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Abstract

In this study, a new controller based on the synchronous reference frame (SRF) in a photovoltraic (PV) panel supported
three-phase unified power quality conditioner (PV-UPQC ) is proposed to solve power quality problems in power systems.
The serial and parallel active power filters fed with energy by PV panels are used together in the PV-UPQC system. In the
proposed controller, measurement values are taken from four different points of the power system. The obtained values
and DC voltage generated by PV panels are used to calculate the reference current and voltage values. PWM signals of
switches used in active filters are produced using moving average filter and space vector-PWM. The algorithm used in
both filters consists of two parts. The first is the mppt algorithm, in which the maximum voltage is obtained from the PV
panels, and the second is the SRF-based proposed algorithm, where the reference current or voltage is obtained.
Simulation and experimental studies of the proposed controller are applied. When the results obtained are examined, the
proposed controller for three-phase PV-UPQC gives better results than the traditional SRF based controller in attenuation
of harmonics in current and voltage.

Keywords: Total harmonic distortion, Active power filter, Photovoltaic system, Moving average filter MAF, Power quality
improvement.

GUC KALITESIi SORUNLARINI COZMEK ICiN FOTOVOLTAIK (PV) PANEL
DESTEKLI BIRLESIK GUC KALITESI DUZENLEYICISI ICiN YENI BiR
DENETLEYICI

Ozet

Bu calismada, enerji sistemlerindeki gii¢ kalitesi sorunlarint ¢ézmek icin fotovoltaik (PV) panel destekli ti¢ fazli birlesik
gli¢ kalitesi diizenleyicisinde (PV-UPQC) senkron referans cercevesine (SRF) dayanan yeni bir denetleyici 6nerilmigstir. PV
panel sistemi tarafindan iiretilen enerji ile beslenen seri ve paralel aktif giic filtreleri, PV-UPQC sisteminde birlikte
kullanilmaktadir. Onerilen denetleyicide, gii¢ sisteminin dért farkli noktasindan élgiim degerleri alinir. Elde edilen
degerler ve PV paneller tarafindan tiretilen DC gerilim, referans akim ve gerilim degerlerinin hesaplanmasinda
kullanilmaktadir. Aktif filtrelerde kullanilan anahtarlarin PWM sinyalleri hareketli ortalama filtre ve uzay vektor-PWM
yontemleri kullanilarak iiretilmektedir. Her iki filtrede de kullanilan algoritma iki béliimden olusmaktadir. Birincisi,
maksimum gerilimin PV panellerinden elde edildigi mppt algoritmasi ve ikincisi, referans akimin veya gerilimin elde
edildigi SRF tabanh oénerilen denetleyici algoritmasidir. Onerilen denetleyicinin simiilasyon ve deneysel calismalar
yapilmistir. Elde edilen sonuglar incelendiginde, ii¢c fazli PV-UPQC icin oOnerilen denetleyici, akim ve gerilimdeki
harmoniklerin azaltilmasinda geleneksel SRF tabanli denetleyiciden daha iyi sonuglar vermektedir.

Anahtar Kelimeler: Toplam harmonik bozulma, Aktif gii¢ filtresi, Fotovoltaik sistem, Hareketli ortalama filtre HOF, Gii¢
kalitesi.
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. connected cells are devices used to convert solar energy
1. Introduction : .

into electrical energy [1].

Solar energy has been preferred more than fossil energy
in recent years because it does not cause air pollution, is
not a costly energy and is not a depleted energy source.

Photovoltaic (PV) panels consisting of serial and parallel

Today, energy quality has become an important factor
with the usage of advanced devices. The current and
voltage harmonics occur in the power system with the
increasing use of nonlinear power electronics circuits.
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The voltage unbalance, voltage sags and swells,
harmonics in current and voltage are some examples to
the problems created by power quality. They may
damage the sensitive equipment, cause the loss in
efficiency of electrical machines, turn on the contactor
relay, or over heat the cables [2]. Thyristor switched
capacitors and passive LC filters are used to enhance the
power factor of AC loads and reduce the harmonics in
voltage and current. Such devices have some
disadvantages such as having constant resonance, large
circuit structures, high costs and adjustment problem.
Active power filters (APF) and unified power quality
conditioner (PV-UPQC) with DC source fed by PV panels
have been developed by the operation of active switches
at very high frequencies. APF allows to suppress the
harmonics in voltage and current with high frequency,
perform reactive power compensation, eliminate some
unbalances in three-phase systems and reduce neutral
line currents [3].

Recently, there are many control algorithms applied to
the PV-UPQC system to improve power quality. These
algorithms are implemented as a function of time and
frequency. Control algorithm applied as a function of
time is used more widely because calculations are not
complicated and there is no delay in time. The control
algorithms frequently used for the PV-UPQC system in
the literature are the PQ algorithm called instantaneous
active and reactive power algorithm[4-7] and
synchronous reference frame (SRF) algorithm [8-11].
However, better results are obtained by using the SRF
control algorithm when compared to other algorithms
in eliminating power quality problems. In the SRF
control algorithm, the measured current or voltage
signals are passed through the low pass filter and the
high pass filter to obtain reference current and voltage
information used in active switches[10]. The other
control algorithms used for PV-UPQC in the literature
are sliding mode controller (SMC) [12], high selectivity
filter (HSF) [13], fuzzy logic controller [14], the
instantaneous sequence component theory (ISCT) [15],
instantaneous power control[16], the unit vector
template technique [17-18], the hysteresis and
boundary control [19] and power angle control [20].

The moving average filter (MAF) is used by [21] and
[22] in the literature. In the study, the load currents and
voltages are measured in the series-APF (S-APF) and
parallel-APF (P-APF). The source current is controlled in
the S-APF using MAF and the grid voltage is controlled
with the and MAF isn't used to control the P-APF [21].
The load currents are measured in the P-APF and the
reference currents are obtained from output a MAF. The
switching signals are obtained using hysteresis-PWM
(H-PWM) technique. In the S-APF, the load voltages are
used and these signals are passed through a sinusoidal
PWM voltage controller and MAF isn't used [22]. In the
proposed study, a new SRF based control algorithm has
been developed which uses MAF and space vector-PWM
technique to improve power quality in three phase
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series and parallel active power filter fed by the PV
panel. In the controller used in P-APF, only ab source
currents are measured and c source current is
calculated using two measured currents. The d-q
components are calculated using abc 3 phase currents.
MAF filter is used to obtain the reference current
signals. The reference source currents are compared
with the sensed source current and the switching
signals are obtained using space vector-PWM technique.
In the controller used in S-APF, only ab source voltages
are measured and c source voltage is calculated using
two measured currents. The d-q components are
calculated using abc 3 phase voltages. MAF filter is used
to obtain the reference load voltage signals. The
obtained reference load voltages are compared with the
sensed load voltages and the switching signals are
obtained using space vector-PWM technique.

The main advantages of the proposed control method
are as follows:

1) reduced THD by using DC voltage produced by PV
panels.

2) improved power factor;

3) improved source current compensation due to use of
MAF in d-q control of UPQC;

4) improved source voltage compensation due to use of
MAF in d-q control of UPQC;

5) reduced the numbers of measurements.

In the study, the number of measurements has been
reduced by using only source currents, voltages and DC
voltage and the operation of the controller has been
improved. The DC voltage produced using PV panels is
converted to AC voltage through P-APF using the MPPT
method and transferred to the energy system. Thus the
harmonic of current is corrected by the PV current
transferred to the grid. The performance of the
controller is analyzed under balanced and unbalanced
nonlinear RL load or RC load conditions. Analysis
studies are carried out in the PSIM program and the
numerical results obtained were compared with other
algorithms in the literature.

2. Theoretical Part

2.1. The Determination of Switching Signals Using
Space Vector PWM

The space vector-PWM technique is based on the
conversion of three phase voltage vectors of the
synchronous machine into a single rotating vector. In
space vector-PWM technique, it is desired to obtain a
voltage signal in sinus form where switching loss and
total harmonic distortion value is low. To accomplish
this, a switching vector indicating the switching states of
the active switches used in S-APF and P-APF, and
different sequences of this vector are used. The most
correct switching sequence is chosen from these
vectors. In the space vector-PWM technique, no
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comparison is made with the triangular signal in
obtaining the PWM signals of the switches. The
activation and deactivation times of the switches are
obtained numerically. The space vector-PWM is used to
obtain a three-phase voltage signal at the desired
amplitude and phase at the inverter output from a
constant DC voltage. This three-phase voltage signal is
shown using the space vector [23]. Using the space
vector-PWM technique, harmonics and THD are reduced
and a better output voltage is provided. The d-q vector
coordinates of the space vector-PWM are shown in
Figure 1. The abc voltages are calculated using (1,2) the
d-q components.

Vg = Vg — Vgpc0s60 — V.cos60 (D
Vg = Vspcos30 — Vi.cos30 (2)
a N
b Vg A — — Vref
I
I
5 >
vd a,d
C
Figure 1. Voltage d-q coordinates.
(1) and (2) are written in the form of matrix in (3).
1 1
AT R [ ;
Vq - 5 0 Ne) V3 sb ( )
-7 T2

The magnitude V,..r and angle a of the rotating vector
are calculated using (4) and (5) [24].

Veer| = V& + V7 )
a = tan™? (]‘:—‘;) = wst = 2xft (5)

Using the (6), (7) and (8), the time change between
sectors 1 and 6 (Si-S¢) is determined. The voltages are
applied in the range of Tm and Tm+1. The Vg or V7 vector
is applied during Ty [25].
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YE
Ty = Tsm7sm (gn — a) (6)
T+ = Tsm\/z—gsin (a - nT_ln) (7
To=T-T - T, (8

When the output voltage is examined for the T period
and the V.f voltage vector is examined in the d-q axis, a
total of 6 space vectors are obtained. These vectors are
placed in the axis tool at 600 intervals. Switching states
are variable in each region. The switching states for
sector 1 and sector 4 are shown in Figure 2. The carrier
and reference signals are not required in the space
vector-PWM technique, like in the sinusoidal-PWM
technique.

V3 (010) V2

(110

Vs (001) Ve (101)

Ven Ven —

Figure 2. Sectors and switching states of space vector-
PWM

2.2.Moving Average Filter MAF

The MAF filter is an easy-to-apply filter that can
eliminate frequencies greater than the critical frequency
of the filter. The critical frequency is calculated as the
inverse of the fundamental frequency. In addition, the
proposed filter improves the filter response. The output
function of the proposed filter is created by Eq. (9). n
indicates the number of sample used to subtract average
amounts [21].

_ 1 1 1 11—z
H(Z)=n 1(1+Z—1+Z—2+"'+zn_1):;1_2_1 (9)

Figure 3 shows the structure of the MAF. It is supposed
that even harmonics do not occur in voltage or current
signals. The proposed filter includes integral receiver,
signal delay, subtract and division blocks. The integral
of the current or voltage signal is obtained using the
integral receiver block. The delay block ensures that the
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current or voltage signal is delayed by T /n of the basic
period. The signals from the delay block output and the
integrated receiver block output are subtracted in the
subtract block. The resulting signal is sent to the
division block and divided by T/n. As a result, the
moving average of the current or voltage signal is
obtained from Eq. (10)or Eq. (11) [22].

U - N T
Delay " T
TJ,.rn J
Figure 3. MAF control block
¢
MAFyyq = = f, 1 Vadt (10)
n t .
MAFoutiq = 7 J,_tiadt (11)

Where V; is the d value of the source voltage signal and
iy is the d value of the source current signal.

2.3.PV-UPQC System Configuration

PV-UPQC is a special power device used to reduce
power quality problems in current and voltage in low
power. The serial-APF (S-APF), parallel-APF (P-APF)
and DC source fed PV panel are used together in the
three-phase PV-UPQC system as shown in Figure 4 [13].

Vsabe
isabe

AC

Source

Rsabc

VTabe

Transformer

VLabe iLabc

AN—Y

Lsabc

e

S-APF

Rlabc  Llabc

Non-
Linear
Load

icabe

P-APF

3phase

3 phase

bridge + bridge

LTabe inverter inverter Lfabc
"

le— Vsabc

VLabc —| Sinusoidal Sinusoidal
Veabe _y|  PWM pwm [ isae
Voltage Current ~ f¢— iLabc

VTabe —»|  control Control

je— ifabc

Figure 4. The topology of a three phase UPQC

The PV-UPQC contains of two voltage source inverters, a
common DC source fed PV. The first of these inverters is
the S-APF used to reduce voltage sag/swell, voltage
unbalance and harmonic problems using DC voltage
obtained from PV panel and the other inverter is P-APF
used to increase the power factor and reduce odd
harmonics in the source current using DC voltage
obtained from PV panel. The PV panel produces
electrical energy using solar energy. A PV panel is
modeled by a current source, parallel connected diode, a
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series resistor and a parallel resistor. The equivalent
circuit of the PV panel is shown in Figure 5 [26].

Is .
AVAVAY
Rs

Figure 5. The power circuit of PV panel [26].

Where R; is the series resistance and R, is the shunt
resistance. D is the ideal diode, I, is the photo current
source generated by the surface temperature and
isolation. V,,,; and I,,; represent the output voltage and
output current of PV cell, respectively. The output
current as a function of the PV output voltage is
calculated by Eq. (12).

R Q((ngt)“?s-lout)
Toue (1+ R—h) =yl —nplege | e akr -1 -
Vout—ns
— Yout—ns 12
Rer (12)

Where q is elementary charge (1.602176565x10-19), K
is the Boltzmann's constant (1.38x10-23 ]J/K), n; is the
number of series cells and n, is the number of parallel

cells. The cell saturation current shown in Eq. (13).

3 dEgr1 1
Lge = Ly (Tlr) e KA (Tr 7) (13)

Where T is the temperature of the PV cell, Egis the band
energy of each PV cell (1.12 eV for crystalline silicon),
and T is the reference temperature of PV cell. The I,
calculated by Eq. (14) represents the photon current.

Iph = {Isso + ki(T - Tr)}(si/looo) (14)

Where I, is the short-circuit current, k; the short-
circuit current temperature coefficient, and S; is the
light intensity input solar radiation in W /m? and the
reference temperature input is 25C°. The parameter of
PV panel is given in Table 1.

By using the DC-DC boost converter, the output voltage
and power of the PV panel is increased. Changes in
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panel temperature and irradiation intensity affect the
maximum power point. Loss of efficiency occurs when
the power produced in PV systems does not match the
load demand. It is important to operate the PV system at
the maximum power point to prevent losses from the
working point of the PV system. In the proposed system,
P&O algorithm, one of the maximum power point
algorithms, is used to obtain maximum voltage and
power from the PV panel. The purpose of the algorithm
is to determine the Vppp and Impp points where the PV
system generates maximum power and to ensure that
the system operates at this point. System output power
is controlled after adjusting the voltage value of the PV
system at certain intervals. It is decided to increase or
decrease the voltage value in the next step according to
the state of the output power [27]. Figure 6 shows block
schema P&O controller for PV panel.

Table 1. PV Panel Parameters

PV Panel Parameters
Number of Cells Ns 72%7
Light Intensity S 1000W/m?
Temperature T 25
Series Resistance Rs 0.0075/4 Q
Shunt Resistance Rsh 1000/4 Q
Short Circuit Current Isc 5.65%4 A
Saturation Current Is 9.54e-9*4A
Band Energy Eq 1.12
Ideality Factor A 1.2
Temperature Coefficient Ce 0.002825*4
Cofficient Ks 0

‘ Vref=Vref+AV ‘

l

‘ Vref=Vref-Av ‘ ‘ Vref=Vref-Av ‘

| |

Figure 6. P&O controller algorithm for PV panel

‘ Vref=Vref+AV ‘

l

2.4.Proposed Controller and Algorithm Schematic

The conventional SRF-based control method is used in
P-APF and S-APF in the literature [28]. In the
conventional control method, measured isapc, Vsabe , iLabe,
icabc and Viape values are used for PWM signals used in S-
APF and P-APF. The LPF is used to obtained i;; value
and t PWM signals for S-APF and P-APF are obtained
using sinusoidal-PWM in the literature. In the proposed
control algorithm, ab two phase voltages, ab two phase
currents, abc three load voltages and PV panel voltage
are measured. In the proposed algorithm, the moving
average filter increases the response speed of the classic
low pass filter. Also, space vector-PWM technique
improves the running-up and disconnect time of the
active switches [11].

The algorithm used in the calculation of reference
current and voltage using the proposed filter has
advantages over other algorithms. The proposed
algorithm is fast, it reaches steady state operation in a
shorter time at balanced loads, it is not affected to
voltage harmonics, requires simpler calculation.
Eliminates harmonics that occur in unbalanced loads. It
also improves PF. Figure 7 shows the block schema of
new controller.

The theta angle is obtained using a phase locked loop.
Figure 8 shows the PLL circuit used. The c phase voltage
is calculated using by Eq. (15).

Vsa,Vsb Vsabc Vsd,Vsq V'sd V'sa,V'sh,V'sc
Park MAF Inverse Park Series-APF
xea%lrg —» Eq. 15 » Transform (> Filter —» Transform —» S\?ﬁ’FxM PWM
Sk Eq.16 Eq.10 Eq.21 pulses
ng Wi W[J Vsa|
PLL Vsb
Fig.8 Measure Vsc
VLa,\VLb,VLc
isa,isb isabc isd,isq i'sd i'sa,i'sh,i'sc
MAF
Park 3 Inverse Park Parallel-APF
Nilseaasi:l;e —> Eq. 17 | Transform Eme:[ —» Transform —» S\F/’ﬁDF\)/EM PWM
' Eq.18 E?q. 19‘ Eq.20 pulses

]

Measure Vdg “
vdc

idloss wt isa,ish,isc

VPVl MAF
—* Filter
Eq.10

Measure
Vpv

Figure 7. The algorithm scheme of proposed controller

Vsa
Park
Vsb Trans.
wt/r‘

Figure 8. Phase locked loop circuit

Vse = —Vsa— Ve (15)
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The d-q values Vgpn and Vg of the source abe voltages
are obtained by using Eq. (16).

2 21 21
Va=3 (cos(wt)vSa +cos (wt - ?) Vgp +COS (wt + ?) VSC)
2 . . 21 . 21
Vo=3 (— sin(wt)vg, — sin (wt - ?) Vgp —Sin <wt + ?) vsc)
2 (1 1 1
Vo = E(EVSH + EVSb + EVSC) (16)

The obtained Vgpn is applied to the proportional-integral
controller. The proportional-integral controller output
is summed with w,. The obtained signal is integrated
and wt is obtained [17]. In the control algorithm used in
P-APF, isa and is currents are measured and isc phase
current is obtained from (17).

ise = —lsa—lsp (17)

The d-q values of the current are calculated from 3
phase currents using (18).

. 2 . 2m\ | 2m\
igq = 3 (COS(Wt)lSa +cos (wt - ?) igp + cos (wt + ?) 1SC>
. 2/ . ) ) 2m | ) 2m\ |

Igg = 3 (sm(wt)lSa + sin (wt - ?> Igp +sin (wt + ?) ISC)

) 2/1. 1. 1.

Iso = §<E Isa + Elsb +§lsc)

(18)

The moving average filter is applied to the obtained iq
value. By applying moving average filter to the
measured DC voltage obtained PV panel, fluctuations in
the voltage are eliminated. The filter output is compared
with the desired DC voltage and passed through the
controller. By collecting the lost current and MAF filter
output, the reference d component of current is
obtained using (19).

i;d = igloss T MAF (isq) (19)

The reference abc currents are calculated from (20)
using the obtained reference d current and the q
component equal to 0. The reference abc currents
obtained are compared with the measured abc currents
and signals are generated for the active switches via the
space vector-PWM technique.

i'sa = cos(Wt)i'sq +sin(wt)i'sq +1i'g9
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. 2m\ | _ 2m y
i'gp = cos(wt—?>1 Sd+sm(wt—?>l sq T1so

i'sc = cos (wt + 2?11) i'¢q +sin (Wt + 2?11) i'sqti'so  (20)

In the S-APF, the moving average filter is applied to the
obtained V4 value of (16). The reference d component of
load voltage is obtained from MAF filter output. The
reference abc load voltages are calculated from (21)
using the obtained reference d load voltage and the q
component equal to 0. The reference abc voltages
obtained are compared with the measured abc load
voltages and signals are generated for the active
switches via the space vector-PWM technique.

V12 = cos(wt)V§ +sin(wt)Vg + Vg
2m\ 2T
V'Lp = COS (wt - ?) Vi +sin (wt — ?) Vg + Vo

V'Le = coS (wt + 2?“) Vg4 +sin (wt + %ﬂ) VgtV (21)

3. Simulation Study and Experimental Study

The performance of the proposed algorithm is tested
both by simulation studies using PSIM and experimental
studies. Three phase thyristor rectifier is used as
nonlinear load. Sampling time for simulation study is
0.5e-6s. Figure 9 shows the simulation scheme of the
power circuit and control algorithm created for the
three-phase PV-UPQC. Simulation parameters are given
in Table 2.

S-APF is connected in series with the system through
transformer to eliminate voltage problems in the grid
and generate sinusoidal voltage. In the S-APF, 3 single-
phase transformers with a conversion ratio of 270 / 90V
and 5,4KVA are used. The obtained reference abc
voltages are compared with the sensed source abc
voltages. The P-APF is operated as a closed-loop
controller by generating the reference filter currents to
correct events that cause power quality problems
related to nonlinear loads by continuously reading the
grid or load currents according to the control algorithm
used. The DC voltage generated from PV panel must be
maintained at a desired value. The reference value must
be removed from the PV panel voltage, the fault must be
reduced to zero with a transfer function and added to
the active current of the control signal.

Simulation studies to verify the performance of the
proposed controller have been tested with the PSIM
software program. Vg, represents for phase to phase
voltage and its value is 190V. The RMS value of the
phase voltage Vs, is 120V.
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Figure 9. Simulation model of three-phase UPQC

Table 2. Simulation parameters

Source

Viab 190Vrms

f 50Hz

Rsabe 10mQ

Lsabe 0.1mH
Load

Risabe 0.25Q

Lsabe 1.47mH

Ru 30Q

LL 11.53mH
P-APF S-APF
RpFabc:0.6 mQ RSrabe:0.65m()
Lprabc: 3.5mH LSFabe:3mH
fppwm:15kHz fspwm: 18kHz
C1 2350pF

Vac 400V

RC filters are used as switching filter element in power
circuit of S-APF and P-APF. The RC filter works as a
second-order low-pass passive filter and is used to filter
high frequency switching voltages at the output of the
voltage source inverter. Resonance frequency occurs
when switching voltages are not sufficiently filtered.
The required filtering is set by RC. As the value of R in
the RC filter element decreases, the IGBT switching
frequency decreases. Different R values were used in the
RC filter element in simulation circuit. For this, the
switching frequencies are different for SAPF and PAPF.

The source voltage harmonics of 15.81% are reduced to
0.57% and the source current harmonics of 26.31% is
reduced to 0.45% after applying the proposed controller
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Parallel Aciive Power Fiter

::“l*@!

s

i
Hg@i

for three PV-UPQC system with balanced nonlinear RL
load, as given in Figure 10. The THD value is below the
harmonic limits given in IEEE 519-1992 standard. As
given in Figure 11, the THD values of source voltages
are reduced from 15.80% to 0.57% and the THD values
source currents are reduced from 27.73% to 0.42%
after applying the proposed controller for three PV-
UPQC system with balanced nonlinear RC load.

200
100

THD
: \bc-/ \,SCJ \bc./ - e

oo vsa 158103836-001
Vs 1 SE0073E N

-200

200

100 Vet 575288756003

Time (s)

sa)
0 | A~

E‘ 4 \></ ; Fundamental Frequency  EXUIIOINENIR A4
o lsa) 43839510e-003
-15

I(sh) 45839333003

]

-100
-200
0

IiLa) 26260808e-001
26315380e-001

Figure 10. The effect of S-APF and P-APF when the
proposed control algorithm is studied with RL load.

Figure 12 shows the PF value of the voltage and current
signal obtained before and after the PV-UPQC system
starts up. The PF value measured from the signals
obtained using the proposed algorithm is 0.9877. This
value shows that the new algorithm improves the PF
value.
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Figure 11. The THD values of source voltages and
currents for balanced nonlinear RC load.
Vsa I(sa)*5
200 Power Factor
100 g
o - 1.0000054&001
100 Time To 2.0000016e-001
200 Vsavs. liza)®s 9.7580287e-001
01 012 014 0.16 018 02
Time (s)
Power Factor
1.uuuunewum
Time To 2.0000016e-001
Va3 8. [38)'5 9.8770318e-001
018 02

Time (s)

Figure 12. The power factor value of the source voltage
and current signal before and after applying controller

The study of the proposed controller is tested when the
unbalanced nonlinear load is connected. As given in
Figure 13, the unbalanced of the source and load
voltages are 20% before applying the proposed
controller and the unbalance in the load voltage has
eliminated after applying the proposed controller for
unbalanced nonlinear load. Figure 13 illustrates the abc
load voltages without wunbalance and perfectly
maintained with proposed controller.

Vsa Vsb

200
100 [ \/[/ \ /\/\

\\ X /\ -/ /\\\// *\,,/}i / ,‘

N _/\\

-100
-200 \‘/
Via VLb
200
100 ‘\{\\ \/\ s = ‘></\
: \
_ J '
| \>\/ AL
0.1 0.12 0.14 0.16 0.18 02
'8 Vsb
200 = ”
100 [N N / NN N TN AT Ve \
) / Y, X

o _”// \;\ ANEXANEX N

-200

200

200 ~ o S o>

01 012 0.14 0.18 018 0z
Time (s)

Figure 13. The abc source and load voltages signals
obtained before and after applying the proposed
controller with unbalanced nonlinear load.
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Figure 14 shows the is,, isb, isc SOurce current signals, the
iLa, irp, irc load currents signals before and after applying
the proposed controller for three PV-UPQC system with
unbalanced nonlinear load. The unbalanced of the
currents is 27% and the current harmonic is 33.47%. As
clearly shown in Figure 14, the unbalance of the
currents is reduced and the THD of the currents is
reduced to 0.60% using proposed controller.
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Figure 14. The abc source and load currents signals
obtained a)before and b) after applying the proposed
controller with unbalanced nonlinear load

The proposed controller is analyzed under steady and
transient study. Figure 15 shows the Vs, Vs, Vsc source
voltage signals, Vi,, Vip, Vic load voltage signals, i, i, iLc
load current signals, is,, isb, isc SOurce current signals for
transient study when the PV-UPQC system is activated
at t=0.15ms. The algorithm used in the calculation of
reference current and voltage using the proposed filter
has advantages over other algorithms. Although the cut-
off frequency of the low pass filter is as low as 10Hz,
some ripples can be observed in the filter output.
However, the component filtered using the MAF
achieves steady-state study faster due to its very good
attenuation and improved dynamic response [22].

As it can be seen in Figure 15, the proposed algorithm is
fast since it reaches steady state operation from
transient operation in a short time at balanced loads. It
is not affected by voltage harmonics and requires
simpler calculation. Eliminates harmonics that occur in
unbalanced loads. It can be applied easily in the digital
implementation.

Figure 16 shows the steady response of the controller
for PV-UPQC system after applying proposed controller.
In the Figure 16, the Vi, ,Vs, and Ve are source voltage
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signals, the Vi Vi and Vi are transformer voltage
signals, the Vi, Vib, Vic are load voltage signals, the ii,,
i, ic are load current signals, the i, iw, i are
compensator current signals, the is, is, isc are source
current signals, the V4 is voltage signal, the vg is a
phase voltage signal and the ip,*5 is a phase current
signal for power factor value.

In Table 3, the proposed control algorithm results are
compared with other algorithms. In the results
obtained, the harmonic in voltage is reduced from

15.81% to 1.98% and the harmonic in current is
decreased from 26.27% to 2.38% when using the
traditional SRF algorithm, and harmonic in voltage is
reduced from 15.81% to 0.57% and harmonic in current
is decreased from 26.27% to 0.45% when using the
proposed control algorithm. Using the proposed control
algorithm, harmonics in current and voltage are
reduced. These simulation results show that the
harmonic elimination of PV-UPQC can be done
effectively.
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Figure 15. The transient response for operation of PV-UPQC
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Figure 16. The steady state response of the controller for operation of PV-UPQC system after applying proposed
controller
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Table 3. The comparison of the proposed control
algorithm and the algorithms in the literature

Without filter

PV-UPQC control THD(%) With filter THD (%)
algorithms
Voltage Current Voltage Current
DQFuzzylogic | 25389, | 28.28% | 3.75% 3.25%
method[22]
ISCT method[15] 5.38% 15.10% 2.47 4.36%
PQ method 15.81% 26.27% 2.84% 4.16%
Conventional | 158105 | 2627% | 1.98% | 2.38%
SRF method
Proposed MAF 0 o o o
and SV-PWM 15.81% 26.27% 0.57% 0.45%

The experimental prototype in the three phase PV-UPQC
system consists of two controlled inverters (S-APF and
P-APF). The three-phase source voltage is 190V and the
source frequency is 50Hz. The DC bus links of both
shunt and series APFs are connected to a 2200pF DC
capacitor. A three-phase thyristor rectifier are used as
nonlinear loads. The values of the components used in
the experimental study are given in Table II. The DC bus
voltage and source currents after applying proposed
control algorithm are shown in Figure 17.
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Figure 17. Experimental results for DC voltage and
source currents after

The source currents before and after load variation are
shown in Figure 18. Using the proposed control
algorithm, harmonics in current and voltage are
reduced. These experimental results show that the
harmonic elimination of PV-UPQC can be done
effectively. The proposed algorithm reaches steady state
operation in a shorter time compared to the low pass
filter for balanced loads.
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Figure 18. Experimental results after load variation

4. Conclusions and Future Study

In this study, a new SRF based controller is proposed to
generate reference current and voltage signals using
mobile average filter and space vector-PWM to improve
the power quality of the energy system. In the controller
used in P-APF, only ab source currents are measured
and c source current is calculated using two measured
currents. MAF filter is used to obtain the reference
current signals. The switching signals are obtained
using space vector-PWM technique. In the controller
used in S-APF, only ab source voltages are measured
and c source voltage is calculated using two measured
currents. MAF filter is used to obtain the reference load
voltage signals. The switching signals are obtained using
space vector-PWM technique.

The proposed control algorithm improves power factor,
improves simultaneous voltage and current quality,
reduces total harmonic distortion, reduces source
current harmonic and load voltage harmonic, reduced
the numbers of measurements in system. According to
the results obtained, the lowest THD value is obtained in
current and voltage using the proposed algorithm.
When the results obtained are examined, the proposed
controller for three-phase PV-UPQC gives better results
than the traditional SRF based controller in attenuation
of harmonics in current and voltage and in increasing
the power factor.

As future study, the machine learning and deep learning
algorithms to be used to switching inverters in P-APF
and S-APFs are investigated in order to reduce the noise
injected into the grid and contained in parallel filter
current and series filter voltage.
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