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Abstract— This paper presents a detailed design of a high-
frequency three-phase (3ϕ) multi-winding transformer tailored
for space applications. Using high-frequency converters is
paramount to minimize the footprint of passive components
and optimize power distribution architecture, which are critical
considerations for satellite power systems. Furthermore, the
complexity of designing a multi-winding transformer on a single
core necessitates meticulous attention to ensure compactness.
This study outlines a comprehensive design methodology for
a 10kHz, 100W, 3ϕ multi-winding transformer. The design
approach is validated through simulation using ANSYS Maxwell
3D, providing corresponding results. Additionally, experimental
validation is conducted by delivering 100 W of power through
a 10 kHz 3ϕ high-frequency AC system, affirming the practical
viability of the proposed design.

Index Terms—High-Frequency Magnetics, Three-phase Multi-
winding Transformer, Space Application

I. INTRODUCTION

In Indian Satellites, conventional DC-DC power distribution
architecture is employed to accommodate radar loads, as
shown in Fig. 1a. Power is distributed at a relatively high DC
bus voltage to limit the losses. At the load end, an isolated DC-
DC converter is used to step down the voltage, followed by a
point of load (PoL) converter to regulate the voltage tightly.
However, the considerable number of radar loads necessitates
numerous isolated DC-DC converters, posing challenges in
productization. To address this, a centralized AC bus can be
derived from the DC bus to alleviate the issue. Subsequently,
individual step-down transformers can be utilized, followed by
a rectifier stage before directing power to the PoL converter
of each radar load. It’s crucial for the AC bus to operate at a
high frequency to limit the size of the step-down transformers.

Resonant-based DC to high-frequency AC (HFAC) inverters
are employed to generate the high-frequency AC bus in the
literature [1], [2]. However, the load-dependent characteristics
of parallel resonant converters introduce complexities in both

paralleling and control. While employing a pre-regulator buck
stage can address these load-dependent issues, it adds to loss
and complexity due to the introduction of additional stages.
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Fig. 1. Conventional power distribution for Satellites (a) DC archi-
tecture with point of load (POL) converters , (b) 1-phase HFAC
architecture with POL converters [3], [4].

References [3]- [4] discusses a pulse width modulation
(PWM) based single-phase (1ϕ) DC-HFAC system, as shown
in Fig. 1b. The inherent load-independent characteristics of
PWM converters render this approach suitable for paralleling
and controlling without additional external circuitry. However,
due to the square-wave current drawn by the 1ϕ diode-
bridge rectifier, several trap filters are required to enhance
the current’s Total Harmonic Distortion (THD), consequently
compromising the system’s performance.

Three-phase (3ϕ) PWM-based DC-HFAC system in [5]
discusses a twelve-pulse rectifier with transformers to step
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Fig. 2. Three-phase (3-ϕ) 10 kHz HFAC Power Distribution Architecture for Satellites

down the voltage and rectify it before feeding it to PoL
converters. As the first harmonic component of the current
drawn by the twelve pulse rectifier is 11th order, no trap filters
are required, making this approach promising over the 1ϕ
approach [3], [4]. However, six separate high-frequency (HF)
transformers are used to realize the 3ϕ Y ||Y/∆ configuration
required for the twelve pulse rectification, making the system
quite complex.

In [1]- [4] the focus is on the 1ϕ DC-HFAC system, which
necessitates a 1ϕ transformer for isolation. However, these
papers do not delve into the design specifics of the transformer.
Typically, the conventional area-product approach suffices for
designing the 1ϕ transformer using readily available cores in
the market (E-type, toroidal, etc.). Nevertheless, designing a
multi-winding 3ϕ HF transformer with commercially available
E-type cores poses challenges. This is because the E-type cores
available commercially often exhibit a higher cross-sectional
area in the middle limb than in the side limb, potentially
inducing unequal magnetizing currents. Consequently, this
could lead to core saturation issues.

NASA developed a 1ϕ 20 kHz HF transformer tailored for
space applications [6]. Furthermore, [7] outlines the design
of a multi-winding high-frequency transformer intended for
DC-DC applications, with windings positioned solely on the
middle limb. Additionally, [8] explores the design of a multi-
winding five-limb 3ϕ medium-frequency (600 Hz) transformer,
utilizing multiple silicon steel cores. However, literature on
exploring multi-winding 3ϕ high-frequency transformers for
space applications utilizing a single commercially available
E-type core is non-existent.

This paper proposes a methodology for designing a multi-
winding 3ϕ HF transformer utilizing a commercially available
E-type core. The contributions of this paper are outlined as
follows: (a) Comprehensive analysis and design of a multi-
winding 3ϕ transformer are provided for commercially avail-
able E-type cores, considering the higher cross-sectional area
of the middle limb compared to the side limbs. (b) The analysis
is validated through simulation using ANSYS Maxwell 3D,
and the corresponding results are presented. (c) A 100W,

10kHz multi-winding single-core 3ϕ transformer intended for
satellite power applications is designed and fabricated, and
experimental results are presented.

The organization of this paper is as follows: Section II
discusses the complete power architecture of the 3ϕ HFAC
System. Section III details the step-by-step design method-
ology of the single-core 3ϕ high-frequency multi-winding
transformer for twelve pulse rectification. Section IV presents
the experimental and simulation results to validate the design
methodology. Finally, the paper is concluded in Section V.

II. SYSTEM DESCRIPTION

The entire power train of the three-phase (3ϕ) high-
frequency AC power distribution system for satellite appli-
cations is depicted in Fig. 2, featuring the Si-MOSFET-based
HFAC inverter bridge. The bridge’s input is connected to a
DC bus, denoted as VDC . Subsequently, the output undergoes
filtration via a low-pass LC filter (comprising Lf and Cf ),
with the filtered output linked to the star-connected primary
of the multi-winding high-frequency transformer (HFT) via
the power line. The lumped inductance model of the extended
power line cable, along with the primary side leakage induc-
tance of the transformer, is represented by Ll. Within the
secondary side, two sets of 3ϕ windings are present—one set
star-connected, the other delta-connected. These windings feed
into two separate 3ϕ rectifiers, with their outputs linked in
series to form the twelve-pulse rectified output.

Following rectification, the output is filtered using the DC
side filter, denoted as LfDC and CfDC , respectively. The
system includes a resistive load, represented by RL, to emulate
the point-of-load (PoL) converters followed by radar loads. In
practice, each load end mirrors the configuration shown in Fig.
1b and operates in parallel. Detailed system specifications are
provided in Table I. The high-frequency inverter adopts the
sine-triangle modulation technique.

III. DESIGN METHODOLOGY

The winding configuration for the three-phase multi-
winding high-frequency transformer (HFT) is illustrated in
Fig. 3. Each limb accommodates one primary winding and
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TABLE I
SPECIFICATION OF 3ϕ HFAC SYSTEM (FIG. 2)

VDC VAnpk
Po fo fs Ll 1 : n1 : n2

80V 30V 100 W 10kHz 200kHz 3.3µH 1 :
√
(3) : 1

Fig. 3. Winding Configuration of 3ϕ Multi-winding Transformer.

two secondary windings corresponding to each phase voltage.
Externally, the primary windings are connected in a star
configuration, with one set of secondary windings connected
in the star and another set connected in the delta. In Fig. 3,
the width of the middle limb is twice that of the side limbs,
reflecting the structure of commercially available E-type ferrite
cores where the cross-sectional area of the middle limb is
double that of the side limbs. The design procedure is detailed
as follows.

A. Computation of Area Product

The magnetic equivalent circuit, considering only the pri-
mary windings, is depicted in Fig. 4, where ℜ represents the
reluctance of the side limbs. With the cross-sectional area
of the middle limb being double that of the side limbs, the
reluctance of the middle limb is ℜ

2 . Here, NY
P , NY

S , and
N∆

S denote the turns ratio of the star-connected primary,
star-connected secondary, and delta-connected secondary, re-
spectively. Similarly, ixp, iYxs, and i∆xs represent the currents
of the primary winding, star-connected secondary, and delta-
connected secondary winding, respectively, and vxn denotes
the primary side voltages with x ∈ A,B,C as shown in Fig.

Fig. 4. Magnetic Equivalent Circuit considering Primary Winding.

Fig. 5. Winding Currents of Phase-a.

2. Additionally, Io represents the constant current sink load
after the rectifier. Fig. 5 illustrates the waveforms of iap, iYas,
and i∆as for phase-a, with other phase currents being phase-
shifted by ± 2π

3 for a balanced 3ϕ system.
The fluxes (ϕa,b,c) in each limb are correlated with their

respective applied voltages as given in (1), where vAn =
Vpk cosωot, and vBn, vCn are phase-shifted by 2π

3 and 4π
3

with respect to vAn, respectively. Consequently, the maximum
flux density of each limb (Bm(a,b,c)) (as shown in Fig. 3)
can be expressed using (1) in (2), where Ac = lx × w. It is
evident from (2) that the maximum flux density is double in the
side limbs compared to the middle limb. Thus, if the design
considers the maximum flux density of the side limbs, the
maximum flux density of the middle limb will automatically
remain within the limit.

vAn = NP
dϕa

dt
; vBn = NP

dϕb

dt
; vCn = NP

dϕc

dt
(1)

Bma = Bmc =
Vpk

NpωoAc
; Bmb =

Vpk

2NpωoAc
(2)

The relation between the window area (Aw = ly × hy),
RMS currents of windings, and turns is provided in (3). Here,
Ip(rms), IYs(rms), and I∆s(rms) represent the RMS currents of
primary and secondary windings, which can be expressed as
Ip(rms) = 1.58Io, IYs(rms) =

√
2
3Io, and I∆s(rms) =

√
2
9Io. J

denotes the current density of the conductor. In the case of
twelve-pulse rectification, the turns ratio is NY

P : N∆
S : NY

S =
1 :

√
3 : 1. Here, kw is the packaging factor. Combining all

these, (3) can be simplified as (4). Utilizing (2) and (4), the
expression for the area product can be given as (5), where Vo

denotes the average output voltage after rectification and can
be expressed as Vo = 6

√
3

π Vpk.

Awkw = 2

[
NY

P

Ip(rms)

J
+NY

S

IYs(rms)

J
+N∆

S

I∆s(rms)

J

]
(3)

Awkw =
2NY

P Io
J

[
2

√
2

3
+ 1.58

]
(4)

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on January 12,2025 at 09:39:52 UTC from IEEE Xplore.  Restrictions apply. 



AcAw =
1.942VoIo
ωoBmJkw

(5)

B. Computation of Number of Turns

The number of turns for the primary winding (NY
P ) can

be computed using (2) and expressed as (6). The turns-ratios
(NY

S , N∆
S ) for the secondary windings can be determined from

NY
P as given in (7).

NY
P =

V
pk

ωoAcBm
(6)

NY
S = NY

P ; N∆
S =

√
3NY

P (7)

C. Computation of Wire Gauge

The cross-sectional area of the wires can be computed using
(8), where aYwp, aYws, and a∆ws are the cross-sectional area of
the primary, star connected secondary, and the delta connected
secondary windings, respectively.

aYwp =
Ip(rms)

J
; aYws =

IYs(rms)

J
; a∆ws =

I∆s(rms)

J
(8)

D. Complete Design Steps

The complete design flow for the single-core 3ϕ high-
frequency multi-winding transformer is given in Fig. 6, and
the design steps are detailed as follows.

Fig. 6. Flow Chart of HF Multi-winding Transformer Design

1: Determine the area product (AcAw) considering E-type
core using (5), for a given output power rating (VoIo),
operating frequency (ωo), maximum flux density of the
core (Bm), current density of the conductor (J), and
suitable packaging factor (kw).

2: Select the commercially available E-type core such that
the area product of the selected core should be the same
or greater than the computed area product in step 1.

3: Based on the Ac of the selected core in step 2, com-
pute the turns ratios (NY

P , NY
S , N∆

S ) for primary and
secondary windings using (6), and (7).

4: Based on the RMS current requirement of the primary and
secondary windings (Ip(rms), I

Y
s(rms), I

∆
s(rms)) and cur-

rent density of the conductor (J), the cross-sectional areas
of the primary and secondary windings (aYwp, a

Y
ws, a

∆
ws)

can be determined using (8).
5: After designing the transformer verify whether for the

selected core, computed number of turns, and cross-
sectional area of the wire in the previous steps, Awkw ≥
2

[
NY

P aYwp +NY
S aYws +N∆

S a∆ws

]
. If this inequality is not

satisfied, go back to step 2 and repeat the procedure.

IV. RESULTS

Considering the specifications listed in Table. I, a multi-
winding three-phase (3ϕ) transformer is designed based on
the steps stated in III. Here, Bm, J , and Kw are set around
0.1T, 3A/mm2, and 0.5, respectively. The E 42/21/15 core is
selected for the transformer. NY

p and NY
s are chosen around

50, and N∆
s is selected around 87. aYwp, aYws, and a∆ws are

selected around SWG21, SWG24, and SWG27, respectively.
Fig. 7(a) depicts the 1 kW, 10 kHz 3ϕ power inverter,

operated at 200 kHz switching frequency. The experimental
prototype of the load-board, comprising the multi-winding 3ϕ
transformer, DC side LC filter, and diode bridges, is illustrated
in Fig. 7(b).

The outcome of the ANSYS Maxwell 3D simulation for the
designed transformer is illustrated in Figure 7(c). The windings
are energized with the rated three-phase balanced currents, as
shown in Figure 5, at an angular frequency of ωot=90o. It is
evident from Figure 7 that the maximum flux density reaches
approximately 0.07 T. This result validates the accuracy of
the analysis, as the maximum flux density falls within the
predetermined threshold used during the design process.

The experimental result is presented in Fig. 7(d). The 3ϕ
voltages (vAB , vBC , vCA) are balanced, and the line current
iA, iB , iC are also balanced and sinusoidal, indicating that the
twelve-pulse rectification is functioning correctly. Fig. 7(e),
and Fig. 7(f) FFT spectrum of iA, and vAB , respectively, and
THD values are tabulated in Table. II. The THD of the line
voltages (vAB , vBC , vCA) are around 3%, and THD of line
current iA, iC are around 8%, and iB is around 9%, which are
within acceptable limits. As phase-b corresponds to the middle
limb, the equivalent impedance corresponding to the middle
limb is less than the side limb, so the fundamental current
drawn by the middle limb is slightly less than the side limb,
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Fig. 7. (a) 1 kW Power Board. (b) 100 W Load Board. (c) Simulation Result at Maximum Flux Density. (c) Waveform of line voltages vAB , vBC , vCA (Y
axis: 50 V/div) and line currents iA, iB , iC (Y axis: 2 A/div); X axis: 20 µs/div. (d) FFT Spectrum of iA. (e) FFT Spectrum of vAB .

which leads to a slightly higher THD of the phase-b current
than the other two phases. The efficiency of the transformer
is noted to be around 96.93%. This confirms the validity of
the transformer design methodology.

TABLE II
PERFORMANCE PARAMETERS OF LINE VOLTAGE AND CURRENT

Parameters vAB vBC vCA iA iB iC
THD (%) 3.09 3.08 3.37 8.23 9.04 8.15

V. CONCLUSION

This paper elaborates on the design procedure of a multi-
winding three-phase (3ϕ) high-frequency transformer tailored
for satellite power applications. The complete power train
is showcased, encompassing theoretical analysis and a step-
by-step design approach for a compact 3ϕ multi-winding
high-frequency transformer utilizing commercially available
E cores. The accuracy of the analysis is verified through
ANSYS simulation, and results are provided. Furthermore,
experimental results are presented to validate the effectiveness
of the designed transformer. The THD of the line voltages are
noted around 3%, and line currents are noted around 8-9%.
The Efficiency of the transformer at rated power is around
97%.
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