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ABSTRACT 

Harmonic disturbances caused by the high-order 
harmonics (2kHz ~ 9kHz) of grid-connected inverters were 
observed in the medium-voltage distribution systems 
which host a large amount of distributed generations. It 
was demonstrated by the previous computer simulations 
that voltage harmonics may exceed the suppression level 
of the distribution system even if the current harmonics of 
the inverters satisfy the suppression level recommended in 
the grid-code. It is required to validate the disturbance by 
the experiment along with clarifying its condition and 
mechanism. 
This research investigates harmonic characteristics of the 
grid-connected inverters by the experiment under different 
switching frequency and grid configurations. Large 
harmonic voltage is observed across the shunt capacitor if 
the series resonant frequency of the grid-side impedance 
coincides with the switching frequency of the inverter. 
Since the grid-side impedance decreases at the series 
resonant frequency, harmonic current leaks from the 
harmonic filter, and then it flows into the shunt capacitor. 
The series resonant frequency is influenced by the grid-
side impedance, which can be calculated by the circuit 
parameters. 

INTRODUCTION 

There are some reports about new types of malfunctions 
such as audible noise from customer’s shunt capacitor and 
communication failures in utility’s power line 
communication devices. It is assumed that these 
malfunctions were caused by interactions between the 
distribution system and grid-connected inverters because 
they were observed in medium-voltage distribution 
systems which host a large amount of distributed 
photovoltaic generation systems. Harmonic characteristics 
of the photovoltaic or wind power inverters have been 
reported in previous studies [1-6]. Several studies have 
focused the harmonic interactions between the distribution 
system and grid-connected inverters [7-10]. It is reported 
that the harmonics caused by the grid-connected inverter 
may vary according to the grid impedance and the number 
of parallel connection [11]. Since high-order harmonics 

generally tend to be attenuated by parasitic resistances in 
the circuit, analyses by computer simulation may show 
excessive interference which would not occur in the real 
circuit. Therefore, experimental verifications with real 
components are an effective method to demonstrate the 
possibility of such harmonic interference. The mechanism 
of the phenomena should be also clarified based on the 
experimental results in order to take effective measures.  
This paper focuses on a high-order harmonic (2kHz ~ 
9kHz) interference caused by the grid-connected inverters 
and series resonance in distribution systems. The 
experimental results demonstrate that the harmonic 
voltage of a distribution line can be amplified by the 
resonance in the distribution system. The resonant 
condition and mechanism of amplifying harmonics are 
discussed based on the experimental results. 

EXPERIMENTAL SETUP 

Configuration of distribution system 
Fig. 1 shows circuit configuration of the downscaled 
distribution system used in the experiment. Table 1 shows 

Table 1. Circuit parameters for the downscaled 
experimental distribution system. 

 
Line-to-line voltage Vsys 200 V (100 %) 
Line frequency fsys 50 Hz 
Line inductance Lline1 

Lline2 

1.0 mH (3.3 %) 
1.0 mH (3.3 %) 

Shunt capacitance connected in 
the middle of line 

Supplying reactive power 

Cline 1.2 μF 
 
15 var (0.36 %) 

Rated power of grid-connected 
inverter 

Sinv 4.2 kVA (100%) 

*Percent values in (  ) are shown on Vsys, fsys, and Sinv base. 

Fig. 1. Configuration of the distribution system. 
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the circuit parameters. The circuit and control parameters 
were scaled down from actual 6.6 kV and 1 MVA system 
to be experimental 200 V and 4.2 kVA system. Line 
inductance Lline1 and Lline2 are equivalent to the overhead 
medium voltage distribution line. A grid-connected 
inverter was connected to the distribution line by a 
transformer. Line capacitance Cline was connected between 
Lline1 and Lline2, which corresponds to line-to-ground 
capacitance of distribution cable or a shunt capacitor. In 
the experimental setup, Lline1 and Lline2 consisted of air core 
inductors, and Cline consisted of metalized polypropylene 
film capacitors. The impedance of the ac power supply is 
not drawn in the figure because it was negligibly small 
compared to the line impedances used in the experimental 
setup.  

Configuration of grid-connected inverter 
Fig. 2 shows the circuit configuration of the grid-
connected inverter. Table 2 shows its circuit parameters. 
The grid-connected inverter consists of a harmonic filter 
and a three-phase inverter. The harmonic filter was 
designed to be a low-pass filter of 1.1 kHz in order to 
eliminate the high-frequency harmonics caused by the 
inverter’s switching operation. A DC power supply was 
connected to the input side of the inverter. 
Pulse width modulation (PWM) using triangle carrier 
waveform was applied to the modulation method for the 
inverter. According to switching frequency fsw and line 
frequency fsys, theoretical harmonics generated by inverter 
appears at 

n fsw ± k fsys, 
when n = 1, 3, 5, … 

k = 3 (2m – 1) ± 1, m = 1, 2, … 
when n = 2, 4, 6, … 

k = 6m + 1, m = 0, 1, … 
k = 6m – 1, m = 1, 2, … 

This paper especially focuses on the harmonics at fsw ± 2 
fsys, which is the most dominant component among them. 
The inverter harmonics mentioned in the following 
sections refer to the harmonic component at fsw ± 2 fsys. In 
the experiment, harmonics generated by the inverter was 
changed by modifying switching frequency fsw. 

MEASUREMENT OF SYSTEM IMPEDANCE 

Frequency-impedance characteristic of the experimental 
distribution system was measured by an impedance 
analyzer. The impedance 2Zsys was measured from the 
connection point of the harmonic filter while two phases 
were shorted in the ac power supply side. By dividing the 
measured impedance by two, positive sequence impedance 
Zsys was obtained. The inverter circuit and its harmonic 
filter were disconnected during the impedance 
measurement. 
Fig. 3 shows the measured frequency-impedance 
characteristic of the experimental distribution system. 
When Cline was disconnected, |Zsys| monotonically 

increased. Thus, there were no resonant points in the 
measured frequency range. When Cline was connected, 
|Zsys| took a local maximum at 4.5 kHz and a local 
minimum at 6.3 kHz. It means that the system may induce 
parallel resonance at 4.5 kHz and series resonance at 6.3 
kHz. 

EXPERIMENTAL RESULTS 

Increase of harmonic voltages in different 
switching frequency of the inverter 
We investigated the characteristic of harmonic voltages by 
changing the switching frequency of the inverter fsw from 
4 kHz to 10 kHz. The harmonics focused here is the 
frequency components of fsw ± 2 fsys. 
Fig. 4 shows measured harmonic voltages at inverter’s 
connection point |Vinv(fsw ± 2 fsys)|, and at distribution line 

 

Fig. 2. Configuration of the grid-connected inverter. 
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Table 2. Circuit parameters for the downscaled 
experimental grid-connected inverter. 

 

Grid-tie transformer (-connection) 
Voltage ratio  200 V / 200 V 
Leakage inductance Ltr 0.17 mH (0.6 %) 

Harmonic filter (Y connection) 
AC inductor Lf 1.1 mH (3.6 %) 
Filter capacitor Cf 20 μF 
Resistor Rf 4.7 Ω  

Three-phase inverter 
Rated power Sinv 4.2 kVA 
Output power  4.2 kW 
Rated input voltage  DC 370 V 
Rated output voltage Vinv AC 200 V 
Line frequency fsys 50 Hz 

*Percent values in (  ) are shown on Vsys, fsys, and Sinv base. 

 

 
Fig. 3. Frequency-impedance characteristic of the 

experimental distribution system. 
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(connection point of Cline) |Vline(fsw ± 2 fsys)|. Solid lines 
were the results with Cline and dashed lines were the results 
without Cline. The amplitude of |Vinv(fsw ± 2 fsys)| changed 
by fsw because the experimental setup used the same 
harmonic filter in all conditions. So the amplitude cannot 
be compared at a different frequency. Here we applied an 
evaluation index |Vline (fsw ± 2 fsys) / Vinv (fsw ± 2 fsys)|, which 
is an increasing ratio of the harmonic voltage, in order to 
compare the harmonic voltages at different frequencies. 
Fig. 5 shows the increasing ratio of the harmonic voltage 
at different switching frequencies. The harmonic voltage 
increased by a factor of four at 6 kHz with connecting Cline. 
Comparing the result to Fig. 3, the frequency corresponds 
to the series resonant frequency of the distribution system 
impedance Zsys. This result demonstrates that the harmonic 

voltage caused by the inverter can increase when the 
inverter’s switching frequency corresponds to the series 
resonance frequency in Zsys.  
When the line capacitance Cline was disconnected, the 
increasing ratio |Vline / Vinv| was 0.5 in all frequencies. The 
harmonic voltages appeared at the distribution line were 
decreased by a constant ratio.  

Experimental waveforms 
Characteristics at series resonant frequency 
Characteristics of voltage and current harmonics were 
observed under the condition that the inverter’s switching 
frequency fsw was near to the series resonant frequency of 
the distribution system. The switching frequency was set 
to be fsw = 6 kHz. Dominant harmonic components of 5.9 
kHz and 6.1 kHz were observed here. 
Fig. 6 shows the voltage and current waveforms when the 
line capacitance Cline was disconnected. The harmonic 
component in the inverter’s output voltage vinv was 2.1%. 
The harmonic component in the distribution line voltage 
vline was 1.0%. Therefore, the amplitude of the harmonic 
component decreased to half at the distribution line. 
Fig. 7 shows the voltage and current waveforms when the 
line capacitance Cline was connected. The harmonic 
component in the inverter’s output voltage vinv was 1.6%. 
The harmonic component in the distribution line voltage 
vline was 6.6%. Therefore, the amplitude of the harmonic 
component increased by a factor of four at the distribution 
line. Comparing the results with and without Cline, the 
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Fig. 6. Experimental waveforms without Cline  
(fsw = 6 kHz). 
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(a) Harmonic voltage at connection point of the inverter 

|Vinv(fsw ± 2 fsys)| 

 
(b) Harmonic voltage of the distribution line  
(connection point of Cline) |Vline(fsw ± 2 fsys)| 

 
Fig. 4. Amplitude of the harmonic voltage caused by the 

inverter at different frequencies. 
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Fig. 5. Increasing ratio of the harmonic voltage. 
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harmonic component in the inverter’s output current iinv 
increased from 0.25% to 1.2%, and the harmonic 
component in the distribution line isys increased from 
0.25% to 1.5%. As a result, a harmonic current of 2.7% 
flowed into the line capacitance Cline. The harmonic 
current was seven times larger than its fundamental 
component. This result demonstrates that the harmonic 
voltage of the distribution line can be amplified by the line 
capacitance Cline. The phenomena happen on condition that 
the inverter’s switching frequency corresponds to the 
series resonance frequency in the distribution system. 
Characteristics when the inverter is disconnected 
Fig. 8 shows the voltage and current waveforms when the 
inverter was disconnected from the distribution system. 
This result verifies that the harmonic voltage of the power 
supply was negligible and the harmonic current flowing 
into Cline was zero at 5.9 kHz and 6.1 kHz. 

DISCUSSIONS ON HARMONIC RESONANCE 

Fig. 9 shows the simplified equivalent circuit of the 
experimental distribution system. The inductance L1 
corresponds to the line inductance between the power 
supply and Cline, which is given as follows: 

L1 = Lline1 

The inductance L2 corresponds to the total line inductance 
between the Cline and grid-connected inverter, which is 
given as follows: 

L2 = Ltr + Lline2 

Fig. 10 shows the current path of the harmonic current. Fig. 
10 (a) depicts the normal operation without resonance. 
Most of the harmonic current Ih flows into the harmonic 
filter. Therefore, the harmonics flowing to the distribution 
line is small, and the harmonic voltage across Cline is also 
small.  
Fig. 10 (b) depicts the increase of the harmonic voltage 
resulting from series resonance. The series resonance 
among L1, L2, and Cline allows a part of Ih to flow into the 
distribution line. Then the harmonic current flows to Cline, 
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Fig. 7. Experimental waveforms with Cline (fsw = 6 kHz). 
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Fig. 8. Experimental waveforms with Cline when the 
inverter was disconnected. 
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resulting in the increase of harmonic voltage across Cline. 
That also induces more harmonic current flowing from the 
power supply by resonance. As a result, the large harmonic 
voltage appears across Cline. 

CONCLUSIONS 

This paper focused on a high-order harmonic interference 
caused by the grid-connected inverters and series 
resonance in distribution systems. We connected an 
inverter to the distribution line which has the series 
resonant condition. Then we investigated the characteristic 
of harmonic voltages by changing the switching frequency 
of the inverter. The experimental results demonstrated that 
the harmonic voltage of the distribution line can be 
amplified on condition that the inverter’s switching 
frequency corresponds to the series resonance frequency 
in the distribution system. In the normal operation without 
resonance, most of the harmonic current flows into the 
harmonic filter. However, the experimental results showed 
that a series resonance allows a part of the harmonic 
current to flow into the distribution line because of the 
decrease of system impedance. The harmonic current 
flowed to the capacitance connected to the distribution line, 
resulting in the increase of the harmonic voltage of the line. 
This kind of harmonic interference cannot be avoided only 
by modifying circuit design or controls of the grid-
connected inverters. Measures considering the system 
impedance will be also required to avoid this interference.  
This study was carried out with a simplified distribution 
line model where the only single inverter is connected and 
no load exists because the main focus was investigating the 
possibility of harmonic resonance. However, loads are 
connected to most of the distribution line, and the loads 
might mitigate the increase of harmonic voltage caused by 
the resonance. Further research is required to clarify the 
influence of the loads.  
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(a) Normal operation without resonance 
 

(b) Increase of the harmonic voltage resulting from 
series resonance 

 
Fig. 10 Harmonic current path. 

L1 L2

Cf
Cline Rf

Lf

Ih

Enough high Zsys

L1 L2

Cf
Cline Rf

Lf

Ih

Low ZsysAmplified 
harmonic 
voltage


