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Abstract

The high utilization level of renewable generation including residential photovoltaic (PV) systems
together with the uncontrolled charging of electric vehicles (EVs) can have a significant impact on
load characteristics in distribution networks. Harmonic content of PV generation, EV charging
loads, and their influence on power quality indicators in residential distribution networks are
discussed in this paper. For investigating likely power quality scenarios, PV generation and EV
charging measurement results including current harmonic amplitude and phase angle values are
used and compared with present load characteristics. Different modelling scenarios are analysed
and a simplified model of harmonics in PVs and EVs is offered. The results of the study show mod-
erate additional harmonic distortion in residential load current and voltage distortion at the sub-
station’s busbar when PV generation and EV loading are added. The scenarios presented in this
paper can be further used for modelling the actual harmonic loads of the PVs and EVs in distribu-
tion networks.
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1. Introduction

Power distribution networks are designed to operate with sinusoidal voltage. The deviation of the actual voltage
waveform from an ideal sine wave is a fundamental aspect related to power quality. This deviation can be de-
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scribed as a sum of harmonic voltage components. A higher level of harmonics correlates to larger distortion.
From the point of view of electromagnetic compatibility, harmonics must be kept within given compatibility
levels to enable satisfactory operation of all equipment supplied by the network. Furthermore, since electricity is
also defined as a product, utility companies could be held responsible for excessively high harmonic levels and
any resulting damage to customers’ property [1].

The appliances and electric devices connected to the public power supply network are also designed to oper-
ate with a sinusoidal voltage at rated power. However, many of the connected loads are nonlinear, meaning that
they draw current with a distorted sine waveform. It has been estimated that already in 2012, 60% of the power
system loads in USA were nonlinear loads [2]. Nonlinear current in turn provides nonsinusoidal voltage drop,
thus resulting in distorted network voltage. In particular, distortion levels may increase significantly when nu-
merous harmonic emitting devices are utilized in bulk [3].

Distorted voltage and current may result in undesirable effects not only for the distribution system, but also
for the customers. Nonlinear loads inject harmonic currents and induce increased voltage drops over both phase
and neutral conductors [4]. As a result, potential damage to sensitive electronic equipment and capacitor banks,
overheating of transformers and neutral conductors, and additional losses in the power system are likely. De-
graded power quality entails additional costs for both the electricity distributor and its customers as these effects
cause premature aging and failure in power system devices [5]-[7].

Advances in power electronics has led to the widespread use of switching converters for the general public
use as well as industrial applications. Power electronic converters draw non-sinusoidal current from the grid and
this has led to a rapid increase in the number of nonlinear loads. In addition to the increased number of elec-
tronic devices, also resistive devices such as incandescent lamps are ever more frequently replaced by energy
saving lamps utilizing nonlinear elements. Depending on type and brand, switching power supplies absorb dis-
torted currents which flow through the impedances of the power distribution system and result in distortion of
system bus voltage [8].

Similarly, modern EV chargers employ switching power converters. Due to the high energy requirement of
the EV, charging at home can use power levels very close to the ones of the actual residential customers drawing,
10 - 15 A [9]. The charging of EVs produces considerable additional power electronic load which can generate
harmonics and result in associated power quality issues in residential networks.

Power electronics is also implemented in residential photovoltaic (PV) generators, which is currently the
dominant renewable energy source in urban and metropolitan areas. The inverters required to supply households
from the PVs are nonlinear power supplies, meaning that they provide distorted waveform outputs that increase
the levels of harmonics. This technology is enjoying rapid growth due to a combination of subsidies, the abun-
dance of sunshine, and the low impact of the technology on the urban landscape [5].

The present study identifies and analyses possible power quality scenarios in a residential distribution net-
work by examining the impact of nonlinear domestic loads such as EVs and PV inverters. Measured power
consumption and current waveforms of different home appliances, EVs and PV inverter have been used for the
analysis. All loads considered in the model were provided with magnitudes and phase angles of each harmonic
up to the 50th order. The main purpose of this paper is to present the use of actual measurement data from dif-
ferent devices for modelling the effects on the residential distribution network and give an estimation of the im-
portant values for further modelling.

2. Theoretical Background

In electrical power networks, a non-sinusoidal periodic waveforms can be presented as a sum of numerous har-
monic components (harmonics), each having an integer-multiple frequency of the main frequency. Different
waveforms have different harmonic content, referring to different patterns of individual harmonic magnitudes
and phase shift compared to the main frequency component. Hereafter in this paper, the presented measurements
of loads are all indicated as magnitudes and phase shift of each individual harmonic up to the 50th order.
Distortions can be observed individually by comparing different harmonic components and calculating har-
monic distortion (HD). A more general approach to quantifying the distortions is using the total harmonic dis-
tortion level (THD). Total harmonic distortion can be expressed separately for current harmonic distortion as
THDI and for voltage distortion as THDU. The total harmonic distortion indicators can be calculated using cor-

responding Equations (1) and (2),
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where iy is current of 1st order and u, is voltage of 1st order.

THD does not reveal the magnitudes of individual harmonics, which could still exceed the limits for specific
harmonics regardless of THD value. For the correct estimation of the harmonic levels, calculations have to make
use of magnitude and phase angle values of individual harmonics. Harmonic phase angle diversity is relevant
when multiple appliances are operating simultaneously, creating either reinforcement or cancellation of har-
monic magnitudes [2]. It is reported that 10% smaller harmonic current magnitudes can be seen when phase an-
gle information is included compared to the simple summing of magnitudes without phase angle values [10].
The attenuation effect is dependent only on the phase angle, but the effect’s severity is dependent on the magni-
tude of the harmonic voltage [11].

The combined influence of harmonics from different sources is highly dependent on network topology, mu-
tual conductor impedances and phase balance. The resulting harmonic distortion in the distribution network can
increase or decrease due to the variation of phase angles for different harmonic sources. A special situation oc-
curs in the case of a balanced three phase load consisting of identical nonlinear loads. Since the triplen harmon-
ics sum in neutral, the three phase supply system neutral conductor total current can be higher than the phase
current [4] [12]. For example in the Netherlands and in Denmark, analysis has shown that the 15th harmonic
current, which is one of the triplen harmonics, has exceeded the tolerable limits in several cases [12]. Therefore,
phase balance is a significant factor for harmonic emission in distribution networks [7].

The harmonic generation of a PV system depends on the inverter technology, and operation conditions, in-
cluding solar irradiance, temperature, loads, and the supply system characteristics. Both the current THD and the
output reactive power are related to the output active power levels, which in turn are strongly dependent on solar
irradiance levels. Most of the inverters consume or feed reactive power into the network depending on their
output active power and their technology. During operation at low solar irradiance levels (e.g. sunrise, sunset,
cloudy days), current THD values can increase rapidly since the THD factor is inversely proportional to the
output active power of the PV inverters. Nevertheless, THD is notably reduced as the output active power of the
PV inverters increases and reaches its nominal value [13]-[15].

Varying power density of renewable energy not only potentially cause supply voltage sag or swell patterns
but also frequency variations in the LV grids. The application of power converters as interfaces between energy
sources and the LV grid and their interaction with other system components may cause high harmonics distor-
tion [16] [17]. The effects of the nonlinear residential load on voltage THD are most significant on a local level,
and equipment failures due to voltage distortion are more likely to occur along distribution feeders than farther
upstream. The results show that recommended voltage THD limits can easily be exceeded, particularly at nearby
distribution feeder tap points, if the loading equipment is highly nonlinear [18].

EV batteries require DC for charging, but all uncontrolled rectifiers inject a high content of current harmonics
into AC power networks. Based on literature, it can be concluded that over time and with the development of
power supply technologies, the amount of distortion from EV charging has decreased. Measurements in the
1990’s showed that the use of uncontrolled or low-control rectifiers caused average current THD of 50% [19].
Measurements of modern commercial EVs have indicated an average charging current THD around 11%...12%
[20] [21], but values as low as 4.5% [22] have also been indicated.

Monitoring of 100 distribution network feeders in USA revealed that the average voltage THD at PCC (Place
of Common Coupling) was 4.73% [23]. It may be assumed that the stated percentage is quite common for many
distribution grids. Power supply standards (EN50160) have set the upper voltage THD limit for public networks
at 8% [24]. Nevertheless, severe cases have been revealed where distortion has been higher than 17% [25].

3. Methods

The 50 Hz residential distribution network at 0.4 kV and loads for assessing load flow were modelled using
DIgSILENT Power Factory software. The model consisted of a three-phase residential load at 0.4 kV voltage
level composed of different single phase loads. The schematic of the residential load model is presented in

Figure 1.



J. Niitsoo et al.

Residential .0.4 kV bus ] p

EV

Line B

PV System (1f)
Line A Line C

Phase A Phase B . Phase C

Laptop 1 Monitor Refrigerator 2 Desk Lamp Printer TV 1 Refrigerator 1 Lamp set 1 TV-tuner 1 TV 2 TV-tuner 2 Laptop 2  Air purifier Lamp set 2

Figure 1. Schematic of residential load model.

The compiled residential load was connected to the distribution network substation via a 1.4 km long 4 x 95
mm? overhead line (OHL) as depicted on Figure 2 and it is the only consumer of this substation. The distribu-
tion network substation was connected to a 10 kV network with short-circuit power of 200 MVVA and short-cir-
cuit current 11.5 kA. The high voltage (HV) busbar is modelled as a slack bus. The transformer used in the dis-
tribution substation was modelled with the following parameters:

e nominal power 25 kVA,

* relative short circuit voltage 4.5%);

* zero sequence impedances ro = 0.02 pu and X, = 0.04 pu;
* magnetizing impedance/short circuit impedance ratio 3;
* vector group Yyn.

Implemented parameters in the simulation were selected based on power quality problematic issues identified
in Elektrilevi’s network (Estonia’s main distribution grid operator) for July 1, 2013. The length of the OHL be-
tween substation and customer’s PCC was defined as an average of all the lines between substations and cus-
tomers with power quality problems. Similarly, the selected diameter of the line and nominal power of the
transformer are the most common values for the identified problematic components.

Harmonic voltage amplitudes and phase angles up to the 50th order were obtained from measurements con-
ducted by Elektrilevi at one of the sites where power quality issues were identified. Harmonic voltage distortion
at the 10 kV bus was measured and modelled around 2%, which is a common value for this grid.

For modelling PV generation, one single phase PV was measured for one week. For modelling EV loads, ac-
tual charging process of five different EVs were measured. All vehicles were produced in 2012-2013 and are
commercially available on the markets. In each case, harmonic current amplitudes and phase angles up to 50th
order were measured and used in the models in DIgSILENT. Both PV and EV were connected to residential
load’s busbar as was described in Figure 1. Also a mean load model of averaged values was composed for the
single phase PV system and EV.

In order to model the network response of nonlinear loads, 14 different home appliances were measured. The
results of the corresponding measured active and reactive power, harmonic current magnitudes and harmonic
current phase shift angles of measured devices are presented in [26] [27]. Modelled devices were arranged in a
manner where similar active power consumption was seen in every phase. In the model, all nonlinear devices are
in operation and coincidence factors are not taken into account, thus representing the presumed worst case sce-
nario.

4. Results

Three cases modelling the residential distribution network are presented. Initial conditions represent the loads
common to present day households.

1) First case: one single-phase PV unit connected to the PCC in addition to the initial load.

2) Second case: one EV charging load connected to the PCC in addition to the initial load.

3) Third case: EV charging load and PV inverter are connected to the PCC in addition to the initial load.
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Figure 2. Schematic of distribution grid model.

Initial values of voltage and current in the grid before adding PV generations or EV load are presented in Ta-
ble 1. Voltage THD and power factor (PF) values are listed in Table 2 and power values are listed in Table 3.

A) First Case—Single Phase PV

Measurement results for three different power levels (1—near 30%, 2—near 60%, 3—near 100%) of the sin-
gle phase PV are given in Table 4. From the table, it can be assumed that current distortion is slightly correlated
with current and decreases as current increases. Also voltage and voltage distortion variations may somewhat
have an effect on the current distortion, but are here ignored due to very low values of voltage THD and the fact
that current itself is more affected by voltage. The same conclusion can be made by observing the power factor
(PF) value which approaches unity with increasing current. Interestingly in this case, reactive power Q appears
to be independent of the current level and changes polarity.

Voltage and current distortion during a 15 h period is shown in Figure 3. Voltage distortion at the measure-
ment point was notably low (around 1%) throughout the observed time period and similarly, current distortions
are not greatly affected by grid disturbances.

Power quality indexes are illustrated in Figure 4. Results are in line with the prior conclusion for reactive
power where Q is mainly capacitive throughout the measurement period. It can also be confirmed that reactive
power is independent of current (compare with active power P and apparent power S).

As is evident in Figure 5, cos(p) remained near unity throughout the measurement period, whereas PF varied
considerably. The observed fluctuations in PF are a result of current distortion which is evident when comparing
the current THD (THD_I in Figure 3) with the PF curve in Figure 5.

Table 5 and Table 6 present the harmonic currents and phase angles up to the 21st order for the single phase
PV inverter with the corresponding power levels (1—near 30%, 2—near 60%, 3—near 100%) described in Ta-
ble 4. Average values are also calculated and presented for modelling mean one phase PV. Even and higher or-
der harmonics are left out due to their marginal dimension. All presented harmonic current amplitudes exhibited
relatively moderate values, except for the third harmonic which was more notable.

For modelling mean PV generation, average values of the presented current harmonic amplitudes and angles
(Table 5 and Table 6) were calculated. Main frequency current phase angles were defined zero as in the ideal
case and other angles were calculated in relation to mains current. Figure 6 shows a graphical representation
(vector quadrant) of the calculated average harmonics, where X and Y components of current are calculated us-
ing Formulas (3) and (4). Where A is mean harmonic (3rd, 5th, 7th etc. order) current in percentages to main
frequency current and o is mean harmonic (3rd, 5th, 7th etc. order) current angle in degrees to main frequency
current.

X =Axcosa 3)
Y =Axsing 4

A single phase PV inverter was connected to the residential busbar at different phases one at a time. The re-
sulting voltages and currents are presented in Table 7. Voltage THD and PF is shown in Table 8 and power
values are displayed in Table 9.

As it can be seen from Table 7 voltage in the phase where the PV is connected rises more than 5%. Signifi-
cant voltage THD rise due to the connected PV could not be seen. Instead, THD decreased slightly in cases
where PV was connected to phase A and C as evident in Table 8. Due to the change in reactive power, seen in
Table 9, the PF value changed in the phase where the PV was installed.



J. Niitsoo et al.

— THD_U — THD_I

1.50 1000
=
2
1005
S 5
— on
=) =
[ i
8 g
= 110 =
a
jus]
H
0.00 . 1
6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00

Time [h]
Figure 3. Measured voltage THD and current THD of single phase PV inverter.
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Figure 4. Measured power values of single phase PV inverter.
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Figure 5. Measured power factors of single phase PV inverter.

Table 1. Initial modelled voltage [V] and current [A] values.

Ua Ub Uc |a |b Ic |n
230 230 231 1.0 13 1.3 0.7

Table 2. Initial modelled voltage THD [%] and PF values.

THD, THD, THD, PF, PFy PF.
29 21 3.2 1.00 0.92 0.84
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Table 3. Initial modelled active [kW] and reactive power [kvar] values.

Pa Py Pe Qa Qb Qc
0.23 0.28 0.25 —-0.01 -0.12 —-0.16
Table 4. Measured values for single phase PV inverter.
Power level 1% - 30% 2% - 60% 3% - 100%

THDy [%] 1.01 0.82 1

THD; [%6] 427 1.98 1.67

Urms [V] 2336 238.8 239.1

Lems [A] 3.45 9.08 11.73

P [W] 739 2125 2783

Q [var] 322 —425 -257

S[VA] 807 2168 2805
cos(fi) 1 1 1

PF 0.92 0.98 0.99

Table 5. Harmonic currents of single phase PV inverter.
Order 1_1[%] 1_2 [%] 1_3 [%] I_mean [%]

1 100 100 100 100
3 1.92 1.2 1.01 1.38
5 0.48 0.31 0.26 0.35
7 1.08 0.27 0.27 0.54
9 0.88 0.33 0.35 0.52
11 0.89 0.38 0.32 0.53
13 0.69 0.21 0.2 0.37
15 0.23 0.08 0.1 0.14
17 0.35 0.07 0.06 0.16
19 0.29 0.1 0.1 0.16
21 0.63 0.2 0.17 0.33
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Table 6. Harmonic current phase angles of single phase PV inverter.

Order Angle_1 [°] Angle_2 [°] Angle_3 [°] Angle_mean []
1 0 0 0 0
3 28 62 52 47
5 97 146 139 127
7 175 159 164 166
9 116 145 146 135
11 104 60 52 72
13 75 73 77 75
15 109 104 107 107
17 88 145 190 141
19 287 259 271 272
21 209 205 209 208
Table 7. Modelled voltage [V] and current [A] values for first case.
Phasing U, Up U la I le In
PVinA 246 223 229 11.0 13 13 12.3
PVinB 228 245 224 1.0 10.8 13 11.2
PVinC 224 228 246 1.0 13 10.9 12.3
Table 8. Modelled voltage THD [%] and PF values for first case.
Phasing THD, THD, THD, PF, PFy PF.
PVinA 2.7 22 3.2 -1 0.91 0.85
PVinB 3 21 33 1 -1 0.83
PVinC 3 21 3 1 0.93 -1
Table 9. Modelled active [kW] and reactive power [kvar] values for first case.
Phasing Pa Py P, Qa Qb Qc
PVin A —2.58 0.28 0.25 0.23 -0.13 —-0.16
PVinB 0.23 —-2.54 0.25 -0.01 0.13 -0.17
PVinC 0.24 0.28 -2.56 -0.02 -0.11 0.09

B) Second Case—EV

Measurements were recorded for the charging of five different EVs. Power and THD values while EVs were
charging at constant power level are presented in Table 10. As the power values (P and Q) were quite similar for
all five EVs, the current distortion varied more. Three EVs out of five had current distortion around 10%...12%

and two had substantially lower values, around 3%...4%.

The characteristics of individual current harmonic magnitudes and phase angles for odd harmonics during the
constant power charging are presented in Table 11 and Table 12. The highest current amplitudes were observed
at 3rd, 5th, 7th and 13th orders. For successful modelling, the mean values based on five EVs were calculated.
The arithmetic mean of amplitudes (AM) and geometric mean for phase angles (GM) was calculated as follows:

()
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Table 10. General data for EVs during constant power charging time.

EV P [kW] Q [KVATr] THD, [%]
1 2.2 0.2 42
2 24 0.5 12.3
3 29 0.2 34
4 24 0.1 10.5
5 2.2 0.4 11.2
Mean 25 0.3 8.1
Table 11. Harmonic current amplitudes [%] of EVs.
Order EV1 EV 2 EV3 EV 4 EV 5 Arithmetic mean
1 100 100 100 100 100 100
3 8.7 11.9 3.3 2.6 111 75
5 3.7 0.4 0.9 2 23 19
7 31 0.6 0.9 11 14 14
9 1.2 0.6 0.2 0.5 15 0.8
11 0.8 11 0.9 0.7 1 0.9
13 1.7 11 13 0.9 0.8 1.2
15 0.4 0.6 0.3 0.3 0.9 0.5
17 0.4 0.5 0.1 0.1 0.2 0.3
19 0.7 0.3 0.1 0.3 0.2 0.3
21 0.8 0.3 04 0.9 04 0.6
Table 12. Harmonic current phase angles [°] of EVs.
Order EV1 EV 2 EV 3 EV 4 EV 5 Geometric mean
1 0 0 0 0 0 0
3 8 33 158 327 6 39
5 157 180 335 338 294 248
7 255 269 205 213 299 245
9 46 120 287 320 126 145
11 326 256 20 67 221 120
13 30 305 298 334 26 119
15 257 199 30 194 142 133
17 207 162 246 247 291 226
19 40 168 313 55 219 121
21 154 304 165 217 166 195
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AM:%(a1+a2+---+an) (5)

GM = al.az ..... a (6)

The most significant individual harmonics (3rd and 5th) are illustrated in Figure 7 and Figure 8. As evident
from the figures, the directions of the currents are different.

In this case, mean EV was added to the grid at the residential busbar at different phases one at a time. The re-
sulting voltages and currents are shown in Table 13, voltage THD and PF in Table 14 and power values in Ta-
ble 15.

The EV load causes voltage drop in phase where it is connected more than 5% in each case. Voltage THD
was observed to increase up to 0.5% in two cases, but remained at same level when EV was connected to phase
C. Power factor changed slightly due to additional EV load and slightly improved in the phase where it was
connected.

——EVl —e—EV2 —e—-EV3 —e-EV4 —e-EV5 =—@—mean
7 i

6

Current component Y [%]

5 15

Current component X [%]

Figure 7. Third current harmonics of EVs.
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Figure 8. Fifth current harmonics of EVs.
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Table 13. Modelled voltage [V] and current [A] values for second case.

Phasing U, Up U la Ip le In

EVinA 214 235 235 12.8 13 13 11.6
EVinB 235 213 236 1.0 13.0 13 125
EVinC 235 234 215 1.0 13 12.8 11.3

Table 14. Modelled voltage THD [%] and PF values for second case.

Phasing THD, THD, THD, PFa PFy PF.
EVin A 34 2.1 31 0.99 0.92 0.82
EVinB 2.8 2.6 3.0 1.00 1.00 0.85
EVinC 29 2.2 3.2 1.00 0.91 1.00

Table 15. Modelled active [kW] and reactive power [kvar] values for second case.

Phasing Pa Py P. Qa Qb Qc

EVinA 2.86 0.28 0.24 0.32 -0.11 -0.17
EVinB 0.23 291 0.25 -0.02 0.21 -0.16
EVinC 0.23 0.27 2.87 -0.01 -0.13 0.17

C) Third Case—PV and EV

In this case, a PV and EV where both installed at the residential load’s bushar. To investigate differences in
harmonic cancellation, the PV and EV were installed both on the same phases as well as separate phases.

Voltages and currents are presented in Table 16. It was observed that in arrangements where PV and EV are
in same phase voltage drops near to undesirable levels in the phase where the EV is connected while increasing
over the 10% limit in the phase where the EV is connected. Also in those cases neutral currents rise much higher
than phase currents. The best practice is to install both in same phase. Voltages over the 10% limit and high
neutral currents are marked as bold in Table 16.

Voltage THD and PF values are presented in Table 17. In the worst case (EV in A and PV in C), voltage
THD decreases in one phase up to 0.6%, but placing EV and PV both on the same phase can lead to slightly de-
creased voltage THD in some situations (EV in C and PV in C).

Placing the devices onto the same phase leads to slight growth of reactive power in the same phase as evident
in Table 18. Active power is compensated due to opposite direction of power flow of the EV and PV.

5. Discussion

While the discreet disturbances of harmonic distortion may not cause immediate and easily-observed impacts, it
can cause some equipment to malfunction, and result in additional power losses in both customer and network
equipment [28]. As harmonic levels change considerably from one week to another, it is very difficult to assess
the long-term evolution of harmonic levels only from measurements carried out over a short period [1]. This
paper clearly concludes that power quality problems may occur when dispersed generation and powerful non-
linear load utilization is not sufficiently considered. Moreover, modern household devices tend to contain more
power electronic circuits and therefore an increase of harmonic currents can also be expected even without the
PVs or EVs.

Harmonic current angles of small generators such as PVs or powerful nonlinear loads such as EVs are seldom
considered. For determining the impact of current harmonics on the network and the voltage harmonics, the ac-
tual harmonic current values would have to be used. One aim of this paper is to draw attention to this topic
which could lead to advances in modelling nonlinear generations and loads with different topologies. To help
mitigate harmonic distortion problems, models with appropriate harmonic current amplitudes and phase angles

could be used to select most suitable devices.
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Table 16. Modelled voltage [V] and current [A] values for third case.

Phasing U, Up U la Ip le In
EVinAandPVinA 231 228 232 2.2 13 1.3 33
EVinAandPVinB 212 250 229 12.9 10.7 13 18.3
EVinAandPVinC 207 234 250 131 13 10.8 22.1
EVinBandPVinA 250 206 235 10.9 13.3 13 22.6
EVinBand PVinB 232 230 229 1.0 1.8 1.3 2.3
EVinBandPVinC 229 211 251 1.0 13.1 10.8 19.5
EVinCandPVinA 250 228 212 10.9 1.3 12.9 18.8
EVinCandPVinB 234 249 208 1.0 10.8 131 21.4
EVinCandPVinC 228 231 231 1.0 13 1.6 25

Table 17. Modelled voltage THD [%] and PF values for third case.

Phasing THD, THD, THD, PF. PFy PF.
EVinAandPVinA 3.2 22 31 -0.12 0.92 0.84
EVinAandPVinB 3.4 21 32 0.99 -1.00 0.82
EVinAandPVinC 35 2.1 29 1.00 0.93 -1.00
EVinBand PVin A 2.6 2.6 3.0 —-1.00 1.00 0.86
EVinBandPVinB 29 24 31 1.00 —-0.04 0.84
EVinBandPVinC 2.8 2.6 2.8 1.00 1.00 -1.00
EVinCandPVinA 26 23 3.2 —-1.00 0.90 1.00
EVinCandPVinB 29 2.2 3.3 1.00 -1.00 1.00
EVinCandPVinC 29 22 29 1.00 0.92 -0.14

Table 18. Modelled active [kW] and reactive power [kvar] values for third case.

Phasing Pa Py P. Qa Qb Qc
EVinAandPVinA -0.06 0.28 0.25 0.51 -0.12 -0.16
EVinAandPVinB 2.86 -2.53 0.25 0.37 0.14 -0.17
EVinAandPVinC 291 0.28 -2.58 0.29 -0.11 0.09
EVinBandPVinA -2.59 2.96 0.25 0.23 0.18 -0.15
EVinBand PVinB 0.23 -0.02 0.25 -0.01 0.42 -0.16
EVinBandPVinC 0.23 2.92 —2.56 —-0.02 0.27 0.1
EVinCandPVin A —2.57 0.28 2.88 0.24 -0.13 0.22
EVinCandPVinB 0.23 —2.55 2.93 0 0.13 0.14
EVinCandPVinC 0.23 0.28 —0.05 -0.01 -0.12 0.37

This study only examines one household and one PV or EV at time. The described effects may escalate when
a larger number of devices are considered. Special attention is needed in situations where devices have similar
harmonic patterns and the harmonic cancellation effect is minimal and grid is weak. General values for further
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modelling of PVs and EVs were presented in this paper, but additional measurements should be performed to
obtain unified values for modelling PV generators and EV loads more accurately. It would be necessary to have
measurement data extending over entire years in order to acquire results independent of any disturbance. Fur-
thermore, flicker and voltage level issues should be accounted for as they may have a significant influence in
real applications.

6. Conclusions

Firstly, it can be concluded that current harmonic distortion of the PV’s output is notably correlated with current
and distortion decreases when the PV is operating at a higher loading level. The same conclusion can be made
by observing the PF value of the PV which approaches unity with increasing current. Whereas when PF varied
considerably, cos(y) remained near unity throughout the measurement period, which means that main order re-
active power is compensated more efficiently than higher order reactive power. EVs showed higher current dis-
tortions than PV. Three EVs out of five had current distortion around 10%...12% and two had substantially
lower values, around 3%...4%.

Voltage distortion may rise when PVs and EVs are connected to a residential load. The rise is much depend-
ant on grid strength and worse situation may occur in cases where less powerful transformers and thinner cables
are utilized. The present study showed that most reasonable option is to connect both PV and EV on same phase.
Installing the EV's and PVs separately or installing both on separate phases, results in notable increase in voltage
distortion.

Even more severe changes occurred with voltage amplitudes and neutral currents. In cases where PV and EV
both were installed, voltage in the phases where PV was connected rose over the 10% limit. Also the neutral
currents rose nearly two times higher than phase currents where PV and EV where connected in separate phases.
It concludes that modelling with different transformer powers and cable lengths and thicknesses should be con-
ducted before installing nonlinear devices.
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