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ABSTRACT A staggered transformer of power frequency inverters in uninterruptible power supplies (UPS)
can be used as both a voltage transformer and an inductance of filter circuits to replace a traditional reactor.
In this paper, a method is presented to calculate the short-circuit impedance Zk of a staggered transformer.
which can be adjusted by using different arrangements of primary and secondary windings. Using the
structure parameters of core and winding and the magnetic circuit analysis method, the proposed method in
this paper can accurately calculate Zk. This high-precision and simple formula is easy to apply in engineering.
First, a model of the single-phase isolation transformer (the winding arrangement is PSSPPS) is established
using FLUX 3D and verified by comparing the simulated data with the measured data. Second, short-circuit
impedances of four typical winding arrangements (PSSPPS, SPSPPS, PSPSPS, PPPSSS) are obtained by
simulation. The results show that the errors between the simulation and calculation are less than 10%, which
proves the validity of the method. Finally, an analysis of the magnetic field parameters of the staggered
transformers with different winding structures shows that the number of parallel branches of leakage flux
magnetic circuits increases with the complexity of the winding structure, which is consistent with the theory.

INDEX TERMS Staggered transformer, finite element method, short-circuit impedance, flux path.

I. INTRODUCTION
Power transformer is one of the important equipment in the
power grid [1], [2]. Short-circuit impedance Zk is a major
parameter of the transformer and should not be ignored
in transformer design, manufacture, and operation [3], [4].
By improving Zk, the transformer can change the voltage in
uninterruptible power supplies (UPS) and act as an induc-
tance filter to save space and cost [5]. The distribution and
size of the leakage magnetic field change with the winding
structure of the transformer, which adjust Zk [6]. Hence,
studying the effect of the winding arrangement on Zk is of
great practical significance for reducing the cost and improv-
ing the performance of transformers.

The value of Zk affects the electromagnetic force of the
transformer and the voltage fluctuation of the power grid [7].
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For a wide range of transformers, the calculation methods for
Zk include themagnetic circuit method, magnetic field energy
method [8], magnetic leakage method, analytical method and
field circuit coupling method [9]–[11]. In [12], a combination
of the power method and average geometric distance method
was proposed to calculate the short-circuit impedance of
transformers. This combined method was characterized by
the simplicity of its formula, a low number of limitation
conditions and a high level of precision. In [13], the change
in leakage inductance Lk in single-phase power transformers
when a fault occurs in the grid was described, and the winding
deformation caused by the current stress was considered.
However, an overlarge winding current more likely causes
serious saturation of the core. Thus, the use of linear ferro-
magnetic materials may cause some deviation in the conclu-
sion. In [14], a method to calculate Zk was proposed based
on the principle that the magnetic force line was produced by
the effective conductor in the winding.
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The finite element method (FEM) can flexibly handle non-
linear and complex problems. In particular, themethod adopts
thematrix expression, which is convenient to program and fits
the electromagnetic field expression. A finite element model
of single-phase transformers was established in [15] using
Flux software. The effect of saturation in the transformer core
on Zk during a sudden short-circuit of the transformer was
studied, but the leakage magnetic field of the winding was not
analysed in-depth. Leakage reactance of a 9-winding 3-phase
3-column transformer based on FEM was calculated in [16],
and a change in leakage reactance calculated in the steady
state and transient state was observed due to different winding
structure arrangements. The calculation and measured results
were compared, but the effect of core saturation was ignored.

In this paper, a method is presented to calculate the Zk
of the axially directed multi-segment windings transformer
using the structural parameters of transformers. First, the rela-
tionship between Zk and the winding distribution is deduced
based on a magnetic circuit analysis. Second, using the FEM
software FLUX 3D, the simulation model of the staggered
transformer with a rated capacity of 20 kVA, a primary volt-
age of 104 V and a secondary voltage of 240 V is established
using the magnetic circuit coupling method. The accuracy
of the model is verified by measurement data. Third, the
transformer with different winding arrangements is simu-
lated and analysed, the short-circuit impedance of the trans-
former is obtained, and the accuracy of the theory is verified
by comparing the simulated and calculated values. Finally,
the magnetic field parameters of staggered transformers with
different winding structures are analysed.

II. RELATION BETWEEN THE SHORT-CIRCUIT
IMPEDANCE AND WINDING DISTRIBUTION
The Zk of transformers is composed of short-circuit resistance
Rk and short-circuit impedance Xk. Rk is related to the char-
acteristics of the winding; when the effect of temperature is
ignored, the value of Rk remains unchanged [17]. Xk can be
adjusted by different winding arrangements [18]; according
to the definition of Xk, we observe the following:

Xk = 2π f Lk = 2π f
9σ

I
= 2π f

N8σ
I

(1)

f is the frequency of the power supply, 9σ is the flux
leakage chain, N is the number of winding turns, and 8σ
is the flux leakage. Therefore, when N and the short-circuit
current I are constant, Lk is proportional to 8σ .

From the law of magnetic circuit and the theory of mag-
netic reluctance and electromagnetism [19], we can conclude
the following:

8σ =
F
Rσ

(2)

F = NI (3)

Rσ =
l
µS

(4)

F is the leakage magnetic potential; Rσ , l, µ and S are
the leakage magnetic reluctance, length, permeability and

cross-sectional area of the closed magnetic circuit formed
by the leakage flux, respectively. After substituting Eqs. (2),
(3) and (4) into Eq. (1) and converting the parameters of
the secondary side to those of the primary side, Lk can be
expressed as follows:

Lk =
N 2
P(

RσP +
RσS
k2

) (5)

k is the transformer ratio; k = NP/NS; NP is the number
of primary winding turns; and NS is the number of secondary
winding turns. According to Eq. (5), the calculation of Lk is
ultimately attributed to the calculation of the leakage mag-
netic reluctance of the primary RσP and secondary winding
RσS. Because the permeability of the coreµFe is much greater
than that of the air µair, the leakage magnetic reluctance
inside the core can be ignored. From Eq. (4), Rσ can be
calculated by the structural parameters of the transformer to
Lk and Zk of the transformer.

The structure of transformer winding is divided into three
types: layer, pie, and staggered [3]. In this paper, the winding
of the single-phase isolation transformer adopts a staggered
structure, and the winding on the same side adopts a parallel
connection. The winding is symmetrically distributed on both
sides of the core: the primary side is the low-voltage side, and
the secondary side is the high-voltage side.

The simplified schematic diagram of the two windings is
shown in Fig. 1. Themagnetic flux of the transformer consists
of the main flux 8 and 8σ , where the latter serves as the
magnetic flux of primary winding P or secondary winding
S in the separate turn-chain. To more intuitively express the
leakage flux loop, the leakage flux region of the primary and
secondary windings are divided. In the calculation, the leak-
age flux of the secondary winding can be converted to the
primary side, and the total flux linkage and total reactance
produced can be calculated [5].

According to the corresponding relationship between mag-
netic circuit and electric circuit, the leakage flux magnetic
circuit of region A of the primary winding in Fig. 1 (a) is
shown in Fig. 2.

Fig. 1 shows that the structure of leakage flux area A of
the primary winding of the PSSP structure is identical to
that of area C. Therefore, according to the circuit principle,
the leakage flux of the primary winding8σP in Fig. 2 can be
expressed as follows [20]:

8σP = NPIP
8R1 + 4R2
R1R2

(6)

R1 and R2 are the leakage magnetic reluctance of the
leakage flux closed loop 8σp11, 8σp12, 8σp21 and 8σp22 in
air.

In Fig. 1 (a), the leakage flux magnetic circuit of area B of
the secondary winding is shown in Fig. 3.

The leakage flux of the secondary winding 8σS can be
expressed as follows:

8σS = NSIS
2R2R3 + 8R2R4 + 8R3R4

R2R3R4
(7)
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FIGURE 1. Schematic diagram of the distribution of different windings.

FIGURE 2. Primary-winding magnetic circuit diagram of the PSSP
structure.

R3 and R4 are the leakage magnetic reluctances of the
leakage flux closed loop8σ s21 and8σ s11 in air, respectively.
By substituting Eqs. (6) and (7) into Eq. (5), we can obtain
the Lk of the PSSP structure.

Lk = N 2
P

(
8R1 + 4R2
R1R2

+ k2
2R2R3 + 8R2R4 + 8R3R4

R2R3R4

)
(8)

According to Eq. (4), Rσ is directly proportional to l and
inversely proportional to S, so R3 ≈ 2R2 and R4 ≈ 2R1.
Therefore, Eq. (8) can be simplified as follows:

Lk = N 2
P

(
8R1 + 4R2
R1R2

+ k2
12R1 + R2
R1R2

)
(9)

FIGURE 3. Secondary-winding magnetic circuit diagram of the PSSP
structure.

Similarly, the primary and secondary winding structures
in Fig. 1 (b) are identical. Using the magnetic circuit analysis
method, we can obtain the L ′k of the PSPS structure:

L ′k = N 2
P

(
8R1 + 3R2
R1R2

+ k2
8R1 + 3R2
R1R2

)
(10)

Compared with Eqs. (9) and (10), u (R1, R2, k) is defined
as the difference in leakage magnetic reluctance in the corre-
sponding formula:

u(R1,R2, k) =
R2
R1R2

+ k2
4 R1 − 2 R2

R1R2
(11)

In Eq. (11), the numerical ranges of the parameters are as
follows: 0 < R1 < +∞, 0 < R2 < +∞, and 0 < k <1.
The graph of u (R1, R2, k) for these three parameters is
drawn by MATLAB. To better represent their relationship,
the graph with the maximum values of R1 and R2 of 100� is
intercepted, as shown in Fig. 4.

Fig. 4 shows that u (R1, R2, k) is always greater than zero,
so the following conclusion can be drawn:

Lk > L ′k (12)

In conclusion, the Rσ of the transformer can be effec-
tively changed by altering the arrangement of primary and
secondary winding. Different winding arrangements do not
change Rk, according to the definition of Zk [4]; the short-
circuit impedance relationship of these two winding connec-
tion modes can be expressed as follows:

Zk > Z ′k (13)

Thus, when the primary- and secondary-side structures
of the staggered winding become increasingly complex,
the number of parallel leakage reluctances in the magnetic
circuit will increase; from the perspective of magnetic circuit
analysis, the total leakage reluctance will decrease. Because
the relationship between leakage impedance and leakage
reluctance is that they are opposite, the leakage reluctance
will increase with the complexity of the winding structure.
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FIGURE 4. Graph of u (R1, R2, k) selected for different parameters.

III. MODELLING OF THE SINGLE-PHASE TRANSFORMER
A. MODEL PARAMETER
A single-phase staggered transformer model was constructed
with the FEM software FLUX 3D. Its accuracy was veri-
fied by the comparison between the measured and simulated
data. The experimental test platform is presented in Fig. 5,
which consists of the transformer, load bank, oscilloscope,
air switch, analyser, and three-phase power.

To accurately establish the finite element model of the
transformer, the electrical parameters related to the single-
phase transformer are shown in Table 1, including the rated

FIGURE 5. Experimental test platform.

TABLE 1. Electrical parameters of the transformer.

power, the voltage and current of the primary winding, and
the percentage of short-circuit voltage.

The structural parameters related to the single-phase trans-
former are shown in Table 2. When calculating Zk, we should
pay special attention to these parameters: the length of core
window l1; the average distance between the winding and
core δ; the height of winding l2; the distance between the
winding packages on the same side h; and the number of turns
of primary winding NP and secondary winding NS.
The simulation model was established in Flux 3D based on

the geometric parameters measured by the transformer, where
P and S are the primary and secondary windings, respectively.
The B-H curve of the core material is shown in Fig. 6.

To save model computation time and storage space, only
half the model of the transformer was built, and one key auto-
matic segmentation function was used. The adaptive mesh
generation method was used for the model, and the mesh
number was 147278. Flux 3D uses the Newton-Raphson
method to solve the nonlinear system; its accuracy threshold
is set as 1.0E-4, and the maximum number of iterations is
100. The boundary conditions are described by two parallel
and superimposed hexahedrons, the surfaces of the outer
parallelepiped are the image of the infinite body, where the
potential and field are equal to zero. The segmentation net-
work of the generated model is shown in Fig. 7.
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TABLE 2. Structural parameters of the transformer.

FIGURE 6. B-H curve of the core material.

FIGURE 7. Half-model subdivision diagram of the transformer.

The coupling circuit of the transformer model is shown
in Fig. 8. The input of the transformer was simplified

FIGURE 8. Steady-state coupled circuit.

FIGURE 9. No-load characteristic curve.

to the primary-side voltage source V1. P1–P6 and S1–S6
connected in parallel are the coupling elements of the
primary and secondary windings of the circuit, respectively.
R_L is the secondary-side load. By setting its resistance
value, we obtained the simulated data under various work-
ing conditions. When R_L=108�, the transformer was in
no-load running. When R_L=U2N/I2N, the transformer ran
at the rated load. In the short circuit, R_L was set as
10−8�, and the secondary side was connected to voltage
source V2.

B. MODEL VALIDATION
The model verification of the transformer was divided into
two parts:

(a) Steady-state verification: no-load test, short-circuit test
and rated-load test.

(b) Transient verification: load sudden short-circuit test.

1) NO-LOAD TEST
During the no-load simulation experiment, the primary side
of the transformer was connected to a power supply. The
voltage was 0-1.5U1N. The no-load characteristic curve I0∗ =
f (U1∗ ) was obtained as shown in Fig. 9.

In Fig. 9, the simulated values almost coincided with the
measured values, and the error was less than 3%. When the
voltage was 0-U1∗ , the core was unsaturated, and a positively
linear relationship was found between the no-load current and
voltage. When the voltage reached the rated value, the error
between the simulated and measured data of the no-load cur-
rent was 1.77%. When the voltage further increased, the no-
load current sharply increased as the core gradually entered
the depth saturation.
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FIGURE 10. Short-circuit characteristic curve.

TABLE 3. Rated load test.

2) SHORT-CIRCUIT TEST
In this test, the low-voltage side of the transformer was
short-circuited, and the high-voltage side was connected
to the input voltage source. The amplitude of the short-
circuit current increased with the growing input voltage.
The short-circuit characteristic curve Ik∗ = f (Uk∗) is shown
in Fig. 10.

As shown in Fig. 10, Uk∗ and Ik∗ are the short-circuit
voltage and current of the transformer, respectively, which
have a linear relationship. Under the rated current, the error
between the short-circuit voltage simulated and measured
data was 3.61%.

3) RATED-LOAD TEST
Under rated-load operation, the input voltage U1 of the pri-
mary side was 104 V, and the secondary side was connected
to the pure resistance load. The corresponding relationship of
parameters is shown in Table 3.

In Table 3, the error between the simulated and measured
data of the voltage and current during rated-load operation
was within 4%.

4) TRANSIENT SHORT-CIRCUIT TEST
In this test, the load side was connected with a resistance
R_L and a switch in parallel. When the switch was suddenly
closed, the load was short-circuited.

The coupling circuit of the transient short-circuit running
experiment is shown in Fig. 11.

Unlike the steady-state operation test, the transient short-
circuit operation test had a switch in the coupling circuit

FIGURE 11. Transient short-circuit experiment coupled circuit.

FIGURE 12. Change in the primary-side current with time.

diagram. The closing time and internal resistance value of the
switch could be set.

According to the short-circuit time measured by the field
transient short-circuit test, the simulation software was set to
be simultaneously subject to the short-circuit by closing the
switch when t = 0.5944 s. Then, the curve of the measured
and simulated values of the primary-side current with time
was obtained, as shown in Fig. 12.

The simulation results indicate that the primary-side cur-
rent is at a maximum when t = 0.6064 s, and the error
between simulated and measured data is 3.4%. In conclusion,
the comparison between the simulated and measured data of
the transformer demonstrates that the errors of all operating
experiments are less than 5%, which is within the allowable
range of engineering. This result verifies the accuracy of the
simulation model. Thus, the model can be used to further
study the effect of the winding arrangement sequence on Zk
of transformers.

The Zk of the transformer can be obtained from the short-
circuit test of the transformer [4]. Its equivalent circuit dia-
gram is shown in Fig. 13.
R1 and R′2 are measured by the short-circuit test. Therefore,

the values of R1 and R′2 in Fig. 12(c) are based on the mea-
sured data. Table 4 can be obtained by comparing the data of
the three equivalent circuit diagrams.

In Table 4, all comparison errors of simulated data, calcu-
lated values and measured values are within 5% when R and
Xσ are equivalent to the primary side. The calculated values
Xσ in Table 4 are obtained from the design parameters of the
transformer.
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FIGURE 13. Equivalent circuit diagram of the transformer short circuit.

TABLE 4. Short-circuit test.

IV. EFFECT OF THE WINDING ARRANGEMENT ON THE
SHORT-CIRCUIT IMPEDANCE
A. ILLUSTRATIVE EXAMPLES
The PSSPPS staggered arrangement with symmetrical
structure on the left and right was adopted in the original
transformer winding. Theoretically, there are 20 different
winding permutations and combinations. Considering the
structure symmetry, two air gaps in the transformer iron yoke
and other factors, four types of typical winding arrange-
ments are listed as follows, including the initial transformer
PSSPPS structure, and the SPSPPS, PSPSPS, PPPSSS struc-
tures after the change in winding arrangement, as shown
in Fig. 14.

According to the theoretical derivation in the second
section, with the winding structure of PSSPPS as an example,
the primary leakage flux magnetic circuit is composed of two
parts in Fig. 15.

FIGURE 14. Winding arrangement sequence diagram.

FIGURE 15. Primary-side leakage flux magnetic circuit diagram of the
transformer with the PSSPPS structure.

According to Eq. (5), the short-circuit inductance of the
primary-side LkP of the transformer can be obtained as
follows:

LkP = N 2
P
8R1R2R3 + 12R1R2R4 + 2R1R3R4 + 2R2R3R4

R1R2R3R4
(14)
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TABLE 5. Calculation parameters of the short-circuit inductance.

TABLE 6. Short-circuit impedance of different winding arrangements.

The selection of parameters in Eq. (14) is shown in Table 5.
In Table 5, the magnetic circuit length and cross-section area
of the leakage magnetic reluctance are selected from Table 2.

Fig. 14 shows that the structure of primary and secondary
windings of PSSPPS is symmetrical, so the calculation
method of the leakage magnetic resistance of the secondary
side is consistent with that of the primary side. Therefore,
let R =(8R1R2R3 + 12R1R2R4 + 2R1R3R4)/R1R2R3R4 and
convert the leakage magnetic reluctance of the secondary side
to the that of the primary side; then, the Lk of the transformer
is as follows:

Lk = N 2
P (R+ k

2R) (15)

Neglecting the change of winding with temperature, Rk is
subject to the measured data. Using the values in Table 4,
the Zk of the transformer with the PSSPPS winding structure
is 0.2305�. The Zk values of the four different winding
structures are shown in Table 6.

According to the data in Table 6, comparison errors
between calculated and simulated values are less than 10%,
which verifies the correctness of the calculation method in
this paper. Compared with the initial transformer (PSSPPS),
PPPSSS has the largest Zk, PSPSPS has the smallest Zk, and
the other values are in between. The results are consistent
with the theoretical derivation.

FIGURE 16. Distribution of the magnetic flux density with different
winding arrangements.

B. MAGNETIC FIELD ANALYSIS OF THE
TRANSFORMER CORE
Fig. 16 shows the flux density diagram under different
winding distributions. Flux density B slightly changes with
different winding distributions, but the distribution of B
changes greatly. From the magnetic field principle of the
transformer, we can conclude that a magnetic circuit will
be formed between the high and low voltage windings.
Taking the distribution of PSSPPS windings in Fig. 16 (a)
as an example, there are three adjacent high and low
voltage windings (PS or SP), which will produce three
magnetic circuit channels between the windings. According
to Eq. (4), under the condition of constant permeability µ
and cross-sectional area S, Rσ is directly proportional to l;
a larger magnetic resistance corresponds to a smaller leakage
flux, a smaller leakage reactance and a greater short-circuit
current.

Fig. 16 shows that there are four magnetic circuits between
the windings with the SPSPPS distribution, five magnetic
circuits between the windings with the PSPSPS distribu-
tion, and one magnetic circuit between the windings with
the PPPSSS distribution. Therefore, the maximum short-
circuit current distributed by PSPSPS in the winding is
the largest, while the maximum short-circuit current in the
PPPSSS distribution of the winding is the smallest. The
maximum short-circuit current of the SPSPPS distribution
and the PSSPPS distribution is between these two values.
The analysis results are consistent with the theoretical
calculation.

Fig. 17 shows the relative magnetic permeability distri-
bution when the short-circuit current was at a maximum in
different winding arrangements.
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FIGURE 17. Distribution of the relative magnetic permeability of the core
with different winding arrangements and maximum short-circuit current.

Fig. 17 shows the following:
(a) In different winding arrangements, when the short-

circuit current was maximum, the relative permeability in
the transformer core was above 3979, which is much higher
than 1. Thus, the transformer core was far from the saturated
state.

(b) As shown in Fig. 17 (a), themaximum relativemagnetic
permeability was located at the inner angle of the transformer
and lower iron yoke. There were two reasons for this: first,
the magnetic circuit passing through the inner angle of the
transformer core was relatively short, resulting in the lowest
magnetic energy consumption. Second, the inner angle of the
upper iron yoke was connected to the core air gap. Under the
effect of the air gap, the magnetic resistance increased with a
small magnetic path distribution and magnetic permeability.
Therefore, the relative magnetic permeability at the inner
angle of the lower iron yoke was larger than that at the upper
iron yoke.

(c) The relative magnetic permeability mutated at the air
gap of the transformer because it was much lower than that
at the surrounding iron core due to the much larger magnetic
resistance of the air gap than that of ferromagnetic materials.

(d) When the winding distribution was changed, the inten-
sity and path of leakage flux distribution varied, and the
relative magnetic conductivity distribution at the core of
transformer experienced a large change.

C. ANALYSIS OF THE MAGNETIC CIRCUIT ANGLE
The magnetic field intensity distribution when the short-
circuit current was maximum under different winding
arrangements is presented in Fig. 18.

FIGURE 18. Distribution of the magnetic field intensity of the core with
different winding arrangements and maximum short-circuit current.

The initial transformer in Fig. 18 shows the following:
(a) The magnetic field was symmetrically distributed

because of the symmetrical distribution of windings on the
two core columns.

(b) A magnetic circuit was formed between any set of
connected ‘‘PS’’ or ‘‘SP’’ windings.

(c) The magnetic field intensity of the air gap between
identical grade windings (PP or SS) was almost zero since
the magnetic flux paths had identical sizes and opposite
directions.

(d) The distribution of magnetic field intensities varied
with different arrangements of the substance windings.

(e) The magnetic circuit varied in different winding
arrangements. The transformer formed 3, 4, 5, and 1 mag-
netic path between PS, SP and PS in Fig. 18(a), Fig. 18(b),
Fig. 18(c), Fig. 18(d), respectively.

(f) With an increase in the number of magnetic leakage
flux paths, the maximum magnetic field intensity of the
transformer decreased. With less leakage magnetic circuit,
more leakage magnetic field passed through the magnetic
circuit. As a result, the magnetic field was at a maximum
when there was only one magnetic path in the PPPSSS, as
shown in Fig. 18(d).

Based on the comparison of the short-circuit impedances
of different winding arrangements in Table 4, when the short-
circuit current is at a maximum, the short-circuit impedance
increases with the decrease in magnetic leakage flux paths.

V. CONCLUSION
This paper presents a method for calculating the short-circuit
impedance of the axially directed multi-segment windings
transformer, and the magnetic field parameters of transform-
ers with different winding structures are compared and anal-
ysed. The conclusions are as follows:
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(1) Based on the magnetic circuit analysis method, the
short-circuit impedance of the axially directed multi-segment
windings transformer can be calculated by the structural
parameters of the transformer core and winding. The leakage
magnetic reluctance on the same side of the core column is
parallel structure. Since the leakage flux magnetic circuit in
the core window is excited by the magnetic potential on both
sides, the leakage magnetic reluctance in the window is in
series.

(2) Changing the arrangement of transformer windings will
affect the change in the magnetic circuit and alter the leak-
age magnetic field distribution and short-circuit impedance.
In the four different winding structures studied, short-circuit
currents reached the maximum relative permeability at the
inner angle of the core and the minimum value at the outer
angle of the core. A less magnetic circuit has a stronger
magnetic field. The magnetic flux leakage path varies under
different winding arrangements. Compared to the original
transformer winding, the increase in magnetic circuit reduces
the short-circuit impedance.
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