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Power quality is a crucial aspect of designing a large-scale photovoltaic power
plant, particularly regarding harmonics caused by inverter switching. This
research aimed to analyze harmonics in a system using electrical transient
analyzer program (ETAP) Power Station 20.5.0 to uncover the effect of
irradiance on the inverters’ power quality running at 85% and 100% power
factors. We analyzed both voltage and current total harmonic distortion (THD;
and THDyv) from the simulation and compared them with the mathematical
model. Moreover, we analyzed the effect of changes in irradiance level on
harmonics and reactive power penetration, which influenced power losses in
transformers and cables. Inverters at 85% power factor experienced an
increase in THDi, whereas those at 100% power factor decreased. Inverters
with 85% power factor experienced more frequent switching, causing more
prominent distortion. The magnitude of THDy increased proportionally with
the rise of irradiance level. Inverters at 85% had a higher THDv value because
of the excessive reactive power compensation when irradiance rose.
Irradiance level had an inverse relationship with system losses since high
irradiance levels led to lower losses as less power was required through
transmission lines and transformers. Moreover, losses at 85% power factor
were higher since the high harmonics caused additional losses.
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1. INTRODUCTION

An interconnected or grid-tied photovoltaics (PV) system must fulfill specific criteria like voltage level,
phase sequence, and frequency, as stated in the IEEE standard of distributed energy resources (DER) [1]. In order
to satisfy those standards, power electronics technology is needed to increase energy conversion efficiency and
reliability and to reduce cost. An inverted-connected PV system has several essential features, such as maximum
power point tracking, anti-islanding, grid fault detection, and many others [2]. An inverter controls its switch
using sequential sinusoidal control voltage to change the DC voltage from renewable energy sources to the
3-phase AC voltage needed by the electricity network [3]. An inverter can be operated as power electronics
equipment for renewable energy sources such as grid-connected PV [4]. Inverter is categorized as a non-linear
load if its output value is not proportional to the input voltage [5]. However, the intermittent nature of solar energy
and the operation characteristics of inverters in PV systems can cause adverse effects such as protection
coordination failure, high conductor losses, voltage fluctuation, harmonic distortion, and grid disturbance [6].
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The inverter’s output voltage should be a sine wave. In practice, the output voltage is non-sinusoidal
and contains harmonics [7]. The assessment of the non-sinusoidal waveform can be done using Fourier
transformation [8]. So, harmonic distortion became a severe issue in new renewable energy utilization. If the
harmonic distortion problem is not solved, further renewable energy penetration cannot reach its full potential
[9]. Harmonics affects the distribution networks by increasing the heating losses and decreasing the operation
life of insulations [10]. Based on Germany’s standard of voltage regulation VDE-AR-N 4105, inverters must
supply their load with reactive power [11]. The inverter’s capability to generate reactive power depends on the
active power supplied by the PV arrays. Grady and Gilleskie [12] in Elkholy’s [2] paper also researched the
effect of harmonics on power factors (PFs). They created a mathematical model called true power factor (TPF)
[2]. TPF can be implemented in harmonics analysis to limit the harmonics caused by nonlinear load using the
widely accepted concept of power factor.

Past research has discussed photovoltaics’ operation on low voltage networks and quality assessment
on inverter power output. Elkholy’s research [2] on harmonics assessment on low voltage networks in Electronic
Research Institute Building, Cairo, is the primary reference for our research. The data used in that research was
extracted directly from the building’s electrical system within a specified time range, then compared using
mathematical analysis of power factor and total harmonic distortion (THD) [2]. Another relevant research was
done by Rampinelli et al. [13] using direct measurement in the Solar Energy Laboratory of Federal University
Rio Grande do Sul and mathematical model simulation using ten models of inverters [13]. Both of those
researchers analyzed the characteristics of THD of on-field inverters with power factor setting as the treatment
variables. However, they have yet to discuss the effect of different power factor setting on the system.

Our research adds a new perspective by simulating the system using electrical transient analyzer
program (ETAP) 20.5.0 software. This software analyzes the effect of irradiance on the inverter’s power quality
while operating at 85% and 100% power factor. From the simulation result, we look into the total current and
voltage harmonic distortion (THD; and THD), then compare them with values based on mathematical analysis.
We also analyze the effect of PV penetration at every inverter power level on harmonics-induced transformer
and system losses. This research can predict the condition and effect of harmonics in PV-integrated systems
on 100% or 85% power factor under every irradiance level.

2. METHOD

This research is conducted by performing simulations in ETAP Power Station 20.5.0 software to
analyze harmonics. ETAP 20.5.0 is widely used for power system simulation since it is commercial software
for simulating and designing electrical power systems in industries and academics. Moreover, ETAP Power
Station has a comprehensive interface and can be run on Windows operating system, making it an excellent
analysis tool for designing and testing the power system. ETAP can be used in offline mode for real-time
monitoring, simulation, optimization, energy management system, and high-speed intelligent loading with real-
time data operation [14]. Our research follows a workflow, as shown in Figure 1.
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Figure 1. Research flowchart

Int J Elec & Comp Eng, Vol. 13, No. 6, December 2023: 5951-5965



IntJ Elec & Comp Eng ISSN: 2088-8708 O 5953

2.1. System

The power system network used for the simulation came from Bhatt’s [15] research, with several
adjustments. In this system, there are six individual PV arrays, four lump load, and two static load that is
supplied by the grid as shown in Figure 2. However, the irradiance data is only simulated on 0.4 kV PVs: PV
Al, PV A2, PV A3, and PV A4. The rest of the PV arrays, PV A5 and PV AB, are connected to 6.3 kV busses
and supply Load 1 and Load 2 with constant power. The PV and inverter ratings in every PV array are shown
in Table 1. Simulation is performed on PV Al through PV A4 by using irradiance data of Surabaya city, as
shown in Table 2. The data given below can be fully accessed from the Global Solar Atlas website. Each
average irradiance data will be applied to every low-voltage PV inverter on two different power factor levels,
100% and 85%.
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Figure 2. Single line diagram of system

Table 1. PV and inverter rating

PV array PV array rating DC inverter rating AC inverter rating
VDC (VOltS) IDC (A) PDC (kW) PDC (kW) VDC (kV) Eff (%) S (kVA) VAC (kV)
PV Al 1031.7 714.4 692.422 833.3 04 90 750 0.4
PV A2 1031.7 899 871.36 11111 04 90 1,000 0.4
PV A3 1024.9 1383.9 1350.9 1642.1 04 90 1,560 0.4
PV A4 1497.2 1862.9  1244.25 2333.3 04 90 2,100 0.4
PV A5 3801.2 1998.1 525.64 2105.3 11 95 2,000 6.3
PV A6 3837 2046.9 533.37 2222.2 11 95 2,000 6.3

Table 2. Solar irradiance data
Hour Solar irradiance (W/m?)
Jan Feb Mar Apr May Jun  Jul Aug Sept Oct Nov Dec Average

7-8 150 125 151 187 211 225 208 265 345 293 226 140 210
89 229 235 290 310 362 380 425 468 515 446 335 221 351
9-10 308 319 359 389 460 473 531 587 632 555 405 292 442
10-11 358 357 409 466 532 543 614 679 707 629 468 335 508
11-12 357 380 453 523 595 594 670 737 751 658 497 345 547
12-13 335 357 442 526 603 619 686 754 749 642 460 317 541
13-14 296 331 395 456 564 606 672 736 721 595 377 252 500
14-15 245 281 307 349 484 546 625 688 654 481 287 193 428
15-16 167 194 215 247 364 445 540 589 545 392 201 123 335
16-17 109 133 139 175 256 340 416 450 409 281 145 79 244
17-18 84 93 97 109 117 183 235 266 230 143 86 54 142
Average value in a day 377
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2.2. Harmonics simulation using ETAP

Simulation using ETAP is divided into fundamental power flow simulation and harmonic power flow.
In the fundamental simulation, the system will be tested for every change in irradiance as shown in Table 2 for
each power factor change of 1 and 0.85. The observed results are changes in power flow, current in each line,
and voltage at each busbhar. Meanwhile, harmonic load flow analysis will be conducted to observe changes in
each fundamental condition, such as changes in current and voltage under harmonic conditions. These current
and voltage values are represented in root mean square (RMS) values. The RMS values depend on the
characteristics of harmonic distortion at each measurement point. As shown in (1) and (2) represent the
relationship between RMS values of current and voltage with harmonics [16].

Vs = V4 J 1+ (”“’V)Z =V, J 1+ (THDv,,)" 1)

100

Lms =1 |1+ (Tﬂ]z’)z = I, |1+ (THDi,,)" @)

The magnitude of total harmonic distortion of current (THD;) and total harmonic distortion of voltage
(THDy,) is determined through (3) to (4) [17]. THD; value is a primary characteristic used to analyze the level
of harmonics in an inverter. On the other hand, THD, represents the distortion caused by the injection of
distorted current through an impedance [18].

T vt
THD, = Y——— 3
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TR I
THD; = ~——— 4

1

Harmonic load flow analysis is also performed to obtain changes in power factor due to harmonic
distortion, known as the TPF. TPF is the ratio of real power output to the apparent power output of the circuit. It
is typically viewed as the amount of power that could be consumed by the load [12]. The TPF is modeled as (5):

Payg 1
TPE = Virms It rms J1+(THDL')2
100

®)

—L___isadistortion factor (DF). Meanwhile 7 B NP displacement power factor (DPF) that
1+(THDi)2 Virms I1rms
100

also represented as cos6,,;. So, the value of TPF can also be expressed as (6) [12].

where,

Pfirue = DF .cosO,; (6)

2.3. Modelling true power factor and THDi using MATLAB

Simulation results from ETAP Power Station will give us each inverter’s characteristics and power
quality at a given irradiance level. Then, those data will be processed in MATLAB R2021B to find all variables
in the mathematical model for power factor and THD; parameters. Those equations are needed to find the
characteristic of each inverter.

Equations (1) to (6) show the modeled calculation for TPF and THD; but neglected the effect of
irradiance on the true power factor, whereas irradiance and the output of the inverter affect the TPF. Hence, a
mathematical model is needed to calculate the true power factor on an inverter’s varying output power towards
its irradiance (through the ratio of Pac and Pnom) [13]. Equation suitable for the mathematical model for
calculating the average value of power factor on different load conditions are expressed by (7).

Co -C1+(C2 -(Pac/Pnom)©3)
= 7
f C1+(Pac/Pnom)©3 )

Coefficients Co, C1, Co, and C3 are obtained by applying the measured curve in MATLAB. The ratio of Pac
and Pnowm indicates the output efficiency of the inverter. Equation suitable for the mathematical model for
calculating the average value of power factor on different load conditions are expressed by (8).
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THD; = TO-exp(_Tl(PAC/PNOM)) + TZ'exp(_T3(PAC/PNOM)) (8)

Coefficients To, T1, T2, and T3 are obtained by applying the measured curve. The ratio of Pac and Pnowm indicates
the output efficiency of the inverter.

2.4. Harmonics impact analysis

After the condition in the previous analysis, we will continue by doing a harmonics analysis to
determine the amount of harmonics-induced transformer and system power losses. These losses are calculated
for 100% and 85% power factor for every irradiance level. The rating of each transformer in the system is
shown in Table 3. The IEC-60076 standard is used as a reference for the calculation of no-load and on-load
losses. The rating for the electric lines is shown in Table 4.

Table 3. Transformer rating

Transformer  Capacity High voltage Low voltage  Impedance No-Load On-Load
ID (MVA) side (kV) side (kV) (%) losses (KW) losses (kW)
T1 75 20 6.3 8.35 7 46
T2 75 20 6.3 8.35 7 46
T3 1 6.3 0.4 5 1.95 12
T4 2 6.3 04 5.7 2.7 25
T5 2 6.3 0.4 5.7 2.7 25
T6 25 6.3 0.4 6.25 2.8 28

Table 4. Cable rating
Cable ID FromBus ToBus Length (m) Impedance (€/m)

Cable A Bus 02 Bus 03 100 0.08387
Cable B Bus 03 Bus 04 100 0.35434
Cable C Bus 03 Bus 07 50 0.02695
Cable D Bus 07 Bus 08 50 0.2695
Cable E Bus 08 Bus 11 50 0.01771
Cable F Bus 07 Bus 14 50 0.02695
Cable G Bus 14 Bus 15 50 0.02695

Transformer power loss caused by harmonics can be classified into on-load loss and no-load loss. The
total power loss in transformers can be modeled as shown in (9). In the equation, Py, is the transformer’s total
losses, Py, isthe no-load transformer losses, and P, is the on-load transformer losses. In a no-load transformer,
the losses produced by the transformer are not affected by harmonics. The total losses caused by the harmonics
can be calculated using (10) (using per-unit system).

Prp = Py,+ Py %)
P_r(u) = Pr2g_p + [(Fup X Pgc) + (Fup—str X Posy)] (10)

where P, is the total losses of an on-load transformer caused by harmonics, PP,z _j is the DC 12 R harmonics
losses, Fy;, is the harmonics factor for eddy current losses on the transformer’s winding, P, is the eddy current
losses on the transformer’s winding. The eddy current losses will cause excessive core losses and abnormal
temperature changes in the transformer [4]. Fy._srr 1S the loss factor caused by harmonics current on other
stray losses, and P,g, is the stray losses.

Loss analysis in transformers and lines requires calculations to determine the impedance values. This
is because the available ratings are still in per-unit values with a base of 100 kVA. To determine the ohmic
value of resistance (R), reactance (X), and impedance (Z) of the transformer, equations (11) to (12) are
used [19].

kv?
Zbase,pu = MVA (ll)
Zpase : —11%pu
Xpy = ﬁ.sm (tan 1[Rl'%u]) (12)
%Z 1 X
Ry, = 1Og.cos (tan 1[R:%u]) (13)
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3. RESULTS AND DISCUSSION
3.1. Effect of harmonics

The simulation was done in ETAP Power Station to determine the effect of solar power plant
installation with the different inverter operation modes. The result of the simulation will give the power and
harmonics data in a distribution network. Each of the average irradiance levels in Table 2 is used as the
independent variable, with the inverters’ power output and quality as the dependent variable. The database
used for harmonics simulation can be seen in Table 5.

The result of the simulation in Table 5 is processed using line charts to understand better the effect of
irradiance on the change of active and reactive power in each inverter operation mode. As shown in
Figure 3, it can be inferred that the higher the irradiance, the higher the active power generated by the inverter
while working under 100% power factor in Figure 3(a) and 85% power factor in Figure 3(b). Inverters working
in power factors produce the same active power because the inverter's type stays the same. Reactive power
produced by the inverters is proportional to the irradiance received by the PV arrays [20]. Inverters with a
100% power factor produce no reactive power because they only generate active power. Inverters with an 85%
power factor produce reactive power proportional to their active power, with an active-reactive ratio dictated
by the power factor. In past research, active and reactive power generated by inverters can be controlled to
match the demand. One of the methods to achieve such control is by controlling the reactive power output to
mitigate voltage sag in the system [21].

Table 5. Harmonics simulation data at each irradiance level

Irradiance P (kW) Unity power factor 85% power factor
(W/m?) Q(kvar) THD; (%) THD, (%) Power Factor Q(kvar) THD; (%) THD, (%) PF

142 0.014 0 48614 4.66 0.002 0.008 41286 4.66 0.002

210 0.024 0 27163 4.66 0.004 0.015 23053 4.66 0.004

244 0.061 0 10895 4.66 0.009 0.038 9225.4 4.66 0.009

300 0.288 0 2310 4.65 0.043 0.179 1936 4.67 0.044

330 194.3 0 30.37 5.15 0.957 120.4 25.76 7.39 0.823

335 197.5 0 30.27 5.22 0.957 1224 25.73 7.55 0.823

351 207.5 0 30.09 5.36 0.958 128.6 25.75 7.84 0.823

428 256.4 0 29.68 5.93 0.959 158.9 26.1 8.66 0.822

442 265.4 0 29.62 6.04 0.959 164.5 26.16 8.81 0.822

500 302.7 0 29.42 6.53 0.959 187.6 26.33 9.44 0.822

508 307.8 0 29.39 6.6 0.959 190.8 26.35 9.52 0.822

541 329.2 0 29.3 6.9 0.960 204 26.44 9.88 0.822

547 333.1 0 29.29 6.95 0.960 206.4 26.45 9.94 0.822
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Figure 3. Comparison of active and reactive power at all irradiance levels (a) 100% PF and (b) 85% PF

Irradiance’s effect on the system’s harmonics can be observed by looking at the magnitude of THD;
and THD,. THD; and THD, data are extracted when the inverter works below its nominal power. This is done
because THD; data is difficult to observe when inverters are operating at their nominal power [22]. From
Figure 4, it can be inferred that the larger the irradiance, the smaller the THD; in the system, regardless of
whether the inverter is working on 100% PF in Figure 4(a) or 85% PF in Figure 4(b). Therefore, it can be
concluded that the value of THD; is affected by the active power output of the inverters. The value of THD; is
very large at an irradiance level below 330 W/m2, This is caused by the high harmonics current when inverters
work less than 20% of their nominal power [23]. In this case, the inverter’s nominal power is 714.4 kW, which
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means 330 W/m? is the threshold where they generate more than 20% of the nominal active power. Inverters
in 100% power factor have a slightly smaller THD; value than those in 85% power factor.

Analysis of the effect of irradiance on THD, shows that both parameters are proportional to each other,
as shown in Figure 5. That applies to both 100% power factor shown in Figure 5(a) and 85% power factor
shown in Figure 5(b). This characteristic is opposite to THD;, where irradiance is inversely proportional to
THD: [24].

THDI vs Irradiance THDiI vs Irradiance
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Figure 4. Comparison of THD; at all irradiance levels (a) 100% PF and (b) 85% PF
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Figure 5. Comparison of THD, at all irradiance levels (a) 100% PF and (b) 85% PF

Inverters will try to match their generation power factor with the setting power factor. If it is set at
100% power factor, then the generation power factor will not necessarily be exactly 100%, but there will be a
slight deviation. The same thing applies to the 85% power factor. As shown in Figure 6, when irradiance is at
330 W/m?, there is a drastic increase in power generated compared to when irradiance is at 300 W/m? at 100%
PF as shown in Figure 6(a) and 85% PF as shown in Figure 6(b). This happens because, at an irradiance level
of 300 W/m? and below, PV arrays’ output current and voltage do not fulfill the minimum voltage level for
MPPT in inverters to activate. Therefore, the output power will be minimal. If compared between both
operation modes, inverters working at 85% generate smaller THD; or harmonics current compared to ones
working at 100%. Inverters with a 100% power factor tend to absorb reactive power, making the THD; value
slightly larger [22].

3.2. Simulation result of ETAP Power Station

Figure 7 shows a comparison between output active power characteristics and relative power
characteristics (Pac/Pnom) with the inverter’s generation power factor at 100% PF and 85% PF for inverter PV
Al as shown in Figure 7(a), PV A2 as shown in Figure 7(b), PV A3 as shown in Figure 7(c), and PV A4 as
shown in Figure 7(d). In order to obtain a viable result, this research compared the mathematical calculation
result with the ETAP Simulation. Figure 7 also represents the difference between ETAP Power Station
simulation and mathematical calculation. The coefficient used to model the inverter’s characteristics using
mathematical calculation is acquired using (4) and the result is shown in Table 6.
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Figure 6. Comparison of power factor at all irradiance levels (a) 100% PF and (b) 85% PF
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Figure 7. Inverter’s power factor comparison between data from simulation and mathematical calculation
(a) PV A1, (b) PV A2, (c) PV A3, and (d) PV A4

The generation power factor is relatively constant when the inverters are working at around 5% of
relative power and above. That pattern applies to both 85% and 100% power factors. The data trends acquired
from ETAP Simulation and mathematical calculation have the same pattern. If Figure 7 is compared with
Figure 8 for inverter PV Al as shown in Figure 8(a), PV A2 as shown in Figure 8(b), PV A3 as shown in
Figure 8(c), and PV A4 as shown in Figure 8(d), it will show that the higher the relative power, the closer the
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power factor to 100% with a smaller THD; [23]. Therefore, we can analyze the relative power of past research.
Rampinelli et al. [13] analyzed the characteristics of I1G 30 inverters with 100% and 95% power factors. The
comparison of the power factor in this research and past research is shown in Table 7.

Table 6. Mathematical power factor coefficient
PV title 100% power factor 85% power factor
Co C C, Cs Co C C, Cs
PVAl 009481 1211 0001715 1228 08031 1369 0.000398 1395
PVA2 09607 1294 00008169 1295 08028 129  0.008401 1318
PVA3 0959 1387 00008299 139 08177 1992 0.0000185 1998
PVA4 009604 1391 00008016 1394 08184 1.869 0.00003603 1875

~=Mathematic Calculation With PF 100% == Mathematic Calculation With PF 100%

=—Mathematic Calculation With PF 85% - == Mathematic Calculation With PF 85%
X ETAP Simulation Data With PF 10?‘/- * ETAP Simulation Data With PF 100%
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Figure 8. Comparison of THD; characteristics in each inverter (a) PV Al, (b) PV A2, (c) PV A3,
and (d) PV A4

Table 7. Actual power factor at several relative power operations

Inverter ID  Operation mode Actual power factor at % of relative power
0.5% 5% 10% 20% 30% 40% 50%
IG 30 Unity PF - 0.237783  0.944954 0.958365 0.959607 0.959756 0.959792
95% PF - 0.6132 0.9425 0.95845  0.95957  0.95976  0.95979
PV Al Unity PF 0.483 0.922 0.946 0.956 0.958 0.960 0.960
85% PF 0.617 0.818 0.822 0.824 0.824 0.824 0.824
PV A2 Unity PF 0.539 0.926 0.947 0.955 0.958 0.959 0.959
85% PF 0.086 0.822 0.823 0.823 0.823 0.823 0.823
PV A3 Unity PF 0.424 0.919 0.945 0.956 0.959 0.960 0.960
85% PF 0.491 0.818 0.821 0.822 0.822 0.822 0.822
PV A4 Unity PF 0.426 0.919 0.946 0.956 0.959 0.960 0.961
85% PF 0.487 0.817 0.821 0.823 0.823 0.823 0.823

The coefficient that determines the inverters’ characteristics from the relation between Pac/Pnom and
THD; is shown in Table 8. Based on the coefficients in Table 8, we can compare the Pac/Pnom data acquired
from ETAP and mathematical calculation to identify the characteristics of an inverter when connected to the
system. While Figure 7 shows the relation between Pac/Pnom and THD;, Figure 8 compares the THD;
characteristic curve of each inverter in the system.

Figure 8 shows that THD; at 100% power factor is more prominent than at 85%. This confirms the
true power factor principle, where THD; is affected by the power factor [25]. The relationship between THD;
and the power factor is proportional: the more significant the power factor, the bigger the THD;. Therefore,
THD; is bigger when inverters are operating at 100%. When relative power is less than 5%, the magnitude of
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THD; is enormous. When the relative power is above 5%, inverters operating on 85% power factor tend to
increase, while ones on 100% power factor decrease. The increase and decrease in THD; are not significant.

The THD; value at several relative power can be seen in Table 9. Those data are acquired from the
mathematical calculation, with coefficients achieved using the curve fitting method in Table 8. The result of
this calculation is compared with the data acquired from the research done by Rampinelli et al. [13] on IG 30
inverters. It is worth noting that Rampinelli did an on-field measurement on inverters operating at 10% of
relative power with 100% and 95% power factors.

Table 8. THD; coefficient
PV Title 100% power factor 85% power factor
To T T Ts To T T, Ts
PVAl 3176 01791 160.2 7899 2937 1985 24.76 -0.1421
PV A2 3292 02538 617 4221 7572 2029 2247 -0.3891
PV A3 29.92 0.06948 40.02 14.02 7734 68.76 24.62 -0.1486
PV A4 2972 0.06953 41.13 1419 87.33 7221 2439 -0.1531

Table 9. THDi magnitude at several relative power operations
THD; magnitude at % of relative power
0.5% 5% 10%  20%  30%  40%  50%

Inverter ID  Operation mode

1G 30 Unity PF 61.854 30.958 16.272 9.811  6.447  4.078
95% PF - 49986 31.22 15904 9406 5864  4.168
PV Al Unity PF 139.661 34.563 31.256 30.643 30.099 29.564 29.040
85% PF 133.637 24.951 25.114 25474 25.838 26.208 26.583
PV A2 Unity PF 82.839  39.982 33.001 31.304 30.507 29.742 28.997
85% PF 297.062 22.941 23.362 24.288 25.252 26.254 27.296
PV A3 Unity PF 67.220 49.670 39.562 31.931 29.899 29.247 28.935
85% PF 79.478  27.288 25.068 25.363 25.742 26.128 26.519
PV Ad Unity PF 68.023  49.848 39.466 31.717 29.689 29.046 28.739
85% PF 85.273 26.939 24.830 25.148 25536 25.930 26.330

Based on Table 9, the magnitude of THD; is very high when the inverter is working under the nominal
operation value of relative power. A low relative power means a low irradiance level. Therefore, the inverters
absorb a significant amount of reactive power, which affects the magnitude of the harmonics current [26]. The
result of past research shows that when inverters are working on high relative power, the magnitude of THD; tends
to get smaller both in 100% and 95% power factors. However, our research results show a different pattern, where
inverters operating on 85% power factor tend to have increasing THD;. In comparison, ones on 100% power
factor tend to have decreasing THD;. This discrepancy is caused by differences between the inverter’s
manufacturer or characteristics. The tendency of THD; to increase when relative power rises is caused by the high
irradiance level, which makes the inverters generate high reactive power. A high reactive power injected into the
system means the amount of switching inside the components of the inverter is also high [20]. The higher the
relative power of a non-unity power factor inverter, the magnitude of individual harmonic distortion (IHD) on
low orders will also increase [22]. Figure 9 shows the harmonics order spectrum at 5% relative power and 100%
PF as shown in Figure 9(a) 50% relative power and 100% PF as shown in Figure 9(b), 5% relative power and
85% PF as shown in Figure 9(c), 50% relative power 85% and PF Figure 9(d).

3.3. The effect of harmonics on system losses

Harmonics have a negative impact on the grid. The effect of harmonics on a distribution feeder can
cause a power loss of up to 18% of the power absorbed by the load. In such a case, the THD in the current
greatly influences the harmonics-induced losses. Figure 10 shows that power losses in cable B as shown in
Figure 10(a) and cable F as shown in Figure 10(b) are greater at 100% power factor than at 85% power factor.
This happens because inverters working at 85% power factor produce reactive power that acts as a reactive
power compensator in the system [27]. Based on the modified grid code IEEE 1547a-2014, reactive power
compensation by PV injection can regulate the voltage in the system and reduce system losses. This means that
power losses in the cables can be reduced by injecting reactive power generated by the inverters, which also
confirms the result of past research [28]. Harmonics-induced and fundamental power losses on both cable at
85% and 100% power factor can be seen in Table 10.

Irradiance received by the PV has a significant effect on cable power loss. Irradiance level is
proportional to the active and reactive power generated. Past research has explained that a low irradiance level
will affect the generation power factor, affecting the power losses in the cables. Therefore, the lower the
irradiance level, the higher the power losses in the system or cables [29].
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In the system used for our simulation, the power grid acts as a swing or reference to supply the demand
that the distributed energy resources cannot. If the irradiance is low, the PV arrays’ power output is reduced,
meaning the grid has to supply more active and reactive power to meet the power demand. If the grid provides
more power, there will be more power losses in the transformers and transmission lines, which means the
overall system losses will also increase.
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Figure 9. Harmonics spectrum (a) 5% relative power 100% PF, (b) 50% relative power 100% PF, (c) 5%
relative power 85% PF, and (d) 50% relative power 85% PF
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Figure 10. The effect of harmonics on losses at (a) cable B and (b) cable F

3.4. The effect of harmonics on transformer losses

High harmonics content in the system is unwanted because it is considered a disturbance. The
distortion caused by high harmonic orders could lead to higher system losses, one of which is due to copper
losses in transformers. Distribution transformers with nonlinear loads will increase the harmonics-induced
power losses. Figure 11 shows that power losses in transformers 6 as shown in Figure 11(a) and transformers
4 as shown in Figure 11(b) are more significant at 100% power factor than at 85% power factor. This happens
because inverters working at 85% power factor produce reactive power that acts as a reactive power
compensator in the system [30]. Harmonics-induced and fundamental power losses on both transformers at
85% and 100% power factor can be seen in Table 11.
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Table 10. The effect of harmonics on cable losses in kW
Irradiance Cable B Cable F
(W/m?) Fundamental Harmonics Fundamental Harmonics
100% PF  85% PF  100% PF 85% PF 100% PF 85% PF 100% PF 85% PF
142 0.1998  0.2009  0.2657  0.2657  1.0598  1.0608  1.1018  1.1018
210 0.2009  0.2009  0.2657  0.2657  1.0608  1.0608  1.1018  1.1018
244 0.2009  0.2009  0.2657  0.2657  1.0608  1.0608  1.1018  1.1018
300 0.2004  0.2009  0.2657  0.2657  1.0555  1.0523  1.0953  1.0942
330 0.1314 01143 01914 0.1832 06475 05036  0.6762  0.5627
335 0.1305 01139 01909  0.1821 06425 04977 06719  0.5573
351 0.1280 01115 0.1883  0.1786 06276 04782  0.6559  0.5373
428 0.1147  0.0954  0.1741  0.1633 05565 0.3849 05832  0.4492
442 0.1123  0.0925  0.1716  0.1605 05442 0.3689 05705  0.4340
500 0.1037  0.0816  0.1619  0.1502 04970  0.3074 05230  0.3765
508 0.1026  0.0803  0.1609  0.1488 04912  0.3000 05162  0.3689
541 0.0977  0.0746  0.1087  0.0844 04667 02679 04774  0.2766
547 0.0969  0.0737  0.1080  0.0833 04625 0.2625  0.4731  0.2711
s Losses at Trafo 6 vs Irradiance " Losses at Trafo 4 vs Irradiance
— 20 - s s
= = \
x 15 o 6
é 10 S 4 .
S S 2
g ° E
g 0 :

142 210 300 330 335 351 428 442 500 508 541 547
Irradiance (W/m2)

= | Harmonics

=] Fund

0.85 Fund

(@)

= ().85 Harmonics

142 210 244 300 330 335 351 428 442 500 508 541 547
Irradiance (W/m?2)

= | Fund
0.85 Fund

= | Harmonics

—().8 5 Harmonics

(b)

Figure 11. The effect of harmonics on losses at (a) transformer 6 and (b) transformer 4

Table 11. The effect of harmonics on transformer losses in KW

Irradiance Trafo 4 Trafo 6
(W/m?) Fundamental Harmonics Fundamental Harmonics
100% PF  85% PF  100% PF  85% PF  100% PF  85% PF 100% PF  85% PF
0,09 8.254 8.254 8.98 8.98 20.196 20.196 20.42 20.42
210 8.254 8.254 8.98 8.98 20.196 20.196 20.42 20.42
244 8.254 8.253 8.913 8.916 20.195 20.195 20.405 20.405
300 8.253 8.252 8.912 8.911 20.09 20.054 19.442 19.41
330 8.2 7.93 8.974 8.694 13.462 10.92 14.107 12.543
335 7.038 6.59 7.941 7.691 13.38 10.816 14.049 12.723
351 6.118 5.302 7.491 7.024 13.126 10.467 13.888 12.578
428 5.744 4.775 7.425 6.939 11.978 8.946 13.297 12.285
442 5.744 4.693 7.419 6.952 11.859 8.644 13.305 12.203
500 5.435 4.344 7.463 6.993 11.099 7.622 13.058 12.261
508 5.403 43 7.476 7.006 11.077 7.491 13.042 12.286
541 4576 4.602 6.721 7.461 9.896 6.931 12.869 12.044
547 4.577 4.606 5.309 7.613 9.897 6.935 12.989 12.137

4. CONCLUSION

On-grid PV systems with inverters working at 85% power factor cause a lower THD; value than the
system with a unity power factor. However, with the system set on 85% power factor, the THD; value increases
slowly as the irradiance increases. This differs from the system that runs at 100% power factor, in which the
value of THD; will decrease gradually. This is caused by the increasing number of switching of the inverters’
components. In turn, this will cause the distortion to be bigger as irradiance increases in 85% power factor,
which significantly increases IHDi on the 5™ order. Meanwhile, the THDy value increases with 85% power
factor and unity power factor as the irradiance increases. However, the THD, value is higher at 85% power
factor system than those at 100% power factor since there is more reactive power compensation if the irradiance
increases. Relative power changes in the on-grid PV system cause the magnitude of the harmonic in the system
to be dynamic, which will cause the losses to fluctuate on both electric lines and transformers. When the
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irradiance increases, the losses on lines decrease. This is caused by less energy supplied from the grid, reducing
the system losses and transformers losses. This condition applies when inverters operate on 85% power factor
in which the network and transformers have smaller losses value than the unity power factor. Therefore,
inverters with an 85% power factor have increased harmonics proportional to their irradiance level, so losses
will slightly increase. From the case above, designing a system with power quality in mind is vital, especially
to anticipate harmonics conditions and their effects on network losses. Furthermore, active or passive filters
could be useful in a system with a high level of harmonics distortion. This research can describe harmonics
conditions and their effects on network losses on the on-grid PV-integrated system when irradiance varies.
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