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Abstract: Power electronic circuits in modern power supplies have improved the conversion efficiency
on the one hand but have also increased harmonic emissions. Harmonic currents from the operation
of these units affect the voltage waveforms of the network and could compromise the reliability of the
network. Load and source non-linearity can, therefore, limit the renewable source’s hosting capacity
in the grid, as a large number of inverter units may increase the harmonic distortions. As a result,
voltage and current distortions could reach unbearable levels in devices connected to the network.
Harmonic estimation modelling often relies on measurement data, and differences may appear
in mathematical simulations as the harmonic aggregation or cancellation may generate different
results due to the inaccuracies and limitations of the measurement device. In this paper, the effect of
harmonic currents cancellation on the aggregation of different load currents is evaluated to show
its impact in the network by presenting a comparison between the measurement and mathematical
aggregation of harmonics. Furthermore, the harmonic cancellation phenomenon is also qualified for
multiple loads connected to the power supply.

Keywords: current harmonics; voltage distortions; power quality; hosting capacity; LED lighting;
photovoltaics; electric vehicles

1. Introduction

Hosting capacity (HC) evaluation for the inclusion of renewable energy production
and storage units, including photovoltaic inverters, battery chargers, etc., is one of the
tasks that must be carried out in distribution network planning. In [1], the historical
outline of HC assessment is explained and the HC of low voltage networks is illustrated by
increasing the number of electric vehicle (EV) chargers or photovoltaic (PV) panels [2]. The
performance index calculation requires a network model, partial input data, and Monte
Carlo simulation to indicate the uncertainties. Different approaches for HC, which are
deterministic, stochastic, and time-series are outlined in [3]. These approaches use unique
uncertainties, computation time, precision, input data, and models. A detailed investigation
and mitigation of challenges associated with power quality when renewable distribution
systems are integrated into a grid are presented in [4] For example [5], ideas are presented
to forecast the HC of the distribution network as they make up important tools to plan the
distribution network and predict the impact on power quality due to the integration of the
PV system.
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HC can be more accurately assessed if the harmonic profile of contemporary loads is
analyzed along with the harmonic profile of future loads and sources such as EV and PV
inverters [6]. For environmentally sustainable electricity production and use, the number
of solar plants and EVs is increasing annually; this impacts the distribution network in
terms of power quality. Measurements can provide a closer insight into the solar inverter
effect on THDv of the supply voltage [7].

As most contemporary loads implement power electronic converters at the load side,
their non-linear characteristics are a reason for feeding harmonic currents into networks.
This has an influence on the voltage distortion parameters of an AC power system. In order
to have a power system with credible power quality indices [8,9], it is essential to determine
the contribution of harmonic content injected devices connected to the electrical grid [10].
Voltage distortion not only influences a single consumer, but affects all other consumers
sharing the same network [11,12]. To deliver the least distorted voltage to consumers, the
network operator must take actions to leverage voltage distortions.

Current harmonics can be represented as phasors with RMS and phase angle values;
in such a manner, harmonic components are rotating vectors with real and imaginary
parts in the complex plane. In a distribution network where multiple non-linear loads are
connected, it is likely that the different harmonic load currents not only have different RMS
component values but also harmonic phase angle values. As a result, various combinations
of similar loads could lead to variations in the aggregated harmonic current. In order to
find the total harmonic currents loading the substation, the individual load harmonics have
to be summed geometrically. The total harmonic current from the multiple devices can
be significantly lower than the arithmetic sum of individual current magnitudes due to
diversity in the harmonic phase angles [13].

Harmonic voltages with different magnitudes and phase angles can cause changes
in load current harmonics both in RMS and phase [14]. In addition, both the voltage and
current distortions vary with different loading levels and are time-varying PQ character-
istics. Hence, it is highly complex to accurately determine current harmonics magnitude
and phase angle values for every time instant [15]. Summation coefficients are provided
by IEC standard 61000-3-6 to perform the summation of harmonic magnitudes [16]. The
IEC standard has suggested rules based on summation coefficients, if using harmonic
current magnitudes. Furthermore, there are several other influences to current harmonic
RMS levels and phase angle values. The impact on harmonic current variation due to the
impedance of cables attached to LED lamps was studied in [17].

One of the most straightforward approaches to determine the expected load harmonic
current fingerprint is the measurement of the loads. This must also include aspects of sensi-
tivity [18]. For example, the thermal stability of loads refers to the temperature stability
when performing measurements; for example, LED lamps and power supplies require
roughly forty minutes [19]. The average variation interrelation of higher-order harmonic
currents increases with an increase in the number of loads connected simultaneously [20].
Similarly, in [21] the aggregation result was compared to measurement data with multiple
loads connected simultaneously, showing that higher-order harmonics vary more signifi-
cantly than lower-order harmonics. In addition, higher-order harmonic current vectors are
spread out more compared to lower-order harmonics. THDI was observed with an average
reduction of up to 10% due to the harmonic currents’ cancellation effect.

This paper focuses on the practical aspects of the aggregation of the harmonic emission
at the point of common coupling; this is usable, for example, in the case of simplified
measurements of RMS harmonic currents in the estimation of load and source HC. The
scale and accuracy of harmonic component summation are measured and compared with
the values obtained from a single load measurement. Combinations of loads are tested
for the total harmonic load currents’ estimation. The analysis is based on measurements
performed for different numbers of combinations of loads operating simultaneously. The
harmonic estimation of multiple loads operating at the same time presents an approximate
occurrence of cancellation that may happen when multiple devices are operating. Not
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accounting for the cancellation would lead to pessimistic harmonic estimation, in turn
leading to lower hosting capacity estimation.

2. Harmonic Variation and Summation

Harmonic current can be represented as complex phasor quantities; measured values
are RMS and phase angle. Therefore, in order to perform aggregation, the amplitude and
phase form can be converted to real and imaginary components in the complex plane using
the following formulas. Harmonic aggregation is performed using Equation (1).

i(t) =
∞

∑
h=1

Im,h cos(2πh f1t + ϕI,h) (1)

f 1 is the frequency of fundamental component, h is the harmonic number, and ϕI,h
is the phase shift to corresponding h number. The real and imaginary values of the any
harmonic phasor are:

ix,h = Re(Ih) = Im,h cos(ϕi,h)

iy,h = Im(Ih) = Im,h sin(ϕi,h)

and a modulus of them will be:

Im,h = |Ih| =
√

i2x,h + i2y,h (2)

As root-mean-square values can be used to present phasor magnitudes, the RMS value
of any harmonic and total RMS current can be calculated using the equation below.

Ih =

√
i2x,h + i2y,h

2
=

Im,h√
2

(3)

I =

√√√√ ∞

∑
h=1

I2
m,h

2
(4)

Harmonic currents are produced when a load draws a current with a non-sinusoidal
waveform. According to the Kirchoff Current Law (KCL), the total sum of current at the
point of common connection is zero when multiple loads are simultaneously connected.
Every load device behaves as a source of harmonics and provides its share, so the total
current at PCC is the aggregation of individual harmonics from all load devices according
to superposition. In order to find total vector current, the real and imaginary components
of individual loads should be added.

ix ∑ ,h =
K
∑

k=1
ix,h,k

iy ∑ ,h =
K
∑

k=1
iy,h,k

(5)

ix,h,k—real component of current harmonic of particular device k;
iy,h,k—imaginary component of current harmonic of load k;
K—total loads at the point of common connection.
The resultant magnitude and RMS of a particular harmonic are:

Im ∑ ,h =
√

i2x ∑ ,h + i2y ∑ ,h (6)

I∑ ,h =
Im,h√

2
(7)
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Phase angle calculation is performed according to the quadrant of the phasor. The
resultant phase-angle range is –180 to +180 degrees (–π to +π).

θI ∑ ,h



tan−1
( iy ∑,h

ix ∑,h

)
, i f ix ∑,h > 0

tan−1
( iy ∑,h

ix ∑,h

)
+ π, i f ix ∑,h < 0 and iy ∑,h ≥ 0

tan−1
( iy ∑,h

ix ∑,h

)
− π, i f ix ∑,h < 0 and iy ∑,h < 0

π
2 , i f ix ∑,h = 0 and iy ∑,h > 0

−π
2 , i f ix ∑,h = 0 and iy ∑,h < 0

(8)

To find the summation accuracy of harmonics, harmonic phasors of individual loads
are aggregated to find the resulting harmonic current magnitudes and phase of investigated
load combinations. The calculated values of phasors are then compared to measured phasor
data of the respective combination of load, and the difference between the calculated and
actual values is found. Figure 1 illustrates the difference between measured and aggregated
harmonic vectors.
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Figure 1. Determining the magnitude and phase angle difference of measured (brown) and calculated
(blue) values.

3. Measurement Setup

Sixteen LED lamps are arbitrarily chosen as loads; lamps have a power rating range
from 8 W to 17 W and a luminous flux between 800 and 1521 Lm. To reach thermal stability,
the LED lamps and power amplifier/power supply were powered up for more than one
hour prior to measurement [19]. Table 1 also shows the total harmonic distortion percentage
of all the LED lamps used in the experiment. Three of the lamps have a THDI in the range
of 28 to 53%; the others have a THDI above 100%.
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Table 1. Parameters of lamps used for testing.

Lamp No. Lamp Rated
Power (W)

Lamp Rated
Luminance (Lm)

Measured
THDI (%)

1 14 1521 145
2 10 1055 164
3 9 810 135
4 12 1055 149
5 12 900 134
6 10 800 148
7 12 1055 152
8 9 1055 162
9 8 806 46
10 11 1060 28
11 9 806 139
12 10.5 1060 136
13 9.8 806 52.7
14 10 1055 135
15 11 1055 154
16 17 1521 134

The experimental setup consists of a power quality (PQ) analyzer, a data acquisition
(DAQ) module, a load combination array, a programmable power supply, and a personal
computer. The PQ analyzer realizes a one-second measurement that is aggregated and
recorded according to class-A standards [22]. MATLAB controls the generation of input
voltage for measurement setup as it programs the DAQ module to provide the signal to
programmable power supply. Supply waveform is generated with the sampling frequency
of 100 kS/s, meaning 2000 points for every 50 Hz cycle. The same MATLAB script drives
the load scenarios by supplying a digital binary switching signal to dual-pole double-throw
(DPDT) relays which are embedded on 16-load combination array [22,23].

Initially, harmonic current measurements are performed for each load/lamp indi-
vidually. Afterwards, a combination of loads—for example, load numbers 1 and 2—are
subjected to measurement. Different load combinations are used in each step. Each individ-
ual lamp or lamp combination is run for 10 s. The PQ analyzer records with a minimum
interval of 1 s. The phase angles of harmonic currents are recorded with respect to the input
fundamental voltage. Measurements are only conducted after the thermal stability of the
load, with a warm-up period of 60 minutes. Continuous power is provided to LED lamps
to maintain a working temperature.

Lamps are supplied either by a source to warm them up to a stable operating tem-
perature or during the measurement from the pure sinewave source. Double throw relays
provide power from the secondary source when lamps are unengaged. The outline of the
measurement setup is presented in Figure 2.
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 Lamp under test 

Figure 2. Measurement setup.

4. Measurement Results
4.1. Individual Load Measurements

The measured load currents of all sixteen lamps are shown in Figure 3, and measured
RMS currents are in the 40 mA to 140 mA range. The figure also indicates the harmonic
profile details of lamps used in this study. Only odd harmonic currents under the 1 kHz
range are considered for analysis and the calculation is in the present context. The limit
used is due to the measurement system capabilities and related uncertainty. However, it
was verified that harmonics above 1 kHz have a negligible impact on the load current.
LEDs’ internal circuit topology can play an essential role in defining the harmonic current
fingerprint of lamps, as some lamps can contain active or passive filters and power factor
correction circuit for reducing the harmonic content in a current. More details on the
lamp circuit topologies are presented in [21,23]. The number of circuit types selected here
is assumed to present the statistical mix of lamps on the market. Every lamp follows
approximately the same pattern: the RMS of the current harmonic components decreases
as the order of the harmonic decreases. Table 2 represents the RMS and phase angle
information of the test lamps, as the phase angle information must be observed during the
estimation of the total harmonics of multiple devices.
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Table 2. Measured harmonics’ current characteristics for individual lamps.

Lamp
No. I3 θI3 I5 θI5 I7 θI7 I13 θI13 I19 θI19

1 0.059 −123 0.048 97 0.036 −40 0.013 −34 0.01 −38
2 0.04 −128 0.035 87 0.028 −55 0.011 −92 0.009 −100
3 0.034 −120 0.028 101 0.021 −33 0.008 −19 0.007 −18
4 0.05 −126 0.042 91 0.032 −49 0.012 −60 0.009 −69
5 0.046 −116 0.036 108 0.025 −22 0.011 13 0.007 32
6 0.035 −127 0.029 89 0.023 −52 0.009 −69 0.008 −81
7 0.049 −128 0.041 89 0.032 −53 0.011 −71 0.009 −82
8 0.034 −136 0.03 73 0.025 −76 0.009 −141 0.006 −154
9 0.015 −6 0.008 −10 0.005 −15 0.001 −39 0.0003 −84
10 0.011 −19 0.006 −17 0.004 −12 0.002 −44 0.001 −107
11 0.037 −117 0.03 107 0.022 −25 0.01 −1 0.007 10
12 0.044 −126 0.035 92 0.025 −46 0.009 −35 0.005 −40
13 0.018 −166 0.005 15 0.007 25 0.004 51 0.003 78
14 0.042 −117 0.033 108 0.023 −22 0.01 12 0.006 28
15 0.044 −135 0.038 75 0.03 −72 0.01 −114 0.009 −137
16 0.072 −114 0.057 113 0.039 −15 0.017 26 0.011 51
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4.2. Aggregation Measurement Results

All possible combinations of the sixteen lamps are issued by switching two lamps at
a time. The total number of possible lamp combinations is 120. Due to the limitation of
the power in the voltage power supply, only two lamps are switched on at a time. For any
combination, measurements of the individual lamps are taken and resultant harmonics are
calculated by adding the individual current harmonics.

The RMS measurement data of all combinations of the lamps are illustrated in Figure 4.
The trend shows the similar behavior of harmonics; that is, lower-order harmonics have
more significant percentage than higher-order harmonics in total harmonic content. Very
few lamp combinations show a small amount of harmonic content because these loads
may contain harmonic filters; for those combinations, even lower-order harmonic content
is negligible.

Figure 5 shows the third harmonic data of all the combinations used for comparison.
The first graph represents the third harmonics’ phasors recorded by the measurement
device for all combinations. The second part of the figure shows all estimated harmonics,
calculated by the geometric addition of the individual third harmonic current component
values of lamps present in any particular combination using Formula (5) with K = 2.
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The actual measurement data of every load combination are compared with the
respective aggregated sum of individual harmonic currents of lamps that are present in
the combination. Each point is the difference in the estimated and measurement results
from an exclusive combination. The magnitude difference is represented as a percentage.
The difference in the phase angles of measured and estimated harmonics is expressed
in degrees.
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The geometric sum and measured values of the harmonics in different load combina-
tions are demonstrated in Figure 6. Phase angles illustrate the spread of harmonic phasors.
Harmonics with a broader spread of phase angle are likely to face more cancellation (see
further); as shown in the second part of Figure 6, phase angles range practically from –180
to 180 degrees for the nineteenth harmonic. When multiple devices are connected at a
common point, higher-order harmonics are more likely to face a harmonic cancellation
effect.
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The top and bottom edges of the boxplot in Figure 7 show the 95th and 5th percentile
values, while the middle red line indicates the mean value. The whiskers are extended
towards extreme values. Figure 7 shows that a near-perfect harmonic summation is seen
with a sinusoidal supply provided to loads. The mean difference in the estimated and
measured values of all harmonics is very close to zero, which is evidence of the accurate
estimation and measurement of load harmonics. The mean difference in the lower-order
harmonics is close to zero from the third to the ninth harmonic. The previous study
established that the higher-order harmonics have a wider spread on a complex plane, so the
mean RMS difference in the higher-order comparison data is more significant than that of
lower-order. In the second part of Figure 7, the phase difference in measured and estimated
harmonic current increase with harmonic order is shown. The overall difference in phase
angle remains below 0.5 degrees.
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The verification above is important for the following context:

(1) To verify that the harmonics presented with low magnitudes are handled with enough
accuracy, and to reflect that if a higher number of such load current components with
low magnitudes are accumulated, their totals are expected to have a relatively low
order of error, both in magnitude and phase angle values.

(2) While the equipment used for performing measurements of the actual LED lamp
combinations is not capable of reliably supplying more than two or three lamps at
a time, the analytical cumulative harmonic current analysis using (5) will provide
results that are also applicable for higher numbers of LED lamps assumed to be used
at the same time.

These assumptions will be used in the following analysis for the combinations where
higher numbers of LEDs are used at the same time (2–16).

5. Aggregation Analysis and Harmonic Cancellation Estimation

It has been suggested that renewable-source converters would have an impact on
the distribution network power quality and create distortions similar to non-linear loads.
Massive LED-lamp inclusion to the loads would provide a healthy increase in the harmonic
currents’ levels in the grids. More electric vehicles directly bring the high-power non-linear
loads to the distribution networks. Utility engineers would need to be prepared to analyze
the situation and determine the sufficient potential hosting capacity availability prior to the
addition of new non-linear units to the grid.

Engineers usually do not have the tools to present harmonics’ phase angles, and
usually present the harmonic RMS. This is used to compare the actual situation to that
of [24]. If there is a need to estimate the added units’ impact on the distribution grid,
observing the RMS harmonic currents only will create uncertainty in the estimation of the
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total load harmonic current. The simplest way to estimate the total RMS harmonic current
is to add these currents arithmetically [25].

The harmonic cancellation refers to the cumulation of the harmonic currents in such a
manner that the resulting RMS harmonic current is lower than the arithmetic sum [26–28].
The cases with arithmetic sum (in case only RMS measurements are available) and geomet-
ric sum (RMS and phase angle data are available) is presented here. The effect of harmonic
cancellation can be estimated using a cancellation factor.

Kcan = 1−
IRMS,h,total

∑N
n=1 IRMS,h,n

(9)

where N is the number of total individual loads.
Figure 8 represents the histogram of the harmonic cancellation coefficient when mul-

tiple LEDs are connected simultaneously. It can be seen that the cancellation coefficient
is around 0.5 for the majority of load scenarios in higher-order harmonics. As for some
load combinations, cancellation coefficients even reach unity. With a greater number of
connected loads, the cancellation coefficient increases. Kcan = 1 means that harmonic
current will be cancelled out to 0 magnitude. It is examined in [23,29,30] that with the
increase in the number of lamps, an individual current harmonic components reduction
does not happen in a similar pattern for lower and higher-order harmonics. This is due to
the fact that low-order harmonic phasors are closely aligned in comparison to high-order
phasors on the complex plane. The resulting harmonic levels are decreased due to the
cancellation effect, and high-order harmonics have more average reduction as compared to
lower-harmonic orders.
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Figure 9 illustrates the cancellation coefficient for harmonics on the y-axis and the
share of occurrence on the x-axis. More than a thousand different load scenarios are created
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by changing the number of loads connected at the same time. The occurrence of Kcan is
higher and less scattered when the number of attached devices is increased.
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The data presented in Table 3 were taken from [26]. This table summarizes the
measured data EV onboard battery chargers for sinusoidal supply voltage and zero source
impedance. Load scenarios are created by taking a particular combination of the EVs,
and the harmonic cancellation factor is also calculated. The occurrence of Kcan of EVs is
similar to the Kcan occurrence of LEDs for lower-order harmonics, as observed for the case
of the fifth harmonic in Figures 9 and 10. However, the distributions of the cancellation
coefficients are spread further as compared to the LED lamps. This is because the EV
charging loads have a different harmonic current profile than LEDs.

Table 3. Measured harmonics for individual EVs.

EV No. Prated
(kW)

THDI
(%) I1 θI1 I3 θI3 I5 θI5 I7 θI7

1 7.7 5.1 27.9 −1 0.7 165 0.2 12 0.1 33
2 7.4 4.4 31.0 −1 0.9 177 0.4 171 0.5 164
3 3.3 7.9 13.9 3 1.0 −154 0.2 −167 0.2 −172
4 3.3 2.9 15.1 7 0.2 −74 0.1 −129 0.1 −85
5 3.3 11.9 15.9 7 1.8 −110 0.1 47 0.1 −70
6 3.3 5.4 15.5 1 0.5 −177 0.3 −174 0.2 −179
7 7.2 2.9 15.4 5 0.2 −68 0.2 −128 0.1 −82
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Table 3. Cont.

EV No. Prated
(kW)

THDI
(%) I1 θI1 I3 θI3 I5 θI5 I7 θI7

8 3.3 3.1 9.6 3 0.3 −3 0.0 −25 0.0 −36
9 2.75 7.4 13.1 5 0.9 −141 0.0 6 0.0 −66

10 3.3 3.2 15.3 4 0.4 −126 0.1 −160 0.1 −168
11 16.8 5.9 28.7 14 1.6 −166 0.0 −94 0.1 −47
12 3.3 7.2 14.7 2 0.9 −166 0.5 −178 0.3 147
13 3.3 1.7 9.5 3 0.1 −155 0.1 −90 0.1 −139
14 3.3 5.7 9.0 0 0.3 137 0.2 27 0.1 −118
15 6.1 2.8 14.2 3 0.3 −173 0.1 167 0.1 −144
16 7.4/22 9.4 30.7 12 0.1 168 1.8 161 0.6 86
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6. Conclusions

The harmonic currents are vital for any future load or renewable power infeed source
assessment, as these are almost completely of non-linear nature. The presence of harmonic
currents is in itself not a direct problem, as long as their levels in the grid are not too high.
The supply will be compromised once the supply voltage harmonics of the grid increases,
and will be above accepted standard levels due to the influence of the current harmonics.
This means that exceeding the hosting capacity limits the capabilities of the grid. This
paper addresses the basics of analysis for the addition of a significant number of non-linear
endpoints to the grid, which are usable for the context of hosting capacity estimation.

The assessment of accuracy in harmonic summation and a brief investigation of the
cancellation effect has been discussed in this study based on the analytic approach for
the low-power load devices. Only odd harmonics are considered, starting from the 3rd
to the 19th orders. Harmonic magnitudes and phase angles are seen to have a different
spread of phasors on the complex plane. The harmonic cancellation effect is directly
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related to the number of loads connected to the point of common connection and is more
visible for higher-order harmonics. In the results for lower-order harmonics, fundamental
component harmonic cancellation does not emerge significantly and is below . . . 0.2 (3rd,
5th, . . . orders).

A measurement setup with a pure sine wave supply voltage is used to inject harmonic
phasors to analyze the load combinations so that the aggregation and cancellation can be ob-
served clearly. Compared to summation calculations, the resultant harmonic phasors were
found to have a very miniscule difference from the phasor values measured when load com-
binations were connected simultaneously. It was found that while higher-order harmonics
show different dispersion in magnitude and angle values than lower-order components,
there are rather insignificant differences between calculated and measured values.

It is presented that the cancellation effect is more significant when the number of con-
nected devices is increased. The cancellation coefficient of EV charging current harmonics
is also compared with that of LED loads. It was observed that the cancellation coefficients
of both load types show a similar distribution.

It can be seen that for the higher current harmonics, RMS-based analysis for perspec-
tive loads inclusion is not advised. The reason for this is that there is a high chance of
harmonic cancellation when a large number of devices are connected to the grid. RMS-
based estimation is pessimistic. It could provide an indication of higher than-actual-results
that could impose some unjustified limits—for example, on the renewable energy source
hosting capacity of the distribution networks. For a better assessment, analysis using
more sophisticated measurement capabilities, including harmonic phase angle reporting,
is advised.

It has to be noted that the supply voltage waveform provided by the utility typically
contains a notable level of harmonics, which are injected by all the components connected
to a utility grid. The analysis here is only presented for the sinewave voltage supply. For the
real grid voltage waveform, the LED and EV harmonic currents could differ from the values
provided in this paper. This will be investigated in more detail in upcoming research.
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