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Abstract 

The nature of common mode (CM) parasitic impedance (ZPV) of photovoltaic (PV) panels is investigated by experimentation. 

Measurements are done by two methods: (a) time domain signal recording using a signal generator and an oscilloscope (b) 

frequency sweep using an LCR meter. It is shown that ZPV is not purely capacitive for the frequency range from 50 Hz to 1 MHz.  

It is also shown that the total common mode impedance in a PV installation is affected by the nature of ZPV.  The frequency 

spectrum of CM current would be different if ZPV is not purely capacitive. This would affect the design of CM filters on the DC 

and AC side and also equipment like PV emulators, DC line impedance stabilization network, etc.

1 Introduction 

Common mode (CM) or leakage current in photovoltaic (PV) 

systems is crucial from the perspective of safety and 

electromagnetic compatibility. CM current flows via the 

common mode parasitic impedance ZPV to the power converter 

(a DC-DC converter or an inverter), and then to the grid, as 

shown in Fig. 1. Most researchers and PV product 

manufacturers assume that ZPV is capacitive. Therefore, CM 

current mitigation mitigation techniques focus only on 

reducing dV/dt in CM the voltage [1] [2].  

However, Henze et al. [3] measured ZPV for the combination of 

‘PV panels + DC cables’ and found that is ZPV is capacitive up 

to a few MHz and then it becomes inductive due to DC cables. 

Chen et al. proposed a pi-model for ZPV considering inductive 

contributions from the rack and the frame [4]. Kane et al. 

considered effect of geometric and environmental variables on 

ZPV [5] and showed that it exhibits multiple resonances in the 

MHz range.  Therefore, it is important to investigate the nature 

of ZPV to derive an appropriate equivalent CM circuit of PV 

systems. 

With the advent of modern silicon carbide devices, EMC 

issues might become a significant factor in the system design 

of PV systems. Thus, the nature of ZPV would not only 

determine a better CM equivalent circuit but also direct the 

design stage of PV systems.   

In this work, the nature of ZPV is experimentally investigated 

for a PV panel mounted on a rack. The computed values of ZPV 

can be used by manufacturers of inverters, DC line impedance 

stabilization networks (DC LISNs), and PV source emulators 

to appropriately design their systems. The following section 

explains the methodology used. Important findings and 

discussion of the results are given in Section 3. Section 4 gives 

concluding remarks and proposals for future work.  

 

 

Fig. 1 Common mode current (iCM) in a PV installation. The 

current is shown by a thick line with arrows. 

2. Methodology 

The solar panels used as devices under test (DUT) are as 

follows:  

(a) M360:  IBC solar M360 OS9-HC, Technology: 

Monocrystalline, half cut solar cells 

Pmax = 360 W, Voc = 40.8 V, Isc = 11.33 A, η = 20% 

(b) L156: Luxor solar LX-300M/156-60+, Technology: 

Monocrystalline solar cells 

Pmax = 300 W, Voc = 38.78 V, Isc = 9.85 A, η = 18.5%. 

Fig. 2 shows schematic pictures of the rear view of the panels. 

The two panels are different in their cable connections. For 

M360, the cables are at the middle of the panel. For L156, the 

cables are at the top of the panel. These two panels were 
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chosen in order to include the effects of different cable 

connections on ZPV. 

 

Fig. 2 Rear view schematic picture of the DUT (PV panels) 

which shows the difference in locations of DC cables 

Two experimental methods are used: (a) Using Signal 

Generator and Oscilloscope, and (b) Using LCR Meter 

2.1 Using Signal Generator and Oscilloscope:  

As shown in Fig. 3(a), a signal generator Vs applies a voltage 

of known amplitude and frequency across a series connection 

of the measuring resistor Rm and DUT (PV panel + rack). The 

voltages V1 and V2 are measured with an oscilloscope. The 

terminals T1 and T2 are the same in Fig. 3(b) and Fig. 3(a). The 

values of |ZPV| and ∠(ZPV) = θ a e e aluated by (1). 

|𝑍PV| =
|𝑉2|

|𝑖𝑚|
=

|𝑉2|

|𝑉1|
𝑅𝑚,       𝜃 = ∠𝑉2 − ∠𝑖𝑚 ( 1 ) 

The rack is typically grounded in the USA, and it may be 

ungrounded in Europe or elsewhere in the world. Therefore, 

the tests are carried out with T2 grounded (‘SG’) and T2 not 

grounded (‘SNG’).  

 

Fig. 3 Methods used to measure ZPV 

Signal generator RS-PRO AFG 21005 is used for SG and the 

portable signal generator picoscope 2000 series is used for 

SNG. The picoscope is powered and run by a laptop, so there 

is no connection to the mains. To record the signals, an Agilent 

U1610A 100MHz portable oscilloscope is used, where the 

probes are isolated from ground. The readings are taken at 10 

frequency points spaced logarithmically between 20 Hz and 1 

MHz. A representative recording is shown in Fig. 4. 

 

 

Fig. 4 An example of V1 (yellow) and V2 (green) recorded 

with SNG, for M360 panel.  

2.2 Using LCR Meter  

As shown in Fig. 3(b), an LCR meter (BK precision 895) is 

connected across terminals T1 and T2. The LCR meter can 

sweep the frequency of applied voltage signal and gives 

readings as the impedance magnitude |ZPV| vs. frequency and 

the impedance angle θ  s. f equency  alues. If T2 is grounded 

while using LCRM, there is a conflict between the instrument 

ground and T2 and therefore the reading is not stable. 

Therefore, all the measurements with LCRM are taken with T2 

not grounded. 

3 Results and Discussions 

3.1 Comparison among panels and methods 

|ZPV| and ∠(ZPV) evaluated using the two methods and for the 

two panels are shown in Fig. 5. As far as the methods are 

concerned, it is seen that |ZPV| values agree closely in the range 

~ 150 Hz to ~125 kHz. The phase (θ) plots do not agree except 

for 1 kHz to 10 kHz.   

For different panels, it is seen that the values agree closely 

among the panels. Therefore, the location of the connector 

cables did not affect ZPV values of the case of a single panel. 

 

Fig. 5 Comparison of measurement methods and panels 

3.2 Comparison of Connection Methods 

Some researchers consider ZPV distributed between positive 

and negative terminals of the PV panels, ZPV1 and ZPV2 [6], 

(a)     (b)  1  
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while others consider it to be a single entity ZPV [4]. In order to 

test the significance of this distinction, measurements were 

made in the two conditions shown in Fig. 6: panel terminals 

open (PTO) and shorted (PTS).  

 

 

Fig. 6 Connections to check if ZPV needs a distributed model  

The results in Fig. 7 show that the connections make no 

significant impact on ZPV. Both magnitude and phase plots are 

similar for PTO and PTS. Also, both SG and SNG methods are 

used. This implies that the ZPV can be connected to either of 

the positive or negative terminals of the panels.  

A similar exercise is also carried out using LCRM method. The 

results are shown in Fig. 8. The PTO and PTS readings match 

closely with each other. Therefore, it is clear that connection 

of ZPV to either positive or negative terminal in the CM 

equivalent circuit does not make significant difference in this 

case of one panel. The difference between PTS and PTO might 

increase with long strings of series-connected panels, which 

has not been measured in this work. 

 

Fig. 7 ZPV for different connection methods 

3.3 Effect on total CM impedance  

|ZPV| plot in Fig. 2 shows that the panel+rack is not capacitive 

for the entire frequency range from 20 Hz to 1 MHz. This 

agrees with the investigations by Henze et al. [3]. The phase θ 

plot in Fig. 2 shows that the panel is purely capacitive only in 

the frequency range of 1 kHz to 10 kHz. The ZPV should 

contain contributions from the rack inductance Lr and the rack 

resistance Rr, as proposed in [4] [5].  

The CM equivalent circuit of a single phase inverter is derived 

by using su e  os t on and The en n’s theo em as su  ested 

in [7], and depicted in Fig. 9. Here, the DC output of the PV 

panels and the AC voltage Vg of the grid are not considered, 

because they are assumed to be only low frequency sources, as 

compared to the frequency of interest.  

 

Fig. 8 ZPV for different connection methods: using LCRM 

methods. 

 

 

Fig. 9 CM equivalent circuit for a full bridge topology 

If ZPV is not purely capacitive, and it has a real component RPV 

as well as a reactive component XPV, such that: 

𝑍PV = 𝑅PV + 𝑗𝑋PV ( 2 ) 

Then, the CM voltage would be given by 

𝑉ZPV =  𝐾 [
𝑉𝐴𝑁

2
+

𝑉𝐵𝑁

2
] 

( 3 ) 

where, 𝐾 =
𝑍𝑃𝑉

𝑍𝑃𝑉+𝑗𝑋𝑠
, 𝑋𝑠 = 𝑗𝜔𝐿𝑠, 𝐿𝑠 = 𝐿1||𝐿2  ( 4 ) 

The common mode current is given by (5): 

𝐼CM =
𝐾

𝑍PV

[
𝑉𝐴𝑁

2
+

𝑉𝐵𝑁

2
] =

1

𝑍PV + 𝑗𝑋𝑠

[
𝑉𝐴𝑁

2
+

𝑉𝐵𝑁

2
] 

( 5 ) 

Therefore, common mode current  ould ‘see’ the equ  alent 

impedance 𝑍𝐶𝑀 =  𝑍𝑃𝑉 + 𝑗𝑋𝑠. Fig. 10 shows the nature of the 

total CM impedance 𝑍𝐶𝑀 as seen by the CM current. If 𝑍𝑃𝑉 is 

assumed to be purely capacitive the phase angle plot for ZCM 
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is significantly different from that when the measured values 

of 𝑍PV are incorporated. Therefore, the frequency spectrum of 

the CM current would be affected by the nature of 𝑍PV, 

although the magnitude of 𝑍PV may not change much. The 

frequency spectrum of the 𝐼𝐶𝑀 would also depend upon the 

frequency spectrum of the high frequency sources 𝑉𝐴𝑁 and 

𝑉𝐵𝑁. High frequency content in 𝐼CM can affect functioning of 

protective devices like residual current devices (RCD) [8] 

 

Fig. 10 Nature of ZCM, with ZPV according to measurements 

versus ZPV assumed purely capacitive. 

3.4 Possible factors affecting ZPV  

This work analyses a simple case of a single panel and the 

nature of ZPV is discussed. However, there would be other 

factors which need to be taken into consideration when CM 

circuit analysis is performed for a PV installation. Some of the 

important factors are mentioned below.  

(1) When several panels are connected in series, the 

effect of cable inductance and panel series impedance 

may also contribute to ZPV. 

(2) The geometrical factors like tilt angle, different rack 

structures, size of the panels, etc. would also affect 

ZPV. 

(3) It would also be affected by the environmental 

conditions like temperature, humidity, etc. 

4 Conclusion 

In this work, experimental results of evaluation of parasitic 

impedance of PV panels are presented. It is found that the 

nature of ZPV may not be realistically revealed by LCR meter 

measurements. It is also shown that ZPV is not purely capacitive 

for the entire frequency range of operation. It is also shown that 

ZPV measured between the shorted panel terminals and the rack 

is almost the same as the one measured between either positive 

or negative terminal of the panel and the rack. The Frequency 

spectrum of the common mode current would be affected by 

the non-capacitive nature of ZPV. This nature should be taken 

into consideration while designing CM filters or other 

equipment like DC LISNs.  

Several geometrical, environmental, and PV installation 

topology specific aspects are not considered in this work. It is 

suggested that these factors might be checked in future studies.  
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