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Design and Fabrication of a Multi-function Ground Analyzer

by Hwang-kuk, Kim

Department of Electrical and Electronics Engineering
The Graduate School of Korea Maritime University

Busan, Republic of Korea

Abstract

Grounding systems dissipate fault currents into the ground and
suppress ground potential rise (GPR). There are some parameters such
as a ground impedance, a soil resistivity, a touch and a step voltage
representing the performance of grounding systems.

In this thesis, the design and fabrication of a multi-function ground
analyzer which analyzes the parameters was studied. The prototype
analyzer consists of a variable frequency power source, 16-bit and
16-input analog-digital converter, a signal processor, 6—auxiliary
electrodes, and software. The power source generates sine-wave
voltage up to 300 [Vmsl, current up to 5[A] and frequency ranging
from 45[Hz] to 500[Hz]. The analyzer measures ground potential

differences at up to 6-locations and calculates the parameters by



proposed algorithms. Comparative analysis with commercial device was
carried out according to the IEEE Std. 80, 81 and IEC 60364-4-44 to
evaluate the accuracy of the multi—function ground analyzer.

The multi—-function ground analyzer calibrated the values of potential
differences and applied current by using 1[k®Q] resistor and carried
out characteristic evaluation.

From the measured data, the multi—function ground analyzer showed

error within + 1 [%] and measured the ground parameters.
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)

Al A

284

=]
=X

1.1 d797

wl
=

s

2%,

71714

&

9

AAFo A 3}

=
=

S o
= 1

(ground potential rise)

Z=
o

Ca e R R s

5
=

A =

2

HAA

resistivity),

th A A &-E (soil
Atk

-
o

BRI

(ground resistance), 913 ¢ (risk voltage)

[e}
a1

N

A

SERECE

sl

ZHA T A7 JA A

2

b

Aepow

U}B]. IEEE (Institute of electrical and electronics engineers)tt IEC (

o] 2712 ol A

p=%
[}

International electrotechnical commission)

A7t B2

Dz

AAZgoz

sict. wka) )

2=

o st HAA]

al

7t el el AA o

3

3

A7 = wEA

7keb o HA gt Eel o

2

oz

SERECE



AN S Alg § AEAQA A7 2rhsstes dAGAF-H

Aoe AAHGEe 40 aFAY Wy B =R g4
_/'i

Al - AAeF AT

B A= Ady @AY (sine wave power source, 0~300 [Vimsl, 5
[A], 45~500 [Hz]), dlel8 35S 918 DAQ 183 LabVIEWZ|RES] =
A Z2adloez FAEY. A9 AHpotential difference) 2 A7 F
(applied current)e] ggst ZHS 98] dLdFIHF 25 AL AlE
e Fas A2

filter) & 283} t}.

rﬁ
Ay
o,
ot
+
X
k1
B[l
O
Y
i}
=
12
offt
i)
(il
a
=
e8]
5
a
Lo}
QO
[02]
[02]

[c]

IEEE Std. 80 3 81¢] HAAAE ol &3]l thAAZE, HAAT R 4

e F4sed 1kQ] FaeAdel izt ugdgdd, +1[%]



2.1 AA 9 ev g

A7 A7) - AR - BARE A AV Mo FEeE AL da

H, 71715 Aol HEE7] Sk Huldo] HA ATtk HA S HA S
3lro VEAHAE A, HAAdF e ARAFIE AR Y=
gl A AL S GAst AA e HH(electric shock)o]y 717]

AR E2 71719 Alag WA st Aotk HA A= ZA WS A7 v,
549} gAE HEse dAe] 9E = H A S (ground electrode)

a3 HAAWAAY HAFE AdZAA 7= HA 4 (ground conductor) &2

TAEY o2 1 219 vep et

T XA | axzn
/LAl
L] s
— HX|=
— — .
-~ T
FHxld
CHX] - ~
7 77 NN b I N
el
"= N GRS PN
S
0 Hal
(a) LA (b) AAE<s

a4 21 HAAEES 4

Fig. 2.1 Configuration of the grounding system



HHAAZTY JAAY JASS &3 A2 s2= AFE JAA
Fehar sk, deoje] JAAGS zke HAFAd HAMFI =21 53
Ade 7]F4 9 (remote reference potential : 04 )l wWE A7
A= o] = t) X A 942 (ground potential rise)o] g} aFrHOMO

ol g HA o Aee UellE T2 gl XA E, HAY

SRz 2 gPAg Fol 9l

211 A AIE

AERA obefel MAE GAFL Fahel AR fYHE AR EA
Aol AAGE Wt @ASA ABAG A GE] e
% e PAAZE 7] A9BE GA AAk AT el
S AR HAAFES AR FEE Gohls AL dwd Fad

oh A A GEL Fi Aol 1[mlelal, ZAel7t 1[m]Y =%

lo
2
N
2
o%
o

2 a9l [Q - mle AoEn old gAAFEL dF dA4T he
A= Aol ol ek R, FEo] oF 2% Eokd Raso] 9
etz Ao FHe wwol uet WEEw, 28 22014 vebd vhe} ol
TR AgE wip 2A G g wH s4e
datd Agy AvfAE ] WEpze S8 2w Jebd 5 ok biA
AgEe] BAL oled 34 2 B Tx= 48 ols|s|okst A

A dAE AsEe Bl tEn, Bid gErze $A=Y] giel

K

getgk 42 oyl IEEE Std. 80 3B 8l = WAAFE p[Q -mlE&
42 A= ouzkA wol uEy e, O T 445

Abggia ol HA SAE HAAZRE p[Q-ml 712 almlol W p—a

o

o]



ok
I 1 I I

]08 ]0\0 IUII ]014 ]016

10°

10°

10°

10!

)\

0™ 10° 10% 107 10"

Fig. 2.2 Resistivity of materials

U

2.1.2 XY

1
T

(2.1

]_

S

b

A

[e)

=

o] 90 [%]e]7

5

kel

HAA
pXf [Q]

HeR
j

TE

R

A

=, HAA

gA1Ad, A
5

]

o1 ke)

C}_t %
-
e

o

Fol rEh

[¢]

H A A
A71AM, p = WAAZE[Q m]

[e)

¢

!
)

]

o
)

vzl

X
fy

=
"o

o)

)
—

Bl

!

dol wiA

il
s

)

“H

fsi3
=

A7 JAA A F

ki3

7HAH ol

H o
A=

3

P
T



Aoz e "k JAAE Skl HeAdF{ [[AF FAEHHE, ¢
Z et JAS FRe giAel deds VIVIZE 2T o] f HA
AodAE AAATY R AZ AYAST FEdF HZ AT
obellel 4 (2.2)ek ol AT

Z,= R, +jX, [2] (2.2)

s
N,
X
44
K
it
o2
lo,
N
Ap
O>
E
o
_‘a
ll
Y
H
l
>,
Q
=
1o
2
i
o
DN
w
B=)
i

Grounding Impedance

Frequency
Y 23 HA Yy Hro Fug EA

Fig. 2.3 Frequency characteristics of a ground impedance

AuAom Agelt PARATE o] &4 a4o] folatrz 19 24

128 ol gt vehd & 9



7 ~
\

_____ AN
Y 7 W §
ol N
A plsgll,uﬂ §
N
N
N
N
N
Remote I electrode §
earth §
N\
N
)
N
v %

2a

a9 24 FEHAHAAATY SRR

Fig. 2.4 Equivalent circuit of a ground electrode

olwe] 4% R ALEs L L A AL o gt 2ol e

9\}]\ 1—/]_[14],[15]‘
__»r 81y
R= 2.W.l(ln( 5 )—1) [Q]
4. —7
L= 2+1sIn( )« 1077 [H]
2a
g ol B
C = T 10 ? [F]
18 « In( » )

9 5

(2.3)

(2.4)

(2.5)



213 G AL
. AEAg

.
ATk Qolupll MW A AR FEES 9 A6l ¢ AxAe)
4917t 453 Ak ol AA} ol @ FRES HE
AR HARE Aol AR WAHA Hel o2 As) A A
= Rolsh thE AA ArAteld] f715E A4S FEAGelty drh
O gEAge W WAY HE2, AEW $o WAAIE 5o
oal thsl etk QA Tz A5F 4UE 4714 578w
2 vE| Y 255 2k 8% ww oA 4E5A4Y R, TRE
Eatolel HEAG R, AAAT R, AA 52= AFE Len s

HEAYG V= e Aoz ved 5 Aot

V=1 [V] (2.6)

AM AN
YW=V VVy

—
L

a9 25 FHEAse Ao

Fig. 2.5 Definition of touch voltage



[EEE Std. 80914+ HEAYS 227 A AFA A9 1[m] o
Az Abolol thdk AeAz At HEAJS A 7] 9% gt
nE 2 AAAEg AF, E o

Z

o

L TEE

gov, A% 70 kgldl W SFRAHEZAG V= b 2

:‘_11
jiro)
iV
)
rhr
lo
2L
o
flo

0.157  157+0.236 Cspg

a a

Vy, = (10004 1.5C5pg) [V] (2.7)

AAAZE ool AR 1 BAFI 58 0 gAAS 599 AEw
o AYRTE AN, 19 269 Ll A go] T2E F9o] At
of QA HW QA Fu Apolel M)A A=Y o2 BIAL
2 abm A (28)7 o] vred gl

Vo= Iy(Ry+2R;) [V] (2.8)

|| Z (System)

=

% 26 HEFSFY A

Fig. 2.6 Definition of step voltage



IEEE Std. 81.2914 & 7+4% REZAIGS AA7F Ads AejaA] St

2 1 mtAoR e W ARW ) Fatele] sl gelatn 9

0.157  1567+0.942Cp,

Ve, = (1000+6 C; pg)

22 BAEY 24

m
N
Y
o%
X,
|
o,
oo
o
)
o,
A

AW o] AFEHET, o] T 71 gEA o R 4HTFHES ALt 4HdS
& =34 Schlumberger ¥ Wennerfl &2 U= 4 921 Schlumberger
M2 U Fo 250] &9 25 7pA AXHOREZA F
st 7 9o FHGdo] AXHgE A2 A= Hi dAATES FA
PN
T

1

ol

et

A= WHolth Wenner& 19 273 #Zo] 479 Hx= 1He] A

1Y 27 WennerH 9 T4

Fig. 2.7 Configuration of Wenner’'s method

_10_



ARG A9 A5 AL almlel SAACE hA] Hdsa A

3 Pl A% VIVIE S o u dAATE plQ-mle #A)
Aol Mg WAkl AT Col F9sE () AR @ G P A
ool ALF V&

ol
2
4
~
Z
Ll
2
1
[-40
N
—_
2
[l
o
W
o
il
offt
:olj
[-'O
N
—_
o
o
2
2o
A\
o
23
[l
T

=g,V (2.10)
7T
2 YetdiH, HX = G Pe Abol o] A V=

_—m.%
Vs =g V] (2.11)

whebA, Pt Po=r Abele] A 9iak V= A (212)9F 2

v, = PL_pl Pl oy (2.12)

2ma dma 4ma

offl
e
rot

I

T
i)
o
fr
2
4

Codll A F7F 2 wWe A9z Ve

_rL
Vg = ira [V] (2.13)

o} o AZ P} PoAlolo] WAEE A= A (2.14)9F o] e
w

_11_



Vit Vy = Sra [V] (2.14)

WA, A (21408 A-gaw

iy

A almloll dgh Bt WA AFELS

p=2maR [Q - m] (2.15)

2 Yeld 4 9t Wennerf 2 3402 ASAEE A0k 31, =
Aol AXH AYASFAHAAT 119 A wef A A 27 F

Tbehe A3 Ao BRAQ Ao ofyrie wxle]l g

& =wdMe dAAGES A7l oA TIed=e] wAAE
=
=

283 o] AFAE TAFANF P 7)A, Pren 2l

AA = E-C=3F A9 50[%]% = A5 oW, PrepAl H2 618 [%]5 = A
7 o]t}

0

=2 1

E A )

" i Vex

°E r% B | — — — — — 'l l_\
g IP| IP: Py Pren IP4 P Ps P Uj
£ 50 % G.Sm)y——————— — 1

E 61.8 % (4.34m)

z

o4 28 7IEA=9 9A

Fig. 2.8 Location of the reference electrode

_12_



F 21 7IEA=T9 A wE AR

Table 2.1 Changes of the potential difference depending on the location

of the reference electrode

50 [96]A1 A
5499 A3k [mV] A7FAF mA] | dIAANZTE [Q - m]
Pi~Prert 764 34.2 161.23
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Preni ~ Py 76.2 34.1 168.83
Prei~Ps 149 34.1 61.78
Preni~Ps 497 34.1 120.24

61.8 [%6]7] %
%499 A2k [mV] A7FAF mA] | dIAANZTE [Q - m]
Pi~Prep2 861 34.3 161.45
Py~ Prer2 391 34.3 180.56
P3~Prer2 177 34.3 175.75
Py~ Prep 16.7 34.3 50.96
Prepa~Ps 57.2 34.3 67.13
Prez~Ps 407 34.3 120.16
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23 QAzbdre] Walel WE 50 [cm] ¥AFe] B4

Table 2.3 Characteristics of a 50 [cm] rod according to output voltage

A7 SH V] Vi IV] V. [V] V! [V]
40 15.83 13.20 13.18
50 21.12 16.895 17.59
60 25.16 20.09 20.95
100 42.743 34.00 35.99
120 51.93 41.38 43.24
150 65.134 52.18 54.233

_23_



E 24 RAFY BATL o8 nEAY

Table 2.4 The step voltage using a footprint electrode and a rod

29 [mV] ¥4 [mV]

AZFASFIV] | W Vs Vs Vs Vs Ve
40 642.4 242.3 447.1 766.6 546.7 533.6
50 823.3 285.5 573.0 1013.6 727.3 705.5

HEAG vl FAHE A a7is AN, Vst V' & ¥
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!
A
=2
il
o
il
2
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Table 2.5 Characteristics of step voltage according to output voltage

A7HA Y [Vims] Vg [mV] Vg [mV] Ve [mV]
40 766.6 546.7 533.6
50 1013.6 727.3 705.5
60 1229.3 883.3 855.6
70 1444.0 1034.0 1005.0
80 1655.0 1188.0 1151.9
90 1866.0 1339.3 1298.7
100 2077.2 1490.0 14457
110 2285.1 1636.0 1590.4
120 2497.2 1788.0 1738.0
130 2707.6 1943.0 1884.5
140 2917.0 2094.4 2030.2
150 31255 2248.4 2175.3

_24_



IEEE Std. 81.214 st HEHde] A RDg L 19 2169 2
o] FxEI F watole] Ag st 1 [mlola F watolel A7t 0.5 [m]e]
qor mA etk o] 49L& vEugre HYE o&

st FREA 7 WA e Al 1.03[mlelBE FREI Tl Alo]
o] Age FxEH 74 @ Atolo] At k. webA, g AT EO] F
!

k)

p S

EERETR A

4

o
il

e
r

i
e

18 216 BAZLE o]gd HEAL AY

Fig. 2.16 Potential distribution of the touch voltage using a rod
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Table 2.6 Potential distribution and gradient by electrode types
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Fig. 3.1 Configuration of a multi-function ground analyzer
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Fig. 3.2 The sin-wave power source
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Fig. 3.3 Configuration of measurement part
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Fig. 34 The prototype multi-function ground analyzer
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Fig. 35 The software configuration
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Multi - function Ground Analyzer

Risk Voltage Soil Resistivity | Ground Impedarice
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Fig. 37 Application of the BPF
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* 3.1

YA A

Table 3.1 Specification of the experimental apparatus

10MS/s, 4 22

3} =5 2dy g B H] aL
33220A
& 2=} A 7] AgilentA}
T 0.1 [Hz]~20 [MHz] .
B S H 77
ANE ZTaH ° PearsonA}t
B 1 [Hz]~20 [MHz], 0.1 [V/A]
B P5200 .
At TEH Tektronix A}
DC~100 [MHZz]
C.A 6470
HAAG=A 7 Chauvin arnouxA}
h ° 16, 32 [Vims], 45 [Hz] ~513 [Hz]
DL 750

YokogawaAl

Az 6716 ARAZA 61V, ,lE A7Fsto] Pi~Ps B

of 4 dHele g Hrtstdon, $447%E= % 329 2ok

x 3.2 1[kQ]A/2[WDhel st =443}
Table 3.2 The measurement result using 1[kQ] (1/2 [W])

Prcf

XE

Oscilloscope Multi-function
Ground Analyzer
Py 2.084 9083
Py 1732 1732
Ps 1.382 1.382
Py 1.036 L035
Ps 0.689 0.690
Ps 0.345 0.345
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Tk, FREAE (100 (W], 1[kQDAl s 10~200 [Vims] 2 17FA] 7]

WA wgdEE s er, SAAHE & 33 HERITH

I 3.3 1[kQ](100[WDhell et =443
Table 3.3 The measurement result using 1[kQ] (100 [W])

Calibration
V [V] I[mA] RIQ]
A7Vl OSC MGA 0SC MGA 0sC MGA
10 9.10 9.10 9.08 9.08 1002.48 | 1002.48
40 39.08 39.11 39.00 39.01 1002.22 1002.78
80 81.10 81.08 80.90 80.91 1002.48 | 1002.10
100 100.20 100.095 100.00 99.892 1002.03 1002.03
120 120.33 120.34 120.00 120.22 1002.75 | 1002.83
140 140.26 140.39 140.25 140.27 1000.07 1000.86
160 160.84 160.72 160.60 160.59 1001.49 1000.81
200 200.90 200.83 200.60 200.61 1001.50 1001.10
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Va Vi Vi Vs C

P1 P2 P3 Ps Ps — Ps P7 — Pe P9 Pio Pt~ _—Pi2
Vrer
@—» 15616 | 18241 | 1zsi (W29 44,
L 1 M2 \:82 o s Ver Vs o
103.13 % &
@—P 147.98 114.39 83.5 ?‘18 l;‘f 115.13
I Wi 2 3 4 Ver Vs 6 q

103.42 76.71 89.5 2382 143.55
0362 143
L 2 4 Ver Vs

@—> 10221 | 100.19 | 62.67 8113 'g' 149.34
1 \ 5 \ Vo Ver ¥

100.63 64.71 93.9 119 112 164.22
i \ \ “

1 3 4 Ver Vs 6
@—P 78.84 109.41 89.75 ?598 ?392 14248
1 i A 3 Vs Ver Vs G
@—D 139.53 132.08 92.88 L0 phos) 175.1
12 175 S
1 1 2 3 s Ve Vs

147.:142.
137.46 92.43 92.26 26 | 3 130.06

a9 41

Fig. 4.1

19 42

Fig. 4.2

(b) e AR A~55L
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Soil resistivity around auxiliary electrodes

A} 2l7FAF [50 mA/div, 5 ms/div]
3 AYa [2V/div, 5ms/div]

EEELER

Typical waveform for soil resistivity
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GAAGE FAGE oA smze vwstel o +2[Q -mlel W
B 99 (pel WAAGE] e
SswA 4AE FASE 2% Agel @

A7) ot S84 O~®9 pes Fotel Bt hAAZE pe

Ao g FAoErc)

F 41 Hd gAAZTE 4

Table 4.1 Measurement of average soil resistivity

14 [m] 7 [ml]
=40 140 [Q - m] =10 116 [Q - m]
Ps 118 [Q * m] - -
=16)) 97 [Q ‘m] | =A3®D 103 [Q - m]
=40 108 [Q * m] =10) 103 [Q * m]
ps | 11509 -ml F— -
=10 133 [Q * m] =4® 120 [Q * m]

Risk Voltage Sol Resistivity | Ground Impedance
Vi | 1.365) pl [ 0 o o
, 9L glx o =
2 0.588 p2 180 H““*OI* EHQOH
V3 | 0.236 p3 | 110 3
V4 0.062 pd | 110 128Hz

V5 0.131 p3 93
V6 0.814 pb 140

TEsT
| 1 [ 57962 ps | 140 [

| Measuring Soil Resistivity!!!

Applied High Voltage Laboratory

a9 43 dAARES] S

Fig. 4.3 Measurement of soil resistivity
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2532 g
3k 4.2

HADIA 2= FAHZA (T [m])

2] (C.A 6470, chauvin arnoux)®} A=
ANRE F 420 YEIA

Table 4.2 Result of ground impedance measurement(7 [m])

Multi—-function

C.A 6470 Oscilloscope Ground Analyzer
vV [V] 4,96 4417 4.427
I [mA] 354 31.55 31.50
R [Q] 140 140 140.4

=372 20[mlell el Pi=< 124 [mlol wiAdsta F342 128 [Hzl,
342 [Hz], 500 [Hz]2 WA A HALIAT=E F4590. o] we X

AgdES 115[Q mlolt}h. I 4.
waste 94 545 YEhdG
_{:;L_

39} ol =

ol

%

43 Fukg Wstel] mE FA A9 E (20 [m])

F3tel WAt FAEEE

Table 4.3 Ground impedance as a function of frequency(20 [m])

C.A 6470 Oscilloscope it fiﬁ;?yozner

Freq. [Hz) | VIV |1mAl| R[Q] | VIV] [1ImAl| RIQ1| VIV] |1[mAl| RIQ]
128 667 | 511 | 131 | 6.188 | 4753 |130.20| 6.190 | 47.62 | 130.00
342 666 | 514 | 130 | 6265 | 4880 12833 6.237 | 4862 |128.28
500 669 | 519 | 129 | 6.188 | 4859 |127.34] 6.196 | 48.60 | 127.49
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Fig. 45 Typical waveform of risk voltage
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E 44 AEALe] 234
Table 44 Result of risk voltage measurement
Vi Vo V3 V4 5 Ve
(touch) (45°) (90°) (180°) (270°) (337.5°)
50 [V] 22.6 0.26 0.56 2.95 0.4 2.34
(22.4) (0.26) (0.55) (2.94) (0.39) (2.34)
100 [V] 50.6 0.55 1.21 6.32 0.77 521
(50.2) (0.54) (1.2) (6.31) (0.76) (5.19)
150 [V] 73.6 0.82 1.77 9.13 1.09 7.55
(73.4) (0.81) (1.76) (9.11) (1.07) (7.54)
95.8 1.02 2.35 12.13 1.44 9.98
200V 560 | o) | @3y | azy | a4 | o
~50[V] =100[V] ~150[V] ~=200[V]
120
ot i

100

HEH
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Fig. 4.8 Analysis of risk voltage
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