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Design of Printed Ultra-wideband Antenna

with High Performance Notching Bands

Pichet Moeikham

Department of Electrical Engineering, Faculty of
Engineering, Rajamangala University of Technology
Lanna

Chiang-Rai, Thailand

Abstract—This paper proposes the design of printed ultra-
wideband monopole antenna with high performance band
notching. The inverted L-shaped and modified U-shaped narrow
slits embedded on the monopole patch were utilized to reject the
undesired frequency bands at 3.5 GHz and 5.5 GHz, which their
lengths corresponded to quarter and half wavelengths at those
frequencies, respectively. The CPW feed comprised of both
gradual central line and ground plane was used. The proposed
antenna could be operated at the frequency band of 2.8-11 GHz
covering the current UWB system except the frequency bands of
3.3-39 GHz and 5.1-5.7 GHz. The proposed antenna was
completely implemented and measured showing the potential to
minimize EMIs in the WLAN/WiMAX bands.

Keywords— Band notching; printed UWB antenna; inverted L-
shaped; modified U-shaped

I. INTRODUCTION

Since the printed antennas had been emerged, there are
rapid growths of modern mobile applications. Because of low
profile and compact size of the printed antennas, they have
been popularly used for small handheld mobile devices.
Additionally, with the advantages of various shape designing
and ease for matching with RF and microwave circuits, the
printed antennas can be capably operated with extremely large
bandwidth or ultra-wideband (UWB) [1-6]. The UWB systems
usually employ impulse signals, resulting in high data rate.

Therefore, they are prominently employed for short-range
communications including body area and wireless sensor
networks. The standard of ultra-wideband communications
occupying the frequency range from 3.1 to 10.6 GHz allocated
by Federal Communications Commission (FCC) has been
used for indoor short-range communications [7]. As known,
wireless local area network (WLAN) and worldwide
interoperability for microwave access (WiMAX) are operated
at frequency bands of 2.4-2.48/5.15-5.35/5.725-5.825 GHz
and 3.3-3.6/5.15-5.825 GHz, respectively. Cleary, the UWB
spectrum covers very wide bandwidth and the existing bands
of WLAN/WiIMAX systems are overlapping within the UWB
frequency band. This may lead to electromagnetic interference
(EMI) and becomes a major problem for wireless
communication systems. In order to reduce the EMI, several

Nonchanutt Chudpooti and Prayoot Akkaraekthalin

Department of Electrical and Computer Engineering,
Faculty of Engineering,
King Mongkut’s University of Technology North Bangkok
Bangkok, Thailandline

UWB antennas with band-notched characteristics have been
proposed. Many techniques have been employed to design the
UWB antennas with band notching structures. Recently, the
monopole UWB antennas with multiple split-ring resonators
were proposed in [8]-[9]. A printed planar monopole UWB
antenna with band notching characteristic was designed by
using annular slot for 5.5 GHz band notching [10]. A
rectangular patch UWB antenna with a small rectangle patch
on another side of substrate for band notched characteristic
was also proposed in [11]. A trapezoidal patch dipole antenna
was designed with embedded T-shaped slot into the patches
for frequency band notching [12]. A compact Bluetooth/UWB
antenna was also designed using rectangular resonant spiral
structures for quadruple frequency band rejection [13].
Although, aforementioned antennas were designed with
compact sizes [8-14], those antennas were implemented using
both sides of substrates leading to complicated structures
when interfacing with other RF and microwave circuits and
SMD devices. Moreover, the antennas in [8-13] were not
designed for the frequency notched band of 3.5 GHz, the
major interference band.

In this paper, the printed UWB antenna with rejection
bands of 3.5 and 5.5 GHz bands is proposed. The proposed
antenna is designed on only one side of the FR4 substrate
occupying conductor dimensions of 34x19.22 mm2. The
UWB antenna in [15] is used to be a baseline antenna
providing impedance bandwidth covering UWB frequency. To
reduce the effect of EMIs at the operating frequency bands of
3.5 and 5.5 GHz existing for the WLAN/WiMAX systems,
these frequency bands must be notched. Two narrow slits are
used to achieve the notched bands. The design procedures of
the proposed antenna and parameter study are given. Also, the
simulated and measured results are compared.

II.  ANTENA DESIGN

A. Design Procedure

The proposed antenna was optimized by using the CST
microwave studio software. Firstly, the UWB antenna in [15]
was employed as baseline antenna. The gradual curvature
structures of feeding section and ground plane were carefully
designed, resulting in extremely large bandwidth. This antenna
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was then developed on the conventional FR4 substrate with
thickness of 0.8 mm, dielectric constant of 4.4 and loss tangent
0f 0.019. As shown in Fig.1 (a), the CPW was employed as the
feeding system. The optimized gradual tapered central feed line
and CPW ground planes were used for good impedance
matching. The optimal dimensions of 34x19.22 sq.mm were
achieved. The antenna covers for UWB frequency operation
and also the size is very compact. The simulated |S11] results of
all antenna designs are shown in Fig. 2. It is seen that the
baseline antenna provides the operating frequency range of 2.7
GHz to exceed 12 GHz with the [S11] < -10 dB covering UWB
applications. Secondly, to eliminate the EMI at the frequency
band of 3.5 GHz, the baseline antenna was also modified. As
shown in Fig.l1 (b), an invert L-shaped narrow slit was
embedded into the antenna patch. The frequency rejection
range of 3.3-3.7 GHz was obtained, as the |S11| values shown
in Fig. 2. The invert L-shaped narrow slit length is approximate
a quarter wavelength (Ag/4) at the frequency of 3.5 GHz
corresponding to equation (1). Although, the antenna capably
reduces the EMI at the WiMAX frequency band of 3.5 GHz,
the existing frequency of WLAN/WiMAX from 5.15-5.85 GHz
still interferes the UWB band. This frequency band must be
rejected. Finally, to reduce the EMI at the frequency of 5.5
GHz band, a modified U-shaped narrow slit was carefully
introduced and embedded nearly radiating part, as shown in
Fig.1 (c). It is found that after embedding the modified U-
shaped narrow slit, the frequency rejection at 5.5 GHz band is
achieved. The overall length of the modified U-shaped narrow
slit (2xU2+U1) is about a half wavelength (Ag/2) at the
frequency of 5.5 GHz corresponding to equation (1), where Ag
and er are the wavelength and the dielectric constant of
substrate, respectively.

I 3x10°
" fonteh,f[(5 +1)/2) 1

It is clearly seen in Fig.2 that the antenna in Fig.1 (c) with
the embedded inverted L-shaped and the modified U-shaped
narrow slits has ability to reduce the EMIs at frequency bands
of 3.3-3.7 GHz and 5.2-5.8 GHz, respectively. Therefore, the
proposed antenna was then constructed. The antenna schematic
is now shown in Fig.3. All optimal dimensions are shown as
follows: wl =0.4,L1=11.5,L2=2,13=1.25,U1=3,U2=
8.25, and U3 = 14.5. All dimension units are in millimeter.

It was obviously seen that when the narrow slits were
embedded into the patch, there were several effects on the
antenna characteristics. On the other words, the length and
position of these narrow slits were the major effects on the
band notching of the antenna. To see these effects, the major
parameters were then carefully studied by varying the values of
parameter.

(@) (b) (c)

Fig.1 Steps of designing the proposed antenna.
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Fig.2 Simulated |S11]| results of the antennas.
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Fig.3 Layout of the proposed antenna.
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B. Effects of Inverted L-Shaped Narrow Slit

When the inverted L-shaped narrow slit was embedded
into the patch of the proposed antenna, the frequency notched
band at 3.5 GHz was obtained. It is found that the resonance
of rejected frequency depends on the length of narrow slit,
corresponding to equation (1). Fig.4 (a) depicts the simulated
|S11| results when the length of narrow slit (L1) was varied
whereas the other parameters were fixed. The rejected
frequency at the band of 3.5 GHz shifted to lower side
frequency when the L1 parameter was increased and vice
versa. The optimal L1 of 11.5 mm which overall length
(L1+L2) is 13.1 mm, results in the rejected frequency band of
3.3-3.7 GHz. The length of inverted L-shaped narrow slit is
about a quarter wavelength at 3.5 GHz (13.55 mm).

As early mentioned, the length of narrow slit capably
controls the resonance of rejected frequency. From simulated
results, it is found that the position of narrow slit (L3) controls
the notched bandwidth. The position of narrow slit is defined
as distance between the narrow slit and the top edge of patch
which is denoted by the L3, as shown in Fig.3. Fig.4 (b)
depicts the simulated |[S11]| results when L3 was varied while
the other parameters were fixed. It is clearly seen that when
L3 was increased, the notched bandwidth extended. The effect
is caused from the increment of electromagnetic coupling
between radiating part and narrow slit when L3 was increased
and vice versa. Obviously, both sides of the patch are main
current paths for radiating the electromagnetic waves. When
the path is obstructed by the narrow slit, the current path
changed. The electromagnetic energy is absorbed by the
narrow slit, and then the frequency rejection is achieved. It is
found that the optimal L3 of 1.25 mm provides the notched
bandwidth of 0.4 GHz or rejected frequency band of 3.3-3.7
GHz, which is appropriate for applications.

C. Effects of Modified U-Shaped Narrow Slit

In order to reject the frequency band at about 5.5 GHz, the
modified U-shaped narrow slit was embedded into the patch, as
shown in Fig.1 (c). By adjusting the length of modified U-
shaped narrow slit or U2, the resonance of rejected frequency
altered. Fig.5 (a) shows the |S11| simulated results when the
length of U2 was varied. It is clearly seen that when the value
of U2 parameter was increased, the resonant of rejected
frequency shifted to lower side frequency and vice versa. The
appropriate U2 parameter of 8.25 mm, resulting in average

0
g L
vi
—O—L1=10.5 mm
—o—LI=1L5mm
——L]1=125mm
2 i o4 5 6 7 8 92 10 11 12

Frequency (GHz)
(@)

Wl

S, |(dB)

——L3=025mm
—o—L3=1.25mm
——L3=225mm

T T T T T T T T T 1

3: B 4 S5 6 7 % ¥ 101 g
Frequency (GHz)
(b)

Fig. 4 Simulated results of |S11|when varying parameters of (a) L1 and (b)
L3.
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Fig.5 Simulated results of |[S11] when varying parameters of (a) U2 and (b)
u3.

overall length (2xU2+U1) of 18.7 mm, provides the rejected
frequency band at 5.5 GHz. Additionally, this length is
approximately a half wavelength at the frequency of 5.5 GHz
or 17.3 mm, corresponding to equation (1).

It is clearly seen that the length of narrow slit, U2, can
control the center frequency of the second rejected frequency at
5.5 GHz band. The notched bandwidth can be controlled by the
position of modified U- shaped narrow slit. This position is
determined by the distance between the narrow slit and the top
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edge of patch, which is denoted by U3. On the other words, the
position of narrow slit changed by varying U3 parameter. The
simulated result of |[S11| when varying the position U3 are
shown in Fig.5 (b). The results confirms that when the narrow
slit is placed far away from the top edge of the patch, the
notched bandwidth slightly extends and vice versa. This is
because the electromagnetic coupling between radiating part
and the narrow slit is increased or more amount of
electromagnetic energy is stored by the narrow slit when the
narrow slit is moved close to the radiating part (U3 is
increased) and vice versa. Besides, the center of rejected
frequency slightly shifts to higher side frequency when U3
parameter is increased and vice versa. The optimal U3 of 14.5
mm provides the proper notch with bandwidth of about 0.5
GHz or the rejected frequency range is 5.2-5.7 GHz.

D. Surface Current Distributions

As mentioned, to understand about the notched frequency
mechanism, surface current distributions on the antenna
structure can be determined and used for explanation. Figs.6 (a)
and (b) display the surface current distributions at the operating
frequencies of 4.5 GHz and 8.5 GHz, respectively. It can be
seen that the strong surface current density distributes along the
edge of conductor including the patch and the ground plane,
whereas the moderate current density is diminished at adjacent
area. At middle of the patch, there is almost no current density.
These operating mechanisms produce major current paths
around the patch which is the resonance part; therefore,
electromagnetic wave was capably radiated from the antenna.

The current distributions on the designed antenna at the
notched frequencies of 3.5 GHz and 5.5 GHz are shown in
Figs.7 (a) and (b), respectively. At the frequency of 3.5 GHz, it
is found that the strong surface current density is mostly
concentrated at the L-shaped narrow slit while there is a little
surface current on the other areas. At the frequency of 5.5 GHz,
the surface current distribution shows as same property as the
notched frequency of 3.5 GHz. The electromagnetic energy is
absorbed when current distribution is highly concentrated at
both narrow slits. As a result, there is no radiation of
electromagnetic wave from the antenna. On the other words,
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Fig.6 Simulated surface current distributions at frequencies of (a) 4.5 GHz
and (b) 8.5 GHz.
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Fig.8 Simulated result of the characteristic impedance.

when almost current density is stored by both narrow slits, the
characteristic impedances at notched frequencies of 3.5 GHz
and 5.5 GHz are acutely changed, leading to some mismatches
at the antenna input. Fig.8 displays the simulated characteristic
impedance of the designed antenna. It is clearly seen that the
input impedance is drastically changed at both notched
frequencies of 3.5 and 5.5 GHz while there are nearly constant
at other operating frequencies. Because of this, the proposed
antenna cannot radiate the electromagnetic waves at those
notched frequencies.

III. RESULT AND DISCUSSION

All optimal parameters were employed for fabricating the
prototype antenna by using chemical wet etching on the FR4
substrate with thickness of 0.8 mm, dielectric constant of 4.4
and loss tangent of 0.019. Fig.9 shows the photograph of
prototype antenna. The SMA connector was used to feed the
antenna for the measurement purpose. The measurement was
then accomplished in anechoic chamber room. All measured
results of [S11], |S21|, radiation patterns, group delay time and
antenna gain will be described and discussed in details in the
following subsections.
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A. Simulated and measured |S11| results

A comparison between the simulated and measured results
of |S11] is now shown in Fig.10. From the measured result, it is
found that the lower edge frequency is slightly shifted to higher
frequency about 0.2 GHz while the higher edge frequency is
gradually decreased to 11 GHz. The first and second rejected
frequencies are occurred at 3.5 GHz and 5.5 GHz, respectively,
which coincide with the simulated results. Although, there are
some discrepancies causing from discontinuity from the SMA
connector to CPW transmission line and fabrication tolerance,
the measured result of |S11| still agrees well with the
simulation. Two rejected frequency bands were obtained from
the prototype antenna with the ranges of 3.3-3.9 GHz and 5.1-
5.7 GHz. This result confirms that the proposed antenna has a
strong potential to reduce the EMIs at these bands.

Fig.9 Photograph of the prototype antenna.

—r— measurement
——simulation

[S11](dB)
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-40

2 3 4 5 6 7 8 9 10 11 12
Frequency (GHz)
Fig.10 A comparison of the simulated and measured results
of [S11].

B. Radiation Patterns

The measured radiation patterns in xz and yz planes are
shown in Fig.11 and Fig.12, respectively. The results confirms
that the proposed antenna provides co-polarization radiation
pattern nearly omnidirectional in xz plane at all frequency
bands, However, as shown in Fig.12, a likely bi-directional
adiation pattern is given in yz plane by the proposed antenna at
the same frequencies. Nevertheless, some distortions are found
at higher frequencies because of the higher mode operation of
the antenna. Additionally, the high cross polarization is

appeared because of the curvature current path of the antenna
structure.

C. Transfer function, group delay time and gain

Fig.13 depicts the measured transfer function or |S21| and
group delay time of the proposed prototype antenna. By
placing face to face of two identical antennas with a distance of
about 35 mm, the time domain measurement was
accomplished. It is seen that the |S21]| sharply drops to -54 dB
and -56 dB at resonances of rejected frequencies of 3.5 GHz
and 5.5 GHz, respectively. The average of group delay time is
about 1.7 ns at the operating band, showing rather constant.
The linear phase response is also obtained and sufficient to use
for impulse transmission. At two notched frequencies, the
proposed antenna provides the group delay time of 2.67 ns,
indicating discontinuity phase at these bands.

The measured broadside gain of the proposed antenna is
also shown in Fig.14. It is found that the operating bands are
appeared with frequency ranges of 3.1-3.3 GHz, 3.8-5.1 GHz
and 5.9-10.6 GHz, respectively. The maximum broadside gains
are -1.9 dB, 0.64 dB and 2.35 dB, respectively. A little
fluctuation is found at the higher frequency band, which the
electromagnetic disturbance generated by the narrow slits may
cause of this effect.

IV. CONCLUSIONS

The compact printed UWB antenna with notched bands at
3.5 and 5.5 GHz was proposed. The tapered central feed line of
CPW was employed for impedance matching enhancement. By
embedding the inverted L-shaped narrow slit on the patch, the
frequency band of the WiMAX system at 3.5 GHz was
rejected. Also, by embedding the modified U-shaped narrow
slit nearby curvature part on the patch, the frequency band of
the WLAN/WiMAX systems at of 5.5 GHz was rejected. The
operating frequency band of 2.8-11 GHz covering UWB
system was obtained by the proposed antenna except the
frequency bands of 3.3-3.9 GHz and 5.1-5.7 GHz. The
resonance frequency of rejected band could be controlled by
the length of narrow slit. Also, the notched bandwidth was
controlled by the position of narrow slit on the patch.
Additionally, the proposed antenna provided the group delay
time nearly constant of less than 2 ns suitable for using with
impulse transmission.
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Abstract— The energy produced by the solar cells is more
widespread in the production of renewable energy, which is
clean, reliable and secure. The most important component is
the technology of inverter that converts the direct current from
photovoltaic array into alternating current, which has a variety
of sizes. But the goal is generally the same. The energy transfer
is most efficient and stable electric power as much as possible.
One of the methods used to achieve this goal is to track the
maximum power point. The purpose of tracking the maximum
power is

to ensure that the photovoltaic array energy production or
close to the knee point of the curve of the power at all times.
The problems of tracking the maximum power point tracking
system, that can’t power up, when the sun and temperature
changes rapidly. The event included a panel partially obscured,
so trying to find technical ways to solve such problems.
Modern research has focused on the use of neural networks,
fuzzy logic and hybrid; to reduce oscillate and entry to the
fastest set point values, and also can solve the problem of
traditional methods.

Keywords— maximum power point, knew point, neural, fuzzy
logic, hybrid.

I. INTRODUCTION

Now a day, renewable energy technology has been
rapidly developing. Solar energy is a renewable energy that
has been developed rapidly and plays a key role in the
application of clean energy. But photovoltaic (PV) need to
have a maximum power point tracking system that is capable
of tracking maximum power. Irradiation and temperature are
changing rapidly. Also, when the array is partially shielded.
To optimize the output power, there are several ways such as
interrupt and observe (P & O), increment conductance (IC),
open circuit and short circuit, particle swarm optimization
(PSO), fuzzy logic (FL) and hybrid method (HYBRID). This
article presents a comparison of the different techniques of
modern research that incorporate modern techniques such as
Artificial neural network Logic and integration for the fastest
response. The presentation of this article enables the
selection of maximum power point tracking techniques to be
applied. In particular, the comparison of maximum power
points between different methods including operating costs,

Boonyang Plangklang

Department of Electrical Engineering, Faculty of
Engineering Rajamangala University of Technology
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analog or digital, rely on the sensor or not, speed of entry
into target value and performance.

II. MAXIMUM POWER POINT TRACKING METHOD

A. General Method of Maximum Power Point Tracking

The principle of maximum power point tracking is to
extract the maximum solar energy as shown in Fig. 1.

Fig.1 Maximum power point.

There are several ways to get the maximum power of
solar energy, such as solar tracking. There are two ways to
set up a photovoltaic device, it will cover the system can
track the sun, and the other way is to calculate the sun's
position. The disadvantage, if the application of the system to
control the position error, it is a mistake as well, as shown in
Fig. 2.

Fig. 2 Sun's position tracking system [1].



IEET - International Electrical Engineering Transactions, Vol. 3 No. 2(5) July - December, 2017.

This system controls solar panels perpendicular to the
sun, but loses some of its power to the panel drive system.

The most popular methods is the maximum power point
tracking. The advantage of this method is having no moving
parts, resulting in lower cost and less energy loss, as shown
in Fig. 3.

Comverter Multilevel
DOMC Inverter

Ract, Loct

«<* o 3& 14

T 1|

Fig. 3 Maximum power point tracking method [2].
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Another way is the solar tracking system with maximum
power point tracking, which results in the highest possible
energy but also the highest cost. Other ways to make the
system pay maximum power, such as cooling, but also the
cost and energy required to reduce the temperature.

B. Maximum Power Point (MPP)

A several ways of maximum power point tracking
(MPPT) such as :

1) A Fixed Percentage of the Open-circuit Voltage

This method is based on the principle that the voltage at
the highest power point is linearly correlated with the open
circuit voltage. By setting the maximum supply voltage to
approximately 76% of the open circuit voltage of the PV
array. However, the voltage during open circuit is not
constant at any time, so the operation of this method will
work as a period by cutting off the load while measure the
open circuit voltage, to find the voltage at the peak. The
disadvantage of this method, that the load is not continuous.
power point is linearly correlated with the open circuit
voltage. By setting the maximum supply voltage to
approximately 76% of the open circuit voltage of the PV
array. However, the voltage during open circuit is not
constant at any time, so the operation of this method will
work as a period by cutting off the load while measure the
open circuit voltage, to find the voltage at the peak. The
disadvantage of this method, that the load is not continuous.

2) Perturbation and Observation method : (P&O)

This method will work as a period by comparing the
photovoltaic array at the current time with the preceding
period. If the rate of change is positive, then the system will
adjust the voltage in the same direction, but if the rate of
change of power is negative, so the system adjusts the
voltage in the opposite direction. The advantage is simple
and easy to operate at stable conditions where the amount of

light intensity and temperature change slowly. The
disadvantage is that if the weather changes rapidly, the
system will malfunction.

% K
", /
!

J

™

MPPT Change
Controller Battery
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Comnverter
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Fig. 4 Perturbation and Observation method.
3) Incremental Conductance method : (Inc Cond)

This method is achieved by detecting the voltage and
current output of the photovoltaic array, then calculate the
rate of change of the power versus the voltage from the
equation.

The equation dP/dV=I/V+dI/dV is the increment
conductance of photovoltaic array and equation I/V is the
rate of change of conductivity. The positive value indicates
that the system is running to the left of the maximum power
point, then the system will adjust the voltage increase. But, if
the result is negative, so the point is at the right of the
maximum power point, the system will adjust the voltage
drop. However, if the sum is zero, then the system operates
at the maximum power point. The system will still have to
switch to the original voltage. The advantage is that highly
accurate with rapid weather and temperature changes. The
disadvantage is quite complicated due to the increased
calculation shown in Fig. 5.

MPPT Charge
Controller Battery
DC/DC . | +
Convertar [
||
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PV Panal Ipv
Digitsl Signal Pracessor
Aray cuneni
dPidV Calculation
Amey Voltege

Fig. 5 Incremental Conductance method.
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TABLE 1 RESEARCH RELATED TO MAXIMUM POWER POINT.
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Another research to optimize the maximum power point
is to change from fix step size to variable step size, shown as

in Fig. 6.

Fig. 6

Variable Step Size | s

PN

Voltage(V)

Fixed and variable step size MPPT operation.
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The maximum power point tracking method remains the
classical method, and has developed new techniques to
ensure reliability and efficiency. Fuzzy logic methods (FL)
and artificial intelligence method (Al) is a way to find the
answer that is used to random the default value and to
modify the position of the answer.

The way artificial intelligence is presented in several
ways, the structure of the artificial intelligence method is
shown in Fig, 7.

Fig. 7 Artificial intelligence method [2].

ITII. A MODERN RESEARCH EXAMPLE USING THE MAXIMUM
POWER POINT TRACKING

1) Real time simulation of MPPT algorithms for PV
energy system

Hadjer Bounechba, Aissa Bouzid, Hamza Snani,

Abderrazak Lashab

This study presents NRP- MPPT base on variable step-
size INC. The objective is increased precision in control,
and Matlab/Simulink is used. The result are Fast and
accurate MPPT, that is shown in Fig. 8.

1000 -

Irradiance (W/m’)
I

Current (A)

Power (W)
s 3 @
PR

T T T T T T T 1
1.30 1,35 1.40 145 1,50 1,55 1,60 1,65

Time (s)

Fig. 8 Experimental results of the proposed MPPT for
variable irradiance [1].
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Fig. 8 is shown the performance of this algorithm a
variable irradiance is applied to the PV panel. It can confirm
that the proposed algorithm works very well not only if the
irradiance is constant but also for a variable irradiance. [1]

2) A three-phase NPC grid-connected inverter for
photovoltaic applications using neural network MPPT

Houria Bounaaraf, Abdelaziz Talha, Omar Bouthali

This study presents FLC-MPPT algorithm. The
objective is to compare between FLC, P&O and INC. By
using Matlab/Simulink, the FLC is able to tracking MPP
quickly and accurately, is shown in Fig. 9.

0 005 01 015 02 025 03 035 04 045 05
1[s]

Fig. 9 System responses in a variable irradiance [2].

Fig. 9 is shown the performance of neural network
algorithm, when a variable irradiance is applied to the PV
panel, it can confirm that the algorithm works very well than
fuzzy logic algorithm.

IV. CONCLUSION

The modern research related to maximum power point
tracking has focused on the artificial intelligence system,
fuzzy logic and  combination system with artificial
intelligence system and fuzzy logic. To solve the problem of
traditional systems that can not track the maximum power at
rapid changes in temperature and radiation, as well as some
shading. By comparison, modern research can solve this
problem better than traditional methods, especially artificial
intelligence, which makes the system faster to reduce swing.
The part requires a highly capable controller with more
sophisticated control systems.
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Abstract— Generator is the important part in power system.
To maintain stability of generator, preventive maintenance is a
necessary. Partial discharge (PD) is one of solution to diagnose
insulation condition in generator. Therefore, this paper presents
on-line PD measurement and example on PD identification in
generators. Type of PD can be identified by analyzing the pattern
based on Phase-resolved PD. The T-F map is used to separate the
phenomena for different kinds of PD source waveforms. The PD
patterns of three turbine generators are measured and
investigated by commercial tool via capacitive couplers. The
results show that PD signals and patterns can be detected in all
Phases of three generators. It is found that each PD phenomena
in the power generators were not severe. However, the
investigation on these PD signals must be timely observed.

Keywords— Parchial Discharge; On-line PD Detection; Stress
Grading; Slot Discharge; Generator; T-F Mapping

1. INTRODUCTION

Partial discharge (PD) on generators basically consists of
internal discharge, surface discharge and corona discharge [1].
Internal discharge occurs in gas gap inside the insulation. The
discharge occurs when the total field inside the cavity is equal
to inception field. Surface discharge occurs on insulation
surfaces, due to defects between two metallic with different
electric field stress. External corona discharge occurs at a sharp
metallic point. PD monitoring for rotating machines should be
early detected. PD activities and trend from PD measuring
tools can be displayed in order to prevent machine failure.
Condition-based maintenance can to extend the service life of
generators and motors. PD can be detected at generator stator.

The stator components are shown in Fig. 1 [2]. It consists
of A) covering tape, B) spacer, coil-end bracin, C) groundwall
(main) insulation, mica tapes, D) grading/silicon carbide
coating, E) slot semi-conductive coating, F) inner
semiconductor coating, G) turn insulation, H) slot wedge/Seal,
and I) stator core.
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Fig. 1 Principle of stator winding insulation.

II. CAUSE OF PD IN STATOR

Damaging of insulation can be caused through combined
forces from different stresses such as thermal stress, electrical
stress, mechanical stress and ambient stress. Thermal stresses
are such as highest and lowest temperature and increase of
current through overload. Electrical stresses are operation over
rating of rated operating voltage and tested withstand voltage.
Ambient stresses such as water, ice can cause rapid
degradation. Aggressive and reactive chemicals from gas and
acids as well as abrasive particles as metal parts, ash, and
carbon also effect the insulation degradation. Finally,
oscillation in slot section, mechanical forces in enwinding
section, and different thermal expansion are mechanical
stresses. The causes of PD in stator windings (from A to L) are
presented in Fig. 2. They involve:

A: Small voids on edge
B: Delamination: conductor — main insulation

C: Delamination of tape layers
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D: Treeing in layers

E: Broken strands

G: Micro voids

F: Slot discharge, semiconductor paint abrasion

H: Discharges in cooling duct

I: Delamination of insulation in elbow

J: Endwinding surface discharge — contamination

K: Insufficient spacing, tracking and sparking

L: Connection area between slot corona protection and

endwinding corona protection.
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(a) Stator
Fig. 2 Insulation failures in stator windings.

(b) Insulation failures in generator

III. PD PATTERNS DETECTED IN GENERATORS

The PD pattern on generator can be mainly caused from
twelve problems from A to L. Each problem shows the
different pattern in Phase Resolved PD (PRPD). Generally,
power producers need to be secure on electricity supply to
customer. Therefore, the preventive maintenance for power
generator is always needed in every 6-8 mounts. In this case, a
power producer has found corona noise at generator Unit 1 and
suspected other PD in Generator Unit 2 because of the same
environment with first generator. Therefore, the investigation
on PD was set up to analyze the suspected problem. The results
and analyzed are shown in this paper.

A. PD pattern for A: Small voids on edge

As given in Fig. 3, it is internal PD discharge in void. The
PD dissipation occurs around 0-90° and 180-270° and it is quite
similar wave shapes in both positive and negative cycles. The
size of PD depends on size of void.

normal

G
P A

Fig. 3 Internal discharge in void on edge.
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B. PD pattern for B: Delamination: conductor — main
insulation

As given in Fig. 4, it is internal discharges in
metal/dielectric-bounded cavity. PD is slightly unbalanced in
triangle waveform in positive and negative cycles. PD occurs
in advance of system voltage peaks but there are large
discharges on one half cycle and small discharge. The
amplitude difference on the two half cycles may be as low as
3:1. It is high severity PD.

high

Bﬂ&ﬁ

Fig. 4 Internal discharge in metal/dielectric-bounded cavity.

C. PD patterns for C: Delamination of tape layers and

D: Treeing in layers

As given in Fig. 5, it looks like internal discharge in
insulation but the patters are combined with claw patterns in
both positive and negative cycles because non-uniform
delamination of tape layers and treeings. This causes high
severity. In each positive and negative cycle, the PD starts
since 0° and 180 ° and it keeps increasing till almost 90° and
270°. It is high severity PD.

high

E

Fig. 5 Internal discharge with claws in delaminated tape
layers and treeing.

D. PD patterns for E: Broken strands

As given in Fig. 6, it is damage in conductor. The PD
pattern should be a combination of internal discharges in
metal/dielectric-bounded cavity and arcing. Arcing occurs in
gas-insulation media within gap as well as between conductor
and solid insulation bounded conductor. It is high severity PD.

Fig. 6 Broken strands cause internal
metal/dielectric-bounded cavity and arcing.

high

Z

discharge in
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E. PD patterns for F: Slot discharge, semiconductor paint
abrasion

As given in Fig. 7, it is internal discharge caused from
damage between layers of major insulation, semiconductor
and metallic slot. Because there is electric stress in void
between metallic slot and major insulation, so the PD shape is
closely to case B but is sharply triangle shape. It is high
severity PD.

F high F

>~ [

Slot discharge, semicon paint
abrasion

Fig. 7 Internal discharge between layers of major insulation,
semiconductor and metallic slot.

F. PD patterns for G: Micro voids

Mostly similar to case A, it is internal PD discharge in
small voids in insulation. It occurs in advance of system
voltage peaks with equal magnitudes on both half positive and
negative cycles. It is quite similar wave shapes in both positive
and negative cycles. The size and position of PD pattern
depends on number, size, shape, and axis of void. It is normal
severity PD.

G normal 3
ANVANY.

Micro void

normal G normal

ALAL AU

Micro void, different scaling Micro void,

Fig. 8 Internal discharge between layers of major insulation,
semiconductor and metallic slot.

G. PD patterns for H: Discharges in cooling duct and

I: Delamination of insulation in elbow

As given in Fig. 9, it is surface discharges from metallic
conductor to air insulation. It is unbalanced waveform in
positive and negative cycles, which occurs in advance of
system voltage peaks but there are large discharges on a half
positive cycle and small discharges on a half negative cycle.
The PD amplitude difference is about 3:1. It is medium
severity PD.

14

i /
4 ! ' ﬂ B, o
Fig. 9 Surface discharge between bus and air insulation.

H. PD patterns for J: Endwinding surface discharge —
contamination

As given in Fig. 10, Two PD patterns symmetrically
dispose on both positive and negative cycles of the supply
voltage in rabbit-ear shape. It starts either before or
simultaneous supply voltage. On both cycles, patterns are
equal in magnitude and opposite in direction. It is low severity
PD.

low low
N U

RN NN

Endwinding surface Endwinding surface
discharge - contamination discharge - contamination

A IA - I

Endwinding surface Endwinding surface
discharge - contamination discharge - contamination

Fig. 10 Endwinding surface discharge from contamination.

I. PD patterns for K: Insufficient spacing, tracking and
sparking

Insufficient Spacing, Tracking and

Sparking, winding. to core

clamping bolts or between two
Contact PDs phase windinas

Fig. 11 Contact produced PD sparking and arcing.

J. PD patterns for L: Connection area between slot

corona protection and endwinding corona protection.

As given in Fig. 12, it is surface discharges from
endwinding to air insulation. It is unbalanced waveform in
positive and negative cycles, which occurs in advance of
system voltage but there are large discharges on a half
negative cycle and small discharges on a half positive cycle.
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Two PD amplitudes are obviously different in both
positive and negative cycles. It is low severity PD.

low JalL

N

Fig. 12 Surface discharge between metallic endwinding to air
insulation.

Surface discharges end winding

K. PD patterns of noise

Normally, noise pattern is not referring to power frequency
and noise amplitude depends on site environment. For
generator, noise can cause from power electronic device.

noise

I N I

noise

noise-excitation (also 12 and 24

peaks) Moise, asynchronous with AC

Fig. 13 Noise patterns.

IV. PD DETECTION IN LABORATORY

PD detection can be divided into two types that are on-line
measurement and off-line measurement. The on-line
measurement techniques are such as High Frequency Current
Transformer (HFCT), acoustic detection and Ultra High
Frequency (UHF) detection while the off-line testing
techniques are such as high potential (hipot) testing, IEC60270
conventional PD detector [3], power factor and dissipation
factor testing, Very Low Frequency testing (VLF). Those PD
detection types are used to detect the abnormal condition of the
insulation system in high voltage equipments. Moreover, these
tools can identify the problem’s causes and severity. Then the
maintenance can be properly acted.

A. PD Sensors

To measure PD signals at stator model in laboratory, a
HFCT sensor is used while to measure the signal at practical
generator in power plant high-voltage capacitor couplings is
installed.

Current sensor: The high frequency current transformer
(HFCT) sensor is shown in Fig.4. The sensor is applied to
clamp around the conductor or ground lead of the power cable
for PD measurement. PD can cause current pulse with high
frequency which flowing to the ground system. The installation
of HFCT is shown in Fig.14.

Fig. 14 HFCT Sensors and installation.
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B. PD Test Circuit in Laboratory

PD detection techniques according to IEC 60270 standard
[3], known as conventional method, is widely accepted with
the highest accuracy. This technique can describe the
phenomena of internal discharge, surface discharge, and air
corona. The test circuit is represented in Fig. 15. The circuit
comprises supply voltage (AC Source), measuring instruments
coupling capacitor (Ck), noise filter (Z), input impedance of
measuring system (Zmi), connecting cable, coupling device,
measuring instrument and test object (Ca). Then, the discharge
patterns can be observed. Some examples on discharge
patterns in [1]-[2] are given in Fig. 15.

AC
Source TC“
Coupling

Device

Measuring
Instrument

Cable
Fig. 15 IEC 60270 standard for conventional PD test.

C. | Case Study and Resutls

1) Case study 1: Defect in slot
For Model 1, the air gap was created as shown in Fig.16.
The PD measurement result is shown in Fig.17

m
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; moTvapro Ao T Slot dlwscharge, semicon paint
Phase abrasion

Fig. 17 Slot discharge pattern from Model 1.

2) Case study 2: Defect at endwinding

For Model 2, the air gap was created in insulated paper
layer as shown in Fig. 18. The PD measurement result is
shown in Fig. 19.

__________

Fig. 18 Model 2: Defect on insulation of endwinding.
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Fig. 19 Surface discharge pattern from Model 2.

From the result, the PD pattern measured from Model 2
shows the characteristic as same as the PD pattern from
database in type of surface discharge.

3) Case study 3: the air gap on outer layer of insulated
paper

For Model 3, the air gap was created on outer layer of
insulated paper as shown in Fig. 20. The PD measurement
result is shown in Fig. 21.

Fig. 20 Air gap on outer layer.
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Fig. 21 Internal discharge pattern from void.

From the result, the PD pattern measured from Model 3
shows the characteristic as same as the PD pattern from
database in type of internal discharge.

V. ON-LINE FOR PATIAL DISCHARGE DETECTION

In this paper, on-line PD detection on power generator was
observed by using unconventional diagnostic commercial tool.
The testing equipment includes -capacitive coupler, PD
detector portable tool and connecting device.

A. Capacitive Coupler

High Voltage Coupling Capacitor (HVCC): The coupling
capacitor is shown in Fig.5. The design of capacitive coupler
is suitable for permanent installation to measure PD in stator’s
winding. The PD will cause small voltage drop at origin point
which capacitive coupler will transfer electric charge to
compensate the dropped voltage at defect point. The
installation of capacitive coupler is shown in Fig. 22.
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Fig. 22 Coupling capacitor and installation.

Capacitive couplers as shown in Fig. 23 are used as the
sensors to detect PD signal stator winding. They are connected
with main bus bar of the generator at all three Phases. The
signal cables (RG58) are used to connect between capacitive
coupler and Link Box outside the generator for user interface.

Bus bar

Capacitive
Coupler
S "

»

l

A

Link Box

) o
o @

ABEB ILSTQ%
POWER

Fig. 23 Capacitive coupler connected to generator bus bar.

B. Background Noise

Before any analysis, the background noise must be
mitigated. They are caused by the variation in voltage from
external source as well as communication signals, resulting to
also cause some currents to flow between the source and the
capacitance of the system being tested, even without a PD
event in the test object. The background noise is detected in
commercial tool.

C. Example on On-line Measuring System

Generators Unit 1 and Unit 2 are connected to Link Box
via capacitive couplers with 80 pF as presented in Fig. 24 and
Fig. 5.Terminal A, B, C are connected to PD detector portable
tool, High Pass (HP) filter are needed for noise rejection and
PD detector must be synchronized with system voltage of the
generator in order to identify the PD using Phase Resolved PD
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(PRPD) method. The connecting cables between Link Box and
PD detector portable are RG58. Moreover, the WIFI is used to
connect between PD detector and computer for acquisition
data. The PD software as Graphic User Interface (GUI) is used
to analyze the PD pattern as well as PD waveform.

PD
Detector

od

RG58

Fig. 24 Measuring system for generator Unit 1.
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Fig. 25 Measuring system for generator Unit 2.
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Fig. 26 Waveforms separated by FFT.
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Fig. 27 Signal phenomena in different parts on T-F map.

The specification of the PD detector portable commercial tool called the
Ultra Wide Brand (UWB) digitizer is 3x100 MS/s, the bandwidth is in
between 16 kHz to 35 MHz. Waveform Fast Fourier Transform (FFT)
spectrum shows in real time PRPD pattern. The T-F mapping as technology is
used to separate the PD phenomena. The process entire waveform of PD pulse
is recorded by this tool.

D. T-F Mapping

Fast Fourier Transform (FFT) is applied to separate the
signals into different frequencies and time-lengths. Later on,
those signals can be plotted into T-F map [5] in order to
classify types of signal such as noises or PD pulses. For
example, two pluses as slow and fast pluses shown in Fig.
26,they are analyzed and plotted in T-F map as shown in Fig.
27.Finally, these phenomena located in different parts on T-F
map are identified the types of signals.

VI. PRACTICAL ON-LINE PD DETECTION

In this paper, three generators with rated voltage 13.8 kV
were measured and investigated by using PD detector. The
capacitive couplers with 80 pF were installed at the bus bar in
both generators. PDs signal in three Phases of 2 generators
were observed and investigated by using PRPD and pulse
wave form. The identification was based on pattern in PRPD
as worldwide technique [4].

A. Background Noise

Before any analysis, the background noise must be
mitigated. They are caused by the variation in voltage from
external source as well as communication signals, resulting to
also cause some currents to flow between the source and the
capacitance of the system being tested, even without a PD
event in the test object. The background noise is detected in
commercial tool. In this test, background noise lower than 5
mV was removed as shown in Fig. 28.
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Fig. 28 Background noise in the system.

B. PD Detection on Generator Unit 1

For generator Unit 1, the internal PD appeared in all
phases with different phenomena. For Phase A, the entire PD
pattern in PRPD is separated into two phenomena as given in
Fig. 29(a) and 29(b). The causes of two phenomena is
analyzed and identified to be distributed microvoids. In Phase
B, the entire PD pattern in PRPD can be separated into two
phenomena as given in Fig. 30(a) and 30(b). The I1st
phenomenon shows stress grading at overhang of Phase B
while the 2nd phenomenon is cross-talk from Phase C. In
Phase C, the entire PD pattern in PRPD of Phase C is shown
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in Fig. 31(a). Similarly, the pattern can be separated into three
phenomena as given in Fig. 31(b), 31(c) and 31(d). The first
phenomenon shows stress grading at overhang of Phase C

while the 2nd and 3rd phenomena are the cross-talk from
Phase B.
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Fig. 29 PD signal on Phase A of in generator Unit 1 (a) 1st
internal PD (b) 2™ internal PD.
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Fig. 31 (a) Detected PD signal on Phase C of in generator
Unit 1 (b) 1% phenomenon shows stress grading (c) 2nd
phenomenon is cross-talk from other phase, (d) 3"
phenomenon is cross-talk from other phase.

C. PD Detection on Generator Unit 2

For generator Unit 2, the PD appeared in only Phase A and
Phase C. All patterns are shown in PRPD. In Phase A, two
phenomena of distributed micro voids were detected as shown
in Fig. 32(a) and 32(b). For Phase B, only cross-talks form
Phase A were appeared as shown in Fig. 33(a) - 33(d). In
Phase C, the PD is a corona discharge in air gap between bus
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bars and pressure finger in the region as shown in Fig. 34. It is
low severity PD because of low PD magnitude.
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Fig. 32 PD signal at Phase A in generator Unit 2 (a) 1%
internal PD (b) 2" internal PD.
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Fig. 33 PD signal at Phase B in generator Unit 2 (a) Entire
detected PD pattern of Phase B (b) 1% cross-talk from Phase

A, (c) 2" cross-talk from Phase A, (d) 3™ cross-talk from
Phase A.
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Fig. 34 Corona discharge in air gap at Phase C in generator
Unit 2.

D. PD Detection on GeneratorUnit 3

For Phase A in Fig. 35(a), the results show that the slot
discharge from embedded delamination was detected with
amplitude 266 mV. For Phase B in Fig. 35(b), the stress
grading discharge at endwinding was found with amplitude
106 mV. For Phase C in Fig. 35(c), the stress grading at
endwinding was also detected with amplitude 138 mV. It is
medium severity PD. This generator is suggested for a half-
yearly investigation.
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Fig. 35 PD signal in generator Unit 3 (a) Internal slot
discharge at Phase A (b) Stress grading PD of Phase B (c)
Stress grading PD at Phase C.

E. Problem Resolving

In all cases, the amplitudes of PD are not high. Therefore,
the PD trend needs to be observed closely. If the PD has
higher amplitude and repetition rate, the visual inspection is
needed to be taken in effective action. Additional, the on-line
PD detection can be used as a on-line monitoring system for
observing the insulation damage of power generator and for
alarming to any Central Unit (CU) placed in the utility
headquarter [6].

VII. CONCLUSION

The capacitive couplers are used to be sensors for on-line
PD detection on power generators. Three power generators as
nominal voltage 13.8 kV were investigated. The PDs from
different sources and noises in entire PD pattern were
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separated by using T-F map. In field measurement, the
background noise is not stable like in laboratory. Then, the
noise should be rejected to clearly show the PD pattern and
identify correct problems. The internal PD and stress grading
were found in generator Unit 1 with low severity because of
low PD amplitude. It is found internal PD from distributed
micro voids in generator Unit 2 with also with low severity.
For generator Unit 3, both internal slot discharge and stress
grading PD were found with medium severity of the amplitude
up to 266 mV. In the conclusion, Those PD signals caused
from insulation aging can cause the degradation of power
generator because of high electric stress, mechanical stress and
PD initiation. Therefore, the life extension of generator can be
achieved by the good maintenance as condition based-
management.
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Abstract— This paper presents the effect of ferroresonance in
a 400 V line to line or 240 Vrms at low voltage side distribution
system integrated with a small PV system in Thailand. This
oscillation phenomenon can occur when a small PV system is
connected to the LV side of the distribution transformer via three
single-phase circuit breaker. The high voltage sides of the
distribution transformers are connected to the distribution
system via three single-phase circuit breaker. As the saturation
property of the transformer cores, ferroresonance can occur
when the transformer is switched or disswitched with single-
phase switching operation of the circuit breakers. The PSCAD is
using to investigate effect the phenomenon of distribution
transformer and the current wave form of fast transient can use
the equation of current flow in the Dommel’s Technique solution.
All results will be fully given in this paper. Moreover, the
physical phenomena associated to the overvoltage, overcurrent
and the damage of distribution transformer are fully discussed.

Keywords—Ferroresonance, PV Source, Distribution
transformer, Dommel’s Technique, and PSCAD/EMTDC

I. INTRODUCTION

One of the modern trends in renewable energy is
photovoltaic rooftop system integration with distribution grid.
Many countries are promoting grid connected PV rooftop
system as the components of distributed resources. PV rooftop
system can be simply equipped on the frame of rooftop to
generate electricity that is used by local loads. For purchaser
viewpoint, micro grids can make better the power quality and
reliance. There are introduced kind of power quality publish to
the power system with the unforecastable nature of the output
power and the power electronics components [1]. A lot of
research have been done on the modeling system and control of
micro grid with hybrid renewable generators [2-6]. However,
the power flow of PV system in to the grid can be problematic
that overvoltage could be happen in distribution system. The
local customer at the daytime used electric is relatively low and
distribution network has been utilizing and design to define the
effect of voltage drop, not support over voltage. In 2008, the
researcher group showed that the distribution network is
affected by harmonic from small PV system when connected to
the grid [7]. In 2012, another researcher group showed that the
low voltage network is affected by voltage rise from PV system
when connected to the grid [8].
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In additional discussion, the distribution network is affected
by operator error or system defects. In low voltage side
distribution system, the connecting or disconnecting of line use
by manual single phase circuit breaker there are unsymmetrical
faults in 3 phase, including no loaded or light loaded
distribution transformer and overhead line or underground
cable is look like capacitive coupling, that are already high risk
for happening ferroresonance. The researcher group reported
that the occurrence of ferroresonance are possible to show after
some kind of system defect, depend on the system or the type
of connections [9]. The transient of overvoltage and
overcurrent was produced by this phenomenon and an
abnormal power quality in power system. A lot of research
groups have studied on ferroresonance in power system and in
distribution network [10-17]. A lot of literatures have published
on the analysis and simulation of the effects of ferroresonance
in power systems [18-23]. All earlier studies, possibility of
occurrence ferroresonance have been happen in high voltage
side of power system, but possibility of occurrence
ferroresonance with the influence of PV rooftop system grid
connected on low voltage side distribution transformer in the
case has not been considered. This paper studies the effect of
PV rooftop system grid connected on low voltage side
distribution transformer ferroresonance using Dommel’s
Technique and simulation using PSCAD.

II. FERRORESONANCE AND ITS EFFECT

The researcher group reported that that ferroresonance is a
nonlinear phenomenon which has a chaotic characteristic and
may occur in power systems when a nonlinear inductor be able
to series with a capacitor and concurrently an unbalance
switching or fault happens [13]. Normally, the serious
condition that power systems pay attention to ferroresonance
are: identity of no or light loaded transformer, single phase
switching, and the existence of capacitors. Ferroresonance has
some symptoms that thus technician or operator can be aware
about its happening. The major problem ones are: over voltage
and current, power quality problem, the damaged insulation of
apparatus and the defect of protection mechanisms [13].

There are differently ferroresonances in the configuration
of power transformer. In 2003, D.A.N. Jacobson reported that
examples of ferroresonance in a high voltage power system,
there are seven different types of power systems that are
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affected to ferroresonance phenomenon [24]. This study
chooses one of these seven types of them. The distribution
transformer connected and disconnected in one or two phases
are modeled and shown in Figure 1. The capacitor is in the
form of underground cables or overhead power lines that
supply voltage to a transformer primary winding which is
connected to a ground.

} m
\
L __pXxx o o
} A (‘(WL_“I}
| | —— I
oo e -] |
| I |
\
l Lo L L |
| } ‘f TF} }
} v ‘ ‘ \
\ \
o T - !
\ v

Fig. 1 Line supplying a transformer with wye-ground
connected.

The connection between the nonlinear inductance and the
capacitance may be represented in series or parallel form. In
this paper, only series circuit will be considered as shown in
Fig. 2.

Ce
Em ng

Fig. 2 Series ferroresonance circuit.

III. MATHEMATIC MODEL AND SIMULATION USING By
PscAD

A. Mathematic model in Dommel’s Technique

The circuit shown in Figure 2, before reaching the steady
state current wave. In this case a closed solution was possible

through Laplace and Inverse Laplace transformation
technique. In most of the complex, including power system, a
closed form of solution is not possible. This is an alternative
technique available to solve such complex circuit with
reasonable approximation. This method is known as the
Dommel’s Technique. In this method, all the circuit element
such as R, L and C are converted into equivalent resistance
and a small time step (t) is used for step-by-step solution.
From the figure 2 below, differential equation of circuit flow
in the LC circuit.

E, () =V )+V_ 1) (1)
dE_(t) di(t)

E (t)=C_—n L

(0 =C, it +L, it )

And equations of current flow in the Dommel’s Technique are

E(t) + E(t - AY)

E, (1) =
2 &)
dE, (1) E(®)-E(t-Ab)
dt At @
di(t) i) —i(t—At)
dt At )

Substitute egs. (3), (4) and (5) into (2), then the equation of
current flow in the Dommel’s Technique solution is given as
below.

EM+EC-AD _ . [E(t)fE(tht)}rL [i(t)fi(tht)}
2 o At " At

E(t)+E(t—At) = %[E(t) —E(t —At)]+%[i(t) —i(t—AD)]

g[E(t) +E(t—At)]-C[E(t) - E(t-Ab)]
i(t)—i(t—At) =
Lm
At
ZS[E@®) + E(t—At)]-C,[E(t) - E(t - AD)]
i(t) = —i(t—At)
bn (6)
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Fig. 6 The current RMS at phase A.

The simulation results were followed through for the
simulation of various situations affecting ferroresonance and
which are indicated in Figs. 5,6, 7, 8, 9, 10, and 11.

First, on phase A, the cutting fuse was breakdown at time 2
sec. and was connected at time 6 sec. The result of RMS
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voltage and current at phase A is shown in Fig. 5 and 6. After
2 sec., the voltage at phase A was drop from 300 V to 240 V
until to 6 sec., the current at phase A drop from 0.25 kA to
0.125 kA. After that, the cutting fuse was connected and the
voltage was swing to 350 V at time 6 sec., then at time 8 sec.,
the voltage was to 300 V. The current was swing to 1.8 kA at
time 6 sec., then at time 8 sec., the current was to 0.22 kA.

Second, on phase B, the cutting fuse was breakdown at tim
e 3 sec. and was connected at time 8 sec. The result of RMS v
oltage and current at phase B is shown in Fig. 7 and 8. After 3
sec., the voltage at phase B was drop from 300 V to 220 V unt
il to 8 sec., the current at phase B was oscillated between 0.25
to 0.5 kA in time 2 sec. to 3 sec. and then drop to 0.125 kA. Af
ter that, the cutting fuse was connected and at time 8 sec., the
voltage was to 290 V. The current was swing to 0.5 kA and dr
op to 0.22 kA.
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Fig.7 The voltage RMS at phase B.
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Finally, on phase C, the cutting fuse was breakdown at
time 4 sec. and was connected at time 7 sec. The result of
RMS voltage and current at phase C is shown in Fig. 9 and 10.
Between 2 to 4 sec., the voltage at phase B was very
fluctuation in 220 to 350 V. The current at phase C was
oscillated between 0.5 to 1.4 kA in time 2 sec. to 4 sec. and
then drop to 0.125 kA. After that, the cutting fuse was
connected and at time 7 sec., the voltage was swing to 310 V
and drop to 290 V. The current was swing to 0.5 kA and drop
to 0.22 kA
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The results point out that the ferroresonance with
overvoltage and overcurrent cloud be happen in low voltage
side distribution system with under saturation transformer. In
addition, the important fundamental of ferroresonace is an
unbalanced switching, that the outward manifestation of a
sudden change in circuit conditions. Fig. 11 shows the fast
transient at phase A after switch is connected. The current
waveform can use the equation of current flow in (6) to solve
this circuit with reasonable approximation.
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Fig. 11 Fast transient after switch connected at Phase A

V. CONCLUSIONS

With this paper, the general effect of the ferroresonance
phenomenon was purposed and modeling and simulation
studies were realized using PSCAD/EMDTC for the low
voltage side 400 V line to line or 240 Vrms at distribution
system. The term of the mathematical model were considered,
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with the Dommel’s Technique solution. The results of this
simulation were explained and they can be list as follows: In
this situation, the ferroresonance causes over voltage and
current variations in the low voltage side 400 V line to line or
240 Vrms at distribution system. The over voltage and current
variations have fluctuation, that can inject harmonic in to the
grid. The over current variation can cause the protection
equipment damage. The importance solutions to escape
damage of ferroresonance are using a more loss distribution
transformer, using three phase circuit breaker and do not
connect and disconnect when distribution transformer
connected no or light load. In addition, the distribution
transformer must be without saturation characteristic.
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