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ABSTRACT 

Net-metering on a yearly basis is massively used for 

payment of the electric energy produced by the rooftop 

photovoltaic (PV) plants in Slovenia. Every installation of 

a PV plant is furthermore subsidised by the state upon its 

connection to distribution network. Power quality (PQ) 

measurements in duration of seven months were made at 

one such object - a single-family house with a 7 kW PV 

plant installed - in an urban environment. Analysis of 

measurement results shows that there is a serious problem 

with harmonic currents when operating the inverter of the 

PV plant. The findings are that more interesting, because 

those harmonic currents do not occur during normal 

operation of the inverter but rather at the beginning and 

at the end of a normal daily PV cycle. Harmonic currents 

are in absolute values higher that the rated 50 Hz current 

of the same PV plant. They multiple times exceed the 

allowed values of the EN 61000-3-2 standard as well as 

the Slovenian national rules on connection of the PV 

plants. Supplier of the PV inverters provided their test 

results according to EN 61000-3-2 and an explanation on 

the probable causes of these problems as well as couple of 

possible solutions to it. 

INTRODUCTION 

Photovoltaic (PV) plants are connected to the electric 

power system using the inverters. In Slovenia, small PV 

plant owners can participate in the one-year net-metering 

scheme where at the end of each calendar year produced 

energy is deducted from the consumed energy and only 

surplus of consumed energy is billed to the customer. If 

there is a surplus of produced energy, the customer is not 

reimbursed for it. That led to a massive installation of 

rooftop PV plants mostly in combination with a domestic 

sized heat pumps which are additionally subsidised from 

the state.  

 

Power quality (PQ) measurements were carried out to 

observe and analyse the operation of a PV plant. 

Measurements were analysed and compared with the EN 

50160 [1] and EN 61000-3-2 standards [3] as well as the 

Slovenian rules for connection of the power plants to 

distribution system [2]. Several power quality parameters 

were observed. Most of the parameters are not 

significantly or even observably influenced by the PV 

plant, but harmonic current of the PV plant showed some 

surprising results.  

POWER QUALITY MEASUREMENTS 

Measurements were made during the months of August 

until March, altogether seven months. Two power quality 

measuring devices capable of recording in micro-seconds 

range were used. Current was measured using dedicated 

current clamps with known and compensated amplitude 

and angle deviation at higher frequencies. 

 

Measurement site is located in an urban area of a larger 

Slovenian city where medium voltage (MV) and low 

voltage (LV) distribution networks are comprised of 

cables. In the LV network of the house there is a 7 kW PV 

plant connected to the network. 

POWER QUALITY MEASUREMENT 

RESULTS 

In this section analysis of harmonic current of the PV plant 

is presented. 

Operational parameters of the PV plant 

Figure 1 shows several electrical parameters of the 

operation of the PV plant on a sunny day in August. 

Following parameters are shown in order from top to 

bottom: 

• line to neutral voltage of all three phases, 

• total active power of the PV plant, 

• total reactive power of the PV plant, 

• power factor (PF) of the PV plant, 

• maximum harmonic voltages, including the voltage 

THD and 

• maximum values of fundamental, 5th and 7th 

harmonic current of all three phases of the PV plant. 

 

Regarding the voltage and current harmonics of the low-

order harmonics, the following can be observed. There is 

no observable impact of the PV plant on voltage 

amplitudes in any of the three phases. Reactive power of 

the PV plant is proportional to its active power . 

 

Voltage harmonics of the low-order “problematic” 

harmonics are rather low and are not influenced by the 

operation of the PV plant, which is predictable because of 

the high short-circuit power of the network. Voltage THD 

as well as individual harmonic voltages up to 2 kHz are 

within the allowed limits. 
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Figure 1. Electrical quantities at operation of the PV plant on a sunny August day.  

 

 
Figure 2. Maximum fundamental (50 Hz), 5th and 7th current harmonics of the PV plant on a cloudy August day.  

 

The “interesting” parts are the 5th and 7th harmonic currents 

of the PV plant, which are shown on the bottom chart in 

Figure 1 and in Figure 2. In both figures maximum values 

of fundamental current, 5th harmonic and 7th harmonic are 

depicted in green, red and blue colour, respectively.  

 

When the PV plant is at the operating point where it 

consumes active power (just before it starts producing active 

power in the morning and just after it ends its operation in 

the evening or even during the day if it is very cloudy) it 

injects relatively high 5th and 7th harmonic current into the 

network. Harmonic current of the 5th harmonic is by its 

amplitude (nearly 12 A RMS per phase) even higher than 

the fundamental current component during this time. It is 

even 15 % higher than the rated active current of the PV 

plant, which is 10,1 A. The 7th harmonic current is also 

elevated at this operating point, its values are up to 4,7 A 

(approximately half of the rated active power current of the 

PV plant). Results are also presented in Figure 3, where 5th 

and 7th harmonic current are depicted against active power 

of the PV plant. 

 

This phenomenon can also be observed acoustically. When 

it occurs audio noise (a hum or a buzzing sound) can be 

heard on several places near the elements of the electric 

installation in the house. 

 

Active power of the 5th harmonic current exceeds 105 W 

at some moments, as depicted in Figure 4, where negative 

values are power absorbed and positives are power 

produced by the PV plant. This phenomenon can last for 

up to 40 minutes altogether with pauses each time and is 

putting a lot of stress on the components of the electrical 

installation in the house, especially because it even 

exceeds the rated current of the PV plant.  

 

Given the fact that its frequency is 5- or 7-times higher 

than the nominal frequency, when it flows through the 

elements of the installation (which have their impedances), 

it causes excessive overheating on them due to higher 

frequency. Harmonic current generated by the PV plant 

then flows through the appliances in the house and causes 

their overheating as well as into the electric power network 

of the distribution company. 

 

Figure 5 shows an excerpt of the current of all three phases 

in the moment of elevated 5th and 7th harmonic currents of 

the PV inverter. A very non-linear behavior of the current 

can be observed. It implicates some kind of inverter 

instability at this operating point.  

 

This state can persist for several minutes and exceeds rated 

current values of the PV plant at fundamental frequency. 
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Figure 3. Amplitudes of 5th and 7th harmonic current with regard to the active power of the PV plant.  

 

 
Figure 4. Power (direction and amplitude) of the 

fundamental harmonic (50 Hz) and up to 10th harmonic in 

the moment of elevated 5th and 7th harmonic current.  

 

Evaluation of 5th and 7th harmonic current 

according to Slovenian national rules (NR) 

In [2] there are rules regarding the allowed low-order 

harmonic currents produced by any type of the device 

(including the power plants), connected to Slovenian 

distribution network. Allowed values for power plants are 

set by Equation (1) and Table 1.  

 
Figure 5. Excerpt of the current of all three phases in the 

moment of elevated 5th and 7th harmonic currents of the 

PV inverter.  
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where I is harmonic current of order  of the plant, In and 

Sn are rated current and power of the plant and SSC is the 

short-circuit power of the network at the point of 

connection. Coefficient p is defined in the Table 1. 
 

Table 1. Coefficient p values at different harmonic 

orders. 
υ 3 5 7 11 13 17 19 >19 

pυ 6 15 10 5 4 2 1,5 1 

 

Using the given data and the short-circuit power of 

10 MVA at the connection point, the following limit 
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values are calculated: 

• 2,8 A for the 5th harmonic current and 

• 1,9 A for the 7th harmonic current. 

Evaluation of 5th and 7th harmonic current 

according to EN 61000-3-2 standard 

Standard [3] sets the limits for harmonic current of 

equipment connected to LV network with rated current 

equal or less than 16 A per phase. Measured PV inverter is 

a Class A equipment regarding this standard. According to 

the supplier of the PV inverter type test of the inverter was 

made according to EN 61000-3-2 Class A. And according 

to their tests harmonic current is within the allowed limits 

according to [3].  

Those limits are: 

• 1,14 A for the 5th harmonic current and 

• 0,77 A for the 7th harmonic current. 

Evaluation comparison  

Table 2 shows limit values for 5th and 7th harmonic current 

from [3] as well as worst-case values measured by the 

manufacturer when testing equipment, limit values from 

[2] and worst measured values from our PQ measurement 

campaign. 
 

Table 2. Comparison of measured results against test 

results and limit values from [2] and [3]. 
Harmonic current order 5th  7th  

Manufacturer testing worst case value 0,1 A 0,07 A 

Our measured worst case value 11,7 A 4,5 A 

Limit value (Slovenian NR)  2,8 A 1,9 A 

Limit value (EN 61000-3-2 Class A)  1,14 A 0,77 A 

Measured / limit (Slovenian NR)  418 % 237 % 

Measured / limit (EN 61000-3-2)  1026 % 584 % 

 

As can be seen from the Table 2, measured results are far 

worse than the allowed limits from [2] and [3] and also 

from manufacturer testing of the inverter. 

 

Comparison of calculated limit values and measured actual 

values of 5th and 7th harmonic current show that 5th 

harmonic current exceeds the allowed harmonic current of 

the PV plant as per Slovenian NR [2] by a factor of 4,2 and 

7th harmonic current by a factor of 2,4. Limit values set in 

EN 61000-3-2 Class A for the 5th harmonic current are 

exceeded by a factor of 10,3 and 7th harmonic current by a 

factor of 5,8. 

 

The phenomenon of high 5th and 7th harmonic current of 

the inverter when starting and stopping the operation was 

also observed in the rural network and with the inverter 

from the same manufacturer but with the rated power of 

11 kW. In this case the phenomenon was observable but 

its magnitude was lower.  

Supraharmonics 

High-order harmonic currents (“supraharmonics”) [4], [5] 

produced by the operational frequency of the PV inverter 

can also be observed in Figure 6. Figure 7 shows the FFT 

of the currents of the PV inverter for a part of the 

supraharmonics frequency spectrum. Figures 6 and 7 

show that the operational frequency of this PV inverter is 

around 9 kHz. Also, PV inverter is absorbing 

supraharmonic current from some other single-phased 

nonlinear device in the network, operating at around 

11 kHz. Further analysis on supraharmonics is not 

presented in this paper. 

DISCUSSION OF THE RESULTS 

After analysis of the results of the low-order current 

harmonics the supplier of the inverters was contacted and 

presented with the results. Supplier produced excerpt from 

their test report of the inverters regarding harmonic current. 

Tests were made at eleven operating points linearly 

distributed from 0 % to 100 % of rated inverter power. All 

tested operating points were from zero to maximum rated 

power of the inverter when producing active AC power. No 

operating point was tested when inverter consumes power 

nor when it starts or stops the operation.  

 

Regarding the high harmonic current supplier explained that 

by default their inverter aims to produce as much energy as 

possible and thus tries to commence its operation as soon as 

there is presumably just enough DC voltage to start the 

operation. But as it can be seen from the measurements, the 

inverter does not succeed in doing so and obviously falls 

into some unstable state as can be seen from the current in 

Figure 5 resulting in high harmonic currents. One such try 

lasts up to 5 minutes, followed by a 5 minute pause. 

According to our measurements this process can continue 

up to 40 minutes at a time. The same happens when inverter 

operates and DC voltage decreases. That means that on a 

given (sunny) day, 80 minutes of such harmonic current 

intensive operation can be expected for this PV plant. If the 

weather is cloudy, this process is observed even during the 

day, not just in the morning and in the evening. 

 

There are two possible solutions to this problem according 

to the supplier. First is to set the DC voltage point where 

inverter tries to operate higher than it is set at the moment. 

And the second is to shorten the time of the trying phase 

to just a few seconds, followed by a longer pause between 

them. In both cases energy yield from the PV plant would 

be smaller, but reduction is rather negligible because of the 

very low power at those times. Obviously the first option 

is favoured because it also eliminates the harmonic 

problem of the inverter altogether. 

 

Measurements showed similar but in amplitude almost 

negligible effect at the 11 kW inverter from the same 

supplier, connected to the rural network. That could lead 

to the conclusion that there may be some kind of a 

resonance point in the cable network that supplies the 

inverter which emphasises this harmonic current effect. 
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Figure 6. Current of all three phases at the active power of the PV plant of 1,2 kW.  

 

 
Figure 7. FFT analysis of a portion of supraharmonics frequency spectrum at the PV inverter.  

CONCLUSIONS 

Unusual behaviour of the 7 kW PV inverter was observed. 

High harmonic currents of 5th and 7th order were observed 

just before the start and after the stop of operation of the 

PV inverter. Harmonic currents exceeded rated currents of 

the inverter at fundamental frequency. Limits set by the 

Slovenian NR for connection of the PV plants were 

breached by a factor of 4,2 for the 5th and 2,4 for the 7th 

harmonic current. Limits of the standard EN 61000-3-2 

Class A were breached by the factor of 10,3 for the 5th and 

by the factor of 5,8 for the 7th harmonic current. 

According to the supplier of the inverters, those currents are a 

consequence of a typical operational setting of the inverter. 

Inverter tries to operate even if there is not enough DC voltage 

to support that operation in order to try to produce as much 

energy on the AC side as possible. If it fails to do so it enters 

a kind of unstable operating state where it produces high 

harmonic currents. Because of the longevity of this “trying 

cycle” (5 minutes at each try) it causes unnecessary stress on 

the local as well as distribution network and all devices 

connected to it. Further concern can be raised when there are 

several of those inverters connected close together all of them 

operating at the same operating point, as can be the case at the 

group of newly build houses, all supplied from the same 

MV/LV substation. 

Some concerns can also be raised on testing of inverters 

according to EN 61000-3-2 (Class A). Inverter should also 

be tested in the states when it consumes active power as 

well as during its “trying” phase (if it exists), since those 

can last up to 80 minutes every day and thus present a 

significant “stationary” operating point of the inverter. 
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