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ABSTRACT 

This paper presents the theoretical and the experi- 
mental analysis of the electromagnetic transient fol- 
lowing the out-of-phase synchronization of a three-phase 
five-limb step-up transformer; this means an abnormal 
condition where the angle between phasors representing 
the generated voltages and those representing the power 
network voltages at the instant of closure of the con- 
necting circuit breaker is not near zero, as normal, but 
may be as much as 180'(phaae opposition). When this 
happens, the peak values of the transient currents in 
the windings of the transformer might be sensibly higher 
than those of the failure currents estimated in a con- 
ventional way; in addition they correspond to unbalanced 
magnetomotive forces (MMP) in the primary and secondary 
windings of each phase of the machine. 

The currents and fluxes during the transient are 
computed by a non-conventional circuital non-linear 
model of the transformer simulated by the ElectroMagne- 
tic Transient Program (EMTP). The results of an experi- 
mental validation made on a specially built 100 kVA 
three-phase five-limb transformer are also reported. 

Key Words: Three-phase 5-limb transformer models, Out- 
of-phase synchronization, Magnetic networks, Duality. 

1.INTRODUCTION 

The operation of generator step-up transformers fol- 
lowing short-circuit events is, from the electrome- 
chanical stresses point of view, rather more secure than 
that of interconnection transformers and autotransfor- 
mers. For the latter, in fact, a short circuit, whether 
on the high-voltage (HV) or on the medium-voltage (MV) 
network, is supplied from large powers and the resulting 
currents are very close to that determined by the only 
impedance of the machine. On the contrary, in step-up 
transformers, in the case of short circuit on the HV 
network, the currents are limited by the direct-axis 
subtransient impedance of the synchronous generator, 
which is relatively high, whereas a short circuit at the 
low voltage (LV) terminals is extremely unlikely, bea- 
ring in mind the type of the connection between syn- 
chronous generator and transformer, usually made with 
segregated bars. 

Nevertheless it is not rare, unfortunately, that 
step-up transformers undergo an out-of-phase synchroni- 
zation, operation, that is an abnormal condition where 
the dngle between phasors representing the generated 
voltabe's and those representing the power network vol- 
tages at the instant of closure of the connecting cir- 
cuit breaker is not zero, as normal, but may be as much 
as 180 (phase opposition). 
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Although there are not many papers published on the 
analysis and the effects of the out-of-phase synchro- 
nization operation of transformers 11-21, this problem 
is very important in consideration of both the high 
repair cost of large power transformers and synchronuos 
machines added to the long outage time. Therefore a 
model which allows the prediction of the values of the 
currents in the windings during an out-of-phase synchro- 
nization event with suitable accuracy is very useful. 
From these currents, the magnitude of the related elec- 
tromechanical stresses can be determined. 

The axial electromechanical stresses due to a out-of- 
phase synchronization transient might lead to the fai- 
lure of the windings, particularly of the HV coils 
connected to the power network. Fig.1 shows a photograph 
of an HV coil of a large power three-phase five-limb 
transformer which has undergone a wrong parallel opera- 
tion with a network the power of which was nearly 70 
times greater than the rating of the transformer. 

The parallel connection of a transformer, energized 
by a generator with the same power, to a network 
having a power 50-100 times greater, leads to an elec- 
tromagnetic transient with different and very high sa- 
turation level of the various iron branches of the 
magnetic circuit, much heavier than that corresponding 
to the ratod flux oDeration. In fact, if it is assumed 

Fig.1 - HV coil of a large power step-up transformer 
which has undergone a failure caused by exces- 
sive axial electromechanical stresses due to 
an out-of-phase synchronization operation. 
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that one phase voltage is zero at the instant of the 
synchronization with 180' phase-error, the corresponding 
flux linkage is maximum. Further, since this voltage 
gets on a half wave with the same sign of that just 
described, the linkage flux with the HV coil goes on to 
increase until a peak value not much less than 3 times 
the rated flux is reached. Consequently, the iron bran- 
ches of the magnetic circuit undergo a very high satura- 
tion, analogous to that which would happen in an inrush 
operation with a residual flux density equal to the 
rated one. It follows that the MMFs on the iron bran- 
ches are by no means negligible and the corresponding 
magnetizing currents are of the order of the rated ones. 
The MMFs associated to the iron branches combine with 
those associated to the leakage branches and give, as a 
result, the MMFs of the primary and secondary windings 
which, because of the contribution of the iron branches, 
are considerably unbalanced. In other words, a short- 
circuit transient adds to an inrush transient with maxi- 
mum initial flux. 

It is clear that, for a correct analysis of the 
outlined phenomenon, the transformer model has to consi- 
der a subdivision of the magnetic core in more branches 
with non-linear characteristics. Further, it is also 
evident that the conventional models of the three-phase 
transformer, set up with the leakage inductances and one 
saturable element per phase, are completely inadequate 
for the present analysis. 

Details are given below of how to obtain a circuital 
model of the transformer by the procedure of the duali- 
ty, starting from the magnetic network associated to the 
real configuration of the core and the windings. The 
obtained model for a large power transformer (370 MVA) 
is simulated with different impedance of the power net- 
work. An experimental validation of the theoretical 
results was carried out on a specially built 100 kVA 
transformer. 

The simulation of the model was made by the Elec- 
troMagnetic Transient Program (EMTP)[3]. 

2. METHOD OF ANALYSIS 

2.1- Circuital model of the three-phase five-limb trans- 
former. 

The structure of a three-phase five-limb transformer 
is represented in Fig.2a. The windings are assumed to be 
made with three couples of concentric coils: three LV 
internal coils and three HV external ones. The core is 
made up of three wound limbs of equal sections, four 
intermediate yokes A-C, C-E, B-D, D-F and two lateral 
branches, composed of the lateral limbs and the related 
yokes. The lateral limbs and yokes normally have a 
smaller section than the wound limbs. Usually the in- 
termediate yokes and the lateral limbs may have the same 
cross section (about 0.57-0.58 times the cross section 
of the wound limbs) or the lateral yokes and limbs nay 
be smaller (nearly 0 . 4 )  and the intermediate yokes big- 
ger (0.7 times the cross section of the wound limbs) 
accordingly the required reduction of the total core 
height. 

The adopted circuital model comes from the magnetic 
network associated with the real configuration of the 
transformer by duality [4-81. The magnetic network is 
set up by the nodes and the most significant flux tubes 
which approximate the real map of the magnetic field. 
The number of the nodes and branches to consider are to 
be selected in order to approximate the field satisfac- 
torily, without complicating the magnetic network ex- 
cessively. 

The concept of magnetic network is based on the 
description of the field by means of the scalar magnetic 
potential [91 ,  the definition of which implies rotH=O in 
the considered space, Hence it is necessary to outline 
an essential difference between the flux tubes of the 
real magnetic field and that considered to set up the 
magnetic network. Whereas the first can also exist in 

regions where rotH is not zero, i.e. where there are 
currents, the second ones cannot. In other words, the 
field is assumed to be exclusively confined into the 
flux tubes which form the magnetic network, and they 
must be totally linked with the coils. Therefore, the 
radial thickness of the coils has not been considered. 
Further, the eddy-current loss of the magnetic core is 
assumed to be negligible. 

At first, the nodes of the magnetic network have to 
be outlined. It is reasonable, in the present case, to 
select three nodes on the upper yoke (A, C, E) and three 
on the lower one (B, D, F). These nodes subdivide the 
core into nine branches outlined by the corresponding 
reluctances: three for the wound limbs, two for the 
lateral yokes and limbs, four for the intermediate yokes 
- two on the top and two at the bottom - which are in 
series and can be reduced to two. As a consequence, the 
network is simplified and the previous three nodes in 
the lower yokes can be put together and represented by 
just one. 

Parallel to each iron branch there is an air branch, 
which is not usually considered in the conventional 
models of transformers but is indispensable for the 
analysis of the heavy saturated behaviour. Finally, 
between each top node and the corresponding lower node 
there is the leakage reluctance associated with each 
couple of concentric coils. 
The sources of the magnetic network are represented 

by the MMFs of the six coils. These sources have to be 
concentrated out of the space where the field is 
supposed to be confined. 

The magnetic network described is reported in Fig.2b 
with a linear or non-linear reluctance (the non-linear 
ones are shown in black) for each branch and a MMF 
source for each coil. In conclusion, the magnetic net- 
work includes seven non-linear reluctances and as many 
parallel linear reluctances, three leakage reluctances 
and six MMFs sources. 

The corresponding dual electric network can be ob- 
tained from the magnetic network, assuming a common 
reference number of turns N (Fig.2~). An inductance 
(L=NZ/R) corresponds to a reluctance (R), a current 
source (i=F/N) corresponds to a MMF source (F), a node 
corresponds to a loop, series elements correspond to 
dual elements in parallel and so on. 

The analysis of the electric network also gives all 
the information concerning the magnetic network of the 
transformer; in fact, on the base of the duality, there 
is a correspondance between the voltage v of a branch of 
the electric network and the flux @ of the corresponding 
dual branch of the magnetic network (@=([v.dt)/Nth) as 
well as between the current i of a branch of the elec- 
tric network and the MMF F on the terminals of the 
corresponding dual branch of the magnetic network 
(F=N-i). 

The model so obtained has to be improved with six 
ideal transformers, both to take into account the actual 
number of turns of the coils and to allow for the star 
or delta connection of the windings. So far, no dissipa- 
tion parameters have been considered and the radial 
thickness of the coils has been neglected. If the resis- 
tances of the windings and both the synchronous machine 
and the power network models are included, the equiva- 
lent network becomes that of Fig.2d. This is, finally, 
the circuital model used for the simulation of the wrong 
synchronizing transient. 

As it is the first few periods of the transient just 
after the starting of the wrong parallel that are of 
interest, it is not necessary to adopt a dynamic 
model for the synchronuos machine. A three-phase voltage 
source in series with the direct-axis subtransient impe- 
dance is deemed to be suitable. The power network model 
is made by a three-phase voltage source in series with 
the impedance of the network. 

Both the HV network and the HV transformer side have 
earthed neutrals. 

A possible further improvement of the model of the 

Authorized licensed use limited to: Polytechnic Inst of New York Univ. Downloaded on September 27, 2009 at 08:46 from IEEE Xplore.  Restrictions apply. 



198 

Lb 
r 

I 
Rd 

b) 

B D F 

I 

15 I 1 1 

IC 

Fig.2 - Three-phase five-limb transformer: a)structure and main flux tubes; 
b)magnetic network; c)equivalent electric network; d) complete equiva- 
lent electric network of the transformer delta-star connected with neu- 
tral earthed, of the synchronous machine and af the power network. 

transformer should consider the thickness of the coils. 
They could be taken into account by means of six nega- 
tive inductances, each in series with the terminals 
of an ideal transformer. Each negative inductance corre- 
sponds to a negative air flux tube totally linked with 
each coil, i.e. in parallel to each MMF source, and take 
into account the influence of the partially linked phi- 
sical flux tubes [6 ] .  

2.2- Determination of the pararetern of the equivalent 
network of a three-phase five-limb transformer. 

The equivalent network of a three-phase five-limb 
transformer shown in Fig.2~ has seven non linear in- 
ductances and ten linear ones. 

The flux-current curve of the non-linear inductances 
is determined by the B(H) curve of the magnetic steel 
used to build the core, the section and the length of 
each iron branch. This is enough for computing the 
currents with very high saturation level but gives va- 
lues which are well lower than the real ones when the 
flux is near to the nominal value, since the equivalent 
air gaps of the core have not been considered. There- 

- 
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fore, if the model must also be accurate for these last 
conditions, a linear inductance in parallel to each iron 
inductance is needed in the equivalent network. Such 
inductances are not visualized in the Fig.2~. 

The linear inductances of the transformer model in- 
clude three leakage inductances, which are assumed to 
have the same value and can be computed or determined by 
the short circuit test, and seven inductances associated 
to the air flux tubes in parallel to those in iron. Due 
to the symmetry, the three inductances in series with 
the non-linear inductances of the wound limbs are equal 
as well as the two inductances for the intermediate 
yokes and those for the lateral branches. Consequently, 
there are only three linear inductances to be deter- 
mined: La, LC and Ld (Fig.2~). 

The calculation of La, LC and Ld can be made by the 
following criterium: assuming that the equivalent net- 
work of the transformer is supplied from the terminals 
of a coil in order to be in a very high saturation 
condition, the inductance seen from those terminals is 
imposed to be equal to the air-core inductance of that 
coil. This value is a minumum physical limit which can 
be computed with certainty on the base of the geome- 
trical dimensions of the coil. In this procedure, the 
vacuum permeability is used for computing the saturated 
inductances of the iron branches. 
The inductance of the network as seen from three diffe- 
rent couples of terminals, let us say, for example, 
those of the internal and the external coils of the 
central limb and those of a coil of a lateral limb, are 
expressed by a system of three algebraic equations which 
gives the three unknown inductances La, LC and Ld. 

The values of the air inductances are reported in 
App.A for the transformers analysed in this paper. 

2.3 - Model simulation 
The analyis of the out-of-phase synchronization ope- 

ration of a three-phase five-limb transformer has been 
made with a phase error of 180', that is in phase oppo- 
sit ion. 
First, the transformer is taken on no-load operation, 

and then the circuit breacker closes at the instant in 
which the voltage of the phase named 'a' is zero. The 
power of the network is assumed to be equal to 40 and 
12.5 GVA, that is almost 108 and 34 times the rating of 
the transformer analysed, which is assumed equal to 
370MVA. 

The parameters of the equivalent network are listed 
in detail in App.A. The direct-axis subtransient reac- 
tance of the synchronuos machine is 22.7%; the leakage 
reactance of the transformer is 12.8% and the network 
reactance is 0.91% o r  3X, respectively, for the two 
powers selected. The resistance is almost 1% for the 
generator, 0.2% for the transformer and 0.1% for the 
power network. The reference value is the nominal impe- 
dance of the transformer. 

The results of the simulation of the transient opera- 
tion of the three-phase five-limb transformer, with 
phase-error of 180', are presented in Fig.3: phase vol- 
tages, flux linkages with the coils, phase currents just 
before and after the operation of the circuit breaker 
are shown. The maximum values of the various quantities, 
in their first peak, for both the values of the reactan- 
ces of the network (0.91% and 3%), computed with the 
non-linear model ( N L M )  of Fig.2d are reported below and 
compared with those obtained not taking into account the 
magnetizing currents of the iron branches, i.e. by the 
corresponding linear conventional model (LM). All the 
computed quantities are expressed in per unit and refer 
to the corresponding nominal values of the transformer. 

Phase currents (reference value: 755.3 A, peak value; 
370MVA, 400kV, HV side): 

0.91% 
phase NLM LM 
a1 -9.8 -10.5 
a2 -11.5 -10.5 
bl 8.0 7.9 
b2 8.4 7.9 
cl 8.2 8.0 
c2 8.7 8.0 

1 

0 5  

0 

-El 5 

-1 

3% 
NLM LM 
-9.57 -9.94 
-10.59 -9.94 
7.51 7.52 
7.79 7.52 
7.66 7.62 
8.06 7.62 

"2b t i m e  [ S I  
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Fig.3- Computed transient of an out-of-phase synchro- 
nization operation of a three-phase 5-limb trans- 
former with 180' phase-error: short circuit in- 
ductance 12.8%, direct-axis subtransient induc- 
tance 22.7%, power network inductance 0.91%; a)  
secondary phase voltages in per unit before and 
after the instant of the wrong parallel; b)flux 
linkages with the coils in per unit; reference 
flux linkage: 1040 Wb; c)phase currents and dif- 
ferential current id=iaZ-ial of the most stressed 
phase ip per unit; reference current of H.V.side: 
755.3 A, peak value. 
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Flux linkages with the coils: 

0.91% 3% 
phase NLM LM NLM LM 

a1 1.57 1.71 1.48 1.60 
a2 2.83 2.83 2.61 2.63 
bl 1.15 1.15 1.14 1.15 
b2 1.75 1.15 1.61 1.14 
cl 1.10 1.10 1.09 1.10 
c2 2.00 2.00 1.85 1.87 

Reference value: 1040 Wb (2.09 Wb.497 turns). 

Total fluxes in the air and iron reluctances conoected 
in parallel in the magnetic network of Fig.2b (for 
shortness, only the index number of the iron element 
is pointed out): 

0.91% 3% 
branch NLM NLM 

4 e 5 0.95 0.902 
6 1.88 1.72 
7 1.11 0.996 

Fluxes in the iroo reluctances of the magnetic network: 

0.91% 

R t  1 1.41 
R t  2 1.14 
R t  3 1.09 

Rf  8 0.73 
Rf 7 0.70 

branch NLM 

R f 4  e U t 5  0.707 

3% 
NLM 
1.36 
1.14 
1.09 
0.702 
0.725 
0.692 

Nagnetisiog currents of the iron branches: 

0.91% 
branch NLM 

R f i  2.07 
Rr2 0.044 

R f 4  e R t 5  0.548 

R f 7  0.350 

R i 3  0.014 

R f 8  0.998 

3% 
NLM 
1.55 
0.045 
0.014 
0.454 
0.851 
0.261 

The previous results, when the reactance of the power 
network is 0.91%, are commented below. 

The ratio between the current peak values of phase 
'a', which is the most stressed one, is 11.5/9.8=1.173. 
In comparison with the per unit current evaluated with 
the linear model (10.5), i.e. following the conventional 
procedure, the non-linear d e l  gives a currqnt 6.7% 
less in the internal coil and 9.5% more in the external 
one. 

It; is to be noted that the maximum value of the 
difference between the istantaneous value of the 
curreate reaches the value of 3.1 P.u., which is greater 
than the difference between the peak values (1.7 P.u.), 
as shd-yh in Fig.3~. 

Still referring to phase 'a', the maximum flux lin- 
kage with the external coils reaches the value of 2.83 
p.u. vhereas the maximum flux linkage with the internal 
coil is 1.57 P.u.; the difference between them is equal 
to the beakage flux, as is evident from the magnetic 
network of Fig.2b. The flux linkage with the external 
coil is also equal to the sum of the total flux in the 
air-iron parallel of the adjacent lateral branches 
(0.95, with index number 4) and that of the air-iron 
parallel of the adjacent yoke (1.88 with index 6). In 
the lateral branch, 74% (0.707/0.95) of the flux goes in 
the a 
magnetizing current of 0.548 p.u. (it should be noted 
that the section of both the lateral limbs and yokes is 
0.57 times that of the wound limbs and the nominal flux 

5 

iron path and gives a flux density of 2.11 T and 

density is assumed to be equal to 1.7 T; therefore 
0.707.1.7/0.57=2.11 T). 

In the parallel of the adjacent yoke, only 39% of the 
flux it gives a flux density of 
2.16 T and a magnetizing current of 0.998 p.u. 

number 
7), 63% of the flux goes in the iron path, i.e. more 
than in the yoke number 6, since the saturation level is 
lower. This flux gives a flux density of 2.07 T and a 
magnetizing current of 0.35 p.u. 

90% 
of the flux goes in the iron path: this gives a flux 
density of 2.41 T and a magnetizing current of 2.07 
P.u., which is the greatest contribution due to the 
saturation of the iron branches. 

It is important to compare the flux linkages with the 
internal and the external coils (1.57 and 2.83 P.U.) and 
magnetizing current associated to the respective iron 
branches (2.07 as conpared with 0.548+0.989=1.546). It 
can a 
saturation level (2.41 T) higher than that of both the 
iron of the lateral iron path (2.11 T) and the iron of 
the adjacent yoke (2.16 T) although the flux of the 
internal coil is nearly half the flux of the external 
coil. This is because the air inductance L a ,  in parallel 
with the wound limb, is nearly 1/6th of the air induc- 
tance La, in parallel with the lateral limb and nearly 
1/15th of of Lc,  in parallel with the yoke. This clari- 
fies the importance of the air branches in parallel with 
the iron branches in the magnetic network of a transfor- 
mer operating with very high saturation level. On the 
contrary, if the model were to be used to simulate a 
nearly rated flux operation, the above mentioned air 
branches could be conpletely neglected. 

It should be noted that the two lateral limbs have 
nearly the same fluxes with opposite sign because both 
the impedance of the power network is very snall and its 
voltage system has a zero value resultant. 

with 3% value for the power network 
impedance, is obviously less heavy than the previous one 
but substantially similar. 

goes in the iron path: 

In the parallel of the other yoke (with index 

In the parallel of the wound limb of phase 'a', 

be seen that the iron path of the wound limb has 

The second case, 

The maximum values of the unbalanced MMFs of the most 
stressed phase can be used for computing the magnetic 
field in the space occupied by the coils, by means of 
numerical methods, in order to evaluate the distribution 
of the axial electromechanical stress. A further study 
will consider this analysis. 

3 - EXPERIMENTAL VERIFICATION 
The experimental verification of the theoretical 

results was carried out on a three-phase five-limb tran- 
sformer rated 100 kVA, specially built and proportioned 
in order to have a per unit short-circuit voltage nearly 
equal to that of a 370MVA power transformer, like that 
simulated in the previous paragraph. The characteristics 
of the test transformer are listed in detail in App.A. 
It has the same number of turns on both the primary and 
the secondary windings which are delta-star connected. A 
series of EMF search coils were mounted both on the 
coils and the core to measure, by integration, the 
corresponding fluxes. 

The test circuit is schematically represented in 
Fig.4a and a photograph of the test equipment is shown 
in Fig.4b. The test circuit includes a source, repre- 
sented by a synchronous machine (SM) rated 17MVA, a 
three-winding transformer (TWT) rated 17 MVA, the test 
transformer (TT), two impedances Za and Zb and a syn- 
chronized circuit breaker (SW). The three-winding trans- 
former (TWT) is connected delta-delta-star: the primary 
is connected to the synchronous generator, the secondary 
delta-connected winding supplies the primary side of the 
test transformer, through the Zb impedance, and the 
secondary star-connected winding supplies the secondary 
side of the test transformer through the Za impedance 
and the synchronized circuit breaker. 
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Fig.4 - a) Test circuit for the experimental verifica- 
tion of the out-of-phase sykhronization opera- 
tion of a three-phase 5-limb transformer rated 
100 kVA. SM: synchronous machine rated 17 MVA; 
TWT: three-winding transformer rated 17 MVA; TT: 
test transformer rated 100 kVA; ZU and Zb impe- 
dances: 0.653I84.5') P and 2.352(89.3') Q respec- 
tively; SW: synchronized circuit breaker. b) test 
equipment. 

The connection of the two secondary windings of the 
TWT transformer is aade in order to have phase opposi- 
tion of the two voltage systems. 

The synchronous machine SM and the TWT transformer 
are both rated 17 MVA, that is 170 times the rating of 
the test transformer. Therefore their impedance are very 
small in comparison with those that have to be included 
in order to simulate the per unit impedance of a real 
power system experimentally. Hence the need for the 
impedances Za and Zb, the value of which are selected to 
represent the impedance of the power network and the 
direct-axis subtransient impedance of the SM, respecti- 
vely. 

The paralleling test with 180' of phase-error is made 
after the TT transformer has been supplied and is opera- 
ting on no-load condition, by closing the synchronized 
circuit breaker at the instant when the voltage of a 
lateral phase, named 'a' is zero. The opening of the 
circuit breaker follows after nearly 0.5 s .  

A multi-channel acquisition system, with sampling 
frequency of 33kHz (Multiprogrammer HP 6942), controlled 
by the computer HP 98269, permits the acquisition and 
the processing of signals proportional to the quantities 
of interest. The sampled quantities are: phase voltage 
'a', primary and secondary currents of the same phase, 
EMFs of the search coils mounted in order to give, by 
integration, the flux linkages with both coils of the 
examined phase or the flux in the various branches of 
the core. 

Measured voltage of phase 'a', currents and flux 
linkages of both coils of the same phase are reported in 
Fig.5. The test transformer was supplied with the rated 
voltage and the power network impedance was 2.41%. 

The computed quantities for phase 'a', corresponding 
to those of Fig.5, are reported in Fig.6. They were 
computed by the circuital model of Fig.2d and the para- 
meters listed in detail in App.A. 

The comparison among the computed and the measured 
values is reported below: 

Measured Computed Difference 
ila i2a iia iza iiu i2a 
[AI [AI x 

336.7 551.2 351.8 521.7 t4.5 -5.4 

7 .14  11.69 7.46 11.07 
[P.U. 1 [P.U. 1 

The reference current is the rated one: 47.14 A (peak 
value). 
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Fig.5- Measured transient of an out-of-phase synchro- 
nization of a three-phase 5-limb 100 kVA trans- 
former with 180' phase-error: short circuit in- 
ductance 12.7%' direct-axis subtransient inductan- 
ce 22.8%, power network inductance 2.41%; a) se- 
condary line-to-neutral voltage of phase 'a'before 
and after the instant of the wrong parallel; 
b)flux linkages with the coils of phase 'a'; rated 
flux: 4.5 Wb; c)phase currents and differential 
current id=iaz-iai of the most stressed phase; 
rated current: 47.13A, peak value. 
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Fig.6- Computed transient of a out-of-phase synchro- 
nization of a three-phase 5-limb transformer 
rated 100 kVA with 180' phase-error, correspon- 
ding to the measured transient shown in Pig.5 
with the same parameters. 

The measured maximum unbalance between i2a and ila, 
which is proportional to the MMFs unbalance, is of 226.9 
A (i.e. 4.8 p.u.1 and the computed one is 203.9A (4.3 
p.u. 1. This maximun unbalance take place around the 
second peak of the currents and is greater than the 
difference between their peak values because the current 
peaks are not simultaneous. 

It should be noted that the conventional evaluation 
of the currents, neglecting the magnetizing currents of 
the iron branches of the model of Fig.2d, would give a 
peak value i.(conv)=415.5 A. Hence: 

iia/ia( COW ) =  0.8467 

iza/iac COIIV ) = 1.256. 
and 

with the computed values. 
The flux linkages with 

the external one (&?a) are: 

Measured Computed 

h a  Oza cble a2a 

1.39 2.66 1.30 2.62 
[P.U. 1 [P.U. 1 

the internal coil ( h a )  and 

Difference 

@la k a  
x 

-6.5 -1.5 

referred to the rated flux linkage, which is 4.5 Wb. 
When the unbalance of the MMFs in the test trans- 

former (1.48) is compared with that in the high power 
transformer simulated above (1.17), a remarkable diffe- 
renze is evident. This is mainly because the per unit 
value of air inductance La of the lOOkVA transformer is 
much less than that of the 370MVA transformer (0.03284 
p.u. as compared with 0.4346 P.u.). This air inductance, 
associated to the air flux tube in parallel to the iron 
flux tube of the wound limbs, has the important role of 
limiting the corresponding magnetizing current during 
the operation with very high saturation level. 

The agreement among the computed and the experimen- 
tally measured results is satisfactory. Consequently, 
the validity of both the proposed model and the metho- 
dology adopted for the analysis can be regarded as 
positive. Therefore, this methodology can be applied for 
the study of the electromagnetic behaviour of large 
power three-phase five-limb transformers during the out- 
of-phase synchronization operation. 

4.- CONCLUSIONS 

This paper presents the analysis of the electroma- 
gnetic transient of a large power three-phase five-limb 
step-up transformer, during a 180' phase-error synchro- 
nization operation. The analysis has been made by a non- 
conventional circuital model for the transforder, to 
take into account the very high saturation level of some 
branches of its magnetic core. The simulation of the 
model was carried out by the ElectroMagnetic Transient 
Program (EMTP). 

The obtained results have shown that: 

the peak value of the MMF in the HV coil of the most 
stressed phase is 10-20% greater than that eva- 
luated in a conventional way, that is not taking the 
magnetizing current of the iron branches of the 
magnetic network of the transformer into account: 

there is a notable unbalance between the primary and 
the secondary MMFs of the same phase, due to the 
demand of MMFs on the very high saturated iron 
branches. The unbalance depends on the geometry of 
both the coils and the magnetic core of the trans- 
former. Further, it increases as the power of the 
network increases. With a network having a power 100 
times the rating of the transformer, the unbalance 
of the MMFs of the same phase is of the order of 3 
p.u. 

The experimental check of the validity of the proposed 
model has been carried out on a specially built 100 kVA 
three-phase five-limb transformer. The agreement between 
computed and measured results was satisfactory. 
The result of the present work is the preliminary 

important step for the subsequent evaluation of the 
axial electromechanical stresses on the coils, which are 
expected to be notably higher than those conventionally 
evaluated with balanced MMPs. This will be the object of 
a future study. 
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APPENDIX A 

Values of the parameters of the circuital model of 
Pig.2d for both a large power plant (in first 
column) and the test circuit (in second column). 

Five-limb transformers 

The nominal characteristics are: 

Rated power 370 MVA lOOkVA 
Nominal voltages 20 kV/400 kV lkV/J3kV 
Connection: delta on the LV side and star with 

neutral earthed on the HV side. 

All the parameter values refer to the number of turns of 
the HV coils which is 497 for the 370MVA transformer and 
237 for the 100 kVA transformer. 

The magnetization curve B(H) of the iron branches is 
that of a typical cold-rolled grain-oriented steel. The 
length (in m) of the various iron branches of the magne- 

tic circuit are: 
370MVA lOOkVA 

lf 1=lf 2=lf 3 2.790 0.462 
lf4=lf5 6.030 0.954 
lf 6=lf 7 4.690 0.830 

and the corresponding cross sections (in m2) are: 

wound limbs 1.220 0.01099 
yokes and lateral limbs 0.695 0.006375 

Knowing the saturated inductances (in EH): 

wound limbs Lfi=Lfz=Lf3 135.9 1.679 
lateral limbs Lfr=Lf5 36.15 0.4717 
intermediate yokes Lt6=Lf7 46.48 0.5421 
leakage Lb 176.7(12.8%) 12.09(12.66%) 

and the air inductances (in mH): 

internal coils La1 206.2 4.533 
external coils Laz 314.7 13.43 

the following air inductance values are obtained(in mH): 

La 
LC 
Ld 

104 3.136 
1602 95.26 
609 32.20 

The phase resistances (in 9 )  are: 

primary RI 
secondary Rz 

0.3773 0.1208 
0.5104 0.2104 

Synchronous machines 

Resistance RS (Q) 1.44 (.999%) 0.2946(2.95%) 
Direct-axis 
subtransient inductance 

Le(&) 104.1 (22.69%) 7.565 (23.77%) 

Power networks 

Resistance Rn(9) 0.43 (0.1%) 0.078 (0.26%) 
Inductance Ln (mH) 12.52 (0.91%) 2.301 (2.41%) 

or 41.29 (3.0%) 
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Discussion 

Adam Semlyen and  Francisco de Leon (University of Toronto): We 
wish to congratulate Professor Arturi for his interesting and well written 
paper. Our discussion will focus on the derivation of the equivalent cir- 
cuit, as shown in Fig.4. 

While we fully agree with the fmal result of Fig.4d, we wonder 
whether the explicit representation of MMF sources in Fig.4b and of 
current sources in FigAc is necessary or useful? The reason for this ques- 
tion is that the symbol of a rcluctance in Fig.4b could imply the 
existence of both a flux through it and of the related magnetic drop 
(negative MMF), provided that in all meshes with windings we assume 
the existence of the MMF excitation of the windings. Consequently, as 
an alternative to the author’s procedure, we indicate a direct, graphical 
derivation of the equivalent c i rc~i t”~” ,  based on the graph of the mag- 
netic circuit drawn in thin lines in Fig.A. This part of Fig.A corresponds 
to the reluctances of FigAb, with two lines shown for those reluctances 
which are in parallel, without windings in between. The next step is to 
put nodes, represented by 0 ,  in all meshes with windings, and to draw 
inductance branches (strong lines in Fig.A) to cut all reluctance branches 
(the thin lines). The ”extcrnal node” is represented by a dashed line. 
Inductance branches in parallel have been lumped together. The nodes 
with MMF sources ( 0 )  will be used to connect the corresponding ideal 
transformers (after the negative inductances have been added3, as pointed 
out by Professor Arturi) and all the rest of the elements shown in FigAd. 
In Fig.A braces P,,  Pb, and P ,  indicate the connection of the ideal 
transformers for the primary windings and S,, Sb, and S, for the secon- 
dary windings. Rotation by 90” of the electric part of the graph of Fig.A 
permits to verify that it is, in essence, identical to the central part of 
Fig.4d. 
[ l ]  E. Colin Chcny, ”The Duality between Interlinked Electric and 

Magnetic Circuits and the Formation of Transformer Equivalent 
Circuits”, Proc. of the Physical Society, Vol. (B) 62, Feb. 1949, pp. 
101-111. 

[2] G.R. Slemon, ”Equivalent Circuits for Transformers and Machines 
Including Nonlinear Effects“, Proc. IEE, Part IV, Vol. 100, 1953. 

[3] H. Edclmann, “Anschauliche Ermittlung von Transformator- 
Ersatzschaltbildern”, Arch. elcktr. Ubertragung, Vol. 13, 1959, pp. 
253-26 1. 

B D F 
reluctance inductance 
branch branch 

Fig.A Dircct implementation of duality using the graph of the magnetic 
paths (thin lines) to obtain the graph of the inductances (strong lines) of 
the electric equivalent of the transformer. The extcmal connections are 
via ideal transformers connected to Pa,  Pb, P ,  (primary) and S,, s b ,  S, 
(secondary). 

- 
Manuscript received February 28, 1990. 

Robert J.  Meredith (New York Power Authority, White Plains, New 
York): Discusser agrees with the author on the necessity of developing 
saturable transformer models from physical parameters and commends 
him for his correct evolution of an equivalent electrical circuit from an 
initial magnetic circuit. However, the author’s demonstration of winding 
currents only 10% greater than found with a linear model indicates that his 
test case is not very sensitive to the nonlinear and saturated linear 
parameters of his models. Consequently, his model for a saturated trans- 
former cannot be validated very well, even against the physical model he 
developed. In the context of mechanical winding failure, discusser also 

believes that direct analysis of relative winding forces, being the product 
of current and an appropriate leakage flux density, would have provided 
more insight than a discussion of winding current differences, whose 
significance is unstated. A comparison of the test case against a design- 
basis transformer fault simulation would have been welcomed. 

The author’s iron flux path model appears appropriate, except for the 
omission of the steel tank. When the end limbs of the transformer saturate, 
flux is forced into air paths outside the core. The tank steel, being 
thousands of times better at conducting flux than air, cannot be ignored, 
except at great error to the external air-flux paths modeled. There also 
appear to be inconsistencies in the tabulations of iron fluxes. The smaller 
sized limbs all display saturated flux densities just above the 2-Tesla 
capability of transformer steels, but the author’s identification of a 2.41- 
Tesla level within the wound core cannot be so reconciled. The discrep- 
ancy potentially causes large undercalculation of excitation currents, leak- 
age fluxes and winding forces. 

The use of the dimensions of core members to calculate “saturated 
inductances” cannot be recommended. The incremental reluctance, of 
what amounts to an air gap where a saturated core member exists, depends 
only on the geometry of adjacent unsaturated iron members or coils; it is 
unrelated to the cross-sectional area of the saturated limb. For wound 
limbs the “saturated inductance” is related to coil dimensions, rather than 
core dimensions. Even more to the point, the “saturated inductance” must 
be determined for each unique saturation condition of concern, in order to 
formulate an equivalent with either mutual couplings or additive terms 
reflecting a known sequence of limb saturation. Unlike the unsaturated 
iron-core counterpart, the closed loop air-flux path cannot be assumed to 
be composed of a summation of independent series segments whose 
reluctances can be individually varied without affecting the shape of the 
overall flux path. 

Figure A displays a suggested air-flux reluctance model for the author’s 
transformer, which would overcome many of these objections. The five 
iron nonlinearities at the right of the diagram are a rough attempt to model 
the tank as a type of nonlinear mesh. Only such a model can express the 
unsaturated tank’s influence as a magnetic node above the core and as a 
shared low-reluctance path for flux in excess of fully-saturated core 
capacity. After tank and yoke saturation, all flux coupling between phases 
via air paths is assumed to disappear, approximating the very low levels 
which would actually exist. This is in sharp contrast to the low reluctance 
yoke air-path connections of the author’s model. The air-flux reluctance 

-9.324 E6 0.825 E6 
1 

I 

Fig. A. Suggested air-flux reluctance model for author’s transformer 
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which have perhaps been stated in too 
concise a way. 

I reply to Prof.A.Semlyen and Dr.F. de 
Leon, as regards the method of obtaining the 
equivalent network of the three-phase five- 
limb transformer, shown in Fig.2. The field 
sources, either the M.M.F. sources F ,  
associated to the coil currents (F=NI), or 
the flux sources Q ,  associated to th voltage 
applied at the coil terminals (O=(Tvdt) IN )  , 
are modelled by two-terminal sources which 
could reasonably be included expressly in the 
magnetic network. Their localization is 
necessary since it is not possible to state a 
magnetic network with only reluctances and 
noy sources. The analysis of the behaviour of 
an electromagnetic device could also be made 
directly in terms of magnetic network, 
without considering the corresponding 
equivalent electric network. I therefore 
think that it is not necessary to wait for 
the electric network to point out the 
sources. It is also evident that the current 
sources of the electric network are the 
direct consequence of the M.M.F. sources of 
the magnetic network. 

It should be noted that any duality 
procedure always presents two aspects: a 
topological one and a physical one. The 
topological aspect is given by the mesh-node 
correspondence whereas the physical aspect, 
which expresses the nature of the 
corresponding dual circuital elements, is 
better expressed by the analytical procedure 
which transforms the magnetic equations of 
the independent meshes in the corresponding 
electric equations of the independent nodes. 
In other words, starting from a planar 
magnetic network, the behaviour of which is 
expressed, in matrix terms, by the magnetic 
equation: 

I R I  - l Q I = l F I  I 
one gets the electric matrix equation: 

1/ (d/dt) * I ~ / L I  Iv/ = I  i I , 
which expresses the behaviour of the dual 
equivalent electric network. The magnetic 
network is supplied by the M . M . F .  sources IF1 
just as the dual electric network is supplied 
by the source currents lil. 

In response to Mr.A.Narang as regards the 
negative inductances of the equivalent 
electric network and their influence on the 
obtained results, I give here the coil 
dimensions of the 370MVA rated transformer 
examined in the paper: 

L.V.coils H.V.coils 

internal diameter[mm] 1392 1842 
external diameter[mm] 1634 2192 
height [mml 1834 1914 

The negative inductances L1 and L2, which 
take into account the thickness of the coils, 
are to be connected in series to the 
terminals of each ideal transformer of the 
equivalent network. To compute them, it is 
necessary to consider two fictitious coils 
concentric to the actual ones: one inside the 
L.V. coil and the other outside the H.V. one. 
In this way one has a 4-winding transformer 

equivalent of Figure A closely duplicates air-core coupling results for the 
estimated dimensions of the coils on the author’s transformer (60% of HV 
flux coupled to open circuit LV coil: 91% of LV flux coupled to open 
circuit HV coil). In addition it displays: 1) appropriate leakage reluctance 
between HV and LV coils; 2) stated air-core reluctances of both coils; 3) 
upper and lower magnetic node placement closely coinciding with that of 
the iron flux path nodes; 4) modeling to accommodate wound-leg satura- 
tion (solenoidal reluctances) followed optionally by return path saturation. 
Saturation onset in the reverse order would not necessarily be modeled as 
accurately. 

It should be noted that any one-to-one relationship between iron- and 
air-flux paths is only coincidental. Phasc models of the same form would 
be used for core-form transformers having any number of legs, including 
single-phase designs. The model is derived from coil configuration and is 
independent of core design. 

Manuscript received February 27, 1990 

A. Narang (Ontario Hydro Research, Toronto, Canada): The author is to 
be congratulated for employing a model which seems particularly appro- 
priate for this study. A physically based electric circuit model, displaying 
one-to-one correspondence with flux in the non-linear magnetic circuit, 
seems well equipped for simulating disturbances which may produce 
widely differing saturation states in parts of the core. The author has 
clearly recognized this need and opted for an “unconventional” model. 
Though uncommon, similar models based on this approach have been 
proposed earlier/A-E/, and are completely general and rigorously valid. 
I would welcome the author’s response to the following: 

I. The author recognizes that a further improvement to the model would 
include negative inductances to take account of coil thickness. How- 
ever, these were apparently not included in the reported study. Would 
their inclusion not alter calculated flux levels and MMFs. and conse- 
quently also the computed axial electromechanical stresses apprecia- 
bly? Can the author give approximate values for these inductances in 
relation to air-inductances La1 and La2 (Appendix A), or provide 
winding dimensions necessary for their calculation. 

2. Results are presented for a “linear conventional model” and compared 
with the detailed model. This may be an unfair comparison since better 
models can be accomodated using existing EMTP components. For 
example, one might use three single phase, 3-winding transformers, 
with the innermost winding connected in open-corner delta and a 
non-linear inductance connected across the open-delta to model the 
influence of outer limbs for zero-sequence mode. Non-linear inductors 
would also be connected at the innermost winding terminals to model 
phase magnetizing impedances. Could such models produce compara- 
ble results for this study? 

A. 

B. 

C .  

D. 

E. 
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I very much appreciate the broad interest 
shown in this paper and I thank all the 
discussors for their comments and objections 
stimulated by the accurate evaluation of the 
material I have presented. Their observations 
point out some aspects of the analysis I have 
made and permit the discussion of some points 
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for which the binary short-circuit 
inductances are to be computed. From the 
relationships between the inductances of the 
equivalent network of the 4-winding 
transformers and the short-circuit 
inductances, the following inductances can be 
obtained: 

L1=-11.41 mHl L2=-27.05 mHl Lb=215-2 mH. 

Obviously, the value of the inductance Lb of 
the equivalent network now has a different 
value in comparison with that seen in 
absence of negative inductances. The sum of 
L , L2 and Lb must in fact always be equal to 
tke leakage inductance, which in this case is 
176.7 mH. With these air-inductances and the 
saturated-inductances of the iron paths one 
has to compute the air inductances La, Lc and 
La, associated to the air fluxes in parallel 
to the iron fluxes of the wound limbs, of the 
intermediate yokes and the lateral limbs. The 
obtained values are: 

La=119.8 mH, Lc=1401 mH e Ld=586.9 mH. 

The simulation of the improved model, 
including the previous inductances, gives the 
following results, for the most stressed 
phase: 

iIa1=9.69 p.u. e iIa2=11.65 p.u. 

which are to be compared with 

ia1=9.8 p.u. e ia2=11.5 p.u. 

already obtained neglecting the negative 
inductances. As one can see, the unbalance 
between the M.M.F.s increases slightly 
(11.65/9.69=1.20 instead of 1.17) but the 
conclusions already obtained by neglecting 
the negative inductances are substantially 
the same. 

The second point asked by Mr. Narang 
refers to the use of three single-phase 3- 
winding transformers in order to simulate by 
the EMTP program the equivalent network of 
the three-phase 5-limb transformer. My 
response is that only one non-linear in- 
ductance connected across the open-delta of 
the innermost windings does not seem enough 
to me to take into account the heavy and 
differing saturation of yokes and lateral 
limbs. 

One should also consider that the EMTP 
program permits the equivalent network of 
Fig.2d to be easily implemented, as it is, 
without forced simplification, by means of 
seven type-98 pseudo non-linear reactors, six 
ideal transformers and a number of linear 
inductances and resistances. Therefore, I do 
not see the convenience of using a network 
configuration different from that which has 
been judged suitable for modelling the 
physical behaviour of the device under 
examination. This rule is always valid, for 
any structure of the magnetic network or 
number of windings. 

Finally I reply to Mr.R.J.Meredith, who 
raised several objections. He proposed , in 
turn, a magnetic network for the three-phase 
5-limb transformer, which should take into 
account the influence of the tank when highly 
saturated. 

The 370MVA transformer examined in this 
paper and the corresponding wrong parallel 
operation represent a real matter (no a test 
case) for the analysis of which a circuital 
model has been set up. The circuit model has 
been also verified experimentally on a lOOkVA 
test-transformer and has given satisfactorily 
results, as reported in the paper. 

The effect of saturation is more or less 
evident in relation to the characteristics of 
the considered machine. As a matter of fact, 
the influence of saturation on the results 
is more notable in the lOOkVA test- 
transformer than in the 370MVA transformer. 

AS regards the suggestion of Mr.Meredith 
for a direct analysis of the relative winding 
forces by means of "an appropriate leakage 
flux densitygg, it is to be noted that the 
radial component of the flux density in the 
space occupied by the windings, which 1s 
responsible for the axial mechanical stress, 
varies considerably. With the F.M.M. reported 
in the paper for the most stressed phase, it 
varies from about 1.OT and zero, between the 
end and the middle of the winding. For the 
calculation of the mechanical forces one has 
therefore to evaluate the magnetic field by a 
numerical method imposing the unbalanced 
F.M.M. computed with the proposed circuital 
model and then evaluate the stress tensor on 
the surface of the coils in the axial and 
radial directions. 

As regards the tank, I believe we can 
neglect its influence in the case of a three- 
phase 5-limb transformer. As a matter of 
fact, when the lateral limbs and the yokes 
are in high saturation conditions, the air- 
inductances Lc and Ld are computed in such a 
way to consider that the global behaviour of 
the devices has to lead to the value of the 
air-core inductance of the supplied coils. 
Therefore, the inductance La, Lc, Ld are 
associated to equivalent flux paths which may 
not have simple geometrical configurations. 

It should also be considered that the tank 
has a thickness of almost 10 mm and an 
apparent cross-section of some percent of the 
cross-section of lateral limb. Further it has 
a skin depth of the order of 1 mm and 
therefore one should not neglect eddy 
currents. In other words, the tank behaves 
more like a magnetic shield than a magnetic 
shunt. In any case, I believe it is not worth 
while to complicate the model to take the 
tank into account. However, even when it is 
necessary to take the tank into account , as 
in the case of three-phase 3-limb transformer 
without delta-connected winding, one should 
nor: moaei m e  c a m  by a simple network of 
reluctances. 

Referring to the flux density values 
reported in the paper for the wound limb and 
the lateral limbs and yokes, I have to 
observe that there are no inconsistencies in 
the fact that iron reluctances with less 
cross-section, like the yoke and the lateral 
limbs, have a less flux density (almost 2T) 
than the wound limb (2.41T) of the most 
stressed phase, since neither the flux nor 
the magnetic potential drop have been im- 
posed. It is to be noted, in passing, that 
the lateral limbs have an average length of 
6.03m against an average length of the wound 
limbs equal to 2.78m. The intermediate yoKes 
have a mean length of 2.345m, which, 
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between the coil and the iron-core into 
account. 

Finally, referring to the magnetic network 
suggested by Mr.Meredith, in addition to the 
comments already made about the tank, I would 
observe that the numerical values given for 
the parameters do not correspond to the 
370MVA transformer of this paper, as can 
easily be checked by the air inductances 
reported in Appendix A. 

Furthermore, if the negative reluctance in 
parallel with each L.V. M . M . F .  has to model 
the thickness of the corresponding coil I 
wonder why those of the H.V. coils are not 
considered as well. 

In conclusion I hope that the interest 
stimulated by this paper will encourage other 
experts to consider the usefulness of the 
physical circuital models in the analysis of 
transient with high saturation level of the 
magnetic circuit, for electromagnetic devices 
in which it is possible to know, with good 
approximation, the distribution of the most 
significative magnetic flux tubes. It is also 
to be stressed that we should not over- 
estimate the field of applicability of the 
magnetic networks method and keep in mind 
their limits clearly, in order to avoid an 
improper or arbitrary use of this wonderful 
method of analysis. 

Manuscr ip t  r e c e i v e d  A p r i l  9 ,  1990. 

multiplied per two, gives 4.69m, considering 
the series between the top and lower yoke. 
Although the B(H) characteristic is the same 
for all the iron paths, the ratio cross- 
section/length (S/l) is considerably 
different. Further it is to be considered 
that each iron path has air permeances in 
parallel with different values: 

in 
ratio permeance 

S I  1 para1 le1 

* wound limb 1.219612.78 /\,=0.421 pH 
= 0.4387 

yoke = 0.1482 

limb = 0.1153 

- intermediate 0.57*1.2196/4.69 /\,=15.4 /\a 

lateral 0.57*1.2196/6.03 /\d=5.86 /\a 

As regards the "saturated inductancesll 
used for the calculation of the air- 
inductances L , Lc end Ld, they do not repre- 
sent the infuctance of the coils in high 
saturation levels, as observed by 
Mr.Meredith. Indeed they only model the 
behaviour of the iron-path in high saturation 
and are in parallel with air-inductances. In 
the case of a wound limb, for instance, the 
"saturated inductancell is in parallel with 
La, which takes the air flux of the space 
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