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A Proposal for Equivalent Circuit
Between PV Module/String and the Ground

Kazuhiko KATO*

KEGBMWEY 22—V A N V7L KH D B O A 0] B DI %

mEE At
Abstract

In this paper, an equivalent circuit between PV module/string and the ground is proposed. This equivalent circuit

consists of one insulation resistance and five RC-components, which has one resistance and one capacitance in series,

in parallel. This proposal has been justified by in-depth integrated discussion of experimental and theoretical

approaches with 8-series PV module string. It is obvious that the equivalent circuit of PV module string can be obtained

by parallel combination of circuit components of each PV module. The five RC-components, which PV module

intrinsically belongs to, have different time constants, from 102 to 10% sec. The insulation resistance and some RC-

components with longer time constant are strongly affected by absolute humidity: resistance drops but capacitance rises

in accordance with increase in the absolute humidity. But the other RC-components are insensitive to the absolute

humidity. The result described in this paper may be helpful for engineering discussion on various electrical safety issue

on photovoltaic power generation plants such as ground fault and electrical shock.

Keywords: PV module, PV module string, Equivalent circuit against the ground, Insulation resistance, Ground fault,

Electrical shock, Leak current
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Fig.1 Configuration of experiment discussed in this paper
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Fig.2 An equivalent circuit between PV module string

and the ground proposed in this paper
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Fig.3 Measured insulation resistance at =60 (Riso0))
as function of RH or AH (8-series PV module string)
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Leak Current: /; () and 7, 7(2) [uA]

Date: July. 28,2022 Start time: 14:51:50
Ta=28.2°C, RH=76.4%, AH=21.0g/m3

0.001 0.01

0.1

1 10 100 1000
Time [sec.]

(a) Leak current I.,m(2) and 1., 7(¢) vs. Time

N 5 4 3 2 1

Io | Ro[MQ] 30.2 | 30.0 | 30.0 | 29.8 29.3
I | Ra1[MQ] 231 | 218

Co1 [nF] 7.40 | 7.44

@, [msec.] 17.1 16.2
Iz | Raz [MQ] 457 | 486 | 2.04 | 257 435

Caz [nF] 122 | 129 | 205 | 234 353

@, > [msec.] 555 | 629 | 419 | 60.1 153
Is | Raqs [MQ] 457 | 425 | 422

Ca3 [nF] 16.0 | 33.6 | 50.0

@, [sec.] 0.733 | 1.43 | 2.11
I+ | Ras [MQ] 78.2 119 170 | 50.9

Co4 [nF] 72.2 147 144 128

W4 [sEC.] 5.65 17.5 24.4 6.49
Is | Ras [MQ] 322

Cos [nF] 141

@, [sec.] 454
MSE (x107%) 7.65 27.9 | 325 146 | 1,574

(b) Estimates of each RC-component, time-constant
and Mean Square Error (MSE)
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Leak Current: [, 1(t) [uA]

Date: July. 28,2022 Start time: 14:51:50
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(c) Approximated components (1o~ I5) (N=5)

Fig.4 Comparison of leak current between measurement

(IL.m(?)) and its approximations (Iz,7(2))
under high AH condition (4H=21.0g/m?)
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(a) Leak current /.m(2) and I, 7(¢) vs. Time
N 5 4 3 2 1
Io | Ro [MQ] 9020 | 6763 | 6953 | 5767 4684
It | Re:[MQ] 3.13 | 3.02
Ca1 [NF] 246 | 2.85
@, [msec.] 7.70 8.60
Iz | Raz [MQ] 2.18 2.30 1.52 1.53 1.55
Caz2 [NF] 107 | 104 | 131 ] 132 | 133
@, [msec.] 234 | 238 199 | 20.2 20.7
Is | Res [MQ] 1149 | 1173 | 1051
Cas [nF] 3.08 | 325 | 3.29
@, [sec.] 3.54 | 3.81 | 3.46
Is | Ras [MQ] 3572 | 3079 | 3139 | 1236
Ca4 [nF] 9.16 16.8 17.9 11.8
@4 [sec.] 32.7 51.7 | 56.0 14.6
Is | Res [MQ] 8959
Cas [NF] 24.6
@5 [sec.] 223
MSE (x107) 0.698 | 0.714 | 0.853 | 1.36 5.37

(b) Estimates of each RC-component, time-constant
and Mean Square Error (MSE)
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(c) Approximated components (Io(z) ~ I5(2)) (N=5)

Fig.5 Comparison of leak current between measurement
(IL.m(?)) and its approximations (/L7(2))
under low 4H condition (4H=38.09g/m%)
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Fig.6 Mean square error (MSE) between measurement

(I.m(?)) and approximations (Iz,7(2)) of leak current
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Fig.7 Variation of circuit elements for the proposed “five RC-component” equivalent circuit
under different AH conditions (8-series PV module string)
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Fig.8 Variation of circuit elements for the proposed “five RC-component” equivalent circuit under different AH conditions

— comparison between actual 8-series estimation and converted 8-series from 4-series estimation
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(a) Grass surface (front side)

(b) Back sheet surface (rear side)

Fig.9 Visual images of wet PV module surface
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Leak Current: 7, 5,(¢) [nA]

Leak Current: 7, 5,(t) [nA]
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(b) Back sheet surface (rear side)

Fig.10 Leak current /1 m(?) of 2-series PV module string
under dry or wet surface condition
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Table 1 Estimates of circuit elements for the proposed “five RC-
component” equivalent circuit under dry or wet surface condition
(2-series PV module string)
£ 1 HIRWE N7 —MADPFENTWDHEEHHNTIFIT
VD DA RIS SR HEE L Z D (W/D) (2 #iE51)

Glass Surface Back Sheet Surface

Dry Wet w/D Dry Wet w/D
Ro [GQ] 7.38 14.0 1.90 22.3 16.8 0.75
Rq1[MQ] 11.6 - - 6.83
Co1[nF] 0.390 0.722
wa1[sec] 0.005 0.005
Rq2[MQ] 16.2 1.17 0.07 9.12 | 0.659 0.07
Cq2[nF] 1.54 40.5 26.3 2.75 99.3 36.1
waz2[sec] 0.025 | 0.047 1.96 | 0.025 | 0.065 2.60
Rq3[MQ] 7323 89.7 0.01 3425 69.2 0.02
Cq3[nF] 0.252 13.3 52.8 0.738 15.7 21.3
wa3[sec] 1.85 1.19 0.64 2.53 1.09 0.43
R, MQ] 11872 284 0.02 9817 9818 1.00
Co4[nF] 0.461 259 56.2 1.97 1.96 1.00
wa4[sec] 5.47 7.36 1.35 19.3 19.3 1.00
Ras[MQ] 8705 8705 1.00 | 16583 94.1 0.01
Cos[nF] 7.67 7.67 1.00 10.1 | 2769 274
wa5[sec] 71.2 71.2 1.00 168 261 1.55
AL R BUCE T DI 2 1RE L £ D Z S M DORRGE &
AR AR A T

300 PRIORIET — ¥ B3R L ¥ Dikim & BEOHA
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