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Abstract - This paper describes a three-phase
five-limb unified magnetic equivalent circuit {(umec)
based transformer model for ElectroMagnetic Tran-
sient (EMT) analysis. The new model is incorpo-
rated in the Power Systems Computer Aided Design
(PSCAD) Version 3 computer program. The appli-
cation of a normalised core (nc) concept to three-
limb transformer models is briefly revised, and ex-
tended to the flve-limb core type. A methodology is
explained for the derivation of nc magnetic perme-
ability. Results from several test cases are compared
with fleld measurements.
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I. INTRODUCTION

Recently it was demonstrated that umec EMT
transformer models derived from transformer design pa-
rameters are exactly equivalent to models derived from
name-plate data, if a nc concept is applied. [1] This
is fortuitous because the transformer design parame-
ters of: winding turns number, core dimensions and
flux density/magnetisation force characteristics may of-
ten be available to the transformer manufacturer only.
The power system engineer may only have access to the
transformer name-plate data.

The application of the umec concept to EMT trans-
former modelling is now available in the published lit-
erature. {2, 3, 4] However, all such applications have
been of the umec single-phase or three-phase three-limb
transformers. There is potential to apply the umec con-
cept to three-phase five-limb transformers.

Five-limb transformer models for EMT studies have
been proposed [5]. In a similar fashion to Stuehm [6],
Arturi applies the duality principle to create a three-
phase five-limb transformer model. In this paper the
umec principle is applied to the three-phase five-limb
transformer modelling problem.

II. THE NORMALISED CORE CONCEPT

One of the input parameters to the umec formula-
tion is the number of turns in each transformer winding.
Application of a nc to the umec avoids this input. The
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nc winding number of turns is set equal to the winding
voltage, that is for a three-phase transformer Ny 35 =
Vi and Ngyu6 = Va.

Another input to the umec formulation is mag-
netic circuit branch permeance P. The permeance of
the winding-limb, yoke and outer-limb (five-limb only)
umec branches are calculated from

Potir A

e &)
The parameters of 1 are not commonly available.
The nc umec sets winding-limb length Ly_g and cross-
sectional area A,_g to unity. It should be noted that
the nc concept is not a per-unit (pu) system. In a pu
system parameters are dimensionless, this is not the

case for all the nc parameters.

A. Core aspect ratios

It is reasonable to expect users have access to
scale drawings of power transformer cores. Such in-
formation is often located in the transformer mainte-
nance/operating manual. Application of the nc umec
to three and five-limb transformers requires the user to
input core aspect ratios.

Fig. 1(a) displays the parameter conventions used
to derive the ratios for the three-limb core type. Ap-
plication of the nc umec requires the user to calculate:
ihe yoke to winding-limb length aspect ratio

dy
T = - (2
yw dw )
and the yoke to winding-limb cross-sectional area as-
pect ratio

5
Tayw = ;—’i (3)

w

To normalise the core, the transformer length di-
mensions are scaled by a factor

ko= — (4)

and the cross-sectional area dimensions are scaled by a
factor
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Figure 1: Three-limb core dimensions: (a} user inputs,
{b) nc umec parameters.

1
ka - ;; (5)
Therefore, the user inputs directly relate to the Fig.
1(b) nc umec parameters as follows:

Lie= %“i kg=10 (6)
Arg = sy *ky =10 (1)
Liz1a = dy x kg = 2rpyy (8)
A13,14 = 8y ¥ ke = Tayw (9)

Similarly, for the five-limb core type, Fig. 2(a) dis-
plays the parameter conventions used to derive core as-
pect ratios. The five-limb ratios ryy, and rgy, are as
per 2 and 3 respectively. The user must also calculate:
the yoke to outer-limb length aspect ratio

d
Tlyo = EE (10)

g
and the yoke to outer-limb cross-sectional area aspect
ratio

-]
2 (1)

[+]

Tayo =

The user inputs directly relate to the Fig. 2(b) nc
umec parameters as per 6 to 9, with the addition of

2w

Lisir = dp# kg = —22 (12)
Tiyo
Tayw

A7 = 8o % ky = (13)
Tayoe
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Figure 2: Five-limb core dimensions: (a) user inputs,
(b} nc umec parameters.

Figure 3: Three-phase umec.

B. Umec core-steel permeability

Once the nc winding turns number and core dimen-
sions are set, the core steel permeability must be fixed
to give rated magnetising current at rated voltage. Due
to the magnetic asymmetry of the three-limb core type,
the permeability is set so that, at rated voltage, rated
magnetising current flows in the outer-limb windings.

Fig. 3 displays the three-phase umec. When this
model is applied to a three-limb transformer magnetic
branches Ry to Ry7 are air flux paths. Calculation of
the nc permeability is simplified by the fact that during
an open circuit test the flux: in branches 1,2 and 13
is dominated by the red-phase flux ¢;, in branches 3
and 4 is dominated by the yellow-phase flux ¢3, and

in branches 5,6 and 14 is dominated by the blue-phase
flux ¢5. For the purpose of permeability calculation the
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Figure 4: Open-circuit flux path.

open-circuit test red-phase flux path can be simplified
to that shown in Fig. 4.

The umec nc relative permeability p is calculated
from

) L
N%mzqﬁlR:Qﬁl“—A (14)
which when rearranged for p gives

_hi

1
Nip (15)
At rated voltage, and frequency, the rated flux is
Vi
= 16
b= (16)
and the rated magnetising current is
im = 2T, (17)
Furthermore,
L 2L s | Lizns
= = 4 =B 18
A Aie A (18)
Substituting 16 and 17 into 15 gives
V; 25— L
1 1-6 + 13,14) (19)

#= ngf'iﬂl‘Ib Al——ﬁ

Calculation of the five-limb transformer permeabil-
ity is not as simple as the three-limb case. For a five-
limb transformer magnetic branches R;s and R;7 are
the outer-limb core-steel flux paths, branch R;s i8 an
air flux path. Two extra air flux paths are added to
the five-limb umec. These paths are shown with the
dashed lines in Fig. 3, they are umec branches 18 and
19. With the addition of the extra branches each phase
has a path for zero-sequence flux.

Under open-circuit conditions the resultant fluxes
within the core-steel branches of the five-limb umec are
ot all in-phase with either ¢, ¢3 or ¢s. Moreover, the
red and blue-phase winding-limb flux is not in-phase
with the respective red and blue-phase magnetising cur-
rents.

It is fortunate that, due to the symmetry of the five-
limb core type, the yellow-phase winding-limb flux is in
phase with the yellow-phase magnetising current. The
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Figure 5: Five-limb open-circuit umec.

five-limb umec nc relative permeability p is set so that,
at rated voltage, rated magnetising current flows in the
centre winding or the yellow-phase.

Consider the simplified five-limb umec shown in
Fig. 5; this circuit represents the transformer on open-
circuit. For the purpose of core steel permeability cal-
culation the leakage flux paths are ignored. Applying
nodal analysis to the magnetic circuit of Fig. 5 gives

ol Py +Ps =Pz 0 O
g3 | = —Py3 2F13 ~Pi3 & (20)
&s 0 —Pia Pu+ Py f.

For the linear five-limb umec Pyz=Py4 and Pj5=F7,
this allows 20 to be rewritten as

i) a —-b 0 8,
éa| = |[-b 26 —b| |6 (21)
¢5 0 —b [ 95

a=DP3+ Fs, b= Py (22)

where
Solving 21 for § gives

b,
6, | =
b,

2233
A D Al (23)

¢ A B s
where ) b_2
- —2a
A= 2(b — a)’ B= 2a({b - a) (24)
and
-b —a
C=ct-a P = Bp—a) (25)

Concentrating oniy on the yellow-phase mmf 8, gives

= A(¢1 + ¢s) + D3 (26)

now
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b1+ ¢5 = —¢3 (27)
and substituting 27 into 26 gives

8 = (D — A)gs (28)
Finally, substituting 24, 25 and 22 into 28 gives

Gy = —¢3 (29}

Equation 29 gives the mmf across the centre
winding-limb of the five-limb nc. In order to calculate
the mmf produced by the centre winding the perme-
ance of the winding-limb must be taken into account.
For the linear umec the winding-limb permeances P, _g
are equal and set to Fy. Fig. 5 shows that

0; =8, + 8 (30)
and
2
9“, - "13';‘1’3 (31)
Substituting 31 and 29 into 30 gives
1
= 2
= (5 + 5500 (32
and placing 1 into 32 gives
i 2L1—6 L3
Oy = —
o= LGt 4 ), (33

For the open-circuit three-phase transformer

Oy = Niyipy =15 (34)
and

Vi
ngl
Substituting 34 and 35 into 33 gives

¢3 = (35)

Va
ngfz'?:Ib

(2L1—6 L
Aise 245

b= ) (36)

ITI. SIMULATION RESULTS

New umec three-phase bank, three-limb and five-
limb models have been tested under open-circuit, over-
voltage and short-circuit conditions. In each simulation
scenarto, the transformer parameters have been derived
from a 61MVA 11/220kV three-phase five-limb hydro-
electric power station transformer which operates in the
New Zealand ac system. The transformer parameters
are summarised in Table 1

In each case the windings have been represented in a
star-star configuration. Although the field transformer
11kV winding is connected in delta, removal of the
delta winding helps identify the magnetising currents.
For the single-phase bank and three-limb transformer

Table 1: Five-limb field transformer data.

Rating 61 MVA
Primary winding voltage 11 kV
Secondary winding voltage | 220 kV
Base operating frequency 50 Hz
Leakage reactance 10.27
x =01 027 p

(0O
+ 4

Figure 6: Transformer open-circuit test system.

II&@%
§.;

simulations the core aspect ratios have been set arbi-
trarily as follows: 17,y =1.08, 74y,==1.00. For the five-
limb simulations the ratios have been calculated from
the manufacturer drawings of the field transformer five-
limb core, they are: r7,,=1.08, 1oy =0.683, r1,,=0.836
and 744,=1.74.

A. Open-circuit tests

Recently open-circuit measurements were taken
from the 61MVA field transformer. The measured mag-
netising current on the centre phase was 1.76%. At
1.76% magnetising current the peak open-circuit wind-
ing current iz calculated using

jpeak \/§ Sp
mag \/g Vs

Open-circuit simulations were performed with the
test system of Fig. 6. The transformer model was en-
ergised at rated voltage, and in this scenario the umec
representation is linear. Fig. 7{a), (b} and (c) show the
open-circuit magnetising currents for the three-phase
bank, three-limb and five-limb models respectively. The
single-phase bank red, yellow and blue magnetising cur-
rents all peak at 0.080kA. Asymmetry occurs in the
three-limb magnetising currents, with the characteristic
yellow-phase below the red and blue-phases. The red
and blue-phase outer-limb magnetising currents peak
at 0.074 (kA), while the centre-limb yellow-phase mag-
netising current peaks at 0.052 (kA).

Asymmetry also occurs in the five-limb magnetising
currents. In this case the centre yellow-phase is slightly
less than the balanced outer red and blue-phases. The
red, yellow and blue-phase magnetising current peaks
are 0.083, 0.080 and 0.083 (kA) respectfully. The five-
limb centre-limb magnetising current can be greater or
less than the outer-limb magnetising currents, depend-
ing on the value of r4y,. The phase shift between the
red-phase voltage and the magnetising current is 104°,
and the phase-shift between the blue-phase voltage and
magnetising current is 76°.

IP¥ = 0.080(kA) (37)
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Figure 7: Open-circuit current; solid=red-phase, dash-
dash=yellow-phase, dash-dot=blue-phase: (a) bank,
{(b) three-limb, {c) five-limb.

Table 2: Saturation characteristic points.

Im (%) | V (p-u)
1.76 1.0
6.0 1.1

Table 3; Short-circuit currents

R (kA) | Y (kA) | B (kA)
Three-phase bank | 4.41 4.40 4.40
Three-limb 441 4.40 4.40
Five-limb 4.41 4.40 4.40

B. Over voltage test results

Over-voltage excitation simulations were performed
with the test system of Fig. 6. In this scenario the
transformer model was energised at 1.1 p.u. (12.1 kV),
and the umec representation is non-linear. The two-
slope piecewise saturation characteristic parameters are
given in Table 2

The symmetrical three-phase bank magnetising cur-
rents are shown in Fig. 8{a). The magnetising currents
are a combination of two sinusoidal waveforms, as can
be predicted by the piecewise saturation curve. The
three-phase bank experiences the deepest saturation.

The three-phase three-limb magnetising currents,
shown in Fig. 8(b), are more complex. The magni-
tude of the yellow-phase magnetising current peaks are
less than the red and blue-phases. Symmetry is exhib-
ited by the yellow-phase magnetising current around
it’s largest peak, this is not the case for the red and
blue-phases.

The comments made in the previous paragraph are
applicable to the five-limb transforiner representation.
However, in this case the yellow-phase magnetising cur-
rent peak is only slightly lower than the red and blue-
phases.

C. Short-circuit test results

Short-circuit simulations were performed with the
test system of Fig. 6. In this scenario the transformer
model was energised at 10% rated voltage, the umec
representation is linear, and a transformer load resis-
tance introduced at 0.001Q. At 0.1027 p.u. leakage
reactance, the peak short-circuit winding current is cal-
culated using

jPeok — _%_
sc \/gv;ngpu

Table 3 summarises the peak values of the simu-
lated short-circuit winding currents. All short-circuit
currents were sinusoidal, balanced, lag the excitation
voltage by 90°, and acceptably match the current pre-
dicted by 38.

=441 (kA) (38)
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Figure 8: Over-voltage current; solid=red-phase, dash-
dash=yellow-phase, dash-dot=blue-phase: ({a) bank,
(b) three-limb, (c) five-limb.

IV. CONCLUSIONS

The nc concept has been described for three-phase
three-limb and five-limb umec transformer models. The
nc based models require only commonly available name-
plate and core aspect ratio data inputs. The relative
permeability of the nc steel branches is set so that
rated magnetising current flows in the outer-limbs of
the three-limb umec, and the centre-limb of the five-
limb umec. Calculation of the five-limb core steel per-
meability is complicated by the fact that the red and
blue-phase winding-limb fluxes are not in phase with
the red and blue-phase magnetising currents. Trans-
former core non-linearity has been implemented with a
piecewise saturation curve.

Simulation results have been presented to examine
the new umec based transformer model under open-
circuit, over-voltage and short-circuit conditions. While
the winding current waveforms, for each core type, show
significant differences under the first two scenarios, they
are almost identical under short-circuit.
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