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Background and Objectives: The Differential transform method (DTM) is
used in the analysis of ordinary, partial, and high-order differential
equations. Recently, the DTM is used in the nonlinear analysis of physical
nonlinear dynamic systems.

Methods: The DTM method is used to analyze and analytically solve the
nonlinear mathematical model of bias current-controlled Colpitts oscillator
with variable coefficients. Intervals of the validity of the proposed method
are evaluated by using the fourth order Runge-Kutta method (RK4M). In this
note, the Lyapunov exponent (LE) can be used to analyze the Colpitts
oscillator. By using DTM, the LEs are calculated analytically with unknown
parameters in a short interval of time te[0, 3 Sec].

Results: In this paper, intervals of the validity of the proposed method are
evaluated using RK4M. In addition, LEs are calculated using analytical and
numerical methods based on DTM technique and Wolf method,
respectively. LEs of the proposed system are presented as a function of the
control parameter to confirm the applied technique’s usefulness.
Conclusion: By comparing these two methods, the proposed DTM analytical
technique is relatively more precise. Simulation results confirmed the
impact of different parameters on LEs with two different initial conditions.
The results show good accuracy of the DTM in short time intervals te[0, 3
Sec].

©2021 JECEI. All rights reserved.

Introduction

Today, the study of nonlinear systems is an important
topic for scientific research. Among the important topics
discussed in nonlinear systems, we can mention
behavioral analysis and control. Nonlinear systems show
different behaviors such as stability, periodic, quasi-
periodic, and chaotic [1], [2]. Among the differences
between linear and nonlinear systems, we can mention
their different behaviors. In linear systems, equilibrium
point stability can be used to evaluate the stability of a
dynamic system for all initial conditions.

Doi: 10.22061/JECEI.2020.7543.402

In case of instability, the system response will be
unstable for all initial conditions. However, in nonlinear
systems, if the system equilibrium point is stable, for
some initial conditions, the system response will be
convergent (stable), and for others, the system response
will be divergent (unstable), which is difficult to detect
[3], [4]. Lyapunov exponent (LE) is one of the methods of
behavioral analysis for nonlinear system [5]-[7]. Many
methods are used to calculate the LE based on a
mathematical model [8]-[11]. One of the important
features of dynamic systems are their sensitivity to the
initial conditions [12], [13]. Therefore, determining the
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degree of this sensitivity is not an easy task. LE is one of
the tools used for this purpose [14], [15]. There are
various methods, such as Jacobian-based and direct
methods for calculating LE [16], [17]. Several algorithms
have been proposed to calculate LE using time series
based on the direct method [17]-[20]. The Wolff
algorithm searches for time series for close points in
space. In this method, the proximity points in one
direction is used to calculate LE [20], [21]. In [22] genetic
algorithm is used to calculate the LE. In [23], a new
method is applied for LE calculation based on QR
decomposition [23]. Liao used a novel technique for
sensitivity analysis of the derivatives of the Largest
Lyapunov exponent (LLE) using least mean squares error
based on known parameters [24].

Many engineering issues, including electrical
engineering, are inherently nonlinear. All of these
problems are described by ordinary and partial
differential equations. Recently, different analytical
methods are applied to solve nonlinear differential
equations such as differential transform method (DTM),
multi-stage differential transform method (MsDTM),
Elzaki transform method (ETM), Adomian decomposition
method (ADM) and other methods [25]-[32].

Various analytical methods have been proposed for
solving nonlinear systems, but we are looking for simple,
fast, and low-error methods. In [33], [34], the DTM is
used to solve ordinary, partial and high-order differential
equations. In this method, to solve linear and nonlinear
differential equations, a time series based on the Taylor
series is estimated [35]. The main advantages of this
method are no linearization and discretization. This
method, like other methods, has disadvantages, one of
which is to obtain an incomplete series from the system.
This system does not show the actual behavior of the
system, but in most cases, offers a very good
approximation of the correct solution in short time
intervals. In fact, this method cannot provide a good
answer in big times. Recently, the DTM has been used to
solve physical nonlinear dynamic systems. In [36], the
DTM is used to analytical solution of the cantilever beam
system. In [37], to solve the Lane-Emden type equations
analytically in different physical models, the improved
DTM is used.

In [38], [39], the Duffing oscillator is solved using
analytical and numerical methods based on DTM
technique and Fourth order Runge-Kutta method
(RK4M), respectively [38], [39]. In [40], the DTM is used
to approximate an analytical solution for a dynamic
model of the epidemiology of Corona-virus [40]. In this
paper, the Colpitts oscillator is considered an example of
a sine oscillator. To make a general conclusion about the
design of this type of oscillators, there are many reasons
to study and analyze this circuit, such as:
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1- Colpitts oscillator is used in
telecommunication systems.

2- The operating frequency of these oscillators,
depending on the technology, which can vary from
a few Hz to the microwave range (Gigahertz).

3- Since the transistor is a nonlinear device, therefore
this oscillator has an intrinsic nonlinearity property.

4- Colpitts oscillator has nonsymmetrical and generic
properties.

5- This oscillator have rich, dynamic behavior such as
periodic and bursting oscillations [41].

In this paper, a new method for nonlinear analysis of
colpitts oscillator is presented analytically using DTM
technique. Another point that can be considered as an
innovation of this research is the calculation of LE
analytically using DTM.

Review of Differential Transform Method (DTM)

widely

If x(t) is an analytic continuous and derivative

function, therefore, using the differential transform of
X(t) is shown as follow:

x(k)=%[d;);k(t)l=tu (1)

where k=0,1,2,....,.n , and X(k) indicates the

differential transform of X(t) at t=t; in the k

domain. So,
X(t)=kaOX (k) (tto)" ()

Using (1) and (2), some differential transform properties
are shown in the table [36].

Table 1: Some of the essential mathematical properties

Original function Differential Transformed

KO = A0 X() = X (k)
;(t):% (K + D)X (k +1)
(O =300 FI=X00XK)
=200 R = ey

fF(x(®) =% (x(1) X, (x(©)) Fk)= i Xy (ky) X, (k k)

X(t) =t" X (k) = 5(k —n)

x(t) = e* X (k) = %

X(t) = sin(ot + a) X (k) = T():sin(kzﬁ+aj

X(t) = cos(wt + ) X(k) = ak):cos(kzﬁ + aj

*where A, w, and a are constant values.
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Using the DTM algorithm, the nth degree Taylor
polynomial of Xx(t) is:

X(t) = X (0) + X ().t + X (2).t% + -+ X (n).t" (3)
Bias Current Controlled Colpitts Oscillator

Figure 1(a) indicates a Bipolar Junction Transistor
(BJT) based on the bias of current-controlled Colpitts
oscillator [42]. Due to analyze the nonlinearities
associated with a BJT based Colpitts oscillator the small-
signal equivalent circuit model of a BJT is used. Figure
1(b) shows the small-signal equivalent circuit of the
proposed Colpitts oscillator [42]. In Fig. 1 (a), Q,and Q,
act as current mirror source that biases Q. The Colpitts

oscillator consists of a gain device and the tank circuit
including a combination of inductors and capacitors.

1
= i -

Vour1

3 Vour:
Rg Q== Ve
2, it
R, T C
5%
Q

T\

The output of Colpitts oscillator is connected with an
LC circuit feedback loop. A gain device is needed to
compensate for the lost energy in the tank circuit and to
maintain oscillation inside the tank circuit. One of the
advantages of the Colpitts oscillator over other
oscillators is that the Colpitts oscillator can be used to
produce low-harmonic sine waveforms due to the low
impedance paths of the capacitors at high frequencies.
Also because of these capacitive reaction characteristics,
the MOSFET-based Colpitts oscillator can operate at high
frequencies (see Appendix).

The fundamental frequency of oscillation is given by:

1

c.C
271_ L 12 (4)
C,+C,

f =

Vo

aLl )

+—

(b)

Fig. 1: (a) The schematic of Colpitts oscillator. (b) Small-signal equivalent circuit of the Colpitts oscillator.

The dynamic state equations are calculated as:
_KCL A > C dvgt(t) +i () +i.0=0
KCLB — G, dv;zt(t) +V°;]:t) +i(t)=0 (5)
KWL > L diaft) FRIL0) -V, (©) -V, (1) =0

where v, (t) and v, (t) are the voltages across C,and

C,, respectively, and i (t) is the current through
inductor L.

Here,
ic = f(vbe) (6)
where [42],

f (Vbe) = gmlvbe - gm3vk?e (7)

Such that,
f (_ch(t)) = _gmlvcz(t) + gmgvgz(t) (8)
From (5) and (8), the following stands:
[dv,, (t 1.
al) == (10 0 a0 + 0 V)

dv,(t) __ 1 { ch(t)J 9)

dt C*2 IL(t)+7h
di_ :l
dt L

ie

((Vcl (t)+V02 (t) )_ R iL (t))

where Im, and Im, represent the linear and the

nonlinear small signal transconductance of the
proposed oscillator [42].
Let

x(t) = (Vcl(t)/VT ) y(t) = (ch(t)/VT ),z(t) = (i,_(t)/ IO),
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-1
@y =\LC,C,/(C,+ C,)., h =L/(R(C,+C,)hy),

r=apt, g =Ll /(R(C +Cy)vy ).k, =(C, /(C + Cy)),

Q=(apL/R).
So, the normalized state dynamic equations are
calculated as:

Ldx(t) _g(z(t)—ay(t) +by(t)")
dr Q(l-k,)
dy(t) _(gz(t)+ hy(t))
dr k. (10)
dz(t) _ Qk;(1-k;) (x(1)+y(t) z(t)
| dz g Q
where a and b indicate the normalized linear and

nonlinear small signal transconductance. The parameters
of the proposed oscillator can be found in Table 2 [42].

Table 2: Circuit parameters

Parameter Value
g 1.32
Q 4
a 2.36
b 0.2
h, 0.04
gm10 0.04
lo 1 mA
v 25mV

In order to analyze the behavior of nonlinear systems,
we can mention methods such as sensitivity to initial

conditions, stability analysis of equilibrium point, power
spectrum, LE, Lyapunov dimension and dissipation. A
sign of chaotic dynamics is its sensitive dependence on
initial conditions, as indicated by the presence of
positive LE.

LEs are used to describe the nonlinear behavior of the
proposed oscillator [14], [15]. LE is a quantitative
measure that indicates chaotic behavior. When at least
one of LEs is zero, then the trajectory does not converge
to a fixed point, in other words, the system oscillates. If
LLE is zero, then the system oscillates around the
equilibrium point. If LLE is positive, then the system is
chaotic.

The LEs of the bias current-controlled Colpitts
oscillator are shown in Fig. 2 for different initial
conditions.

Since there is one positive LEs, then system (9) is a
chaotic system [15], [43].

A. Fourth-Order Runge-Kutta Solution
The vector form of the proposed system (9) can be
considered,

aw

= F(ex().y().2())

te[ty b (12)

with a given step length h through the interval [to,tlj,
successively producing approximations W; to W,_; .
Where,

Initial Conditions (1 1 1)

=
[

&
e
|

Lyapunov exponents
(=]
)

e,

10 20 30 40

Lyapunov exponents

50 60 70 80 90 100
Time(S)
Initial Conditions (1 1.1 1)

0 10 20 30 40

50 60 70 80 S0 100
Time(S)

Fig. 2: LEs as a function of time for different initial conditions.
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_gz()-ay(t)+wy(1))
Q-k;) (12)
F(tx(t).y(t).2(t) = _(gz(tg(cm(t))
Qk. (L—k)(x(t)+ y(t)) _@
I g Q|

The RK4 method is the most popular method for
solving state equations of nonlinear dynamic systems by
using numerical approximations.

By applying the RK4 method for the proposed system
(9), so,

Wiy =W, +%(K1+2K2+2K3+K4), (i=12,..,n) (13)
t —
where h= % represents the step length through the
klx k2x k3x
interval |:t0, t1] ’ Kl= kly ,K2 = kzy f and K3 = k3y
klz kZZ kSZ

represent slop at four places within each step.
The slop at four places within each step are calculated
as follow:

o

w(t) (Volt) x(t) (Volt)

(t) (Volt)

,.
“

0 10 20 30 40

.(t))

1= F (% (). y;
h h
+ le’yI( )+Eklylzi (t)+5klzj

F(t,+n
2
h h
+ kZX’yI( )+Ek2yvzi (t)+7k22

et

2
Ky= F(t +h,x% (t) +hkgy, y; (t )+hk3y,zi(t)+hk32)
where t;=t;+ih andi=12,...,n.

values for parameters of the proposed system (9), as
shown in Table 2, the waveform time domain of state
variables are calculated by applying the RK4 method
with different initial conditions. Figure 3 illustrates the
waveform time domain of the state variables with
different initial conditions. As shown in Fig. 3, small
alterations in initial conditions affect the response of the
proposed system (Fig. 3). Therefore, system (9)
sensitive to initial conditions (Fig. 3). Figure 4 depicts
typical stable periodic orbits with the different initial
conditions.

Power spectrum can be applied to evaluate the
behavioral analysis of proposed oscillator such as
harmonic, bifurcation, chaos, etc. Harmonic distortion is
evaluated by the power spectrum of the voltage or
current signal. Existence of an exponential decay
followed by a much slower decay (like an algebraic
decay) in the power spectrum of time series can be a
necessary condition for existence of chaotic signals [44].
The power spectrum of the state variables in the
proposed Colpitts oscillator is shown in Fig. 5.

By using numerical

50 60 70 80 90 100

Time (Sec)
5.0 6.0 7‘0 86 90 100
Time (Sec)

50 60 70 80 90 100

Time (Sec)

Fig. 3: Transient chaotic time-series with different initial conditions.
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4 Initial Condition (0.1 0.01 0.01)
= 2} - —_— = =
— - —— - — "“
= | — — S — 2
N~ 0 F = — — /'f — <
) 2‘} VA - 4’:7‘;'.:::’:” -
e
4\ f =S — 1 1 i
-4 3 2 1 0 1 2 3 4 5
¥(®) (Volt)
. Initial Condition (0.1 0.05 0.01)
= o
]
S |
~ gl
= . g
S | =
2 Ll S
'2‘” =
4l
5 4 3 2 A 0 1 2 3 4
»(t) (Volt)
Fig. 4: Transient attractor with different initial conditions.
2 40,
£
&
S L
5 20
S - : -
E 0 5 10 15 20 25 30 35 40 45 50
f(Hz)
< 2
=
&
g 10}
=
<o) .
; 0 5 10 15 20 25 30 35 40 45 50
f(Hz)
3 40
b
&
S ot ; - :
E 0 5 10 15 20 25 30 35 40 45 50
f(Hz)

Fig. 5: Power spectrum of state variables in the proposed oscillator.

As shown in Fig. 5 existence of exponential decay
demonstrate chaos in the proposed oscillator. Chaotic
systems are a class of dynamic systems that have
apparently random states of disorder and irregularities
that have basic patterns and definite rules. These
systems are very sensitive to the initial conditions that
each point in a chaotic system is arbitrarily close to other
points that have significantly different paths or paths in
the future.
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As it is expected from the definition of chaos and its
variation in the different initial conditions, the spectrum
of the chaos signal is broadband. It is also not
worthwhile that the spectrum has strong frequency
components at the period tripled frequency values.
Figure 6 illustrates the bifurcation diagram based on a
variation of x(t) and y(t) with respect to parameter
ge[o.001 1.6]. Viewing the bifurcation diagram, chaotic
areas can be detected.
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Bifurcation diagram for the chaotic colpitts oscillator

x(t) (Volt)

——_s
4l ———
——
2 /_
0 1
] 0.2 0.4 0.6 0.8 1.2 14 16
0
P
et 8t
G
6
S
Con
e 4t ———
Mt s
= ——
- —rE -
2 /'__
0 0.2 0.4 0.6 0.8 1 1:2 1.4 16

Fig. 6: The bifurcation diagram showing variation of x(t) and y(t) with respect to parameter g.

B. Analytical Analysis of Colpitts Oscillator Based on
DTM Technique considered asV (k),V,, (k) and I (k). By using the

The differential transform OfVcl(t) ,ch(t) and iL (t) is DTM, system (9) is converted as follow:

KDV, (k1) = — 0 PNea () 5 Z Zvcz(k W, (K, — K V., (K —k,)
Cl C Cl k,=0k; =0
(k+DV,, (k1) = — 8 Ve () (15)
c, h.GC,
ot (apy < Va0 Ve RILE
- L L

where k=0,1,...,n.The solution of the system (9) is
calculated by:

Ve, () =V, (0)+V, (D) t+V, (2)-t* +...+V, (n)-t"
Ve, 1) =V (0)+V, @ t+V, (2)-t° +...+V, (n)-t" (16)

L@ =1+ _@-t+1,( -t>+...+1_(n)-t"

where,
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Vcl(O) =1
V@) = - A-a+4p)
1

1((2-R hy +1D
V,2)=——| | —— |+]| (a4 1€
(2 2c, (( L ) [(05 ﬂ)[ hieCs

1 a-1-45) h +1 2R-R
va@=- L [[(e4)_ hes1 2R
ac, || 2L,  2hc, 2l
and,
V,,(0)=1

1 1
ch(l) =——|14+—
CZ hie

R-2 hje+1
V,p(2) =| ol et
CZ( ) [2L02+2hieZC22J

V,,(3) =

2
R-2 hje+1
J + ((4,6 - a)[Zch +42hileezc22 D

3C2| atc,  2Lhc, 22

1 ((a-l-zw) h +1 _2R—R2j

1 R-2  hjgtl
3h,C, [ 2LC2 2he’cy?

Now, by using DTM technique, (10) is converted as

follow:
k ko
9| Z(K)-aY (k) +b Y D V()Y (ky ~ky)Y (k k)
(k+1) X (k+1) = — K200
Q~k,)
(k+D)Y (k+1) = _M
Qk,
(k+1)Z (k+1) = Qk, (1K ) (X (K)+Y (k) 209

g

Q

(17)

(18)

(19)

Calculating the DTM of x(t), y(t), and z(t) with

x0,y0,z0 = 0210.04,0.01 as shown in Table

orderk , denoted by X (k),Y (k), and Z (k) yielded the 3.

following  components  for initial conditions

Table 3: Numerical values for X (k), Y (k), and Z (k)
k X(K) Y(k) Z(k)
0 0.1 0.01 0.01
1 0.008975868 -0.0068 0.0808333333333333
2 -0.03197070536 -0.026607 -0.0092799742424242
3 -0.0117724698910667 0.0022189743333333 -0.0140190186515152
4 0.00317683685466210 0.00230204320583333 -0.000933185492941919
5 0.000839855411252330 0.000113972312245 0.000876792617146404
6 -6.64511834461511x10° -9.68270955935878x10” 8.38997676564415x10”
7 -2.90842752140743x10” -7.63390067733995x10° -2.06672296933295x10°
8 9.84609104495675x10° 1.72413120139303x10° -2.83124906180071x10°
9 4.36636974794568x10” 2.03793528528957x107 2.32062651703437x107
10 2.66264015557214x10° -1.57237220694848x10° 4.27158960804087x10°%
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Therefore, the exact solution of the proposed system
(10) by using the DTM approximated solution is applied

by:

X(t) = 0.1+ 0.008975868t — 0.03197070536t — 0.0117724698910667t° + 0.0031768368546621t*
+0.000839855411252330t° — 6.64511834461511x 10°t5 — 2.90842752140743x 10°t” + 9.84609104495675 x 10~5¢° (20)

+4.36636974794568 x 107" t° + 2.66264015557214 x 108110 +

y(t) = 0.01+ —0.0068t — 0.026607t? + 0.00221897433333333t° + 0.00230204320583333t* + 0.000113972312245000t>
—9.68270955935878 x10~°t8 — 7.63390067733995x 10017 +1.72413120139303x 10018 + 2.03793528528957x10~7t°  (21)

—1.57237220694848x10~8t10 + ...

z(t) = 0.01+ 0.0808333333333333t — 0.00927997424242424t2 — 0.0140190186515152t> — 0.000933185492941919t*
+0.000876792617146404t° + 8.38997676564415x10°t% —2.06672296933295x 10~°t” — 2.83124906180071 x10~°t8 (22)

+2.32062651703437 x 107" t° + 4.27158960804084 x 10810 + ...

The solution points of the proposed system in (10) at
different time steps by using the RK4M and DTM are
calculated in Table 4.

Table 4: Numerical comparison for determination of x(t), y(t),and z(t) for different values of t

DTM RKAM
t
x(t) y(t) 2(t) x(t) y(t) 2(t)
0 0.1 0.01 0.01 0.1 0.01 0.01
0.5 0.095247232451  0.00037149561 0.04631451035 0.095247232450 0.0003714956808 0.046314510352
1 0.069154411280  -0.0188745589 0.06753862363 0.069154413293 -0.0188745614562 0.067538623383
1.5 0.023025009693 -0.0412393787 0.06553113684 0.023025102617 -0.0412395952566 0.065531108763
2 -0.034105715142  -0.0584408546 0.03768295347 -0.034105716380 -0.058445932568 0.037681982560
2.5 -0.087115020734  -0.0626091225 -0.01095040956 -0.087141309621 -0.0626673343872  -0.010966716952
3 -0.118494413767  -0.0486773921 -0.06758279642 -0.118872016717 -0.0491002086887  -0.067749376285
3.5 -0.112443409464  -0.0158464329 -0.11378076454 -0.11535598343 -0.018080895574 -0.114961971915
4 -0.05565022038  0.03338384908  -0.12830578074 -0.071274445331 0.024050338342 -0.134651736944
4.5 0.07171947931 0.09840097092  -0.087005638598 0.0082688441589 0.066622101201 -0.113629326843

As shown in Table 4, the solutions of system (10) with
DTM technique have a good accuracy. The solutions of
the RK4M and DTM are shown in Fig. 7.

Lyapunov Exponent Calculation Based on
Analytical DTM Technique

Let us define X(l), X(Z),..., X(N) as the elements

of a time series. LE can be defined as [17], [19]:

k=iln|x(i+T)_x(j+T)|

T (i) = x(J)|

(23)

where T indicates the number of iterations or evolution
times. X( N) represents the time series value at the Nth

time.
From (2), so,

n

x(N) = X (k)N (24)
k=0

So, the LEs can be approximated analytically based on

unknown parameters. In this case, according to the DTM
technique and (24),

135



A. Ghomi Taheri et al.

0.2

%(t) (Volt)

02 ! L L ! L ! ! !
0 0.5 1 15 2 2.5 3 3.5 4 4.5
Time (Sec)
E ail -",f - = =DTM
£ oF e
— e ———————,
04 ! ! ! | | ! ! !
0 0.5 1 15 2 25 3 35 4 45
Time (Sec)
= -==DTM
0 o
5 \_—-‘?_r_/
e -02f TEEreaa..
o L ! I ! ! I ! L
0 0.5 1 15 2 25 3 35 4 45
Time (Sec)
Fig. 7: Numerical comparison for time series of x(t) , y(t) and z(t) between RK4M and DTM.
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X (V) (i- j)+kZ:2X(k)[ik - jk]

where A is LE, X(k) represents of the differential

transform of x(t) , and n is decided by the convergence
of natural frequency.

In the proposed current-controlled Colpitts oscillator
described by (9), and according to (25), LEs of the
proposed oscillator are calculated analytically in the
following form:
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where V, (k) ,V,, (K), and I (k) are the kth coefficient

in Taylor series v, (), v_,(t) , andi (1), respectively.

Results and Discussion

With the help of MATLAB software, we have
considered the current controlled Colpitts oscillator
described by (9) and the LE based on the Wolf method
[1] with respect to the variation of C, and L in a short
interval time te[O, SSec] are numerically calculated and
presented in Tables 5 and 6. Besides, according to the
DTM technique, the LE based on DTM with respect to
the variation of C, and L in a short interval time

te [0, 3Sec] are calculated analytically in Tables 7 and 8.
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Table 5: Results of the numerical method for LEs calculations with respect to parameter C,

Parameters Values

Constant

R=35Q, L=0055mH, h, =688, c,=01nF , = 0.088, B=0.008
R=35Q, L=0055mH, h, =688, C,=01nF , o= 0.088, B=0.008

R=35Q, L=0055mH, h, =688, C,=01nF , o= 0.088, B=0.008

M A, As
Variable
C, =01nF 0.061432 0.000465 -0.033188
G, =02nF 0.283190 0.100539 0.025467
C, =001nF -0.151487 -0.151991 -2.207523

Table 6: Results of the numerical method for LEs calculations with respect to parameter L

Parameters Values

Constant

R=35Q, C, =01nF, h, =688, c,=01nF , o= 0.088, B=0.008
R=35Q, ¢, =01nF, h, =688, C,=01nF, o= 0.088, S=0.008
R=35Q, C, =01nF, h, =688, C,=01nF, o= 0.088, S=0.008

R=35Q, C =01nF, h, =688, Cc,=01nF, o= 0.088, S=0.008

A A, A;
Variable
L =0.025 mH 0.001242 -0.2211698 -0.0656512
L=01mH 0.485387 -0.1248960 -0.515123
L =0.092 mH 0.275904 0.106224 0.035907
L =0.055 mH 0.061432 0.000465 -0.331888

Table 7: Results of the analytical method for LEs based on DTM calculations with respect to parameter C1 for te [0, 35ec]

Parameters Values

Constant

R=35Q, L=0055mH, h, =688, C,=01nF , o= 0.088, B=0.008
R=35Q, L=0055mH, h, =688, C,=01nF , o= 0.088, B=0.008

R=35Q, L=0055mH, h, =688, C,=01nF , o= 0.088, B=0.008

A A A3
Variable
C, =0.1nF 0.08235 0.0000123 -0.451888
C, =02nF 0.384491 0.21546 0.036465
G, =0.01nF -0.251567 -0.231411 -3.152214

Table 8: Results of the analytical method for LEs based on DTM calculations with respect to parameter L for t e [0, SSec]

Parameters Values

Constant

R=35Q, C, =01nF, h, =688, c,=01nF , = 0.088, B=0.008
R=35Q, C,=01nF, h, =688, C,=01nF , o= 0.088, B=0.008
R=35Q, ¢, =01nF, h, =688, c,=01nF , = 0.088, B=0.008

R=35Q, ¢, =01nF, h, =688, C,=01nF, o= 0.088, S=0.008

A\ A As
Variable
L =0.025mH 0.0001323 -0.2212745 -0.0725411
L=01mH 0.573286 -0.2136854 -0.485534
L =0.092 mH 0.375401 0.125321 0.032832
L =0.055 mH 0.08235 0.0000123 -0.451888

As shown in Tables 5 and 7, by considering
R=35Q , L=0.05mH , h,=688 , C,=0.1nF ,
a=0.088 , F=0008 , and C =0.01nF , the
proposed Colpitts oscillator described in (9) doesn't
oscillate, and for the other parameters listed in Tables
5-8, the equilibrium point of the system is unstable
and the system never converges to a fixed point.

In other words, the system can have strong
attractor for these parameters. The accuracy of the

numerical method based on the Wolf method

comparison with the analytical method based on DTM
for the LEs calculation, with respect to the variation of

different parameters, such as C, and L ,
calculated in Tables 9 and 10.
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Table 9: Differences between Numerical methods based on Wolf method and DTM for LEs calculations with respect to a variation of

parameter C,

Parameters Values

Aj, =ANumerical —*DTM

Constant Variable Axl sz Ax3
R=35Q, L=0055mH, h, =688, C,=01nF , = 0.088, S =0.008 G, =01nF 0.020918 0.0004527 0.120000
R=35Q, L=0055mH, h, =688, C,=01nF , = 0.088, S =0.008 G, =02nF -0.101301 0.114921 0.010998
R=35Q, L=0055mH, h, =688, c,=01nF , = 0.088, p3=0.008 C, =0.01nF 0.100080 0.079420 0.9446910

Table 10: Differences between Numerical methods based on Wolf method and DTM for LEs calculations with respect to a variation

of parameter L

Parameters Values

Ay =M Numerical = ApTm

Constant Variable Axl sz Ax3
R=35Q, C,=01nF, h, =688, Cc,=01nF , o= 0.088, p3=0.008 L =0.025 mH 0.0011097 0.0001047 0.0068899
R=35Q, C,=01nF, h, =688, c,=01nF , o= 0.088, B=0.008 L=01mH 0.0908990 0.0887894 0.0295890
R=35Q, C,=01nF, h, =688, C,=0.1nF , = 0.088, S =0.008 L =0.092 mH 0.0994970 0.0190970 0.0030750
R=35Q, C,=01nF, h, =688, C,=01nF , o= 0.088, §=0.008 L = 0.055 mH 0.0209180 0.0004527 0.1200010

As shown in Tables 9 and 10, Ak indicates the

differences between Numerical methods based on Wolf
method and DTM for each of LEs in the proposed
oscillator. In addition, the numbers mentioned in Tables
9 and 10 show the accuracy of the DTM analytical
method in calculating LEs relative to the numerical
method. In the other words, these tables are presented
to show the accuracy of the analytical methods in
comparison with the numerical analysis results for LEs
calculations. By comparing the numerical simulations
and the analytic results for LEs calculations, we have
excellent agreement between the LEs variations for the
Colpitts oscillator in a short interval time studied here.

Conclusion

This paper applied a novel analytical method for
nonlinear analysis of the mathematical model of bias
current-controlled  Colpitts  oscillator  using its
parameters, then proposed an analytical estimate of the
LE based on the DTM technique. Simulation results have
been provided to verify the effectiveness of unknown
parameters on LEs with different initial conditions. To
validate the applied method in the analytical solution of
the Colpitts oscillator dynamic model, the RK4 method is
used. The results show good accuracy of DTM in short
time intervalste[O,SSec]. In this paper, comparing an

analytical method and a numerical method for
calculating LEs in the Colpitts oscillator with respect to
various parameters is presented.

138

Finally, according to the numerical and analytical
results, different parameters on LEs values are
investigated.

Appendix

The Colpitts oscillator consists of a gain device and
the tank circuit including a combination of inductors and
capacitors. The output of Colpitts oscillator is connected
with an LC circuit feedback loop. A gain device is needed
to compensate for the lost energy in the tank circuit and
to maintain oscillation inside the tank circuit. One of the
advantages of the Colpitts oscillator over other
oscillators is that the Colpitts oscillator can be used to
produce low-harmonic sine waveforms due to the low
impedance paths of the capacitors at high frequencies.
Also because of these capacitive reaction characteristics,
the MOSFET-based Colpitts oscillator can operate at very
high frequencies. Of course, any MOSFET used as an
amplifier must be able to operate at the required high
frequencies. Due to analyze the nonlinearities associated
with a MOSFET based circuit. Figure 8 (a) illustrates the
Colpitts oscillator based on MOSFET. The control
parameter of this oscillator is the current source
connected to the circuit between the source (S) of the
MOSFET and the ground. Due to analyze the
nonlinearities associated with a MOSFET based circuit;
the small-signal equivalent circuit model of a MOSFET is
used. In order for the diode at the gate-drain junction
with its anode at the gate to be in reverse bias, the drain
voltage must be higher than that of the gate voltage. The
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which is determined by the current from the drain to the
source id . This current can be calculated as:

nonlinearity in the model of this transistor is due to the
effect of the diodes in the p-n gate-source junction,

0
id = gmo (Vgs - )

Im, (Vgs Vi )(Vgs Vga — thh)

Vgs

Vth Vgs

where V,, <0 the cutoff is value of the voltage between
the gate and the source; ¢,,is the current gain of
the MOSFET.

+VbD
T
R
Ry
L
J_ Vour1
+
I Ci== Vc
I || . (21§
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ouT2
s
R, 4 i
T C=¢= Vo
Is ‘ s

1=

()

Fig. 8: (a) The schematic of MOSFET based Colpitts oscillator.

The dynamic state equations are calculated as:
[ dv, (t) . .
KCLd — C, V;t()+|L(t)+|d(t):0
dv, (t) .
KCLs — C, Vgt()HL(t):o (31)
di, (t .
KVL L (Li,f)+R|L(t)—Vq(t)—ch(t):0

where v, (t) and v, (t) are the voltages across C, and

C, , respectively, and i (t) is the current through
inductor L. Here, ij(t)is calculated from (30).

So,

<V,, (Saturation region)

<V,, (Cotoff region)

(30)

Vgs <V, (Triode region)

The equivalent circuit is illustrated in Fig. 8 (b).
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(b) Small-signal equivalent circuit of the Colpitts oscillator.

dv,(t) _ 1 . .

T a(umw)
dv,(®) _ 1.

dt c, v (32)
diow 1 .

G = 1 (Ve ®+ve®)-RiLo)

In order to nonlinear analysis of (32) differential
transform method can be used. The high frequency
operation of the Colpitts oscillators is a challenging issue
due to the parasitic capacitance of the junctions of a
MOSFET. Due to nonlinear analysis of high frequency
chaotic oscillator, high-frequency small-signal equivalent
circuit model of MOSFET can be used.
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In order to nonlinear analysis of the MOSFET-based
Colpitts oscillator similar to BJT, based Colpitts oscillator
the DTM technique can be used.
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Abbreviations

DTM Differential transform method

RK4AM Fourth order Runge-Kutta method

LE Lyapunov exponent

LLE Largest Lyapunov exponent

MsDTM Multi-stage differential transform
metod

ADM Adomian decomposition method

ETM Elzaki transform method

BIT Bipolar Junction Transistor

MOSFET Metal oxide semiconductor field

effect transistor
State variable

x(0), y(©), 2(t)

X (k),Y(k),Z(k) Differential transform of State

variable

k Order DTM

he, 9, Small-signal parameter BJT
transistor

Ver Voltages across C,

Ve, Voltages across C,

i Current through inductor L

(o JEL o R Small-signal transconductance

a, p Constant parameter
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Four places within each step

Number of iterations or evolution
times

Time series value

A Symbol of Lyapunov exponent

A, Differences between Numerical
methods based on Wolf method
and DTM
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Article Info Abstract

Background and Objectives: Designing a terminal sliding mode observer
(TSMO) in order to estimate the potential faults in a wind turbine with a
doubly fed induction generator (DFIG) has been studied in previous research
works. In this paper, a method for fault detection of a permanent magnet
synchronous generator (PMSG) wind turbine using a TSMO is developed.

Methods: The wind turbine (WT) dynamic model including, blades, drive
train, 3kw PMSG, maximum power capture controller, and pitch controller is
linearized around its equilibrium point and is simulated in MATLAB Simulink.
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Keywords: A PID controller is designed for capturing the maximum power from wind.
Wind energy conversion system Also, a Pl controller is designed in order to control the pitch angle. In this
(WECS) research, the blade imbalance fault (BIF), which is due to the difference

Fault diagnosis of wind turbine between turbine blades’ mass distribution, is investigated. This fault may
happen over time and causes rotor mass imbalance that leads to vibrations in
the generator’s shaft rotating speed. A fault detection system (FDS) is
proposed using a terminal sliding mode observer in order to diagnose the BIF.
Results: Using the designed TSMO, the estimation errors of not only
measured states but also unmeasured states converge to zero in finite time.
This leads to the fast action of the FDS before a failure happens. Using the
proposed FDS, the states and fault are estimated such that the estimation
errors of states and the fault converge to zero in 0.033 seconds.

Conclusion: The convergence of state estimation errors to zero in finite time,
which is verified by simulation results, satisfies the authors’ expectation that
using TSMO, the estimation errors of both output and non-output states
converge to zero in finite time.
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wind turbine

Blade imbalance fault (BIF)

Terminal sliding mode observer
(TSMO)
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Introduction

Wind turbine, which is a type of renewable energy
systems, is excited by a random wind profile. Among
characteristics of this system are nonlinear dynamics,
operation in an uncertain environment, and the
dependence of the wind turbine power on geographical
and weather conditions [1], [2]. Installation errors,
manufacturing deficiencies or aging effects, and
challenging environmental conditions are common
reasons for the shut-down condition [3].

Doi: 10.22061/JECEI.2020.7424.408

Overall, a wind turbine is in shut-down condition for
0.595% to 2.705% of a year. Wind turbines are mostly
located in remote areas. In addition, performing
inspection and maintenance work on WTs is problematic
due to the height of the turbine. Therefore, WTs
requiring less maintenance are desirable. Moreover,
because of complications of a WT system and also due to
variations of wind speed, the fault occurrence
probability of this system is high. Hence, minimization of
the adverse economic effects of the faults is a
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challenging problem [4], [5]. Concerning the probability
of failure occurrence in a wind energy conversion system
(WECS) such as the fraction of gear, drive train, and
bearing, condition monitoring and fault detection have
an essential role in reducing maintenance costs [6]. For a
turbine with more than 20 years of operation, the
operation and maintenance (OM) and components costs
are estimated to be around 10-15% of the total wind
farm income. Although larger turbines have fewer OM
costs per unit of power, failure costs are higher for these
turbines. Therefore, condition monitoring and fault
diagnosis are profitable [7]. Furthermore, fault detection
in primitive levels and repairing faulty parts in a timely
manner is essential for maintenance costs, component
costs, downtime reduction, and preventing catastrophic
damages [8]. Fault detection in fault-tolerant systems is
vital because it provides the required information for
fault isolation and system reconfiguration [9]. Modern
wind turbines that take advantage of fault diagnosis and
fault-tolerant schemes are highly reliable. They operate
efficiently and produce economic electrical energy [10].
Due to simple mechanical structures, light weight, high
power density, high efficiency, and high reliability of
PMSGs, these types of generators are often installed on
wind turbines [11], [12]. Moreover, other desired
features of PMSGs are their fast dynamical response and
low noise [13]. Using an observer for state estimation
and fault detection is one of the most useful approaches
in wind turbine FDS.

Blades are of weakest parts of a wind turbine. Some
faults may occur directly on blades such as hub or blade
corrosion/crack and rotor imbalance [6]. Blade bending
moment sensor fault, blade root bending sensor fault,
and pitch actuator fault are examples of faults that occur
in blade sensors and actuators [14]. Pitch dynamic that
has hydraulic nature may change because of pressure
drop, which occurs in the hydraulic supply system or
additional air in the oil [15].

The imbalance fault of the generator shaft causes an
additional force in the shaft. The blade imbalance fault in
which the mass distribution of one blade is different
from other blades causes rotor mass imbalance, which
leads to vibrations in the generator’s shaft rotating
speed [16]. Blade imbalance mainly occurs due to the
construction or manufacturing errors, icing condition,
and degradation as a result of aging [17]. A fault
detection method based on adaptive fuzzy Q-learning
(FQL) for PMSG WT blade imbalance fault detection,
which is proposed in [18], has 99.9% classification
accuracy and uses 3999 samples of generator’s current
signals. The advantage of this method is that it needs no
prior knowledge of the system for fault detection
however, it is limited to the working condition of the
sampled signals. Blade imbalance fault detection using
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gene expression programming (GEP) based classifier and
empirical mode decomposition (EMD) has been studied
in [19].

In this study, blade imbalance fault detection within a
PMSG wind turbine is studied. For this purpose, a
terminal sliding mode observer (TSMO) is designed for
the wind turbine system including blades, drive train,
and PMSG with nonlinear dynamics, which estimates
both output and non-output states in a finite time.
Therefore, TSMO estimates all states and BIF in a finite
time.

In the next section, the complete dynamic model of
the WECS is explained. In third section, the TSMO’s
equations, the linearized state-space equations of WECS,
and the fault estimation method are described. The
complete WECS model including wind turbine, PMSG,
controller, and fault models is simulated in MATLAB
Simulink and the simulation results are represented in
the next section. Finally, last section concludes the
research.

Wind Turbine Dynamic Model

The WECS includes a wind turbine, a PMSG, and two
controllers. In order to detect the WT’s faults, it is
necessary to obtain the dynamic equations of the entire
system including the WT, the PMSG, the controllers, and
the fault. In the following subsection, the dynamic model
of the entire WECS is explained.

A. System’s Dynamic Model

In this section, the WECS dynamic model including
dynamic equations of the wind turbine, the PMSG, the
controllers, and BIF is explained. The WECS has four
states, two inputs, and one output. The state variables

. T o_n i
vector is X =[x, X, X3 x,J =[iy iy B o] . The

dynamical equations of i,, i @y and S are

q ’
presented based on Boulouma et al. [20] and Tong and

Zhao studies [21]. The input control signals vector is:
u=[R. S ] andoutputis y = c, .
The state-space equations are given in (1). In this

equation, iy and i, are the stator current’s d/q

components. L, and L, are inductances of the stator.

R, is the stator resistance . @, is the linkage flux . P is

the number of pole pairs. @, s the generator speed.

The power electronics and load with highly fast dynamic
in comparison to other parts are represented by an
equivalent load with constant inductance L, and the

adjustable resistance R . is the pitch actuator’s time

Tp

constant. [ is the pitch angle. B, is the pitch
reference angle which is also the pitch controller’s
output and also the second control input of the wind

turbine system. 71 is the gearbox efficiency. p is the air
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density. The radius of the rotor swept area is
represented by R . v is the wind speed. C. (4.B) is

the torque coefficient. N is the gear ratio. The

9
equivalent inertia transformed into the generator side is
represented by J, . A isthe tip speed ratio (TSR).

R, P(L, -L.)
- X+ XX 4
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( R P(L, +L PO
)fl _ s Xz_ ( a t L)X1X4+ m 4
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Xy | 1
.3 —— X3
X4 Tp

2 PD
DRV (xyx )~ P2,
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N X, 0
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1 ﬂref
0 i
Tp
(. O O_
Xl

X
y=[0 0 0 1]|°?
[ 1y

Xy

r ::Bref _ﬂ
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B. WT Closed-loop System

In this system, two controllers including a maximum
power capture controller and a pitch controller are
designed separately, as shown in Fig. 1. In the maximum
power capture controller design, the first, second, and
fourth states have participated. The third state is
considered in the pitch controller design.

Maximum power

capture controller f
R, —>
» WECS » TSMO
) —>
J g )(
Pl > Saturation ¥ ‘RaFe iq'ﬂ
controller Limiter B

Fig. 1: Block diagram of WECS with maximum power capture
controller, pitch controller, and TSMO.

@, is calculated in order that TSR is maintained

close or equal to its optimal value to capture maximum

power. B and R, are the control inputs.

B.1: Maximum Power Capture Controller

A PID controller is considered for maximum power
capturing as follows:
N

1 2)

Gewp (8) =P +1 1+D
S 14N =
S

In the above equation, P is the proportional term, |
is considered as the integral coefficient, the derivative

coefficient is represented by D , and N is the filter
coefficient.

B.2: Pitch Controller

The pitch controller is implemented in the third state
equation of (1). The difference between actual power
and maximum allowable power is being used to calculate
the required pitch angle [22]. In order to control the
pitch angle, a Pl controller, a rate limiter, and a
saturation function are used. The equation of the
controller is as follows:

Gep () =Pt~k + Ko @)

. — @, s

ref

is the pitch reference angle, @, is the rotor

ﬂ ref

speed, @, is the reference rotor speed, kp and k,

are the Pl controller integral

coefficients, respectively.

proportional and

C. Model Linearization

For the sake of simplicity, the state-space equation’s
coefficients are defined as:

R P(L,-L
as:_—sy bs:M’ Cs :—;
L, +L, L, +L, L, +L,
___R poo Platb) _ POy
oL+l e
1 1 napR Y 2
hy=————, p, =——, MC; ===———C; (4,5),
L, +L, 7, 2N Iy
__Po,
S \]h

Computing Jacobian matrix, the linearized state-space
is:

as bsx40 0 bsXZO
Xl stAO ds 0 st]_0+gs Xl
Xa|l_l 0 0 P, 0 Xz
X5 oc, oc; Xa
X 0 ng s s X
4 8X3 X =X, 6X4 X=X, 4
o o (4)
CSXIU 0
hsxzo ul
0 —Ps |LU;
0 0
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where X, =[X10 X0 Xgo Xy | is the equilibrium
point, which is determined by solving the following set of
equations:

& X109 +bsX20X4o =0
dsX 50+ X30X 40 +9sX 4 =0

PsX3 =0
M Cr (X30,X40) +NX 0 =0

D. Blade Imbalance Fault Dynamic Model

When blade imbalance fault occurs, the frequency
f, (1P frequency) of the turbine shaft torque variates.

Therefore, the turbine shaft torque in the existence of
blade imbalance fault equals to:

T(t)=T,+T, cos(2xf t) (6)

T is the turbine shaft torque, T, is the torque due to
the wind power, and T, is the amplitude of the shaft

torque variations as a consequence of blade imbalance
fault [23]. Hence, when blade imbalance fault exists, the
state-space equations of (4) are changed as follows:

a‘s b5X4O 0 bsXZO
Xy fXpo dg 0 foXy + 05 X1
X2|_| 0 0 P, 0 X2
X3 aC, oC, X3
X4 0 ng s s Xy
aX3 X=Xq aXA LX:J(D
= ~ (7)
CXyy O 0
h, x 0 (u 0
+ st 20 1 + fBu:
0 —p,|lU, 0
0 0 1

Substituting (6) into state-space equations of (1) and
(4), f5c is obtained as follows:

fBIF =

d T, cos(27zf t) (8)
g‘]h

Terminal Sliding Mode Observer (TSMO) Design

Classical sliding mode observers are widely used for
output and state estimations of linear/nonlinear systems
in practical researches because of their intrinsic
robustness to the uncertainties. The output estimation
errors’ convergences in a finite time are guaranteed by
classical sliding mode observers, while non-output errors
converge to zero asymptotically. This means states not
directly affected by the output converge to the actual
values in infinite time. Hence, terminal sliding mode
observers are developed, which guarantee convergence
of both output (measured) and non-output
(unmeasured) state estimation errors in a finite time
[24].
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A. TSMO Implementation on WECS

In this section, TSMO is implemented on the
linearized system [24], [25]. Primarily, the linearized
system model is considered and conditions for state and
fault estimation are mentioned. Then, the coordinate is
transformed and system and observer equations in the
new coordinate system are obtained and design
parameters are introduced. Finally, the observer
equation is obtained in the original coordinate and fault
is estimated.

A.1: Linearized State Model

Consider the time-invariant linear system as follows:

{x‘ t)=Ax({t)+But)+Ef, (x,t)
y ) =Cx ()

In this system n is the number of states, m is the
number of control inputs, P is the number of outputs,

(9)

and ( is the number of faults. f, is the fault vector and
E

- is the fault intensity matrix. It is supposed that

|fa] < » and the system is observable. The Matrices C

and F

- must

be full-rank. Also, the following

assumptions must be held.

A, :rank (CF,) =rank (F,) =q

(10)
A,:2p=n+q
The transformation matrix T, has the structure:
T, T, 0 0
T = 0 1 0O 11
o 0 10 1)
0 0 01

T, and T, must be chosen such that the following

inequality holds:

_ _ T
a, +a21-|-_2 <0 (12)

1
In the above equation, &, and &,, are the first and
second elements of the first column of the matrix A .
Using the transformation matrix T,, changing of

coordinate is done and the new state matrices are
obtained as follows:

A3 A4 A32 BZ

>

(13)
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A1 c R(TFD)X(TFFJ)’A3 c RPX(”*P)’A31 c R(”*P)X("*P),
F, eR"™ P9 F, eRP,C, e RP

0
F, =

(p-Dxq
L

C, is a full-rank matrix. A; is full-rank because the

F =0

(n—p)xq?

system is observable. Hence, the system state equations
are transformed as follows:

Z,(t) = Az, (t) +AZ, () +Bu(t)
Z,t) = Az, () + Az, () +Bu ) +Rf,(z,1)  (14)
y(®)=Cz(t)

where, z, and z, are non-output and output states

vectors in the new coordinate system respectively.

z,eR"P 7 eRP?

A.2: Observer Design

In this section, a TSMO is designed for the linearized
system using [24]. The observer state equations are
defined as follows:

2,0) = AZ, () + AZ, ) +But) +1e, ) +1,0”
Z,(t) = AZ, (1) +AZ, () +Bu () + 1, () +1,0 (15)
y(t)=CZ(t)
a and f are odd integers (a < ). The observer’s
coefficients are obtained as follows:
|1:_A2'|2:[|21 lez]v|3:_A4+A451|4:_¢ (16)
where A, eR¥® is a desired stable matrix and

p=diag (p, P, 05)- P, P, and p, are positive
scalars and

N (17)
A3l

Since A, is stable, two positive scalars p, and q;

exist that satisfy the following condition:
PA +A1T P, =2Ap, <, (18)
A, € R*® is a desired stable matrix. Moreover, A, is

partitioned as A, =[A31 /-\321 . The error vectors are

defined as:
e, =7,-17,
o (19)
e,=e, =7,-1,
e, and e, are non-output and output variables

estimation errors. The convergence of e, and e, to zero

in a finite time is proved using the Lyapunov functions

T — 1 _
V,=pg&’ and VZZEege2 [24]. &, is defined as
e_1=A3lel'

Using an inverse coordinate transformation, the

observer’s equations in the original coordinate system
are as follows:

X(t)=AX({t)+Bu(t) +Rge, (t)+Rzu(t)+R3U%(t) (20)

y(©)=Cx()
where:
sign (e,,) »
e T S
o0, is a small positive constant, which is considered in

order to prevent zero denominators. The observer’s
coefficients are:

| 0 |
R, :TL‘{Il},RZ :TL‘{I ]R3 :TL‘{S} (22)
3 s

Considering the Lyapunov function V,, the following

inequality holds [24]:
V, <—o e, (23)
o, is a positive design scalar. V, can be written as

vV, = %"e2 ||2 . Therefore, using (23):

av, o,
<——=dt 24
o, 2 (24)
Defining t, as the e, convergence time to zero and
integrating (24), the convergence time of output states

estimation errors to zero is calculated as the below
equation:

J¥,0) o5

01

t, <

In time duration of t, seconds, V, will become zero
and sliding motion will occuron e, =0.
Using V1 , the following equation is obtained [24]:

a a+f

Vi<2 7 (p87) (o

Integrating (26), the convergence time of non-output
states estimation errors to zero is calculated as the
below equation:

a p-a

o, AL (0) (27)

L, <
1 ,B—a

After convergence of €, to zero, in time duration of
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t,, Vl(tl) will become zero and sliding motion will occur
on e, =e, =0. Therefore, V,(0) is the initial value of V,,

after convergence of e, to zero.

A.3: Fault Estimation

The fault is estimated as follows:
an = _F2+¢Ueq (28)

Ugq is equivalent injection switching term to establish
sliding motion on e =0, which is calculated using (21)

and F; =(F]F,) F;

Results and Discussion

In this section, wind turbine controllers and TSMO are
implemented in order that the control objectives are
achieved and also output estimation errors converge to
zero in finite time.

A. Wind Turbine, Controllers, and TSMO Simulation

The 3kW PMSG wind turbine, which is introduced in
section 2, the controllers, and the observer are
simulated. The system’s state-space equations,
maximum power capture controller (2), pitch controller
(3), and TSMO are simulated in Simulink. Then, the
states, outputs, and fault are estimated. The optimum
value of the power coefficient of the WT proportional to

the optimum TSR 1" =714 is C, =0439 [26].

Karman spectrum model with a mean wind speed of 8
meters per second is considered as the wind model.

Wind rated speed equals to 10.5”% and simulation is

implemented in the low-speed region for 10 seconds.
The parameters of the wind turbine are given in Table 1.

Table 1: 3kw PMSG wind turbine parameters [27]

PMSG Drive train and rotor

p=3, R, =33 Q

o —04382 Wb Gear ratio: N =7
m =0.

Moment of inertia:

J,, =0.5042 kg.m?

Ly =41.56 MH

L, =41.56 mH
Efficiency: n =1

R,, =80 Q,v =380V
n S Blade length: R =25 m

p=1.25 kg/m?

The inductance of the equivalent load equals to
L, =0.08 H[28]. The control accuracy of pitch angle
equals to 0.3 degrees [29]. Pitch rate is between +2 and
+18 degrees per second practically [30]. In this
research, the maximum value of the pitch rate is
considered as +15 degrees per second. Using (1), the
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pitch actuator’s  time constant

7,=0.3/15=0.02.

equals to

B. Linearized Systems, Controllers, and Observer
Simulation

Using the system of equations of (5) the equilibrium
point is:

X, =[-1.38 4.66 0 8.46] (29)

The stability of this equilibrium point is investigated

using the matrix A . Since all eigenvalues of the matrix

AL lie in the left half plane, this equilibrium point is
stable. According to the condition A, in (10), it is

necessary to increase the number of sensors in order
that the observer can estimate the states and the fault.
Hence, the number of measurable outputs are increased
to three. Therefore, two sensors must be added to the
wind turbine system in order to measure the first and
second outputs. It is not required to add an additional
sensor to measure the generator speed, which is the
third output, because it is already measured in the wind
turbine systems.

A,:2pz2n+q — A,:2x324+1

Hence, C matrix changes as below:
0100

C=/0 010 (30)
0 001

The following maximum power controller is used in
the simulations:
Gewp (5) = 2.542+2.3191+o.178ﬂ43l (31)
S 1+130.843
The pitch angle controller (3) is designed as follows:

0.05

G (8) = 2+T (32)
According to (11) the coordinate transformation
matrix T is:
-10 1 0 O
T, - 0 100 (33)
0O 010
0 0 01

The value of other parameters of the observer are
chosen as below:

P = p, = p; =1000

a=3,=5

p, =10, =1 (34)
A, =diag {-1,-2,-3}

5 =0.01

The convergence time of output and non-output
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According to Figs. 5 and 6, the wind turbine’s power is
variable between 2 and 4 kW. In addition, in order for
the desired control objective, which is maximum power
capturing, to be achieved, R, should variate between
65Q and 90Q and S, should be between 0 and 1

deg.

Actual fault
Estimated fault
151
1
0.5
§ 0
-0.5
1 H
15F
2 L L L L L L L L L )
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Fig. 7: Actual and estimated fault.

As it is presented in Fig. 7, the WT fault is detected
and the actual fault and estimated fault diagrams
approximately coincide.

0.46
0.44
0.42
Q
O
0.4
0.38
036 . . . . . . \ . . )
0 1 2 3 4 5 6 7 8 9 10
Time (s)
751
27t
14
%)
F 65
5 . . | . . . \ . . )
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig. 8: Power coefficient and TSR.

According to Fig. 8, after a time duration of 3 seconds,
in which the system’s output traces the desired output,
the power coefficient and TSR have variations in the
ranges close to their optimum values, which are 0.439
and 7.14, respectively. Therefore, the maximum power is
captured.

Furthermore, both measured and unmeasured states
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and BIF are estimated in a finite time.
Conclusion

According to simulation results, which are presented
in the previous section, using TSMO, BIF is detected and
the states are estimated. BIF is modeled as a sinusoidal
function with a frequency equal to the rotating
frequency of the wind turbine shaft. The frequency of
BIF is time-varying because of the time-varying nature of
wind speed.

Using the designed observer, the sinusoidal function
of BIF with variable frequency is estimated as well.
TSMQ’s advantage in comparison to sliding mode
observer (SMO) is that using TSMO not only output
estimation errors, but also non-output estimation errors
converge to zero in finite time.

In future research works, a TSMO could be designed
in order to estimate the states and detect the fault
considering nonlinear state-space equations of the
PMSG wind turbine.
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Background and Objectives: Comparators play a critical role in the analog to
digital converters (ADCs) and digital to analog converters (DACs). Therefore,
different structures have been proposed to improve their performance.
Power, delay, offset, and noise are the important factors that have
significantly affect the comparator’s performance. In low power applications,
power consumption and delay are the critical concerns that should be
minimized to obtain better performance. In this work, a low-power and high-
speed comparator has been proposed, which is suitable for applications
operating at a low power supply.

Methods: Based on the conventional structure of the comparator, some
modifications are implemented to achieve better performance in terms of
power consumption and delay. Additionally, the proposed structure gives
great performance when the difference of inputs is very small. To verify the
proposed structure, it is designed and simulated in a 0.18 um CMOS
technology with a power supply of 1 V and sampling frequency of 2 MHz.
Results: To draw a fair comparison, the conventional and proposed structure
is simulated in equal circumstance. The size of transistors is designed with
appropriate W/L ratios to achieve appropriate performance. The proposed
structure not only reduces the power consumption by 44%, but also it
decreases the delay by 9.1%. The power consumption of the proposed
structure is around 0.12 pw. The total occupied area by the proposed
structure is approximately 127.44 p.mz.

Conclusion: In this paper, we presented a delay analysis for the proposed
dynamic comparator. In addition, based on theoretical analyses, a new
dynamic comparator consumes less power and operates faster compared
with the conventional structure. The simulation results verify the theoretical
analysis.

©2021 JECEL All rights reserved.

Introduction

Each of them is superior to others from the point of view

The comparator [1], [2], [3], [4], [5], [6] is one of the
most important blocks in the integrated circuits, which
compares two analog inputs and produces digital
outputs. Open-loop comparators, regenerative latch
comparators, and preamplifier latch comparators are
three important architectures of voltage comparators.

Doi: 10.22061/JECEI.2021.7602.409

of power consumption, delay, offset, input referred
noise [7], and so on. In other words, the high-resolution
and high-speed comparator can be achieved by
implementing open-loop architectures. Furthermore, the
latch comparator is the most useful structure due to its
high-speed and low-power consumption.

153


http://jecei.sru.ac.ir/
mailto:a.bijari@birjand.ac.ir

F. Shakibaee et al.

So, the prominent aspect of the latch-type
comparators by comparison with others is its power,
particularly at the applications with low power supply.
The comparator is a building block in data conversion
circuits, including successive approximate register
(SAR) [8], [9], [10], [11], Pipeline [12], [13], [14], and
Flash [15], [16], [17]. Therefore, the optimal design of
the comparator is very important, particularly in terms
of power consumption, speed, offset and occupied space
on the chip [18], [19], [20], [21].

It should be noted the comparators have a critical
influence on the overall performance in analog-to-digital
converters. To obtain a high effective number of bits
(ENOB), an appropriate comparator is required. As a
result, the designers are always looking to achieve the
best features of the comparator for special purposes.

In recent years, according to shrinking the feature size
of CMOS devices and reduction of the supply voltage
(Vpp), the power consumption of circuits is diminished,
and thereby, the requirement goes toward comparators,
which can follow these.

Different structures have been proposed, such as
dynamic comparators [22]. However, there is a trade-off
between power consumption and speed in low supply
voltage of these comparators. In the low supply voltage,
they can operate fast.

However, during the two phases, latch and reset
phases, the comparator consumes the static current.
Therefore, they have a crucial restriction in low-power
applications.

To address the problem of dynamic power
consumption, a self-reset method is implemented [23].

Moreover, bulk-driven [24], [25], [26] is another
technique to improve the speed and power
consumption.

However, the technique suffers from lower

transconductance (backgate transconductance (gm)) in
comparison  with its gate-driven  counterpart.
Furthermore, the popularity of the technique is reduced
due to the unique fabrication process.

The comparator with double-tail dynamic structure is
presented in [27]. The comparator is designed based on
separating the input stage and cross-coupled part. This
separation forces comparator to operate fast over a
wide input common-mode range and power supply
voltage.

In this paper, a new comparator with no additional
circuits has been introduced. The proposed comparator
is simulated in 180 nm CMOS technology, and exhibits
high speed and low-power consumption. Additionally,
the delay analysis has been carried out for the proposed
structure.

The rest of the paper is organized as follows: the next
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section is named the proposed comparator, which
explains the conventional and proposed structures and
analyses the delay. Next, the simulation results are
presented and compared with other structures, and
finally the last section contains the conclusion of the
proposed study.

Proposed structure

Figure 1 shows conventional comparator's schematic
with a current source, which input signals are applied to
the gate terminal of transistors [28]. The operation of
the conventional comparator can be described as
follows.

Vop

Vbo'as—' My

L

VDD

Al M

Vaum

HI ms

Fig. 1: Schematic circuit of the conventional dynamic
comparator.

During the reset phase, when the clk=1, transistor M,
is cut-off, and both points of V,, and V,, are reset to
ground by transistors of Ms and Mg to determine an
initial condition for the output of the comparator.

Also, the output inverters pull both outputs of the
comparator (Voye, and Vouin) to Vpp.

In the comparison phase, when the c/k=0, the
transistors Ms and Mg are off, and M; turns on. Assuming
that V, > V), both output point values of V,, and V,,
change according to the differential input voltage. First,
the both output points start to decrease until M, of
cross-coupled nMOS load transistors achieves the turn-
on voltage.

In other words, the different voltage between gate
and source is higer than the threshold voltage. Then, the
output point of V,, will continue to discharge to the
ground, and at the same moment, the output point of
Vo Will be changed its way and charged to the high level
as shown in Fig. 2.
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Fig. 2: Transient simulation of the conventional comparator.

The comparator will operate vice versa if Vy is greater
than V,. The total delay of the conventional comparator
can be expressed as follows [29]:

tdelay = to + liaten (1)

where t, represents the time for discharging C, capacitor
until the nMOS transistors of M, or M3 turn on.

Ve x € 2V XCy (2)

Iy Ltan
where /g, is the drain current of the input transistor. ¢,
represents the total load capacitance of the comparator,
and Vy, is the threshold voltage of transistor. tch
denotes the latching delay time of the two cross-coupled
transistors of inverter and is given by:

Cy (A Vout) G Vpp
In =

AV, nGay,) @

tiaten =

Im.Total Im.Total

where gm 1otal is the sum of the transconductance of the
differential pair transistors (gm:1 and g.,) and the
transconductance of the cross-coupled nMOS loads. It is
assumed that AV,,=Vpp/2, and the AV, can be obtained
as follows:

AV, = Vop(t =to) — V,,(t = to)l

I, X Ly Ip; 4
e
L B1

By assuming Al as (5), the (4) can be rewritten as
below:

AMigeer, = g1 — 12l = 9,1, AVin (5)
Al AV,
AV, = Vthp latch ~ Wi Im1.28Vin (6)
IBZ Itail

where AV;, is the small differential input voltage.
Substituting (6) in (3), the total delay of the conventional
comparator is obtained as follows:

2V C C %
_ Slentr L l(DD)

td 1 = n
e Itail Im.rotal ZAVO
_ 2V Gy, N Gy ln( Vopltair ) (7)
Itail ImTotal 4AVithhgm1.2

Therefore, there are several parameters that have a
significant effect on the delay of the comparator, such as
the differential input voltage, transconductance of the
input transistors, latch tail current, the capacitance ratio
of the output nodes, and transconductance of the
intermediate stage transistors.

To address the issues of the delay and power
consumption in the conventional comparator, a new
structure has been proposed. Figure 3 demonstrates the
schematic circuit of the proposed comparator, which
consists of two inverters, a current source, and a cross-
coupled inverter.

The input signal is applied to gate and body terminals,
additionally, a cross-coupled inverter is implemented.
These modifications will have a positive effect on the
speed and power consumption of the comparator.
Moreover, for a given power supply, the speed of the
comparator is increased because both g,, and g, have a
significant effect on it.

The operation of the proposed comparator at the
reset phase is similar to the conventional comparator.
When clk=1, M5 is cut off, and both transistors of M5 and
Ms are turned on, and the nodes of V,, and V,, are
connected to the ground.

|/DD

(U1 S D

Von

l/(JLI T
| Jegpety) e 1

Fig. 3: Proposed dynamic comparator.
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Also, at the aforementioned phase, the output nodes
of Voutp and Vo are charged to the power supply.

As shown in Fig. 3 when clk goes low (clk=0), the
transistor M5 turns on, and the transistors Ms and Mg are
cut-off. Therefore, the comparator goes to the
comparison phase.

Assume the case that V, is greater than V,, both
output V,, and V., nodes can be started to charge to Vpp
with different rates according to the differential input
voltage. This increment continues until the transistors of
cross-coupled achieve the turn-on voltage (Vg >Vin).
Then, the values of output nodes are determined. The
output node of V,, will have the same trend and
continues to discharge to the ground.

At the same time, the output node of V,, will be
charged to the power supply.

The final output of the comparator can be obtained
by the two inverters. The cross-coupled transistors and
the transconductance (g.,, and g.) of the input
transistors have a constructive effect on the speed and
then the delay of the comparator.

Theoretically, the following equation demonstrates

how this structure improves the speed of the
comparator.
tdelay
_ 2VinCy n (L n( Voo )
Itail (gmbl.z + gm.Total) 2AVO
_ 2VuCy C,
Lian (Gmb12 + Imrotar) (8)

( Vop ltaun )
X In
4AVithhn(gm1.2 + gmbl.z) )

According to (8), the proposed structure increases the
total effective transconductance of the input transistors.
As a result, the time constant is reduced, thereby
improving the speed of the proposed comparator.

Simulation Results and Discussion

To verify the proposed structure, the simulation
results are presented. The proposed comparator is
designed and simulated in 180 nm CMOS technology.
The simulation results are obtained at Vpp=1 V,
frequency of 2 MHz, and =10 fF.

The transistors' size is the same in both structures
(conventional and proposed structures) to provide a fair
comparison.

Moreover, the minimum channel
transistors is considered 0.18 um.

In Table 1, the values of the device parameters are
presented. As shown, the size of the input transistors is
designed large enough in comparison to other
transistors to satisfy a specified offset.

length of all
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Table 1: Transistor sizing of the proposed comparator

Transistor W (um)/L (um)
My, M, 3/0.18
M3, M, 0.22/0.18
Ms, Mg 0.22/0.18
M- 1/0.18
My 1/0.18
Mp1, My, 0.22/0.18
Mg, Mg, My, My, 0.22/0.18

Figure 4 shows the results of power consumption for
the different common-voltage.

The proposed structure's power consumption is
decreased remarkably when the common voltage
sweeps from 0.4 Vto 0.7 V.

However, the conventional comparator exhibits the
proper operation at V,,> 0.65 V. Additionally, the delay
is decreased in comparison with the conventional
structure.

3504

—— Conventional comparator
— - =Proposed comparator

3004

[

N

=
1

2004

Power (nW)

150+

100+

50 T T T | 1
0.40 0.45 0.50 0.55 0.60 0.65

AV. (mV)

Fig. 4: Power with a different common-mode variation.

As shown in Fig. 5, by increasing the common-voltage,
the difference of delays in the conventional and
proposed structures becomes more significant.
Therefore, the proposed structure presents better
performance.

The proposed and conventional comparators are
simulated for different input amplitudes to evaluate
comparators' operation under this condition.
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Delay (ns)
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Conventional comparator
— - —Proposed comparator
0 T T T T 1
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Fig. 5: Delay versus different common-mode variation at
AV;,=0.1 mV.

As shown in Fig. 6, for AV;;=0.1 mV, proposed
comparator's delay is 9.968 ns at Vpp=1 V, while the

conventional one exhibits the delay of 11.12 ns.

According to the performance of the proposed
structure, it is suitable for the applications that have low
input amplitude, such as bioelectronics.

12 -

Conventional comparator,
— - —Proposed comparator

11

Delay (ns)

AV_(mV)

Fig. 6: Delay versus different input amplitude.

Table 2: Performance summary of the proposed mixer and comparison with previous studies

[21] [22] [25] [28] [29] [30] Conventional Proposed
Structure Structure

CMOS Technology 180 nm 130nm  65nm 180nm 180nm 180nm 180nm 180nm
Power Supply (V) 1.2 1.2 1.2 1.2 1.8 1 1
Sample frequency 62.5 1250 - 500 1 2 2
(MHz)
Delay 1.837 0.1 0.120 3.169 0.55 - 12 9.968
(AVin=0.1mV) (ns)
Power (LW) 18.6 600 0.75 23.46 329 130 0.25 0.12
Meas./Sim. Sim. Sim. Sim. Meas. Sim. Sim. Sim. Sim.

* Meas.=Measurement
* Sim.=Simulation

25+
Standard Deviation = 10.45 mV
Mean = -2.05 mV
20+ Number of iteration = 100
154
2
=
10
5 -
0_

-40 -30 -20 -10 0 10 20 30 40
Offset Voltage (mV)

Fig. 7: Monte Carlo simulation of the offset in the proposed
dynamic comparator.

Figure 7 illustrates the results of Monte Carlo
simulations for a run of 100 samples. The standard
deviation of the offset of the proposed comparator is
achieved 0=10.45 mV. The value of the offset increases
in comparison to the conventional structure by
approximately 1 mV. This value is proportional to the
backgate transconductance of gm,. Kick back noise of the
comparator is another factor should be considered and
simulated [18]. At the regeneration phase, the high
voltage variations of nodes have a significant effect on
the input of the comparator due to parasitic capacitors.
The input voltage is disturbed because of the lack of zero
output impedance of the preceding stage. To evaluate
the kick back noise of the comparator, the circuit as
shown in Fig. 8 is implemented.
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Rn

=)

Rn

Fig 8: Kick back noise circuit.

The maximum kick back noise which is coupled to the
input voltage signal, is 0.28 mV without any
compensation.

Moreover, proposed comparator's layout is shown in
Fig. 9 that the total active silicon area is 10.8 um x 11.8
pm.

The performance of the proposed dynamic
comparator is summarized in Table 2, and made a
comparison with the similar reported works.

11.8um

(7 1 e v g 1|
(i © v e |

1

i
|

10.8um

i
23]

i

i

TL

Fig. 9: Layout of the proposed structure.

Conclusion

In this paper, a new structure is proposed for low
power and low voltage dynamic comparator. The input
signal is applied to bulk and gate terminals.

As a result, both transconductance (g,,) and backgate
transconuctance (gm,) contribute to the reduction of
delay.

With a power voltage of 1 V and frequency of 2 MHz,
simulation results in 180 nm CMOS technology show
that the proposed structure is achieved 0.12 pW and
9.968 ns power consumption and delay, respectively.

The proposed comparator not only reduces the
power consumption by 44%, but also it has decreased
the delay by 9.1%.
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Background and Objectives: One major problem in the minimum power
distortionless response (MPDR) beamformer is the signal cancellation
problem, i.e., the desired signal is canceled by the reflected signal, even
though the distortionless response constraint is satisfied. Solving this
problem is the objective of this paper.

Methods: It is well known that the signal cancellation problem can be
avoided by minimizing the cross-spectrum matrix of noise, i.e., using the
minimum variance distortionless response (MVDR) beamformer. But, in the
case of disturbance signals which have correlation with the desired signal,
estimation of this matrix is a challenging problem. In this paper we propose
an approach for estimating the cross-spectrum matrix of noise signal from
which we can solve the signal cancellation problem.

Results: Simulation examples show that using the proposed method we can
bypass the signal cancellation problem completely.

Conclusion: A common belief is that in the case of a disturbance that is a
reflected version of the desired signal, due to cohesive appearance and
disappearance of both the disturbance and the desired signal, the estimation
of cross-spectrum matrix of noise signal is typically not possible in practice.
So, based on this common belief, we can’t use the MVDR beamformer in this
case. In this paper we show that this common belief is a fault. We propose a
general approach for estimating the cross-spectrum matrix of noise signal
that is applicable even in the case of correlated disturbances.

©2021 JECEI. All rights reserved.

Introduction

spatial filter. This filter forms the beam that looks at a
desired direction, so it is called beamformer [1], [2], [3],

Spherical microphone array is a type of microphone
arrays that has a spherical structure in which
microphones are placed on a sphere surface. This kind of
microphone arrays has been an interesting field of study
for the past decade [1], [2], [3], [4], [5], [6]. The
microphone array produces an output signal with some
desired properties from the microphones input signals.
One such desired property is to enhance signal coming
from a particular direction and to weaken signhals coming
from other directions, therefore forming a directional, or

Doi: 10.22061/JECEI.2021.7640.415

[7]. Noise minimization bemformer is one important
type of beamformer in which the beam pattern is
adapted to the actual sound field.

This beamformer discerns the desired signal from the
noise and, therefore achieves better performance in
real, and noisy sound fields. When the noise field is not
perfectly diffuse, the optimality of the beamformers
which are optimal in decreasing noise due to diffuse
sound field, such as maximum directivity beamformer, is
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not maintained any more [1]. In this case an optimum
beam pattern, adapted to the true measured noise,
should be constructed. The minimum power
distortionless response (MPDR) is one such a
construction in which the beam pattern is restricted to
be unity in the look direction, meanwhile the power of
the array output is minimized [1], [2]. The MPDR
beamformer is beneficial especially when the desired
signal propagates with a plane wave coming from the
look direction, and all other signals considered as noise
that to be minimized.

One of the main problems in the MPDR beamformer
is signal cancellation [1], [8], [9], [10], [11], [12], [13].
This problem occurs when the disturbance signals
contain some signals that have correlation with the
desired signal. For example, whenever the desired signal
being reflected from neighboring surfaces such as walls
in a room, signal cancellation may happen. So, these
disturbance signals are the weakened and phase shifted
versions of the desired signal. The signal cancellation
means that, in place of retaining the desired signal
unchanged and weakening the disturbances, the
distortionless response constraint in the look direction is
satisfied by the beamformer, but then it uses the
correlated disturbances to remove the desired signal via
minimizing the cross-spectrum matrix of the overall
signal that involves contributions from both [1].

One approach to overcome the signal cancellation
problem is by introducing nulls at the directions of the
disturbances through additional constraints. The linearly
constrained minimum variance (LCMV) beamformer
employs this approach [14], [15], [16]. Although the null
is obtained irrespective of the characteristic of
disturbance signals, we need to determine the arriving
direction of the disturbances in the LCMV beamformer.
On the other hand, in the MPDR beamformer the nulls in
the direction of disturbances are achieved via minimizing
the cross-spectrum matrix of the overall signal, and as
we have mentioned above, if the disturbance has
correlation with the desired signal, MPDR design is
remarkably degraded, due to signal cancellation [1].

Another approach to avoid the signal cancellation
problem is by minimizing the cross-spectrum matrix of
the noise. This approach is called minimum variance
distortionless response (MVDR) beamforming [1], [17],
[18]. Estimation of this matrix in presence of correlated
disturbance is a challenging problem. For example, a
common belief is that in a situation where a disturbance
is a reflected form of the desired signal, due to cohesive
appearance and disappearance of both the disturbance
and the desired signal, estimation of cross-spectrum
matrix of the noise signal is typically not possible in
practice. So, based on this common belief, we cannot
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use the MVDR beamformer in this case for the purpose
of solving the signal cancellation problem.

In this paper we show that this common belief is a
fault. We propose a general approach for estimating the
cross-spectrum matrix of noise signal that is applicable
even on situation of correlated disturbance. For that, at
first we determine the amplitude densities and arrival
directions of the disturbance signals from which we can
estimate the cross-spectrum matrix of overall noise.
Then, using this matrix we are able to bypass the signal
cancellation  problem  effectively using MVDR
beamformer equipped with this matrix. Note that, it is in
contrast to the classical MVDR beamformer in which we
don’t need to specify the arriving direction of
disturbance signals.

This paper is organized as follows. The second section
reviews the spherical array processing fundamentals.
The third section presents the proposed method for
solving the signal cancellation problem. Simulation
examples are presented in the fourth section, and the
end section concludes the paper.

Spherical Array Processing

This section shortly explains the theory of spherical
microphone array processing [1], [4], [19], [20]. The
formulation provided in this section will be utilized in the
following sections to develop the proposed method.

A. Array processing in Spherical Harmonic Domain

Consider a sound field composed of multiple “single
frequency plane wave” each with amplitude density
denoted by a(k, 6, ¢) arriving from direction (0, ¢;)
with a wave vector k= —k = (k, 8, ¢;) and wave
number k. The sound pressure at r = (1,6, ¢) due to
this sound field can be written as follows [1]

pr6.9)=) D pumnV @) W

n=0m=-n

where p,.,(k,7) are the spherical harmonic coefficients
of the sound pressure, and Y;"(0, ¢) are the spherical
harmonics.

The relation between the amplitude of the plane
waves producing the sound field and the pressure on the
sphere in the spherical harmonic domain is

Prum (k, 1) = by (kr)anm (k), (2)

where a,,,(k) is the spherical Fourier transform of
a(k, 0y, ¢y), i.e.,

o (K)
- f f a(k, 6, LY B 1" sin 6 dB,depy, (3)
0 0

and b, (kr) defines the projection of the sound field
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onto the surface of sphere. The expression for b, (kr)
depends on the array configuration. For example, in the
case of a single open sphere, we have

b, (kr) = 4mi™j, (kr), (4)

where j,(x) is the spherical Bessel function of the first
kind [1].

In the case of order-limited pressure function, we
have p,m(k,7) =0 Vn > N, so we can represent the
function by a limited number of spherical harmonics and

we have
N

n
PT,0,8)= D > punl IV (0, 9). (5
n=0m=-n
Equation (1) is, in fact, the inverse spherical Fourier
transform of the pressure function [5]. So, we have

21 b
D = f f p(0,®)Y" O, )" sin 6d6d, ()
0 0

which is the spherical Fourier transform of p(6,¢). For
simplicity, we omitted the parameters k, r.

According to the Cubature method, it can be possible
to compute the multiple integrations of a specified
function using a summation over samples of that
function [1]. So,

Q

Pam = ) @qp O, O, A" = P, o)

q=1

where @Q is the total number of samples and «, is the
sampling weight whose value depends on the sampling
method. The approximation becomes equality for order-
limited function provided a sufficiently large Q. In this
case, using the inverse spherical Fourier transform,
p(6,®) can be reconstructed perfectly on the sphere.
But, in the case of p,,,, of infinite order, due to aliasing,
perfect reconstruction is not possible [4], [21], [22], [23],
[24].

Several sampling methods, such as Gaussian, equal-
angle, and uniform sampling, have been previously
presented [4], [25], for which the sampling points
(Hq, ¢q) and sampling weight a, have been derived such
that for order-limited functions (7) is maintained with
equality. Due to some constraints, we may want to use
any arbitrary given sampling set. So, Assume that the
samples of the function, p(Hq,¢q), are given, together
with the positions of the samples, (Oq,d)q), for
q =1,...,0Q.Using (5) we have

N n
p(8q, ¢q) = Z Z Prm¥a (05, 04),1<q<Q  (8)

n=0m=-n

Equation (8) may be written in matrix form as

P = YPum, (9)

where vectors p of length Q and py,y, of length (N + 1)2
are defined as

p= [P(gp $1), (62, ¢2), .--,p(QQ, ¢Q) ]T (10)
and
Pom = [Pooi P1(-1), P10, P11, ---'PNN]T' (11)

and the matrix Y of dimensions Q x (N + 1)? is given by
Y =

[ (B d1) Yi'(Bnp) YP(01,01) Yi'(61 1) Y (61,01

(100 KOt B0 KO0 W)
[Y0(6g 60) Y'(Bgdg) Y00 00) ViBpbe) - Yi(6gdo)l
(12)

Equation (9) is called inverse discrete spherical

Fourier transform [26]. Also,

Pom = YTP, (13)

is called discrete spherical Fourier transform, where
Yt = (YPY)~1Y" is the pseudo-inverse of Y. Generally,
the discrete spherical Fourier transform may be written
as

Pum = SP (14)

In the situation of a general sampling, matrix S is
given by S = Y1, in the situation of Gaussian and equal-
angle sampling methods is given by S = Y diag(a),

T . .
aQ] holds the sampling weights,
and for nearly uniform and uniform sampling methods is

where a = [ao, A, ey

givenby S = %IYH .

B. Spherical Array Beamforming

Array equations or beamforming equations is as
follows [1], [4], [25], [27], [28], [29],

21 T
y = J- J- w* (k,0,d)p(k,r,0,d)sin 0dOd¢p
0 0

=i Z Wi ()P ().
n=0m=-n

(15)

where w*(k, 8, ¢) are the beamforming coefficient. The
standard discrete form of beamforming in the space
domain is

y =w'p, (16)

where p is as (10) with a little modification in notation
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p = [p(R), P2 (K), .. Do () | (17)

with p, (k) = p(k,r, Qq,d)q), q=1,..,0, and w is the
Q % 1 weight vector as follows

w = [wy (k), wy (k), ..., wo (k)] (18)

Assuming wp,, =0 ¥Yn > N, the discrete form of
beamforming in spherical harmonic domain is as

Y = WimPom, (19)
where the (N + 1)? X 1 vector Wy, is given by

wnm
= [Woo (), Wy 1y (), Wi (), Wiy () .y wyw (K) |

(20)

and the (N + 1)2 X 1 vector py, is given by

pnm
T
= [Poo(k, ), P1(-1) (k,7),010(k, 7), o, DN (K, T) ]

(21)

In these equations p,,(k) and w,,,(k) are the
spherical Fourier transform of p(k,7,0,¢) and
w(k,8,®) respectively and N is called the effective
order of the array.

The output of the array due to a unit-amplitude
plane-wave, i.e, array beam pattern, is defined as

Y = WamVam, (22)
where v, isa (N + 1)% x 1 column vector as

Vom (23)
T
= [VOO(k! r)! Vl(—l) (k’ r)' VlO(k' r)! ey VNN(kl r) ]

with v,,,, represents the array input owing to the sound
field created by plane wave. Since for unit amplitude
plane wave we have [1],

anm(k) = [Yr‘{n(gk' ¢)k)]*l (24)
According to (2) we have

Vnim (K, ) = by (k) [Y7" (O, pi)]” (25)

where (8, @) is the plane wave arrival direction.

Using a different set of beamforming coefficients,
different beam patterns can be designed. For instance,
axis-symmetric beamformers with Wy (k) =

:”(ik:) Y, (6,, ¢;) of which two famous beamformers are
n
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the maximum directivity (MD) beamformer and the
maximum white noise gain (WNG) beamformer [20].
Note that the beamformer coefficients are function of
look direction which denoted by (6;,¢;) in the above
relation.

C. The MPDR and MVDR Beamformers

Consider a desired signal s(k), arriving from direction
(6, Pr). The corresponding distant source creates a
plane wave at the location of array. Array input may be
written as follows

X=p+n=vs+n (26)

where v is the transfer function from the source to the
microphone array input, also called the steering vector,

p = [P (), p2(K), . oK) | (27)

is the sound pressure at the Q microphones due to the
desired source and,

n = [n,(k), (), .., mg (k) | (28)

is the noise at the microphones [1], [14]. The array
output is as follows

y = whx (29)

The array output variance is

E[lyl?] = E[wfxx"w] = wiS  w (30)
where
S« = E[xx"] (31)

is the spatial spectral matrix of the array input. Each
element in this matrix represents the cross-spectral
density between the signals at two microphones at wave
number k. From (26) and (31) the spatial cross-spectral
density matrix of the array input may be written as

Sxx = Spp + Sun + Spn + Snp (32)
with
Spp = E[pp"] (33)
and
Snn = E[nn"] (34)

With the assumption of independent pressure signal
and the noise signal, (32) is rewritten as
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Sxx = Spp + Sin (35)

So, we can rewrite (30) as follows

E[|y|2] = WHSxxw = WHSppW + WHSlmW

(36)
= |WHV|2E[|5|2] + WHSnnw
We have the following design objective
minimize w/S,w
Y (37)
subjectto wfv=1

Owing to the distortionless response restriction,
wiv =1, in the above optimization problem,
[wfv|2E[|s]?] can not be modified, so, the minimization
of wHS, ,w leads to minimization of w”S,w, i.e., the
noise variance at the array output. The optimal value of
wis

Hg-1
i _ YV Sx (38)

wW = —m—
vHS v

It is the minimum power distortionless response
(MPDR) beamformer [1], [2], [3]. The MVDR beamformer
is the same as in (38) with Sg is replaced by S;1,

minimize  wfS,,w (39)
w
subjectto wfv=1

with a solution
viis 1 (40)

H _ ———
vHS 1y

w

The spherical harmonic domain formulation of MPDR
is as follows. In the spherical harmonic domain, (26) may
be written as
Xnpm = Pom T Dam = VamS + Dy (41)

The MPDR optimization problem can be written as

. . . H

minimize Wy S um¥nm Wnm (42)
bj H =1

subjectto  Wypp," Vpm =

Similar to (38), a solution may be written for
beamforming coefficients in the spherical harmonic
domain as
HS;nlmxnm (43)

HgQ-1
Vnm anmxnmvnm

V,
w. H = nm
nm

For the MVDR beamformer we have

Hg-1
4 Vam' Snpingm (44)
an -

HgQ-1
Vim Snnmnnmvnm

The Proposed Method

In this section we propose a general approach for
estimating the cross-spectrum matrix of noise signal. We
assume that the amplitude of the desired signal is s,
and the disturbance signals satisfy s; = A;sq,i=
1,2,...,k, where A; is a complex constant. We also
assume that the desired signal propagates via a plane
wave arriving from direction (6, ¢,), with variance of
0é = E[|so|?], and the disturbances are other plane
waves with arrival direction (8;, ¢;) with o = |4;|?d&.
Specially uncorrelated sensor noise with variance o7 is
also assumed.

Suppose that the noise at the array input is owing to
the sensor noise. Using the discrete spherical Fourier
transform, as in (14) the sensor noise in the spherical
harmonic domain can be written as

n,, = Sn (45)

where matrix S depends on the sampling method as
mentioned in the second section of the paper. This leads
to

= E[nypmnpm”] = E[Snn” §¥] (46)

NpmNnm
= SE[nn]|S" = ¢28S#

where we have assumed the IID noise. i.e, independent
and identically distributed noise. As seen in (46), the
spatial cross-spectrum of the noise depends on the
sampling method.

The spatial spectrum matrix of the overall noise can
be computed using the following theorem.
Theorem 1: The spatial spectrum matrix of the noise,
including the contributions from the disturbances, is as

NnmBfnm

k
Overall _ 2 H 2 H
S = 0,;S88" + Z 0 Vami Vami
i=1

+ Z(AiA;O-gvnmivnij (47)
i#j
+ A;Ajo-gvnmjvnmiH)

where

T
Vami = [Uoo(k, 7"), Ul(—l) (k, 7"), UlO(kl T), -« UnNn (k! r) ] ’
Vpm (K, 7) = by (k) [Y" (05, )] and (6, ¢p;) is  the
arrival direction of ith disturbance.
Proof: The array input in the spherical harmonic domain
isas

Xnm = Pnmo + Ny, +

k
Pnmi

=t K (48)

= VomoSo + Ny, + VnmiSi
i=1
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where Ppumi;i = 1,2,...,k is the spherical Fourier
transform of pressure due to the ith disturbance, and
Pnmo is the spherical Fourier transform of pressure due
to the desired signal.

Now, the overall noise is Ny, + X5 ; VamiSi, S0 the
spatial spectrum matrix of the noise is

Overall _—
NpmNnm
k k "
E Ny, + Z VnmiSi Nny + Z VimiSi
i=1 =1
= E[nnmnnm ]
k k
+E Hgr
VnmiSi Vomj  Sj (49)
i=1 j=1
k
— 2 H 2 H
=0y SSY + Z 0; VnmiVnmi
i=1
* 2 H
+ Z(AiAj 0o vnmivnmj
i#j

* 2 H
+ AiAjGO vnmjvnmi )

[ |
For computing SQYei - in  the
uncorrelated disturbance, it is adequate to record the
input signal during the time intervals when the
disturbance is active but the desired signal is not active.
However, in the case of correlated disturbance, both the
disturbance and the desired signal appear and disappear
cohesively. So, we need to have a mechanism to extract
information for computing S,?::;Z,‘fﬁl from the array input,
i.e., X. This information includes 4;,i = 1,2, ...,k and s,.
The following theorem can be used for this purpose.
Theorem 2. The amplitude of the disturbance plane
waves can be computed using an axis-symmetric
beamformer with d,, (k) = 1.
Proof: We consider the axis-symmetric beamformers. As
mentioned in the second section, axis-symmertic
beamformers are beamformers with the following
weights [30]

dn (k)
by (k)

situation of

Wam (k) =

Yt (6u é0) (50)

If we set d,, (k) to unity, we have

. _ (51)
an(k) - bn(kT‘) Yn (Hl' ¢l)

So, (15) can be rewritten for this case as
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y= Zomz Wi () (e, 7) o
um Pnm (k1)
= v, e0 s

From (2) we have

% = (k) (53)
So, \ge ha;llve
Y= a0, ¢) (54)
L 0, ) = 4,
| ]

Equation (54) shows that y, as a function of look
direction, gives A,;. Using these values we can compute
Sﬁ:}iz,‘iﬁl, and finally the beamforming weight can be
computed as

Hgoverall ~1
H _ Vhm Snnmnnm
Wim = (55)

HQoverall ~1
Vnm Snnmnnm Vnm

Finally, the beam pattern is computed using wy,,,, and
(22) as

y(0,9) = anHVnm(et ®)

N n (56)
zz Z Wy () by (k) [, )]

n=0m=-n

Simulation Examples

Examples of beam patterns designed using the
proposed method are presented in this section. A
spherical microphone array around a rigid sphere,
operating at kr = N, with N = 4 is assumed. We also
consider Q =36 nearly-uniformly arranged
microphones, with spatially uncorrelated sensor noise
and with variance 62 = 0.1. So, Shymnn, due to sensor
noise can be written as

S

NpmNnm

= o28SH = a,f%”l (57)

A. The First Example

In the first example we assume that the desired signal
propagates with a plane wave coming from direction
(80, ¢o) = (30,45), with variance of oZ=1. A
disturbance signal is included that has correlation with
the desired signal and propagates with another plane
wave coming from direction (84, ¢,) = (30,270), with
o2 = |A;|?0¢ and A, = 0.7e~17/3,
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In the first step we must approximate s, and 4;. For
that we compute y(8;, ¢;) using (54). An equal angle of
60 X 60 points was utilized to create (6, ¢;). Figure 1
shows the normalized magnitude of y(6,, ¢,).

a0

50 ¥ 100
0 (dogree) 00 ¢ (dogree

(a)

10.9

D
o

10.8

rs
o

10.7

N
o

6 (degree)
>
S

® L

0 50 100 150 200 250 300 350
¢ (degree)

(b)

Fig. 1: Normalized magnitude of y(8;, ¢;). (a) surface plot.
(b) contour plot. The arrival directions of the two plane waves
are indicated with white “+”.

The peaks in these plots indicates a(k, 8, ¢,), i.e., the
plane wave amplitude density that is identical to |4;]. In
this example we obtain amplitude density of 10025
and 0.682¢71029  and also arrival directions of
(30.375,45) and (32.625,270) for the desired signal
and disturbance signal respectively. Using these values
as s, Ay, (6y,¢¢) and (04,¢,), we can compute
0é = E[|so|?] and o2 = |A;|%6Z. Finally, according to
(49) we compute Sf,’::;,‘ffifl, and then the spherical
harmonic domain beamforming weights may be
computed from (55). The resulting beam pattern is then
computed using (56). The magnitude of the beam

pattern has been shown in Fig. 2. As we can see in this
figure, the first side lobe has a null in the disturbance
signal arrival direction. So, the proposed method has the
ability to shape the beam pattern to consider the
correlated disturbances in the sound field.

160 09
140 L
120 v

_ 06
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Z 05

- 80

= 0.4
ol 03
40 , 0.2
20 | 01

0
50 100 150 200 250 300 350

¢ (degree)

(a)

o

?\\ / 0.4
0.2 \/ D&
0.4 0 Yy

T

(b)

Fig. 2: |y(8, ¢)| for MVDR beamformer with the cross-
spectrum matrix of noise obtained by the proposed method.
(a) contour plot, arrival direction of the desired plane wave is
indicated by the white “+” and the arrival direction of the
disturbance plane wave is indicated by the black
“+”. (b) balloon plot. In this plot cyan color represents positive
values of Re{y(8, ¢)}, and magenta color represents negative
values of Re{y (8, ¢)}.

Without the proposed method, s, and A; are not
available. So, we have to use MPDR beamformer as
expressed in (38). For this, we calculate the spatial
spectrum matrix of the overall input signal, i.e., X, using
(35) and then using (38) and (22) we can calculate the
corresponding beam pattern. This beam pattern has
been shown in Fig. 3 in which we can see the signal
cancellation phenomenon clearly.

167



M. Kalantari

15
160 0.9
140 9
0.7
120 1
o 06
£ 100 g Tx
g = 04
60 05 0.3
0 0.2
0.1
20
0 0 50 100 150 200 250 300 350 0
0 100 200 300 itdemss)
& (degree) (b)
(a) . . :
Fig. 4: Normalized magnitude of y(8y, ¢;). (a) surface plot.
(b) contour plot. The arrival directions of the three plane
waves are indicated by the white “+”.
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Fig. 3: |y(6, ¢)| for MPDR beamformer. (a) contour plot,
arrival direction of the disturbance plane wave and desired : Son = 2
plane wave are indicated by the white “+”. (b) balloon plot. O (deaie)
(a)

B. The Second Example

In the second example, the first example is further
extended to include another disturbance propagates
with a plane wave with arrival direction (8,,¢,) = 0.8
(80,100), with 6 = |A,|?0Z and A, = 0.8e~"/2_ Fig. 4, -
Fig. 5, and Fig. 6 show the simulation results. We can see “
again the ability of the proposed method in solving the
signal cancellation problem.

0.4

0.2

08 0.7
06~ 406 (b)
04 % Fig. 5: |y(8, ¢)| for MVDR beamformer which use the cross-
g2 e spectrum matrix of noise obtained by the proposed method.
Pk zz (a) contour plot, arrival direction of the disturbance plane
4 i, wave is indicated by the black “+”, and the arrival direction of
i e the desired plane wave is indicated by the white “+”. (b)
i B #/{dowre) balloon plot.
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Fig. 6: |y (8, ¢)| for MPDR beamformer. (a) contour plot,
arrival direction of the disturbance plane wave and desired
plane wave are indicated by the white “+”. (b) balloon plot.

C. Comparison with BF-LCMV method

In this section we compare the proposed method with
the rival method presented in [16] in which the signal
cancellation problem has been solved using direction of
arrival (DOA) estimation and the LCMV beamformer. For
this purpose two performance measures have been
considered: directivity factor (DF) which is the ratio
between the array response in the look direction and the
average response over all directions, and white noise
gain (WNG) which is a general measure for array
robustness and is defined as the improvement in signal-
to-noise ratio (SNR) at the array output relative to the
array input. Experimental results show that two methods
have similar performance in term of these two
performance measures in almost all cases. For example
with simulation setup as in the first example, the two
methods gain DF of 23.97 and WNG of 39.91 dB. But, in
the case of disturbance arriving from direction that is
near the look direction and with amplitude that is a small
fraction of the desired signal, the proposed method is
superior as shown in Fig. 7. The parameters in this
simulation is as in the first example except the

disturbance signal parameters which are (6,,¢,) =
(30,50) and A; = 0.2e~"/3, In this case, the DF and
WNG for the proposed method are 19.19 and 37.5 dB
respectively, and for the BF-LCMV method, these
objective measures are 0.275 and 5.23 dB. This
phenomenon is probably due to the role that the
amplitude density characteristic of the disturbance
signal plays in this specific case. The proposed method
considers this characteristic but the BF-LCMV method
only takes into account the arriving direction of the
disturbance.
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(d)

Fig. 7: (a) and (b), |y(8, ¢)| for MVDR beamformer which use
the cross-spectrum matrix of noise obtained by the proposed
method. (¢) and (d), |y (6, ¢)| for RF-LCMV method.

Results and Discussion

The simulation results show that the proposed
method has the ability to shape the beam pattern to
consider the correlated disturbances in the sound field
and consequently to solve the signal cancellation
problem. The comparisons with the rival method show
that both methods have the same performance in
almost all cases except in the case of disturbance
arriving from direction that is near the look direction and
with amplitude that is a small fraction of the desired
signal, in which the proposed method is superior.

Conclusion

The signal cancellation problem is a major problem in
the MPDR beanformer. It occurs whenever the
disturbance signals include at least one signal that is
correlated with the desired signal.  Using the MVDR
beamformer, we can avoid this problem, but this
approach requires that the cross-spectrum matrix of the
noise signal is available. A common belief is that in the
case of correlated disturbance, the estimation of this
matrix is not possible. In this paper we showed that this
common belief is a fault. We proposed a general
approach for estimating the cross-spectrum matrix of
noise signal that is applicable even in the case of
correlated disturbance. Simulation examples show that
using the proposed method along with the MVDR
beamformer, we can bypass the signal cancellation
problem completely.
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Abbreviations

LCMV Linearly constrained minimum variance
MPDR  Minimum power distortionless response
MVDR Minimum variance distortionless response
SNR Signal-to-noise ratio
WNG White noise gain
ag Sampling weights
a Vector of sampling weights
6 Elevation angle
Azimuth angle
a(*) Plane-wave decomposition in the space
domain
Anm Plane-wave decomposition in the spherical-
harmonics domain
b, (*) Function relating pressure to plane-wave

decomposition
DF Directivity factor

d, Axis-symmetric  beamforming  weighting
function
Jjn () Spherical Bessel function of the first kind
k Wave number
k Wave vector denoting propagation direction
k Wave vector denoting arrival direction
N Order of spherical harmonics
n Noise vector in the space domain
Nym Noise vector in the spherical harmonics
domain
p Sound pressure in the space domain
DPnm Sound pressure in the spherical harmonics
domain
p Sound pressure vector in the space domain
Pum Sound pressure vector in the spherical

harmonics domain

Q Number of samples or microphones

r Vector of spherical coordinates

S Spherical Fourier transform matrix
S« Cross-spectrum matrix in the space domain

I Cross-spectrum matrix in the spherical
nmanm
harmonics domain

Sun Noise cross-spectrum matrix in the space

domain
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S Noise cross-spectrum matrix in the spherical
NpmNpm
harmonics domain
v Steering vector in the space domain
Vom Steering vector in the spherical harmonics

domain

Beamforming weighting function in the space

domain
Wom Beamforming weighting function in the
spherical harmonics domain
w Beamforming weighting vector in the space
domain
Wim Beamforming weighting vector in the
spherical harmonics domain
Y*(-)  Spherical harmonics
Y Matrix of Spherical harmonics
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Background and Objectives: With the ever-increasing growth of electric
loads, the need for generating electric power grows correspondingly. By
considering the limitations of power generation, utilizing novel technologies
has gained persistent momentum, one of which is deploying Phase-Shifting
Transformers (PSTs). Among the more important available relays for the
transmission lines are Distance Relays. To this end, Distance Relays measure
the voltage and current of the transmission line in its final installation
location. On the other hand, the existence of Phase-Shifting Transformers on
transmission lines alters the voltage and current signals at the relay location.
This issue causes the impedance calculated by the relay to differ from its
actual value at the fault location. As a result, the relay detects the fault
location falsely, or in some cases does not recognize it at all.

Methods: The effect of phase shifting transformer on the relay performance
of the distances has been investigated in this study. Furthermore, the digital
distance relays are modeled in a software environment and its validity is
investigated through analytical relationships. Next, the efficacy of the
transformer on distance protection is analytically studied. Finally, a new
method has been proposed to improve distance relay performance.

Results: Results from analysis and modelling shows that the effect of phase
shifting transformers in relay-computed impedance has two faces, the first of
which is related to the internal impedance of the transformer, while the
other regards the serial voltage of the transformer. The latter face is much
more influential than the former one.

Conclusion: This fact renders the mere inner Impedance of phase-shifting
transformer insufficient for using it to eliminate its effect. To this end, a
method has been developed in which the voltages of both ends of the phase
shifting transformer are measured by the PMUs and then sent to the facility
for protecting power system after synchronization. There, this voltage is
reduced from the voltage calculated by the relay, which renders the effect of
the phase shifting transformer in the impedance calculated by the relay
completely eliminated.

©2021 JECEI. All rights reserved.

Introduction systems, various methods have been devised and
Given the recent surge of power consumption in power implemented to increase transmission power, among
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which are capacitive compensation or the use of Flexible
AC Transmission System (FACTS) devices such as phase-
shifting transformers. On one hand, reviewing systems
consisted of compensators and FACTS devices reveals
new dynamics in power systems, necessitating the
analysis, by protection engineers, of rapid changes in
system parameters including line impedance, power
angle, line currents and transient conductivity generated
by control functions as well as harmonics injected into
the AC power system [5].

Meanwhile, Distance Relays are widely used as a
means to protect transmission lines, whose function is
based on calculation of the line impedance from the
location of the relay to the fault location [6]. To this end,
and to calculate the amount of impedance, the relay
continuously monitors the voltage and current of its
installation location. With the emergence of fault on
transmission lines, the existence of FACTS devices leads
to alterations of voltage and current signals, thus
altering the performance of the relay, which is
dependent on such signals. Moreover, FACTS devices
have variable impedance, and since they behave
randomly for different errors, they would also affect
computed impedance by the relay due to their existence
in error loop [1], [2]. Therefore, it is necessary to
consider this issue in full, and the functionality of the
relay should be checked, as its faulty operation may
cause serious damage to the power system [7]. In this
project, one of the most widely employed FACTS devices,
i.e. Phase-Shifting Transformers, is considered. Its
performance, and its effect on the transmission power of
the power system is analyzed. Next, the performance of
distance relays is studied in the presence of such
transformers. Moreover, it is necessary to review the
issue considering various performance cases of Phase-
Shifting Transformers and different kinds of errors. As a
pioneering contribution in this literature, the effect of
Phase-Shifting Transformers on Mho distance relays is
studied. Also for the first time, various kinds of faults,
and particularly, high-resistant faults are considered in
the analyses. Distance relays of this research are all
digital [8].

Various technologies have been previously used
regarding the implementation of protection functions to
accurately discover disruption in power grids and to
activate the relevant operations for isolating erroneous
components. It seemed in the late 1960s that electric
relays have consolidated their status as the alternative
technology for electromechanical relays [9], [10]. This
shift pertained to an era where researchers were
inclined to use computers as to protect power grids.
Such endeavors, accompanied by the advances in the
fields of compact circuit technology and software
methods in the 70s, led to introduction of
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microprocessor-based relays as commercial devices in
1979 [11], [12]. Microprocessor- based relays have
various deficiencies, among which are short life cycle,
proneness to transient waves and the need for multiple
configurations [4]. Parallel transmission lines are widely
used in advanced power systems to increase their
security margin. In order to investigate distance relay
algorithm, the system considered in this study functions
as a parallel transmission line [3], [5]. This algorithm is
not as effective as the full-wave method in eliminating
harmonics, and as previously stated, this drawback
pertains to even-numbered harmonics and if harmonics
are omitted from inputs with actuated harmonics, this
method would become effective in removing harmonics
and yield rapid response time [13], [14]. As it is evident
from the algorithm, utilization of anti-parallel analog
filters leads to group delay. The group delay is the time it
takes for a signal to pass through the filter [15], [16]. The
effects of PST on distance relay was investigated in [17].
All studies were investigated in EMTPWorks for two
different types of faults, Phase to ground and phase to
phase. The effects of location of faults as well as the two
phase to ground fault was neglected in [17]. Also the
alteration of transformer tap was not investigated in
[17]. The active power based method for estimating the
fault resistance is presented in [16], [17], which it is
suitable for transmission lines with negligible line
resistance. In [7] an independent fault resistance and
communication-aided method was proposed to develop
the fault detection in the presence of TCSC. In [29] an
adaptive algorithm was proposed to investigate the
operation of distance protection of transmission line by
considering the shunt FACT device.

A simultaneous method was given in [18] to eliminate
the STATCOM and fault resistance based on active
power calculation of buses. Furthermore, the fault
resistance in addition the PST impedance causes a
mistake in operation of distance relay which was
neglected in [7], [17], [19], [20].

In this study, the effects of PST as well as the
resistance for three types of faults, phase to ground,
phase to phase and two phase to ground faults, are
investigated. Furthermore, to obtain the protection
boundaries of distance relay the location of fault as well
as the resistance of fault are considered. Also, The Effect
of number of winding Turns of the PST that can be
altered the power transmitted through the transmission
line is studied. Then, a single-line circuit along with a
phase shifting transformer and positive sequence
networks, phase shifting transformer is modeled as a
controlled voltage source , which has a momentary
response to change the system conditions. Finally, a
method has been developed in which the voltages of
both ends of the phase shifting transformer are
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measured by the PMUs and then sent to the facility for
protecting power system after synchronization. There,
this voltage is reduced from the voltage calculated by
the relay, which renders the effect of the phase shifting
transformer in the impedance calculated by the relay
completely eliminated. The proposed method are
simulated in MATLAB software.

Investigating the Effect of Phase Shifting
Transformer on Distance Protection

Analytical Investigation

The single-line circuit of the studied system, along
with the phase shifting transformer and the positive,
negative and zero sequence networks are shown in Fig.
1, which shows the effect of the phase shifting
transformer in the middle of the transmission line 1. Two
distance relays are implemented to support and protect
transmission lines at bus P [21].

— -
0.5 L I [\';') I ix-0.5) 7 (1=x) £
v R
W
()
lopar+Hloy Loy P, lagi-l
P . — - Q
xZi — I (1-x)Z
lop (x-0.5) (Zasi=ZLiom) "
———}o= —
v 0.5 (Za.Zom) Va I (1=%) (Zow1=Fioen)

=1

(d)

Fig. 1: (a) the single-line circuit of the studied system including
(b) the positive sequence network, (c) the negative sequence
network, and (d) the zero sequence network.

According to [22] the positive sequence circuit which
is shown in Fig. 1 (b) for the error line and the error-free
line in the P bus is given as follows:

R
le = leSlllpl + qu + Vlse + ﬁ(llpl - k111p2 +
ﬁ) (1)

Z1s51
Also, the negative sequence network are explain as
follows [7]:

R
Vzp = lesllzpl + qu + stg + (1_fx) (Izpl - k112p2 +
20 (2)

Z1s51

Given the zero sequence network shown in Fig. 1 (d),
we arrive at the following equations [10]:

Vop = x(ZOmIOpZ + 2051101;1) + Re(lop1 + log1) + Vog +
VOse (3)

Vop = XZOm(IOpz + IOpl) + (Zosz = Zom)lop2 +
(2051 - Zom)(1 - x)IOql + Rf(IOpl + IOql) + VOse
(4)

Similar to previous methods, the value of VOp equals

to:
Vop = x(ZOmIOpZ + 2051]0)31) + Vogq + Vose +
Ry _ _ Voq
- (10101 Kolopz + (1—x)(zosl—z[,m))
(5)

where kg is equal to:

ko = (Zosz = Zom)/ (Zos1 — Zom) (6)

For transmission lines with similar parameters, kq is
equal to k,. In the following section, the value of the
impedance calculated by the relay is obtained for
different types of errors:

A. Single-phase-to-ground fault

For a Single-phase ground fault, we have:

Vo = xZ151150 + Xx(Zos1 — Zys1)lopr + XZomIopz + +

R
T (Im —kylyy + (ky — ko)lop, +
Vg 1 1
——+Vyg(——— 7
Z1s1 + 0q ((Zom—zom) 2151)) @)

For the provided system, and without the presence of
Phase-Shifting Transformers, Impedance calculated by
the distance relay can be obtained by the following
equation [23], [24]:

Vp %
- Zos1—Z1s1 7 (8)
Ip1+(?)lop1 Relay

Now, in case the phase-shifting transformer is placed in
the middle of transmission line 1, Vp in (8) takes the
form (7), and thus the Impedance calculated by the
distance relay in the presence of the PST takes the
following form:
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— Top2 Va Ry
Z - X2151 + XZOm + + — [pl -
IRelay IRelay (1-xX)IRelay

_ Y 1
k11p2 + (ks kO)I()pZ + Z1s1 + VOq ((ZOS1—Zom) 2151))

(9)

By considering (9), and by the virtue of the
highlighted part, it is evident that the existence of phase-
shifting transformer in the fault loop causes the
impedance calculated by the relay to increase, an issue
which is discussed with more details in Simulation
Results.

B. Two-phase fault
Under a two-phase fault (a-b), with resistance Rf, we
arrive to the following relation [25]:
le - aVZP = X2151(11p1 - alzpl) + (qu - aqu) +
R (Vig—aVaq)
—f((llpl - aIZpl) + kl(aIZpZ - IlpZ) + M)

(1-x) Z151
(10)

In the absence of PST for two-phased fault,
impedance may be calculated using the following
relation [20]:

_ Vip—aVyp _ Vip—alyp

(11)

I1p1—alzp1 IRelay

As a result, with the presence of the phase shifting
transformer in the fault loop, impedance can be
obtained through the following formula [26]:

_ (qu—aqu) Rf _
Z=xlis ¥ IRelay (1-2)IRetay ((Ilpl a[2p1) +
_ (Vig—aVaq)
ky(alypy — Lipz) + v ) (12)

Given the aforementioned relation, it is evident that
the effect of phase shifting transformer on the relay
impedance is originated from the difference in vectors of
the voltage between positive and negative sequences,
which is described in the simulation results section [27].

C. Two-phase-to-ground fault

Under a Two-phase-to-ground fault (a-b-g),
impedance calculated by agents A-B, B-G, and A-G in the
relay are subject to change. Using the impedance
relation for the B-G agent, the following relation is
obtained:

Vi +aVay +Vop = xZ15 (@Plipy + Al +
Z,
2oy ) + (42Vag + aVag +Vog) + *Zomlopz +

R
L ((a211p1 + alypy + Iop1) — k1(a211p2 + aly, +

(1-x)
ko (a2Viq +aVaq) Vogq
T IOpl) +

ki Z1s51 (Zos1—=Zom)

(13)

In the absence of the PST, impedance calculated by B-
G agent is calculated from the following equation:
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a?Vip+aVop +Vop  _ aZVip +aVap +Vop
’

7 =

a?lipy +a12p1+%10p1 IRelay
(14)
Thus, (14) takes the following form when the phase-

shifting transformer is introduced in the fault loop:

(a%Viq +aVaq +Voq) Ry
(1-%)IRetay

Z = leSl + ((azllpl +

IRelay

k
alzpl + Iopl) - kl (azllpz + alzpl + k_jl()pl) +
(a?Viq +avzq) Voq ) Iop2
Z1s1 (Zos1—Zom)

IRelay

(15)

where,

lap2, lop2, lep2 are phase currents through transmission
line 2 at relay location of bus P without fault.

Vop, Vip, Vap are sequence phase voltages (Zero, positive
and negative) at relay location

lop1, 11p1, 12p1 @re sequence current phase at relay location
through transmission line 1

lop2s 11p2, |2p2 @re sequence current phase at relay location
through transmission line 2 under fault

logiy 1141, |2q1 @re sequence current phase at relay location
through transmission line 1 under fault

Voses Viser Vase are sequence phase voltages (Zero,
positive and negative) at fault location E

Rtis Fault resistance

Vo V1ig, Vaq are sequence phase voltages injected by PST

Zosi, Zis, Zpsy are sequence impedance through
transmission line 1 with fault
Zos, Zisp, Zys; are sequence impedance through

transmission line 2 without fault

Zom is coupling zero sequence between transmission line
land?2

Zoe, 216, Zre, Zow, Zin, Zow are sequence impedances of
generators G and H

Simulation of Problem statement

A. The Effects of PST on the location of phase to ground
fault

The studied power system is depicted in Fig. 2. Here,
three transmission lines are situated in series [28]. At the
beginning of every transmission line, a distance relay is
considered.

This power system is strictly selected as to show the
effect phase-shifting transformers on the supportive
protection of relays. For this purpose, 3 protection areas
are considered for every distance relay.

In Fig. 2, these three areas are shown for transmission
line 1. Area 1 contains 80% of transmission line 1, while
Area 2 covers the entire transmission line 1 and half of
the transmission line 2.

Finally, Area 3 covers the entire transmission lines 1
and 2, and 20% of the transmission line 3. Function
delays are used to configure this area, so that Area 1 has
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no delay, Area 2 presents 0.5 seconds of delay, and Area
3 introduces 1 second of function delay. In this power
system, the PST is placed in the middle of transmission
line 2. The transmission lines are equal in distance, each
being 200 kilometers. The impedance calculated by the
relay of transmission line 1 (RA) for a fault occurring 100
kilometers of RA relay is shown in Fig. 3. It can be seen
from the figure that, in the absence of a phase shifting
transformer, the relay detects the fault correctly at 100
km of the RA and in Area 1. It is also seen that the phase
shifting transformer has no effect on the relay function,

which is normal, as for
Time
L _ Zone2n _ _ _ |
| zone1n | 100% Z,1+50% Zi,
80% Zy; PST

i

one 2

]
T

= %1516
|20

(2]

Apparent Reactance [ohm)

Tone .l

‘: ¢ :: « w0
Apparent Resistance (ohm)

Fig. 3: Impedance calculated by RA relay for A-G fault in 100 km
of RA.

Apparent Reactance (ohm)

L
T ® [ ® =

Apparent Resistance |ohm)

Fig. 4: Impedance calculated by RA relay for A-G fault in 350 km
of RA.

the fault occurred on the transmission line 1, the phase
shifting transformer is not situated in the fault loop of
RA relay, and thus bears no effect on its performance.

The impedance calculated by the RA relay for fault
occurring 350 kilometers away is shown in Fig. 4.
According to the results shown in Fig. 4, it is evident that
in the absence of a phase shifting transformer, the RA
relay can correctly detect the faults in its area 3. The
impedance calculated by the RB relay is also shown in
Fig. 5. As can be seen, this relay also correctly detects
faults at a distance of 150 kilometers in Area 1 in the
absence of a transformer.

Zone 3A

Without PST

w - - = - With PST

Apparent Reactance (Ohm)

H i
! 50 0 50 100 150 200
Apparent Resistance (Ohm)

Fig. 5: Impedance calculated by RB relay for A-G fault in 150 km
of RB.

It can be seen from the results that existence of PST
renders the relays unable to detect faults, a deficiency
which may incur severe damages to the power system.
The impedances of Relays RA, RB and RC for fault A-G in
transmission line 3 are respectively depicted in Fig. 6,
Fig. 7 and Fig. 8. The location of this fault in Fig. 8 is
marked with F2. This fault occurs at 10 Kilometers of RC
Relay, i.e. in its Area 1, Area 2 of RB Relay, and in Area 3
of Relay RC. As can be seen for cases where phase-
shifting transformers are missing, all three relays detect
the fault accurately. Yet in the presence of a PST, Relays
RA and RB are subject to severe range loss, to the extent
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that they are now unable to detect any fault whatsoever.
Relay RC, however, is still able to detect the fault
correctly, as the PST is situated outside its fault loop.
This causes the RC relay to lack supporting protection,
and thus in case of failure, Relays RA and RB are also
ineffective in detecting the faults.

200,

e Without PST
« = m o With PST

a s
[\
IV NRNA
Lo~ )
\fer ) )/

i i
50 0 E) 100 150 20
Apparent resistance (Ohm)

Apparent Reactance (Ohm)

L

Fig. 6: Impedance calculated by RA relay for A-G fault at 410
km of RA.

200
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/[
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@® \
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Fig. 7: Impedance calculated by RB relay for A-G fault at 210 km
of RB.
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]
=E.
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Fig. 8: Impedance calculated by RC relay for A-G fault at 10 km
of RC.
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B. The Effect of number of winding Turns of the
Transformer

The power transmitted through the transmission line
can be altered by varying the Tap of the PST [30].

There have been various cases where the extent
phase-shifting depended on the alterations of the Tap.
Prior modellings have considered the transformer tap to
be 1 in the direction of increasing transmission power,
i.e. Tap=-1.

Results from modelling an A-G fault at 350 kilometers
of RA Relay for various Taps are depicted in Fig. 9 and
Fig. 10.

Figure 9 illustrates results for negative tap, in which it
is evident that for cases involving negative taps, the
range of relay is greatly reduced.

Results for positive taps are shown in Fig. 10,
according to which, it is evident that for higher Taps, the
presence of PST has caused negative resistance as per
the calculations of the relay. In positive taps, the phase-
shifting transformer causes the transmission to drop, to
the extent that after certain taps, the transformer
negates the transmitted power and hence the direction
of the power is reserved.

Here, the direction of power transmission is reversed
for Tap=5, 10, and thus the impedance calculated by the
relay has a negative resistance.

It can be concluded from the comparison of the
results that the effect of the transformer in positive taps
is greater than that of negative taps.

Figure 11 demonstrates a case where Tap is altered at
0.05 s, with a fault occurring at t=0.2 s. in case of Tap=1,
the transmission power remains positive after the fault,
while for the other values, power remains negative after
the fault, and hence the impedance calculated by the
relay retains a positive resistance for Tap=1, yet in
Tap=5, 10, the corresponding value is negative.

// \\
\VARY,

0 E]
Apparent Resistance(Ohm)

Apparent Reactance(Ohm)

\ A
\
/

Fig. 9: impedance calculated by RA relay for A-G at 350
kilometers of RA for negative Taps of the PST.
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Fig. 10: impedance calculated by RA relay for A-G at 350
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Fig. 11: transmitted active power in transmission line 1 with
the presence of PST, for various Tap values and A-G fault
occurred at t=0.2 s.

C. The Effect of Internal Impedance of Phase-Shifting
Transformer

Impedances calculated by RA and RB relays for an A-G
fault at 410 kilometers of RA for various values of
positive and negative sequence impedance of the PST
are shown in Fig. 12 and Fig. 13, respectively, from which
it is evident that the Internal Impedance of Phase-
Shifting  Transformer influences the impedance
variations of the relay.

Moreover, one can observe that the effect of zero
sequence impedance of the phase-shifting transformer is
greater than that of the positive sequence impedance.
From Fig. 13, it can be concluded that with the increased
zero sequence impedance of the PST, the impedance
calculated by the relay is also greater, hence revealing a
direct relation.

The comparison of results from this section to those

of the previous section arrives us to the fact that the
effect of Tap numbers in the PST, i.e. injected voltage of
the transformer, on the performance of the relay is
greater than the internal impedance, as it was observed
in the previous section the variation of Tap even led to a
negative resistance for the impedance.

One of the rather traditional ways of neutralizing the
effect PST on the relay-calculated impedance was to add
the internal Impedance of the transformer to line
impedance and to introduce the results in the
calculations made by relay.

Nonetheless, this procedure was only able to
eliminate the effect of the internal impedance of the PST
on the performance of the relay, while as observed, the
greatest effect pertained to the main transformer
voltage, and hence this method proved ineffective.

Apparent Reactance (Ohm)

-50 0 50 100 150 200
Apparent Resistance (Ohm)

Fig. 12: impedance calculated by RA and RB relays for an A-G
fault at 410 kilometers of RA for various values of positive
sequence impedance of the PST.
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Fig. 13: impedance calculated by RA and RB relays for an A-G
fault at 410 kilometers of RA for various values of negative
sequence impedance of the PST.
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D. Studying the Effect of Phase-Shifting Transformers at
Protection Boundaries

To acquire the protection boundaries, two
parameters of location of the fault and resistance of the
fault are considered. First, the value of the fault
resistance is set zero and the location is varied along the
path. In this study, this process was performed with 20
kilometer steps. This process resulted in the formation of
the AB section in Fig. 14.

In the next step, the location of the fault is considered
constant, and the resistance is varied from 0 to 300
ohms, a process which is done with 30-hms steps,
yielding the BC section. In the third step, the resistance is
preserved at 300 ohms while the location is decreased
from the end of the line to its beginning, the result of
which is CD. In the fourth and final step, the location of
the fault is kept at the beginning of the line, while the
resistance of the fault is decreased from 300 ohms to
zero.

80
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o

Apparent-Reactance{Ohm)
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~50 0 50 100 150 200 250
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Fig. 14: protection boundaries of distance relay for A-G fault.

This issue causes the formation of DA section. Thus,
every fault occurring anywhere along the transmission
line with a resistance range of 0-300 ohm situated well
within ABCDA protection boundary, and hence the effect
of fault resistance is nullified. The protection boundary
for A-G fault is depicted in Fig. 14.

As the transmission lines are similar, such protection
area are similar for all relays as well. The effect of phase
shifting transformers on these boundaries are
investigated in the following section. Results from Fig. 15
pertain to condition where Tap=-5 and the operation
mode is to increase the transmission power, while Fig.
16 demonstrates the results for Tap=+5 and power
reduction mode. Considering the results from both
cases, the presence of phase-shifting transformers has
divided the protection boundaries in two sections. The
section where the effect is more pronounced
(C1D1E1F1) pertains to the right-hand side faults of the
PST, in which the transformer is situated in the fault
loop. For faults occurred at the left-hand side of phase-
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shifting transformer, the presence of transformer on
protection boundaries is only effective when the
resistance is non-zero. It is also evident from the results
that A1F1 has remained unchanged, as the resistance is
zero along this path. It can also be seen from the results
that for Tap=+5, the effect of transformer is greater on
protection boundaries, and this effect is pronounced on
both the resistance and the reactance of the Impedance,
to such extent that the value of resistance has increased
to 500 Ohms at E1, while for Tap=-5, the corresponding
value is 360 ohms. Reactance varies similar to resistance.

Parameters of case study are described in Table
1[7], [23], [31]:

Table 1: Case study and distance relay parameters

Parameters Value

Positive sequence 0.0201+j0.2868 ¢» / km
impedance of

transmission line

Negative sequence of 0.1064+j0.8670 >/ km

transmission line

Zero sequence 0.1718+j0.6930 ¢> / km
impedance of

transmission line

Positive sequence 1.7431+j19.424 0

impedance of source P

Zero sequence
impedance of source P

2.6147+j4.886 )

Positive sequence 0.8716+j9.71200

impedance of source Q

Zero sequence 1.3074+j2.44300

impedance of source Q

Voltages of P&Q Vp=Vq=500kv
Load angle between 2 30
sources

Anti-aliasing filter
parameters

Cut-off frequency=250Hz

Damping factor Zeta
Q=1/(2*Zeta)=0.707

——=—= Without PST
With PST

-50 o 50 100 150 200 250 300
Apparent Resistance (Ohm)

Fig. 15: protection boundaries for distance relay for A-G fault
with presence of Phase Shifting Transformer in increased
transmission power mode.
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Fig. 16: protection boundaries for distance relay for A-G fault
with presence of Phase Shifting Transformer in reduced
transmission power mode.

Proposed Method to Improve Distance Relay
Performance

It may be observed from the results that the voltage
difference across the phase-shifting transformer causes
the relays to operate faulty. So if the voltage can be
involved in the calculations, the effect of the phase
shifting transformer can be eliminated with ease.

&

GPS

Time

For this purpose, the voltage across the phase shifting
transformer can be measured by the phasor
measurement units (PMU) in the smart grid and have
sent to the Protection Center. There, reducing the
acquired voltage from the relay's local voltage is
sufficient to eliminate its effect in the relay computation.
The corresponding power system in this situation is
shown in Fig. 17. In this figure, the transformer and bus
data are sent to the System Protection Center (SPC) by
the virtue communication channels. Further details on
PMUs are provided in Fig. 18.

In this figure, similar to what happens in the digital
distances relay, the voltage and current signals in the bus
are measured by VT and CT, and then passed through
the corresponding filters to remove the harmonics, and
next they are sampled. From the samples obtained by
the full wave Fourier method, the phasor of the signals is
obtained. In this way, because the signals received in the
SPC are obtained from different locations in the power
system, different delays are yielded. As a result, they
must be first synchronized before use, for which GPS is
used, and the signals are next time-stamped to be used
in calculations.

Communication Channels

Fig. 17: Smart grid in the presence of phase shifting transformers.
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Fig. 18: Details of the PMUs.
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Results and Discussion

The results from modelling based on the proposed
model are presented in the following. The result for the
single-phase-to-ground fault (A-G) occurring at 410 km
of relay RA are shown in Fig. 19.

In this figure, the impedance computed by both RA
and RB relays is provided. The results pertain to the state
where the transformer is not situated in the
transmission line and the relays are therefore working
properly. The impedance calculated by the relays for the
two-phase fault (A-B) is also shown in Fig. 20. For this
type of faults, the relay has also been capable of
correctly identify the fault, and thus the proposed
method can neutralize the effect of the transformer
properly. Finally, based on the results, it is safe to say
that proposed method can neutralize the detrimental
effect of the transformer for both types of fault, and no
complex algorithm is needed for this end, yet a smart
grid is required in which PMUs are employed to analyze
the performance and to control the network as the
power system is expanded and PSTs are introduced.

150 1 \

R A (A-G Element)

Without PST @J _____ Rg (A-G Element)
/ Lo

-
(=]
o
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\\x )

L
-60 -40 -20 0 20 40 60 80 100
Apparent Resistance (Chm)

w
o

Apparent Reactance (Ohm)

Fig. 19: Impedance calculated by Relays RA and RB for A-B fault
at 410 Kilometers of RA.
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Fig. 20: Impedance calculated by Relays RA and RB for A-B fault
at 410 Kilometers of RA.
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Conclusion

In this study, the effect of phase shifting transformer
on the performance of digital distance relay on a
transmission line was investigated. The analytical and
modeling results show that the presence of the phase
shifting transformer in the fault loop causes the faulty
operation of the relay. This disorder is mostly manifested
in the form increase impedance. In other words, in all
studied cases, the phase shifting transformer reduces
the range of distance relays. This means that in spite of
the fault occurring in the functional range of the relay,
the presence of the phase shifting transformer renders
the relay unable to identify the fault. During the fault,
the presence of the phase shifting transformer disrupts
and the voltage measured by the relay, thus interrupting
the function of the relay. The effect of phase shifting
transformers on phase-to-ground faults is more heavily
pronounced than phase-to-phase faults. Moreover, the
effect of the phase shifting transformer in operating
mode where the transmission power of the line is
reduced is greater than where the transmission power is
increased, to such extent that if the phase shifting
transformer changes the direction of transmission
power, the impedance calculated by the relay will have a
negative resistance. It was also observed in high-
resistance faults that the presence of a phase shifting
transformer causes a two-fold separation of the
protective boundaries. To the extent that the parts
pertaining to the right-hand side of the PST are more
affected, meaning that the phase shifting transformer is
in their fault loop. The aforementioned change in the
protective boundary is far more severe in the cases
where the phase shifting transformers is in the
operational mode of reducing transmission power.
Results from analysis and modelling shows that the
effect of phase shifting transformers in relay-computed
impedance has two faces, the first of which is related to
the internal impedance of the transformer, while the
other regards the voltage of the transformer. The latter
face is much more influential than the former one. This
fact renders the mere inner Impedance of phase-shifting
transformer insufficient for using it to eliminate its
effect. To this end, a method has been developed in
which the voltages of both ends of the phase shifting
transformer are measured by the PMUs and then sent to
the facility for protecting power system after
synchronization. There, this voltage is reduced from the
voltage calculated by the relay, which renders the effect
of the phase shifting transformer in the impedance
calculated by the relay completely eliminated.
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Background and Objectives: Universal NOR gate is one of the most
important gates in digital design. The all-optical NOR gate can be designed
using photonic crystals. These types of gates have a small size and can be
integrated.

Methods: In this paper, an optical NOR gate is designed based on 2D
photonic crystals. A square lattice has been used to design this structure. This
logic gate has two main inputs, a bias input and an output. Because the
output of the NOR gate must be “1” for zero inputs, a bias input is required.
A combination of linear and point defects has also been used to create
waveguides.

Results: One of the characteristics of this structure is its small size for use in
optical integrated circuits. The use of a small number and simple point
defects makes the design of this gate easier. The obtained delay time for this
gate is 0.06ps. Due to these features, this gate can be used in high-speed
optical integrated circuits.

Conclusion: In this paper, an all-optical NOR logic gate is designed and
simulated using photonic crystals. The use of a small number of point defects
has reduced the delay time of this gate. The proposed NOR gate can be used
in high-speed optical integrated circuits.

©2021 JECEI. All rights reserved.

Introduction

seems that photonic crystals are suitable for designing

Transistors are the basis of today's electronic devices
used to transmit information. A variety of logic gates are
designed using transistors. Logic circuits are also
designed using logic gates. Logic integrated circuits that
are the basis of computer design are also composed of
the same logic circuits. To design high-speed computers,
it is necessary to use high-speed transistors. The speed
of transistors depends on their dimensions. The smaller
the transistors, the faster they will be. Given that the
dimensions of transistors have become very small today,
it seems that downsizing technology can hardly meet the
reduced dimensions of nano-transistors. Therefore,
electronic researchers are looking for a new base for
computer design. Among the structures used so far, it

Doi: 10.22061/JECEI.2021.7637.414

new generation computers due to their properties as a
base structure [1], [2].

The reason why this structure has been considered by
researchers is that, firstly, these structures are flexible
and most circuits used in digital electronics, can be
implemented based on photonic crystals. Secondly, due
to the fact that light is used in these circuits, the energy-
carrying particle is a photon, which has a much higher
speed than electrons. Therefore, if the information is
transmitted optically, their transmission speed will be
higher. Photonic crystals are composed of two materials
with different refractive indexes. The refractive index of
these two materials is relatively high. These two
materials are placed next to each other alternately to
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create an alternating structure of two materials with
different refractive indexes. The characteristic of these
structures is that they prevent the propagation of a
continuous range of wavelengths. That is, a continuous
range of wavelengths cannot pass through the structure.
This range of wavelengths is called the photonic band
gap (PBG). If the refractive index distances of the two
materials in the photonic crystal increase, the width of
the PBG will increase [3]-[5].

Photonic crystals are divided into three categories.
These three categories include one-dimensional, two-
dimensional, and three-dimensional photonic crystals. In
one-dimensional photonic crystals, the structure
alternates in one direction. In two-dimensional photonic
crystals, the structure is alternating in two directions,
and in three-dimensional photon crystals, the alternation
will be in three directions. Therefore, three-dimensional
photonic crystals restrict light in three directions and are
more suitable for use in optical circuits. However, due to
the fact that their construction is very complex and the
current technology is not widely available for their
construction, more two-dimensional photonic crystals
are used. Two-dimensional photonic crystals can be
created by placing rods with a certain refractive index, in
one environment with a different refractive index [6]-[8].

For a two-dimensional photonic crystal to be used as
an optical circuit, the wavelength used must be within
the PBG range. Therefore, the light wave that radiates
from the source to the photonic crystal reflects after
hitting the structure. For a light wave to pass through
the structure of a photonic crystal, we must create paths
for light to propagate through it. These pathways can be
created by removing or changing the rods. In other
words, by disrupting the alternating structure in a path,
light can be directed in that direction. These changes are
called defects and the paths in which the defect is
created are called waveguides. If one of the bars
changes, it is called a point defect, and if some of them
change in the same direction, it is called a linear defect.
So far, photonic crystals have been used as the base
structure for various circuits. One of these circuits is a
variety of sensors. Also, different types of fibers are
designed using photonic crystals. Photonic crystals can
also be used to design a variety of logic circuits [9]-[21].

In the field of logic circuits, Photonic crystals can also
be used as a base structure. So far, logic gates such as
NOT, OR, AND, XOR and XNOR have been designed and
simulated based on photonic crystals [22][23]-[33].

The most important logic gates are NAND and NOR
universal gates. Using each of these gates, all logic
functions can be implemented. The design of these gates
using photonic crystals has been done so far. In some of
these structures, the circuit size is large or the delay time
is long, which is not suitable for use in high-speed optical
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integrated circuits. Also, some of them have a lot of
defects with high variety, which causes problems during
construction [34]-[41]. One of the advantages of these
structures in designing various optical devices is their
small size and also their ability to design a wide range of
devices. The limitation of these structures is their
fabrication. The fabrication technology of these
structures is not yet complete and so far limited work
has been done. Photonic crystals can be used in two
structures. In the first structure, the holes in the
dielectric substrate and in the second one, dielectric rods
in the air are used. The holes in the dielectric substrate is
used for the control of electric modes and the rods in the
air is used for magnetic modes. In this paper the second
structure is implemented. Both types are commonly
used in the design of logic gates. In this paper, a low-
dimensional, low delay time optical NOR gate is designed
and simulated using two-dimensional photonic crystals.
In this structure, a square lattice and very few point
defects have been used in the design of the proposed
NOR gate. Also, the same point defects are considered to
have a simple design. According to these features, it can
be said that this gate is suitable for use in optically
integrated circuits.
NOR Logic Gate

NOR logic gate is one of the universal gates. The
universal gate is a gate that can be used to implement all
logic functions. The NOR gate is complementary to the
OR gate. The output of this gate is only in the "1" mode
when all inputs are equal to "0". If one of the inputs of
this gate is in the "1" position, the output will be equal to
"0". The importance of this gate is because by using this
gate alone, all logical gates can be implemented, without
using other gates. Figure 1(a) shows the circuit diagram
of the NOR gate with two inputs, and Fig. 1(b) shows its
accuracy table.

a b
INPUT ouTPUT
S A B |ANORB
0 0 1
B

Fig. 1: a) NOR gate circuit diagram and b) its accuracy table.
All-Optical NOR Gate

A photonic crystal structure with a square lattice has
been used to design the NOR optical gate. Designing
square lattice is easier than other structures. In this
structure, several paths are considered for light
propagation, which is shown in Fig. 2.

In optical circuits, logic "0" means very low light
power, and logic "1" means light power close to the
input source in on state. At the optical NOR gate, the
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output is in the "1" state, when all inputs are equal to
"0". Therefore, when all input sources are off, the output
should have optical power close to the "on" source.
Therefore, when both inputs are off, there must be an
auxiliary source that causes the output to be "1". This
input is called the bias input. Figure 2 schematically
shows the paths created in the structure to propagate
light.

A =>
BIAS =p>
B =>

OUTO'

Fig. 2: Light propagation paths for the NOR gate.

The primary photonic crystal structure intended for
the realization of the NOR gate consists of silicon rods.
The number of these rods is 19 x 13, which are arranged
in a square lattice in the air background. Because this
structure is designed for a wavelength of 1.55um, the
refractive index of the rods is 3.48 at this wavelength.
The air refractive index is also equal to 1. The lattice
constant, which is the distance between the centers of
adjacent rods, is assumed to be a=0.56um. The radius of
the silicon rods is also equal to r=0.2a.

To simulate the structure, first, the band structure
calculations are obtained for the initial structure. In the
band structure, the structure behavior is determined for
different wavelengths. Figure 3 shows the obtained band
structure for the initial structure.

Band Structure
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Fig. 3: The band structure for the initial structure.

Figure 3 shows a PBG in the normalized range of 0.28

to 0.42. The wavelength equivalent to this range can be
written as 1.33um to 2um. Therefore, at this distance
from the wavelength, light cannot enter the structure. In
order for this structure to be able to direct light in
certain directions, the wavelength of light sources must
be within the PBG distance. The wavelength used in this
simulation is 1.55um. In the next step, the desired paths
for light diffusion are created. For this purpose, the
location of input sources is determined first. In this
structure, two main inputs are provided for the NOR
gate, and one input is provided for the bias input. These
paths are created in parallel by removing all the rods.
The input paths are then connected using a vertical
defect path. One rod at the end of path B is not removed
and its radius is changed to rq = 0.5r. Three rods a, b
and c in the vertical path are also selected as defect
rods. The radius of these rods is also considered as
r, =1, =r. = 0.5r.

Figure 4 shows the creation of defect paths for the
realization of the NOR gate. For better performance of
the proposed NOR gate and to increase the distance of
the logical values "0" and "1" at the output, the bias
source has a phase delay of 130° compared to the two
inputs. To create a phase difference between bias signal
and input signals, all sources must be coherent and have
the same phase. To do this, the input waves must come
from the same source. Now, to create a phase
difference, the paths taken by these waves must be
different. In other words, by adjusting the paths traveled
by these light waves, the desired phase difference can be
created.
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Fig. 4: Proposed structure for optical NOR gate.

Results and Discussion

According to the accuracy table of the two-input NOR
gate, four different modes must be analyzed. In the
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following, these four modes are analyzed and the
distribution of optical power in different paths is
obtained for each state. Also, the amount of normalized
power at the output is obtained for each of the four
input modes. The normalized value is used to calculate
the output power. This means that the power of a
source in the "on" state is considered as the basis, and
the power at the output is calculated relative to that
source. Therefore, the minimum optical power will be
zero and, the maximum output power will be equal to 1.

State 1(A=B=0): This is the case when both inputs are
equal to zero. That is, both input sources A and B are off.
In this case, the optical power is emitted from the bias
source to the output and causing the output to be in the
"1" logic state. Figure 5(a) shows the distribution of
optical power in waveguide paths.

a

Optical power distribution

Output power for NOR gate

Monitor Value (a.u.)

0.0 11T rTTrT T
00 02 04 06 08 10 12 14

t(ps)

Fig. 5: a) Optical power distribution and b) Normalized optical
power for A=B=0.
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Figure 5(b) shows the amount of normalized power at
the output. This figure shows that the amount of
normalized power at the output is 0.65. In other words,
65% of the source optical power is transferred to the
output, which can be considered as logic "1". The delay
time, in this case, is about 0.06ps, as shown in Fig. 5(b).
When one or more sources are on, some optical
power is reflected in the bias and input paths. The
simulation results show that for this case the
normalized power reflected the input paths A and B
is 0.06 and 0.11, respectively, and also to the bias
path is 0.01.

State 2(A=0, B=1): In this case, where only one of the
inputs is on, the output is expected to be in the "0"
state.

a

Optical power distribution

X (um)

08 Output power for NOR gate
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Fig. 6: a) Optical power distribution and b) Normalized optical
power for A=0, B=1.
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Figure 6(a) shows that in this case the output power
distribution in the output path is very low. In this case,
the propagating waves from source B and the bias
source at the point of collision of the waveguides,
interfere in such a way that the amplitude of the output
waves is reduced due to the phase difference. Some of
the optical power is also reflected to the input paths.

Figure 6(b) shows that in this case (A =0, B = 1) the
normalized power at the output is 0.08. This value can
be considered as a logical "0".

The normalized power reflected in the A input, in this
case, is zero. While the optical power reflected the B
input is 0.27. Also, this power at the bias input is about
0.1.
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Fig. 7: a) Optical power distribution and b) Normalized optical
power for A=1, B=0.

State 3(A=1, B=0): In this case, as in case 2, only one
input source is on. The simulation results show that the
optical power distribution in the output path is very low.
Light waves from two sources, bias and source A, are
attenuated at the point of collision and the power
emitted to the output is low. Figure 7(a) shows the
optical power distribution in this case.

Time calculations for this situation show that the
normalized power propagated to the gate output is 0.09.
This amount of power at the output is equivalent to the
"0" logic state. The output power diagram, in this case, is
shown in Fig. 7(b). In this case, the normalized power
reflected the input paths A and B is 0.3 and 0.01,
respectively, and also to the bias path is 0.08.
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Fig. 8: a) Optical power distribution and b) Normalized optical
power for A=B=1.
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State 4(A=B=1): When both input sources are on,
according to the accuracy table, the output is expected
to be zero.

The simulation results are shown in Fig. 8. Figure 8(a)
shows the optical power distribution in waveguides. This
diagram shows that the emitted waves from the two
input sources are attenuated in the event of a bias
source wave. Some optical power is also reflected in the
input paths.

The emission power to the output is very small in this
case.

The normalized optical power at the output is equal
to 0.02 in this case, which is equivalent to a logical "0".
The output power diagram is shown in Fig. 8(b).

The simulation results show that in this case the
amount of normalized power reflected to A and B inputs,
is 0.12. Also, this power is calculated to be 0.28 in the
bias path.

All the different input modes and their equivalent
output power as well as their equivalent logic values are
given in Table 1.

According to Table 1, it can be said that the output of
the designed gate will be equal to "1" only when both
inputs are off. In other words, the output will be "1"
when both inputs are in the "0" position. This behavior is
the same as the NOR gate function.

Table 1: Optical power at the output

Input Output power(Logic)
A B
0 0 0.65 (1)
0 1 0.08 (0)
1 0 0.09 (0)
1 1 0.02 (0)

The results show that this gate has a small amount of
power in the "0" mode. The worst value for logical "0" is
0.09. The normalized optical power in logic "1" mode is
also equal to 0.65.

It can be seen that this gate has a low "0" and its
value of "1" is relatively high. Therefore, the difference
between the two logic levels is acceptable, and this
causes the correct detection of logic values at the
output, and thus reduces the detection error at the
output.

To illustrate the strengths of the proposed optical
gate, a number of recently designed structures are listed
in Table 2. Important parameters in optical logic gates
including size, values of logic levels, and delay time for
each of these papers have been investigated and
compared with the proposed work.
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Table 2: Compare the proposed NOR gate with previous works

Referenc  Footprint  “0” Max “1” Min  Delay Time

e (umz) power power (ps)
[32] 202 0.35 0.75 0.07
[35] 134 0.06 0.58 0.10
[37] 144 0.20 0.51 0.07
[38] 104 0.13 0.62 0.10
(40] 129 0.43 0.60 -
Thi

s 68 0.09 0.65 0.06

work

According to Table 2, it can be seen that the proposed
structure has a very small size compared to previous
structures, which makes it suitable for use in optically
integrated circuits. The footprint of the designed
structure is 68um?.  Also, the distance between two
logical values has been improved so that in this gate, the
bit detection error in the output will be reduced. In some
previous structures, ring resonators have been used,
which complicates the structure and causes problems in
fabrication.

Ring resonators also increase the gate delay time. In
some other structures without ring resonators, the
number of point defects is large and unequal, which also
causes problems in their design. The proposed gate does
not use ring resonators and also the number of point
defects is very small and they are all the same.
Therefore, this gate is designed using a simple structure.
Another advantage of this structure is its very low delay
time, which is due to the use of a small structure. The
delay time has also been reduced due to the use of
simple defects. The obtained delay time in this structure
is equal to 0.06ps.

Low delay time at this gate will increase the data bit
rate (BR). Therefore, this optical gate is suitable for use
in small and integrated circuits with high speed.

Conclusion

In this paper, an all-optical NOR logic gate is designed
and simulated using photonic crystals. The purpose of
designing this structure is to use it in high speed optical
integrated circuits. For this purpose, its size has been
chosen as small as possible. The footprint of the
designed NOR gate is 68um2.ln the design of this gate,
simple linear and point defects have been used. The use
of a small number of point defects has reduced the delay
time of this gate. Another feature of this gate is that the
optical power distance is relatively large for high and low
logic values. Due to these features, this gate can be used
in high-speed and low-error optical integrated circuits.
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Background and Objectives: Lane detection systems are an important
part of safe and secure driving by alerting the driver in the event of
deviations from the main lane. Lane detection can also save the lives of
car occupants if they deviate from the road due to driver distraction.
Methods: In this paper, a real-time and illumination invariant lane
detection method on high-speed video images is presented in three
steps. In the first step, the necessary preprocessing including noise
removal, image conversion from RGB colour to grey and the binarizing
input image is done. Then, a polygon area as the region of interest is
chosen in front of the vehicle to increase the processing speed. Finally,
edges of the image in the region of interest are obtained with edge
detection algorithm and then lanes on both sides of the vehicle are
identified by using the Hough transform.

Results: The implementation of the proposed method was performed on
the IROADS database. The proposed method works well under different
daylight conditions, such as sunny, snowy or rainy days and inside the
tunnels. Implementation results show that the proposed algorithm has
an average processing time of 28 milliseconds per frame and detection
accuracy of 96.78%.

Conclusion: In this paper a straightforward method to identify road lines
using the edge feature is described on high-speed video images.

©2021 JECEI. All rights reserved.

Introduction

detection systems, and objects detection systems in

Due to the growing number of cars, there are many
accidents in the world each year and lots of financial and
human losses [1]. The main cause of many accidents is
human errors such as fatigue, drowsiness, lack of
concentration or unawareness of the road conditions [1].
In recent years, car companies have made efforts to add
driver assistance systems to the car to help the driver
control and steer the car [2]. Driver assistance systems
are now increasingly being used as an option to provide
greater security for luxury cars [3]. Road diversion
warning systems, crash warning systems, lane detection
systems for lane departure, intersection and traffic light

Doi: 10.22061/JECEI.2021.7659.418

front of the vehicle are some of the driver assistance
system [4]-[6]. Among the driver assistance systems that
have been proposed so far, the lane detection system is
very important in preventing vehicle deviations and road
accidents. Cars that have driver assistance systems are
called smart cars [2]. The role of road line detection is
significant in the field of intelligent vehicles and has
many applications in unmanned vehicles [2]. Smart cars
collect information from road lines and guide the car in
between these lines [3].

Lane detection means locating the boundaries of the
lines in an image of the road without prior knowledge of
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the location of the road lines [2]. The lane detection
system is designed for the quick response and timely
warning to the driver in the event of a deviation from
the main route, which allows better control over the
vehicle. Lane detection system has been proposed as an
important technology for safe driving. This system
prevents the vehicle from deviating by correctly
determining the position of the vehicle and moving
between the road lines.

In lane detection systems, there are several ways to
extract road lines. These include the installation of
magnetic indicators on roads and the use of sensors,
high-precision GPS and image processing [7]. The most
accurate way to find road lines is to embed magnetic
markers all over the road that can be detected by
sensors on the car [7]. Another way to determine the
current location of a vehicle is to determine the global
difference in position relative to road lines [8], which is
also relatively expensive. The most accessible and
affordable way to identify road lines is image processing
that uses a video camera to extract road lines from the
image [8]. Since video images contain valuable
information about the environment [9], they play an
important role in lane detection. In lane detection
systems, in-car cameras are used which are placed
behind the windshield.

For example, the study by Bertozzi (1998) has applied
the GOLD system which is one of the most popular lane
detection systems based on road imaging by a camera
installed in a car [10]. The detection of the route is based
on the technique of matching the model that obtains the
road lines. Furthermore, the location of the obstacles in
front of the car is done based on the processing of
stereo images. In this method, the perspective effect of
the image is removed so that the pattern matching
technique can be used [11]. Then, the parts of the
straight lines of the image are extracted by searching for
horizontal patterns of dark-light-dark lighting using a
horizontal edge detector. Then parts that are close
together or have the same direction are combined to
eliminate the possibility of error by noise or blockage.
Finally, the lines that match with a road model are
selected [12].

A. Literature Review

This study has done a review of 9 papers conducted
from 2015-2020. For the aim of this study, all reviewed
studies have applied have Hough transform with more
details in the following:

The study by Bhujbal and Narote (2015), uses Hough
transform and Euclidean distance. First, the image is
transferred from the RGB space to the YCbCr space. The
Y component of the image is used to identify the lines
since the human visual system is more sensitive to light.
To improve the speed and accuracy of the system, the
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lower part of the image is selected as the area of
interest. Equalization of histograms is used in the area of
interest to increase the contrast between the road
surface and the road lines, and, a binary image is
obtained by Otsu thresholding [13]. The area of interest
is then divided into two sub-areas and for each sub-area,
the Canny edge detection and the Hough transform
algorithms are used to identify the left and right lines of
the road separately [14].

In the study by Son, et.al. (2015), a method of
detecting road lines is provided that is resistant to
changes in lighting. In this method, first, the edges of the
image are extracted using the Canny edge detection, the
image lines are obtained using Hough transform, and the
collision location of the identified lines is calculated. The
centre of the district with the most votes is chosen as
the vanishing point and the bottom area of the vanishing
point in the image is selected as the region of interest.
For the proposed algorithm to be resistant to changes in
brightness, the yellow and white lines of the road are
determined separately. Then, the binary image is
created by determining the binary value 1 for the areas
related to the road lines and the value O for the rest of
the image areas. Then, the areas of the lines are marked
and the centre of each area is calculated using the
connected component clustering method in the binary
image. The angle of each area and the point of contact
with the y-axis are also calculated. Areas that have the
same angle and intersection are combined to form an
area, and the left and right lines of the road are
determined in the image [15].

In the study by Duong, et.al. (2016), the input image is
first taken out of perspective mode so that the road lines
are parallel to each other [16]. The image obtained from
the colour mode is then converted to grey, and the
edges of the grey image are extracted using the edge
recognition algorithm [17]. Small image noises are
removed using the morphology expansion operator.
Then, the road lines are identified using the Hough
transform and compared with the previous image frame
lines. If lines fit, they are preserved, otherwise, the next
Hough transform lines are checked.

To simplify the process of recognizing lines, in the
study by Lotfy, et. al. (2016) the road image in front of
the car is obtained from the bird's eye view, which
makes the road lines parallel. Two one-dimensional
filters of Gaussian and Laplace are used to identify the
edges of the image [18], and the binary image is
obtained by using the Otsu threshold and calculated
using the Hough transform of the image lines. Next, the
main road lines are obtained using a series of horizontal
lines and their points of contact with the image lines are
identified with the help of the least mean square
algorithm [19].
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The study by Ozgunalp and Kaymak (2017) has
presented a robust lane detection algorithm in Hough
domain. The proposed algorithm uses road images to
statistically estimate expected position and deviation on
the road width. Furthermore, a mask is created in Hough
domain to apply necessary restrictions to road width and
vehicle position [20].

The study by Li, et. al. (2018) has proposed a new
method for pre-processing and selecting the area of
interest. In this method, the input frame is read first and
then, the preprocessing process is performed on the
input image, then the region of interest is selected, and
the road lines are identified. In the pre-processing
process, the image is first transferred to the HSV space
and the white features of the image are extracted. Then,
a Gaussian filter is used to reduce the noise effect and
smooth the image. The image is then converted to
binary by threshold processing. The bottom half of the
image is then selected as the area of interest. The edges
of the image are extracted using the edge detection
algorithm, and the main lines of the road are identified
using the Hough transform. Finally, the extended Kalman
filter is used to detect and track road lines in real-
time [21].

The study by Andrade, et. al. (2018) has presented a
novel strategy for lane detection with good accuracy
levels. The input image is reduced from three to one
layer and the sharpness is improved. In this study, the
region of interest is defined based on the minimum safe
distance from the vehicle ahead. Hough Transform is
used to achieve a smooth lane fitting [22].

In the study by Sun, et. al. (2019), a multi-stage Hough
space calculation is proposed for a lane-detection task.
An efficient Hough Transform was introduced to extract
and classify line segments from images [23]. Kalman
filtering was employed to smooth the probabilistic
Hough space across frames to eliminate the disturbance
from occlusion [24], movement of the vehicle, and
classification error. The filtered probabilistic Hough
space was used to remove line segments with low
probability values (threshold was set as 0.7) and to keep
those with high probability values [25].

The study by Marzougui, et. al. (2020) has defined a
Region of Interest (ROI) [26] to ensure reliable real-time
system. Hough Transform is defined to extract boundary
information and to detect road lane markings edges.
Otsu’s threshold is used to enhance pre-processing
results [27], to deal with lighting problems and to obtain
gradients information. The proposed method ensures
accurate lane tracking and collects valid information on
vehicle orientation [28].

B. Aim and Objectives

There are several challenges in providing a suitable

algorithm for detecting road lines including sunlight at

different times of the day, the shade of buildings, trees
and cars, different weather conditions, the darkness of
night, headlights at night, the light inside tunnels, faint
lines, continuous and discrete lines and covering Lines by
other cars. This study aims to develop an algorithm that
detects road lines in real-time and with high speed. The
developed algorithm is resistant to changes in lighting
conditions during the day.

Methodology

This paper detects road lines in real-time using video
images taken from the road by a camera installed inside
the car. The camera is installed inside the car behind the
windshield and almost in the middle to provide an image
of the road. The proposed method for identifying road
lines consists of three steps: the pre-processing,
selection of the region of interest, and determination of
road lines. The pre-processing stage includes noise
removal, conversion of the image from RGB colour space
to grey space and binarization of the input image. Then,
a polygonal area is selected in front of the car as the
area of interest as road lines are in a certain area in front
of the car In the third step, edges of the image in the
area of interest are detected using Canny edge detection
algorithm, and the main lines of the road are identified
using the Hough transform. The flow chart of the
algorithm is presented in Fig. 1.

Input Frame Noise illumination

) v
Gray image
v

Select Region of Interest
N2
Edge Detection

v

No Hough Transform
v

Determine Road Lines

End Frame

Yes

Fig. 1: Flowchart of the proposed method.

Preprocessing

At this stage, the images noise captured by the
camera installed inside the car is removed using a
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Gaussian filter [29] and the image becomes smoother.
Figure 2 and Fig. 3 show input and output image after
applying the Gaussian filter, respectively.

Fig. 2: An example of the input image.

Fig. 3: Input image after noise removal.

To reduce the algorithm calculations, the input image
is converted from RGB colour space to grey space. Fig. 4
shows the input image in grey mode. Then, the input
image is changed from grey space (Fig. 4) to binary
image (Fig. 5) using the Otsu algorithm [30] to get the
adaptive threshold.

Fig. 4: Input grey image.
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Fig. 5: Input binary image.

Selecting the Region of Interest

In the images obtained from the road surface, the
road lines are in front of the car and on both sides. In
this paper, a dynamic polygonal area of the image in
front of the car is selected as the region of interest using
a trapezoidal mask. In the design of the trapezoidal
mask, the information of the vanishing point of the
image is used. A trapezoid is created in the lower part of
the vanishing point that covers the area in front of the
car. Figure 6 shows a mask designed for the input image
sample in which the part related to the area of interest is
one and the rest of the image is zero. By applying this
mask to the input binary image, the favourite area that
includes the road lines in front of the car is selected.

Figure 7 shows the output binary image after
applying the designed mask to the input binary image.

Fig. 6: Mask to determine the interest area.

N\

Fig. 7: Binary image after applying a mask.
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Determination of Road Lines

One of the most useful and effective features in
identifying objects in images is the use of image edges.
The edge of the image is the part where the brightness
suddenly changes. Assuming that the amount of light
intensity on the road is uniform and is different from the
brightness of the lines, the boundary between the lines
and the road (edge) can be found. There are many
algorithms in this field, including Sobel, Canny, Roberts,
and Prewitt [15]. This paper uses the Canny edge
detection algorithm [31]. Identifying the edge in the
Canny edge detection algorithm involves six steps. The
first step is to filter the original image and remove the
noise, for which a gaussian filter with a simple mask is
used. The second step is to find strong edges using the
gradient amplitude at any point. For this purpose, two
masks are applied to the image, the gradient amplitude
is calculated in the direction of x and y and the edge
strength is calculated using (1).

IGl = |G| + |G| (1)

where |G| is the edge strength, |G,| is the gradient
amplitude in the direction of x and |G, | is the gradient
amplitude in the direction of y.

The Canny algorithm consists of two masks, one
vertical and the other horizontal, as can be seen in Fig. 8.

-1 0 +1 +1 | 42 | +1

-2 0 | +2 0 0 0

-1 0 +1 -1 -2 -1
Gx Gy

Fig. 8: Canny algorithm masks.

The third step obtains the direction of the image
edges obtained using Canny masks by (2).

theta = arctan Gy/G (2)
X

Where theta is the direction of edge, G, is the gradient
in the direction of x and G, is the gradient in the
direction of y.

In the fourth step, the directions obtained in the
previous step are matched to one of the four directions
of 0, 45, 90 and 135 degrees. The fifth step is to suppress
the non-maximum edges in which the direction is
checked and the edges that cannot be detected are
removed. In the sixth step, the hysteresis method is used
in the Canny algorithm, for which two upper and lower
threshold values are defined. Any pixel with a gradient
greater than the lower threshold is accepted and with a

gradient lower than the lower threshold is rejected. By
applying the Canny edge detection to the binary image,
we get the edges of the image are obtained. Figure 9
shows the result of applying the edge finder algorithm to
the previous step image.

Fig. 9: Apply the Canny algorithm to the image.

In the following, the main lines of the road are
identified by using the Hough transform. Hough
transform is a feature extraction technique used in
digital image processing, machine vision and image
analysis [28]. The purpose of this conversion is to find
different shapes in the image. Hough transform was
initially used to identify image lines and it was used to
identify various shapes such as circles and oval. In this
algorithm, Hough transform is used to estimate the
location of road lines and mark them. Then the closest
lines to the car on both sides are considered as road
lines on the left and right as shown in Fig. 10.

Fig. 10: Algorithm output image.

Results

The IROADS database [32] is used to evaluate the
performance of the proposed algorithm. The database
consists of 7 collections with a total of 4700 image
strings. It covers almost all possible road conditions,
including daylight, night darkness, excessive sunlight,
tunnel light, day and night rainfall, and snowy roads. The
dimension of each frame in this database is 360 * 640.
Given that this paper examines the different lighting
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conditions per day, four sets of data from the IROADS
database, including daytime driving in sunny, rainy,
snowy, and in-tunnel conditions, are reviewed.

Figure 11 shows the results of road line detection
using the proposed algorithm
conditions per day.

in different driving

Fig. 11: Several results of the proposed algorithm.

The results of the proposed algorithm on each frame
of the input image have the following two modes.

1) Correct detection, in which the lines on both sides
of the car are identified correctly.

2) Incorrect detection, in which the lines on both
sides or one side of the car are not correctly identified.
The identification rate of the proposed algorithm is
measured by the labels prepared earlier using (3).

DR = gx 100 (3)

Where DR is the detection rate (%), C is the number of
correctly recognized frames and T is the total number of
frames.

The average detection rate for 2828 frames of
IROADS database in different daylight conditions is
96.78%, which is summarized in Table 1.
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The proposed method is implemented by MATLAB
software on laptop with 1/8 GHz CPU and 8 GB RAM and
the average time required to process each frame is 28
milliseconds. Therefore, the proposed algorithm detects
road lines in good time with high accuracy.

Discussion

To verify the performance of the lane detection
algorithm, the proposed algorithm was compared with
several algorithms mentioned in the literature.

Table 2 shows the comparison of results by Son's
method [15], Cao's method [33], Hu's method [34] and
the method applied in this study on the IROADS
database [32].

According to the results of this experiment, the
proposed method achieves better results in all
categories except for in the Tunnel scenario. This is
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mainly because the line indicators in this scenario are
dimmed due to the lights inside the tunnel and are not
recognized for the proposed method.

However, results can be improved if information from
previous frames is used.

Table 1: Identification rate of the proposed algorithm under different conditions

IROAD database Total number of Number of incorrect Identification rate Number of frames per
frames detection frames (Percentage) second
IROAD Daylight 903 32 96.45 35.2
IROAD Rainy Day 1049 7 99.33 35.6
IROAD Snowy Day 569 31 94.55 36.2
IROAD Tunnel 307 21 93.16 35.8
Total 2828 91 96.78 35.7
Table 2: Detection result comparison
Methods Evaluation IROAD Daylight IROAD Rainy  IROAD Snowy IROAD Tunnel Total
Index (903) Day (1049) Day (569) (307) (2828)
Son's Method [15] Identification 95.79 88.27 86.64 93.51 90.81
Rate (%)
Cao's Method [33] Identification 96.12 93.42 92.44 94.14 94.17
Rate (%)
Hu's Method [34] Identification 96.23 94.75 93.67 94.46 94.99
Rate (%)
The method in this Identification 96.45 99.33 94.55 93.16 96.78

Study Rate (%)

The results show the effectiveness of the proposed
algorithm in detecting lanes with varying conditions.

The proposed algorithm doesn’t use tracking yet as
detecting lanes is carried out in each image
independently without using any temporal information.

Although the proposed algorithm for detecting road
lines works correctly in 97% of the time, it can have
errors in 3% of the cases, such as the fading of road lines,
the coverage of road lines by the side car and car’s
direction change by the driver.

Figure 12 shows several frames in which the proposed
algorithm has erroneous detection or non-detection of
road lines.

The current algorithm works on the image edge
property with acceptable results. Future studies by
authors plan to use the color information to classify
different lane boundaries (white solid lines, double
yellow lines, etc.) and to employ tracking on top of the
detection step which would help get rid of a lot of these
false detections.
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Fig. 12: False detections samples.

Conclusion

Lane detection means locating lane boundaries in a
road image without prior knowledge of its location.

Lane detection system is designed to alert the driver
in the event of deviations from the main lane, which
enables better control of the vehicle on the road. In this
paper, a straightforward method to identify road lines
using the edge feature is described on high-speed video
images.

In the proposed algorithm, first the necessary pre-
processing, including noise removal, image conversion to
the grey mode and then to binary mode, was performed.

Then, a polygonal area in front of the car was
determined as the preferred area. Finally, road lines
were identified using the Canny edge detection
algorithm and Hough transform.

The IROADS database has been used to evaluate the
performance of the proposed algorithm with the
dimensions of each frame being 640*360.

In this paper, four datasets from IROADS database
including daytime driving in sunny, rainy, snowy
conditions and indoor tunnels are examined. The
proposed algorithm has an average execution time of 28
milliseconds per frame and detection accuracy of
96.78%.
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Background and Objectives: Object tracking in video streams is one of the
issues in machine vision that has many applications. Depending on the type
of the object, the number of objects and other inputs used in tracking, object
tracking is divided into several different categories. Multi-object tracking in a
camera network is one of the most complex types of object tracking. In this
type of tracking, the goal of the algorithm is to extract the persistent trace of
several objects moving simultaneously in a wide area that is monitored by a
network of cameras. This type of tracking is often done in two steps. In the
first step, the traces of each object in each camera is called tracklets are
extracted. Then, the persistent trace of the objects are obtained by
associating the extracted tracklets of all cameras in the monitored wide area.
Here, we introduce a novel variational approach based on the deep features
to associate the tracklets.

Methods: For this purpose a variational model with multiphase level set
representation is introduced. The persistent trace of all objects are obtained
by optimizing the proposed variational model. The proposed variational
model is optimized by employing the Euler-Lagrange equation. CNN and deep
learning are used to extract the deep features of appearance and motion of
objects. Here, a ResNet50 network that is pre-trained on ImageNet and a
transformer neural network which is trained with motion parameters of
tracklets such as acceleration and orientation change rate are used for
extracting deep features.

Results: The multiphase model using deep features presented in this paper
provide 9% better results than the multiphase model without deep features
based on TCF and FS metrics and 8% better results based on MT metric.
Conclusion: The results on the three well-known datasets which are real and
a synthesized dataset show that the proposed model takes competitive
performance, while using less extra context information of the camera
network and objects, compared to the other proposed methods. The
evaluations show the quality of the proposed model in solving complex
problems using the minimum required initial knowledge.

©2021 JECEI. All rights reserved.

Introduction

network of cameras is one of the most challenging issues

Object tracking in wide areas which is monitored by a  in the machine vision. The tracking module extract
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trajectories of objects presented and which are viewed
by a camera network covering the area. The high level
analysis is performed on the extracted trajectories and
appropriate alarms are set. Multi-object tracking in a
camera network is performed in two steps [1]. In the
first step, moving objects are captured by all of the
cameras within the view of camera network and are
tracked by a tracking algorithms. Extensive research has
been reported to deal with single camera tracking [2],
[3]. There are various challenges exist for extracting
accurate trace of objects in each camera, among them
pose and illumination variations, occlusion, clutter and
sensor noise are more common. Advancement of
algorithms to resolve object tracking in a single camera
have reached to a satisfactory extent [4], [5]. In this
paper, the admissible trace of the objects in a single
camera using the existing algorithms are extracted and
are called tracklets. In the second step of multi-object
tracking of a camera network, the extracted tracklets are
associated to the corresponding objects and the
persistent trace of objects are extracted. Usually, the
association is performed based on the appearance of
objects and motion models of the objects which are
extracted from the tracklets. The solution space of the
association task grows exponentially with the number of
the tracklets [6]. Our proposed method provides a
remedy for this problem. This problem is an ill-posed
inverse problem [7]. The tracklets are the observation
and are assumed to be known and the persistent trace is
the ideal output and unknown. The variational model is
an effective solution for solving the ill-posed inverse
problem [8]. This model solves the ill-posed inverse
problem in the image processing and computer vision
[9], [10], [11] and [12]. In this paper, our main objective
is to propose a variational multiphase model for solving
the association problem.

Previous attempts on associating tracklets with
corresponding objects place different restricted
assumptions on the problem, thus deviating their
application from real world problem [1]. In [13], [14] and
[15], first order Markovian model is used for association.
Using Markovian model for tracking objects in a single
camera is a reasonable assumption but in a non-
overlapped camera network is not a good choice where
this assumption increases the probability of a wrong
association. In some previous researches [14] and [16],
the topology of cameras and the moving model of the
objects are assumed to be known, while it is difficult to
extract. Also, modeling the moving pattern and updating
the changes are challenging.

Multi-object tracking in a camera networks is
important issue. Associating of corresponding objects
between different cameras distinguishes single camera
and multi-camera tracking. Thus, the main challenge of
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the proposed model for tracking multi-object in camera
networks is the association [1]. In some studies [17],
[13], [16], [14], [18], and [6], the main goal is to associate
the traces of objects and extract their persistent trace. In
these researches, various tools and algorithms are used,
including a planar tracking correspondence model
(TCM), a Bayesian modeling, Parzen windows, the path
coverage of a directed graph, a multi-objective
optimization framework, a path smoothness, a statistical
model function, a graphical representation and a
network flow algorithm for modeling and association. In
[19], an approach to improve the detection and tracking
performance in multi-camera scenarios with overlapping
field-of-views is provided, which allows for better
handling of occlusion problem. It mainly includes
monocular people detection, projection, fusion,
probabilistic occupancy map generation and multi-object
tracking steps. The objective of the study is to detect and
track individuals within a designated open area where
multiple cameras are set up, implement a robust multi-
camera people detection and tracking method and
improve the experimental performance.

With the introduction of deep learning [20] methods
and the development of its applications in various issues,
the use of models based on deep learning in objects
tracking was also introduced in different methods. In
some methods, the features of deep neural networks are
used as visual or temporal features of objects [21] and
[22]. For example in [21] the 2048-dim fully connected
layer of ResNet50 [23] before the classification layer is
used to represent the appearance of the objects. In
some methods, models based on convolutional neural
network (CNN) and deep learning are used to extract
tracklets or persistent trace of the objects [22], [24], [25]
and [26]. In [22], a CNN-based model called TrackletNet
is introduced that uses the a graph to extract the trace of
objects. In [24] a Long Short-Term Memory (LSTM) is
used for tracking object. In [25] is provided a model
based on Recurrent Neural Network(RNN) that models
the changes made in the object by updating the features
of the tracking object and performs better tracking of
the object. In [26] a CNN-based model called Siam R-
CNN is proposed which combine a Siamese re-detection
architecture with a tracklet-based dynamic programming
algorithm. In [27] a tracklet processing algorithm cleave
and re-connect tracklets on crowd or long term occlusion
which uses Siamese Bi-Gated Recurrent Unit (GRU). In
this study, the tracklet is generated using deep features
which are extracted by CNN and RNN to create the high-
confidence tracklet candidates in sparse scenario. This
proposed neural network model is trained using a
dataset which contains more than 95160 pedestrian
images. In [28] a multi-object tracking framework called
DROP (Deep Re-identification Occlusion Processing) is
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proposed. A lightweight convolutional neural network
that can solve the re-tracking problem is constructed by
increasing and learning the affinity of appearance
features of the same object in different frames. In this
study the occlusion of the object is judged using the data
association result of the appearance features of the
object, and to reduce the matching error by improving
the data association formula.

In some studies, the main objective is to introduce
compositional features that are more effective in
recognizing objects. In [29] a procedure is introduced
which, using the classic features PHOG and CS-LBP and
combining them with deep features and also using a new
feature selection tools such as JEKNN, proposes an
efficient combined features for classifying objects. This
combined feature is able to significantly improve results
relative to similar models. In [30] deep features are
combined with multiview features and a set of features
is obtained for recognizing human behavior, which has
good results compared to similar models. In order to
model the objects with the aim of properly classifying
them in [31], the combination of deep features, Very
Deep Convolutional Networks for Large-Scale Image
Recognition and Inception V3, are used. The obtained
combined features are able to provide good sustainable
recognition rate in object classification. Also in [32], by
combining the deep features obtained from the two
deep networks, VGG and AlexNet, with SIFT which is the
classical feature for object detection, a combined feature
has been created with the help of Reyni entropy-
controlled method, which provides good results in
classifying objects.

The combined features, some of which were
reviewed in the above studies, are not practical in object
tracking applications due to the considerable
computational complexity involved in extracting them,
as in object tracking the features of all objects in the
image must be calculated for each frame. If they are
used, the response time of the tracking algorithm will be
significantly increased, which is not tolerable and
acceptable in many real problems.

Another method of tracking objects is to use
variational model, examples of which are presented in
[33] and [34].

In [33] a variational model called single phase
variational is introduced which is tracked the multi-
objects in multi-camera network of wide area
surveillance system. In [34] a novel variational model
called multi phase variational model is proposed which is
used the RGB color histogram as appearance model of
the objects and the acceleration and orientation change
rate as the motion model of the objects.

In this paper, we proposed a novel deep variational
method for associating the tracklets. In this method,

persistent trace of each object is represented as a
multiphase level set function. By solving this association
problem with less restrictive assumption, the optimum
solution is reachable and the method is more general
and usable in realistic scenarios. CNN and deep learning
are used to extract the features of appearance and
motion of objects.

In this paper, we propose a multiphase variational
model for associating tracklets based on deep features.
The proposed model is a variational optimization model
that is converted to an Ordinary Differential Equation
(ODE) which is solved numerically for extracting the
persistent trace of objects.

The structure of the paper is as follows. In Section
Variational Model the proposed variational model and
solving method are presented. The experimental results
of the proposed model on the real and synthesized
datasets is given in Section Experimental Results and
finally, the conclusions is presented in Section
Conclusion.

Variational Model

In this section, the proposed variational model and
solving method are presented.

A. Problem Formulation

The main goal is to extract the persistent trace of the
objects in a camera network which monitors the wide
area. The wide area is monitored with k cameras
Cy, ..., Cy. Each image captured by a camera is mapped
to the world plane using calibration parameters of the
cameras CMI,...,CMk. Unknown n number of objects
Py, ..., B, moves in a wide area which is monitored by a
network of cameras.

Any object denoted by P; that is moving in the area
which is covered by each camera in [t t.] period is
tracked by its corresponding single-camera tracking
algorithm [2] and [4]. Therefore, for each camera C; of
the camera network, a set of the tracks is called tracklets
Toi is exploited. So, the set of all tracklets of all cameras
Tc = {To,, .-, To, } is obtained. For generating persistent
track of the objects Rp, the obtained tracklets T, are
associated and the tracklets of each object in T, are
corresponded and persistent trace of this object is
extracted and is denoted as r, . By associating the
tracklets of objects, the persistent trace of all objects
Rp = {rpl, ...,rpn} is obtained. Therefore, the problem is
represented as,

Rp = Tracker(T¢, {Cp,, -+, Cmp. 1) (1)

which it means the proposed Tracker(:) algorithm
computes the persistent trace of objects as Rp using the
extracted tracklets T, and camera calibration
parameters {Cy,, ..., Cy, }. In our proposed method, this
problem is modeled with a variational optimization
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model as follow,

= (x| as, ma
-ERP T€ET¢c ’

™
+1, X SM,,. (Tl)dl) dr (2)

Ti€rp,

where CLSTpT(-) is closeness part of the variational
model, SMTPT(-) is smoothness part of the model and

A, > 0 and A, > 0 are positive constants. The clossness
control similarity between tracklets and the smoothness
control variations between tracklets.

In this paper, the closeness and smoothness parts
which are proposed in [34] are used. The appearance
model which is used in this paper is the 2048-dim
fullyconnected layer before the classification layer of a
ResNet50 [23] network that pre-trained on ImageNet to
represent appearance of the objects. A transformer
neural network [35] which is trained with motion
parameters of tracklets such as acceleration and
orientation change rate is used as a motion model of
objects.

The transformer model which is used in this research
is the same as the proposed model in [35] and is used
with the same parameters and settings. In this research,
two transformer models have been used, one to
estimate the change rate of the angle of the object and
the other to estimate the change rate of the acceleration
of the object. To train both models, all tracklets which
are the inputs of the tracking problem are used as the
training set.

Also the parameters and algorithms which are used
for training are the same as [35]. The angle change rate
and accelration change rate of the tracklets with a
frequency of 1 Hz for each tracklets is calculated in the
form of an array as a time series, and the time series
which are created are used to train two transformer
models.

When calculating the closeness and smoothness of
the variational model, the angle change rate and
acceleration change rate are estimated based on the
assosiation of tracklets for blind areas between two
adjacent tracklets and then used in calculations.

In brief, the proposed model is a variational energy
function declared as (2) which the extracted tracklets T,
are its inputs and the persistent traces of the objects Rp
are their outputs.

In order to use this proposed model, an appropriate
representation of the variational energy function must
be employed. We propose a multiphase level set
representation to solve the optimization model.

B. Multi Phase Level Set Representation

Proposing the level set representation of the model
starts with representing persistent trace of the objects
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as,
T, erp, if (=0 3
T, €1, if (1) <0 )

where persistent trace of each object 7 is presented as
a level set function ¢, and persistent trace of all tracked
objects are presented as ¢ = {4, ..., p,} which is a
multiphase level set function. As stated in previous
section the number of the objects which move in the
wide area n is unknown and the number of tracked
objects b is not necessarily equal to n. Now, the (2) can
be rewritten as,

Ll ITcl
J[$] = f (,11 x fl CLS,. (Ddl

=1 =1

+2 X [ SM,, (1) x H(p(D)dl) dr  (4)

where H(¢.(-)) is the Heaviside function and is defined
as,

Hz = {t 220

0 Z<O0 )

The closeness and smoothness equations are
redefined based on the level set representation, and are
provided in [34].

C. Optimizing the Energy Function

In order to solve the persistent trace problem, the
presented level set representation model must be
optimized.

For optimizing this model, the Euler-Lagrange
equation is used [36]. It must be noted that the
regularized versions of the function H(z) ,denoted here
by H.(z), is used. The regularized version of (4) is
defined as,

1l ITcl
Je[$] = j </11 X Jl CLS,.  (dl

7=1 =1

2 % 7 SMy (D) X He(p:(1)dl) dr— (6)

1

where regularized version of the closeness and
smoothness part of the model are redefined in [34].

In this paper, the regularized version of H(z) which is
proposed in [37] is used. this function is defined as,

H.(z) = %(1 + %arctan (g)) (7)

The persistent trace of the objects is obtained by
solving following optimization problem,

¢ = argq:nin]e [#]. (8)

This optimization problem is solved by fixing, F,,
Fy e, MeanF, . and MeanFy . then J[¢] is minimized
with respect to ¢ using Euler-Lagrange equation [7]. The
descent direction is parameterized by an artificial time
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t > 0. Then, the equation ¢.(t,1) is optimized. The
numerical procedure required to solve (8) is presented in
[34].

Experimental Results

The performance of our proposed model is evaluated
by performing several experiments using three
challenging real datasets and one synthesized complex
dataset.

The quality of the results of our experiments are
determined based on well-known metrics used in
camera network applications. The datasets and the
metrics that are used are introduced in the following
subsections.

A. Datasets

In this paper four challenging datasets are used.
Three of them are real video sequences and another is
synthesized data which is developed in our Lab.

First, the CAVIAR dataset [38] and [39] is collected in a
shopping mall corridor with two cameras.

Second, the NGSIM dataset [40] is captured from
Peachtree street located in Atlanta, Georgia by using
eight synchronized cameras.

Third, the PETS2009 dataset [41] was collected
through 8 cameras which are set up to monitor a road
corner of a university campus. But, in this paper only
four cameras are used.

In order to generate thorough annotated dataset
according to every complicated surveillance scenario
based on the given information a tool has been
developed [42] for syntesing vitual data.

Here, a synthesized dataset with 6 cameras and 10
objects is used as forth experimental dataset.

The characteristics of these dataset are presented in
Table 1.

The datasets’ details and the way they are used in this
paper are consistent with the experiments performed in
[34]. In order to show the status of the datasets, their
figures are provided follow.

In Fig. 1 the sample image of one camera of the
CAVIAR is presented and some samples of objects in
different pose of this dataset are shown in Fig. 2.

In Fig. 3 five sample image of five different cameras of
the NGSIM dataset are shown.

In Fig. 4 the sample images of two cars for 3 different
pose are presented.

In Fig. 5 the sample images of the four different
cameras of PETS2009 dataset are shown and the images
of two different objects from different poses are shown
in Fig. 6.

In Fig. 7 the world plane image of a wide area covered
by 6 cameras from the simulator is presented.

In Fig. 8 some sample images of the objects from
simulator are shown.

Fig. 1: A sample image from one of the cameras related to the
CAVIAR dataset.

B. Evaluation Metrics

For evaluating the proposed model quantitatively, 10
well known metrics which are commonly used in scope
of the proposed model are selected and the quality of
the proposed model is measured using these metrics.
The nomenclature and some information about these
metrics are given in Table 2. Also, details of these
metrics are provided in [34].

@ (e (M

Fig. 2: Different pose of persons in the CAVIAR: a) First person

(First Pose); b) First person (Second Pose); c) First person (Third

Pose) ;d) Second person (First Pose); e) Second person (Second
Pose); f) Second person (Third Pose).

Fig. 3: The sample image of five cameras of the NGSIM; a) First
camera; b) Second camera; c) Third camera; d) Fourth camera;
e) Fifth camera.
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(Third Pose); d) Second person (First Pose); e) Second person

(Second Pose); f) Second person (Third Pose).

Fig. 4: Different pose of cars in the NGSIM: a) First car (First
Pose); b) First car (Second Pose); c) First car (Third Pose); d)
Second car (First Pose); e) Second car (Second Pose); f) Second
car (Third Pose).

Fig. 7: The top view of the wide area of the synthesized dataset
with coverage of cameras.

() | (b)

(d)

Fig. 5: The sample image of four cameras of the PETS2009; a)
First camera; b) Second camera; c) Third camera; d) Fourth
camera.

(b)

(d) (e) (f)

Fig. 8: Different pose of persons in the syntesized dataset: a)

First person (First Pose); b) First person (Second Pose); c) First

person (Third Pose); d) Second person (First Pose); e) Second
person (Second Pose); f) Second person (Third Pose).

C. Results and Discussion

(d) (e) f) For evaluating the performance of the proposed
model, the results are compared with four similar
Fig. 6: Different pose of persons in the PETS2009: a) First models in Table 3 and Table 4. As provided in Table 3 the

person(First Pose); b) First person(Second Pose); c) First person proposed model tracks objects in wide area with the
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average TCF metric of 78.8% and FS metric of 79.26%
which means it extracts more than 79% of the objects’
persistent trace. These results show that the multiphase
model using deep features presented in this paper can
provide 9% better results than the multiphase model
without deep features [34].

Also, the proposed model tracks objects with average
MT metric of 85.60% which means it tracks more than
80% of the persistent trace of more than 85% of the
objects.

As a result, the deep features in terms of MT metric
improve by an average of 8% compared to the other
features [34]. In order to better compare the results of
the proposed model with other models, two charts are
presented in Fig. 9 and Fig. 10.

Figure 9 presents a chart for showing the effect of
using the variational model and deep features
simultaneously compared to the variational based
models without deep features.

The numbers in this chart are obtained by averaging
the results obtained from the entire datasets.

Table 1: The characteristics of the datasets

As can be seen in this figure, the proposed model in
most metrics has provided better results than both
variational models without deep features.

Also, in Fig. 10 the proposed model is compared with
the results of the two other methods that are not
variational based, which show the better performance of
the proposed model. In other words, the proposed
model presents competitive results compare to the
similar models.

In Fig. 11, the computed persistent trace of one of the
objects of NGSIM dataset and ground truth persistent
trace of this object in the world plane are shown. As
illustrated in this figure, the object are tracked in three
cameras of the camera network. In Fig. 12, the persistent
trace result of an object of PETS2009 dataset in two
cameras is presented. Also, the extracted persistent
trace of an object of synthesized dataset which has been
tracked in four cameras of the camera network is given
in Fig. 13.

Name Wide Area Width(meter) Wide Area Height(meter) #Cameras #Tracklets #objects
CAVIAR 30 65 1 413 88
NGSIM 150 650 5 691 195
PETS 50 55 4 53 10
Synthesis 50 50 6 102 10
Table 2: The characteristics of the Metrics
Name Abbreviation Unit Minimum Maximum Goal
Track Completion Factor [18] TCF Percent% 0% 100% Max
Track Fragmentation [18] TF Numerical# 1 - Min
Physical Object ID Fragmentation [43] POIF Numerical# 0 1 Max
Precision [43] PT Percent% 0% 100% Max
Sensitivity [43] ST Percent% 0% 100% Max
F-Score [43] FS Percent% 0% 100% Max
ID Switching [44] IDS Numerical# 0 - Min
Fragment [44] FG Numerical# 0 - Min
Mostly Tracked [44] MT Percent% 0% 100% Max
Mostly Lost [44] ML Percent% 0% 100% Min
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Table 3: The results of the proposed model

0%

Our Proposed Model B. Song [39] R. Pless [18]
Metrics
CAVIAR NGSIM PETS2009 Synthesized CAVIAR NGSIM
TCF 73.14% 79.6% 77.26% 85.18% - 67%
TF 1.52 1.18 1.16 1.28 - 1.39
POIF 0.38 0.34 0.48 0.35 - -
PT 84.21% 91.27% 76.12% 87.74% - -
ST 73.28% 70.11% 77.29% 78.15% - -
FS 78.37% 79.3% 76.7% 82.67% - -
IDS 7 3 4 5 8 -
FG 5 8 4 8 6 -
MT 85.12% 89.39% 84.86% 83.02% 84.0% -
ML 0% 0% 0% 0% 4.0% -
Table 4: The Results of Single Variational Model [33] and Multi Variational Model [34]
Metrics CAVIAR NGSIM PETS2009 Synthesized
Single Multi Single Multi Single Multi Single Multi
TCF 71% 71.97% 74% 76.3% 74% 75.52% 83% 64.13%
TF 1.61 2 1.21 1.27 2 1.22 2 2.5
POIF 0.37 0.31 0.31 0.32 0.46 0.41 0.33 0.28
PT 83.76% 79.68% 80.43% 89.39% 75.35% 70.04% 87.50% 76.52%
ST 72.58% 68.56% 69.83% 62.12% 76.14% 74.62% 77.62% 68.85%
FS 75.74% 71.33% 71.09% 69.69% 72.43% 68.79% 79.61% 69.40%
IDS 9 11 28 3 5 5 8 6
FG 6 7 35 9 8 5 10 12
MT 80.10% 78.32% 73.40% 87.09% 83.33% 70% 81.00% 75%
ML 2.00% 0% 12% 0% 0% 0% 0% 0%
100%
(0]
Q0
3
S 50%
o
o)
[a W
TCF PT ST FS

MT

B Our Proposed Model B Single Phase

Multi Phase

Fig. 9: Graph comparing the results of the proposed model with two other variational models, including the single-phase model [33]
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100%
90%

80%
70%
60%
50%
40%
30%
20%
10%

0%

TCF(CAVIAR) MT(NGSIM)

Percentage

H Our Proposed Model H B.Song[39] R.Pless[18]

Fig. 10: Graph comparing the results of the proposed model with the other two models.

(a) (b) (b)

Fig. 11: The persistent tracking results of the NGSIM for one Fig. 12: The persistent tracking results of the PETS2009 for one
object: a) Extracted result; and b) Ground truth result. object: a) Extracted result; and b) Ground truth result.
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Fig. 13: The persistent tracking results of the synthesized data
for one object: a) Extracted result; and b) Ground truth result.

Conclusion

In this paper, we proposed a variational multiphase
model for associating the tracklets of the objects in the
camera network and determining their persistent trace.
We proposed a new representation of the multi-object
tracking problem in a camera network which can solve
this problem with less restricted assumption. So, this
model is a more general model for multi-object tracking
in camera network which doesn't need the serious
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prerequisite information of the wide area, the camera
topology and the objects' models. We use the deep
feature for appearance and motion representation of
objects.

We have evaluated our proposed model by four
complicated datasets using 10 well known and common
metrics. These evaluations show the quality of the
proposed model in solving complex problems using the
minimum required initial knowledge.
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Abbreviations

C; The ith Camera
Cy;  Calibration Parameters of the ith Camera
P, The tth Object

ts Start tracking time windows

te End tracking time windows

T Tracklets of all Cameras

Ty, Tracklets of the ith camera

Rp Persistent trace of all objects

Tp, Persistent trace of the xth object

n Count of moving objects

b Count of persistent tracked of objects

¢ Multiphase Level Set representation of Rp
Level Set representation of Tp,

The cardinal of the set



A Variational Level Set Approach to Multiphase Multi-Object Tracking in Camera Network Base on Deep Features

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

A.K. Roy-Chowdhury, B. Song, Camera Networks: The Acquisition
and Analysis of Videos over Wide Areas. Morgan & Claypool
Publishers, 2012: 134.

A. Yilmaz, O. Javed, M. Shah, "Object tracking: A survey," ACM
Comput. Surv. (CSUR), 38(4):1-45, 2006.

S. Challa, Fundamentals of object tracking. Cambridge, UK; New
York: Cambridge University Press, 2011.

J. Bins, L.L. Dihl, C. R. Jung, "Target tracking using multiple
patches and weighted vector median filters," J. Math. Imaging
Vision, 45(3): 293-307, 2013.

Y. Sun, L. Bentabet, "A particle filtering and DSmT based approach
for conflict resolving in case of target tracking with multiple
cues," J. Math. Imaging Vision, 36(2): 159-167, 2010.

G. Castanon, L. Finn, "Multi-target tracklet stitching through
network flows," in Proc. IEEE Aerospace Conf., 1-7, 2011.

J.-F. Aujol, "Calculus
september 2008.

of variations in image processing,"

A.G. Jagola, W. Yanfei, C. Yang, Computational Methods for
Applied Inverse Problems. Berlin: De Gruyter, 2012.

T.F. Chan, J.J.S.p. cm., Image processing and analysis: variational,
PDE, wavelet, and stochastic methods. Siam: 400, 2005.

G. Unal, A. Yezzi, "A variational approach to problems in
calibration of multiple cameras," in Proc. of the IEEE Computer
Society Conf. on Computer Vision and Pattern Recognition
(CVPR): I1-172- 1-178, 2004.

N. Paragios, Y. Chen, O. Faugeras, Handbook of Mathematical
Models in Computer Vision. Printed in the United States of
America.: Springer, 2006.

C. Liu, F. Dong, S. Zhu, D. Kong, K. Liu, "New variational
formulations for level set evolution without reinitialization with
applications to image segmentation," J. Math. Imaging Vision,
41(3): 194-209, 2011.

O. Javed, Z. Rasheed, K. Shafique, M. Shah, "Tracking across
multiple cameras with disjoint views," in Proc. Ninth IEEE
International Conference on Computer Vision: 952-957, 2003.

B. Song, A.K. Roy-Chowdhury, "Robust tracking in a camera
network: A multi-objective optimization framework," IEEE IEEE J.
Sel. Top. Signal Process., 2(4): 582-596, 2008.

W. Hu, T. Tan, L. Wang, S. Maybank, "A survey on visual
surveillance of object motion and behaviors," IEEE Trans. Syst.
Man Cybern. Part C Appl. Rev., 34(3): 334-352, 2004.

D. Makris, T. Ellis, J. Black, "Bridging the gaps between cameras,"
in Proc. of the 2004 IEEE Computer Society Conference on
Computer Vision and Pattern Recognition: 11-205- 11-210, 2004.

S. C, K. Tieu, "Automated multi-camera planar tracking
correspondence modeling," in Proc. 2003 IEEE Computer Society
Conference on Computer Vision and Pattern Recognition: 1-259- |-
266, 2003.

R. Pless et al., "Persistence and tracking: Putting vehicles and
trajectories in context," in Proc. 2009 |EEE Applied Imagery
Pattern Recognition Workshop (AIPRW): 1-8, 2009.

C. Zhu, "Multi-Camera People Detection and Tracking,"
Independent thesis Advanced level (degree of Master (Two
Years)) Student thesis, 2019.

Y. LeCun, Y. Bengio, G. Hinton,
521(7553): 436-444, 2015.

H.-M. Hsu, T.-W. Huang, G. Wang, J. Cai, Z. Lei, J. Hwang, "Multi-
camera tracking of vehicles based on deep features Re-ID and
trajectory-based camera link models," in CVPR Workshops, 2019.

"Deep learning," Nature,

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

(33]

(34]

[35]

[36]

[37]

[38]
(39]

[40]
[41]

[42]

[43]

[44]

G. Wang, Y. Wang, H. Zhang, R. Gu, J.-N. Hwang, "Exploit the
connectivity: Multi-Object Tracking with TrackletNet," ArXiv:
1811.07258, 2018.

K. He, X. Zhang, S. Ren, J. Sun, "Deep residual learning for image
recognition," ArXiv:1512.03385, 2015.

M.P. Ghaemmaghami, "Tracking of humans in video stream Using
LSTM recurrent neural network," Master in Machine Learning,
School of Computer Science And Communication, KTH Royal
Institute of Technology School of Computer Science And
Communication, 2019.

D. Gordon, A. Farhadi, D. Fox, "Re3 : Real-time recurrent
regression networks for object tracking," ArXiv: 1705.06368,
2017.

P. Voigtlaender, J. Luiten, P. Torr, B. Leibe, "Siam R-CNN: visual
tracking by re-detection," in Proc. 2020 IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR): 6577-6587,
2020.

C. Ma et al., "Trajectory factory: Tracklet cleaving and re-
connection by deep siamese bi-gru for multiple object tracking,"
ArXiv:1804.04555 [cs], 2018.

X. Zhang, X. Wang, C. Gu, "Online multi-object tracking with
pedestrian re-identification and occlusion processing," Visual
Comput., 2020.

N. Hussain et al., "A deep neural network and classical features
based scheme for objects recognition: an application for machine
inspection," Multimed. Tool. Appl., 2020: 1-23, 2020.

M.A. Khan et al.,, "Human action recognition using fusion of
multiview and deep features: an application to video
surveillance," Multimed. Tool. Appl., 2020: 1-27, 2020.

M. Rashid et al.,, "A sustainable deep learning framework for
object recognition using multi-layers deep features fusion and
selection," Sustainability, 12(12): 5037, 2020.

M. Rashid, M.A. Khan, M. Sharif, M. Raza, M.M. Sarfraz, F. Afza,
"Object detection and classification: a joint selection and fusion
strategy of deep convolutional neural network and SIFT point
features," Multimed. Tool. Appl., 78(12): 15751-15777, 2019.

E. Pazouki, M. Rahmati, "Variational method for wide area
surveillance," J. Ambient Intell. Smart Environ., 8: 189-203, 2016.

E. Pazouki, M. Rahmati, "Multiphase vs. single-phase variational
level set approach for video data association," Intell. Data Anal.,
20: 679-699, 2016.

R. Mohammdi Farsani, E. Pazouki, "A transformer self-attention
model for time series forecasting," J. Electr. Comput. Eng.
Innovations (JECEI), 9(1): 1-10, 2021.

B. Dacorogna, Introduction to the Calculus of Variation. World
Scientific Publishing Company, 2004: 240.

T.F. Chan, L.A. Vese, "Active contours without edges," IEEE Trans.
Image Process., 10(2): 266 — 277, 2001.

"CAVIAR 2003 and 2004", accessed 23 February 2021.

B. Song, R.J. Sethi, "Robust wide area tracking in single and
multiple views," Rev. Lit. arts Am., 2011: 1-18, 2011.

"ngsim peachtree street." accessed 23 February 2021.

"Eleventh ieee international workshop PETS." accessed 23

February 2021.

"Image Processing & Pattern Recognition Laboratory." accessed
23 February 2021.

S. Inria, "Internal Technical note Metrics Definition version 2.0 —
Approved," Inria, IN_ETI_1_004, 2006.

Y. Li, C. Huang, R. Nevatia, "Learning to associate: HybridBoosted
multi-target tracker for crowded scene," in Proc. IEEE Conference
on Computer Vision and Pattern Recognition: 2953-2960, 2009.

213


https://www.morganclaypool.com/doi/abs/10.2200/S00400ED1V01Y201201COV004
https://www.morganclaypool.com/doi/abs/10.2200/S00400ED1V01Y201201COV004
https://www.morganclaypool.com/doi/abs/10.2200/S00400ED1V01Y201201COV004
https://dl.acm.org/doi/10.1145/1177352.1177355
https://dl.acm.org/doi/10.1145/1177352.1177355
https://www.cambridge.org/core/books/fundamentals-of-object-tracking/A543B0EA12957B353BE4B5D0602EE945
https://www.cambridge.org/core/books/fundamentals-of-object-tracking/A543B0EA12957B353BE4B5D0602EE945
https://link.springer.com/article/10.1007/s10851-012-0354-y
https://link.springer.com/article/10.1007/s10851-012-0354-y
https://link.springer.com/article/10.1007/s10851-012-0354-y
https://link.springer.com/article/10.1007/s10851-009-0178-6
https://link.springer.com/article/10.1007/s10851-009-0178-6
https://link.springer.com/article/10.1007/s10851-009-0178-6
https://ieeexplore.ieee.org/document/5747436
https://ieeexplore.ieee.org/document/5747436
http://www.math.u-bordeaux1.fr/~jaujol
http://www.math.u-bordeaux1.fr/~jaujol
https://www.degruyter.com/document/doi/10.1515/9783110259056/html
https://www.degruyter.com/document/doi/10.1515/9783110259056/html
https://www.cambridge.org/ir/academic/subjects/computer-science/computer-graphics-image-processing-and-robotics/image-processing-and-analysis-variational-pde-wavelet-and-stochastic-methods?format=PB&isbn=9780898715897
https://www.cambridge.org/ir/academic/subjects/computer-science/computer-graphics-image-processing-and-robotics/image-processing-and-analysis-variational-pde-wavelet-and-stochastic-methods?format=PB&isbn=9780898715897
https://ieeexplore.ieee.org/document/1315029
https://ieeexplore.ieee.org/document/1315029
https://ieeexplore.ieee.org/document/1315029
https://ieeexplore.ieee.org/document/1315029
https://www.springer.com/gp/book/9780387263717
https://www.springer.com/gp/book/9780387263717
https://www.springer.com/gp/book/9780387263717
https://link.springer.com/article/10.1007/s10851-011-0269-z
https://link.springer.com/article/10.1007/s10851-011-0269-z
https://link.springer.com/article/10.1007/s10851-011-0269-z
https://link.springer.com/article/10.1007/s10851-011-0269-z
https://ieeexplore.ieee.org/document/1238451
https://ieeexplore.ieee.org/document/1238451
https://ieeexplore.ieee.org/document/1238451
https://ieeexplore.ieee.org/document/4629865
https://ieeexplore.ieee.org/document/4629865
https://ieeexplore.ieee.org/document/4629865
https://ieeexplore.ieee.org/document/1310448
https://ieeexplore.ieee.org/document/1310448
https://ieeexplore.ieee.org/document/1310448
https://ieeexplore.ieee.org/abstract/document/1315165?section=abstract
https://ieeexplore.ieee.org/abstract/document/1315165?section=abstract
https://ieeexplore.ieee.org/abstract/document/1315165?section=abstract
https://ieeexplore.ieee.org/document/1211362
https://ieeexplore.ieee.org/document/1211362
https://ieeexplore.ieee.org/document/1211362
https://ieeexplore.ieee.org/document/1211362
https://ieeexplore.ieee.org/document/5466307
https://ieeexplore.ieee.org/document/5466307
https://ieeexplore.ieee.org/document/5466307
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-268758
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-268758
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-268758
https://www.nature.com/articles/nature14539
https://www.nature.com/articles/nature14539
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjxj8q9ztDuAhU2GFkFHfkqA7IQFjAAegQIAhAC&url=https%3A%2F%2Fopenaccess.thecvf.com%2Fcontent_CVPRW_2019%2Fpapers%2FAI%2520City%2FHsu_Multi-Camera_Tracking_of_Vehicles_based_on_Deep_Features_Re-ID_and_CVPRW_2019_paper.pdf&usg=AOvVaw0Uv0c5Ud5-UfWJwa6svKPU
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjxj8q9ztDuAhU2GFkFHfkqA7IQFjAAegQIAhAC&url=https%3A%2F%2Fopenaccess.thecvf.com%2Fcontent_CVPRW_2019%2Fpapers%2FAI%2520City%2FHsu_Multi-Camera_Tracking_of_Vehicles_based_on_Deep_Features_Re-ID_and_CVPRW_2019_paper.pdf&usg=AOvVaw0Uv0c5Ud5-UfWJwa6svKPU
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjxj8q9ztDuAhU2GFkFHfkqA7IQFjAAegQIAhAC&url=https%3A%2F%2Fopenaccess.thecvf.com%2Fcontent_CVPRW_2019%2Fpapers%2FAI%2520City%2FHsu_Multi-Camera_Tracking_of_Vehicles_based_on_Deep_Features_Re-ID_and_CVPRW_2019_paper.pdf&usg=AOvVaw0Uv0c5Ud5-UfWJwa6svKPU
https://arxiv.org/abs/1811.07258
https://arxiv.org/abs/1811.07258
https://arxiv.org/abs/1811.07258
https://arxiv.org/abs/1512.03385
https://arxiv.org/abs/1512.03385
https://kth.diva-portal.org/smash/get/diva2:1156631/FULLTEXT01.pdf
https://kth.diva-portal.org/smash/get/diva2:1156631/FULLTEXT01.pdf
https://kth.diva-portal.org/smash/get/diva2:1156631/FULLTEXT01.pdf
https://kth.diva-portal.org/smash/get/diva2:1156631/FULLTEXT01.pdf
https://kth.diva-portal.org/smash/get/diva2:1156631/FULLTEXT01.pdf
https://arxiv.org/abs/1705.06368
https://arxiv.org/abs/1705.06368
https://arxiv.org/abs/1705.06368
https://arxiv.org/abs/1911.12836
https://arxiv.org/abs/1911.12836
https://arxiv.org/abs/1911.12836
https://arxiv.org/abs/1911.12836
https://arxiv.org/abs/1804.04555
https://arxiv.org/abs/1804.04555
https://arxiv.org/abs/1804.04555
https://link.springer.com/article/10.1007/s00371-020-01854-0
https://link.springer.com/article/10.1007/s00371-020-01854-0
https://link.springer.com/article/10.1007/s00371-020-01854-0
https://link.springer.com/article/10.1007/s11042-020-08852-3
https://link.springer.com/article/10.1007/s11042-020-08852-3
https://link.springer.com/article/10.1007/s11042-020-08852-3
https://link.springer.com/article/10.1007/s11042-020-08806-9
https://link.springer.com/article/10.1007/s11042-020-08806-9
https://link.springer.com/article/10.1007/s11042-020-08806-9
https://www.mdpi.com/2071-1050/12/12/5037
https://www.mdpi.com/2071-1050/12/12/5037
https://www.mdpi.com/2071-1050/12/12/5037
https://www.mdpi.com/2071-1050/12/12/5037
https://link.springer.com/article/10.1007/s11042-018-7031-0
https://link.springer.com/article/10.1007/s11042-018-7031-0
https://link.springer.com/article/10.1007/s11042-018-7031-0
https://link.springer.com/article/10.1007/s11042-018-7031-0
https://content.iospress.com/articles/journal-of-ambient-intelligence-and-smart-environments/ais367
https://content.iospress.com/articles/journal-of-ambient-intelligence-and-smart-environments/ais367
https://content.iospress.com/articles/intelligent-data-analysis/ida826
https://content.iospress.com/articles/intelligent-data-analysis/ida826
https://content.iospress.com/articles/intelligent-data-analysis/ida826
http://jecei.sru.ac.ir/article_1477.html
http://jecei.sru.ac.ir/article_1477.html
http://jecei.sru.ac.ir/article_1477.html
https://www.worldscientific.com/worldscibooks/10.1142/p967
https://www.worldscientific.com/worldscibooks/10.1142/p967
https://ieeexplore.ieee.org/document/902291
https://ieeexplore.ieee.org/document/902291
http://groups.inf.ed.ac.uk/vision/CAVIAR/CAVIARDATA1/
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.310.4066&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.310.4066&rep=rep1&type=pdf
https://www.webpages.uidaho.edu/ngsim/ATL/ATL.htm
http://www.cvg.reading.ac.uk/PETS2009/
http://www.cvg.reading.ac.uk/PETS2009/
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjzhs7T0NDuAhXWMlkFHY0SBkMQFjAAegQIAxAC&url=http%3A%2F%2Fippr.aut.ac.ir%2F&usg=AOvVaw1N-JjpyDZ_DiHzFk_jTfF7
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjzhs7T0NDuAhXWMlkFHY0SBkMQFjAAegQIAxAC&url=http%3A%2F%2Fippr.aut.ac.ir%2F&usg=AOvVaw1N-JjpyDZ_DiHzFk_jTfF7
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiMoufm0NDuAhWzEFkFHSoHD3wQFjAAegQIAxAC&url=https%3A%2F%2Fwww.cse.unsw.edu.au%2F~cs3710%2FPMmaterials%2FResources%2F9126-3%2520Standard.doc&usg=AOvVaw0MTEJm4kbJEXjm97fJ0Ho_
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiMoufm0NDuAhWzEFkFHSoHD3wQFjAAegQIAxAC&url=https%3A%2F%2Fwww.cse.unsw.edu.au%2F~cs3710%2FPMmaterials%2FResources%2F9126-3%2520Standard.doc&usg=AOvVaw0MTEJm4kbJEXjm97fJ0Ho_
https://ieeexplore.ieee.org/document/5206735
https://ieeexplore.ieee.org/document/5206735
https://ieeexplore.ieee.org/document/5206735

E. Pazouki et al.

Biographies

Ehsan Pazouki is a Professor in the school
of Computer Engineering at Shahid Rajaee
Teacher Training University where he has
been a faculty member since 2016. Ehsan
completed his Ph.D. and M.S. at Amirkabir
University. His research interests lie in the
area of wide area surveillance, ranging from
theory to design to implementation. He has
collaborated actively with researchers in
several other disciplines of computer
science, particularly Cognitive Science.
Ehsan has experience in various industries

related to his specialization for more than 10 years. For additional
information see https://www.sru.ac.ir/en/school-of-computer/ehsan-

pazouki/

Mohammad Rahmati received the M.Sc.
degree in electrical engineering from the
University of New Orleans, in 1987 and the
Ph.D. degree in electrical and computer
engineering from the University of Kentucky,
Lexington, Kentucky, in 1994. He is currently
an associate professor in the Computer
Engineering Department, Amirkabir
University of Technology (Tehran
Polytechnic). His research interests include
the fields of pattern recognition, image

processing, bioinformatics, video processing, and data mining. He is the
chair of the department and he is also a member of IEEE Signal
Processing Society.

Copyrights

©2021 The author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution (CC BY 4.0), which permits unrestricted use, distribution,
and reproduction in any medium, as long as the original authors and source are cited. No
permission is required from the authors or the publishers.

©;
S

How to cite this paper:
E. Pazouki, M. Rahmati, “A variational level set approach to multiphase multi-object
tracking in camera network base on deep features,” J. Electr. Comput. Eng. Innovations,
9(2): 203-214, 2021.

DOI: 10.22061/JECEI.2021.7649.417

URL: https://jecei.sru.ac.ir/article_1542.html

214


https://www.sru.ac.ir/en/school-of-computer/ehsan-pazouki/
https://www.sru.ac.ir/en/school-of-computer/ehsan-pazouki/
https://dx.doi.org/10.22061/jecei.2021.7649.417
https://jecei.sru.ac.ir/article_1542.html

J. Electr. Comput. Eng. Innovations, 9(2): 215-228, 2021

Journal of Electrical and Computer Engineering Innovations

(JECEI)

Journal homepage: http://www.jecei.sru.ac.ir

Research paper

State Space Modeling and Sliding Mode Current Control of the Grid
Connected Multi-Level Flying Capacitor Inverters

N. Ghaffari’, A. Zakipourl’*, M. Salimi®
lDepartment of Electrical Engineering, Arak University of Technology (AUT), Arak, Iran.

ZDepartment of Electrical Engineering, Ardabil Branch, Islamic Azad University, Ardabil, Iran.

Article Info

Abstract

Article History:
Received 22 July 2020
Reviewed 15 September 2020
Revised 02 November 2020
Accepted 02 January 2021

Keywords:
Multi-level inverters

Grid connected inverter
Sliding mode control
Nonlinear control
Lyapunov stability

Active power filter

*Corresponding Author’s Email
Address:

zakipour@arakut.ac.ir

Background and Objectives: In this paper, a novel approach for regulation of
the output current in the grid-connected three-level flying capacitor inverter
is presented by using the sliding mode (SM) method. In the proposed
method, it is possible to control the active and reactive components of the
inverter output current independently, and therefore it can be employed for
grid connection of the renewable energy resources or for harmonic and
reactive power compensation of the local loads. The designed controller uses
an external loop to control the voltage of the inverter DC link and has a
constant switching frequency. The stability of the proposed method has also
been proved by using the Lyapunov stability theory. The simulation results
show that in different operating conditions, the proposed controller has a
stable and robust response.

Methods: Grid-connected three-level flying capacitor inverter is modeled by
using averaged state space technique. Considering nonlinearity of the
obtained model, an equivalent SM controller is developed for output current
control of the multilevel grid connected inverter. To improve robustness and
stability of the system against uncertainty of model parameters, a nonlinear
component is added to the equivalent controller.

Results: The proposed controller enjoys very fast dynamic response, so it can
be employed in wide ranges of application e.g. reactive compensation and
harmonic mitigation modes. In active power filtering operation, it is able to
eliminate harmonic components of the grid from 20.61% to 1.34% which is
compatible with IEEE and IEC standards.

Conclusion: The stability of the proposed method has also been proved by
using the Lyapunov stability theory. The simulation results show that in
different operating conditions, the proposed controller has a stable and
robust response.

©2021 JECEL All rights reserved.

Introduction

connected inverters are used for load and line

Application of the grid-connected inverters has compensation through reactive power exchange. Also in
increased significantly in recent years [1]. For example, ~ active power filters [3], these power electronics

in photovoltaic power plants, these inverters are used to
inject active power generated by solar panels into the
grid. In flexible AC transmission systems [2], grid-

Doi: 10.22061/JECEI.2021.7626.412

converters are employed for harmonic compensation of
the nonlinear loads. Other applications include wind
power conversion systems [4], solid-state transformers
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[5], connecting electric vehicles to the grid for peak
shaving [6], and more.

From power circuit topology viewpoint, the standard
H-bridge voltage source inverter is one of the most
widely used power electronics converters which are
employed in grid connected three-phase and single-
phase systems. However, other topologies have been
proposed in recent years to improve the performance of
grid-connected systems. For example, the use of
impedance and quasi-impedance source inverters for
efficiency improvement of power converters in
renewable energy systems is reported [7]. Also, to
reduce switching losses and improve inverter output
power quality, application of the multilevel inverters has
been suggested in [8]. It is well-known that one of the
main applications of the multilevel inverters is reduction
of the switching harmonics and improvement of the
output power quality. In fact, if IGBT based multilevel
inverter with fast PWM switching is used, harmonic
components of the inverter output current can be
reduced significantly.

One of the main challenges in design and
implementation of the grid-connected inverters is
synchronizing of the inverter output voltage with the
grid power. In such a case, exchanged power be
controlled by adjusting the amplitude as well as the
angle of the inverter output voltage vector [9]. However,
in such a method, a small error in the output voltage
phase can lead to a significant error in amount of the
power which is exchanged between the inverter and the
grid. For this reason, intrinsic delay in electronic systems
such as analog-to-digital converters, mathematical
calculations, and current and voltage sensors essentially
complicates design of the closed-loop system. On the
other hand, since the grid is essentially a voltage source,
therefore, by controlling the output current of the
inverter, the exchanged power between the grid and the
inverter can be indirectly adjusted [10]. During output
current control of the voltage source inverters, delay in
response of electronic systems doesn’t affect the
amplitude of the current directly and therefore, it is
more useful than direct control of the output voltage.

Briefly, output current and power control is one of
the main blocks of inverters which are connected to the
grid. If the reference values of the controller change
sharply due to variation of the local load or DC input
source, it is obvious that the dynamic response of the
closed-loop controller must be fast enough to meet the
system requirements of the grid-connected inverter.
Also, considering the nonlinear nature of power
electronics converters, basically the linear and
conventional control methods will be able to stabilize
and control the closed loop system only in a small range
of the changes. For this reason, application of modern
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and nonlinear methods for the current control of the
grid connected voltage source inverters is proposed. For
instance, adaptive [11], robust [12], backstepping [3],
passivity-based [13], Lyapunov-based [14] controllers are
used widely in closed loop control of the power
electronics converters.

Among the mentioned methods, sliding mode (SM)
controller is employed widely in power electronics
converters [15]. Its main advantages are simplicity of the
practical implementation, fast dynamic response and
robustness to system uncertainties [16]. Also, in recent
years, attempts have been made to eliminate the major
drawbacks of the SM method, such as switching
frequency changes, steady-state error, and chattering,
by using the equivalent SM approach and in recent
years, application of the SM controllers in grid-
connected inverters has increased significantly. Also for
mitigation of the chattering problem, combined Pl and
SM technique can be employed [17] where variable
structure control approach is designed for shunt
compensation of the local loads. To improve robustness
and stability of the closed loop system, a SM controller
in combination with conventional Pl method is used in
the final control law of the proposed method. During
transient conditions, the Pl controller is dominant and
the gains of the linear controller should be tuned to
meet the desired transient response characteristic. On
the other hand, the sliding mode block determines
steady-state behavior of the system. Briefly, in order to
achieve desired response of the closed loop system and
eliminate chattering problem, gains for the linear Pl and
SM controllers should be selected properly. The SM is
employed for grid connection of the cascaded doubly fed
induction generators [18]. Two sliding surfaces are
defined for closed loop control of the active and reactive
power components. Compared with conventional vector
control, it is shown that the SM method is more robust
against model uncertainties and enjoys better dynamic
response. However, in the proposed method, stability of
the closed loop system under different operating
conditions has not been investigated.

In order to reduce the output current error of the
inverter and thus improve the total harmonic distortion
(THD) coefficient of the power system, in [19] a multi-
resonance SM controller is used in the grid connected
inverters. In this case, the performance of the system in
compensating for the high order harmonics is increased.
To reduce THD, in sliding surface the proposed
controller, several resonant components from the grid
current error are employed which complicates design of
the controller and its practical implementation.

To improve the power quality in power distribution
networks and reduce power losses in electrical
equipment, the Integral SM method has been used to
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control the output current of the grid connected inverter
in [20]. A fourth-order band pass digital filter is used to
extract the harmonic components and define the
reference values of the closed-loop control system. Since
the main component of the output current in the
proposed method is regulated by using a linear PI
controller, it can be concluded that the chattering will be
significantly reduced. However, such an approach does
not guarantee the overall stability of the controller over
a wide range of output current changes. Also, for
controlling of the fundamental current component, two
PI blocks are used for calculation of the reference value
and inverter amplitude modulation (control effort). As a
result, the proposed closed-loop system has a cascade
structure that cannot have a fast dynamic response and
will lead to a steady-state error when compensating for
high-order harmonic components. Also, a double band
hysteresis SM controller is proposed for parallel
operation of the active power filters with LCL coupling in
reference [21]. Despite the fast dynamic response, the
switching instances in the proposed method are
determined by comparison of the slip surface in a
hysteresis band. Hence, inverter switching frequency
cannot be completely constant due to variation of the
grid voltage. This issue results in injection of the
undesired low-order harmonic components and
deteriorates the THD of the grid current. However, if the
hysteresis-based SM is replaced with equivalent
controller, the problem of switching frequency variation
in this nonlinear control method can be easily mitigated
[22]. In [23], combination of the SM and backstepping
control methods for harmonic compensation of the local
loads is proposed in distributed generators. Such an idea
can improved the performance and robustness of the
closed loop system against model uncertainties, such as
grid voltage and frequency, impedance of the coupling
inductor, and uncertain load dynamics. However, due to
design process of the adaptive backstepping approach,
the controlling law will be completely complex and so, its
real time calculation can be a time consuming task. As
more  powerful processors are required for
implementation of the combined backstepping-SM
controller, it may significantly increase the final cost of
the system. Also in [1], adaptive SM approach is
employed for closed-loop control of the single phase grid
connected photovoltaic system. Current harmonic
compensation of the local load as well as maximum
power point tracking of the input renewable energy
source are main aims of the developed controller.
Voltage and parasitic inductance of the grid are
estimated with an adaptive estimator. Output current of
the inverter is controlled by using a SM and Lyapunov
based methods. However, DC link voltage control is
performed through a conventional Pl controller. Hence,

stability and robustness of the DC link voltage cannot be
guaranteed in a wide range of operation.

In  Similar problem are also observed in the
combination of adaptive control methods with SM [24].

In order to stabilize the non-minimum phase nature
of the output current in grid connected voltage source
inverters with LCL coupling, a two-loop control in [25] is
proposed. The inner loop is used to control the output
current of the converter and is designed by using SM
method. Also, the reference value of the internal loop is
generated in an external loop using a proportional-
resonance (PR) controller. In this case, the controller
design problem is reduced from a third-order system to
a second-order one. However, it is clear that the whole
system is not designed based on the SM method and the
advantages of the mentioned nonlinear controlling
method cannot be obtained in a wide range of system
changes.

In recent years, application of the SM controller in
other topologies of the grid-connected DC to AC
converters, such as impedance source inverters [26] and
semi-impedance source inverters [27] is studied. In this
case, due to the complexity of the model and the high
number of state variables, the extraction of reference
values for each of the state variables is associated with
complexities. Impedance source converters also have a
multi-input-multi-output  structure,  which adds
additional challenges to the controller design. There are
similar problems with the application of the SM
controlling method in grid-connected multilevel
converters, and for this reason, number of articles
related to output current control in grid connected
multilevel inverters which employ SM approach is
limited. The mentioned papers are reviewed below. It is
worth noting that due to existence of fundamental
differences in the dynamic model of the different
multilevel inverters, design process of the SM controller
for each of them (clamp diodes, series H-bridges and
flying capacitors) is completely different task.

In the reference [28], the SM method is used to
control the output current and inject a certain level of
active and reactive powers into the grid in multi-level
diode clamp inverter. In this paper, a constant voltage
source is used in the DC link of the inverter, and for this
reason, DC link voltage regulation is not studied. For this
reason, if renewable energy sources are used at the DC
link, the proposed method in [28] cannot be used to
track the maximum power point. It is also necessary to
adjust the DC link voltage in FACTS devices and shunt
active filters. To do this, in the reference [29] the SM
controller is modified with the idea of controlling DC link
voltage in diode- clamp multilevel inverters. This is
accomplished by introducing an active component in the
output current reference value based on the DC link

217



N. Ghaffari et al.

voltage error by using a linear Pl controller. However, in
[29] the reference value of the reactive output current is
zero, and only the injection of real power from the DC
source is studied. It is obvious that the lack of reactive
power management in distributed generators will results
in high values of the reactive component in distribution
network and significantly reduces the grid power factor.
In [30], a hysteresis-band SM controller is used to
control the output current in a special 7-level packed U-
cell inverter. Less tuning requirement and simplicity of
the design are the most important advantages of the
closed loop system in [30]. However, stability of the
proposed method has not been investigated. Inverter
switching frequency changes are also the most
important disadvantages of the hysteresis-band SM
controllers. To solve this problem in [31], equivalent
control is used to design a nonlinear controller in a NPC
three level topology. Therefore, it can be directly
concluded that such a system is switched according to
the PWM pattern and has a fixed frequency. Also in [31],
by using the direct Lyapunov theory, stability of the
closed-loop system in a wide range of changes in system
parameters has been proved. Also, selection of the
controlling gains are studied using the linearized model.
The controller is able to compensate the reactive and
harmonic components of the local load. However, in
order to keep voltage of the inverter DC link, an
independent current source is employed. So, the
controller of [31] is not able to regulate DC link voltage.
Moreover, additional modification of the controller for
balancing of the DC link capacitors is mandatory.
According to the literature review and research
performed by the authors of this article, there is no

capacitor inverter is presented by using the SM method.

In the proposed method, it is possible to control the
active and reactive components of the inverter output
current independently, and therefore it can be employed
for grid connection of the renewable energy resources or
for harmonic and reactive power compensation of the
local loads.

The designed controller uses an external loop to
control the voltage of the inverter DC link and has a
constant switching frequency. The stability of the
proposed method has also been proved by using the
Lyapunov stability theory. The simulation results show
that in different operating conditions, the proposed
controller has a stable and robust response.

This article is organized as follows. At first the
proposed system topology and averaged state space
model of the multi-level inverter is discussed. Then, by
using the extracted model, the SM controller is designed
to control the output current of the grid connected
multilevel flying capacitor inverter. Finally, developed
controller is investigated by PC based simulations in the
MATLAB/SIMULINK software.

System Modeling

Circuit topology of the grid connected flying capacitor
multilevel inverter is shown in Fig. 1. Also, phase-shifted
pulse width modulation (PWM) switching of the phase-A
is illustrated in Fig. 2. Similar waveforms can be
introduced for phase B and C due to symmetrical
operation of the different phases. In this figure, u, is
amplitude modulation index and control effort of the
phase A. Duty cycles of the S;, and S,, can be calculated
considering the similarity of the following triangles.

other report related to output current control in grid Ton, Ug+1
connected multi-level inverters. AABC~DBE : Dy = T " 2 (1)
In this paper, a novel approach for regulation of the Ton ug + 1
i id- ) ; AABC~AED : D, = —2 = (2)
output current in the grid-connected three-level flying 2 T 2
Flying capacitor 3-level inverter
Slil% Sﬁﬁ Slﬂﬁ
< < < Grid
a r‘ili 2%:‘#
* . e o n E S
Va Lo =cC, =C, 5 =C, i, L R [ i Or”’ n
- ‘ , P LN SN [ [ e s -
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Segh Sugh S 3|24
N %i}* — —
Load L

Fig. 1: Topology of the grid connected multi-level inverter.

218



State Space Modeling and SM Current Control of the Grid Connected Multi-Level Flying Capacitor Inverters

i, L R
fVV\_I\/W
v
n
1 @
N / N /
u — N y
AN / N\ /
t t
AN / N /
N/ u, N\ /
1 N/ 1 /
S, 1 SMT !
0 0 0 0 {
A 1 1 1 1
Sza l 0 P S2a 0 P
Switching 01 11 10 11 01 Switching 01 00 10 00 01
State State
v N e y
w | L L, v, Ve | Vo v.)
I IS S R A . I v,
f t
Ly q---------- Sl i — i, L - i,
t t
L I e -,
,,,,,,,,,, i IR I )
ca a IC(.‘ a
f t
———————————————————————— — —] e B ]
T, “ Tajj’: “
OST:__,ZA? - — « 0 STW_ 05T, = = — « 0.51'3,.‘:
Tg—w - ‘ T, —~ ‘
T

T
®)

Fig. 2: Phase shifted PWM switching of the first leg (a) for positive (b) and negative (c) control efforts (u,).

Clearly as u, is amplitude modulation index of the
inverter, so operation of the system can be divided into
two different modes. When u, > 0:

_ 1
Van = ? (vcaToffl + Vgc

T,

ong

14
== (U +1)

and foru, < 0:

Van = Ve, (Tonz) + (Vdc - Vca)

\%
— (g + 1)

Ton,
T

~ Ve Tor,)

(4)

So, line voltages of the three-phase system can be

written as:

(c)

_ v v
vaN=%(ua+1) =%(ua_ub)

Upn =%(ub +1);

ﬁab

— v,
Vpe = % (up —uc) (5)
v,

(e + 1)

Uen =

v
% (uc - ua)

ﬁca -

Equivalent model of the three phase system is
illustrated in Fig. 3 where n' is virtual ground of the
inverter DC link. So, average values of the three phase
voltages can be related to its corresponding modulation

index as:

v rzﬁu
an 5 Ya
v
ﬁbn’=%ub (6)
Lﬁ rzﬁu
cn 5 Ye
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Fig. 3: Equivalent model of the grid connected inverter.

So, equivalent model of the grid connected inverter
can be summarized according to Fig. 4.

L R

n n
Fig. 4: Summarized equivalent model of the system.

In a balanced three phase systems, n and n’ have a
same potential. So:

di, 1 _
Tt = L Wan' = Vg ~ Ria) (7)
di, 1 _
Fra 7 Won' = Vgy, = Rip) (8)
di, 1 _
d_tC ) (Wen' = Vgen, — Ric) (9)

With regard to current of the DC link capacitor and
considering i,, whileu, > 0, i, the following equation
can be written:

1
lagc = ?la(Toffl - Tonl) = la(l - 2D1)

=ia<1—2(u“;1)) (10)

= —lalUq

So considering the three phase system, current of the
DC link capacitor will be modeled as:

. . . . dvdc
ige = —(igug +ipup +iu,) =C ot (11)
and while u, < 0:
T, - T
ige =1, (M) = —i,u, (12)

Also, current of the C, can be summarized in different
operating modes as:
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. 1
U, >0: lca = Tla(_TOffl + TOffl) =0 (13)

. 1
u, <0:ig, = ¥1a(—T0r12 + Ton,) =0 (14)

So, if Ton, = Ton, and Tyrr, = Tyff,, average value of
the i, will be zero and voltage of the C; will not change
in steady-state and dynamic operational conditions of
the converter. As a result, voltages of the flying
capacitors are not an independent state variables and
hence the multilevel grid connected inverter in Fig.1 has
4 state variable which are currents of the coupling
inductors as well as voltage of the DC link capacitor.
Briefly, the following equations can be considered for
dynamics of the flying capacitors in phase shifted PWM
switching strategy:

dv, _ 0, dvcb _ 0, dv,, “o (15)
dt dt dt

So considering equations (6)-(9) and (11), averaged
state space model of the system can be written as
follows:

dig 7 R U

| |77 ° 0z !

. L 2L . _ngan

ﬂ 0 R 0 up [T ia 1

-1 il i _Z

i ZI Loy ZLI o ||z (16)
< 0 0 __ ﬁ ¢ 1

dt | L 2L acl | =T,

Qae) | Yo U Ve L %
e c c c

Sliding Mode Controller Design

Averaged state space model of the converter is given
in (16). In this section, an SM controller is developed for
output current control of the multilevel grid connected
inverter. As dynamics of the DC link capacitor voltage is
completely slow compared to output currents of the
converter, so during the SM controller design, changes
of the DC link capacitor voltage can be neglected for
simplicity of the developed closed loop system. So,
model of the converter dq0 frame can be rewritten as
follows:

R 0
-— —w
i L i
d |t R q
dt[l.d] w -3 0 [’.d
iy r|lio
0 T
I
L v
1 99
+0 —— 0 ||Vga
L 1| [Po0 (17)
:Vo 0 -7
e 0
2L u
Vic 1
+10 — 0 ||W
2L uy
Vdc )
0 0 ZJ
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It should be noted that f%¢ = [quo(e)]_lfqdo is
employed for transformation between abc and dq0
frames -where:

[ cos(0)

sin(6) 1]
| 2 ) 2m |
T-1(6) = cos(6 — —) sin(6 — —) 1 | (18)

|cos(0 + —) sin(8 + —) 1]

7), X(t) =[ig ia i ]T is state vector of the
dynamic model. In this case, Ug, Ug and u, are
controlling inputs of the system. Also, state variables of
the model are control outputs.

According to (17), distributed model of the grid
connected multilevel inverter can be rewritten as

follows:
. R 1 Ve

Xy =(—Zx1—wx2—zvgq) (ZL Ug) (19)
) R 1 Vae

X, = (a)xl - zxz - ngd) + (Zud) (20)
. R 1 Vac

X3 = (_ZX3 - ngo) + (ﬁuo) (21)

In the general form,

described as:

system dynamics can be

xl = fl(‘xll‘le‘x3l t) + bl('xll XZ, x3, t)uq
= (fi + fi) + (by + by )y, (22)

X2 = fZ (x11x21x3' t) -l: bZ (~x11x21 {3! t)lfd
= (o + f2) + (b2 + by)y, (23)

X3 = f3 (x11x21x3' t) -l: b3 (~x11x21 {3! t)lfo
= (fs + f3) + (bs + b3 )y, (24)

where f and b are nominal values of the model
parameters. Also, f and b are uncertainty of f and b
respectively. In order to control output current of the
inverter in d and g axes, two sliding surface can be
defined as follows:

S
S=a[Xyer — X| + BXine = S;]
_ [ O]Fﬁ—xﬂ
0 apfl(x; —x7)

(o} — x,)dt (25)

o dh@mm

where x; and x; are references of the state variables x;
and x,. As it is seen in (25), integrals of the current
errors are added to sliding surfaces to cancel the steady
state error of the response. In this equation, o and £ are

positive design parameters.

In order to present SM controller design in a general
form, state space model of the converter can be
rewritten in a compact form as follows:

X:[ ] (F+F)+(B+B)U

(26)
f1] by ] [
0 bz ud
The proposed SM controller includes equivalent
(uq, Uq) and nonlinear (fi4, fiy) components as:

. U u, +1i
U=U+U=[q]=[_q j] (27)
ug + iy

Nonlinear component of the SM controller is
responsible for improvement of the robustness and
stability of the system against changes of the uncertain

parameters. These components can be assumed as
follows:

q = kisgn(Sy) (28)

Ug = ksgn(Sq) (29)
Equivalent SM controllers can be obtained by setting

derivative of the sliding surface into zero in (25) as:
S=a(X,ep —X)+BXine =0 (30)
By substituting (26) in (30), equivalent SM controller

can be obtained in the general form as:

U = (E)_l(xref - F + O‘_lﬁxint) (31)

uq=

2 (alng + alL% — P1Llxy + B1Lx] + a1 Rx + alexz)

A1V
(32)
ﬁd =

2 (azvgd + azL% — B2Lx; + B,Lx5 + oy Rx, — aszx1>

A2V

(33)

Finally, according to averaged state space model of
the converter, equivalent sliding mode controller in (31)
can be summarized for three level grid-connected flying
capacitor as (32) and (33).

As it has been described previously, to improve
robustness of the proposed controller against changes of
the uncertain parameters, developed equivalent SM
controller in (31) is combined with a nonlinear
component.

= (B) (Xyef — F + a1 BX ;e + Ksgn(S)) (34)

where the parameter K is

221



N. Ghaffari et al.

K

_[k1 0] (35)

0 k,
The extracted SM controller in (34) has two parts.
First one is equivalent SM and second component
[Ksgn(S)] is used for improving stability and robustness
of the closed-loop system. It should be noted that the
equivalent controllers of the system are given in (32) and
(33).

Based on (30) and (34):
S=aX,.;—a(F + B(B) '(X,ef — F
+ @ BX iy + Ksgn(s))) (36)
+ pXint

In order to investigate stability of the developed
controller, the input matrix, B can be introduced as

B=B+B=(0+4)B |Aj <Dy i,j=12  (37)

where I,y, is an identity matrix. So, it is clear
that B(B)™! = (I + A). Also, elements of the A,,, are
defined as A,;.

According to (26), it can be concluded that A;,=
A,,= 0. 50, S in (36) can be simplifies as

S = —aha ' BXine + a(F — F)
— a(A + DKsgn(S)
- (XAXref + (XAF (38)

To evaluate stability and robustness of the proposed
controller, the following criteria should be considered

SiS < —wilSil (> 0) (39)

where y; is the design constant. Considering (38), (39)
can be simplified as follows for S;

51(051(]?1 - f1) —aik; (1 +Aq) sgn(S,)

- ‘81A11(x_f - x1)
+ “1A11(f1__ x7))
< |51|(a1|f1_f1| (40)
—aik; (1 — Dyq)
— B1Dylx] — xq]
+ a1D11|f1 - x;‘ )
< — S|

Since |fl- - ﬁ| < fimax, (40) can be reduced to

o f1 max — B1D111X] — X1 + O(1D11|f_1 - XI|

41
+ 1y < oyky (1 —Dyq) (41)

Similarly, (39) can be written as follows for S,
azfz,max — B2Dyalx; — x5 + a2D22|f_2 - X§| (42)

+ M < ok, (1 = Dyyp)
Considering (41) and (42), in order to guarantee the
stability of the developed SM controller, the control
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gains should be selected according to the following
conditions

kl = (1 - Dll)_l(fl,max
— oy "By Dy x] — x4

r “x - (43)
+ D11|f1 - X1| +ortyy)
k2 = (1 - D22)_1(f2,max
— a3 'B2D2,|x5 — X, (44)

+ D22|f_2 _X§| + oz ')

The final SM control law can be obtained by adding of
the nonlinear component into equivalent terms in (32)
and (33). Its block diagram is illustrated for u, in Fig. 5.
Also, in order to adjust voltages of the flying capacitor,
final modulation indexes of the multilevel inverter
should be modified. In fact, small changes should be
applied according to flying capacitor voltage error and
sign of the output current. This idea is shown for lag A in
Fig. 6 where u,,; and u,, are amplitude modulation
indexes for switches S;; and S,, respectively.

Fig. 5: Implementation of the proposed SM controller for u,.

s 0 ' | Au_ | |
an‘@_{ ke +kljedr | |X |

Ca i sgn

Fig. 6: Modification of the amplitude modulation index for
regulation of the flying capacitors voltage (phase A).

Finally, block diagram of the proposed controller is
shown in Fig. 7 The current controller is calculated based
on reference currents and grid voltage in dg frame.
Active reference current (i;*) is defined based on DC link
voltage error through a linear Pl controller. In shunt
compensators, there is no independent voltage source
on DC link and hence, DC link capacitor voltage is
regulated by absorbing an active power from the grid
which is equal to inverter power loss in shunt
compensators. Also, inactive reference current (iq*) is
calculated based on local load requirement. For example
in shunt active power filters, iq* is equal to inactive
component of the load current.
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Fig. 7: Block diagram of the proposed SM controller for grid connected multilevel flying capacitor inverter
Simulation Results Table 2: Controller gains
In order to verify response of the proposed current Parameter Value
controller in Fig. 7, grid connected three level flying X 0.8
capacitor inverter is simulated in MATLAB/Simulink kz') 15
software. a la 20
Nominal values of the system parameters as well as ﬁl'ﬁz 100
controller gains are listed in Table 1 and Table 2. kl' kz 1
To investigate the steady-state and dynamic 1,;, 2 0.05
responses of the proposed closed loop system in klj 61
i .

reactive power compensating mode, the 20kVA resistive-
inductive (RL) branch with 0.6 power factor is employed
as a main local load. Also, active power filtering
capability of the system is studied in the next tests.

Table 1: Nominal values of the system parameters

Parameter Symbol Value

Grid voltage(rms) 7] 220V

Grid frequency f 50Hz

Switching frequency fs 20kHz

DC-Link and flying C,Cq Cy

capacitors and C¢ 1200pf

DC-side capacitor reference Vi 300V

voltage
AC-side coupling inductor L 1mH
AC-side coupling resistor R 0.1Q

A. Test 1

In this test, considering nominal value of the RL local
load, response of the designed controller is investigated
during system startup. Reference values of the DC link
and flying capacitors are 800 V and 400 V respectively.
Reactive reference current (i;) of the closed loop system
is defined according to local load reactive component.
Also considering power loss of the inverter, the active
current reference (i;) is generated in the outer loop to
stabilize the capacitor voltages on their desired values.
According to Fig. 8a, Fig. 8b and Fig. 8c, it is seen that the
proposed controller is able to stabilize the reactive
power compensator satisfactorily. Also, during the
steady-state conditions, steady-state error of the system
state variables is zero. Due to reactive power
compensation through the grid connected inverter, grid
voltage and current are in phase after the transient
interval of the response.
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Fig. 8: Response of the system during startup and steady-state
conditions; (a) State variables and reference values, (b) Grid
currents and voltages, (c) Phase and line voltages of the
inverter.

B. Test2

In Fig. 9, dynamic response of the inner current
controller is evaluated. At first, it is assumed that outer
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controller regulates the DC link voltage without reactive
compensation. Then, in t=0.15s internal current loop is
activated to compensate the nominal RL local load. It is
seen that the proposed SM controller has fast dynamic
response and is able to stabilize the output current of
the grid-connected multilevel inverter with zero steady
state error.

C. Test3

In Fig. 10, dynamic response of the DC link and flying
capacitor voltages are studied. At first, the closed loop
system starts to compensate the nominal local load.
Then, DC link voltage reference is stepped up from 750 V
to 950 V. Also, references of the flying capacitor voltages
are increased from 375 V to 475 V. In spite of changes of
the reference voltage in a wide range, it is seen that the
outer loop is stabilizing the DC link voltage with fast
dynamics. Moreover, the overshoot of the response is
completely acceptable which guarantees safe operation
of the electrolyte type capacitors on the inverter’s DC
link. Furthermore, outer voltage loop has no steady state
error due to employment of the integral term in the final
controlling law of the controller.
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. 2 800 de (=
- v de
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o
=
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_ -
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Fig. 9: Transient response of the internal SM current
controller; (a) State variables and reference values, (b) Grid
currents and voltages.



State Space Modeling and SM Current Control of the Grid Connected Multi-Level Flying Capacitor Inverters

S
~ 950 | —Vac
*® ©
> / v¥
~ 750 ¢ de
23
=
> 550 L L )
0.05 0.1 0.15 0.2
~_~ 0 R =
< l
'k-c i
= -100 | a
-l-l-c
_200 1 L ]
0.05 0.1 0.15 0.2
~
0r .
g —
= =20 - i
o~ q
o-40F
0.05 0.1 0.15 0.2
Time(sec)
(a)
200 : .
2 lgb lgc
s R DSTIIISTITTN
.-5‘]5
-200 - !
0.05 0.15
— 50 -
NI
2 0f
.—JN
-50
g 0.05 0.1 0.15
)
=200 F v
X ga
o 0 —
E -200 ‘ ‘ \V/ ‘
L5 005 0.1 0.15 0.2
50 ¢
—_ 0+
<
. S0F
-100
-150 : - !
0.05 0.1 0.15 0.2
1k
=% 0 \/\/\/\/\/\/\/\J
-1F
0.05 0.1 0.15 0.2
Time(sec)
(b)

Fig. 10: Transient response of outer voltage controller during
step changes of the DC link voltage references; (a) State
variables and reference values, (b) Grid currents and voltages.

D. Test4

In Fig. 11, dynamic response of the proposed
controller during active power filtering mode is
illustrated. At first, system is started to regulate the DC
link capacitors. In this condition, reference of the i is
zero and inverter output power is equal to its power loss
to keep the DC link capacitors regulated. Then, in t=0.1s,
the internal SM control system is activated to
compensates the local load.

So, the grid current is non-sinusoidal before
compensation as it includes harmonic components of

the nonlinear load. It is seen that after startup of the
internal current loop, grid current will be pure sinusoidal
with acceptable THD value. It should be noted that THD
of the grid current is 20.61% before compensation that is
reduced to 1.34% after activation of the internal loop of
the proposed control approach.

So, proposed control strategy can be employed in
active power filtering mode as well. It is seen that,
spite of fast changes of the inverter reference current,
the proposed control strategy can track the reference
value accurately.
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Fig. 11: Dynamic response of the proposed controller during

active power filtering mode; (a) State variables and reference

values, (b) Grid currents and voltages, (c) THD of the load and
grid currents for phase A.

Conclusion

In this paper, a general purpose sliding mode
controller is proposed for output current control of the
grid connected multi-level flying capacitor inverter. The
proposed controller enjoys very fast dynamic response,
so it can be employed in wide ranges of application e.g.
reactive compensation and harmonic mitigation modes.
In active power filtering operation, it is able to eliminate
harmonic components of the grid from 20.61% to 1.34%
which is compatible with IEEE and IEC standards. The
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designed controller uses an external loop to control the
voltage of the inverter DC link and has a constant
switching frequency. The stability of the proposed
method has also been proved by using the Lyapunov
stability theory. The simulation results show that in
different operating conditions, the proposed controller
has a stable and robust response.
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Background and Objectives: Climate phenomena such as quantity of surface
evaporation are affected by many environmental factors and parameters,
which makes modeling and data mining difficult. On the other hand, the
estimation of surface evaporation for a target station can be difficult as a
result of partial or complete lack of local meteorological data under many
conditions. In this regard, satellite imagery can play a special role in modeling
and data mining of climatic phenomena, because of their significant
advantages, including availability and their potential analysis. Therefore,
addressing the improvement and expansion of machine learning methods
and modeling algorithms along with remote sensing data is inevitable.
Methods: In this research, we intend to study the ability of 11 machine-
learning modeling algorithms to model data and surface evaporation
phenomena using satellite imagery. We used two methods to prepare the
database: PCA and its opposite method using standard deviation and
correlation.

Results: The calculation of the Root Mean Squared Error (RMSE) indicated
that, in general, the use of the PCA method has a better result in preparing
and reducing the dimensions of large databases for all methods of machine
learning. The SEGPR model was ranked first with the least error (93.49%) in
the Principal Component Analysis (PCA) method, and the Artificial Neural
Network (ANN) model performed well in both data preparation methods
(93.42, 93.38), and the Classification-Tree-Coarse model had the highest
error in both methods (92.66, 92.67).

Conclusion: Consequently, it can be said that by changing the methods of
database preparation in order to train models, the modeling results can be
changed effectively.

©2021 JECEL All rights reserved.

Introduction

and parameters that comprise and contribute to

The loss of water from lakes, rivers, oceans, vegetation,
and the earth, as well as man-made structures such as
reservoirs and irrigation conduits, is a major concern of
hydrologists and irrigation specialists. This loss,
compounded by the lack of usable water in some areas,
indicates a need for field and laboratory research that
will contribute to the understanding of the processes

Doi: 10.22061/JECEI.2021.7563.406

evaporation [1]. Since the role of environmental
variables in the amount and distribution of surface
evaporation is undeniable, and the difference in the
surface evaporation of neighboring points in small basins
is justified by the involvement of local factors,
consideration of these factors are important in modeling
and analysis. In this regard, remote sensing technology
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plays an unparalleled role in obtaining surface
evaporation data, because satellite images have
advantages and privileges that the availability and
analysis of them are the most important points [2].
Considering the importance of changing the future
climate of the planet and the wide-reaching effects on
various aspects of meteorological and hydrological issues
on the planet, extensive efforts have been made to
extract climate data more accurately as well as less
costly, and fewer human and physical errors in
measuring climate data in the future. On the other hand,
evaporation is a non-linear process which occurs in
nature due to temperature differences [3]; the changes
in climate variables in regional scales are also not
explicitly  identified. Therefore, addressing the
improvement and extension of machine learning
methods and modeling algorithms along with remote
sensing data is inevitable.

In interpolation methods, a good number of scattered
terrestrial stations is required to be used in the target
area, so in areas where these conditions are not
available, one cannot expect an appropriate
approximation for the result of interpolation and
modeling [4]. In contrast, recently satellite imagery is
widely available at very low cost and even free of charge
[5]. Therefore, using remote sensing data to model
climate data is a convenient and economical way. In
recent times, the artificial intelligence approaches such
as coactive neuro-fuzzy inference system (CANFIS),
adaptive neuro-fuzzy inference system (ANFIS) which is
hybrid of artificial neural networks (ANN) and fuzzy
inference system (FIS), fuzzy-logic (FL) [6], radial basis
neural network (RBNN) which is a type of ANN, support
vector machines (SVM), generalized regression neural
network (GRNN) which is a type of ANN, genetic
algorithm (GA) [7], wavelet transformation (WT) and
multi-layer perceptron neural network (MLPNN) have
been significantly utilized in diverse fields such as
modeling daily evaporation [3, 8-11]. In order to model
the target data, the researchers used terrestrial station
data as inputs, which have many limitations. So many
researchers tend to use satellite imagery [2, 12-14]. In
studying model trees and the neural network for
modeling the rainfall, [15] concluded that tree models
could be a suitable substitute for the neural network for
precipitation modeling. Meike Kihnlein, in a study [16],
on improving the accuracy of rainfall rates from optical
satellite sensors with machine learning, showed that
using machine learning methods can accurately improve
the rates of precipitation even up to hourly rates. Dofia
et al [17] used remote sensing to estimate the temporal
variation of the flooded area and their associated
hydrological patterns related to the seasonality of
precipitation and evapotranspiration. He applied several
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inverse modeling methods, such as two-band and
multispectral indices, single-band threshold,
classification methods, artificial neural network, support
vector machine algorithm and genetic programming and
the genetic programming approach yielded the best
results, with a kappa value of 0.98 and a total error of
omission-commission of 2%. Xu et al [13] up-scaled
evapotranspiration from eddy covariance flux tower sites
to the regional scale with machine learning algorithms.
Five machine learning algorithms were employed for
evapotranspiration upscaling including artificial neural
network, Cubist, deep belief network, random forest,
and support vector machine. They demonstrated that
the artificial neural network, Cubist, random forest, and
support vector machine algorithms have almost identical
performance in estimating evapotranspiration and have
slightly lower root mean square error than deep belief
network at the site scale. On the other hand, in spite of
the considerable importance of preparing the initial data
to enter the model, in many cases it is not taken into
account as much as required.

In this research, we intend to investigate the
relationship between Landsat 8 satellite imagery and
terrestrial station data for surface evaporation quantity
using different machine learning methods, including
Artificial Neural Network, Neuro-Fuzzy (ANFIS),
Classification-Tree-Coarse, Classification-KNN-Coarse,
and Regression-Tree-Medium, Regression-interactions
linear, Fine Gaussian SVM, Medium Gaussian SVM,
Gaussian Process Regression- SEGPR, Ensemble-Boosted
Trees, and Ensemble-Bagged Trees. Then we compare
the different methods to find the optimal method. This
study was conducted with the following objectives: (i)
selecting appropriate input variables combination for the
models using two ways, one of them is Principal
Component Analysis (PCA) and the other one is applying
standard deviation and correlation as an indicator; (ii)
calibrating and validate the heuristic models with
selected input variables; and (iii) comparing the results
from the listed models with those of the interpolation
based models, IDW.

Technical Work Preparation
Study Area and Data Acquisition

The study area includes three provinces of Tehran,
Alborz and Qazvin in Iran, which are located between 48
°43'38.83"Eto53°09'11.70 “E longitude and 34 ° 50’
14.29 "N to 36 ° 47 ' 1.33 "N latitude at an altitude of
1495.9m above MSL (Mean Sea Level) Fig. 1. In Fig. 1,
the study area and the position of stations, which have
the ability to measure surface evaporation, are shown
on the region map. Daily surface evaporation data are
collected from Meteorological Organization and Water
Resources Management Organization of Iran.
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The primary data source was a series of Landsat-8
satellite images. The spatial resolution of the band 8 for
the satellite is 15 m; other bands (1,2,3,4,5,6,7,9,10,11)
have a spatial resolution of 30 m. The selected Landsat-8
scenes are path 164 / row 35 and path 165/ row 35,
which covers the extent of the area of interest. Scenes
that were mostly cloud-free from 2013 to 2016 are
obtained from the United States Geological Survey Earth
Explorer website [18]. All images were Level 1T products,
which have been precision and terrain corrected in the
GeoTIFF format and are in the UTM Zone 39S projection
and WGS datum [19]. The resulting dataset comprised
65 full scenes.

Preparing the Initial Datasets for Machine
Learning

Machine Learning (ML) depends heavily on data. It is
the most crucial aspect that makes algorithm training
possible and explains why machine learning became so
popular in recent years. Regardless of actual terabytes of
information and data science expertise, if data records
are not prepared and organized, a machine will be nearly
useless or perhaps even harmful. All datasets are always
needed correction. That’s why data preparation is such
an important step in the machine learning process. In a
nutshell, data preparation is a set of procedures that
helps make the dataset more suitable for machine
learning. In broader terms, the data preparation also
includes establishing the right data collection
mechanism. These procedures consume most of the
time spent on machine learning. Sometimes it takes
months before the first algorithm is built [20, 21].

z
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Fig. 1: Location map of the study area and Distribution of
terrestrial stations.

Knowing what must be modeled or estimated will help
to decide which data may be more valuable to collect.
When formulating the problem, data exploration must
be conducted, and it must be tried to think in the
categories of classification, clustering, regression, and
ranking. For instance, when an algorithm needs to
answer binary yes-or-no questions, classification is the
best method, or when it comes to finding the rules of
classification and the number of classes, clustering is a
suitable choice etc. Generally since the surface
evaporation dataset is formed by numerical values,
regression algorithm is more beneficial to this case [20,
21]; however, (i) it must be considered that surface
evaporation depends on numerous factors which makes
it too complicated to be formulated accurately; (ii) On
the other hand, It is tempting to include as much data as
possible. Since the target attribute (what value you want
to model) is known, common sense will guide the
further. It can be assumed which values are critical and
which are going to add more dimensions and complexity
to the dataset without any useful contribution. This
approach is called attribute sampling. (iii) Since missing
values can tangibly reduce prediction accuracy, this issue
must be addressed as a priority. In terms of machine
learning, assumed or approximated values are “more
right” for an algorithm than just missing ones. Hence in
this study, all the well-known methods of machine
learning are almost applied with two statistical data
preparation techniques, one of them is PCA and the
other one is the way which uses standard deviation and
correlation, in order to find the best algorithm for the
purpose of the study.

A. Determining Optimal Bands Using PCA Technique

Major databases are increasingly expanding and
publicizing, while making them more difficult to
interpret. Principal Component Analysis (PCA) is a
technique for reducing the size of such databases,
increasing the capability of interpreting, and
simultaneously minimizing data problem. The PCA
technique does this by creating a new variable that
maximizes the variance successively [22]. Table 1
illustrates the result of PCA technique. All bands of
Landsat-8 images except for bands 8 and 11 were used
to extract 4 optimal bands.

B. Determine Optimal Bands Using Standard Deviation
and Correlation

Using standard deviation and correlation statistics,
parameters that have greater correlation and amplitude
than each other are determined, and then a number of
optimal parameters is used instead of using all of the
parameters. In this study it is done according to (1). This
formula is set for three parameters but it is applied for
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five parameters (including four bands of satellite imagery
and surface evaporation values):

* (std(B1) + std(B2) + std(B3))

- |corr(B1, B2)| + |corr(B1,B3)| + |corr(B2,B3)| (1)

where x is the benchmark for optimization, B; is
parameter (bands and surface evaporation value), std

and corr are standard deviation and correlation
respectively. The x index in (1) was calculated for all
possible states in selecting 4 among 9 bands of satellite
images. The state which had maximum value of the
optimization index is considered as the best quadr-
combination of 9 bands of landsat-8 images. The
selected state was the combination of bands 1, 2, 9, and

10. Table 2 shows the result of calculations.

Table 1: The result of the PCA technique. Extraction of four optimal parameters using nine satellite image bands and with respect to
surface evaporation values (where B1, B2, ... are bands of satellite images, SE is surface evaporation values and P1,P2,.. are PCA

method outputs).

B1 B2 B3 B4 B5 B6 B7 B9 B10 SE(mm) P1 P2 P3 P4 SE(mm)
89.901 90.358 89.790 84.962 65.623 18.771 5.453 0.171 10915 6.6 -0.739 -0.756 -0.067 -0.061 6.6
81.208 83.540 87.441 86.594 68547 19.050 5.144 0.144 9.718 3.1 6.164 -3.217 1.999 0.643 3.1
85.637 86.940 83352 76.810 68.990 15933 4.429 0.165 10.383  10.9 -0.287 1.138 -0.058 0.234 10.9
75.756  75.191 70.831 74.459 64.291 15270 3.951 0.114 8.206 3.5 -0.413 0.443 -0.104 -0.069 35
100.999 104.870 111.148 111.205 80.569 23.728 7.140 0.190 12.126 11 -0.295 1.289 0.069 -0.171 11
108.146 110.718 107.014 97.934 66.238 17.571 5264 0.199 12254 15 -0.905 0.713 -0.082 0.743 15
108.220 106.200 97.357  83.510 80.723 14.908 3.963 1.700 8.051 8.7 -1.460 -0.177 -0.056 0.508 8.7
79.493  82.053 85722 82.855 65064 17.944 4.952 0.208 8.961 2.6 -1.549 -0.456 0.103 -0.158 2.6
74560 72.920 71325 73.404 58903 14.413 3.984 0.116 11.620  10.6 -1.482 0.178 0.012 0.617 10.6
61.609 58271 53.319 52317 40409 10.218 2.820 0.082 9.775 5.4 -1.680 0.234 0.261 0.051 5.4

Table 2: The result of calculations using equation (1). Extraction of four optimal bands using nine satellite image bands and with
respect to surface evaporation values (where B1, B2, ... are bands of satellite images, SE is surface evaporation values and the item
specified in the middle table is a suitable combination of satellite imagery bands).

B1 B2 B3 B4 B5 B6 B7 B9 B10 SE(mm) Bl B2 B9 B10 SE(mm)
State X
300.92 310.34 275.27 242.53 156.84 26.02 7.14 5.85 4.11 1.7 B1,82,B4,B10,SE 197.45 300.92 310.34 5.85 4.11 1.7
198.18 198.89 169.72 146.19 93.33 13.43 3.89 399 4.26 3.2 B1,B2,B5,B6,SE 52.66 198.18 198.89 3.99 4.26 3.2
265.91 272.65 228.21 200.82 130.33 16.66 4.32 3.70 4.19 13 B1,B2,B5,B7,SE 48.90 265.91 272.65 3.72 4.19 13
267.38 240.27 235.58 206.36 133.30 17.62 4.62 5.08 3.88 13 B1,B2,B5,B9,SE 46.20 267.38 272.16 3.70 3.88 13
236.44 273.45 205.74 179.50 11560 14.53 4.26 5.37 3.94 2.4 B1,B82,B5,B10,SE 167.80 236.44 240.27 5.08 3.94 2.4
268.55 285.21 232.88 203.74 130.84 15.71 429 6.72 3.85 1.8 B1,B2,B6,B7,SE 47.97 268.55 273.45 5.37 3.85 1.8
279.17 267.14 247.85 216.60 139.04 16.83 4.76 8.01 3.38 3 B1,B2,B6,B9,SE 55.83 279.17 285.21 6.72 3.38 3
262.84 291.40 227.43 200.02 12873 8.10 3.09 12.61 2.76 33 B1,B82,B6,B10,SE 177.32 262.84 267.14 8.01 2.76 33
322,41 327.09 281.54 24448 156.40 7.56 2.78 6.82 3.52 3.8 B1,82,89,B10,SE 282.454 322.41 327.09 6.82 3.52 3.8
228.78 23234 196.86 172.96 111.20 6.55 235 526 3.44 0.8 B1,B3,B4,B5,SE 48.133 228.78 23234 5.26 3.44 0.8

Machine Learning Algorithms

In general, 11 machine learning methods were used
to model the surface evapotranspiration using satellite
imagery. In this section, each of which is briefly
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A. Artificial Neural Network (ANN)

Neural network is one of the techniques of machine
learning that its application in modeling and predicting
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many phenomena including climate phenomena has
been proved in numerous studies. Sulaiman and Wahab
[10] describe the modeling and prediction of heavy
rainfall. Although it is difficult to model and predict
climatic phenomena, machine learning methods,
especially artificial neural networks, are reliable and it
can be used for climate phenomena such as precipitation
and surface evaporation [4].

B. Neuro-Fuzzy (ANFIS)

An artificial neural network based on the Takagi-
Sugeno fuzzy system [23]. Since this system combines
neural networks and fuzzy logic concepts, both of them
can be used in the same frame [24].

C. Classification-Tree-Coarse

This technique is a tool to support decisions that use
trees to model. The Decision Tree is commonly used in
various research and operations. Specifically, in the
decision analysis, it is used to identify the strategy that is
most likely to reach the goal. Another use of Decision
Trees is the description of conditional probability
calculations [25].

D. Classification-KNN-Coarse

The KNN algorithm is one of the simplest data mining
and classification algorithms. This algorithm performs
simple classification operations and returns reliable
results as predictions. In a literal sense, this method
chooses the tracks in which the selected neighborhood
has the highest number of records attributed to them.
Therefore, traces that are more closely related to each
other in the K nearest neighbor are considered as the
new record category [26].

E. Regression-Tree-Medium

This method is one of the machine learning regression
techniques that uses a decision tree to predict and
model, and acts as a combination. Classification and
regression tree algorithm is one of the widely used
algorithms in water resources management related
fields since it is easy to understand and interpretable
prediction model [27, 28].

F. Regression-Interactions Linear

Linear regression is a modeling method and the
relationship between an associated variable and one to
several other variables that can be used to solve many
real-world problems. Regression interactions allow for
the detection of effect heterogeneity but require that
heterogeneity is a linear function of an observed and
reliably measured predictor of heterogeneity [29].

G. Fine Gaussian SVM
One of the most common methods in the data
classification domain is the SVM algorithm or support

vector machine. In simple terms, support vectors are a
collection of points in the n-dimensional data that

defines the boundaries of the categories, and the
classification of the data is based on them, and by
moving one of them, the output of the classification may
be Change [30].

H. Medium Gaussian SVM

SVM is basically a binary separator. A multi-class
pattern recognition can be achieved by combining two-
class vector machines [30].

I. Gaussion Process Regression- SEGPR

Gaussian process consists of a set of random variables
as one of the new methods of data mining, with its
normal characteristics and using kernel functions, has a
high ability to solve nonlinear problems. The Gaussian
regression models are based on the assumption that the
regulatory observation should carry information about
each other. Gaussian processes are a way to specify the
priority directly on the function space [31].

J. Ensemble-Boosted Trees

Instead of using only one decision tree, Ensemble
methods use the combination of multiple decision trees
to predict better performance. The main idea behind
these models is that weaker learners combine to form a
stronger learner [32]. Boosting is an ensemble technique
to create a collection of predictors. In this technique,
learners are learned sequentially with early learners
fitting simple models to the data and then analyzing data
for errors. In other words, consecutive trees (random
sample) are fitted at every step, and the goal is to solve
for net error from the prior tree.

K. Ensemble-Bagged Trees

Bagging is another Ensemble technique that is used
when the goal is to reduce the variance of a decision
tree [32]. Here idea is to create several subsets of data
from training sample chosen randomly with
replacement. Now, each collection of subset data is used
to train their decision trees. As a result, we end up with
an ensemble of different models. Average of all the
predictions from different trees are used which is more
robust than a single decision tree.

Results and Discussion

In this study, after preparing (or so-called GIS-Ready)
the surface evaporation data for 40 stations, along with
corrected reflectance values of their Landsat-8 satellite
imagery, four optimal bands of the nine bands
(1,2,3,4,5,6,7,9,10) are selected in Landsat-8 satellite
imagery to continue the work. In this study two ways are
applied: first one through the PCA method and the other
one with using (1).

In each of these two methods the data is divided into
two categories: Train and Test.

In the next step, in order to model the relationship
between satellite images and surface evaporation values

233



E. Norouzi et al.

and generate a decision function, train data is
introduced into each of the modeling methods described
briefly in the previous section, then the simulator or
decision function is obtained for each of them.

Since 11 machine learning methods have been
applied, 11 functions are obtained for the PCA method,
and then 11 functions for the second method (Optimal
Index).

Models’ accuracies were evaluated according to (i)
the Root Mean Square Error (RMSE) statistic and (ii)
compared with the generated map of the interpolation
method.

The RMSE can be expressed as

N
1
RMSE = NZ(SEi,observed - SEi,predicted)z (1)
i=1

where N is the number of data points used in the study
and SE represents surface evaporations.

A. Modeling Daily Surface Evaporations Using PCA
Technique

In this part, mentioned machine learning methods
were applied for estimating surface evaporations of 40
stations on the study area using 4 optimal bands
obtained by the PCA method. In PCA method, all satellite
image bands are used to select the optimal bands for
modeling. Each band has a coefficient, and the stronger
the bands are related to the data, the larger the
coefficient. Table 3 gives the test results of the applied
models in estimating surface evaporation data. RMSE
values range from 7.9417 to 8.9458 mm for the 11
models. The minimum RMSE value were found for
SEGPR algorithm (test set) while the Classification-Tree-
Coarse model provided the worst accuracy. Therefore,
according to RMSE values in this study, SEGPR is known
as the best method among other applied algorithms for
surface evaporation modeling. Figure 2 illustrates the
error variation of the test results spatially for the SEGPR
models. From the figure, it is clear that all the models
generally provided similar accuracy.

Table 3: Test results of the applied models in estimating surface evaporation by using PCA technique

Machine Learning Algorithms RMSE (mm) 100 - Normalized RMSE (%)
Artificial Neural Network 8.017072 93.42863
Neuro-Fuzzy (ANFIS) 8.158462 93.31274
Classification-Tree-Coarse 8.945852 92.66733
Classification-KNN-Coarse 8.77615 92.80643
Regression Interactions Linear 8.3724 93.13738
Regression-Tree-Medium 7.9729 93.46484
Fine Gaussian SVM 8.1792 93.29574
Medium Gaussian SVM 7.9944 93.44721
Squared Exponential GPR 7.9417 93.49041
Ensemble Boosted Trees 7.9928 93.44852
Ensemble Bagged Trees 8.0257 93.42156

Fig. 2: The error variation of the test results spatially for the SEGPR model. From the left, the map obtained from the IDW
interpolation method and the SEGPR machine learning algorithm and spatial distribution of errors.
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B. Modeling Daily Surface Evaporations Using the X
Index in (1)

At this stage, all the steps taken for output of the PCA
technique are performed in the previous section for the
optimal bands obtained from the index X (introduced in
Section 2) method. The 11 machine learning methods
are applied for estimating surface evaporations of 40
stations in the studied area using 4 optimal bands
obtained by the index X. Table 4 shows test results of the
applied models in estimating surface evaporation data.

The minimum and maximum RMSE values are 8.0649
and 8.9417 for Artificial Neural Network and
Classification-Tree-Coarse methods, respectively.
Therefore, according to RMSE values in this study, the
neural network method is known as the best method
among other methods for modeling surface evaporation.

Figure 3 illustrates the error variation of validation
results spatially for the Artificial Neural Network model.
It is also clear from the results of this section that all
models generally offer the same precision.

Table 4: Test results of the applied models in estimating surface evaporation by using the x index

Machine Learning Algorithms RMSE (mm) 100 - Normalized RMSE (%)
Artificial Neural Network 8.064963 93.38937
Neuro-Fuzzy (ANFIS) 8.120741 93.34365
Classification-Tree-Coarse 8.941777 92.67067
Classification-KNN-Coarse 8.482914 93.04679
Regression Interactions Linear 8.64715 92.91217
Regression-Tree-Medium 8.0694 93.38574
Fine Gaussian SVM 8.208877 93.27141
Medium Gaussian SVM 8.189189 93.28755
Squared Exponential GPR 8.1486 93.32082
Ensemble Boosted Trees 8.270296 93.22107
Ensemble Bagged Trees 8.17696 93.29757

Generally, calculating Root Mean Squared Error
(RMSE) indicated that the use of PCA technique in
preparing and reducing the dimensions of large
databases has better results for all methods. On the
other hand, in the method of Optim index factor (OIF),
normalization is performed neither for remote sensing
data nor the surface evaporations, but in the PCA, the
normalization has been taken into account for only
remote sensing data, and surface evaporation values are
intact into modeling algorithms. Therefore, significant

changes are seen in the mean square error of the PCA
method compared to the OIF. Therefore, it is easy to see
the effect of normalization and the use of the PCA
method in preparing and reducing the size of large
databases in Table 3 and Table 4. Most models have very
close RMSE values, which proves that machine learning
decision making models are valid in modeling climatic
phenomena such as surface evaporation using remote
sensing data, and applying these decision models for
modeling and data mining is inevitable in the future.

Fig. 3: The error variation of the test results spatially for the ANN model. From the left, the map obtained from the IDW
interpolation method and the ANN machine learning algorithm and spatial distribution of errors.

In the method of OIF, the least error belongs to
Artificial Neural Network method and the maximum
error is related to Classification-Tree method. In the

opposite manner, using the PCA technique, SEGPR with
the least error and the Classification-Tree model still
with the highest RMSE have the highest and lowest
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ratings, respectively. Artificial Neural Network (ANN)
model has a good performance in both methods, and the
Classification-Tree model has the highest error in both
methods. Therefore, it is clear that by changing the
methods of database preparation in order to train the
models, the modeling results can be changed effectively.

Conclusion

With regard to the importance of changing the future
climate of the planet and the wide effects on the various
aspects of meteorological and hydrological issues,
extensive efforts have been made in order to extract
climatic data, more accurate and at the same time less
costly and without human and physical errors in the
future. On the other hand, the changes in climate
variables in regional scales are not explicitly identified,
they depend on a large number of local factors. Hence,
addressing the improvement and expansion of machine
learning methods and modeling algorithms using remote
sensing data is inevitable. One of the outputs of this
research is simulation models for data mining through

satellite imagery, which is shown in Fig. 4. This figure
shows an example of these products.

In this research, in order to study the appropriate
methods for modeling and data mining for the surface
evaporation, we employed the important methods of
the machine learning and the time series of remote
sensing and meteorological data and their integration, as
well as the impact of the use of the methods like PCA
and OIF which were used to prepare data due to training
the models.

According to the results obtained in the previous
section, the Artificial Neural Network model had
acceptable result in both methods and it was quite
evident that the impact of the methods of database
preparation could be impressively significant. Since the
discussion of data preparation in order to training
modeling algorithms has not yet been sufficiently
considered, and given the significant effect of this on the
results of the obtained models, it is suggested to pay
more attention to this issue in future studies.

Fig. 4: An example of this study’s products. Top, four optimized bands selected by using PCA technique, Down, Surface evaporation
map prepared from these optimal bands through the ANN algorithm.
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Background and Objectives: Dielectric Barrier discharge (DBD) is a suitable
method to generating Non-thermal plasma at atmospheric pressure, which
utilizes Pulsed power supplies as exciters. Increasing pulse voltage range and
frequency and compactness are important issues that should be taking into
consideration.

Methods: The high voltage pulse generators which are introduced in the
literature have some disadvantages and complexities such as need of additional
winding to reset the transformer core and operating under hard switching which
increases electromagnetic noise and loss. The leakage inductance of the high
voltage transformer increases the rise time of the pulse which is undesirable for
DBD applications. The energy stored in the leakage inductance causes the
voltage spike across the switch, witch necessitates the use of snubber circuits.
The main contribution of this paper is a new high voltage pulse generator with
the following characteristics, 1) a capacitor is paralleled with the main switch to
reset the transformer core and to provide the soft switching condition for the
switch. 2) The resonant charging technique is used which doubles the secondary
winding voltage which reduces the turns ratio of high voltage transformer for a
certain output pulse peak. 3) The sharpening circuit using magnetic switch
produces a sharp high voltage pulse.

Results: The proposed high voltage pulse generator is designed and simulated
using Pspice software. To verify the theoretical results, a prototype with the
input voltage 48 V, the output voltage pulse 1.5 kV, and the rise time of the
output pulse 50 ns is constructed and tested.

Conclusion: This paper proposes a new pulse generator (PG). The proposed PG
uses three techniques named forward, resonant charging, and magnetic switch
to produce a high-voltage nanosecond pulse. The resonant charging double the
secondary voltage of the pulse transformer, which causes reduction in turn ratio
of the pulse transformer and decreases the weigh, volume, and price of the PT.
The magnetic switch section finally produces a nanosecond high-voltage pulse.
The magnitude of the output pulse can be varied using the input source voltage,
the MS reset current and the duty cycle. The core of the pulse transformer
resets by using a capacitor paralleled with the switch and the PG does not need
any additional reset winding like the conventional DC-DC forward converter.

©2021 JECEL All rights reserved.

Introduction

Non-thermal plasma has various industrial
applications such as ozone formation, exhaust gas
treatment, surface modification of materials, engine

Dielectric barrier Discharge (DBD) is an applicable
technology for generating Non-thermal plasma at
atmospheric pressure.
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ignition systems and so on [1]-[10]. At first, high voltage
ac power supplies were used to excite DBD reactors. But
DBD generated by an AC source of periodic sine waves
has a relatively low energy input [11], [12]. With the
development of semiconductor devices, high voltage
pulsed power supplies replaced by ac power supplies for
DBD excitation [13]-[16]. Many studies have shown that
output pulse parameters of pulsed power supplies like
voltage amplitude, rise time and pulse width affect
significantly the quality of plasma generated by DBD
[17]-[19]. The pulse amplitude is in order of KV,
depending on the load requirements. As the pulse rise
time decreases, electric field intensity increases in a
short time in air gap and produces the higher energy
electron to excite and ionize gas molecules [20].

In [21]-[23], three non-isolated solid state pulse
generators (PGs) are presented with the combination of
pulse forming network (PFN) and boost converter using
many MOSFETs switches, capacitors, and inductors. The
boost converters provide the initial voltage conditions
for the PFNs capacitors. A non-isolated pulse generator
is proposed in [24] to produce the high-voltage square
waveform. The peaking switch is a serried combination
of the low voltage switches. Moreover, the proposed
converter needs a high voltage power supply at the input
side. A non-isolated solid state pulse generators is
presented in [25] using buck-boost technique to provide
unipolar and bipolar high-voltage output pulses. The
significant mentioned merit of the proposed PG is that
the peaking switch tolerates the half of the output pulse
voltage magnitude. A combination of a solid-state Marx
generator along with the MPC network is proposed in
[26] with six IGBTs, three diodes, and two magnetic
switches. A boost inverter non-isolated based pulse
generator is presented in [25] to produce the bipolar
high-voltage pulses. Generally, the non-isolated solid
state pulse generators need too many solid-sate
switches to control the maximum voltage stress across
the switches, which increases complexity and cost and
decreases reliability.

Moreover, the magnitude of the output pulse voltage
is limited because the voltage stress across the switches
is comparable with the peak of the output pulse voltage.
The pulse transformer applied with solid state pulse
generators has several merits such as establishing the
galvanic isolation between the input and output lines,
reduction of the maximum voltage stress across the
switches, using the low voltage source at the input line,
and makes the switch gate driver simpler. In [27], a
modaular isolated pulse generators is proposed using full
bridge multilevel technique. In addition, another
modaular solid state pulse generators is presented in [28]
with the buck chopper technique. In the modular
strategies, each module is independent in terms of
power supply and pulse generation; therefore, too many
components are required. These modular pulse
generators are reasonable in the view of the price and
complexity for high power application. A compact
unipolar nanosecond pulse generator is presented in
[29] for DBD applications with two inductors, three
capacitors, a pulse transformer and magnetic switch. An
isolated PG is presented in [30] with the parallel
resonant technique using a transformer, four switches,
two capacitors, and a magnetic switch.

This paper proposes a PG with forward technique.
The conventional DC-DC forward converter needs an
additional winding with complexity to reset the
transformer. The proposed PG employs a capacitor
paralleled with the switch to reset the transformer. The
high-voltage pulsed capacitor is resonantly charged using
the leakage inductance of the pulse transformer
maximum to twice the secondary winding voltage, which
decreases the turn ratio of the pulse transformer,
volume and weight, also the efficiency increases. The
energy stored in the leakage inductance of the
transformer is lost in the resistor-capacitor-diode (RCD)
clamp circuit in [15], [16] but the proposed PG employs it
beneficially. Moreover, the switch of the PG operates
under the low voltage condition.

Modes Analysis of the Proposed PG

li LN s, Lk D
=4 = v
- - P
! S|+
ILm l Lm vp Vs Cs2=

AC -
220V® Cin=—

> 51 CSJ—T@
F 1 T

Fig. 1: The Proposed high voltage pulse generator
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Figure 1 shows the structure of the proposed forward
pulse generator. As shown, the proposed PG includes a
pulse transformer (PT) modeled by the magnetizing
inductance Lm and ideal transformer by the turns ratio
1:N and the leakage inductance L, the switch S;, the
capacitor Cs; for resetting the PT, the high-voltage diode
D, the high-voltage capacitor Cs;, the magnetic switch
(MS), and the resistor R used to stabilize the output
waveform. When the switch S; is turned on, the low
voltage V; is stepped up by the pulse transformer and the
capacitor Cs, is resonantly charged maximum to twice
the peak voltage of V. After the capacitor Cs, is fully
charged, the magnetic switch is opened and the output
pulse voltage with the fast rise time is established. Two
main modes is identified for the proposed PG, which is
analyzed in details, and the key waveforms are
considered.

A. Capacitor Charging (Cs;) Mode

This mode begins when the switch S; is tuned on. At
the low voltage side, the voltage V; is placed on the
primary winding of PT and as shown in Fig. 2 the
magnetic inductance L, is charged as the following
equation:

i) = b (t0) 4 7 (0~ ) (1)

At the high voltage side, the voltage V; is converted to
the high voltage Vs through the PT. The model of this
mode to analysis the high voltage section is shown in Fig.
3. During this mode, as shown in Fig. 2, the high voltage
capacitor Cs, is charged resonantly as follows:

Ves2 () = V(1 — cos(w(t — tp)) (2)

where w is the resonant frequency of the resonant
charging and is obtained as follows:

1
0= 3)

v LiCsz

Moreover, the current is flowing the resonant circuit
is achieved as follows:

is(t) =V, @sin(w(t —to)) (4)
Ly

From (4) and Fig. 2 the maximum peak current
following the diode D is given as follows:

C
lgm = Vg ﬁ (5)

The charge time of the capacitor Cs, as shown in Fig. 2
is obtained as follows:

Tep = /Ly Cs; (6)

Vaste DT >
>
. tO | t4 Tst
PP/ Ism_
-
imas t
Im- —-\
7/ 'Im ----- 4

VST Vs

t
Vecsaa . VCSQ
«JTon /j'
VRaA i Vp t
Vesiqp t
i . - >
Capacitor Charging (Cs2) Pulse Generation t

Fig. 2: The proposed PG key waveforms. (a) Capacitor charging
(Csy). (b) Pulse generation.

Is Lik
- Yy EI
. +
Vs=nVi +
— ? CSZ: — VCSZ

Fig. 3: The model for analyzing of the proposed forward
PG in capacitor charging (Cs,) mode.

As shown from Fig. 2, the maximum voltage of the
capacitor Cs, is equal to 2Vs, therefore the turns ratio of
the PT can be reduced. This event can save the copper
and reduce the volume and weight of the PT. The
equivalent circuit of this mode is illustrated in Fig. 4a.

B. Pulse Generation Mode

When the charge of the capacitor Cs, begins at ty, by
neglecting the leakage current of the MS, the whole
voltage of Vs, is placed across the MS. The flux density
of the MS core changes as follows:
to+Tch

Bys(t) =B (t)+7j
MS mstho) T A .

Vs (t)dt (7)
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where Nys and Ays are the turns ratio and the cross
section of the MS respectively as shown in Fig. 6a. In this
circuit a reset circuit can be used to adjust the term
Bus(ty). The integral term of (7) is equal to the below
area of the voltage Vs, from t; to t;, as shown in Fig. 2.

At the end of the previous mode, the flux density of
the MS reaches to the saturation flux density and the MS
is saturated. The value of this inductance is small and the
circuit model of this mode at the high voltage side is
shown in Fig. 4b.

The differential equation of the current iys is obtained
as follows using KVL inside the circuit shown in Fig. 4b:
R diys 1

d?iys + =0 (8)
dtz "L, dt L™ T

The damping factor (DF) of (8) is defined as follows:

_R [Cs
i=5 [ (9)

Based on the value of the DF, there are three answer
categories for the equation (8). The following equations
are related to the over damped condition (¢ > 1):

iMS = Ale_slt + Aze_szt (10)

;= —w(E++/82-1) (11)

s, = —w(E—+82-1) (12)
A= 1 % dA; =—-A 13
1_51—52Lsan 1= T4z (13)

The equations related to the critically damped
condition (¢ = 1) are given as follows:

iys = (Ast + Ay)e~ ¢t (14)
li 1:N s, Lk D

— —

L] Ld

+ + | +
Itm | »Lm vp Vs Cs2 VCs2

L+
T

l

S1

Cs2 Vis2 R<Z&wo

Fig. 4: The equivalent circuit for each operating mode of the
proposed forward PG. (a) Capacitor charging (Cs,) mode, (b)
Pulse generation mode.
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Fig. 5: The waveform of the voltage Vi versus time with
Vo=2kV, Ls=1uH, and R=300 ohms, based on the various
damping factor (DF).
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Fig. 6: (@) The image of the magnetic switch, (b) The
equivalent circuit of the magnetic switch section.

As = Z—‘S’and A,=0 (15)

The following equations are related to the

underdamped condition (£ < 1):

ins = Ase™%t cos(wgt) + Age ™St sin(w,t) (16)

V.
A; = OL and As = 0 and wy = w41 — &2 (17)

Wq Lig

Figure 5 shows the voltage Vi corresponding to the
various DF using (10), (14), and (16). As shown, when the
DF increases for a certain Vj, Ls, and R, the peak value of
the output pulse Vy increases at the cost of increasing
the fall time of the V.

Moreover, by decreasing the DF, the oscillations
appears on the Vi waveform. The magnetic switch in the
critical damping has a fast fall time without any
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oscillation. Based on the load requirements, the DF can
be adjusted.

At the low voltage side, the magnetizing inductance
Lm establishes a resonant circuit with the input voltage
V;and Cs;.

The following equations are determined for both i;
and V.

ves1(t) = V(1 — cos(w; (t — t,)))

m .
i(t—t 18
t im0 8
, Iy
L = Cs1wi(C © cos(w;(t — t,))
510W;

+ Visin(ay(t — £))) (19)

where |, is the current of i; at t; and the w; is given as
follows:

1

VTnCs: 0

During this mode, the current of |, is reversed, from
(1) the following equation is determined as follows:

w; =

— ViTch

oL (21)

L,

During this mode, the PT core becomes reset using
Csq. The conventional forward DC-DC converters employ
an additional winding to reset the transformer, which
makes the circuit complex.

Design Procedure of the Proposed PG

By considering the roles of the magnetic pulse
compression, resonant charging circuit and the PT, the
turns ratio of the PT is designed as follows:

)7

(22)

where from Figure 2, V, is the peak of the output voltage
pulse, and K; is defined as follows:

V,
K, = cs2
Vp

(23)

The K; coefficient is related to the magnetic pulse
compression and is dependent on the DF. For example,
for the over damping condition the value of K; is one.

By considering the fixed values for the load resistance
R and the saturation inductance Ls, for a certain DF, the
capacitor Cs, is determined as follows:

23

Csa = (F)%Ls (24)

According to Fig. 2, and using equations (2) and (7),
the following equation is given for the magnetic switch:
Tcth — TchNVL'
2AB 2AB

NysAys = (25)
By choosing a core with a certain cross section, the
turns of the MS is obtained. The flux density of the MS
core can be adjusted using a reset circuit.
The current stress of the switch S; and diode D are
achieved from (4) as follows:

C
IDmax = Vs L_SZ (26)
lk
C
ISlmax = NVS L_SZ (27)
lk

The voltage stress of the diode D and the switch S1 is
given as follows:

VDmax = ZVS (28)

Vsimax = max(Vsq) (29)

From (21), for a given I,,, the magnetizing inductance
is calculated.

For a given |, and a maximum voltage for Cg; from
(18) the capacitance Cs; is calculated. The switch S; is
selected based on maximum voltage and current across
the switch. The equations (27) and (29) present the
maximum current and voltage of the switch S,
respectively.

Simulation Results

The proposed SSPG with the following specifications:
Vi= 48 V, fs=1kHz, Vp=2kV, Ls= 1uH, N=21, Lm=50uH,
Cs:=100nF, Cs,=10nF, { = 15, Q=.03, Nys=30, Ays=1 cm’,
and Ferrite material for the core of the PT is designed
based on the previous section and is simulated using the
Pspice software. Figure 7a shows the waveform of the
voltages V¢s; and Vi As shown, the capacitor Cs, is
charged resonantly to twice of the voltage Vs. When the
charge of the capacitor Cs, is ended, the MS opens and
the output pulse is generated. Figure 7b illustrates the
waveform of the input current i; and the voltage of the
switch S;. Due to the resonant charging performance,
the input current is half a sinusoidal waveform.
Moreover, the voltage across the switch S; is low due to
the PT and the resonance between the magnetizing
inductance and the capacitor Cs;.
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Fig. 7: The key waveforms of the proposed PG. (a) The voltage
of the capacitor Cs, and the voltage Vi. (b) The input current

and the voltage across the switch S;.

Experimental results

According to the design section, aij;

prototype

constructed to verify the theoretical results. Figure 8
illustrates the experimental proposed PG.

Fig. 8: The prototype configuration and construction of the
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proposed PG.

Table 1 shows the circuit specifications of the
prototype. The input voltage of the proposed PG is 48V
and the peak of the output pulse is chosen 1.5 kV. At

first, the PT converts the input voltage 48
then the resonance charging stage doubl
750V to 1.5kV. Designing the turn ratio
guarantees that the output pulse is produ
of the resonance charging operation.

V to 750V and
es the voltage
50 for the MS
ced at the end

Table 1: The circuit specification of the prototype

Symbol Parameters Value
Vi Input voltage 48V
Vp The output pulse peak 1.5 kv
Vesa The voltage peak of the 1.5kv
capacitor Cs;
Vs The secondary voltage of PT 750V
N The turns ratio of the PT 16
N1:N, Primary turns: Secondary turns 10:160
Lm The magnetizing inductance 77 uH
Li The leakage inductance 270 uH
S; The switch part number IXTK120N20P
Cs1 The Cg; capacitance 100 nF
Csy The Cg, capacitance 9.4 nF
PT The Ferrite core E58/11/38
MS The turns ratio 50
D The four diodes are serried MUR 860
R The load resistance 300 ohms
Table 2: The proposed PG and the counterparts
Switch i
witch/ - oms bt Rcp  Switeh
Refs Inductor Voltage
Num Num Losses
Num stress
[9] 13/4 4/None None Yes High
[10] 15/4 4/None None Yes High
[11] 14/4 4/None None Yes High
Man
[12] v/ 1/None One No Moderate
None
[13] 5/2 1/None None No High
[14] 6/None 4/2 None No Moderate
[15] 2/2 2/None None No High
Man Man
[16] v/ v/ Many No Low
Many None
Man Man
[17] v/ v/ Many No Low
Many None
[18] 1/1 3/1 One Yes Low
[19] 4/None 2/1 One No Low
propos 1/None 2/1 One None Low
ed PG
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Fig. 9: The experimental results of the PG. (a) The voltage of the capacitor Cs, without the MS stage. (b) The output pulse
voltage Vi and the output of the resonant charging stage VCg, at the nominal input voltage (48 V). (c) The voltages Vg and VCs,
under reducing the reset circuit current at nominal input voltage (48 V). (d) The voltages Vi and VCs, under reducing the input
voltage (32V). (e) The rise time of the output pulse voltage. (f) The voltage of the switch S; and the current of the input source

current.

Figure 9 shows the experimental results of the
proposed PG. Figure 9a illustrates the voltage waveform
of Vs, without the MS stage. As expected, the voltage of
the capacitor Cs, is charged to the twice the secondary
voltage Vs during the time 5us. As explained at previous
sections, the time interval 5us is obtained from the
resonance between the capacitor Cs, and the leakage
inductance L.

The voltages Vs, and Vg are shown at the Fig. 9b. As
shown, at the end of charge of the capacitor Cs,, the MS
is opened and the output voltage pulse is established
due to the convenient turn ratio of the MS.

The peak of the output pulse Vp can be adjusted using
the duty cycle, the input voltage V;, and the current of
the reset circuit of the MS.

As shown in Fig. 9c, under the constant voltage of V;,,

the capacitor Cs; is fully charged but the pulse
generation is delayed using the change of the MS core
reset current. The voltage drop of C, is related to the
leakage current of the MS when it is off. As shown in Fig.
9d, by decreasing the voltage of the input source from
the nominal voltage, the capacitor Cs, is charged less
than nominal; therefore, the peak of the output voltage
is reduced.

By changing the turn-on time of the switch S, also the
charge of the capacitor Cs, and consequently the peak
voltage of the output pulse are varied.

The rise time of the output pulse voltage is
approximately 50 ns as shown in Fig. 9e. The rise time of
the output pulse voltage is related to the DF and the MS
core material.

Figure 9f illustrates the voltage across the switch S;
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and the input source current. As predicted, the input
current is the half sinusoidal waveform due to the
resonant charging performance.

As seen, the switch S; can be turned off softly which
reduces the switching losses. Moreover, the voltage
across the switch S; starts from zero due to the
resonance between the magnetizing inductance L,, and
the capacitor Cs;.

As shown, the proposed PG needs a low voltage
switch to produce a high-voltage pulse. From the current
i, it is seen the magnetizing current is reversed when
switch is turned off, therefore the PT does not need any
additional reset winding.

Figure 10 illustrates the experimental output pulse
when the resistance R changes. As expected from the
section two, when R increases, the rise time is constant,
but the pulse duration increases due to increasing
damping factor.

1500
——270 ohms
— 300 ohms
S 1000 ——330 ohms
3
2
=
IS
<
(]
£ 5001
=)
o
0 —‘J

I I
1.005 1.01 1.015 1.02

Time(ms)

Fig. 10: The experimental output pulse amplitude versus the
resistance R.

Conclusion

This paper proposes a novel pulse generator for DBD
applications. The proposed PG uses three techniques
named forward, resonant charging, and magnetic switch
to produce a high-voltage nanosecond pulse. The
resonant charging double the secondary voltage of the
pulse transformer, this event reduces the turn ratio of
the pulse transformer which decreases the weigh,
volume, and price of the PT.

The magnetic switch section finally produces a
nanosecond high-voltage pulse. The magnitude of the
output pulse can be varied using the input source
voltage, the MS reset circuit current and the switch duty
cycle.

In the proposed PG, a low-voltage switch is needed to
produce the high-voltage pulses. At the input source,
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using a capacitor paralleled with the switch can reset the
core of the pulse transformer and the PG does not need
any additional reset winding like the conventional DC-DC
forward converter. The proposed PG is fully analyzed
and the theoretical results are verified by the
experimental results.
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Background and Objectives: The primary purpose of recommender systems
is to estimate the users' desires and provide a predicted list of items based
on relevant data. Recommender systems that suggest items to users face
two cold start and sparse data challenges.

Methods: This paper aims to propose a novel method to overcome such
challenges in recommender systems. Singular value decomposition is a
popular method to reduce sparse data in recommender systems by reducing
dimensions. However, the basic singular value decomposition can only
extract those feature vectors of users and items that may be recommended
with lower recommendation precisions. Notably, using the similarity criteria
between entities can reduce cold start to resolve the singular value
decomposition problem by extracting more refined factor vectors. Besides,
considering the context's dimensions as the third dimension of the matrix
requires using another flexible algorithm, such as tensor factorization, which
offers a viable solution to minimize the sparse data challenge. This study
proposes TCSSVD, a novel method to resolve the challenges mentioned
above in recommender systems. First, a two-level matrix is obtained using
the similarity criteria between the user and the item to reduce the cold start
challenge. In the second step, the contextual information is used by tensor in
two-level singular value decomposition to reduce the challenge of sparse
data.

Results: For reviewing the proposed method, these two data sets, IMDB and
STS, were used because of applying user and item features and contextual
information. The RMSE criterion (95% accuracy) was used to investigate the
predictions' accuracy. However, since the user's rating of the item is
particularly important in recommender systems, compared with other
methods, such as tensor factorization, HOSVD, BPR, and CTLSVD, the TCSSVD
method uses the following criteria: Precision, Recall, F1-score, and NDCG.
Conclusion: The findings indicated the positive effect of using the innovative
similarity criteria on the extraction of user and item attributes to reduce the
complications deriving from the cold start challenge. Also, the use of
contextual information through the tensor in the TCSSVD method reduced
the complications related to sparse data. The results improve the
recommendation accuracy of the recommender systems.

©2021 JECEL All rights reserved.

Introduction

lists of products and services. The number of products
The digital era has filled the lives of users with endless and services (items) in many cases is beyond what users
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can handle. Also, the time spent rating every single
option restricts users' selection. Recommender systems
help users overcome such problems by collecting data
from various sources to offer compatible items with
their preferences or aims [45].

Recommender systems are classified into three types:
collaborative filtering (CF), content filtering, and hybrid.
The content-based method processes recommendations
based on the similarity with users' previous preference.
In other words, in that method, the existing items are
compared with the previous items rated by the user to
make recommendations. CF's underlying presumption is
that users who agreed on something in the past tend to
agree on it in the future. Therefore, CF searches for users
with similar tastes and uses this information to generate
predictions. A hybrid system is an accretion of CF and a
content-based system [34].

CF techniques are generally divided into memory-
based and model-based categories. Model-based
approaches are first taught to apply the current
information to be exerted later for estimating user
ratings for new items. The singular value decomposition
(SVD) algorithm is a popular matrix factorization (MF)
technique. The decomposition of singular values creates
a new space giving a new meaning to the relationship
between users and items. Singular value decomposition
(SVD) only considers the relationship between users and
items to predict the likelihood of a user to like an item.
However, it does not acquire more abstract features of
the user and the item leading to the predictive rating's
impreciseness. Therefore, to achieve a more precise
predicted rating by exploiting more abstract features, we
further decompose the user matrix and item matrix by
SVD [10].

Tensor Factorization (TF) is an expanded version of
MF, allowing preferable order tensor decomposition,
and is used to determine the hidden parts within the
data, which are represented as a multidimensional data
structure [13].

The main challenges in the RS method are related to
the cold start and sparse data. Sparse data is
characterized by the low number of ratings for available
items and the difficulty of finding a relationship between
users and items [19], [40]. The factors related to cold
start problems, including new users and new items, are
significant issues hindering CF performance. In the case
of a new user or a recently inactive user (consisting of
ratings given to the items) in the system, the main
challenge is to determine the item to the user. An item
has zero ratings in the system when updated for the first
time, hence the implausibility of item recommendation
to the user [7].

The similarity criteria between users, items, and
contextual dimensions are the solutions to the cold start
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or sparse data challenges. CF techniques explain a
similarity criterion to find an active user's neighbors or
the items similar to the target item. The traditional
similarity criteria, such as Pearson's correlation
coefficient, cosine similarity, and their different types,
are often used to calculate the similarity of a pair of
users or between items [30]. Other popular metrics used
in collaborative filterings, for instance, Bhattacharya
Coefficient with correlation, NHSM, and PSS, are novel
metrics [12]. The contextual dimensions in an RS consist
of any information used to identify an entity. Villegas et
al. divide the context into five categories: individual,
location, time, activity, and relational contexts [52].

For the cold-start issue, recommender systems are
designed based on the similarity criteria and MF
methods. Similarly, to address the sparse data challenge,
the MF method based on contextual information has
been developed.

Our contributions are listed as follows:

e An MF method provides a similar measurement
between users and items to use the existing data to
resolve the cold start challenge in RS.

e The measurement of the proposed similarity
between users and items in the RS framework is a
generic method applicable to any recommendation
domain. Here, the key idea is to use the available
semantic features in users and items to make
accuracy-improving recommendations.

e TCSSVD, as a MF method, that addresses the sparse
data in an RS by the similarity matrix, similarity
measurement of contextual information (individual,
relational, activity, location, and time) as additional
information, and feature tensor to improve the
performance of recommendations.

e A set of experiments were conducted on IMDB and
STS data sets to evaluate or justify the proposed
method's contexts and users' similarity measures
and recommend better items.

The remaining parts of this investigative article are
ordered as follows: Second section discusses an
overview of related works. The third section explains the
proposed approach. Then, the fourth section describes
TCSSVD. The fifth section provides a summary of the
results and discussion. Finally, the last section deals with
the conclusion and relevant recommendations for future
research.

Related Works

This section surveys the techniques and challenges,
the similarity criteria, contextual information, and hybrid
methods associated with RSs. An RS is a set of
information filtering tools that helps users in their
information accessibility processes by prophecy and
recommendations of items that can attract their
attention [16].
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Various techniques have been used in recommender
systems: MF [10], KNN [58], neural network [24],
decision tree [28], fuzzy [49], clustering [18], association
rules [51], genetic [29], Bayesian [32], and graph [35].

Hoang Son conducted a comparative reading of the
cold-start challenge in an RS [48] and proposed two
solutions:

1. Investigating the recommender process by the MF
and Bayesian methods [32] or using latent topical
models like an MF [11], [36].

2. Using the similarity criteria in the preferences of
the user [55], demographic data [4], [54], social
data [15], [16], etc.

Idrissi & Zellou. The SLR is utilized to analyze the
existing partnerships and efforts using new tools and
concepts to reduce the sparse data problem. RS involves
two common ways to solve sparse data [26]:

1. Machine learning techniques (MF, TF) and few
other computing techniques try alleviating the sparse
data challenge [26].

2. The problem is to find the weights or the similarity
criteria of different contextual information and use them
to use in recommendation techniques [53]. Machine
learning methods are efficient in reducing the sparse
data challenge for RSs by asking users to rate random
items when entering the systems [15].

MF can reveal latent features that exhibit the
interactions between three different kinds of entities
(users, items, and context) [36]. Ren et al. proposed the
TGSC-PMF method based on MF for recommendation
making following the user's favorite point of view
deriving from spatial correlation to resolve the sparse
data challenge using the data extracted from the
site [42]. An approach has also been developed using a
biased MF technique to predict rating and Bayesian
Personalized Ranking (BPR). The stochastic gradient
descent (SGD) based optimization method has been
developed to learn context-related parameters and
latent factors of users and items [32].

SVD is one of the most widely used MF techniques
based on dimensionality reduction, mainly used to solve
the sparse data challenge in an RS [34]. SVD combined
with demographics improves the recommendation
performance [54], semantic SVD++ [44] and imputation-
SVD [58]. A new MF method called enhanced SVD (ESVD)
has been proposed that includes the basic MF algorithms
with rating repletion based on active learning [15].

Cui et al. used a two-level MF technique called
CTLSVD, which divides the challenge into two U matrices
with user characteristics and I-matrix property. It also
filters out inappropriate items to solve the sparse data
challenge. Then, they combined it with the context
(time) dimension and created the CTLSVD matrix to

examine the time dynamics based on users' preferences
for time-based item [10].

TF is an MF technique to reduce each tensor
(multidimensional array) to smaller-dimension vectors.
The tensor uses different contexts in the multi-faceted
interactions of the user-item relationship in the
recommendation process [6].

There are many algorithms with specific features for
an RS [30]. The similarity criteria including Pearson
Correlation Coefficient [41], Cosine [4], and Jaccard [37]
are mostly used by recommendation systems. The
similarity criteria to solve some cold start challenges,
such as MIPFGWC-CS [48], NHSM [48], and RES [50]

Using MIPFGWC-CS, fuzzy geographic clustering aims
to identify similar users based on the demographic
characteristics of a cold start challenge [48].

NHSM is used to replace the Pearson coefficient or
the cosine similarity criteria. This exploratory similarity
criterion is composed of PSS features, incorporates the
improved Jaccard into the user rating distinction in the
design [48]. Inspired by a physical resonance
phenomenon named RES, Tan et al. proposed a new
similarity criterion to address the cold start challenge. By
conducting mathematical modeling compatible with
users' rating behaviors, RES estimates the distances
between user beliefs and the Jaccard factor with co-
relevant and non-relevant ratings [50]. Gongna et al.
used the information related to users’ demography and
item grouping to improve prophecy accuracy. The
recommender systems' method and item grouping
based on the existing metadata and their latent factor
vectors have been specified for one or several classes so
that these classes have distinct group labels [14].

SHAN et al. expanded a nonlinearly mindful similarity
model via locally attentive embedding. NASM has been
developed based on a neural mindful item similarity
(NAIS) model and performs significantly better [47].

Algorithms such as PSS [23], URP [33], O-CHSM [12] E-
CHSM [12] are the most popular similarity criteria for
reducing sparse data using contextual information [12].

The PSS algorithm considers three factors to
determine the similarity in recommender systems,
especially with the context information's entry.
Proximity determines the agreement/disagreement
between the two ratings and assigns penalties to
disagreement. Then, the significance is determined
based on item importance. Singularity exhibits the
difference of two ratings from their average rating [23].

The URP algorithm specifically evaluates users who
share similarities with items. Some users rate items as so
high or so low. Users are prioritized based on the
average variance of their given ratings to reflect users'
behavior [33].
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The E-CHSM algorithm uses skin metering instead of
overlapping for field similarity. Proposing similarity
measures  suggests overcoming traditional and
appropriate similarity measures for scattered data,
especially knowledge-based data set. The skin criterion is
a trait that gives a relatively large weight to the
mismatch of traits with higher categories [12].

The O-CHSM algorithm considers the Bhattacharyya
coefficient for global rankings, the NHSM ratios of
standard ratings, global user behavior, and priorities.
Also, it is readily incorporated into other
measurements [12].

A recommended approach based on a prediction
method uses the behavioral information extracted from
the similarity criteria to classify users and reduce the
cold start challenge [15]. The similarity criteria driven
from social network data should be used to reduce cold
start and sparse data in RSs [7], [8].

The demographic criteria are one of the similarity
criteria, especially among wusers. Recommender
systems [46] classify users based on their demographic
information, such as age, gender, seasonality,
occupation, nationality, and preference. The advantage
of this technique is it helps resolve the cold start
challenge [3].

Yang et al. proposed a meta feature-based unified
framework (MERF) to make cold-start recommendations
without the need for historical rating records, focusing
only on item features. They proposed a Personalized
Feature Preference (PFP) vector to characterize the item
features' different importance to a user. They also
proposed a parallel learning algorithm and an
incremental updating algorithm for PFP to improve
MEREF efficiency [57].

The similarity-based contextual recommendation is
incorporated into the sparse linear method and MF as
two base algorithms [61]. Generally, MF algorithms
reduce cold start by combining other methods with the
similarity criteria. Wang et al. estimated a cold start
challenge model based on MF for every decision tree
node [54].

Karimi et al. proposed an MF method for challenging
cold start in RSs, in which they first use the latent factors
to find new users similar to the existing users. Then, they
choose the highest-rated item among similar users.
Thus, the new user can rate an item that users have
already rated with similar behavior [20]. Braunhofer
proposed a demographic, contextual MF (CAMF-CC)
based on the demographic method (gender, age group,
personality traits) to reduce the cold start challenge. The
performance of this SPF pre-filtering algorithm shows
better performance for contextual conditions [4].

Using SVD with other techniques and context
similarity criteria methods reduces the sparse data
challenge. Reddy et al. used the APPRO SVD algorithm
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based on CF to reduce sparse data challenge. In fact,
they used this method of Euclidean distance as a
similarity criterion to find the KNN [43]. A normalization
SVD technique to model user contention for a cold start
challenge or their tendency based on the particularity of
items was used in the KNN models. The proposed
normalization technique was appraised using two data
sets, Movie Lens and Group Lens [59].

The limited research that addresses the evolutionary
MF algorithm has concerning the similarity criteria is
used to reduce both the challenges mentioned thus far.
Codina et al. first used the SPF algorithm scattering S
conditions and cosine similarity between vectors to
reduce the cold start challenge, which uses context
conditions according to implicit semantic relationships. It
then uses the X training set to reduce sparse data to
build local scoring [9]. Rafalides et al. first used the initial
feedback learning tagging method followed by the item
clustering methods, such as k-means and Tensor-based
SVD, to reduce sparse data and cold start
challenges [38]. Besides, social trust and SVD methods
are used to resolve sparse data and cold start
challenges [56].

Natarajan et al. proposed a new method to reduce
the sparse data and the cold start challenges in CF. To
the cold start challenge, RSs with Linked Open Data
(LOD) model has been designed, and for sparse data
challenge, the MF model based on SVD with Linked Open
Data has been expanded. LOD similarity is a composition
of improvised PCC and similarity PICSS used to detect
semantically similar items of a target item to develop an
item-factor vector in the SVD process. The experiments
on Netflix and Movie Lens data sets represent the
priority of the proposed techniques related to other
available methods that improve the recommendation
precision [34].

As mentioned earlier, the major challenges of
recommending systems are the cold start and sparse
data. CF and a content-filtering system should be used
with demographic criteria to solve the cold start
challenge [4] The following measures should be taken to
reduce sparse data: Personalized feature
preference [57] Social trust [56] Linked open data [34].
Features of various context dimensions in context
discussion such as using context composition [35] SVD
matrix [8], [9], [56] items rated by users with similar
relational context to new users by the
MF [10], [20], [60].

Proposed approach

The proposed method, as shown in Fig. 1, is based on
MF with a focus on the similarity criteria (users-items-
contextual) and tensor concepts. Conversely, TCSSVD-
based developed RSs take the semantic features of items
or users and dimension context used to handle the cold
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start and sparse data issues in RSs. Hence, the accuracy

of the given suggestions is improved in RSs. Figure 1

illustrates an overview of the RS presented technique.
Table 1 shows the signs used to implement the

In the second step, the user-item similarity matrix is
obtained by comparing the user-item feature matrix with
the user-item matrix. The user-item similarity matrix
with the contextual information is created through the

proposed method. In the first step of the user properties, and momentum stochastic gradient
demographic matrix, the properties of the item are descent [17].
designed.
Table 1: Signs of TCSSVD algorithms
Symbol Description Symbol Description
u A user R User-item matrix
i An item T Latent features central tensor
c A contextual condition S Latent features context matrix
X Number of user demographic features Y User-item-context ratings tensor
y Number of item characteristics b, The bias of user u
features
t Number of user context features b; The bias of item i
u A set of users b, The bias of context ¢
| A set of items 1l The average rating for all items
M User matrix p Context weight measure
N Item matrix w Similarity measure between users
D User demographic feature matrix Vv Similarity measure between items
E Iltem feature matrix z Similarity measure between
contexts
P Latent matrix of user feature matrix o Learning rate
Q Latent matrix of item feature matrix B Regularization parameter
F User-item feature matrix A Momentum
A User-item similarity matrix T wic The predicted rating that user u
would give to item i with context
[ New user

Context
Context =
= Matrix
User Matrix [—
User
Feature
| Demographic
User Matrix B 1
Computing
Item Items
Feature Property
Matrix
—

TCSSVD
Matrix

Computing l

Recommend

Top-N

Item new

Preparation Learning Recommendation

Fig. 1: The structure of proposed scheme.
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TCSSVD method

As mentioned, the cold start challenge occurs when a
new user enters a system or users who have been in the
system for some time do not make any activity.
However, new items that have recently entered the
system also aggregate such challenges. SVD is a popular
recommending algorithm. However, the original SVD can
only extract the vector of users and items, preventing
further feature refinement and damage
recommendations accuracy. As mentioned above, this
paper proposes an SVD-based similarity matrix that
breaks down the user and item matrix into user
demographics, item features, and contextual
information to obtain a matrix from more refined
features and improves result accuracy and user
satisfaction. Users with sharing common features

D1 D2 D3 D4

Ul Denmark Copenhagen Man 30

U2 Denmark  Odense Man 28

U3 Uk london  Female 26

U4  France Nice Man 35

generally decide based on each other's opinions.
Therefore, this feature is used to solve the cold start

challenge reduction for users who have recently logged

in or have not shown any system performance. It is used

to find similarities between users through the (1).

W (obj, ,0 bjb)zz’é=1wd(obfad,obfbd) (1)

X

where d is the specific demographic feature of the user,
and x is used to represent the total number of user
demographic feature and obj,; means the d-th attribute
of the object obj,. o0bj,q = 0bj,q then the value of
W4 (0bjaq ,0bjpq)=1; otherwise, it is 0.

With the assumption of 4 demographic variables,
comparing four users based on the similarity criteria
mentioned in (1) requires taking the following steps to
construct the user's demographic feature matrix:

D1 D2 D3 D4
D1 1 —2 0 —1
4 4
D2 E 1 0 —1
4 4
D3 0 0 1 0
D4 1 —1 0 1
4 4

Fig. 2: A view of the user demographic feature matrix.

However, new items that enter the system resemble
the items within the system. Hence, the peculiarity of
item features to suggest new items in these systems is
one solution to overcome the cold start challenge.

Equation (2) is used to find the similarities between
items.

y . .
V (objg ,0bj,)=Ee=ireCee 22lbe) 2)

where e is a specific feature of the item, and y is used to
represent the total number of specific feature item and
obj,. means the attribute of the objectobj,. If obj,, =
obj,. then the value of V,(0bj,. , 0bjp.)=1; otherwise, it
is 0.

The following steps should be taken to construct the
item feature matrix to compare these nine items based
on the similarity criteria mentioned in (2), with the
assumption of 9 item-specific feature variables. The
second step, which is created by multiplying the
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two matrices of user properties (P) and item properties
(Q), creates the user-item matrix of items (F). In the
construction of the matrix of user-item (F) properties, a
decrease in k rank is used to reduce the dimensions.
Moreover, a matrix of single values is created based on a
decrease rank. In fact, k is considered the minimum
reduction rank of x and y.

Fyi = Puk O dik (3)

This study used the PSS similarity measure to
compare the user-item feature matrix (F) with the SVD
matrix (R), which is made by multiplying the user-item
matrix based on the user ratings. The three main
elements of the PSS similarity measure, including
proximity, significance, and singularity can be considered
based on (4).

Proximity whether or not the two score ranks in the
two matrices agree Importance, the degree of
importance of the desired rank is in the two matrices.
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Fig. 3: A view of the specific feature item matrix.

Uniquely, the difference in rank is the average of the For each of these categories, the standard

ranking points in the two matrices. The PSS similarity
measure is used to compare the two mentioned
matrices and create a similarity SVD matrix. The
similarity SVD matrix is obtainable from the more
abstract factors (such as item features, lead actor, and
user demographics. This way, the similarity matrix can

reduce the problem of cold start in new users and items.

1
Proximit ~Tap) = 1= ——
Yy (fa,b a.b) 1+exp(=|fap—Tanb|)

Significance(fa,b - ra,b) =
1

B 1+exl7(_|fa,b_fmed|*|ra,b_rmed|)

Singularity(fyo — Typ) =
1

I e O aat) +tron=ra)i2D
(4)

The similarity singular value decomposition matrix
was able to somewhat reduce the cold start challenge;
however, it still has a rating matrix obtained from those
unrated points. In other words, the resulting matrix faces
the sparse data challenge. The K cross-validation was
based on the RMSE criterion to ensure all users'
participation in rating items, to the extent that the
obtained results were generalizable independent of the
data. The RMSE measure in k repeats is less than the
specific value of p, indicating that the item has not been
rated by the user, hence the sparse data challenge.

Context dimensions in the SVD matrix features are
used to reduce the challenge of sparse data, which were
divided into five categories: relational, individual,
activity, location, and time. The similarity measure
(context weight performance) is used to calculate the
contextual matrix.

dimensionality (w) is considered for the search. If the
user approves the criterion, the weight is one;
otherwise, it is 0. Equation (5) is used to find the
similarities between contexts.

t . .
7 (Obja ,Objb)=ZC:1wZC(othac ,0bjpc) (5)

where c is a specific context of the user, and t is used to
represent the total number of specific context feature
and obj,. means the c-the attribute of the object obj,. If
obj,. = obj,. then the value of Z.(0bj,.,0bjp.)=1;
otherwise, it is 0.

The following steps should be taken to construct the
latent context matrix to compare these five context
variables based on the similarity measure mentioned in
(5), with the assumption of 5 users. Finally, a tensor MF
was formed in an SVD matrix called TCSSVD. Besides,
tensors are used in the matrix to minimize calculations
and optimize the results, leading the three-dimensional
matrices to have a higher performance and presentation
of more suitable items to users. Regarding that, (6)
calculates the actual value of ry;.. The approximate rate
of user u to item i in field c is the actual value of ry;.. In
(7), ryic shows the predicted rate of i item selected by u
user in c¢ context. In this equation, pu is the mean score
for all items, including b,, b;, and b, respectively, the
average deviation of user u from the mean of the total
rate the mean deviation of items i from the mean of the
total rate, and the mean deviation of the mean of the c
context. The study used the learning rate a and the
regulatory parameter B to update the mean deviation of
the items, users, and contexts. In (8), the error measure
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is obtained from the difference between the actual value
of ry;c and the prediction rate T ;.. In (9), the study used

u1 u2 u3 v4 U5

momentum stochastic gradient descent (MSGD) [39]
through the coefficient of momentum (A).

(1 Q2 a 4 (&)

a 1 0 0 0 X
5

Q o 1 0 0 0
a 0 0 1 0 0
. 1

M o0 0 0 1 A
5

¢ 1 0 0 L {

5 5

Fig. 4: View of the context matrix

C1  Happy  positve  only holiday ~ 3repetitions
Q Fear  Neutral  Family  Weekend -1
(3 Suprised -1 Weekend  Partner  prepeitions
0! -1 Negative -1 Official -1
5  Angy -1 only Official -1
Tuic = Xi=1 Pur Qi Sck (6)

fuic = W+ by+ b + be + Y- Puk Que Sek
b, = b,+a.(e,;—B.b,)
bi = bi + . (em- - B bl)

be = b+ a.(ey —B.bc) (7)
euic = Tuic ~ Tuic (8)
P, = APB,+a.(ey Q;S.—B.B)

Q = A0Qi+a.(eyBSc—B-Q)

S, = AS.+a.(ey-BQ; —B.S.) (9)

In the training process of the method presented in
the TCSSVD matrix, the available parameters can be
calculated by minimizing possible connections and errors
using Fresenius norms based on (10):

L=2 (ewic)® + E(IPI2 + NQuIIZ + 1ISI12 + b + b® + b.?)
(10)

The New Heuristic Context Similarity Measure
(NHCSM) method is used to calculate proposal based on
(11) to estimate the similarity measure between k, the
initial item, proposal, and the n item. Table 2 shows the
pseudo-code of the TCSSVD algorithm.

Sim(a, b)VHCSM =
Sim(a, b)UPP x Sim(a, b)'F? * Sim(a, b)?SS * Sim(a, b)WP

(11)
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Table 2: The pseudo-code of TCSSVD algorithm

Algorithm: Tensor Context Similarity Matrix Algorithm
(TCSSVD)

Input: target users U ger, NEW User, new item, rating matrix
r, k, top-n
Output: The n recommended item for target users Uy ges
Compute the average rating(p)
initialize b,,, b;, b, eyic, Tyic
Initialize matrices P, Q, S
While RMSE< p
for each user u do
Use (1) Calculate W (new user ,user)
for each item i do
Use (2) Calculate V (new item ,item)
for each context c do

Use (5) Calculate Z (context new entity
,context other entity)

if r(u,i,c) 20
Use (7) predict rating
Compute ey,
Use (9) update the matrices P, Q, S

end if

end for
end for
end for

calculate RMSE
end while
Predict unknown rating based on (7)

Select the k recommended item to the target users Uzgrges
Calculate the similarity between r;. and the k
recommended item using (11)

Select the k recommended item final to the target users
utarget

Select the n recommended item in the K items recommend to
the target users Usgrget




Hybrid Method of Recommender System to Decrement Cold Start and Sparse Data Issues

—
Q K
I
——
~ P
U
S
U Y K
C
G —
K

Fig. 5: A view of the TCSSVD matrix.

Results and Discussion

In this section, IMDB and STS data sets are used to
evaluate the proposed method's performance. We
compare the TF, HOSVD, BPR, and CTLSVD methods with
Precision, Recall, F1-score, and NDCG.

A. Datasets

To create and appraise RS's efficiency, data set with
all the related contextual information play an essential
role [21].

The LDOS-CoMoDa [27] data set has various
contextual attributes, like emotions and mood [26]. The
IMDB data set includes information collected from the
survey where the respondents have explicitly answered
such dynamic contexts [4], [9], [11], [25], [60].

The created database is taken from the LDOS-
CoMoDa database and the CIL group database is taken
from a rich data set of videos suggested by IMDB,
including the order number, user number, item number,
and the level of the user's interest in the item. The
suggested numbers range from 1 to 5. This data set
including 1088 users and 2455 items and a total of more
than 20759 have been examined. In fact, it is time for
the user to use the item [1]. The context dimension
consists of twelve variables, including time, day type,
season, location, weather, social endEmo,
dominantEmo, mood, physical, decision, and interaction.

The database created by STS [4], [5] is taken from a
tourism-related android mobile app in Italy [22] and
includes the user number, users' demographics, the item
number, item characteristics, and the user's level of
interest in the item (an offer ranging from 1 to 5). This
data set covers 1625 users and 498 items and a total of
more than 12675. The contextual information consists of
14 variables, including time, the available, season,
daytime, mood, weather, emotional stability,
temperature, budget, agreeableness, openness to
experience, transport, companion, distance, and goal

travel [5]. The original data set was split into two subsets
for appraising different approaches: an 80% share was
allocated to the train data set, and the remaining 20%
was allocated to the test data set. The data set used in
the training set is intended for calculating.

Table 3: Details of IMDB and STS data set

Data set IMDB STS
Users 1088 1625
Movies 2455 498
Context 12 14
Ratings 20759 12675

B. Evaluation Metrics

Evaluation measures are used in RS to evaluate the
accuracy and efficiency of the methods used. The
evaluation measure calculates mean squared error
(MSE), mean absolute error (MAE), and K cross-
validation errors between the actual rating of an item
and the predicted rating in the RS [7].

K cross-validation determines the generalizability and
independence of analysis results on a data set compared
with the educational data [14], [31], [60].

For there to be no users who have not rated an item,
hence the K cross-validation based on the root mean
square error (RMSE) measure to the extent that the
results presented can be generalized and independent of
the data.

(S i(Ru,i~Ran)
RMSE =YY"~ © (12)

[R|

R contains the actual rating values, R consist of
predicted ratings and |R| is the cardinality of the rating
matrix. Quality evaluation deals with measuring the
recommendations to determine the level of system
learning, including precision, recall, and f-score, and
normalized discounted cumulative gain (NDCG) [25].

This study recovered the Top-N recommendations as
a ranked list of current offers to users. Therefore, the
mentioned system learning levels were used to appraise
the proposed approach's quality and effective
recommendation [7].

Recall measure ratio of the number of
recommendations is exactly the number of interest
items to the user. Recall is defined as in
(13) [25], [34], [43].

correct prediction

Recall=————— (23)
total relevant items

The precision determines the correct

recommendations' ratio to the provided

recommendations [25], [34], [43]. Precision is defined as
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in (14).

correct predictions

Precision= (14)

total predictions

The F-score measure can be described as a harmonic
average of the precision and recall [25], [34], [43].
F-score is defined in (15).

2+Precision*Recall
F-score=——— (15)

Precision+Recall

The normalized discounted cumulative gain was
measured to evaluate the quality of recommendations
to determine the amount of learning in an RS. A higher
NDCG value for a list of recommended items indicates a
higher rank of the list's related items. NDCG@N
measures the relationship of Top-N results and is defined
in (16) [9], [58].

DCG@N
NDCG—m (16)

DCG@N: Value of the ideal ranking list.

IDCG =rel, + ¥P% ;,e;iz (17)
pos: Situation up to which the
accumulated.
rel;: Recommendation relationship at situation i

The simulations were conducted using Python on a
computer equipped with a 3.2 GHz Intel Core i7
processor and 12GB of Ram.

The following Python libraries were used for analyzing
the anaconda software collection: NumPy, Panda, and
Tensor Flow.

relationship is

C. Comparisons Methods

The study's method was compared with HOSVD, BPR,
TF, and CTLSVD methods for efficiency improvement.

e TF assumes that the rating tensor from users, items,
and types of context can be factorized into a
product of three low-rank matrices [55].

e The most well-known TF uses the tensor matrix
kernel for the decomposition of individual values
and its conversion to the HOSVD [5].

e Bayesian Personalized Ranking (BPR) with SGD
based optimization procedure applies to sparse
data challenge alleviation. The rating prediction is
generated by sorting the target user’s preference
scores to candidate items, which are calculated as
the user's inner product of latent factors, and the
items with contextual information are considered in
this method [31].

e CTLSVD algorithm decomposes the user, and the
item features matrices again to obtain a more
refined feature matrix. CTLSVD combines the
contextual information  with  the  TLSVD
algorithm [10].
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D. Results

The proposed TCSSVD was compared with the TF,
HOSVD, BPR, and CTLSVD methods for performance
validity check to evaluate the expressed methods based
on the evaluation criteria precision, Recall, F1-score, and
NDCG.

As reported in Table 4, the proposed approach
performed better than the HOSVD, BPR, TF, and CTLSVD
methods.

Since the contextual information can potentially
reduce the sparse data, the contextual information is
one of the influential factors in the evaluated methods.

TF methods poorly correlate with contextual
information. Also, disregarding the similarity criteria
between users and items can reduce suggestions'
accuracy.

In HOSVD, the tensors are utilized in TF, but the
multidimensional decomposition can use this method
over the TF method.

The BPR method was used to learn the related
parameters and latent factors of users, items, and
contexts. The learning rate was used to estimate the
recommendations' accuracy compared to the TF and
HOSVD method in the data set IMDB and STS.

CTLSVD method decomposes the user feature matrix
and the item feature matrix by SVD and adds the
contextual information.

The same use of feature matrix and the item
characteristic make the proposed method superior to
the TF, HOSVD, and BPR methods by entering contextual
information. The better performance of TCSSVD
compared to CTLSVD relies on using the similarity criteria
between users - items - contexts and the possibility of
comparing the similarity matrix. Figure 6 and Fig. 7
represent the methods with precision, recall, and F-score
criteria on IMDB and STS data sets, respectively.

In all settings, the TCSSVD method outperforms other
methods, demonstrating the advantage of the direct
effect of contextual information on latent factors to
learn context-aware latent representations. The latent
factors are extracted in the users, and items and
contextual information are considered. However, this
observation shows that TF, HOSVD, BPR, and CTLSVD
methods apply to reduce sparse data, but the TCSSVD
approach can overcome the sparse data and cold start
challenges.

The implicit ratings are evaluated to the Top-N
predicted by different sequential approaches to
calculating the NDCG of the recommendations.

Figure 8 demonstrates the ranking effectiveness of
the sequence recommendation approaches in terms of
NDCG. Results indicate that the evaluated TF, HOSVD,
BPR, and CTLSVD approaches predicted more relevant
recommendations.
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Table 4: Performance comparison

Method IMDB STS
Top
Precision Recall F-score Precision Recall F-score
2 0.233 0.261 0.246 0.361 0.325 0.342
CSSVD 5 0.230 0.264 0.245 0.353 0.331 0.341
10 0.227 0.271 0.247 0.342 0.336 0.339
2 0.231 0.257 0.243 0.331 0.307 0.318
CTLSVD 5 0.228 0.262 0.242 0.323 0.315 0.319
10 0.223 0.269 0.244 0.318 0.321 0.320
2 0.227 0.246 0.236 0.313 0.266 0.287
BPR 5 0.223 0.251 0.237 0.306 0.271 0.288
10 0.220 0.256 0.236 0.295 0.278 0.286
2 0.222 0.233 0.227 0.297 0.256 0.274
HOSVD 5 0.219 0.238 0.229 0.293 0.259 0.275
10 0.217 0.241 0.228 0.289 0.264 0.276
2 0.221 0.232 0.226 0.295 0.252 0.271
T 5 0.218 0.234 0.225 0.291 0.258 0.274
10 0.215 0.239 0.226 0.287 0.262 0.273
ot L] o sk
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Fig. 6: The precision, recall and F-score of TF, HOSVD, BPR, CTLSVD and TCSSVD number of recommendations (IMDB).
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Fig. 8: NDCG measure for different approaches against the top
number of recommendations.

Conclusion

This paper proposes a new technique that utilizes a
similarity singular value decomposition matrix after
reducing the cold start challenge using demographic
and item features.
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TCSSVD matrix was created using the tensor and
contextual information and understanding the
dimensions to reduce items not rated for users, also
known as the sparse data.

Firstly, users' measured demographics and item
property features were used to design the user-item
feature matrix besides the PSS similarity measure to
create a user-item similarity matrix to reduce the cold
start challenge.

Finally, using the resulting matrix of a three-
dimensional matrix to reduce calculations and higher
convergence speed led to the utilization of the tensor
property and the momentum stochastic gradient
descent.

Based on results, the proposed technique resulted in
an improvement, compared with the TF [6], [55],
HOSVD [5], [36], BPR [31], [32] and CTLSVD
methods [10].

In future work, we can use other machine learning
techniques, such as neural network and LSTM
techniques combined with the similarity, LOD, social
data, and context criteria, to further improve the
recommendations' performance.
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Abbreviation

RS Recommender Systems

SvD Singular Value Decomposition
CF Collaborative Filtering

TF Tensor Factorization

MF Matrix Factorization

HOSVD giech;en:-F())org;;iingular Value
LOD Linked Open Data

BPR Bayesian Personalized Ranking
SGD Stochastic Gradient Descent
MSGD II\D/Ieosr:eenrltum Stochastic Gradient
NDCG gzirr:nalized Discounted Cumulative
MSE Mean Squared Error

MAE Mean Absolute Error

RMSE Root Mean Square Error
NHCSM New Heuristic Context Similarity
Measure
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