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Abstract—Measurement-based wide-band black-box 
transformer models are well suited for simulation studies of high-
frequency transients in power systems. The inclusion of neutral 
points in such models can be difficult when the model is required 
to simulate voltage transfer to windings with high-impedance 
loads. The difficulty arises because it is then necessary to include 
the small winding capacitive currents in the measurement and 
model extraction procedure, while at the same time the 
capacitances can be asymmetrical with respect to the winding 
ends. This paper introduces a new measurement procedure which 
can accurately capture the effect of such capacitive asymmetries. 
The procedure is demonstrated for a wye-wye connected 
transformer. The measurement and subsequent passive rational 
modeling results in two alternative models. The first is a four-
terminal model with bonded high-voltage and low-voltage 
terminals, suitable for simulation of lightning overvoltages in 
distribution systems. The second is a full eight-terminal model, 
suitable for general purpose transient studies.   
 

Index Terms—Transformer, neutral points, modeling, 
frequency dependent. 

I.  INTRODUCTION 

IGH frequency transformer models are needed in 
simulation of transient overvoltages in power systems 

[1],[2]. These overvoltages result from lightning strokes, 
switching operations, fault situations or switch-mode power 
electronic converters. The model's accuracy requirement is in 
particular high when calculating voltages that appear on the 
transformer terminals, voltages that are transferred between 
voltage levels, and internal voltages that stress the transformer 
insulation.  

Transformer internal voltage stresses can only be assessed 
using a detailed model of the transformer, i.e. by a so-called 
white box model [3]. Such models are usually calculated based 
on spatial discretization of the transformer windings, yielding a 
ladder-type RLCG network which can be cast as a state-space 
model for efficient inclusion in EMT simulation programs 
[4],[5]. White-box models can in practice only be created by the 
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transformer manufacturer because the required knowledge 
about the geometry details is known only to the manufacturer.   

In general studies of network transients it is sufficient to use 
a terminal equivalent of the transformer, also known as black-
box model. For instance, in insulation co-ordination studies the 
transformer is often represented by a lumped capacitance to 
earth in each phase, or by lumped capacitances in combination 
with a 50/60 Hz transformer model [6]. Although such 
modeling can be sufficient in some studies, a more accurate 
modeling approach should be adopted when high accuracy is 
required.  

One successful way of obtaining a high-accuracy terminal 
equivalent is via small-signal frequency sweep measurements 
of admittance, voltage transfer  or scattering parameters [7]-
[14]. The measurements are with these approaches subjected to 
approximation with rational functions that can be included in 
EMT simulation programs in the form of a lumped circuit 
equivalent or a state-space model.  

One major challenge with the measurement-based approach 
is inclusion of the low-frequency capacitive behavior in 
transformers with one or more ungrounded windings (delta or 
ungrounded wye). This capacitive behavior is essential for 
simulating the transformer response with open or high-
impedance terminations. The difficulty arises because the 
model must capture both the (large) short circuit currents and 
the (small) capacitive charging currents. For instance, with 
direct measurement of terminal (short-circuit) admittance 
matrix elements [9], these small capacitive currents tend to 
become lost in the measurement noise and the resulting data is 
unable to represent the voltage transfer to an open winding. This 
problem was overcome in [10] by introducing separate zero-
sequence measurements that capture the capacitive behavior. 
One might think that the zero-sequence measurement approach 
can easily be extended to handle neutral points as terminals. It 
will be shown that such extension is not straightforward.  

To observe the voltage in an open neutral point, the 
admittance model can be complemented with voltage transfer 
functions from the terminals to the neutral point [15]. However, 
if a component is to be connected to the neutral point (surge 
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arrester, Petersen arc suppression coil,...) it becomes necessary  
to represent the neutral point(s) as terminal(s) in an extended 
admittance model. 

 This paper shows a new procedure for measurement of the 
transformer admittance matrix that permits to include the 
transformer neutral points as terminals. The approach is 
demonstrated for a wye-wye connected two-winding 
transformer. The main strategy is to perform an initial 
measurement with the high-voltage (HV) sides and low-voltage 
(LV) sides bonded, defining a 4×4 admittance system with the 
two neutral points included as terminals. As will be shown, a 
strong capacitive asymmetry exists with respect to the line end 
and neutral end of the transformer windings, thereby preventing 
the use of assumed matrix symmetries. For that reason the 
measurement setup in [9] is modified to utilize a wide-band 
injection transformer and voltage probes. By combining 
measurements using this setup, a very accurate 4×4 admittance 
matrix can be calculated. This matrix is afterwards combined 
with a measured 6×6 admittance matrix with respect to the six 
external terminals (with grounded neutral points) to obtain the 
full 8×8 matrix that includes the neutral points as terminals. 
This matrix is afterwards subjected to approximation with a 
high-order pole-residue model using existing fitting and 
passivity enforcement methods. The accuracy of the final model 
is validated by comparing measured time domain voltage 
responses with simulation results.  

II.  PROBLEM STATEMENT  

The objective is to create a general measurement-based 
modeling approach for wye-wye connected transformers with 
inclusion of neutral points as terminals. The model is to include 
the transformer frequency-dependent effects over a wide range, 
from 50/60 Hz up to several MHz. 

 This work develops two models as shown in Fig. 1: 
1. A four-terminal zero sequence model (with HV and LV 

terminals bonded). 
2. A complete eight-terminal model. 
 

 
Fig. 1.  Four-terminal model (left) and eight-terminal model (right). 

 
The first model is suitable for representing distribution 

transformers in lightning overvoltage studies. The overvoltages 
are in such studies dominated by zero-sequence components 
due to phase-to-phase flashovers on overhead lines, implying 
that the voltages are fairly similar on the three phases. The 
second model is suitable for representing transformers in 
general transient calculations, e.g. switching overvoltage 
studies. 

Both models are to be obtained starting from frequency 
sweep measurements that provide the transformer's terminal 
admittance matrix (4×4 or 8×8). The n-terminal admittance 

matrix Y is in both cases to be fitted with a stable and passive 
rational model on pole-residue form (1).  
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III.  TRANSFORMER 

The considered transformer is a wye-wye connected 3-phase 
300 kVA unit with nominal voltage ratio 11000:230 Volt. The 
HV windings are of layer type while the LV windings are foil 
type. This is the same unit used in the study of neutral point 
overvoltages in [15]. 

IV.  PROBLEMS WITH EXISTING  MEASUREMENT METHODS 

To see the challenges with the inclusion of neutral points, we 
consider the 4-terminal modeling in the left part of Fig. 1 using 
two existing approaches.  

A.  Direct Measurements 

With the admittance measurement setup in [9], the elements 

of 4 4Y  are measured in a short-circuit condition, one-by-one. 
In such measurement, the (small) capacitive charging currents 
are lost in the (large) short-circuit currents towards lower 
frequencies. The inaccurate representation of the capacitive 
currents may cause highly inaccurate results in voltage transfer 
simulations when the HV or LV winding is ungrounded and 
connected to a high-impedance load [10].   

B.  Enforcement of Measured Common-Mode Behavior 

The contribution from the capacitive currents can be 
represented more accurately by performing an additional  
common-mode admittance measurement as shown in Fig. 2. 
This gives a 2×2 matrix commY . This information must now be 

imposed on the original 4 4Y which is obtained using direct 
measurements. A generalization of the zero-sequence 
measurement approach in [10] leads to the following approach. 

For each 2×2 block ,i j  of 4 4Y , perform these operations: 

1. Subtract from each row the average of the row sum. 
2. Subtract from each column the average of the column 

sum. 
3. Add to all elements the value comm ( , )i jY /4.   

The modified matrix 4 4Y  now gets exactly the common-
mode behavior defined by commY . This procedure assumes a 

certain symmetry, namely that 
1, 1,A Bi i  and 2, 2,A Bi i  in Fig. 2.   

 
Fig. 2. Common-mode measurement and low-frequency current distribution.  

C.  Measured Results 

The two measurement approaches are applied to the 
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transformer described in Section III. Fig. 3 shows the 

eigenvalues of the obtained  4 4Y  and 4 4Y . It is observed that 
with the direct measurement approach, the two small 
eigenvalues are not complying with the expected low-frequency 
capacitive behavior which is a straight line, y j C . When 

including the common-mode measurements, the expected low 
frequency capacitive behavior is obtained. 

  Fig. 4 shows the voltage transfer from high to low with 

terminals 3 and 4 ungrounded, calculated from 4 4Y  and from 
4 4Y . This 2×2 voltage transfer openLVH  is calculated by (2) 

from the lower partitioning of 4 4Y (or 4 4Y ) in (3). The 
expression (2) results by imposing that the LV side current is 
zero in the admittance matrix definition i = Yv . This gives  

H L 0 Cv Dv  so that 1
L H

 v D Cv . 

 1
openLV

 H D C  (2) 

 4 4  
  
 

A B
Y

C D
 (3) 

The calculated voltage transfer in Fig. 4 is compared with a 
voltage transfer measurement using voltage probes. It can be 

observed that neither of the matrices 4 4Y  or  4 4Y  give an 
acceptable result for the calculated low-frequency voltage 
transfer.  

The reason why 4 4Y  gives an inaccurate result is that its two 
small eigenvalues are inaccurate below 200 kHz. These 
eigenvalues are associated with capacitive currents which 
represent the effect of capacitive coupling between windings, 
and between windings and earth. Without a correct 
representation of these capacitive couplings, errors will result 
in calculations of transferred voltage to a winding whose neutral 
point is ungrounded and terminals are open-ended or connected 
to a high-impedance load.  

The reason why also 4 4Y  gives a poor result can be 
explained as follows. The given transformer has a HV layer-
type winding with multiple layers. Fig. 5 illustrates the main 
capacitive elements for such transformer. Only the line-end 
layer of the HV winding has a substantial capacitive coupling 
to the LV winding while only the neutral-end layer has a 
substantial capacitive coupling to earth. Therefore, applying a 
voltage to the HV line end with the N-point grounded will give 
a higher voltage coupled to the LV winding than application of 
a voltage to the HV N-point with the line end grounded. This 
asymmetry in capacitive coupling from the HV winding ends to 
the LV winding (and to earth) is not compliant with the assumed 
common-mode current distribution 1, 1,A Bi i  and 2, 2,A Bi i  in 

Fig. 2 that was assumed when calculating 4 4Y . 

 
Fig. 3. Eigenvalues of 4 4Y .  

 
Fig. 4. Voltage transfer from HV winding terminals to LV winding terminals. 

 

 
Fig. 5. Capacitive coupling in transformer with a HV layer winding.    

V.  FOUR-TERMINAL MEASUREMENTS AND MODELING 

A new measurement procedure is introduced which is 
capable of properly representing the capacitive currents,  
including the effect of capacitive asymmetries between 
windings and between windings and earth. Terminal numbering 
is according to the left panel of Fig. 1. 

A.  Instrumentation 

The measurement procedure makes use of a vector network 
analyzer and a measurement box with built-in current sensor, 
similar to [9]. In addition, it is necessary to use two passive 
voltage probes in combination with a wide-band injection 
(separation) transformer, see Table I. 
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TABLE I.   
LIST OF INSTRUMENTS. 

Vector network analyzer Agilent E5061B-3L5 
Current sensor Ion Physics, model CM-100-6L 
Voltage probes (two of) 10 MΩ, passive type 
Injection transformer Omicron B-WIT-100 (1 Hz-10 MHz) 

B.  Measuring Diagonal Blocks 

The following shows the measurements for establishing  
diagonal block A in (3). The procedure for measuring D is 
similar. 

The information about capacitive asymmetries is captured by 
the differential mode measurement in the left part of Fig. 6. The 
use of the injection transformer prevents the HV winding from 
having a direct connection to ground. Therefore, the HV 
winding attains a potential which is shifted with respect to 
ground when the transformer has internal capacitive 
asymmetries. This potential shift information is captured by 
measurement of voltage transfer functions 1 1 / mh v v  and 

2 2 / mh v v  (using voltage probes), in addition to the 

differential-mode admittance diff /m m my i v .  

The sum of elements in A is obtained by the common-mode 
measurement in the right panel of Fig. 6, obtained as 

comm /m m my i v .  

 
Fig. 6. Differential-mode (left) and common-mode-mode (right) measurement. 

 
From the measurements and the admittance matrix definition 
i Yv , one can establish (4a), (4b) and (4c) 

 diff
11 1 12 2 11 1 12 2

1
( )m

m
m m

i
y y v y v y h y h

v v
      (4a) 

 diff
21 1 22 2 21 1 22 2

1
( )m

m
m m

i
y y v y v y h y h

v v


       (4b) 

 comm
11 12 21 22

m
m

m

i
y y y y y

v
      (4c) 

which permit to establish (5) for calculating the admittance 
matrix elements when symmetry 21 12y y  is utilized.  
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1 2 11

diff
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0

0

1 2 1

m

m

m
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h h y y
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          
         

 (5) 

Fig. 7a shows the measured elements of comm
my  and diff

my . As 

expected, the common-mode admittance element is small at low 
frequencies while the differential mode element is large. 

Fig. 7b shows the measured voltage transfer functions 1h  and 

2h . It is observed that they are very different in magnitude, 

which is a result of the transformer internal capacitive 
asymmetry.   

 
Fig. 7a. Common-mode and differential-mode admittance. 

 

 
Fig. 7b. Voltage transfer functions 1h  and 2h . 

The observed noise in the responses at lower frequencies in 
Figs. 7a and 7b is removed below 5 kHz. This is achieved by 
replacing the frequency response of comm

my  (below 5 kHz) by a 

capacitive behavior y j C , and by replacing diff
my , 1h  and 

2h  with low-order rational approximations. 

Figs. 8a and 8b show respectively the elements and 
eigenvalues of the calculated A. It is observed that the expected 
capacitive (linear) behavior of the small eigenvalue is well 
represented.  

 
Fig. 8a. Elements of A.  
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Fig. 8b. Eigenvalues of A.  

C.  Measuring Off-Diagonal Blocks 

The measurements for establishing off-diagonal block C in 
(3) are presented next. This block is unsymmetrical so that four 
independent measurements are needed. In order to represent the 
unsymmetric capacitive coupling from the HV winding to the 
LV winding, it is necessary that a common-mode voltage 
application on the HV winding gives the correct (capacitive) 
current flowing from the LV terminals to ground when the LV 
terminals are grounded. This requirement implies that the row-
sum is accurately measured for both rows of C. Similarly, both 
row-sums of B must be accurately measured to represent the 
capacitive coupling from the LV winding to the HV winding. 
The latter requirement implies that both column-sums of C 

must be accurate, since TB C .  
To achieve the aforementioned requirements, a procedure is 

adopted which measures one element ay , the matrix-sum by , 

one row-sum cy , and one column-sum dy . The associated 

admittance measurements , , ,a b c dy y y y  together with the 

related matrix operations lead to a matrix-vector equation (6) 
from which the elements of C are calculated.  
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   
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     

 (6) 

It follows that the measurement of the matrix-sum in addition 
to the first row-sum and column-sum will ensure that also the 
second row-sum and column-sum will be accurate. Similarly, 
the measurement of the single element in addition to the 
associated row-sum and column-sum will ensure that also the 
second element in that row and column will be accurate.   

The actual measurements are performed as follows.  
Fig. 9a shows in the left panel the measurement of element 

4 4
11 31C Y   and in the right panel the measurement of the 

matrix-sum of C.  
Fig. 9b shows in the left panel the measurement of the first 

row-sum of C. The right panel shows the  measurement of the 
first row-sum of B, which by definition is equal to the first 
column-sum of C.  

 

 
Fig. 9a. Measuring 11C (left) and sum of elements of C (right). 

 

 
Fig. 9b. Measuring sum of elements in first row of  C (left), and sum of 

elements in first row of B (right). 
 
The low-frequency noise is removed from the four 

measurements, similarly as for A. Figs. 10a, 10b and 10c show 
respectively the measured elements , , ,a b c dy y y y , the 

calculated elements of C, and the eigenvalues of C. Finally, B 

is established as TB C . 

 
Fig. 10a. Measured quantities , , ,a b c dy y y y .  

 
Fig. 10b. Elements of C.  
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Fig. 10c. Eigenvalues of C.  

D.  Frequency Domain Validation 

Fig. 11 shows the voltage transfer from the HV side to the 
LV side, calculated from the established admittance matrix by 
(2). The agreement with the measured voltage transfer function 
is clearly much better than in Fig. 5 where two existing 
measurement approaches were used.  

 
Fig. 11. Voltage transfer function.  

E.  Elimination of Measurement Cables 

Finally, the impact of measurement cables (3-meter length) 
are eliminated from the obtained Y using the transmission line 
method described in in [16]. In this case, the transmission line 
admittance model of each cable is established via the cable data 
sheet per-unit-length parameters. 

F.  Model Extraction 

A pole-residue model (1) is fitted to 4 4 ( )Y  using well-

established methods as outlined in Fig. 12. 4 4 ( )Y  is first 

subjected to mode-revealing transformation (MRT) [17] by a 
passivity-preserving orthogonal matrix Q, making the small 
eigenvalues of 4 4 ( )Y  more observable in the matrix 

elements. The transformed matrix 4 4ˆ ( )Y  is approximated 

with a 60th order pole-residue model using vector fitting [18] 
with relaxation [19] and fast implementation [20]. The model is 
subjected to passivity enforcement by residue perturbation [21] 
with the fast implementation in [22] (RP-NNLS). The perturbed 
model is finally transformed back by applying the inverse MRT 
to the individual residue matrices 4 4ˆ ( )i R .   

 

 
Fig. 12. Model extraction procedure.  

 
Figs. 13 and 14 compare the eigenvalues and elements of 
4 4 ( )Y  of the original data with those of the pole-residue 

model. The accuracy of the model extraction is seen to be good, 
although it tends to deteriorate at very high frequencies as can 
be observed in Fig. 14.  

 
Fig. 13. Eigenvalues of 4 4Y .  

 
Fig. 14. Elements of 4 4Y  at high frequencies.  

 

G.  Time Domain Validation 

The accuracy of the model is demonstrated by comparison 
with measured time domain step voltage responses. All 
measurements are performed directly on the transformer 
terminals. The test is performed with the voltage excitation on 

1. Transformation of data by MRT 
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the HV side, on terminal 1 and on terminal 2 with the LV-side 
terminals open, see Fig. 15. The measured voltage on the 
excited terminal is applied to the model as an ideal voltage 
source.  

 
Fig. 15.  Voltage excitations on HV side with open LV side.  

 
Fig. 16 shows  the voltage responses with the excitation on 

terminal 1. It is observed that the simulated voltages by the 
proposed model are in excellent agreement with the measured 
voltages on terminals 3 and 4.  

Fig. 17 shows the voltage responses with the excitation on 
terminal 2. The model gives again a very good representation 
of the voltage on terminals 3 and 4. It is observed that the semi-
stationary voltage on the LV-side terminals is now much lower 
than in Fig. 16. This change in transferred voltage is a result of 
the difference in capacitive coupling between the HV and LV 
windings, as seen from the line end and neutral end of the 
windings.  

 
Fig. 16. Measured (solid traces) and simulated voltages (dashed traces).  

 
Fig. 17.  Measured (solid traces) and simulated voltages (dashed traces).  

 

For comparison, the same modeling procedure was applied 
with the admittance matrix obtained via the two existing 
measurement methods described in Sections IV.A and IV.B. 
Fig. 18 shows the simulation result corresponding to Fig. 16, 
i.e. excitation on terminal 1. It is observed that both methods 

give an unacceptable result. The poor agreement is to be 
expected as this example corresponds directly to the first 
column of the voltage transfer function in Fig. 4, where both 
methods give an inaccurate result.  

 
Fig. 18. Model extracted from Y when obtained via existing measurement 

methods. Model #1: Direct admittance measurement; Model #2: modified via 
common-mode measurements.  

VI.  EIGHT-TERMINAL MEASUREMENTS AND MODELING 

A.  Overview 

The situation is now considered that a complete model of the 
transformer is required, with inclusion of the neutral points in 
addition to the six phase terminals. To achieve this, the already 

measured 4 4Y   is combined with a six-terminal measurement 
6 6Y  where both neutral points are grounded on the 

transformer.  
To better show the procedure, the terminals in the 4×4 

measurement are renumbered as shown in the left part of Fig.  
19. The renumbering amounts to an interchange of matrix 

rows and columns, giving a new matrix 4 4Y .  

 
Fig. 19. Terminal numbering for 4 4Y  (left) and 6 6Y  (right).  

B.  Six Terminal Measurement And Processing 

The six terminal measurement follows the procedure shown 
in earlier works and is briefly outlined here for convenience.  

1. Measure the elements of 6 6Y  one-by-one, using the 
VNA with measurement and current sensor as described 
in [9].  

2. Eliminate the effect of measurement cables from 6 6Y  
using the transmission line method [16], similarly as for 

4 4Y . 
3. Merge the new 6 6 ( )Y  with the frequency response 

6 6
nom ( )Y  which is calculated from the transformer 

nominal data [23].  

4. Modify the four matrix blocks of 6 6Y  by subtracting 
from each matrix column the column average, and from 
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each row the row average [10]. This modified matrix is 

in the following denoted 6 6Y .  
 
Step 3 ensures that the data set defines a transformer with 

correct voltage ratio and short-circuit impedance characteristics 
at 50 Hz. The merging is done using first order filters so that the 
dataset smoothly changes from 6 6

nom ( )Y   to 6 6 ( )Y  as the 

frequency is increased. 
Step 4 enforces that each 3×3 block gets a zero sequence 

eigenvector with zero eigenvalue that is orthogonal with respect 
to the two other eigenvectors [10].  

C.  Combining Four-Terminal And Six-Terminal 
Measurements 

It is reasonable to assume that the transformer is symmetrical 
with respect to the three HV terminals and three LV terminals. 
One implication is that application of a common voltage on all 
HV terminals and on all LV terminals give an identical current 
flow on all HV terminals and LV terminals, compliant with 

Step 4 above for creating 6 6Y . Another implication is that an 
applied voltage on a neutral terminal will give an identical flow 
of current on all HV terminals and all LV terminals when those 
terminals are grounded.  

With this assumption, the six-terminal matrix 6 6Y  with 

partitions A , B , C , D can be combined with the four-terminal 

matrix 4 4Y  from Section VI.A as shown in Fig. 20, giving 
8 8Y . m n1  denotes a matrix of one's with dimension m n .  
8 8Y . Further justifications and explanations of the procedure 

are given in Appendix B. 
 

 
Fig. 20. Establishing 8 8Y  from 6 6Y and 4 4Y .  

D.  Model Extraction  

The eight-terminal matrix 8 8Y  is subjected to pole-residue 
modeling and passivity enforcement using the same technique 
as described in Section V.E. Fig. 21 shows the eigenvalues of 

8 8Y  and of the admittance matrix associated pole-residue 
model. It is observed that the main features are well represented 
by the model. 

 
Fig. 21. Eigenvalues of 8 8Y .  

E.  Time domain Validation 

The accuracy of the 8×8 model was verified by a number of 
time domain tests. Fig. 22 shows one test where the transformer 
is connected to resistors, with both neutrals open. A step voltage 
is applied to node "0" in the figure, and the voltage on node 0 is 
measured along with the voltage on terminals 1, 2, 4, 5, 7 and 
8. The model is included in an EMT simulation with the same 
terminal conditions. Fig. 23 shows that the model gives an 
excellent reproduction of the measured voltage waveforms.   

 
Fig. 22.  Voltage excitation on HV side. 

 
Fig. 23.  Measured (solid traces) and simulated voltages (dashed traces). 
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F.  Comparison With Nominal Data 

It is desirable that that transformer model has a reasonably 
accurate behavior also at nominal frequency. Table II compares 
the transformer's nominal data with those calculated by the 
model with the neutral points insulated from ground. It can be 
seen that the model reproduces the voltage ratio and short-
circuit impedance with good accuracy. The good agreement is 
an effect of the merging with nominal data described in 
Section VI.B. The magnetizing current of the model is however 
unrealistic high, being 7.3% of the transformer nominal current. 
 

TABLE II   
VOLTAGE RATIO AND SHORT-CIRCUIT IMPEDANCE AT 50 HZ.  

 Data sheet 8×8 Model 
VS /VP 0.0209 0.0211 
(er + jek) [%] (1.7+j4.7)  (1.6+j4.9) 

VII.  TRANSFORMER TANK REFERENCE TERMINAL 

The presented models make use of the transformer tank 
voltage as reference for ground. The transformer tank potential 
will however shift with respect to remote ground when a 
substantial current flows in the transformer local ground 
system. In such situation the model needs to be augmented such 
that the transformer tank becomes a reference terminal to which 
a grounding impedance can be connected. Such reference 
terminal is introduced by mathematical manipulation of the 
pole-residue model. The details of the manipulation was already 
shown in [15] and is therefore not repeated here.    

VIII.  DISCUSSION 

In the case of transformers with a high voltage ratio, the 
capacitive asymmetry is important mainly for voltage transfer 
calculations from the HV-winding to the LV winding. The 
asymmetry is of less importance for voltage transfer 
calculations from the LV-side to the HV side because the 
capacitively coupled voltage is then small compared to the HV-
side operating voltage.  

IX.  CONCLUSION 

A new measurement-based approach has been developed for 
frequency-dependent transformer modeling that is capable of 
including the transformer neutral points as terminals, without 
having to make unwarranted assumptions about symmetry 
regarding the line and neutral ends. The availability of the 
terminals makes it possible to connect grounding impedances 
and surge protective devices to the neutral points. 

 Two pole-residue type models of a wye-wye connected 
transformer were developed: one four-terminal model with the 
HV and LV terminals bonded, and one eight-terminal model 
without such bondings. The four-terminal model is intended for 
lightning overvoltage studies where the overvoltages mainly 
occur as zero sequence voltages. The eight-terminal model is 
useful in general overvoltage studies.   

 

 APPENDIX A 
MEASUREMENTS   

A carefully designed measurement setup with associated 
calibration procedures is necessary for achieving the required 
accuracy. When performing the four-terminal measurements, 
the winding terminals are bonded on the HV and LV sides as 
shown in Fig. 24. On each side, the three terminals are bonded 
using a (straight) wire that connects the terminals. The bonded 
terminals and the neutral point are brought to a connection box 
by two separate coaxial cables. The cable screens are connected 
to an artificial ground plane on the transformer and to the 
measurement box chassis. The actual measurements are 
performed on the connection box which includes a built-in 
wide-band current sensor [9]. The VNA instrument, voltage 
probes and injection transformer are connected externally to the 
box. When performing six-terminal measurements, a total of six 
measurements cables are used. In both cases, the effect of the 
measurement cables are eliminated using the transmission line 
method in [24], thereby obtaining measurements that represent 
the transformer alone. Calibration is also used to eliminate the 
non-ideal frequency response of the current sensor and insertion 
impedance effects [25].    

 

 
Fig. 24.  Bonding of transformer terminals in four-terminal measurements. 

 APPENDIX B 
MATRIX COMBINATION PROCEDURE   

The rationale behind the procedure for combining the four 
terminal and a six terminal admittance matrices into an eight 
terminal matrix is the following. Consider the building of the 

upper left 3×3 part of 8 8Y  in Fig. 20.  This submatrix A is built  

from two contributions, A  from 6 6Y , and element (1,1) from 
4 4Y , 
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A  is associated with the 3×1 voltage and current vectors v 
and i at the first three terminals when the voltage is zero on all 
other terminals. The current response i from a general voltage 
application v can now be expressed as 1 2 i i i  where 
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A  has one zero sequence eigenvector 0 [1 1 1] / 3Tt

whose eigenvalue is zero. This eigenvector is also orthogonal 
with respect to the two other eigenvectors. This implies that if 
one applies the voltages [1 1 1]Tv to the HV terminals, the 

contribution from A  is 1 i 0  while the second contribution 2i

is a zero sequence current vector 4 4
2 11( / 3)[1 1 1]TY i  . 

Conversely, if the applied voltage v does not include any zero 
sequence component, the current response is given as 1i  alone 

since 2 i 0 . Also, the current response 2i  does not include any 

zero sequence component, due to the aforementioned 
eigenvector orthogonality. It follows that the upper left 3×3 

block of 8 8Y  as defined by (7) inherits the properties of 4 4Y  
with zero sequence voltage excitations while it inherits the 

properties of 6 6Y  for voltage excitations that do not include 
zero common mode components. Similar reasoning can be 

made for the other matrix blocks of 8 8Y .   
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