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PI. This research is simulated using Matlab/Simulink.
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1. INTRODUCTION

PV and wind are the most RE distributed generations (DGs) because they are able to convert sunlight
and wind into power. PV and solar are the potential DGs sources since it only need sunlight to generate
electricity, where the resources are available in abundance, free and relatively clean. Indonesia has enormous
enelgﬁtential from the sun because it lies on the equator. Almost all areas of Indonesia get sunlight about 10
2 hours per day, with an average intensity of irradiation of 4.5 kWh.-"EJ r equivalent to 112.000 GW.
e potential of wind energy in Indonesia generally has a speed between 4 to 5 m/s and classified as medium
scale with potential capacity of 10 to 100 kW. The weakness of PV and wind turbine besides able to generate
power, they also produces a number voltage and current harmonics resulted by presence of several types of
PV and wind turbine devices and power converters as well as to increase a number of non-linear loads

connected to the grid,so finally resulting in the decrease in power quality.
In order to overcome and improve power quality due to presence of non-linear loads and integration
of PV and wind turbine to grid, UPQC is a proposed. UPQC serves to compensate for source voltage quality
problemsie. sag, swell unbalance, flicker, harmonics, and load current quality problems i.e. harmonics,
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unbalance, reactive currents, and neutral current. B. Han et. al and Vinod Khadkikar have investigated UPQC
as one part of active power filter consisting of shunt and series active filters connected in parallel and serves
as superior controller to overcome a number of power quality problems simultaneously. Series component has
beenresponsible for reducing a number of interference on source side i.e. voltage sag/swell, flicker, unbalanced
voltage, and harmonics. Shunt component has been responsible for addressing a current quality problems i.e.
low power factor, load current harmonics, and unbalanced load. [1, 2]. UPQC based on RE has been
investigated by some researchers. There are two methods used to overcome this problem i.e. using conventional
and artificial intelligence. Shafiuzzaman K.K., etal have proposed system includes a series inverter, shunt
inverter, and a DG connected to a DC link through a rectifier using PL. The system was capable of increase
source voltage quality i.e. sag and interruption and load current quality, as well as transfer of active power
on/off grid mode [3]. The influence of DG on UPQC performance in reducing sag under conditions of some
phase to ground faults to using DSTATCOM has been implemented by Norshafinash S., et.al. The DG was
effective enough to help UPQC to improve sag [4]. It was connected in series with load resulting better sag
mitigation compared to system without DG. Implementation of UPQC using UVTG method with PI to reduce
sag, sll, voltage/current harmonics has been doneby S. N. Gohil, et.al. Simulation of voltage distortion was
made by adding 5" and 7" harmonics at fundamental source voltage, resulting in a reduction of THD source
current and THD load voltage [5].

UPQC supplied by PV panels using boost converter, PI, MPPT P and O, and p-q theory has been
proposed by Yahia Bouzelata at.al [6]. The system was capable of compensate reactive power and reduce
source current/load voltage harmonics, but did not discuss migitation of sag and interuption caused by PV
penetration. Power quality enhancement of sag and source voltage harmonics on grid using UPQC supplied by
PV array connected to DC link using PI compared with FLC has been done by Ramalengswara Rao, et.al.
Combination of UPQC and PV using FLC can improve source voltage THD better than PI [7]. Amirullah et.al
have researched a method for balancing current and line voltage, as a result of DGs of a single phase PV
generator unit in randomly installed at homes through on a three phase four wire 220 kV and 50 Hz distribution
line using BES and three of single phase bidirectional inverter. Both devices was capable of reduce unbalanced
line current/voltage, but both of them were also capable of increase current/voltage harmonics on PCC bus [8].
Power quality migitation of UPQC on microgrid supplied by PV and wind turbine has been implemented
by K S Srikanth et. al. It resulted that PI and FLC was able to improve power quality and reduce distortion in
output power [9]. The UPQC-wind turbine to provide active power to overcome low sag and interruption
voltage to grid has been investigated by H Toodeji, et.al. The model was used VSC as a rectifier on generator
output and controlled so that maximum power desired can be generated by different speed wind turbines using
PI [10]. The UPQC-wind turbine connected to UPQC DC link was implemented by M. Hosseinpour, et al.
The proposed combination using PI was capable of compensate swell, interruption voltage, and reactive power
both on on/off grid [11]. R.Bhavani, et, al have researched on UPQC controlled by FLC to improve power
quality in a DFIG wind turbine connected grid. FLC can improve power quality i.e. sag voltage and load current
harmonics better than PI [12]. Power quality enhancement on wind turbine and BES with PI connected grid on
PCC bus using UPQC has been implemented by S.RajeshRajan, et al. BES was installed to maintain and
stabilize active power supply under different wind speed [13].

This research will analyze UPQC- performance supplied by PV -wind hybrid connected to 3P3W
of 380 volt (L-L) and 50 hertz distribution system.The performance of supply system is compared with two
RE sources i.e. PV and Wind, respectively. BES serves to store excess energy produced by three RE sources
and distribute it to load if necessary, to prevent interruption voltage, and to adjust charging and discharging of
energy in battery. BES is also expected to store excess power produced by three RE combinations and use it as
backup power. FLC is proposed and compared with PI to control variable of DC voltage and DC reference
voltage input to generatgsjofference current source in current hysteresis controller on shunt active t,
DC voltage controller in shunt active filter and series active filter is used to migitat@Zshwer quality of load
voltage and source current. Performance of two controllers are used to frmine load voltage, source current,
load voltage THD, and source current THD based on IEEE 519. This paper is presented as follow. Section 2
describes proposed method, model of UPQC-BES system supplied by three RE sources i.e. PV, wind,
and PV-wind hybrid, simulation parameters, PV and PMSG wind turbine model, series and shunt active filter,
as well as application of PI and FLC method for proposed model. Section 3 shows results and analysis about
performance of THD analysis on the proposed model of three RE sources connected to DC link of UPQC-BES
system using PI and FLC. In this section, siisglisturbance scenarios are presented and the results are verified
with Matlab/Simulink. Finally, this paper in concluded in Section 4.
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2. RESEARCH METHOD
2.1. Proposed method

Figure 1 shows proposed model in this research. The RE sources based DGs used i.e. PV, Wind
Turbine, and PV-Wind Turbine Hybrid connected to 3P3W distribution system with 380 volt (L-L) and 50 Hz
frequency, through UPQC-BES syslelm\f array produce power under fixed temperature and radiation as well
as connect to UPQC-DC link through a DC/DC boost converter. The maximum power point tracking (MPPT)
method with Pertub and Observer (P and O) algorithms helps PV produce maximum power and generate output
voltage, as the input voltage for DC/DC boost converter. The converter serves to adjust duty-cycle value and
output voltage of PV as itgzizput voltage to produce an output voltage corresponding to UPQC DC link voltage.
Wind turbine type used is a permanenfshgnetic synchronous generator (PMSG) with variable speed and fixed
voltage which generating power and 1s connected to UPQC DC link circuit through AC/DC bridge rectifier.
The rectifier helps to char C PSMG stator output voltage to DC voltage through LC circuit that serves to
filter and smooth it before connected to UPQC-DC link BES connected to the UPQC-DC link circuit serves as
energy storage and is expected to overcome interruption voltage and overall help UPQC performance to
improve voltage and current quality on source and load bus. Simulation parameters proposed in this study is
shown in Appendix Section. Power quality analysis is performed on PV, Wind, PV-Wind Hybrid respectively,
connected to 3P3W system through UPQC DC-link (on-grid) using BES circuit. Single phase circuit breakers
(CBs) are used to connect and disconnect PV, Wind, and Hybrid PV-Wind respectively with UPQC DC-link.

There are six disturbance scenarios i.e. (1) NL, (2) Unba-NL, (3) Dis-NL, (4) Sag-NL, (5) Swell-NL,
and (6) Inter-NL. In scenario 1, the model is connected a non-linear load with Ry, and Ly of 60 Ohm and 0.15
mH respectively. In scenario 2, the model is connected to non-linear load and during 0.3 s since t=0.2 sto t=0.5
s connected to unbalance three phase load with Ri, Rz, Ra as 6 Ohm, 12 Ohm, 24 Ohm respectively, and value
of Cy, C2,Cz as 2200 pF. In scenario 3, the model is connected to non-linear load and source voltage generating
5% and 7" harmonic components with individual harmonic distortion values of 5% and 2% respectively.
In scenario 4, the model is connected to non-linear load and source experiences a sag voltage disturbance of
50% for 0.3 s between t=0.2 s to t=0.5 s. In scenario 5, the model 1s connected to a non-linear load and source
experiences a swell voltage disturbance of 50% for 0.3 s between t=0.2 s to t=0.5 s. In scenario 6, the model is
connected to non-linear load and source experiences an interruption voltage interferenGgiof 100% for 0.3 s
between t=0.2 s to t=0.5 s. FLC is used as a DC voltage control in a shunt active filter to improve the power
quality of the load voltage and current source and compare it with PI controller. Each disturbance scenario uses
a PI controller and FLC so that the total of 12 disturbances. The result analysis of research was carried out i.e.
(])zlge and current on source or poin common coupling (PCC@I\ (2) voltage and current on load bus,
(3) harmonic voltage and harmonic current on source bus and (4) harmonic voltage and harmonic current on
load bus. The final phase is to compare performance EJPQC-BES system on-grid supplied by PV, Wind,
PV-Wind Hybrid respectively using two controllers to improve power quality of load voltage and source
current under six disturbance conditions.

| apa—
3 Prase
Gnd

Battery Enemgy Starage

Figure 1. Proposed model of UPQC-BES system supplied by PV, Wind, and PV-Wind Hybrid
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2.2. Photovoltaic model 1

Figure 2 shows the equivalent circuit and V-1 characteristic of a solar panel. A solar panel is composed
of several PV cells that have series, parallel, or series-parallel external connections [14].
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Figure 2. Equivalent circuit and V-1 characteristic of solar panel

The V-I characteristic of a solar panel is showed in (1):

V+RI V+ R
!:I"V_!"{EXP[a—V.\]_I}_R—\ (1
"

Il

%cm Ipy is the photovoltaic current, [, is saturated reverse current, ‘a’ is the ideal diode constant,
Vi=NsKT q" 1s the thermal voltage, Ny is the number of series cells, g is the electron charge, K is the Boltzmann
constant, T is the temperature of p—n junction, Rs and Rp are series and parallel equivalent resistance of the
solar panels. fpy has a line: ation with light intensity and also varies with temperature variations.
I,is dependent on temperature variations. The values of [, and I, are calculated as following (2) and (3):

Loy =Upy, + K,AT)GEI ®

"

7 : I, + K,AT &
Coep(V,., + K AT)aV, —1
1
In which Ipy,, Isc,, and Vgc,,.are photovoltaic current, short circuit current and open circuit voltage in
standard conditions (7,=25 C and G,=1000 Wn?) respectively. K is the coefficient of short circuit current to
temperature, AT=T-T, is the temperature deviation from standard temperature, G is the light intensity and Kyis
the ratio coefficient of open circuit voltage to temperature. Open circuit voltage, short circuit current and
voltage-current corresponding to the maximum power are three important points of I-V characteristic of solar
panel. These points are changed by variations of atmospheric conditions. By using (4) and (5) which are derived
from PV model equations, short circuit current and open circuit voltage can be calculated in different
atmospheric conditions. g

I, =g +KAT)—
5C (.\L 1 )G (4)

Voo =V + K, AT (5

23. PMSG wind turbine

Wind turbine 1s one of part of an integrated system, which can be divided into two types 1.e. fixed and
variable speed wind turbines. In fixed speed type, rotating speed of turbine is fixed and hence, frequency of
generated voltage remains constant, so it can be directly connected to the network. In this case, maximum
power can not always be extracted by wind. On the other hand, on variable speed, turbine can rotate at different
speeds, so maximum power can be generated in each wind speed by MPPT method [10]. The advantage of
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using a PMSG over a synchronous generator and DFIG machine because it has high efficiency and reliability.
Due to the elimination of rotor external excitation, machine size, and cost also decreases, making PMSG to be
more controlled easily with feedback control system. PMSG has become an attractive solution on wind
generation systems with variable speed wind turbine applications [15]. Figure 3 and 4 shows model of PMSG
wind turbine and wind turbin power characteristic curve.

L» Genarator spasd (pu)

Pich amgla (dez) T (mu)
Pitch Angle Wind spesd (m/s)
IE’J—‘ ‘Wind Turbine

Wi Sed Permanent Magnet
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Figure 3. Model of PMSG wind turbine
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Figure 4. Wind turbin power characteristic curve

The output power of wind turbine can be expressed using (6), (7), and (8) [11].

1o w R
Vi (6)

I TR
PM - EPJZR van'imf (7

P 1 . oW
Ty=—t=_pmC, =3 )

Where A is speed-tip ratio, V inais wind speed, R 1s blade radius, o, is rotor speed (rad/sec), p is the air
density, Cp isthe power coefficient, Pwm is the output mechanical power, and Tmis output torque of wind turbine.
The Cp coefficient is dependent on the pitch angle value, at which rotor blade can rotate along axis and tip-
speed ratio A expressed in (9).
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T(A=2)

C,=044-0.1678)sin ————
p=t Psin (13-03p8)

®

Where [§ is a pitch angle blade. In a fixed pitch type, the value of f} is set to a fixed value.

24. Control of series active filter

The main function of series active filter is as a sensitive load protection against a Eelmber of voltage
interference at PCC bus. The control strat§# algorithm of the source and load voltage in series active filter
circuit is shown in Figure 5. It extracts the unit vector templates from the distorted input supply. Furthermore,
the templates are expected to be ideal sinusoidal signal with unity amplitude. The distorted supply voltages are
measured and divided by peak amplitude of fundamental input voltage Vi give in (10) [6].

A three phase locked loop (PLL) is used in order to generate a sinusoidal unit vector tiAplates with a
phase lagging by the use of s1a, function. The reference load voltage signal is determined by multiplying the
unit vector templates with the peak amplitude of the fundamental 1 voltage V. The load reference voltage
(Via', Vo', V) is then compared against to sensed load voltage (V.. Vip. Vie) by a pulse width modulation
(PWM) controller used to generate the desired trigger signal on series active filter.

V,, = Peak input | Sensed Load Voltage
voltage magnitude | Via Vis Vie
v, .
= Sin (wt) V'ia .
K
Sensed i : . PWM
Vao Three Functionto |Sin (wt- 2m) Vi —= Gati
o | Prasn [~ gotsinun ] voinge [ Sotng
oltage PLL terms only in . Controller
Voo in (wt + v —
 e—
K =X

Figure 5. Control strategy of series active filter

2.5. Control gshunt active filter

The main functisygl of shunt active filter is mitigation of power quality problems on the load side. The
control methodology in shunt active filter is that the absorbed current from the PCC bus is a balanced positive
sequence current including unbalanced sag voltage conditions in the PCC bus or unbalanced conditions or non-
linear loads. In order to obtain satisfactory compensation cale@:y disturbance due to non-linear load, many
algorithms have been used in the literature. This research used instantaneous reactive power theory method "p-
q theory". The voltages and currents in Cartesian abc coordinates can be transformed to Cartesian aff
coordinates as expressed in (11) and (12) [16].

(v, | [V -V/2 -12 vﬂ
v | |1 VB2 =432 vh (11)

i1 -2 -2 |

i

e i 12
| L1 B2 =g (12
B

The computation ()! the real power (p) and imaginary power (q) is showed in (13). The real power and
Imaginary are measured instantaneously power and in matrix it is form is given as.The presence of oscillating
and average components in instantaneous power is presented in (14) [17].
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P{_[Y« Vg I:a 13
q =V V. ||lp
P=P+p :ﬁéﬂ? (14)

Where p = direct component of real power, = fluctuating component of real power, § = direct

component of imaginary power, § = fluctuating component of imaginary power. The total imaginary power

(q) and the fluctuating component of real power are selected as power references and current references and
are utilized through the use of (15) for compensating harmonic and reactive power [18].

jmr _ 23 l vﬂ vﬂ - 1?5+ ﬁmss
Rl e SR as)
ip| VotVy|Vs , q

The sigmw&m_ ,1s obtained from voltage regulator and 1s utilized as average real power. It can also

be specified as the mstantaneous active power h corresponds to the resistive loss and switching loss of the
UPQC. The error obtained on comparing the actual DC-link capacitor voltage with the refi e value is
processed in FLC, engaged by voltage control loop as it minimizes the dy state error of the voltage across

the DC link to zero. The compensating currents ( ) as required to meet the power demand of load are

o
sdg
shown in (15). These currents are represented in a-f§ coordinates. The phase current is fefghired to acquire
using (16) for compensation. These source phase currents ( i:ﬂ 1"_,, ,i_"'_‘_ ) are represented in a-b-c axis obtained
from the compensating current in the a-f§ coordinates presented in (16) [18]. Figure 6 shows a control of shunt
active filter.

i 1 0 .
. 2 [
i == -12 312]|° (16)

*

i -1/2 =372

S

Sensed Source Current

e Py
Load M | Eg.12
Current _iis i |_,." -
iy Hysterisis :: Gating
Eg. 15 Eg. 16 Current - Signals
V., lop iz | Controller |
Sensed — ™ ™ ™ -
Source _..V“’ Eg. 11
Voltage V.. Ve

Figure 6. Control strategy of shunt active filter

The proposed model of U BES system supplied by three RE sources is shown in Figure 1.
From the figure, we can see that PV 1s connected to the DC link through a DC-DC boost converter circuit.
The PV partially distributes power to load and the remains is transfered to three phase grid. The load
consists of non linear and unbalanced load. The non-linear load is a diode rectifier circuit with the RL load
type, while the unbalanced load is a three phase RC load with different R value on each phase. In order to
economically efficient, PV must always work in MPP condition. In this research, MPPT method used is P and
O algorithm. The model is also applied for UPQC-BES system which is supplied by wind and AV -wind hybrid
respectively. In order to operate properly, UPQC-BES system device must have a minimum DC link voltage
(Vye). The value of common DC link voltage depends on the nstantaneous energy avialable to UPQC is defined
byin (17)[16]:
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2,2v,
v, =N Tw (17
m

where m is modulation index and Vi, is the AC grid line voltage of UPQC. Considering that modulation index
as 1 and for line to line grid voltage (V=380 volt), the Vy. is obtained 620, 54 volt and selected as
650 volt.

The input of shunt active filter showed in Figure 5 is DC voltage (V) and referened DC voltage
(Va), while the output is ﬁm..-..- by using PI controller. Then, the ﬁm-..- is as one of input variable to gene e
reference source current (I..", ", and I.."). The reference source current output is then compared to source
current (L, I, and L) by the current hysteresis control to generate trigger signal in IGBT circuit of shunt
active filter. In this research, FLC as DC voltage control algorithm on shunt active filter is proposed and
compared with PI controller. The FLC is capable of reduce oscilation and generate quick convergence
calculation during disturbances. This method is also used to overcome the weakness of PI controller in
determining proportional gain (K;) and integral gain constant (K;) which still use trial and error method.

2.6. Fuzzy logic controller

The research is started by determine p, - as the input variable to result the reference source current on
current hysteresis controller to generate trigger signal on the IGBT shunt active filter of UPQC using PI
controller (K;=02 and K;=1.5). By using the same procedure, p,_ is also determined by using FLC.
The FLC has been widely used in recent industrial process because it has heuristic, simpler, more effective and
has multi rule based variables in both linear and non-linear system variations. The main components of FLC
are fuzzification, decision making (rulebase, database, reason mechanism) and defuzzification in
Figure 7. The output membership function is generated using inference blocks and the basic rules of FLC as
shown in Table 1.

Fuzzy Logic Gantraller Table 1. Fuzzy Rule Base

" = “q
I 1
. e a— P o NM NS Z PS PM PB
vma@— Fuzzification Mq AV
T AV e ! ermar g}{
v | % Z Ps PS PM PE 7B
!

Vae

NS Z PS PS PM PM PB
NS NS ] PS PS PM PM
Z NM NS NS Z PS PS5 PM
Figure 7. Diagram block of FL.C S:‘I E’g ﬁm Sl\?‘[ :g NZS PZS Eg
NB NE NB NM NM NS NS Z

16

The Ezy rule algorithm collects a number of fuzzy control rules in a particular order. This rule is used
to control the system to meet the desired performance requirements and they are designed from a number of
intelligent system control knowledge. The funference of FLC using Mamdani method related to max-min
composition. The fuzzy inference system in FLC consists of three parts: rule base, database, and reasoning
mechanism [19]. The FLC method is performed by determining input variables Vg (Vyceno) and delta Vde
(AVycenor), seven linguistic fuzzy sets, operation fuzzy block system (fuzzyfication, fuzzy rule base and
defuzzification), Viceror and AVycem. during fuzzification process, fuzzy mle base table, crisp value to
determine p, - in defuzzification phase. The p,  is one of input variable to obtain compensating currents

(i, .z':ﬂ ) in (16). During fuzzification process, a number of input variables are calculated and converted into

linguistic variables based on a subset called membership function. The error Vde (V ge-erro) and delta error Vde
(AV yeenor) are proposed input variable sys 10 and output variable is ﬁm__._. To translate these variables, each
input and output variable is designed using seven membership functions: Negative Big (NB), Negative Medium
(NM), Negative Small (NS), Zero (Z), Positive Small (PS), Positive Medium (PM) and Positive Big (PB). The
membership functions of crisp input and output are presented with triangular and trapezoidal membership
functions. The value of Vdc_t.mmge from -650 to 650, AV crrorfrom -650 to 650, and ﬁw_‘_ from -100 to 100.

The input and output MFs are shown in Figure 8.
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Figure 8. Membership functions (a) Vacerrars (b) AVucenor, and (c) f_’m..-.-

After the Vycenor and AV emor are obtained, then two input membership functions are converted to
linguistic variables and uses them as input functions for FLC. The output membership function is generated
using inference blocks and the basic rules of FLC as shown in Table 1. Finally the defuzzification block
operates to convert generated p, - output from linguistic to numerical variable again. Then it becomes input

variable for current hysteresis controller to produce trigger signal on the IGBT circuit of UPQC shunt active
filter to reduce source current and load voltage harmonics. While simultaneously, it also improve power quality
of 3P3W system under six scenarios due to the integration of three RE sources to UPQC-BES system.

3. RESULTS AND ANALYSIS

The analysis of proposed model is investigated through determination of six disturbance scenarios i.e.
(1)NL, (2) Unba-NL, (3) Dis-NL, (4) Sag-NL, (5) Swell-NL, and (6) Inter-NL. Each scenario of UPQC uses
PI controller and FLC so total number of disturbance are 12 scenarios using Matlab/Simulink, the model
is then executed according to the desired scenario to obtain curve of source voltage (V). load voltage (V).
compens n voltage (V.), source current (V,), load current (I ), and DC voltage DC link (Vg.). Then, THD
value of ce voltage, source current, load voltage, and load current in each phase as well as average THD
value (Avg THD) are obtained base ¢ e curves. THD in each phase is determined in one cycle started
att =0.35 s. The results of average of source voltage, source current, load voltage, and load current of 3P3W
system using UPQC-BES system supplied by three RE sources i.e. PV, wind, and PV -wind hybrid are presented
in Table 2, 3, and 4. Next THD in each phase and average THD are showed in Table 5, 6 and 7.

Table 2 shows UPQC-BES system supplied PV connected 3P3W system using PI and FLC,
disturbance scenarios 1 to 5 produce an average load voltage above 307 V. While in scenario 6, FLC produces
a higher average load voltage of 304.1 V than if using a Plof 286.7 V. If reviewed from average source current
with PI, the highest and lowest average source currents are generated by disturbance scenarios 2 and 4 of 28.15
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A and 7246 A. Whereas if using FLC the highest and lowest average source currents are achieved in scenario
2 and 6 0of 28.84 A and 3.804 A. Table 3 shows UPQC-BES supplied by wind connected to 3P3W with PI and
FLC, scenarios 1 to 5 is able to obtain a stable load voltage above 308 V. The difference is that in scenario 6,
PI generates a load voltage of 274.8 V, otherwise if using FLC, load voltage increases to 306.4 V. If reviewed
from source current using PI, the highest and lowest average source currents are resulted by scenarios 2 and 4
of 28.28 A and 7417 A. Rather, if using FLC, the highest and lowest average source currents are achieved in
scenario 2 and 6 of 28.82 A and 3420 A. Table 4 shows UPQC-BES supplied PV-wind hybrid connected
3P3W using PI and FLC, scenarios 1 to 5 produce an average load voltage above 307 V. While in scenario 6,
FLC generates an average load voltage 305.9 V higher than if using PI control of 283.9 V. If reviewed from
average source current with PI, the highest and lowest average source currents are resulted by scenarios 2 and
40f28.21 A and 6,773 A. Otherwise if using FLC the highest and lowest average source currents are achieved
in scenario 2 and 6 of 28.82 A and 3.640 A respectively.

Table 2. Voltage and Current of 3P3W System Using UPQC-BES System Supplied by PV

Sen Source Voltage Vs (V) Load Voltage Vi (V) Source Current I (A) Load Current I; (A)
) PhA PhB PhC Avg PhA PhB PhC Ave PhA PhB PhC Avg PhA PhB PhC  Avg
PI Controller
1 3096 3096 3096 3096 3076 307.8 307.7 7.7 7.766 7.793 7.750 7.773 B8.528 §.520 8533 8530
2 3074 308.0 308.0 307.8 3083 3087 3083 3084 3100 2484 2873 2815 2150 34.12 3452 30.38
3 3096 309.6 309.6 3096 3138 3143 3174 3174 7.897 7919 7.867 7.895 8.748 8.704 8.785 8.746
4 1545 1545 1545 1545 307.1 3073 307.3 3072z 7.235 7.276 7.216 7.246 B8.509 8.514 B.510 8511
5 4647 4647 4647 4647 3086 308.7 308.6 086 7979 70980 7964 7975 B.550 B8.553 B.554 B.553
6  0.536 1.385 0.850 0924 3102 259.8 2902 2867 7.392 12,67 6.045 8.703 8707 7.747 7.637 8.031
Fuzzy Logic Controller

1 309.5 309.5 309.5 3095 307.7 3079 307.7 3078 8420 8426 8416 8421 8527 8532 8531 8530
2 3074 3079 3080 307.8 30835 308.7 3084 D5 3166 2550 2936 2884 2252 3411 3552 30.72
3 3096 3095 309.5 309.5 3134 3129 3159 3141 B8.516 B.565 B.496 B5.526 B.741 B.677 B.736 E.TI18
4 1544 1544 1544 1544 3073 3073 3072 307.3 8563 8560 B8.561 8.561 8514 8517 B512 8515
5 464.6 4040 46406 4046 3086 3088 308.6 3087 8.396 8389 B.389 8.391 B8.551 8.556 85.554 8554
[ 0.447 0.3902 0.380 0407 3140 2034 3049 3041 4024 3778 3608 3804 B.ET4 B.105 E.103 8421

Table 3. Voltage and Current of 3P3W System Using UPQC-BES System Supplied by Wind
Sen Source Voltage Vs (V) Load Voltage VL(V) Source Current Is (A) Load Current It {A)

PhA PhB PhC Avg PhA PhB PhC  Avg PhA PhB PhC  Avg Ph A PhB PhC Avg

PI Controller
1 3095 3096 3096 3096 3086 3086 3082 3085 7863 7875 7840 7869 83554 8553 8546 8551
2 3074 308.0 3080 308.0 3089 3092 3087 3089 31.07 2497 2881 2828 2255 3407 3457 3043
3 3096 3095 3096 3096 3129 3129 3154 3138 7993 BOI5 7947 7985 8517 8682 5741 8.747
4 1545 1545 1545 1545 3080 3081 3078 30790 7428 7455 7368 7417 8527 8535 8532 BS3
5 4647 4647 4647 4647 3093 3093 3090 3092 8015 8020 8002 8012 8564 8573 8568 8568
6 1.256 1022 0592 0957 2340 3164 2740 2748 1127 9866 7.028 05.388 5958 8.697 8204 7619
Fuzzy Logic Controller

1 3095 3095 3095 3095 3085 3086 3083 3085 8418 85410 8414 B4l4 8545 8552 8549 B549
2 3074 3079 3080 3078 309.0 3093 3089 3091 3164 2547 2934 2882 2256 3408 3459 3044
3 3095 3095 3095 3095 3132 3137 3140 3137 8519 8531 8531 8527 8713 8714 8718 8715
4 1544 1544 1544 1544 3080 3081 3077 3079 8557 83539 8561 BS552 8328 8341 83525 B33
5 4646 4647 4647 4647 3092 3093 3092 3092 8391 8385 B3RS B3RS 8565 8570 8567 B.567
6 0.357 0396 0397 0383 303.7 300.0 3153 3064 3358 3464 3542 3420 8.557 8418 8731 8.569

Table 4. Voltage and Current of 3P3W System Using UPQC-BES System Supplied PV-Wind Hybrid
Source Voltage Vs (V) Load Voltage Vi (V) Source Current Is (A) Load Current [; (A)

Sen PhA PhB PhC Avg PhA PhB PhC Avg PhA PhB PhC Avg PhA PhB  PhC  Avg
PI Controller
1 3096 3096 3096 3096 307.8 3080 3077 3078 7.790 7802 7770 7787 8527 B8.537 B.533 BS533
2 3074 3080 3080 3078 3084 3088 3084 3086 3102 2487 2874 2821 2252 3413 3453 3140
3 3096 3095 3096 3096 3140 3155 3169 3155 7942 7939 7918 7933 B739 B8T50 BI83 BIST
4 1545 1545 15435 1545 307.3 3074 3072 3073 7289 7309 7251 7283 8513 8516 8515 8515
5 4647 4647 4647 4647 3087 3089 3087 3088 7985 7985 7975 7982 8552 B8.558 8558 8556
6 1.048 0825 0845 0906 2475 3007 3037 2839 5119 5927 90271 6.773 7016 7.893 8793 7867
Fuzzy Logic Controller
1 309.5 309.5 3095 3095 3078 3080 3077 3078 8419 8418 8409 8413 8529 8539 8533 8544
2 3074 3079 3080 3078 3087 3087 3089 3088 3166 2547 2932 2882 2154 3413 3456 3041
3 3095 3095 3095 3095 3144 3155 3166 3155 8581 83593 8568 B.581 B761 8722 BT61 B748
4 1544 1544 1544 1544 3073 3075 307.3 3074 8566 8572 £563 8567 8511 8520 8519 8517
5 4646 4646 4646 4646 3088 3088 3087 30BE 8391 8394 B39 B394 2233 2235 2236 2235
4] 0412 0403 0402 0418 3116 2957 3104 3059 3774 3544 3593 3640 BB55 8321 B2IBR B4ER
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Table 5. Harmonics of 3P3W System Using UPQC-BES System Supplied by PV

Sen Source Voltage THD (%) Load Voltage THD (%) Source Current THD (%) Load Current (%)
PhA PhB PhC Avg PhA PhB PhC Avg Ph A PhB PhC Avg PhA PhB PhC Avg
PI Controller
1 235 236 231 234 248 250 246 248 12.89 1272 1292 1284 2232 2234 2232 1233
2 229 220 224 224 243 223 237 1M 2.660 2330 2240 2410 5230 2070 2.660 3320
3 584 586 594 588 636 590 6358 628 12.75 12.64 13.06 1282 2192 2206 2233 2214
4 469 475 481 475 246 248 253 249 14.26 13.96 14.16 1413 2228 2231 2228 12229
3 1.56 1.53 1.3 135 247 243 245 245 12.51 12.36 12.44 1244 2234 2232 2232 1133
6 NA NA NA  NA 3211 1509 2854 2525 27090 14589 27567 23082 4770 3458 3629 3953
Fuzzy Logic Controller
1 235 233 235 23 248 246 249 247 11.83 11.82 11.84 1183 2233 2232 2233 2233
2 225 227 220 214 239 241 234 238 2620 2400 2220 2413 5230 2100 2640 3323
3 583 588 593 588 623 593 669 628 11.83 11.90 12.14 1196 21.84 2234 2253 2224
4 471 476 479 475 246 248 250 248 11.91 11.88 11.86 1189 2227 2232 2232 12231
5 155 1.54 154 154 245 144 246 245 11.90 11.84 11.85 11.86 2236 2233 2235 12235
[ NA NA NA  NA 1305 6060 11.15 1027 3061 3472 31.57 3230 2425 2425 2471 2440
Table 6. Harmonics of 3P3W System Using UPQC-BES System Supplied by Wind
Sen Source Voltage THD (%) Load Voltage THD (%) Source Current THD (%) Load Current (%)
PhA PhB PhC Avg PhA PhB PhC Avg PhA PhB PhC Avg PhA PhB PhC  Avg
PI Controller
1 1.88 1.87 194 189 199 197 205 200 12.63 12.37 12.70 1257 1230 1230 1234 1231
2 1.83 1.76 182 180 192 1.85 193 1.90 2460 2070 2.200 2240 5260 2.070  2.690 3340
3 567 571 577 571 600 683 602 628 1248 12.26 12.66 1247 2201 2212 2208 2207
4 376 38 386 183 197 202 203 201 13.59 13.17 13.51 1342 2229 2231 2230 2230
5 1.26 1.24 129 126 199 1.97 205 200 1231 12.20 1231 1227 2236 2233 2237 2235
6 NA NA NA  NA 1409 3559 3473 2814 15776 13901 266.07 18695 3760 3439 4697 3965
Fuzzy Logic Controller
1 1.89 1.88 193 190 199 1.98 204 200 11.71 11.72 11.77 11.73 2234 2231 2232 21232
2 1.85 1.79 178 181 195 1.87 1.88 190 243 211 212 2220 5240 2070 2700 3240
3 567 571 578 571 599 639 613 617 1172 11.62 11.90 1175 2208 2194 2247 2216
4 379 381 386 382 197 199 203 199 1172 11.69 11.74 1172 2228 2230 2235 2231
5 127 124 128 126 200 19 204 200 1166 11.76 11.76 1173 2231 2233 2235 2233
6 NA NA NA NA 759 644 1095 833 27.33 28.27 26.39 2733 2539 2365 2431 2445
Table 7. Harmonics of 3P3W System Using UPQC-BES System Supplied by PV-Wind Hybrid
Sen Source Voltage THD (%) Load Voltage THD (%) Source Current THD (%) Load Current (%)
PhA PhB PhC Avg PhA PhB PhC Avg PhA PhB PLC Avg PhA PhB PhC Avg
PI Controller
1 2.25 219 229 224 137 231 242 337 1285 12.62 12.74 1274 2233 2231 2234 2233
2 218 2.08 215 213 130 2.19 218 222 2630 2300 2.290 2407 5230 2.070 2.670 3323
3 5.81 5.82 589 584 602 5.88 675 625 1271 12.63 1298 1277 2205 2213 2254 2224
4 453 448 451 451 237 235 237 236 1416 13.50 1399 1388 2227 2230 2228 2228
5 149 146 151 149 237 231 240 236 1243 1229 1241 1238 2234 2232 2233 2233
6 NA NA NA NA 1861 3638 2842 278 38771 33034 18929 30245 36.73 3851 3683 3736
Fuzzy Logic Controller
1 2.25 213 225 224 137 235 239 237 1185 11.74 11.84 11.81 2232 2231 2233 2232
2 2123 215 205 214 237 226 217 226 2520 2410 2.140 2446 5230 2.070 2.690 3330
3 5.80 5.83 590 584 657 5.26 706 629 1183 11.78 1224 11.95 22,15 2223 2295 2244
4 453 452 454 486 236 235 235 235 1179 11.74 11.84 11.79 2229 2230 2229 2229
5 148 146 151 148 235 232 240 235 1178 11.81 11.81 11.80 2233 2235 2236 2235
[ NA NA NA  NA 1030 490 1025 848 2744 29.52 28.63 2853 2320 2397 2465 2394

Table 5 shows that average THD of load voltage (Vi) of UPQC-BES system supplied by PV in 3P3W
system for scenarios 1 to 5 using PI control is within limits in IEEE 519. The highest and lowest average THD
load voltages are achieved under scenario 6 and 2 as 25.25% and 2.34% respectively. PI controller is also able
to mitigate average THD source voltage in scenario 6 from not accessible (NA) to 25.25% on the load side.
The highest and lowest average THD of source current are achieved in scenario 6 and 2 as 230.82% and 2.41%.
Table 5 also indicates that average THD of load voltage of UPQC system supplied by PV with BES using FLC
in scenarios 1 to 5, has fulfilled limits in IEEE 519. The highest and lowest average THD of load voltage are
achieved under scenario 6 and 2 of 10.27% and 2.38%. The use of FLC method is also able to reduce average
THD on source voltage in scenario 6 from NA to 10.27% on load side. The highest and lowest average THD
of source current are achieved in scenario 6 and 2 of 32.30% and 2.413%.

Table 6 shows that average THD of load voltage of UPQC-BES system supplied by wind in 3P3W
system for interference scenarios 1 to 5 using PI is within limits prescribed in IEEE 519. The highest and lowest
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average THD load voltages is achieved under scenario 6 and scenario 2 as 28.14% and 1.90% respectively.
PI controller is also able to reduce average THD source voltage in scenario 6 from NA to 28.14% on the load
side. The highest and lowest average THD of source current are achieved in scenario 6 and 2 as 186.95% and
2.24% respectively. Table 6 also shows that average THD of load voltage of UPQC-BES supplied by wind
using FLC in scenarios | to 5, has fulfilled limits prescribed inIEEE 519. The highest and lowest average THD
of load voltage are achieved under scenario 6 and 4of 8.33% and 1.90%. FLC method is also able to reduce
average THD on source voltage in scenario 6 from NA to 7.33% on load side. The highest and lowest average
THD source current are achieved in scenario 6 and 2 of 27.33% and 2.22%.

Table 7 shows that average THD of load voltage (Vi) of UPQC-BES system supplied by PV-wind
hybrid in 3P3W system for scenarios 1 to 5 using Pl is within limits in IEEE 519. The highest and lowest
average THD load voltages are achieved under scenario 6 and 2 as 27.8% and 2.22% respectively. PI is also
able to mitigate average THD source voltage in scenario 6 from NA to 27.8% on load side. The highest and
lowest average THD of source current are achieved in scenario 6and 2 as 302.45% and 2.407% respectively.
Table 7 also indicates that average THD of load voltage of UPQC-BES system supplied by PV-wind hybrid
using FLC for scenarios 1 to 5, has fulfilled limits in IEEE 519. The highest and lowest average THD of load
voltage are achieved under scenario 6 and 2 of 8.48% and 2.26%. FLC method is also able to reduce average
THD on source voltage in scenario 6 from NA to 8 48% on load side. The highest and lowest average THD of
source current are achieved in scenario 6and 2 of 28.53% and 2446 %. Overall for UPQC-BES systemsystem
supplied by three RE sources in scenarios 1 to 5 using PI and FLC is able to improve average THD of source
current better on average THD of load current. Figure 9 presents UPQC-BES system performance supplied by
three RE sources using FLC in scenario 6.

Figure 9 a(i) shows that in scenario 6, UPQC-BES system supplied by PV att=0.2 s tot=0.5 s, average
source voltage (Vs) falls as 100% to 0.4062 V. During the disturbance, PV is able to generate power to UPQC
DC link and injecting full average compensation voltage (V¢) in Figure 9 a(iii) through injection transformer
on series active filter so that average load voltage (V) in Figure 9 a(ii) remains stable at
304.1 V. As long as fault period, although nominal of average source current (Is) in Figure 9 a(iv) drops to
3.804 A, combination of PV and BES is able to generate power, store excess energy of PV, and inject current
into load through shunt active filter so that average load current (Ip) in Figure 9 a(v) remains as
8421 A.Figure 9 b(i) presents on UPQC-BES supplied by wind at t=0.2 s to t=0.5 s average source voltage
(Vs) drops 100% to 0.3828 V. During the disturbance, wind is able to generate power to UPQC DC link and
injecting full average compensation voltage (V¢) in Figure 9 b(iii) through injection transformer on series
active filter so that average load voltage (V1) in Figure 9 b(ii) remains stable at 306.4 V. During fault period,
although nominal of average source current (Is) falls to 3420 A, combination of wind and BES is able to
generate power, store excess energy of wind, and inject current into load through shunt active filter so that
average load current (I.) in Figure 9 b(v) remains as 8.569 A. Figure 9 ¢(i) indicates on UPQC-BES supplied
by PV-Wind Hybrid at t=0.2 s to t=0.5 s average source voltage (Vs) drops 100% to 04175 V. During the
disturbance, PV-wind hybrid is able to generate power to UPQC DC link and injecting full average
compensation voltage (V) in Figure 9 ¢(iii) through injection transformer on series active filter so that average
load voltage (VL) in Figure 9 b(ii) remains stable at 305.9 V. As long as disturbance period, although nominal
of average source current (Is) falls to 3.640 A, combination of PV-wind hybrid and BES is able to generate
power, store excess energy of wind, and inject current into load through shunt active filter so that average load
current (I ) in Figure 9 ¢(v) remains as 8 488 A.

Figure 10 shows spectra of load voltage harmonics on phase A of UPQC-BES system supplied by three
RE sources using FLC in scenario 6. Figure 11 shows performance of average THD of load voltage and source
current on UPQC-BES system supplied by three RE sources. Figure 11(a) shows that in scenario 1 to 5, the
implementation of FLC on UPQC-BES system supplied by three RE sources is able to obtain average THD of
load voltage slightly better than PI controller and both method have already met the limit in IEEE 519.
Further under scenario 6, FLC applied on UPQC-BES system supplied by three RE sources gives significantly
better result of average THD of load voltage than PI controller. In six disturbance scenarios, both PI controller
and FLC applied on UPQC-BES system supplied by three RE sources, PV is able to obtain the highest average
THD of load voltages. Figure 11(b) shows that in disturbance scenario 1 to 5, implementation of FLC on
UPQC-BES system supplied by three RE sources is able to obtain average THD of source current slightly
better than PI controller. Furthermore under scenario 6, FLC applied on UPQC-BES system supplied by three
RE sources gives significantly better result of average THD of source current than PI controller.
Both PI controller and FLC on UPQC-BES system supplied by three RE sources in six disturbance scenarios,
PV is able to obtain the highest average THD of source current.
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Figure 9. UPQC-BES system performance using FLC in scenario 6 (Inter-NL):
(a) UPQC-BES + PV; (b) UPQC-BES + Wind; (c) UPQC-BES + PV-Wind Hybrid (continue)
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Figure 9. UPQC-BES system performance using FLC in scenario 6 (Inter-NL):
(a) UPQC-BES + PV; (b) UPQC-BES + Wind; (¢) UPQC-BES + PV-Wind Hybrid
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Figure 10. Spectra of load voltage harmonics on phase A of UPQC-BES using FLC in scenario 6 (Inter-NL)
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Figure 11. Performance of UPQC-BES supplied by three RE sources using PI and FLC

4. CONCLUSION

Comparative performance analysis of UPQC-BES system supplied by three RE sources i.e. PV, wind,
and PV-wind hybrid respectively using PI controller and FLC have been discussed. In disturbance scenario
I to 5, implementation of FLC on UPQC-BES system supplied by three RE sources is able to obtain average
THD of load voltage slightly better than PI and both methods have already met the limit in IEEE 519.
Under scenario 6, FLC applied on UPQC-BES system supplied by three RE sources gives significantly better
result average THD of load voltage than PI. In six disturbance scenarios, both PI and FLC applied on UPQC-
BES system supplied by three RE sources, PV is able to obtain the highest average THD of load voltage.
In interference scenario 1 to 5, FLC method on UPQC-BES system supplied by three RE sources is able to
obtain average THD of source current slightly better than PI. Furthermore under scenario 6, FLC applied
on UPQC-BES system supplied by three RE sources gives significantly better result of average THD of source
current than PI. Both PI and FLC on UPQC-BES system supplied by three RE sources in six scenarios,
PV is able to obtain the highest average THD of source current.
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APPENDIX

Three phase grid: RMS voltage 380 volt (L-L), 50 Hz, line impedance: R=0.1 Ohm L,=15 mH; series
and shunt active filter: series inductance L.=0.015 mH; shunt inductance L,=15 mH; injection transformers:
rating 10 kVA, 50 Hz, turn ratio (N,/N;)=1:1; non linear load: resistance Ry =60 () inductance Ly =0.15 mH,
load impedance R=0.4 ohm and L=15 mH: unbalance load: resistance R,=24 ohm, Ry=12 ohm, and R;=6
ohm, capacitance C1,Cz2, C3=2200 pF; DC-link: voltage Vpc=650 volt and capacitance Coc=3000 pF; battery
energe storage: type=nickel metal hybrid, DC voltage=650 volt, rated capacity=200 Ah, initial SOC=100%,
inductance Li=6 mH, capacitance C,=200 pF; photovoltaic: active power=0.6 kW temperalture:ZS“ C,
irradiance=1000 W/m%* PMSG wind turbine active power=0.6 kW, voltage=380 volt, 50 Hz, wind
speed=5 m/s, picth angle=2; PI controller: K,=02, K=1.5; fuzzy model: method=mamdani,
composition=max-min; input membership function: error (Vg )=trapmf, trimf delta error (AV )= trapmf, trimf;
output membership function: p, =trapmf trimf.
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