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Abstract: - Lumped Parameter Model is well known in solving high frequency signal propagation in high 

voltage transformer windings.  At Southampton University, the modelling technique has been improvised 

and employed to solve partial discharge (PD) problem occurred within deep inside transformer windings.  

Firstly, a lumped capacitive parameter model was considered and secondly a transmission line lumped 

parameter approach developed. A technique of split winding analysis is introduced for both types of 

model.  The derivation of the capacitive network considers the source location of a PD by defining the PD 

signal propagation in two directions. At the source, the currents are equal in magnitude and are attenuated 

as they flow in each direction. This provides information for a fixed distribution model equation. Under 

transmission line lumped parameter models, split winding analysis explains the development of 

accumulated harmonic waveforms of the PD propagation signal towards the neutral and bushing tap-

point.  Results have shown a better way to estimate the level of PDs occur within deep inside of 

transformer windings. 
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1 Introduction 
A transformer winding may be represented as a 

large coil consisting of several elements.  

Fundamentally, the transformer consists of 

insulation materials and copper windings placed 

around a laminated core. The transformer can be 

described using a simple equivalent circuit which 

results in a lumped circuit parameter model [1-3]. 

Typically, insulation is modelled using an 

equivalent capacitor, the coil windings 

represented by an equivalent inductor and the 

losses represented as equivalent resistors. 

 

Different winding types will produce different 

reponses and therefore have different equivalent 

circuit configurations [4]. This can be seen clearly 

when comparing the typical plain winding type 

with the interleaved winding type. The winding 

arrangement for both types is almost similar 

except the connection between the coils of the coil 

pairs. 
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The choice of connection affects the interturn 

capacitance between coils and the interleaved 

winding has a higher series capacitance [5]. Thus 

in the case of estimating the magnitudes and 

locating a partial discharge source within the 

winding it is necessary to consider the detailed 

construction of the transformer. A good model 

should give an initial indication of the voltage 

distribution resulting from any partial discharge 

within the transformer through the use of 

transient analysis. 

 

2 Lumped Capacitive Model with 

Current Divergence 
At any instant in time, if an arbitrary input signal 

is applied at a point x' along the transformer 

winding, a current in the transformer winding 

will flow away from the source in two directions 

as shown in Figure 1. 

 
Fig 1.  Current divergence for capacitive distribution 

network 

 

 

With reference to Figure 1 ikn is the transmitted 

signal in the direction towards neutral line 

(ground connection) and ikb is the transmitted 

signal in the direction towards bushing terminal. 

Considering the direction towards the neutral line 

to be positive, the divergence of current 

according to Kirchoff's Current Law (KCL) can 

be solved by: 

 

.i = 0   (1) 

 

Hence solving Equation (1) for all currents, with 

the following current definitions: 
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the following partial differential equation (PDE) is 

developed: 
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where ik is the current flowing in series 

capacitance (K), ic is the current flowing in shunt 

capacitance to ground (Cg) and α is a fixed 

distribution constant [1] with the following 

definition: 
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With reference to Figure 1, vb is the voltage 

distribution along transformer winding towards 

bushing and vn is the voltage voltage distribution 

towards neutral to ground connection. Hence the 

terms vb and vn corresponds to the two different 

directions of current flow along the winding with 

respect to ikb and ikn respectively, i.e. 
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The solution to the PDE in equation (4) will have 

the following boundary conditions: 
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Where VB and VN are measurable voltage level at 

bushing and neutral respectively.  
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3 The PDE 
As an alternative solution to the PDEs from 

Equation (4), the presence of inductive elements 

can cause oscillations in the circuit. This is due to 

energy storage excited by the current-carrying 

conductor which tends to resist changes in the 

current. Figure 2 shows an alternative circuit 

solution for current propagation including the 

influence of inductive elements. 

 

 

Fig 2.  Current divergence LCK circuit network 
 

 

Based on the divergence of the current in 

opposite directions, the following equation is 

derived [1]: 
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3.1 Split Winding Analysis 
Equation (9) describes signal propagation 

towards the neutral and bushing tap point.  The 

solution of the PDE is in the form of standing 

wave solution for both waves travelling towards 

bushing and neutral to ground connection.  By 

considering losses and attenuation, a full lumped 

parameter model has to be considered by 

introducing core loss, ground conductance and 

iron loss. This can be found in [6-8] 

 

The split winding analysis introduces two 

different solutions corresponds to two different 

waves propagate in opposite direction.  To obtain 

a solution towards neutral, assumption made that 

the initial conditions are that the initial 

inductance current is zero which satisfies the 

following: 
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and with boundary conditions: 
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Where n(x,t) is the standing wave solution at any 

point x towards neutral.  Similarly for the solution 

toward bushing, must also satisfies the following 

conditions:  
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and with boundary conditions: 
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Where b(x,t) is the standing wave solution at any 

point x towards bushing. 

 
 

3 Results and Discussion 
The results presented are based on both 

experimental and simulation.  The experiment 

were carried out for the injection of infinite 

rectangular and real PD waves onto interleaved 

winding and plain winding with 7 disc sections, 

where x’ = 0/7 is the measurement for the source 

at neutral and x’ = 7/7 is the measurement for the 

source at bushing tap point. 

  

 

 
 

Fig3. Measurement for infinite rectangular waves 

injection. 
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3.1 Results of Split Winding Analysis 
The fundamental of PD signal modeling lies in 

the split winding analysis and its parameter 

estimation solution [1].  To demonstrate the split 

winding analysis, a simple experiment was 

carried out using an infinite rectangular wave as a 

source of PD.  Figure 3 shows the experimental 

arrangement. 

 

The infinite rectangular waves were injected at 

different position, x’, along transformer 

windings.  The responses were measured at 

bushing and neutral terminal. The corresponding 

currents were verified with the high frequency 

current transition in time domain from the current 

transformer (CT) measurements.  

 

 

 
(a) Model Simulation 

 
(b) Experimental Result 

 
Fig4. Time domain response to infinite rectangular 

wave measured at different x’ for interleaved winding 

 

Figure 4 shows the experimental and the model 

simulation results for interleaved winding.  The 

model was taken by considering the fixed 

distribution constant, α equals to 0.35.  Noted that, 

the split wave originated from source x’ oscillate 

as the waves travels further away from each other.  

At any point x, the voltage level was measured 

and estimated using the derived model based on 

the PDE of Equation (9) with losses. 

 

Figure 5 shows the experimental and the model 

simulation results for plain winding.  The 

simulated model was by considering the fixed 

distribution constant, α equals to 0.7.  Through 

observation, it is obvious that both windings have 

a very similar pattern for travelling waves. There 

is very good agreement between  

 

 
(a) Model Simulation 

 

 
(b) Experimental Result 

 
Fig5. Time domain response to infinite rectangular 

wave measured at different x’ for plain winding 
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measurement and simulation results for both type 

of windings by means of its oscillation patterns 

 

3.1 Results of Capacitive Network with PD  
To demonstrate the capacitive lumped parameter 

model, an experimental setup as shown in Figure 

6 was carried out using real PD measurement.  

The experiment used five RFCTs to measure PD 

current propagation along the transformer 

windings. 

 

 
Fig6. Schematic diagram for PD measurement with 

five RFCTs 

 

 

RFCT1 is used to measure the PD response from 

bushing to ground connection, RFCT2 is to 

measure PD current at the top of the winding, 

RFCT3 is to measure the PD current at source or 

before entering the winding, RFCT4 is to 

measure current due to the influence of the 

winding configuration at the source point x’ and 

RFCT5 is to measure the PD current to the 

ground connection. 

 

For sake of modeling and experiment, only 

RFCT2, RFCT4 and RFCT5 were considered.  

Therefore the current capacitive model will now 

took place for the modeling part.  The full 

derivation of the current capacitive model can be 

found in [1].  However all the RFCTs were 

measured in mV scale which has been calibrated 

to real PD measurement to be 5mV to 20pC for 

void PD and 3mV to 9pC for surface discharge.   

 
(a) Measured at x’ = 5/7 

 

 
(b) Model estimation at x’ = 5/7 

 

Fig7: PD from void pattern measured and estimated, 

filtered at fL = 7MHz, fU = 90MHz, injection at x’ = 5/7 

on plain winding. 50 cycles of data 

 

The objective of the experiment was to estimate 

the PD magnitudes with -q-n pattern at RFCT4 

based on terminal end measurements from RFCT2 

(bushing) and RFCT5 (neutral). 

 

Figure 7 shows the comparison of the measured -

q-n PD pattern and the model estimation -q-n 

pattern of the PD signal at x’ = 5/7 of plain 

winding.  The data was recorded on the DSO 

using sampling rate at 200MHz, with total 

recorded data 100MS, equivalent to 0.5s or 25 

cycles of applied voltage.  

 

The experiment continued with higher sampling 

rate at 1GHz. A surface discharge source was 

injected into the plain winding at x’ = 2/7. 
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(a) Measured at x’ = 2/7 

 
(b) Model estimation at x’ = 2/7 

 

Fig8: Surface discharge pattern measured and 

estimated, filtered at fL = 7MHz, fU = 150MHz, 

injection at x’ = 2/7 on plain winding. 10 cycles of 

data 

 

Figure 8 shows the results with close agreement 

of the -q-n patterns between measurement and 

model estimation for a wider frequency range 

with higher frequencies above 100MHz.    

 

4 Conclusion 
Modelling techniques for PD estimation based on 

the lumped capacitive and LCK network models 

have been presented. With similar analysis to the 

capacitive network for a voltage distribution, the 

solution based on the current derivation is needed 

to provide an analytical model solution for real 

PD current propagation.  The split winding 

analysis has proven to be able to model high 

frequency signal transition in time domain in 

order to model the PD propagation. Both model 

equations consider the source position at x’ for the 

source to ground connection. This has facilitate in 

finding a new way to estimate the PD magnitudes 

and location within transformer windings.  
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