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Abstract: A theoretical description of recovery voltage
on oil-paper insulation systems based on interfacial
charge movements is proposed as an alternative to
traditional RC-circuit model. The traditional model
produces responses that are linear superposition of
exponential functions. However the recovery voltage
observed in actual time-domain measurement does not
conform to the exponential descriptions. This is
especially true to the tail of recovery voltage whic

decay sub exponentially at the rate%f rather than

exponentially. More data points need more time
constants to describe because the curve is intrinsically
non-exponential. The interfacial charge model also
suggests that the recovery voltage of presshoardean b
viewed as reflecting two major processes of charge
movements and transfer.

INTRODUCTION

The problem of interpretation of recovery voltage
measurements (RVM) is still an unsolved problem
among engineers using the method as a diagnostic tool
to probe the health of the power transformers. nin a
attempt to understand the underlying physical prseEes
that are responsible for producing recovery voltage
oil-paper insulation a series of experiments have been
performed. The results of these experiments are exgport
in [1]-[2]. The changes of recovery voltage with resp

to oil moisture level, temperature and sample geometry
cannot be explained in consistent manner using
traditional Debye polarisation model. Therefore an
attempt is made here to propose an alternative plysic
process that is responsible for the formation of recovery
voltage.

Summary of Observations

Comparing the measured recovery voltage of dry paper
in [1] with oil-paper in [2], it is interesting to tioe that

the peak of recovery voltage can be detected easily
dry pressboard paper but becomes too fast and weak to
be detected when the insulating oil is present. The
recovery voltage only reappears in oil-paper system
when the sample is cut in such a way that charge
movements between electrodes is impeded. This
suggests that the recovery voltage may be due to
interfacial charge transfer and charge diffusion loe t
surface of paper rather than bulk polarisation thinoug
dipole reorientation as commonly believed.

The resistance of paper and oil varies greatly depgndi
on the temperature, moisture level and electric field
strength. However from the space charge measurement
of oil-paper in [3]we know that even with the elact
field strength a thousand time stronger than whasésl

in recovery voltage measurement the charge migrate
through only about twenty micrometers deep in arrfiou
Therefore we can conclude that the recovery voltage
phenomenon is predominantly a surface charge
phenomenon on oil-paper insulation. In additionhat t

we also know from [3] that the charge induced is
homocharge. Indirect evidence that charge plays more
important role in polarisation of paper than dipole
reorientation comes from the dielectric spectroscopy
measurements[4]-[5] where low frequency dispersson i
the most dominant feature and loss peak is barely
discernible. Furthermore the loss peak occurs between
1Hz and 10Hz, most responses in recovery voltage
measurement are too slow to be affected.

When the recovery voltage of oil-paper insulation is
viewed in time domain one never fails to notice that t
tail of the recovery voltage is disproportionateiatty
comparing with the discharge curve of linear capacito
This is especially clear when the charging time is very
short as shown in Fig. 1. The voltage decays according
to power law rather than exponential law.
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Fig. 1: Recovery voltage of oil-paper pressboard

Another important observation worth pointing out is
that the recovery voltage is not strictly repeatabthe
relaxation time is not long enough. Depending on
temperature, moisture level and whether the paper is
immerse in oil the average time scale for gettingdgoo



repeatable recovery voltage is to have relaxatiop bf actually produces non-linear relation at the endhef
about one day between consecutive measurements. Thischain.

implies weak non-linearity of the mechanism forming

recovery voltage. There is still no firm conclusion on Large number of circuit components is needed in order
the reason for non-linearity but the most obvious to model the behaviour of the side chain realidiical
possibility is charge trapping by the insulationtsys. One simplification that we can do here is actualkjrig
However in order not to obscure the big picture the the limit of infinitesimal small capacitors and resistor
model that follows in the next section is a linear slod  This approximation leads to well known linear diffusio

for its simplicity to manipulate and interpret. equation with boundary source (2)
ov oV
MODEL —=c—+f(1)o(x) )
ot ox
Charge Transfer model of Recovery Voltage The functionf (t) in (2) denotes the exchange of charge
. e L L between electrode and the end of the chiig,denotes
Fig.2 shows a simplified linear circuit approximatioh delta function and ¢ denotes the diffusion coeffitien

the electrode and the surface of paper. The capscit

directly beneath the electrode will have littleeirgiction Therefore the simplest model for the measured voltage

bgcause_ they aI_I _experience the_ same charging and 4 g,ch system consists of 3 componentsthé voltage
discharging conditions. The capacitors at the edge an e to capacitors directly beneath the electrodeth¥

beyond will have charge transfer among themselves voltage due to the presence of charge at the esitief
because the electrode only charge and dischargegthrou  .pain of capacitors and.\the voltage due to charge on

the component at the edge of electrode. the electrode.
( Electrode j )
Active Supply Connected
R’ R’ R’ R R R
The value of \{ is controlled by the voltage supply so
Rl Rl "R | | that Vi=V+V1+V, is always true throughout this period.
Lets the length of charging period be denoted layd
C C C C C C the length of discharging period bg fThe supply
voltage \{ and its Laplace transform are given by (3).

Unless stated otherwise, the same symbol will be used
= to denote the same function in time domain and Laplace

Fig.2: Circuit representation of the oil-paper surface domain because the two seldom appear simultaneously
in the same equation.

The difference in voltage between the capacitothet

centre and the capacitors at the edge may cause som _ _ _

charge flow but let us ignore that exchange and assumeevs(t) =Vo (l H(t L ))

that the system can be divided into two main groups. 1-expEst, ) (3)
The first group is directly beneath the electrode lams! V(s) =V,| ———=

the response of the form of exponential decay during

discharge. The second group is the chain of capacitor The solution of Y can be obtained easily by solving (4).
beyond the electrode. The voltage is exerted through (; denotes the rate parameter arfél id normally called
charge that is near the edge of the electrode asgumin the time constant of the systemi; denotes the
that the voltage of charge far away from electrode h  appropriate scaling of the supply voltage to the
negligible effect on measured voltage. Assuming that maximum voltage that can be hold by the capacitors.

the side chain is infinitely long it can be shownt tthe The value ofx, depends on the area of electrode and the
impedance of the chain is given by (1) permittivity of the sample.

R IR R dv,
LZ=—+, [—+— 1 —==0 (aV, -V (4)

> e 1) at ,31( 1Vs 1)

where s represents the variable on Laplace space. The _ B (A-expEst, ))
presence of Laplace variable under the square sigs Vl(s) =aV, s(s+ )

indicates that the resulting voltage to current 1
relationship is non-linear. The reason being the V,(t) =aV,(1-expCLt.))expest | (6)

definition of impedance relates the voltage_ to the of Solving (4) using the Laplace transform method and use
charge (current) at one end _of the chain but nbt _aI (3) to eliminate \{s) we get the expression fof W (5).
charge passing to the capacitor at the end goes into (6) shows \in time domain for t >t This is just a

increasing its_ voltage. Some of_the ch_arge actually normal charging-discharging function of a linear
keeps travelling down the chain to fill up other capacitor as expected.

capacitors. Therefore the chain of linear components

©)



V(0)=-V1(0)-V,(0,0) (13)
Without the power supply attached to electrodeis/
now free to interact with ¥Yand \. Assume that the
charge exchange between, VV; and \, are
proportional to their difference the following set o
simultaneous differential equations describe the
dynamics of the variables) denotes overall loss of
charge to the surrounding and the measurement system.

Rewrite (2) as (7) assuming the current is proportional
to the difference betweens\nd \4. Because the space
dimension has arbitrary unit c has been normalised to 1
here.a, and 3, play similar role asi; and3; in (4).
Assume that the charge diffuse on one-dimensional
space with infinite span and the boundary at x=0 is
impermeable. The charge transferred between elextrod
and paper is modelled as “creation” or “destroythet

boundary. ==L (aV,-V)-B(aN.=V,)-nN, (14)
v, oV, dt
+ B,(aN, ~V,)3(X) @)
e ™
=p(aN,-V) (%)

These assumptions allow us to use classical Green's dt

function to solve the partial differential equatiand
obtain an analytic solution V,(0,t) = J't 182 aV (1) ~V5(0, T))
_explas) V=) (16)
V,(x,t) = j EBZ (aV, -V,(0,r))dr
e o2y, ¢y
t ,8 a V -V,(0,7)
=V,(0,t)= [ == )4 (8)
\/”(t -7) Working in Laplace domain again we can transform the
Lets P be the Laplace transform of(®t). Taking above set of differential equations into the follogviset
Laplace transform of (8) and solve for P we arrivi9at of simultaneous equations.
- ﬁzazvo(l_ eXp(_S[c )) ©) S+ 0'1,81 + azﬁz +n _ﬁl _ﬁz Ve
s(Vs+8,) —a,f, s+, 0 |V,
V,(0,t)= azvo[erfcx(ﬁz, ft=t.)-erfex (Bt )] >y 0 s+p, )\ -
The function erfex: x — exp(x® Jerfc (x)is called V,(0)
the scaled complementary error function. It is _ V. (0
monotonically decreasing function on real axis ()
approaching( x\/;_r)_lasymptotically. However we need aNo(G(s,t, +1t,) —G(s,ty))

The “initial value” of \, comes from integrating the
initial charge distribution in (16) and G(s,T). is givby
the following equation:

the whole charge distribution as the initial corditfor
calculation during the measurement phase. Substitute
V,(0,t) back into the original expression involving
V,(x,t) and solve the convolution through Laplace 1- erfcx(x/_) erfcx(\/_) erfcx(,Bz\/_)
transform method we get the charge distribution as a

function of both space and time in (10). \/g \/g /2
V,(x,t) = a’ZVO[g(X,t) -g(x,t-t, )] (10) It can be proved that G(s,T) is non-singulax/s = 5.
The function g(x,t) is given below: Although the above system of equations can be iedert
2 analytically, the inverse Laplace transform is perfed

g(x,t) = erfc(iJ —ex erfcx( X /Bz\ﬁj numerically[6]. Numerical inversion will allow for me

\/4_t 4t \/E complex extension of the model to be developed in the
Evaluating \4(x,t) at t=t+ty will give us the charge future where analytic inverse transform may not exist.
distribution just before the measurement is initiated. Finally the measured voltage can be obtained bjngdd

all three variabled/ =V, +V, +V,.

G(sT)=

M easur ement
. It can be seen that the proposed model is bare minimum

Reset the time reference to zero when the measurement,yhere no interaction between ¥nd \4 is included and

started to simplify the following discussions and since

we have all the initial conditions this does not distoe Furthermore the charge transfer is assumed to be linear

end results. ] to voltage difference and consideration of charge
V1(0) = aV,1- expCBt. ) expt Bl (11) trapping is excluded. The model may need modification

for different boundary conditions. For instance the
V2(0,0)=aV, (erfcx(ﬁ;d) erfc><(,82([ i ))) (12) assumption of infinitely long chain of capacitor witito

leakage will no longer be true if there exist a gear

all the leakage of charge is lumped into one vagigbl



leakage path with small resistance such as the flat disk represent the calculated values based on the proposed
sample and disk with rim sample mentioned in [2]. The model and parameters in Table 1. Only two rate
working out of charge distribution is important fibre parameters are needed to describe the data watvet

final result but it is a non-trivial exercise and atial two orders of magnitude and all parameters have well
solution may be unattainable if more complex boundary defined physical interpretation.

conditions are imposed. The technique of fractional

calculus is an attractive alternative over working the Parameter | a; a; B1 B2 n
detail of charge distribution. However because the|[ vgue 0.1153] 0.0501 0.1076 1.57%0 0.0163
measurement of recovery voltage involves 3 transients
from start to end the use of fractional calculus besome Table 1: Parameter valuesfor Fig. 3 and Fig. 4
excessively complicated in the end to cope with the
changes in boundary conditions.

The model works better at higher temperatures possibly
because the charge trapping is less significantggiehi
temperature and makes the charge transfer more linear
with respect to voltage difference as in one of the
assumptions made. Both the dry paper and oil-paper

exhibit certain dependence of history. If this issmby
35VN 60°C / 15ppm trapping of charge on the surface of paper, the most
—o—tc=6s important implication is that the value of parameters
—A—1c=100s may be slightly different during charging and
discharging period. This has not been taken into adcou
in the model proposed above.

COMPARISON WITH MEASURED DATA

CONCLUSION

A model that is based on charge transfer on the surface
of oil-paper insulation is used to explain the obstonma
that recovery voltage of oil-paper insulation witbna
standard geometry cannot be accounted by commonly
used linear circuit approximation.
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