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Abstract—Toroidal transformers are currently used only in low-
voltage applications. There is no published experience for toroidal
transformer design at distribution-level voltages. This paper ex-
plores the lightning impulse response of toroidal distribution trans-
formers in order to obtain a dielectric design able to withstand
standardized impulse tests. Three-dimensional finite-element sim-
ulations are performed to determine the capacitance matrix on a
turn-to-turn basis. Then, a lumped parameter RLC model is ap-
plied to predict the transient response of the winding as well as
to obtain the potential distribution along the winding and corre-
sponding dielectric stresses. The model computes the impulse po-
tential distribution and the dynamic (interturn and interlayer) di-
electric stresses. Different insulation design strategies are proposed
by means of electrostatic shielding and variation of the interlayer
insulation.

Index Terms—Distribution transformers, electrostatic analysis,
finite-element method, impulse test, insulation design, toroidal
transformers, transient analysis.

I. INTRODUCTION

T HERE ARE two basic arrangements for the iron cores
presently used to build distribution transformers: 1) core

type, where the cores are assembled by stacking laminations
and sliding premade coils and 2) shell type, where a continu-
ously wound core is cut and wrapped around the coils a few
laminations at a time [1], [2]. In both arrangements, the finished
core has air gaps that increase the magnetizing current and the
no-load losses.

An alternative construction, currently used for low-voltage
applications and explored in this paper for distribution-level
voltages, is to use a core made of a continuous steel strip shaped
like a doughnut (toroid) with the coils wound around [3]; see
Fig. 1. This gapless construction allows for the construction of
smaller, more efficient, lighter, and cooler transformers [4], [5].
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Fig. 1. Toroidal transformer (only a few turns of one winding are shown).

The no-load losses are substantially reduced. There are also sav-
ings in the load losses because the windings have fewer turns
since these transformers can be designed with a larger flux den-
sity. Therefore, there are savings in raw materials (iron and
copper) for the same losses than a standard design and even the
tank is smaller.

This work is part of a project supported by the U.S. Depart-
ment of Energy aimed to benefit from the toroidal construction
virtues to construct and install toroidal transformers suitable
for power distribution application. Given the lack of experience
with this type of design at medium and high voltages, studies
including electromagnetic, thermal, and mechanical analysis
are required to understand its particular physical behavior.
This paper is part of a series describing such studies via
computational design, optimization, and verification, building
prototypes, performance verification, and observation of proto-
types installed on a utility distribution system.

This paper is focused on analyzing the lightning impulse re-
sponse of a toroidal distribution transformer in order to ob-
tain a dielectric design able to withstand standardized impulse
tests. This is done by means of three-dimensional (3-D) finite-el-
ement simulations, as well as electromagnetic transient sim-
ulations considering a lumped parameter RLC (turn-by-turn)
model of the transformer winding. These computational tools,
which have been extensively used for electromagnetic transient
analysis of conventional transformer arrangements (see, for in-
stance, [6]–[11]) are applied in this paper for toroidal distribu-
tion transformers for the first time.
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Fig. 2. Geometry and meshing for FEM simulations (distances between layers
were exaggerated for illustration purposes).

Another contribution of this paper is the application of
electrostatic shielding in the design of the insulation system
of toroidal transformers. Two insulation design strategies are
proposed in this paper and their effectiveness in reducing the
transient voltage and dielectric stress in the winding is demon-
strated. The first one is the addition of an electrostatic shield
uniformly spaced with respect to the winding. The second one
is the use of an electrostatic shield that has a varying distance
to the winding, by means of a gradual increase of insulation
thickness between the winding and shield (without affecting the
winding positions). The two strategies are equally successful
to properly distribute the impulse surge. The selection between
them depends on manufacturer efficiencies and preferences.

The dynamic performance of the toroidal transformer insula-
tion system for lightning impulse is studied by means of two ex-
amples: one transformer of 25 kVA and another one of 50 kVA.
Both transformers have the same ratings in terms of voltage ratio
(13.8/0.120 kV) and BIL (95 kV).

II. ELECTROSTATIC ANALYSIS

Given the complex geometry of the windings in a toroidal
transformer, a 3-D arrangement is required for the electrostatic
analysis, as shown in Fig. 2. In this paper, the internal (low-
voltage winding, which is grounded) is represented by a solid
toroidal shape since its detailed representation is not needed.
Note that the transformer core is not visible. For the purposes
of this paper, each turn of the high-voltage winding is modeled
as a closed loop, then the mutual capacitances can be obtained
from the energy method.

Assuming that the high-voltage winding has layers and
turns per layer, the following capacitive values need to be

computed:

self capacitance of any turn at the outer layer
;

self capacitance of any turn at the inner layer (1);

self capacitance of any turn at any interior layer
;

mutual capacitance between any two adjacent
turns at the outer layer ;

mutual capacitance between any two adjacent
turns at the inner layer (1);

mutual capacitance between any two adjacent
turns at any interior layer ;

mutual capacitance between the th turn at the
outer layer and the th turn at the following
interior layer;

mutual capacitance between the th turns of any
two interior layers.

These elements are computed by means of FEM simulations
using the electrostatic energy method [12]. Self capacitances
are computed from the electrostatic energy obtained when
applying a voltage to the th turn of the winding

(1)

Mutual capacitance is computed from the electrostatic en-
ergy obtained when applying voltage at both turns and

(2)

Self capacitances must be calculated first from (1) in order
to obtain the mutual elements from (2). Mutual capacitances
between nonadjacent turns or layers are not considered since
FEM simulations have shown that, for the arrangements under
study, their values are at least one order of magnitude smaller
than the values between adjacent turns. Transient simulations
in which capacitive values for all turns (including nonadjacent)
were included confirmed that they have no effect on the results
for the geometrical configuration under analysis.

An important issue when finding the solution of such a de-
tailed geometry lies in the finite-element meshing. Considering
the thin insulation between turns produces very narrow regions.
This is particularly true at the internal part of the winding.
Therefore, a very large number of elements (in the order of
millions) is required to obtain an accurate solution.

Taking advantage of the toroidal symmetry to speed up the
simulations and consume less memory, the geometry can be
simplified by considering only a section of the actual number of
turns and layers. For the example shown in Fig. 2, three layers
and nine turns per layer are found sufficient to approximate the
capacitance values of a real arrangement of 11 layers with 214
turns per layer. This has been validated by initial simulations in
which the results from the complete geometry are compared to
those of the simplified one.

Each electrostatic simulation for the calculation of the capac-
itive matrix takes about 12 min in a powerful computer [two
Xeon multicore processors running at 2.27 GHz with 72-GB
random-access memory (RAM)].

It can be observed in Fig. 2 that in contrast to shell- or
core-type transformers, the distance between turns in a toroidal
configuration is not constant. While the distance between turns
at the internal part of the toroid is kept at the minimum required
to avoid dielectric breakdown, the distance at the external part
is several times larger, resulting in small capacitive coupling
between turns (series capacitance). Thus, the well-known
distribution constant is several times
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larger for toroidal transformers than that for conventional
constructions. This particularity of toroidal transformers pro-
duces highly nonuniform initial potential distribution (at the
wavefront), giving rise to large dielectric stresses as well as
increased transient overvoltages. This makes the use of electro-
static shielding necessary.

III. TRANSIENT ANALYSIS

Fast and very fast front transients in transformers are
commonly analyzed using internal models, which can take
into account the distribution of the incident surge along the
windings. These models are described either by distributed
parameters, using the transmission-line theory [13], [14], or as
a ladder connection of lumped parameter segments [6], [15].
The latter models can be solved by network analysis or by
integrating the corresponding state-space equations.

In addition, an admittance matrix model (black-box model)
based on terminal measurements has been presented in [16] and
[17]. This model can be implemented in time-domain simulation
programs by means of a rational approximation procedure.

For the size of a distribution toroidal transformer and the fre-
quency range involved in the lightning waveform, a turn of the
transformer can be considered electrically short. Therefore, a
lumped parameter model considering a winding turn as the basic
element is chosen in this paper.

This section describes the lumped parameter model used in
this paper to obtain the transient response of the winding. It
is based in [6] and considers a lossy and frequency-dependent
multilayer winding.

After computing the winding capacitance matrix , the geo-
metric inductance matrix is obtained as

(3)

In (3), is the permittivity of the surrounding medium. Con-
ductor losses due to skin and proximity effects can be computed
from the following expression [18]:

(4)

In (4), is the distance between layers, is the angular fre-
quency, is the conductivity of the winding conductor, and
is its permeability. On the other hand, dielectric losses can be
included in the form of a shunt conductance matrix given by

(5)

where is the loss tangent of the winding insulation. From
matrices , and , and , a nodal system can be defined to
describe the winding (Fig. 3)

(6)

where and correspond to the vectors of nodal volt-
ages and currents, and is the nodal admittance matrix,
which is defined as follows:

(7)

Fig. 3. Circuital representation of the winding. Mutual inductances between
turns and between layers, as well as ground capacitances of outer layers, are
omitted in the figure for the sake of simplicity.

Matrix contains the conductance elements required for
the topological connection of layers, as well as the source and
ground connections (if needed); is the nodal matrix of inverse
impedance, computed from and the incidence
matrix (since is a branch matrix)

(8)

where

...
...

...
. . .

...
...

(9)

Finally, the time-domain response of the winding is obtained
by solving (6) for and applying the inverse numerical Laplace
transform [19], [20].

Maximum dielectric stresses (DS) between turns and between
layers can be obtained from the elements of the nodal voltages
vector and the minimum distance between corresponding
turns as

(10)

IV. ELECTROSTATIC SHIELDING

There are three essential methods to improve the impulse
response of power transformers: 1) electrostatic shielding; 2)
addition of dummy strands; and 3) interleaving of turns [1]. The
latter method is, in general, preferred for transformers working
at high-voltage transmission levels. However, for a toroidal
transformer working at the distribution-level voltage with a
large turns ratio (e.g., 13.8/0.120 kV), the winding arrangement
(by layers) and the small cross-sectional area of the winding
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Fig. 4. Initial current distribution along the winding. (a) Original. (b) With the
electrostatic shield.

Fig. 5. Axisymmetric view of the toroidal transformer with an inverted C-shape
electrostatic shield.

conductors makes it cumbersome and ineffective to attempt any
interleaving or addition of dummy strands.

Hence, electrostatic shielding is chosen for toroidal distribu-
tion transformers. Its basic idea is to improve the initial potential
distribution by compensating the current drained by the ground
capacitances with currents injected to the series capacitances
[20]. This is illustrated in Fig. 4. The shield is connected to the
winding terminal and, therefore, it needs to be isolated from the
turns and the tank along its length. Also, the shield should not
form a closed path; a gap between the shield ends is necessary.

An electrostatic shield, inverted C-shaped, is proposed for the
toroidal transformer constructed by means of a thin conductor
material covered by an insulation layer and partially wrapped
around the winding. The internal part of the winding remains
unshielded (unwrapped) since the turns are close enough to
each other in this region; see Fig. 5. In addition, note that the
size (and, therefore, the cost) of the toroidal transformer is very
much dependent on the minimum internal diameter needed for
the winding machine. Therefore, not shielding the center is
convenient.

The distance between the shield and the winding is of par-
ticular importance. The shield has to be close enough to the
winding to be effective and far enough from the winding to
avoid dielectric breakdown. This is analyzed for the test case
presented the next section.

TABLE I
MAIN GEOMETRICAL DATA OF THE TRANSFORMERS UNDER STUDY

V. TEST CASES

Two toroidal transformers with a rating of 25 and 50 kVA are
considered. The voltage ratio and BIL rating are the same for
both: 13.8/0.120 kV and 95 kV. The main geometrical data of
the high-voltage windings of these two transformers are listed
in Table I. The following assumptions are made for simulation
purposes:

• The number of turns is considered equal for all layers; in
an actual transformer, each outer layer has fewer turns than
the previous one.

• Due to the previous assumption, turns from each layer are
considered completely aligned, as shown in Fig. 2.

• The minimum distance between turns is given by the typ-
ical thickness of the varnish film for the corresponding con-
ductor diameter [22].

• The distance between layers is initially assumed to be 1
mm (plus the conductor varnish).

The set of capacitive values obtained from FEM for both
transformers is listed in Table III. An alternating direction of
the winding between layers is proposed (i.e., if the first layer is
wound in the clockwise direction, then the 2nd layer is wound
in the counterclockwise direction and so forth). This winding
strategy yields reduced dielectric stresses when compared with
continuous (same direction) windings.

The transient response of the transformers is analyzed by
means of the injection of a standard 1.2/50- s lightning impulse
(full wave) at the initial terminal of the winding, which is located
at the outermost layer of the winding. The lumped parameter
model shown in Fig. 3 is constructed and solved as described in
Section III.

The performance of the shield is improved by a configuration
equivalent to gradually removing the shield from the winding,
which helps to approximate a uniform potential distribution.
This is possible by: 1) decreasing the shield surface or 2) in-
creasing the distance between the winding and the shield. How-
ever, option 1) implies a constant distance between the shield
and the winding, which could result in a dielectric breakdown
since the initial potential along the winding drops rapidly while
the potential in the shield remains almost constant.

After substantial simulation tests, three alternatives of elec-
trostatic shielding are deemed to be practical: two shields with
constant distances of 1 and 2 mm to the outer layer of the
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Fig. 6. Initial potential distribution. (a) 25-kVA transformer. (b) 50-kVA trans-
former.

winding as well as a shield with a varying distance to the outer
layer, from 0.1 mm to 1 mm. The latter shield is included by
means of gradually increasing the insulation thickness between
the winding and shield.

Fig. 6 shows the initial potential distribution along the wind-
ings. As expected, the potential distribution without shield (con-
tinuous line) is highly nonuniform for both transformers. In ad-
dition, some spikes can be seen, which are a consequence of the
capacitive coupling between layers at the layers’ ends. This dis-
tribution can be improved by including an electrostatic shield in
the transformer design.

The way in which the different shields affect the initial poten-
tial distribution is shown in Fig. 6. By producing a more uniform
distribution, the voltage drop between consecutive turns along
the winding is reduced.

Fig. 7 shows the transient response of the winding at turn
107 for the 25-kVA transformer and at turn 52 for the 50- kVA
transformer, corresponding to the regions of maximum voltage
stress. One can appreciate that the shield is able to damp the tran-
sient oscillations reducing the maximum transient voltages. In
addition, as expected, the closer the shield is to the winding, the
larger the mitigation of the overvoltage. However, this distance
is limited by the dielectric strength of the insulation between
winding and shield. The results for the uniform shield distanced
1 mm to the winding and the varying shield are almost identical
for both transformers.

Fig. 7. Transient response at the turn of maximum voltage stress: (a) 25-kVA
transformer, turn 107. (b) 50-kVA transformer, turn 52.

Fig. 8 illustrates the distribution of the maximum voltage
obtained along the winding for the whole transient period,
hereafter called the impulse potential distribution. The voltage
distribution along the whole winding of the different shielded
transformers is more uniform compared to the unshielded
transformers. The performance of the varying shield in the
context of mitigating the transient voltage is very similar to that
of the uniform shield separated 1 mm from the winding. With
these two shielding strategies, the maximum value of the tran-
sient voltage is reduced by 21.8% for the 25-kVA transformer,
and by 11.3% for the 50-kVA transformer, with respect to the
unshielded case.

The dielectric performance of the winding is analyzed con-
sidering three main variables:

1) interturn dielectric stress;
2) interlayer dielectric stress;
3) winding-to-shield dielectric stress.
Fig. 9 shows the interturn stress along the complete winding.

It can be seen in the plots how the stress is reduced by applying
the different shields. The maximum value of interturn stress in
the 25-kVA and the 50-kVA transformers is reduced by 57.2%
and 56.1%, respectively, with the uniform shield being located
1 mm from the winding. On the other hand, these stresses are
reduced by 65.4% and 55.6% with the varying shield. It can
also be noticed that even without any shield, the stress is kept
to an acceptable level. The maximum value obtained for both
transformers is well below the dielectric strength of any high-
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Fig. 8. Impulse potential distribution: (a) 25-kVA transformer. (b) 50-kVA
transformer.

performance varnish [17]. Therefore, no extra insulation needs
to be added between turns.

The interlayer stress is plotted in Fig. 10. The interlayer
stresses are several times larger than the interturn stresses. The
potential difference between turns of consecutive layers can be
very large, particularly at the layers’ ends (corresponding to
the peaks in Fig. 9). The stress is especially large between the
first two layers for both transformers under analysis. However,
the values obtained with or without the shield are below the di-
electric strength of a varnish included as reference (56 MV/m)
[23].

One can see from Fig. 10 that the shields produce reduced
interlayer stresses when compared to the unshielded case. The
reduction (in percent) of the stress at each interlayer when ap-
plying the shields is shown in Table II. It can be noticed that the
reduction is slightly larger when applying the varying shield.
Furthermore, the shields produce an increase (by a small per-
centage) in the stress between layers 1 and 2 for the 50-kVA
transformer. This does not present a problem since the stress is
still below the dielectric strength of the varnish considered.

From Figs. 8–10, it seems that the best two options are: 1) to
use a uniform shield spaced 1 mm from the winding or 2) use a
shield with a varying distance to the winding, from 0.1 to 1 mm.
Both strategies keep the transient voltage below the BIL, while
the interturn and interlayer stresses have acceptable levels.

The performance of the shields in terms of the dielectric stress
between the shield itself and the winding is shown in Fig. 11.

Fig. 9. Interturn dielectric stress. (a) 25-kVA transformer. (b) 50-kVA trans-
former.

While the uniform shield presents a growing behavior of the
stress along the outer layer of the winding, this stress tends to be
constant for the varying shield. This means that if the insulation
between the winding and the shield is too thin, there is a possi-
bility of dielectric breakdown at the end of the layer when a uni-
form shield is applied. However, the manufacturing process to
include the varying shield is more complicated. Consequently,
the uniform shield placed at the correct distance (1 mm for the
cases analyzed) can be a better option. All transient voltages and
stresses (between turns, layers, and to the shield) are kept at ac-
ceptable levels without requiring cumbersome manufacturing of
a varying distance of shield to the winding.

VI. CONCLUSION

The dynamic impulse response of a toroidal distribution
transformer has been presented in this paper. By means of
electrostatic 3-D-FEM simulations, the turn-by-turn capac-
itance matrix of the winding has been computed. Transient
simulations on a lumped parameter model of the winding
are used to design the insulation. In contrast to conventional
transformers, the distance between turns in a toroidal core
transformer is not constant. The larger distance between turns
at the external region of the toroidal core yields a smaller series
capacitance compared with traditional designs producing a very
nonuniform initial potential distribution. This posses stringent
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Fig. 10. Interlayer dielectric stress. (a) 25-kVA transformer. (b) 50-kVA trans-
former.

TABLE II
REDUCTION OF THE INTERLAYER STRESS WITH APPLICATION

OF THE ELECTROSTATIC SHIELDING

Negative values correspond to an increase in stress

design constraints since the nonuniform potential distribution
gives rise to large transient voltages and dielectric stresses. To
overcome this issue, three electrostatic shielding configurations
have been proposed: two uniform shields with different distance
to the winding and a shield with a linearly increasing distance
to the winding. From the results of the simulations performed,
the following conclusions are obtained:

1) interturn stress is low for the whole winding; atypical insu-
lation film corresponding to its AWG size and a dielectric
strength above 12 MV/m is shown to be adequate for the
tested cases;

Fig. 11. Winding-to-shield dielectric stress. (a) 25-kVA transformer. (b)
50-kVA transformer.

TABLE III
CAPACITIVE VALUES FOR THE 25-kVA AND 50-kVA

TRANSFORMERS WITHOUT SHIELDING

Refer to Section II for the corresponding nomenclature

2) interlayer stress is the critical factor for these types of trans-
formers; the distance between layers has to be carefully se-
lected to avoid interlayer breakdown;

3) the inclusion of a shield at 1 mm from the winding or a
shield with a varying distance to the winding (from 0.1 to 1
mm) results in lower interturn and interlayer stress as well
as damped transient voltages;

4) when a uniform shield is considered, the distance between
the shield and winding has to be carefully selected in order
to achieve the largest possible reduction in dielectric stress
and transient voltage while avoiding dielectric breakdown
between the shield and winding;
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5) this paper proposes a shield with a varying distance to the
winding, which prevents dielectric breakdown between the
winding and shield.
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