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Abstract-- Premature failure of distribution transformers has Il. BACKGROUND
prompted the need to measure the electrical stresses that may be ) o
causing such failures. This paper presents a non-intrusive A. Electrical stress monitoring
alternative means of monitoring electrical stresses on the medium Premature failure of distribution transformers mbg

voltage (MV) side of distribution transformers rated 16 kVA up . .
to 2MVA with the aim of curbing premature transformer caused by unmonitored transient and power frequency

failure. An eectric field control screen embedded in a 24 kv  €lectrical stresses. Current and voltage monitoonghe low
bushing is used to form a capacitive voltage divider measuring Voltage (LV) side of pole-mount transformers wittiskom
both power frequency and transient voltages. A shielded distribution networks has led to the identificatioof
Rogowski coil placed around the bushing screen measures both  transformers that are subjected to stresses theltidie
power frequency and transient currents. Simulation models are  gyerloading, severe load unbalances and overcurrent
ableto recr eate thelaboratory measured results. conditions [3]. Such findings prompted the needdévelop
low cost electrical transducers that could be usettlentify
other electrical stresses that could lead to preraat
transformer failure. Another example is where fhilsurge
|. INTRODUCTION arresters allow large transient voltages to appa&enoss
transformers which may result in their prematuriéufa [4].

The presence of transients, harmonics, ever inicrgas LT .
pr . . . The presence of harmonics introduced by the ineckase of
changes in loads and load profiles increases thetridal . . )
nonlinear loads increases the risk of transformeero

stresses experienced by transformers at the distiblevel.
. R temperatures [5].
Due to the low capital cost of distribution transfers, . .
In this study, focus is on the development of lowst

minimal condition monitoring is installed. Colowoded . . .
thermal stickers that require field inspection emerently used electrical stress monitoring sensors suitable fse on the
medium voltage (MV) side of distribution transfonse

for overload monitoring on Eskom distribution tréorsners Information obtained from such sensors can themdes to

rated up to 2 MVA [1]. The increase in the prematfailures . : .
identify transformers that are exposed to excessigetrical
of these transformers has prompted the need to se !

: L . stresses that may lead to premature failure.
alternative monitoring techniques.

The introduction of Smart Grids affords utilitidgetability B. Rogowski coil current sensor

to better manage load profiles, monitor and marelgetrical Rogowski coils with a non-magnetic core, such asdahe
stresses and improve electrical equipment avait@lpl]. This  depicted in Fig.1, have been shown to have theatlg
research focuses on the development of a low cashibg superior features [6]-[8]:

with embedded current and voltage transducers tapaib +  High bandwidth (suitable for transients)
monitoring wideband electrical stresses on the Mde sof «  Multiple primary current measurement ranges
distribution transformers. The operating princip}é the
designed bushing capacitive voltage divider and dwesdi
coil is given. Various tests were performed to gaté the
performance of the designed bushing against comatigrc
available current and voltage probes. A comparisetween
simulated and measured results is also presented.

Keywords. Rogowski coil, impulse currents, impulse voltage,
capacitive voltage divider, Smart Grids

¢ Non-intrusive to the primary circuit
* Modular in size
e Linear
The Rogowski coil output voltage is a function lbé ttime
derivative of the measured primary current. Thd ooiput
voltage based on the properties in Fig. 1 and Tab&given

by [6], [8]:
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N is the number of turns M

Ais the coil area [f) j B R
LR

i is the current in the primary conductor [A]

M is the mutual inductance [H]

A I 2 C= W Rb
\ Nz (Coil turns) T =1 v T
. O

Fig. 2. Rogowski coil electrical model [6]

TABLE 2
CALCULATED COIL PARAMETERS
Parameter Description Value
M (nH) Mutual Inductance 861
L (mH) Coil self-inductance 2.17
R e i C (pF) Coil capacitance 50.2

conductor cast in
resin

Calculated coil parameters have been shown tordifben
the measured parameters at high frequencies. Begduhis,

Fig. 1. Rogowski coil cast in resin L.
g 9 the decision was made to rather base the model on

TABLE 1 measurements. Hashmi et al used coil parametersumezh
DESIGNEDROGOWSKI COIL SPECIFICATION at 1 kHz to simulate Rogowski coil behavior whits¢asuring
Description partial discharges [10]. Shafiq et al. developedasameter
Parameter Value identification method that involves measuring ingeul
d,, [mm] Wire diameter 0.25 waveforms with a Rogowski coil whose output is sehwith
R[Q] Wire resistance | 18.5 the use of a differential probe [11]. A Fast Foutransform
a[mm] Inner radius 40 of the output of the differential probe was therdifo find the
b[mm] Outer radius 60 resonant frequencies for different configuratichise resonant
h[mm] Coil height 20 frequencies were then used to determine the raktiip
I[mm] Core length 390 between the inductances and capacitances of the coi
Almm?] Coil area 400 In this study a 20 MHz function generator, an desdope
N, Number of turns| 668 and tank circuits were used to determine the caibmeters
using the resonance frequency calculations give(b)f(10)

below. The output of the function generator is agphcross a

A widely accepted lumped parameter model for tHgsistor in series with a coil that is in paraléth a known
Rogowski coil is shown in Fig. 2 below. The caldath capacitorCr. The measured voltage across the coil reaches a

mutual inductance of the Rogowski coil with propestin peak at the point of resonance where the relatipristtween

Table 1 and Fig. 1 is given by [9]: the total circuit capacitance and the inductanagvisn by:
1
M= "thin (y) (2) b= g ®)
- where:
The corresponding self-inductance is given by: E,. is the tank circuit resonant frequency [Hz]
L., is the coil inductance [H]
L = HoN2? hin (Q) 3) C,, is the coil stray capacitance [F]
2T a

C, is the probe capacitance [F]

The coil lumped capacitance is given by: Cr is the capacitance of the known capacitor [F]

2n2e2(atb) Based on (5), given the capacitance of the known
= logl@+b)/ (-] (4) capacitor 1, &, which gives a measured tank resonant
frequencyF,.,when combined with the designed coil, (5) can

be rearranged such that:

Frlsz(Cp + Cm + CTl) =1 (6)

For the capacitance of the known capacitance12,a@d



measured tank resonant frequerfGy, the above equation

becomes:

FrZZLm(Cp + Cm + CTZ) =1 (7)

Taking a ratio of (6) and (7) results in the foliog
expression:

2
(Cp+Cp +Cpy) = i—:z (Cp + Cpn + Cra) (8)

From the above expression the coil stray capactand
probe capacitance are given by:

Fri®

Ct2 FroZ —Cr1

T

Co +Cy = 4 ©)
1_FL

Frp?

Shafig et al suggest taking other measurements twith
probes in order to determine the probe capacit§@cerhe
above expression is then modified such that:

Frpi?
Cr2 7 |=CT1
Fra2
1_Fr212
2z
Fra2

Cp +2C, = (10)

- where F,,;,and F,,, are the new resonance frequencies

that result due to the additional probe capacitambe probe
capacitance is calculated by subtracting the vabtined
from (9) from that obtained from (10). Once the hwo
capacitance is calculated, the coil capacitantkes obtained
from (9). The coil inductance is found by averagitige

calculated inductance at the different resonanegquincies
above. Table 2 gives all the corresponding measianeadl
calculated coil parameters of the designed RogowsKs.

The accuracy of both measured and calculated paessnia

modelling the designed Rogowski coils performanse
evaluated by comparing simulated and measuredtsasuthe
subsequent sections.

TABLE 3
MEASURED COIL PARAMETERS
Parameter Parameter Value
Cr. [pF] | Tank known capacitance 1 11
Cr2[ pF] | Tank known capacitance 2 56.25
F.i [kHz] | Resonance frequencg + C,) | 480
F., [kHz] | Resonance frequencg( + C,) | 397
F.,1 [ kHz] | Resonance frequencg + 2C,) | 405
F.,, [ kHz] | Resonance frequencg + 2C,) | 326
Cp[ PF] Probe capacitance 8
Cm[pF] | Coil capacitance 4.1
Ln[ mH] | Coil inductance 5.37
M[nH] Mutual Inductance 510

C. Voltage monitoring using bushing screen

Non-condenser bushings such as cast resin MV bgshin
are subjected to both axial and radial stressegh Hixial
stresses may lead to surface tracking [12]. Theqgmee of
high radial stresses may lead to partial dischamegven
insulation breakdown [13]. In this study the busghgtreen is
used for electric field stress control as well asltage
measurement. The designed bushing consists of cmeers
surrounding the bushing conductor. This screemimected
to an external capacitor to form a capacitive \g#talivider.
The insulation between the screen and the bushanductor
can be represented by a resistor in parallel withacitor as
shown in Fig. 3. The position of the screen intiefato the
bushing conductor suggests a cylindrical geomefrize
insulation capacitance between the conductor \eittrence to
Fig 3 and Table 4 parameters is given by Kuffelef14]:

__ 2mgoerh

C; = - [F/m] (112)
The corresponding insulation resistance at angular
frequencyw is given by:
b
hln—
R; = WZWZE; [Q/m] (12)

MV conductor,

Screen

\\\‘

MV conductor

0.

Screen

Fig. 3. Cross-section of a screened 24 kV eposinreushing
with emphasis on the position of the screen redativ the
bushing conductor

i
Insulation
model

The dielectric resistance at power frequency isggdar
enough such that the measured bushing voltagees diy:

CG+c, ™

(13)

Vout

- where:
C; is the capacitance between the bushing screen and
the bushing conductor [F]
C, is the capacitance of the external capacitor [F]
Vin, is the input voltage [V]



V,.:1S the output voltage [V]

TABLE 4
EPOXY RESIN24 KV BUSHING PARAMETERS

Parameter Parameter description Value
€o(F/m) Free space permittivity 8.854E-12

& Relative permeability 3.8

£, Relative permeability 0.038

Tan delta Epoxy resin tan delta 0.01
a(mm) Conductor radius 6
b (mm) Screen radius 30
h (mm) Screen height 60

The measured capacitance between the bushing sanele
the bushing conductor was 22.23 pF. The capacitahtbe
external capacitor connected between the bushiregscand
the external earth was 47 nF. Based on (13), tHeag®
division ratio was calculated as 2115:1. A différepltage
division ratio can be obtained by using a differemternal
capacitorC,.

I1l. EXPERIMENTAL SETUP

The designed bushing was subjected to a voltagelsap

corresponding to its rated BIL of 150 kV. The desd
bushing was coated with silicone rubber to imprate
pollution performance [15]. Other tests included wed dry
power frequency withstand tests as described in SFFC
60137 [16]. The designed bushing did not puncture
flashover when these tests were performed. Therigngetal
setup for tests related to the performance of timbezided
Rogowski coil and the capacitive voltage divider described
below.

A. Power frequency current measurement

The designed bushing was tested with a high po
frequency current source as shown in Fig. 4 beldwe
current flowing through the bushing was varied gsthe
variac. The measured current value was compare thét
obtained using a 100/1 commercial wideband curpeabe.
Currents were varied up to the 250 A rating of Itlushing.
Further measurements were made at 160%
current.

Scope
Variac Reference
Wideband Current
220V Probe

220 VAC Rogowski Coil
Embedded in

v Bushing
kN

ov
220V3V
22.7 AMEBT A

Fig. 4. Power frequency current measurements

of the rated

B. Impulse current measurements

An 8/20 us current impulse generator shown in Fig 5 was
used to generate current impulses that were paksmagyh the
designed bushing. The measured current value wapared
with that obtained using the same 100/1 commevaidéband
current probe. Impulse currents of different anupolds were
obtained by varying the input AC source voltage clahi
charged the capacitors to the desired level bef@eharging
the current impulse through the bushing.

i ' Wave shaping
Charging Capacitor
Circuit bank components
Charge Rectifying Spark
n resisior  diode g Rw Lw
7 ® - \Wrrm—
Dump 1ot L c4 Wideband 0.00
Resistor<  [345 pfiﬁjal,spl: current monitor = 1
e Coil
by
2200
2000V | Dumpe
Gipg T 02 T C3
f 345 F | 345 F

Fig. 5. Impulse current measurements circuit

0 C. Power frequency voltage measurement

Power frequency voltage measurements were perfobyed
connecting the designed bushing to the output@®a/60 kv
transformer on the high voltage side. The outpltage of the
transformer was varied using the variac as showhign 6.
The measured voltage from the bushing capacitikage
divider was compared with that obtained using arcencially

WeVailable 1000/1 capacitive voltage probe.

Oscilloscope

N

20V

Bushing
Insulation

Load

2008 (" i

Screen

“g 20122000V

Capacitance

l

Variac 10001 Bushing
Capacttive Capacitive
probe  Voltage

divider

Fig. 6. Power frequency voltage measurement



D. Impulse voltage measurement

Source Rogowski coil

101 probe /

An 8 stage 1.2/5Qs voltage impulse generator was used to

generate impulse voltages that were applied orbtighing.
The bushing was subjected to voltages up to thelrBtL of
150 kV. The output of the bushing divider was coregato
that of a wideband resistive divider. Each of theasured
impulses were adjusted using correction factorprascribed
in SANS/IEC 60060-1[17].

Fig. 7. Impulse voltage measurement setup

IV. SIMULATION AND MEASUREDRESULTS

An accurate simulation model is required since #flisws
compensation to be designed for any observed reariity.
Simulation models of the current and voltage sensoere
developed using the simulation package ATPDraw.

A. Current measurements

Several authors have used the modified versionhef t

ATPDraw saturable transformer model in the simalati
model of Rogowski coils [8, 10]. This is achieved b
modifying the non-linear saturable transformer flugrsus

current relationship such that it becomes lineadeggicted in

Fig. 8. In this study the parameters found in Tat#leand 3

were used to develop the simulation model thatagypeed the

laboratory measured results.
impulse currents were used as input currents toctreuit

model shown in Fig 9. A 10/1 passive voltage prais used
as an interconnection between the oscilloscope ted
Rogowski coil.

CT V-I Curve
s

Flux

Rogowski Coil V-1 Curve
4

Current

Fig. 8 Transformation of ATPDraw saturable transfer
model to a Rogowski coil model [8]

The accurately medsur

Cpt
.. o FLw o v
Pl{;i CI HL% L‘Q’;’;J'cm%cw% Rs.f%

Fig. 9. Simulated current measurement circuit

A comparison between the unintegrated output of the
Rogowski coil and the simulated behaviour is shomiirig.
10. The measured Rogowski coil output voltage wawefis
consistent with the voltage waveform obtained b§].[Lhe
results were obtained whilst measuring an 6 kA 80
current impulse shown in Fig. 11 below. The simedat
behaviour based on measured parameters closely
approximated the measured unintegrated output & th
Rogowski coil. Calculated parameters based on thesipal
properties result in an overestimation of the caitput. The
numerically integrated output of the Rogowski cghilbwn in
Fig. 11 closely approximates the measured impuksesiorm.
Observed results when measuring 9 kA and 15 kAeoarr
impulses remain consistent with the behaviour ttated in
Fig. 10 and Fig. 11.

80
—Measured parameters simulation
60 / —Rogowski coil output voltage
— Calculated parameters simulation
40r 1
S % \
- 201 1
(=2}
g, ]
= [ —— P
> \ \Hff%
-20" / i
40+ \/ i
5% 10 20 30 40 50
Time (us)

Fig. 10 Comparison between the designed Rogowski co
measured output voltage and the simulated outdtag®

?
/Y,

/

A
: — Numerically Integrated Impulse current
— Lab measured 8/20 ps current Impulse

ol

50
Time ( ps)

Fig. 11. Comparison between 6 kA wideband curmnbe

measurement with the numerically integrated Rogowsi



output voltage.

The output of the designed Rogowski coil when meagu
rated 50 Hz current is shown in Fig. 12. The umgjraeed
current is 90 degrees out of phase with the outguta
commercial wideband probe as shown in Fig. 13 —
expected.

600 —
—Rogowski coil output voltage (mv)

—Bushing current (A)

400

8]
o
o

Current (A)
Voltage (mV)
o

N
o
o

400 b

l L L L L L

6000 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Fig. 12. Performance of the Rogowski coil whitstasuring

rated current
600

— Scaled numerically integrated signal
— Bushing current

400+

200\

Current (A)
o

-200

-400- N

N L L L L L

6000 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Fig. 13. Scaled numerically integrated outputhef tesigned
Rogowski coil

B. Voltage measurements

The output of the bushing capacitive voltage divideas
observed to offer linear results comparable witht tbf a
commercial capacitive voltage probe when measusibigiz
power frequency voltages. Observed results weresunahle
from 1 kV upwards. They were also consistent wlib
calculated 2115:1 transformation ratio. Fig. 14 vehothe
measurements that were taken at 2 kV and Fig. dvsthose
taken at 24 kV.

2
9

— Capacitive voltage probe
—Bushing capacitive voltage divider

2k

"

[

Voltage (V)
e o

N
:
,

003
Time (s)
Fig. 14 Low voltage measurements

2 L L
0 0.01 0.02 0.06

40
— Capacitive voltage probe
— Bushing capacitive voltage divider
20r /‘/‘/J\\\ / m\\ “"‘/\ \ /ﬁ\"x 7
s \
as % 0
°
>

nN
o

N I
40O 0.01

L L L L
0.04 0.05 0.06 0.07
Time (s)

Fig. 15. High voltage measurement

1 1
0.02 0.03 0.08

When measuring impulse voltages, nonlinearity was
observed when measuring impulse voltages larger @0akV.
This nonlinearity was also found with other capseit
dividers that used epoxy resin as a dielectricsTdghaviour
suggested a simulation model as shown in Figureel®vy

The ATPdraw nonlinear type 92 resistor was used to
simulate the nonlinearities introduced by the epaggin
dielectric when subjected to impulses larger tharkg. The
non-linear resistor current versus voltage charitie was
chosen to give good results for a 130 kV voltagputse. Fig.

17 to 19 show comparisons between the simulated and
measured voltage impulses using the model with the

optimized non-linear resistor and those without.
A

g et

1

@-

1

Fig. 16. Simult;;\ted bushing capacitive voltage';dda'r/ model.

50 ‘ —
]*Applled impulse voltage\
= 0 T AT B
=
= -50F 1
fE
°
=-100r 1
R | 1 1 1 1
1500 0.2 0.4 0.6 0.8 1 12 14
Time (s) x10°

Fig. 17. Applied rated BIL 150 kV 1.2/50 us impaoltage



— Simulated(Non-linear R in)
20k — Bushing capacitive divider
— Simulated (Non-linear Resistor out)
— C Al L Ll " 7
S [ me\,mw.m%
) e
83-20* b
©°
=40t 1
60 1
_ I I ! I I I
800 0.2 04 0.6 0.8 1.2 1.4
Time (s) x10°

Fig. 18. Bushing capacitive voltage divider outptithe rated
BIL

20

‘*Applied impulse voltage‘
O, .

=20+ i

40+ i

Voltage (kV)

-60r b

-80- i

-100 ' '

0.6

0 0.2 0.4 0.8 1 1.2 1.4
Time (s) x10°
Fig. 19. Applied 80 kV 1.2/50 us impulse voltage
50 : ; , .
— Simulated with Non-linear Resistor
—Bushing capacitive divider
— Simulated without Non-linear Resistor
>
=0 f
=
R | | | | | |
500 0.2 04 06 08 1 12 14
Time (3) vind

Fig. 20. Bushing capacitive voltage divider outgot the
applied 80 kV 1.2/50 us impulse voltage

V. INDUSTRY BENEFITS

The study conducted showed the possibility of usingw
cost screen-based bushing capacitive voltage divaae a
bushing embedded Rogowski coil for performing M\desi
measurements. These transducers can be used fuifyichg

transformers that are subjected to severe eleksioesses on

the MV side and thus can help in the preventiopreimature
transformer failure. With refined sensitivity diet designed

Rogowski coils, the bushing with embedded voltagel a

current probes can assist in reducing costs asedcigth the
measurements required for implementing the Smaid Gf
the future.

VI. CONCLUSION

This paper presented the design, testing and niogledf
an MV transformer bushing with embedded voltage and
current probes for use with distribution transforse
Simulated results obtained using measured parasnetere
consistent with laboratory measured results fot bpower
frequency and impulse current measurements. Power
frequency voltage measurements using the bushipagcdave
voltage divider showed a constant 2115:1 voltage
transformation ratio for the range 1 kV up to 24 .kV
Observations showed nonlinearities when 1.2(50mpulses
with magnitude larger than 60 kV were applied. Win
accurate nonlinear model of this behaviour, a corsgton
circuit can be designed to cancel out this nonaliitg.
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