Denoised
TFM DMAS MV IMV
2 API 40 28 49 29
Navg -12.5dB -23 -17.6 dB -20.8 dB
4 API 3.8 28 48 29
Navg -15dB -23.9 -18.8 dB -21.6dB
8 API 35 2.6 4.7 2.6
Navg -18.6 dB -29 -19.8 dB -26.1dB
12 API 3.4 24 4.6 23
Navg -22.4dB -33.2 -21.1dB -31.2dB

B. Experimental results
For the experiment, a phased array probe of model
Olympus with 16 linear elements at a frequency of 7.5 MHz
is used, mounted on a Rexolite wedge with the angle of 38.5
degrees[34]. The element pitch of the transducer is 0.5 mm.
The width of the applied pulses is half the period of the probe,
which equals 67 ns, and the amplitude of the applied pulse is
50 volts. The test piece is a cylindrical steel tube with a
diameter of 60 mm and a thickness of 15 mm. The pulses
received from the piece are sampled at a rate of 40 MHz. Fig.

8 shows the experimental setup.
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steel tube

Fig. 8. The experimental setup, constructed by Niroo Research
Institute (NRI) [34].

In the experiment, two small through-holes perpendicular
to the axis of the steel tube at depths of 5 mm and 9 mm, each
with a diameter of 0.8 mm, are provided as shown in Fig. 8.
In this setup, due to the placement of the probe on the wedge,
the ultrasonic waves are emitted and reflected obliquely.
These waves, after passing through the wedge and entering
the steel piece, are mainly transverse waves with a speed of
about 3250 m/s. In this test, the lateral distance between the
probe wedge and holes relative to the tube surface is 25 mm.

Figs. 9-a to 9-h show the images obtained from
beamforming methods based on TFM (first row), DMAS
(second row), MV (third row), and IMV (fourth row). The
images in the left column show the classical methods, while
the right column shows the denoised methods. The amounts
of ¢, d, and p., are determined as before. It can be observed
that in all images, the images of two holes are seen as bright
spots, with their centers at depths corresponding to the
locations of the holes in the steel tube. The bright areas in
these images indicate background noise and speckles, which
are due to the presence of noise in the signals received by the
phased array and the limitations of the beamforming methods
to mitigate the background noise.

It is observed that the hole images in the figures appear
elongated, which is due to the significant lateral distance
between the holes and the wedge compared to the length of
the phased array.

According to Fig. 9, the background noise appeared in all
the beamforming methods with considerable brightness,
which lead to a possibility of detecting false defects,
especially in the TFM and MV methods.

Lateral Distance (mm)

—

Fig. 9. The experimental images of TFM (a), Denoised TFM (b),
DMAS (c), Denoised DMAS (d), MV (e), Denoised MV (f),
IMV (g), Denoised IMV (h). The background noise and speckles
in the proposed denoising method (the right column) are
considerably less than the original images (the left column).

Depth (mm)

In the IMV and DMAS methods as shown in Fig. 9, the
noise is somewhat reduced, and in IMV, the elongation of the
holes reduces considerably. In the proposed denoising
methods in the right column of Fig. 9, it is observed that the
background noise and false reflections are significantly lower
than in the counterpart methods, thereby improving the
clarity of the hole images.

Table 4 presents the average background noise for the
experiment. It shows a significant reduction in Nayg values in
the proposed beamforming methods compared to the
counterparts.

C. Discussion
In this study, we propose a solution to reduce background
noise and speckles in phased array-based ultrasonic imaging.
Our method has two main contributions: (i) denoising the
phased array received signals using a novel wavelet-based
thresholding technique, and (ii) applying a coherence
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TABLE 4 AVERAGE BACKGROUND NOISE LEVELS FOR VARIOUS
BEAMFORMING METHODS IN EXPERIMENT

TFM DMAS MV IMV
Navg -12.6 dB -19 -10dB -15.4dB
Denoised Denoised Denoised Denoised

TFM DMAS MV IMV
Navg -17.4dB -26.6 -16.2dB -20.5dB

weighting derived from the denoised signals to the output
signal of the beamformer to construct the denoised images.
We evaluated the proposed method on various ultrasonic
beamforming techniques, including TFM, DMAS, MV, and
IMV, through both simulations and experiments.

Fig. 4 qualitatively demonstrates that the combination of
wavelet thresholding and coherence weighting significantly
reduces background noise and speckles in beamforming
techniques, while preserving the quality of reflective points.
As a result, reflective points become more distinguishable in
the images. The intensity functions illustrated in Figs. 5, 6,
and 7 quantitatively confirm that reflective points are more
discriminative after applying the proposed denoising method,
consistent with the qualitative results from Fig. 4.

Additionally, the results show that DMAS and IMV
provide better discrimination of reflective points and noise
reduction compared to TFM and MV in both noisy and
denoised versions. According to Table 2, the background
noise is reduced by more than 5 dB across all beamforming
methods when using the proposed denoising method,
compared to their primary counterparts. Moreover, the APl in
the proposed denoised beamforming methods is slightly
lower than in the primary counterparts, indicating improved
image resolution with the proposed method.

In experiments, as shown in Fig. 9 and Table 4, the
background noise is significantly lower with the proposed
denoising methods than with the counterpart methods, which
is consistent with the simulation results. Furthermore, Fig. 9
qualitatively shows a substantial reduction in false reflections
caused by speckles in the proposed denoising methods,
thereby enhancing the clarity of the holes in ultrasonic
images.

V. Conclusions

In this study, we introduced a noise-robust beamforming
technique aimed at reducing the speckle and background
noises in ultrasonic imaging, while preserving the quality of
reflective echoes. Our approach involved the utilization of a
novel wavelet thresholding method on the input signals of the
phase array, alongside the generation of images through total
focusing method (TFM), delay-multiply-and-sum (DMAS),
minimum variance (MV), and iterative MV (IMV)
beamforming techniques. Subsequently, coherence weighting
was derived from the denoised signals and integrated into the
beamforming process to construct the denoised images. This
proposed methodology not only effectively mitigates
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background noise but also enhances defect detection and
improves the differentiation among reflective points,
consequently elevating the quality and clarity of ultrasonic
images.

REFERENCES

[1] J. Park, S. M. Wi, and J. S. Lee, "Computationally efficient
adaptive beamformer for ultrasound imaging based on QR
decomposition,” IEEE Transactions on ultrasonics,
Ferroelectrics, and frequency control, vol. 63, no. 2, pp.
256 - 265, 2016.

[2] J. Lambert, A. Pédron, G. Gens, F. Bimbard, L. Lacassagne,
and E. lakovleva, "Performance evaluation of total focusing
method on GPP and GPU," Conference on Design and
Architectures for Signal and Image Processing, pp. 1-8,
2012.

[3] L. P. Piedade, G. Painchaud-April, and P. B. A. Le Duff,
"Minimum transmission events for fast ultrasonic TFM
imaging: A comparative study,” NDT & E International, vol.
128, 2022.

[4] T. Stepinski and F. Lingvall, "Synthetic aperture focusing
techniques for ultrasonic imaging of solid objects,” 8th
European Conference on Synthetic Aperture Radar, pp.
438-441, 2010.

[5] S. M. Sakhaei, "A decimated minimum variance
beamformer applied to ultrasound imaging,” Ultrasonics,
vol. 59, pp. 119-127, 2015.

[6] A. M. Deylami and B. M. Asl, "A fast and robust
beamspace adaptive beamformer for medical ultrasound
imaging,” IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, vol. 64, no. 6, pp. 947-958, 2017.

[71 A. M. Deylami and B. M. Asl, " Iterative minimum variance
beamformer with low complexity for medical ultrasound
imaging," Ultrasound in Medicine & Biology, vol. 44, pp.
1882-1890, 2018.

[8] B. M. Asland A. M. Deylami, "A low complexity minimum
variance beamformer for ultrasound imaging using
dominant mode rejection,” Ultrasonics, vol. 85, pp. 49-60,
2018.

[9] A. S. Vaidya and M. B. Srinivas, "A low-complexity and
robust minimum variance beamformer for ultrasound
imaging systems using beamspace dominant mode
rejection,” Ultrasonics, vol. 101, 2020.

[10] J. Pan, Y. Wang, Y. Wang, Z. Han, C. Zheng, and H. Peng,
"Adaptive spatial smoothing-based minimum variance
beamforming using signal coherence to improve image
quality," IEEE International Ultrasonics Symposium (1US),
2022.

[11] A. M. Deylami and B. M. Asl, "High resolution minimum
variance beamformer with low complexity in medical
ultrasound imaging,” Ultrasound in Medicine & Biology,
vol. 45, no. 10, pp. 2805-2818, 2019.

[12] z. Shen, J. Li, and Q. Wu, "A fast adaptive beamformer
with sidelobe control based on gradient descent ascent,”
Signal Processing, vol. 206, p. 108906, 2023.

[13] K. Ji, P. Zhao, C. Zhuo, H. Chen, J. Wang, and J. Fu,
"High-accuracy ultrasonic imaging of the defects in the
complex-surface components by the search-vector imaging
condition," Mechanical Systems and Signal Processing, vol.
216, 2024.

[14] J. Wu, H. Hu, Y. Song, P. Ni, and X. Li, "Ultrasonic phased
array imaging of multi-layered structures using full-matrix



International Journal of Industrial Electronics, Control and Optimization (IECO). 2024, 7(4) 350

migration and normalized cross-correlation matching
technique,” NDT & E International, vol. 145, 2024.

[15] Z. Zhao, L. Liu, W. Liu, D. Teng, Y. Xiang, and F. Z. Xuan,
"Discretized tensor-based model of total focusing method:
A sparse regularization approach for enhanced ultrasonic
phased array imaging,” NDT & E International, vol. 141,
2024.

[16] D. Teng, L. Liu, Y. Xiang, and F. Z. Xuan, "An optimized
total focusing method based on delay-multiply-and-sum for
nondestructive testing," Ultrasonics, vol. 128, 2023.

[17] N. Molinier, G. Painchaud-April, A. L. Duff, M. Toews, and
P. Bélanger, "Ultrasonic imaging using conditional
generative adversarial networks," Ultrasonics, vol. 133,
2023.

[18] H. Yang, J. Shu, S. Li, and Y. Duan, "Ultrasonic array
tomography-oriented subsurface crack recognition and
cross-section image reconstruction of reinforced concrete
structure using deep neural networks," Journal of Building
Engineering, vol. 82, 2024.

[19] G. Granados, R. Miorelli, F. Gatti, S. Robert, and D.
Clouteau, "Towards a multi-fidelity deep learning
framework for a fast and realistic generation of ultrasonic
multi-modal Total Focusing Method images in complex
geometries," NDT & E International, vol. 139, 2023.

[20] A. Ghaedi, R. Sedaghati, M. Mahmoudian, and S. Bazyari,
"De-noising of partial discharge signals in HV XLPE cables
by reference noise based on the wavelet transform,"
International Journal of Industrial Electronics Control and
Optimization, vol. 6, no. 4, pp. 291-306, 2023.

[21] A. M. Deylami and B. M. Asl, "Improving the coherence
coefficient resistance in ultrasonic  beamforming,”
Twenty-Third Iranian Conference of Electrical Engineering,
Sharif University of Technology, May 2015.

[22] J. Lester and W. Schmmer, "Fundamentals of ultrasonic
phased arrays," Springer, 2014.

[23] M. Bekrani and V. Hamiyati-Vaghef, "An improved method
for ultrasound imaging in weld inspection,” Iranian Journal
of Electrical and Electronic Engineering, vol. 17, no. 1, pp.
45-59, 2020.

[24] M. Bekrani, "Phased array ultrasonic imaging using
improved total focusing method based on beamforming in
non-destructive test,” Journal of Welding Science and
Technology of Iran, vol. 6, no. 1, pp. 115-132, 2020.

[25] B. Widrow and S. D. Stearns, "Adaptive signal processing,"
Prentice-Hall,1985.

[26] G. O. Y. M . Misiti, and J. M. Poggi, "Wavelets and their
applications,” John Wiley & Sons, 2013.

[27] F. Ping and L. Xinbao, "An improved denoising method for
ultrasonic echo of non-destructive evaluation," IEEE
International Conference on Anti-counterfeiting, Security,
and Identification (ASID), 2016.

[28] R. S. V. Matz, S. Starman, and M. Kreidl, "Signal-to-noise
ratio enhancement based on wavelet filtering in ultrasonic
testing," Ultrasonics, vol. 49, pp. 752-759, 2009.

[29] D. L. Donoho, "De-noising by soft-thresholding,” IEEE
Transactions on Information Theory, vol. 41, no. 3, pp.
613-627, 1995.

[30] T. F. Sanam and C. Shahnaz, "Noisy speech enhancement
based on an adaptive threshold and a modified hard
thresholding function in wavelet packet domain," Digital
Signal Processing, vol. 23, pp. 941-951, 2013.

[31] J. Camacho, M. Parrilla, and C. Fritsch, "Phase coherence
imaging,” IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, vol. 56, no. 5, pp. 958-974, 20009.

[32] B. K. G. R. Baiotto, C. Nageswaran, and T. Clarke, "
"Coherence weighting applied to FMC/TFM data from
austenitic CRA clad lined pipes,” Journal of Nondestructive
Evaluation, vol. 37, no. 49, 2018.

[33] B. W. D. C. Holmes and P. D. Wilcox, "Post-processing of
the full matrix of ultrasonic transmit-receive array data for
non-destructive evaluation,” NDT & E International, vol. 38,
pp. 701-711, 2005.

[34] M. Bekrani and V. Hamiyati-Vaghef, "A new method for
designing and implementation of NDT weld inspection of
boiler tubes using ultrasonic phased array,” Electronics
Industries, vol. 12, no. 4, pp. 39-51, 2022.

Mozhgan Ehsani was born in Tehran,
Iran. She received her Bachelor's degree
in Electrical and Electronics
Engineering in 2015 and her Master's
degree from Qom University of
Technology, Qom, Iran, in 2023. From
2019 to 2020, she worked as a designer
at Matin Electronic Company. Her research has focused on
ultrasound waves, with current interests in the development
of ultrasonic beamformers.

Mehdi Bekrani received his B.Sc.
degree in Electrical Engineering from
Ferdowsi University of Mashhad, Iran,
in 2002, and earned his M.Sc. and Ph.D.
" gl degrees in Electrical Engineering from
(Q’ Tarbiqt Modares University, Te_hran,

Iran, in 2004 and 2010, respectively.
. » From 2010 to 2012, he was a Research

Fellow at Nanyang Technological

University, Singapore. He then joined the Department of
Electrical and Computer Engineering at Qom University of
Technology, Qom, Iran, as an Assistant Professor and
currently serves as an Associate Professor. His research
interests focus on adaptive signal processing and its
applications.

Solyman Garousi was born in Tehran,
Iran, in 1991. He earned his Bachelor's
degree in Electronics Engineering from
Islamic Azad University, Karaj Branch,
| Alborz, Iran, in 2016, and his Master's
degree in Electronics Engineering from
Qom University of Technology in 2019.
Since 2019, he has been a researcher at
the Iran Electronics Technology Institute in Tehran, Iran.
His research interests include audio and ultrasonic signal
processing, navigation and communication signal
processing, and image processing.




	Optimized Microgrid Protection Considering Different Topologies Based on N-1 Contingency by Dual Setting Directional Overcurrent Relays
	Optimized Microgrid Protection Considering Different Topologies Based on N-1 Contingency by Dual Setting Directional Overcurrent Relays
	Optimized Microgrid Protection Considering Different Topologies Based on N-1 Contingency by Dual Setting Directional Overcurrent Relays
	Optimized Microgrid Protection Considering Different Topologies Based on N-1 Contingency by Dual Setting Directional Overcurrent Relays
	Optimized Microgrid Protection Considering Different Topologies Based on N-1 Contingency by Dual Setting Directional Overcurrent Relays
	Optimized Microgrid Protection Considering Different Topologies Based on N-1 Contingency by Dual Setting Directional Overcurrent Relays
	Optimized Microgrid Protection Considering Different Topologies Based on N-1 Contingency by Dual Setting Directional Overcurrent Relays

