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Abstract— Dielectric response measurement has recently been 

adopted by utilities for evaluating moisture content in cellulose 
insulation (paper and pressboard) of transformers. Moisture 
distribution is highly dependent on temperature. Since the 
temperature inside a transformer may change during the 
dielectric response measurement, the moisture in the 
transformer’s cellulose and oil insulation can hardly attain an 
equilibrium state. Instead, moisture dynamics exist inside the 
transformer: (1) cellulose absorbs (desorbs) moisture from (to) oil 
with the changes in temperature; and (2) moisture migrates inside 
cellulose due to a moisture gradient. This paper investigates 
moisture dynamics and its effect on dielectric response of a 
transformer’s cellulose insulation. It proposes a distributed 
parameter model to reveal the correlation between moisture 
distribution (under non-equilibrium conditions due to thermal 
transients) and dielectric response parameters (dielectric losses 
and permittivity) of cellulose insulation. It then estimates these 
parameters under moisture non-equilibrium conditions. The 
accelerated ageing and moisture diffusion experiments are 
conducted on a prototype transformer to verify the proposed 
model. The methodology developed in this paper can help the 
proper interpretation of dielectric response measurement of field 
transformers under thermal transients.    
 

Index Terms—Cellulose, dielectric response, insulation, 
moisture diffusion, moisture dynamics, oil, transformer. 

I.  INTRODUCTION 
Life expectancy of a power transformer is largely determined 

by the ageing condition of its cellulose insulation. Moisture is 
one of the most harmful agents for cellulose insulation. It can 
accelerate the cellulose ageing rate and reduce both dielectric 
and mechanical strength of cellulose insulation [1]. Therefore, it 
is of great interest for utilities to estimate moisture content in 
cellulose insulation of transformers.  

 Moisture content in cellulose can be directly measured by the 
Karl Fischer Titration (KFT) method. However, it requires 
collecting paper samples from a transformer’s winding, which is 
difficult in practice. An alternative approach is through 
measuring the moisture content of an oil sample and then 
determining the moisture content in the cellulose from 
equilibrium charts [2-4]. This approach assumes an equilibrium 
state of moisture distribution in the transformer. However, it is 
hard to attain an equilibrium state in the transformer and any 
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variation in temperature tends to change the moisture 
distribution in cellulose and oil [5]. This can lead to an 
inaccurate estimation of moisture in the cellulose [6]. 

The utilities have widely adopted the dielectric response 
method for estimating moisture content in transformers’ 
cellulose insulation. During dielectric response measurement, 
the transformer is removed from the grid and thus the 
temperature inside the transformer continuously drops. 
Consequently, during the course of the dielectric response 
measurement, moisture migrates between cellulose and oil. 
This will influence the interpretation of the results of dielectric 
response measurement and affect the accuracy of moisture 
estimation in the transformer’s cellulose insulation. As an 
example, the authors made two dielectric measurements on one 
utility’s transformer. During the first measurement a moisture 
content of 2.9 % at 30 °C top-oil temperature was recorded. 
The second measurement commenced immediately after, and 
recorded 3.6 % at 26.5 °C. Therefore, for an accurate 
estimation of moisture in cellulose insulation based on 
dielectric response measurement, it is necessary to investigate 
the correlations between moisture dynamics and dielectric 
response parameters (i.e. dielectric loss and permittivity) of a 
transformers’ insulation. 

This paper is aimed at understanding temperature dependent 
moisture dynamics and its effect on the dielectric response of the 
cellulose insulation of transformers. A distributed parameter 
model is proposed to explore correlations between moisture 
distribution under non-equilibrium conditions and dielectric 
response of cellulose insulation. By using this model, dielectric 
losses and permittivity of cellulose insulation are estimated when a 
transformer is under temperature variation and consequent 
moisture non-equilibrium. To verify the methodology developed in 
this paper, extensive ageing and moisture diffusion experiments 
are performed on a prototype transformer. 

II.  MOISTURE IN TRANSFORMER’S INSULATION SYSTEM   

A.  Moisture Dynamics in Cellulose and Oil Insulation 
Due to moisture ingress from the environment and cellulose 

degradation, moisture is present in a transformer. During the 
normal operation of a transformer, most moisture is affiliated 
with its cellulose insulation. Water generally has low solubility 
in transformer oil. With an increase in temperature, the water 
solubility in oil can be significantly increased. On the other 
hand, free water can be formed if the moisture in oil exceeds 
the saturation level.  
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For an in-service transformer, it can absorb water from 
environment and its oil can contain some amount of water. The 
transformer’s oil-cellulose insulation system is in an 
equilibrium state if the partial pressure of water in oil equals 
the partial pressure of water in cellulose. When the partial 
pressures in oil and cellulose become different, cellulose 
absorbs/desorbs water from/to oil to maintain the equilibrium. 
Moreover, moisture diffusion occurs inside cellulose insulation 
due to a moisture gradient. 

B.  Estimation of Moisture Contents in Cellulose Insulation  
Over the past twenty years, extensive studies have been 

performed for estimating moisture content in cellulose insulation. 
Most of these studies are focused on moisture diffusion using 
Fick’s second law [7] in one dimension as (1) 

 ( , ) ( , )W x t W x tD
t x x

∂ ∂ ∂ =  ∂ ∂ ∂ 
  (1) 

where ( , )W x t  is the moisture content of cellulose at position x 
and time  t. D denotes the diffusion coefficient and is usually 
not a constant but depends on both moisture concentration and 
temperature. By conducting laboratory experiments, 
researchers have derived diffusion coefficients for different 
types of cellulose (i.e. paper or pressboard, non-impregnated 
or impregnated, aged or non-aged, paper/pressboard with 
different thickness) under different local moisture 
concentration and temperatures [2-9]. However, certain 
variations may exist in these derived diffusion coefficients 
since the experiments were conducted with different setups 
and conditions. Such variations can pose difficulties for 
utilities on selecting the correct coefficient for a moisture 
content estimation in their transformers. 

García et al. proposed a moisture-in-oil model for power 
transformer monitoring [8]. The model considered the 
equilibrium relations between oil and cellulose, the moisture 
dynamics before attaining the steady-state equilibrium and the 
increase of the amount of moisture due to cellulose ageing. 
However, it is not clear whether moisture in cellulose can be 
derived from this model.  

Originally proposed by Piper and Fessler [9], the isothermal 
approach has also attracted the attention of some researchers 
[10]. This approach uses temperature and vapor pressure to 
derive the local moisture content in cellulose from the 
measurement of moisture-in-oil sensor. However, the sensor’s 
location has a large influence on the moisture estimation. Given 
the complexity of a transformer’s construction  and different 
types of cellulose used at different layers and locations inside the 
transformer, a sufficient number of moisture-in-oil sensors need 
to be installed to provide an accurate estimation of moisture in 
the cellulose insulation of a transformer.  

An alternative technique for estimating moisture content in 
cellulose is the dielectric response method. It measures several 
dielectric response parameters, which are influenced by 
temperature, moisture content and the ageing condition of the 
cellulose insulation in a transformer. By using a database built 

based on well-defined pressboard samples with different 
temperatures and moisture contents, it is possible to estimate 
the moisture content in cellulose insulation in a transformer. 
The next section will provide a brief review on dielectric 
response technique for moisture content estimation. 

III.  DIELECTRIC RESPONSE OF TRANSFORMER INSULATION 

A.  Dielectric Response in Frequency Domain 
When a dielectric material is imposed by an alternating 

electric field i t
mE E e ω=


, the complex dielectric displacement 

in this material becomes (2) 

 0
0 0 0 0(t) (t t )

t
i ti t

m mD E e f E e dtωωe e e∞
−∞

= + −∫


  (2) 

where 0ε denotes the permittivity of vacuum, ε∞ denotes  the 
high frequency relative permittivity of the material and f(t) is 
the response function of the material which  monotonically 
decreases with time.  

The Fourier transform of the response function ( )f t  yields 
the complex susceptibility, ( )χ ω   

 ' "

0

( ) ( ) ( ) ( ) ( )i tf f t e dt jωω χ ω χ ω χ ω
∞

−= = = −∫
    (3) 

The real and the imaginary parts of the complex susceptibility 
are not independent from each other since they are both 
generated by the same response function ( )f t  . They can be 
regarded as the cosine and sine transforms of the response 
function respectively. 

The total current density ( )j ω


 in the dielectric material 

under ( )E ω


 excitation can therefore be expressed as 

 ' "
0 0( ) [ ( ) ( / ( ))] ( )dc

capacitive part resistive part

j i i Eω ωe e c ω s e ω c ω ω∞= + − +


)')( )))')))(
  (4) 

where dcσ  denotes dc conductivity of the material. This 
expression shows that the current is composed of a resistive part 
and a capacitive part. The resistive part represents the energy 
losses in the material, which are dominated by two different 
mechanisms, one is due to dc conduction (movement of free 
charges) and the other is because of relaxation losses (re-
orientation of bonded charges). The capacitive part is associated 
with the capacitance of the material. 

In many situations, it is more convenient to use the complex 
permittivity instead of the complex susceptibility. It can be 
defined as follows 

 ' "
0( ) [ ( ) ( )] ( )j i i Eω ωεε  ω ε ω ω= −


  (5) 

where ' '( ) ( )ε ω ε χ ω∞= +  and " "
0( ) / ( )dcε ω σε  ω c ω= +  . 

The above equations show that the dc conductivity dcσ , the 
high frequency component of the relative permittivity ε∞ , and 
the complex dielectric susceptibility ( )χ ω , characterise the 
dielectric material in the frequency domain. It is possible to 
determine these parameters by measuring the magnitude and 
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phase angle of the resultant currents when the material is 
subjected to an alternating voltage under different frequencies. 

B.  Dielectric Response Measurement for Moisture Estimation 
For estimating moisture content in a transformer, the 

geometric information of the winding insulation of the 
transformer under investigation is needed. For a core type 
transformer the main insulation usually consists of a number of 
cylindrical shells of pressboard barriers, separated by axial 
spacers. A so-called X-Y model is widely used to represent 
such a structure [6]. By making use of a database and X-Y 
model, an algorithm can be implemented to find the best fit 
between the response of the model and the measured response 
of the transformer. This result can then be used for moisture 
estimation of a transformer’s cellulose insulation. 

The above moisture estimation assumes the transformer 
under test is kept at a constant temperature and attains 
moisture equilibrium. However, equilibrium is difficult to 
attain in the transformer during measurement. It is therefore 
necessary to investigate the correlation between temperature 
dependent moisture dynamics and the dielectric response of 
cellulose insulation. This will pave a way for properly 
evaluating moisture in cellulose insulation of the transformer 
onsite, which is under a temperature transient. 

In the next section a distributed parameter model is 
proposed for studying the dielectric behavior of oil and 
cellulose insulation under non-equilibrium and non-uniform 
moisture distribution in a transformer.   

IV.   DISTRIBUTED PARAMETER DIELECTRIC RESPONSE MODEL 
The proposed distributed model is shown in Fig. 1. In this 

model, the pressboard with thickness  is sliced into N layers 
( ). Assuming moisture in the transformer is in a 
non-equilibrium state, the moisture is not uniformly distributed 
along the thickness of the cellulose insulation. Consequently, 
each layer of pressboard has a different dielectric loss  and 
permittivity . 

The impedance  of the whole piece of the pressboard 
in the frequency domain can be written as   

   (6) 

where  denotes the total number of sliced layers of the 
pressboard,  and  are the impedance and 
admittance of the i-th layer of the pressboard respectively. 

 
Fig. 1 Distributed model for modelling dielectric response of pressboard  

In Fig. 1, each layer of pressboard can be represented by a 
parallel circuit consisting of a capacitor and a resistor. For the 
i-th layer of the pressboard, its admittance can be written as 

   (7) 
According to frequency domain dielectric spectroscopy 

theory [11], (6) can be rewritten as (8) 

   (8) 

where  denotes the total area of the cylindrical pressboard, 
 is the  thickness of each sliced layer of the pressboard,  

denotes the real part of complex permittivity of the i-th layer 
of pressboard and  represents the summation of conductive 
and polarization losses of the i-th layer of pressboard (the loss 
of the whole piece of pressboard is shown in (5)).  

Assuming that the above pressboard can be sliced infinitely 
thin, (8) can be rewritten as (9) 

  (9) 

In dielectric response measurement, the phases and 
magnitudes of the applied AC voltage and resultant current can 
be measured. Subsequently, the impedance  of the 
pressboard can be obtained. Then the complex capacitance of 
the pressboard can be calculated by using (10) 

        (10) 

Combining (7) and (10), the complex capacitance of the 
pressboard is expressed in (11) 

          (11) 
On the other hand, from (9) and (10) the complex 

capacitance of the pressboard can also be directly written as  

                            (12) 

By comparing (11) and (12), it can be expressed as  

   (13) 

Eq. (13) reveals that  in (8) equals the real part of 

permittivity  while  in (8) can be calculated from the 

imaginary part of permittivity . Both the real and imaginary 
parts of permittivity of pressboard can be obtained from the 
results of dielectric frequency response measurements. The 
above distributed model will be used to investigate the 
moisture dynamics effect on dielectric response measurement 
in the following sections. 

V.  EXPERIMENTAL SETUP  

A.  Prototype Transformer Configuration 
A prototype transformer is used for experimental study in 

this paper. It is a single phase transformer rated at 5 kVA with 
240 V secondary and 2.2 kV primary. Since the losses due to 
current flowing through the transformer’s winding may not 
generate the required temperature, a heater was installed at the 
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bottom of the transformer. This also helped to control the 
prototype transformer’s temperature to simulate different 
thermal conditions for the accelerated ageing and moisture 
diffusion experiments. Fig. 2 shows the geometry of the 
insulation of the prototype transformer.  

      
Fig. 2 Insulation geometry of the prototype transformer 

In the prototype transformer, the cellulose insulation 
includes hybrid Diamond Dotted Paper (DDPP), Mouldable 
pressboard (MPB) and Spacers All Round (SAR) and they are 
immersed in transformer oil (Nynas Libra). The temperature 
class of the transformer’s paper insulation is A. The ratio in X-
Y model is calculated as 38%, 16%X Y= = , where X is the 
lumped sum of the thickness of all barriers in the duct divided 
by the duct width; Y is the total width of all spacers divided by 
the total length of the periphery of the duct [6].   

B.  Moisture Dynamics Experiments  
After the commission of the prototype transformer, it was 

subjected to both electrical and thermal loading to attain a 
certain degree of ageing of its cellulose insulation (equivalent to 
34 years of life consumption based on the degree of 
polymerization (DP) measurement of this transformer). 
Electrical loading was imposed by using a load bank with 
maximum power capacity of 6 kW. The prototype transformer 
was kept at 110 ºC (using the abovementioned heater) with 30A 
load current for an effective time period equal to 35 days (the 
transformer was kept at 50 ºC during the night and weekends).  

After 35 days of accelerated electrical and thermal ageing 
of the prototype transformer, experiments were arranged to 
study the moisture dynamics and its effect on dielectric 
response of the cellulose insulation of the transformer. In the 
experiments, a sinusoidal temperature profile was imposed on 
the prototype transformer by using the above mentioned heater. 
The prototype transformer is sealed from the atmosphere. A 
moisture-in-oil sensor (Vaisala MMT 330 [12]) was installed 
in the prototype transformer. The sensor’s tip was close to the 
cellulose insulation of the winding. By using this setup, the 
moisture at the interface between oil and cellulose insulation 
could be continuously monitored. Temperature was also 
measured by this sensor. 

The moisture dynamics experiments were conducted in 
three steps: 

(1) The transformer was kept at a constant temperature 
(55 °C) for one week to let it attain moisture equilibrium.  

(2) The transformer was subjected to a sinusoidal 
temperature profile (Fig. 3) for one week. The period of one 

cycle sinusoidal temperature was 24 hours with the highest 
temperature of 80 °C and the lowest temperature of 30 °C. 

(3) The transformer was kept at a constant temperature 
(55 °C) for another one week to let it attain moisture equilibrium.  
Dielectric response measurement was then performed. 

Fig. 3 presents one complete cycle of moisture 
measurements under sinusoidal temperature. In the figure, the 
temperature (in green), moisture in oil (in red) and water 
activity (in blue, is defined as the ratio of the partial pressure 
of water in the material and the saturated vapor pressure of 
pure water at the same temperature [10]) were directly 
obtained from the above moisture-in-oil sensor.  
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Fig. 3 Sinusoidal variation of temperature (green), water activity in oil (blue), 
moisture in oil (red, in ppm) and water content at the cellulose surface in 
contact with oil (black, in percentage) of the prototype transformer 

The moisture concentration at the cellulose surface in 
contact with oil (in black in Fig. 3) was obtained using Fessler 
[9] equation as 

                   7 0.6685 4275.6/2.173 10 T
vW P e−= × × ×   (14) 

where W  is the concentration of absorbed water as the ratio of 
the mass of water to the mass of dry cellulose, vP  is the vapour 
pressure of water in atm and T  is the temperature in Kelvin.  

VI.  MODELLING OF MOISTURE DYNAMICS IN CELLULOSE 
This section investigates the above sinusoidal temperature 

driven moisture dynamics in cellulose. The time of moisture 
diffusion inside cellulose is much larger than that of moisture 
migration at the cellulose’s surface contacting oil. Therefore, 
this section mainly focuses on moisture diffusion in cellulose.  

 This section firstly models moisture diffusion in un-aged 
pressboards. Then it investigates moisture diffusion in the 
prototype transformer based on the experiments in Section V.  

A.  Modelling Moisture Diffusion in Pressboard 
It is assumed an un-aged dry pressboard (1 mm in thickness 

with less than 0.5% water content) has one side of its surface 
contacting with a large volume of oil, which contains a 
sufficient amount of water. When the pressboard is immersed 
into the oil, the partial pressure of water in oil is significantly 
larger than that in pressboard. Thus, the pressboard absorbs 
water from the oil when it is just immersed into the oil. The 
other side of the pressboard surface is sealed by an electrode 
for dielectric response measurement. The whole test cell is 
considered as a closed system. Under sinusoidal temperature 
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variation, the moisture content at this side of the surface 
follows the curve in black shown in Fig. 3.  

The initial values of moisture content and boundary 
condition of this pressboard is     

 0 0( , 0) 0.5
( 0, ) ( , ) / 0s

W x t W W
W x t W W x l t x

= = <
= = ∂ = ∂ =

，

，
    (15) 

where 0W  is the moisture content in the whole bulk of un-aged 
pressboards and is assumed less than 0.5% initially. sW  is the 
concentration of moisture at the interface between pressboard 
and oil and it varies as sinusoidal shape (black curve in Fig. 3).  

By solving Fick’s second law (1) and (15), the moisture 
distribution along the thickness of the pressboard under 
sinusoidal temperature profile from the time instances t = 1 to 72 
hours are obtained and depicted in Fig. 4.  

It is assumed that at t = 0 when the dry and un-aged 
pressboard sample was put into the oil tank, there exists a 
significant moisture gradient between the oil and the pressboard 
and at their interface vapor pressure of the oil is larger than that 
of the pressboard. Therefore, at t = 0 hour, the pressboard 
absorbs water from the oil and eventually water moves towards 
the depth of the pressboard. At the time instance t = 1 hour, there 
exists a large moisture gradient in the pressboard:  moisture 
concentration at the pressboard surface is 5.7% and only 0.5% at 
other locations away from the surface (Fig. 4(b)). This moisture 
gradient dominates the water migration and water will 
continuously move into the pressboard along its thickness for 
some time though temperature starts to increase.  

At the time instances t = 4 and 8 hours, the moisture moves 
further into the depth of the pressboard. The moisture at the 
pressboard surface is decreased from 4% to 2.1% while the 
moisture in most positions of the pressboard increased to above 
1% from 0.5% (Fig. 4(b)). At the time instance t = 12 hours, the 
moisture at the surface of the pressboard almost attains uniformity 
of 1.75%. As can be observed from Fig. 4(a), at t = 12 hours the 
temperature starts to decrease from 80 °C. The water in the oil 
(close to the oil-pressboard interface) starts to move towards the 
pressboard. Therefore, at the time instances t = 16 and 20 hours, 
the moisture concentration at the pressboard surface (in contact 
with oil) increased. The moisture at the pressboard’s surface is 
2.5%, 5.0% for t= 16 and 20 hours respectively (Fig. 4(c)). The 
moisture at the pressboard surface reaches its peak of 6.4% at the 
time instance t = 24 hours. Also the moisture inside the pressboard 
is larger compared to previous time instances in this first 
temperature cycle (Figs. 4(b) and 4(c)). 

The above moisture dynamics are repeated for the next 24 

hours sinusoidal temperature cycle. It can be seen from Fig. 4(d), 
the moisture distribution at the surface of the pressboard at the 
time instances t = 24, 48 and 72 hours are very close (the 
difference is less than 0.2%). The difference of moisture in the 
depth of the pressboard between t = 24, 48 and 72 hours is about 
0.5%. Such a difference can be explained as follows. 

After several cycles of diffusion, the pressboard becomes 
humid and water migration is mainly dominated by temperature. 
At low temperature (30 ℃ at time instances t = 24, 48, 72 hours) 
the slow water molecules’ mobility and strong bond between 
cellulose molecules and water molecules imply that the moisture 
movement is not able to change its directions immediately when 
temperature changes. Therefore, a certain amount of moisture 
moves “back and forth” at a particular position of pressboard and a 
“standing wave” of moisture distribution can be formed. 

B.  Modelling Moisture Diffusion in Prototype Transformer 
Moisture distribution is not only a function of temperature 

and moisture gradients but also a function of mass and 
dimensions of the transformer’s insulation system. Therefore, 
multi-physics modeling [13] is adopted to investigate moisture 
distribution in three dimensions (3D) of the prototype 
transformer as shown in Fig. 5. It considers the effects of 
electromagnetic, thermal, fluid flow and moisture migration 
physics on moisture dynamics in transformers. It especially 
takes into account the coupling and interactions of these 
physics as they collectively influence the moisture dynamics 
and moisture distribution inside the transformer. The details of 
multi-physics modeling will be provided in a future paper.  
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                       (a)                                                              (b) 
Fig. 5 Moisture distribution of the prototype transformer (a) 3D moisture 
distribution  (at time instance t = 72 hours); (b)  average moisture 
concentration at different time instances. Transformer was under thermal 
transients as shown in Fig. 3. 

Fig. 5(a) presents the moisture distribution in the prototype 
transformer at the time instance t = 72 hours. Based on the 3D 
moisture distribution results, the average moisture concentration 
of the whole bulk of cellulose insulation can be calculated 
as ( ), , /averageW W x y z dV V

W
= ∫∫∫� , where V is the total bulk 
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                              (a)                                                         (b)                                                         (c)                                                           (d) 
Fig. 4 Simulation results of moisture distribution in an un-aged pressboard (one dimension moisture diffusion) (a) temperature variation at different time 
instances  (b)-(d) moisture distribution at different time instances (x=0 refers to the pressboard surface in contact with oil). 
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volume of the cellulose insulation and ( , , )W x y z  is the moisture 
concentration at a particular location of the cellulose insulation.  
Fig. 5(b) presents the calculated average moisture concentration 
of the cellulose insulation at different time instances. It can be 
observed from Fig. 5(b) that moisture variations in sinusoidal 
shape are within the range from 1.45% - 2.0%. The overall 
moisture of the cellulose insulation of the prototype transformer 
is 1.7 % by taking the average of data in Fig. 5 (b). It has good 
agreement with the results from the Karl Fischer Titration 
method, which indicates 1.5% moisture content in a cellulose 
specimen collected from the prototype transformer.  

Fig. 6 shows the moisture distribution in the prototype 
transformer’s whole bulk cellulose insulation along its radial 
centreline under different time instances (temperature varies 
according to Fig. 3). In Fig. 6 the legend of the vertical axis is in 
ppm for moisture concentration in oil and it is in percentage for 
moisture concentration in cellulose insulation. From Fig. 6 it can 
be seen that the moisture is not uniformly distributed inside the 
cellulose insulation of the prototype transformer. A large 
proportion of the cellulose has a relatively low moisture level 
(less than 3%) while the moisture of the cellulose surface in 
contact with oil (x = 0 and 0.4 m) may reach up to 5% - 7%. The 
moisture distribution along the transformer height direction also 
exhibits gradients (Fig. 5(a)). This is due to the non-uniform 
thermal distribution along the height direction and the existence 
of a fluid flow field inside the prototype transformer.  
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Fig. 6 Moisture distribution of the whole bulk cellulose insulation in the 
prototype transformer (d = 0.2 m denotes the symmetric line of the cellulose 
insulation). Temperature varies according to Fig. 3.  

VII.  ANALYSIS OF MOISTURE DYNAMICS’ EFFECT ON 
DIELECTRIC RESPONSE OF CELLULOSE INSULATION 

Based on the experiments and modeling results provided in 
Sections V and VI, this section applies the distributed parameter 
model proposed in Section IV to study the moisture dynamics’ 
effect on dielectric response of cellulose insulation of the 
prototype transformer. The study is carried out in two steps: 

 (1) By using a database built upon the dielectric response 
measurements on the prototype transformer under constant 
temperature, the distributed model is applied to explore the 
correlations between the cellulose’s position along its thickness 
and the cellulose’s dielectric response parameters (loss and 
permittivity) under uniform moisture distribution conditions.  

(2) Based on the analysis in step 1, the dielectric response 
of the cellulose insulation in the prototype transformer under 
moisture dynamics and temperature transient is estimated. The 

estimation is verified by the experiments under sinusoidal 
temperature profile. It needs to be mentioned that the analysis 
in step 1 does not include the influence of the temperature on 
the dielectric response. Therefore, the temperature corrections 
will be conducted (detailed in Section VII C). 

A.  Dielectric Loss of Cellulose Insulation vs. Moisture  
After the prototype transformer attains moisture equilibrium 

and the moisture is uniformly distributed (Section V B, Step 3), 
dielectric frequency response measurement is performed from 1 
kHz to 1 mHz. Fig. 7 presents both real and imaginary parts of 
permittivity of the cellulose insulation at 50°C with four 
different moisture contents, i.e. 1.08%, 1.37%, 1.61% and 
3.23% in the prototype transformer. It can be seen from Fig. 7 
that the imaginary part of permittivity is influenced by moisture 
concentration. At a particular frequency, the imaginary part of 
permittivity increases when more moisture resides in the 
cellulose insulation.  
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Fig. 7 Real (ε’) and imaginary (ε”) parts of permittivity of the prototype 
transformer insulation under uniform moisture distribution at T = 50 °C 

The dielectric loss of cellulose insulation under each 
frequency with different moisture contents can be obtained from 
Fig. 7 and (13), which is shown in Fig. 8 (data points). Suppose 
the dielectric loss and the moisture can be modelled as 

 1
1

Weβδ α ⋅=   (16) 
where W denotes the moisture concentration in the cellulose 
insulation, 1α  and 1β  are parameters, which can be computed 
using the least squares method. Fig. 8 presents the modelled 
curves of dielectric loss with respect to moisture contents in the 
cellulose insulation under uniform moisture distribution at 50°C.   
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Fig. 8 Dependency between dielectric loss and moisture contents under 
uniform moisture distribution condition. T = 50 °C. 

Once the relationship between dielectric loss and moisture 
content is obtained by using Fig. 6 and (16), the dielectric loss of 
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the cellulose insulation at different diffusion positions (x axis in 
Fig. 6) at any specific time instance can be estimated. The 
estimated values at time instance t = 6 hours are shown in Fig. 9 
(denoted as data points). Due to the axis symmetry, only half of 
the curve (x axis from 0 - 0.2 m) in Fig. 6 is presented. 

Suppose that the dielectric loss and diffusion position of the 
cellulose has an exponential relationship 

 2
2

xeβδ α ⋅=   (17) 
where x  denotes the position of cellulose insulation, 2α and 

2β  are parameters which can be computed using the least 
squares method. The modelled dielectric loss with respect to 
the position of cellulose at the time instance t = 6 hours is 
presented in Fig. 9 (denoted as curves, T = 50 °C). It should be 
mentioned that the curves in Fig. 9 are applied to non-
equilibrium and non-uniform moisture distribution in the 
cellulose insulation. 
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Fig. 9 Dependency between loss and the depth of cellulose insulation (at time 
instance t = 6 hours diffusion). Data points denote the values obtained from 
(16) and Fig. 6; Curves are obtained using (17). 

B.  Permittivity of Cellulosic Insulation vs. Moisture  
The above approaches are also applied to investigate the 

correlation between the real part of permittivity of cellulose 
insulation and moisture content. Fig. 10 depicts the modelled 
curves of the real permittivity with respect to moisture 
concentrations under different frequencies at T = 50 °C. Fig. 11 
depicts the modelled real permittivity with respect to the depth 
of cellulose insulation at T = 50 °C. In Fig. 11, the modelled real 
part of permittivity is for the time instance t = 6 hours. 
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Fig. 10 Dependency between real part of permittivity and moisture contents 
under uniform distribution condition. T = 50 °C. 
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Fig. 11 Dependency between real part of permittivity and the depth of 
cellulose insulation (at time instance t = 6 hours). 

C.  Validation of Distributed Parameter Model 

After obtaining the complex permittivity through the 
procedures described in Section VII A and VII B, dielectric 
response measurement is performed on the prototype 
transformer. The comparison between the measured and the 
estimated complex permittivities is then made. The 
comparison provides a validation for the proposed distributed 
parameter model.  

The dielectric response measurement was repeated every 
hour for 24 hours while the sinusoidal temperature profile (the 
same as shown in Fig. 3) was imposed on the prototype 
transformer. During measurement, sinusoidal temperature 
variation can significantly influence the dielectric response of 
cellulose, especially for low frequencies because it takes a 
relatively longer time to take measurement at low frequencies.  

The dependency between permittivity and temperature [11] 
can be expressed as (18) 

( ) /
' ''

2 2 2 / 2 2 2 /1 1

H kT
rs r hrs r

T r TH kT H kT
h h

e
e e

e e ωτe ee e e
ω τ ω τ

∞∞
∞

−+
= + =

+ +
，   (18) 

where rsε  is the dielectric constant at zero excitation frequency 
or dc value, rε ∞  is  the dielectric constant at very high frequency, 

hτ  is a pre exponential factor, H  is the  activation  energy,  T is 
the absolute temperature and k  is the Boltzmann constant.  

As the dependency between dielectric response and 
diffusion positions in Section VI is obtained under a constant 
temperature of 50℃, necessary temperature corrections are 
needed to compensate the influence of the temperature on the 
complex permittivity in dielectric response modelling when 
sinusoidal temperature is applied. The temperature correction 
is presented in Fig. 12.  

In Fig. 12, for each round of dielectric response 
measurements, the average temperature at a particular 
frequency is corrected by ( )

0
1 / iP

ave iT P Tdt= ∫ , where iP is the 

total measurement duration at the i-th frequency and T  is the 
temperature at different time instances as depicted in Fig. 4 (a). 
By substituting aveT  into T of (18), the estimated real and 
imaginary part of permittivity at each frequency under 
sinusoidal temperature can be corrected. The estimated and 
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measured real and imaginary parts of permittivity of cellulose 
insulation after temperature correction under non-equilibrium 
and non-uniform moisture distribution at different times are 
drawn in Fig. 13.  

From Fig. 13 it can be observed there is a similar trend in 
the estimated and measured dielectric responses at different 
time instances. Some degree of discrepancy between the 
estimated and measured permittivities can be observed: (1) at 
low frequencies, which may be due to the modeling errors (can 
be observed in Fig. 9 and Fig. 11); and (2) at time instance t = 
6 hours, which may be due to the lack of data for high 
moisture content in modeling (Fig. 8 and Fig. 10). 

From Fig. 13 it can also be seen that there is a decreasing 
trend in both estimated and measured real permittivities at 
different time instances (i.e. different moisture distribution in 
the cellulose insulation). When the moisture concentration 
increases, the real permittivity also increases at each 
frequency. The imaginary permittivity increases throughout the 
whole frequency range when more moisture moves into 
cellulose insulation. However, the increase of the imaginary 
part of permittivity at low frequencies is more dominant.  
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Fig. 12 Temperature correction (Rj denotes the j-th round of dielectric 
response measurement, data points denote the maximum temperature at each 
frequency, solid lines denote the corrected temperature at each frequency) 
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Fig. 13 Comparison between measured and estimated dielectric response 
(temperature varies according to Fig. 3, from T = 30°C to T = 80°C. Lines 
denote the modelled data and dots denote the measured data) 

To improve the applicability of the proposed method a 
software tool is implemented, which can be used by practicing 
engineers as an alternative to current dielectric response 
measurement analysis software available with the commercial 
products. Fig. 14 illustrates the major components of this software 
tool, including: 

 

User Input
Essential: 
1. Nameplate information.
2. Dielectric response 

measurement.

Optional:
1. Geometry information.
2. Historic dielectric response 

measurement dataset.

Steps of Software

1. Database of dielectric response.
2. Moisture distribution model.
3. Analysis

a) Modelled dielectric response of the 
transformer under thermal transients.

b) Corrections on the dielectric response 
measurement.  

c) Moisture distribution of the 
transformer under thermal transients.

4. Results outputDielectric response 
measurement 

1. Moisture distribution.
2. Average moisture content.

Results

 
Fig. 14 Components of software tool for moisture estimation  

(1) Database of dielectric response of transformers: This 
database consists of dielectric response measurement from 
various transformers of different manufacturers. Users can also 
expand the database by including dielectric response 
measurement results of their transformers. If the transformer of 
interest is not included in the database and the user doesn’t 
have any historic measurement dataset of this transformer, the 
datasets of other transformers with similar rating, insulation 
geometry and age will be utilized by the software in its 
calculation. 
(2) Moisture distribution model of transformers: The 
software tool consists of moisture distribution models of many 
transformers, which are developed from transformers’ 
geometrical information of different manufacturers. For the 
transformer of which the geometry information is not 
available, the software will approximate its geometry by using 
the available information of the transformer (e.g. rating, core 
type, temperature rise, oil volume etc.). It is assumed that the 
transformer’s insulation construction follows common 
engineering practice and meets certain criteria (standards). It is 
also assumed that the moisture dissolved in oil is measured (by 
either water-in-oil probes or DGA/oil test of the transformer). 
Based on the above approximated transformer geometry and 
the measured moisture in oil, the software will produce a 
moisture distribution model for the transformer of interest.  
(3) Analysis: Users conduct dielectric response measurement 
on the transformer of interest and input the dielectric response 
data to the software. The software will automatically perform 
the following calculations:  

(a) Combine the above database and moisture distribution 
model to compute the dielectric response of the transformer 
considering the effect of temperature variations. 

(b) Apply the computed dielectric response in (a) to make 
corrections on the measured dielectric response of the 
transformer. Such correction can be done by adjusting the 
parameters (α and β in Equations 16 and 17) in the model until 
the error between computed and measured dielectric response 
is minimized.  

(c) Compute the moisture distribution inside the 
transformer’s cellulose insulation under thermal transients. 
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(4) Output: The software will provide the following 
information.  

(a) Moisture distribution of transformer’s cellulose 
insulation. 

(b) Average moisture content in transformer’s cellulose 
insulation.  

With the advancement of sensor technology, more sensors 
can be installed at critical positions for continuously monitoring 
the temperature and moisture in transformer oil. By integrating 
the online sensor based monitoring, modeling approach, and 
dielectric response measurement, the reliability of estimation of 
moisture and its distribution in transformer insulation system can 
be improved by the proposed method described in this paper. 

VIII.  CONCLUSIONS 
This paper developed a distributed parameter model to 

interpret the dielectric response of cellulose insulation of 
transformers under thermal and moisture transients. By using 
the methodologies proposed in this paper, the dielectric 
response of a transformers’ cellulose insulation under thermal 
transients and moisture non-equilibrium condition can be 
estimated. It is expected that the proposed methodology can 
provide proper interpretation of dielectric response 
measurement and accurate moisture estimation for 
transformers at substations. 
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