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Multi-Output Planar Transformers in GaN Active

Forward Converters for Satellite Applications
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Abstract—It is a serious challenge to find the optimal winding
configuration that realizes minimum leakage inductance of multi-
output multi-winding planar transformers due to the complex cou-
pling relationship. The proposed idea is to build the mathematical
model of leakage magnetic field energy and screen out all possible
winding configurations to solve the minimum value with MATLAB
programming. Then, only limited potential winding configurations
need to be three-dimensionally simulated in Maxwell. By analyz-
ing the inductance matrix, the leakage inductance of multi-winding
planar transformers is solved. A full gallium nitride (GaN) active
clamp forward converter with self-driven synchronous rectifiers
(SRs) is presented with complete mode analysis. It is noted that
the proposed active clamp technology uses the auxiliary winding
with the nonfloating GaN switch compared to the conventional
high-side clamping circuit, which is important for the satellite ap-
plications. The GaN drive chips for high reliable gate voltage are
combined with self-driving. Considering the leakage inductance in
each winding and junction capacitance of the GaN high electron
mobility transistors, the oscillation frequency and amplitude over
the switches are modeled quantitatively, which is important to min-
imize powertrain loop at MHz. The explanation of the root cause
of the voltage spike in the converter is also presented. A prototype
with 1 MHz, 100 V input, 5 V/6 A and ±12 V/0.83 A outputs was
built to verify the proposed techniques.

Index Terms—Active clamp forward (ACF) converter, en-
hancement mode gallium nitride (eGaN) high electron mobility
transistor (HEMT), finite element analysis (FEA), multi-winding
planar transformer, synchronous rectification.

NOMENCLATURE

n1, n2 Turns of primary winding and auxiliary
winding.

D Duty ratio of control HEMT Q1.
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Ts Switching period.
Vin Input voltage of a multiple-output

converter.
Vc Voltage of a clamping capacitor.
iQ1, iQ2 Current through Q1 and Q2.
vQ1, vQ2 Drain–source voltage of Q1 and Q2.
Coss1, Coss2 Output capacitance of Q1 and Q2.
vQ3, vQ4 Drain–source voltage of SR Q3 and Q4.
n5 Turns of +5 V output winding.
iT 1, iT 2 Currents through primary and

auxiliary winding.
iL M Current through magnetic inductance.
vT 1, vT 2 Voltages of primary and auxiliary winding.
vT 5 Voltage of +5 V output winding.
Lσ1, Lσ2 Leakage inductances in primary and

auxiliary winding.
L M Magnetic inductance of a transformer.
iT 5 Current through +5 V output winding.
I Current matrix of layers.
i1, i2 Currents in the first layer and second layer.
bw Width of a magnetic core window.
n Total amount of layers.
h Copper layer thickness.
w Distance between two copper layers.
μ0 Permittivity of vacuum.
lw Length of windings.
L11, L22, L33, L44 Self-inductances of each winding in the

inductance matrix.
M12, M13, M14, Mutual inductances between
M23, M24, M34 windings in the inductance matrix.

I. INTRODUCTION

THE equipment for the communication, control, and pro-
tection circuits in aerospace needs the power supplies with

low dc voltages of 3.3, 5, ±12 V, etc. The basic structure of a
power supply system in satellites is shown in Fig. 1(a). Bus line
connects the energy store units to a multiple-output converter
[1]–[3]. A multiple-output converter is typically used to convert
bus voltage to multiple low voltages. The typical bus voltage of
a satellite power supply is 28 V at present [4], [5]. This voltage
level is suitable under the condition of total load power lower
than 2 kW. With the development of more electronic equipment,
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Fig. 1. Basic structure and bus voltage levels of the power supply sys-
tem in satellites. (a) Basic structure of the satellite power supply system.
(b) Bus voltage levels of the satellite power supply system.

the total load power demand will increase in the future. When the
total load power is above 2 kW, the bus voltage needs to increase
to 100 V [6]–[8]. This bus voltage level is the trend in the power
supply system of satellites, which reduces the power loss and
weight of the transmission line and power system significantly.

The active clamp technique [9] is extensively used in multiple-
output converters. Normally, the active clamp forward (ACF)
converters [10], [11] are classified into the high-side clamping
and the low-side clamping. The self-driven synchronous rec-
tifier (SR) technique [12] is usually adopted in low-voltage
and high-current output channels. At present, the typical
switching frequency of the multiple-output converters is about
200–400 kHz and the MOSFETs are used. In order to shrink
the size and weight of the passive components and further im-
prove the power density, increasing the switching frequency
to MHz range is an effective way [13]. However, this may
result in higher frequency-dependent loss such as the switch-
ing loss, gate drive loss, magnetic loss, ac winding loss, and
so on.

New generation of power device enhancement mode gallium
nitride (eGaN) high electron mobility transistors (HEMTs) can
improve high-frequency performance of multiple-output con-
verters significantly [14]. Compared to the silicon MOSFETs with
the similar voltage and current rating, the eGaN HEMTs have
many advantages such as lower gate charge, faster switching
speed, and smaller package with much reduced parasitics. These
advantages make the eGaN HEMTs more suitable to MHz dc–dc
converters [15]–[17]. Particularly, as to the satellite power con-
verters, the eGaN HEMTs can help to improve the reliability
against the radiation in space application. Nevertheless, special
attention has to be paid when applying the eGaN HEMTs. One
thing is that the eGaN HEMTs have no body diodes. When the
eGaN HEMTs are reversely conducting, the reverse current has
to travel via the device by the reverse conduction mechanism.
Due to high reverse conduction voltage, the reverse conduction
loss becomes severe at MHz switching frequency. Therefore, it
is important to minimize the reverse conduction time when the
eGaN HEMTs operate as the SRs in MHz converters. More im-
portantly, the gate drive voltage has to be restricted less than 6 V.
Once the drive voltage exceeds 6 V, the eGaN HEMTs can be
damaged, which makes the self-driving of the SRs challenging.

Fig. 2. GaN synchronous ACF multiple-output converter.

At the MHz switching frequency, the conventional wire-
wound transformers [16] that have large leakage inductance and
high altitude may not be suitable anymore. The planar trans-
formers offer good consistency, low altitude [19], low parasitic
parameters [19]–[21], and high repeatability. These advantages
make the planar transformers [22] gradually become a critical
component of high-frequency (HF) converters. In the optimiza-
tion process of a planar transformer, the leakage inductance is
the key point. Lower leakage inductances [23], [24] produce
lower voltage spikes over the fast speeding switches. For two-
winding planar transformers, the leakage inductances in the pri-
mary and secondary winding can be conveniently optimized by
calculating the leakage magnetic field energy [25]. The leakage
magnetic field energy is related to magneto motive force (MMF)
[26], [27]. Due to the simple structure and limited winding lay-
ers, the optimal winding configuration with minimum leakage
inductance can be found by interleaving windings intuitively.
The typical result of winding optimization is usually a symmet-
rical interleaving structure [28]–[30]. However, this method is
not suitable to multi-winding planar transformers straightfor-
ward. Due to high complexity of multi-output multi-winding
configuration, all the leakage magnetic energy is coupled en-
tirely. Therefore, it is difficult to calculate the leakage magnetic
field energy of particular winding and related leakage induc-
tance theoretically.

The objective of this paper is to propose an optimization
method to identify the optimal structure for HF multi-winding
planar transformers. Compared with the existing literature, this
optimization combines numerical calculation and finite element
analysis (FEA) simulation and is suitable to HF multi-winding
planar transformers. A new active clamp technology using the
auxiliary winding with the nonfloating GaN switch is proposed.

II. SYNCHRONOUS ACTIVE CLAMP FORWARD CONVERTER

Fig. 2 shows the schematic of the ACF converter. Table I lists
the specifications. Compared with the multiple-output forward
converter [10], the duty ratio can exceed 50% and bidirectional
magnetization can be realized in the converter.

Conventional high-side clamping requires the clamping cir-
cuit paralleled with the primary winding. Since the clamp branch
is located on the high side, it needs a floating driver circuit.
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TABLE I
CONVERTER SPECIFICATIONS

For satellite applications, the driver circuit should be simple
and reliable. Since the floating driver circuit is complicated and
unreliable, it is hardly applicable. The conventional low-side
clamping requires the clamping circuit paralleled with the main
switch and needs a p-channel switch. In Fig. 2, compared to the
conventional high-side clamping circuit, the converter uses an
auxiliary winding to implement the active clamp. The auxiliary
circuit consists of a clamping switch and a clamping capacitor.
The advantage of the proposed active clamp technology is that
the main and clamping switches are driven conveniently and
reliably without the floating driver circuits, which is important
for satellite applications.

Considering the main output is 5 V/6 A, the self-driven SR is
adopted to reduce the conduction loss. Compared with the con-
ventional self-driven MOSFET SR, the eGaN HEMTs need extra
driver IC to realize the SR. The reason is that the drive signals
obtained from the transformer winding exceed the maximum
gate voltage rating of eGaN HEMTs. To guarantee the safety
drive voltage, a drive chip is adopted. The other two output
channels only need to provide low output current, so the Schot-
tky diodes are used. All the active switches in this converter
are eGaN HEMTs and the switching frequency is targeted as
1 MHz.

III. DESIGN PROBLEMS OF A PLANAR MULTI-WINDING

TRANSFORMER

To achieve high power density, the multiple-output planar
transformer has been adopted in the ACF converter. A general
method is to analyze the MMF distribution [16], [24] of wind-
ings in the window and calculate the leakage magnetic field
energy of the transformer theoretically. According to (1), the
energy stored in the leakage inductance is equal to the leakage
magnetic field energy. By calculating the leakage magnetic field
energy, the theoretical leakage inductance value can be solved
conveniently

Eenergy = 1

2

∫
window

area

B HdV =1

2
Llk I 2

P (1)

where Llk is the leakage inductance in the primary side, Ip is
the current of the primary winding, B is the magnetic induction
intensity in the window, and H is the magnetic field strength in
the window.

This method is verified to be effective in design and opti-
mization of a two-winding planar transformer. Fig. 3 shows the
diagram of a two-winding transformer. Considering the con-
struction of the two-winding transformer is simple, it only needs

Fig. 3. Two-winding transformer.

Fig. 4. (a) Noninterleaving structure. (b) Part-interleaving structure.
(c) Interleaving structure.

to compare a few configurations that include the noninterleav-
ing structure, part-interleaving structure, and interleaving struc-
ture to find the optimal structure [27]. Fig. 4 shows the MMF
distribution of three possible winding configurations. The blue
rectangle represents the primary winding and the red rectan-
gle represents secondary winding. Normally, the interleaving
structure has the smallest leakage inductance and this winding
structure is proved to be the optimal winding configuration. The
capacitive coupling between the primary winding and secondary
winding normally increases with interleaved windings since the
overlap area of windings is increased. The leakage inductance
is decreased and the parasitic capacitance is increased.

As for the multiple-output converters, many practical factors
need to be considered compared with the two-winding trans-
former. The main challenge of the ACF multiple-output con-
verter is the design and optimization of the planar transformer
with MHz. In the multiple-winding planar transformer, there are
usually three or four windings and even more. Due to different
output voltage and power, the turns and current of these sec-
ondary windings are different. There are tens of thousands of
possible winding configurations that exist. The magnetic field
and coupling relationship of a multiple-output transformer is
more complex than a two-winding transformer. It is difficult
to interleave one primary winding and several secondary wind-
ings manually to find the optimal arrangement compared with a
simple two-winding transformer.

The reduction priority of the leakage inductance in the multi-
windings is different. There are two criteria for selecting the
optimal structure of the multi-winding planar transformer as
1) the first priority is that the total leakage magnetic field energy
should be controlled within a low range to ensure that the leakage
inductance of all windings is within an acceptable range; 2) the
second priority is that the leakage inductance in the 5 V output
channel should be as low as possible, since the 5 V output
channel has low output voltage and high output current. The
driving signals of the SRs are from the transformer winding. If
the leakage inductance of this winding is large, the oscillations of
driving signals are serious. These severe oscillations may result
in false turn-ON of SRs. To ensure the SRs operate efficiently,
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Fig. 5. Flowchart of numerical analysis.

the leakage inductance in this channel should be should be as
low as possible. Therefore, the aim of optimization is to screen
out potential structures that have low leakage magnetic field
energy, and then find the optimal structure that has low leakage
inductance in primary winding and main power winding from
those possible configurations.

IV. PROPOSED OPTIMIZATION METHOD OF MULTI-WINDING

PLANAR TRANSFORMERS

A. Numerical Analysis Step

Fig. 5 shows the flowchart of the proposed numerical analysis.
The parameters of a multiple-output planar transformer are input
into a MATLAB program. The current in each layer i , the copper
thickness h, the interlayer distance w, the width of magnetic core
window bW , and total layers n should be input into MATLAB.
Then, through full permuting all n layers, n! winding structures
that correspond to n! current matrixes are obtained. One of the
matrixes is given as follows:

I = [i1, i2, i3 . . . in]. (2)

In the hardware circuit, the currents have different values and
directions. All the elements in matrix I depend on the partic-
ular winding structures. Due to the complex coupling relation-
ship between the windings, (1) used in the simply two-winding
transformers cannot be applied to the multiple-winding structure
directly. However, the magnitude of the leakage magnetic field
energy still reveals the magnitude of the leakage inductance.
The number of layers in the multi-winding planar transformer
is large. The total amount of possible configurations becomes
large as well. The calculation cannot be finished manually. With
MATLAB programming, a large number of cases that have high
leakage magnetic energy can be filtered out. By doing this, the
number of cases can be reduced to few options. This procedure

Fig. 6. MMF distribution of the winding structure.

can improve the screening efficiency and save a lot of design
effort.

Fig. 6 shows the MMF distribution of a winding structure.
The left part is the winding structure in the core window and the
right part is the MMF distribution. h denotes the copper thick-
ness. w denotes the interlayer distance. i denotes the current
in each layer. bW denotes the width of the magnetic core win-
dow. The total number of layers is n. It should be emphasized
that the winding structure in Fig. 6 is only used to illustrate the
calculation of total leakage magnetic field energy. In practical
applications, the winding structure and parameter are not the
same. There are some important points that can be summarized
as follows.

1) The nth layer current in is defined as the total current in
that layer. In the case with several turns in one layer, the
current in each turn should be summed together. Besides,
for the convenience of calculation, it is assumed that
the magnetic field intensity is constant in the horizontal
direction.

2) The nth layer current in can be either positive or nega-
tive. In other words, the current directions of the primary
winding and secondary winding are opposite, which is
corresponding to the positive and negative values of the
current. Different interleaved winding arrangements cor-
respond to different current matrixes and different MMF
distributions. Once the winding structure is determined,
the current matrix is determined by assuming that the di-
rection out of the paper is positive while the direction into
the paper is negative.

3) Due to the eddy current, which is caused by proximity
effect and skin effect in HF situation, the load current is
close to the surface of the conductor. This phenomenon re-
sults in the inhomogeneous distribution of magnetic field
strength. The MMF distribution of the winding structure
is different as well, which may reduce the total leakage
magnetic field energy [31]. The different lines in Fig. 6
indicate the effect of higher frequencies on the MMF
distribution.
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By splitting the core window into 2n − 1 fractions, as shown
in Fig. 6, the leakage magnetic field energy of each fraction is

Eleakage = 1

2

∫
V

B HdV = μ0

2

∫
V

H 2dV (3)

where V denotes the volume of each fraction. Assuming the
magnetic field intensity is constant in the horizontal direction,
the expression of the magnetic field strength in the nth odd
section of the window area is (4) shown at the bottom of this
page, where

γ = 1 + j

δ
= (1 + j)

√
π f μ0σ . (5)

In (5), δ denotes the skin depth and σ denotes the electrical
conductivity of copper. Based on (3) and (4), the leakage mag-
netic field energy in the nth odd fraction is derived, as shown
in (8) at the bottom of this page.

According to the ampere circuital theorem, the expression
of the magnetic field strength in the nth even fraction of the
window area is

H (x) = i1 + i2 + · · · + in

bw

(h < x ≤ h + w). (6)

The leakage magnetic field energy in the nth even fraction is
calculated as

Ele = 1

2

∫
V

B HdV = μ0

2

∫
V

H 2dV = μ0bwlw
2

∫ h+w

h
H (x)2dx

= μ0lww

2bw

(i1 + i2 + · · · + in)2. (7)

Then, the leakage magnetic energy in each fraction can be
calculated similarly, as shown in (9) at the bottom of this page.
Therefore, the total leakage magnetic field energy is calculated
by adding up all the values in (9), which is shown in (10) at the
bottom of this page.

According to (10), once the winding structure is determined
the total leakage magnetic field energy can be calculated quan-
titatively. By screening out all the possible winding structures
and comparing calculation results, several potential winding
structures that have low leakage magnetic field energy can be
obtained conveniently.

B. FEA Analysis Step

In the FEA analysis step, the models for the selected cases
that have just been screened out in the numerical analysis are
established. With the help of Maxwell, the self-inductance and
mutual-inductance matrix and the ac resistance of all the cases
can be obtained. Then, the leakage inductance in each winding
can be calculated numerically. All the cases are sorted by the

H (x) = [(i1 + i2 + · · · + in) sinh (γ h) + (i1 + i2 + · · · + in−1) sinh (γ h − γ x)]

bw sinh (γ h)
(0 ≤ x ≤ h) (4)

Elo = 1

2

∫
V

B HdV = μ0bwlw
2

∫ h

0
H (x)2dx = μ0lw

2bwsinh2(γ h)

∫ h

0

[
n∑

k=1

ik sinh (γ h) +
n−1∑
k=1

ik sinh (γ h − γ x)

]2

dx

= μ0lw
8bwγ sinh2(γ h)

⎧⎪⎨
⎪⎩

(∑n
k=1 ik

)2[
sinh (2γ h) − 2γ h

] +
(∑n−1

k=1 ik

)2[
sinh (2γ h) − 2γ h

]

+2
(∑n−1

k=1 ik

) (∑n
k=1 ik

)
[2γ h cosh (γ h) − 2 sinh (γ h)]

⎫⎪⎬
⎪⎭ (8)

Elk =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

μ0lw
8bwγ sinh2(γ h)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(∑n
k=1 ik

)2
[sinh (2γ h) − 2γ h]

+
(∑n−1

k=1 ik

)2
[sinh (2γ h) − 2γ h]

+2
(∑n−1

k=1 ik

) (∑n
k=1 ik

)
[2γ h cosh (γ h) − 2 sinh (γ h)]

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

k = 2 j − 1, j = 1, 2, 3 · · · n

μ0lww

2bw
(i1 + i2 + · · · + i j )2 k = 2 j, j = 1, 2, 3 · · · n − 1

(9)

El =
2n−1∑
k=1

Elk = μ0lww

2bw

[i1
2 + (i1 + i2)2 + · · · + (i1 + i2 + · · · + in−1)2]

+ μ0lw
8bwγ sinh2(γ h)

⎧⎪⎪⎨
⎪⎪⎩

[
2i1

2+2(i1+i2)2 + · · ·+2
(∑n−1

k=1 ik

)2
+

(∑n−1
k=1 ik

)2
]

[sinh (2γ h) − 2γ h]

+ 4

[
i1(i1 + i2) + (i1+i2)(i1+i3)+· · ·+

(∑n−1
k=1 ik

)2(∑n
k=1 ik

)2
]

[γ h cosh (γ h)−sinh (γ h)]

⎫⎪⎪⎬
⎪⎪⎭
(10)



4470 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 5, MAY 2019

Fig. 7. π -model of the multi-winding planar transformer.

priority of leakage inductance request of each winding and then
the optimal winding configuration can be solved.

To introduce the details of this part, a four-winding multiple-
output planar transformer is used as an example. According to
the method, a limited number of cases that have relatively low
leakage magnetic field energy are screened out. Then, the op-
timal winding configuration in these cases can be found. It is
convenient to solve self-inductance and mutual-inductance ma-
trix by modeling the transformer in Maxwell. The relationship
between the leakage inductances and inductance matrix is

⎛
⎜⎜⎜⎝

v1

v2

v3

v4

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎝

L11 M12 M13 M14

M21 L22 M23 M24

M31 M32 L33 M34

M41 M42 M43 L44

⎞
⎟⎟⎟⎠

d

dt

⎛
⎜⎜⎜⎝

i1

i2

i3

i4

⎞
⎟⎟⎟⎠ . (11)

Fig. 7 shows the π model of a multi-winding planar
transformer. N1, N2, N3, and N4 are the turns of windings.
Ll1, Ll2, Ll3, and Ll4 are the leakage inductances. M is the
magnetic inductance.

Once the inductance matrix is obtained, the leakage induc-
tance of each winding in different situations can be calculated.
For example, the leakage inductance of the primary winding
can be calculated when other windings are shorted. In (12),
the relationship of voltage and current in each winding is up
to the inductance matrix. Using Laplace transform, the results
are simplified. The relationship of i versus v can be calculated
by matrix operation. In (14), the matrix G is the inverse of
matrix L

L =

⎛
⎜⎜⎜⎝

L11 M12 M13 M14

M21 L22 M23 M24

M31 M32 L33 M34

M41 M42 M43 L44

⎞
⎟⎟⎟⎠ (12)

v = s · L · i (13)

G = L−1 (14)

i = 1

s
· G · v. (15)

The elements in matrixes i and v are shown as follows:

i = (
i1 i2 i3 i4

)T
(16)

v = (
v1 v2 v3 v4

)T
. (17)

TABLE II
PLANAR TRANSFORMER LAYERS

To find out the leakage inductance, the equivalent voltages
of different windings need to be set. For example, the leakage
inductance of the primary side can be conveniently obtained
by setting v2 = v3 = v4 = 0 and v1 = 1. Then, the leakage
inductance of the first winding is 1/G11. In the same way,
1/G22, 1/G33, and 1/G44 are the leakage inductances of other
windings

⎛
⎜⎜⎝

i1

i2

i3

i4

⎞
⎟⎟⎠ = 1

s
·

⎛
⎜⎜⎜⎝

G11 G12 G13 G14

G21 G22 G23 G24

G31 G32 G33 G34

G41 G42 G43 G44

⎞
⎟⎟⎟⎠ ·

⎛
⎜⎜⎜⎝

v1

v2

v3

v4

⎞
⎟⎟⎟⎠ . (18)

By comparing the calculated leakage inductance of those
structures that are selected from the first step, the structure that
has low leakage inductance in 5 V output channel and primary-
side circuit can be selected finally.

V. OPTIMIZATION EXAMPLE OF A 1-MHZ THREE-OUTPUT

MULTI-WINDING PLANAR TRANSFORMER

A. Design of a Multi-Winding Planar Transformer

Based on the requirement of the multiple-output ACF con-
verter, the parameters of the multiple-output planar transformer
are designed here. According to the input and output parame-
ters in Table I, the specifications of the multi-winding planar
transformer are given in Table II. Considering the number of
windings is large, there are many ports in the planar transformer.
In order to arrange the ports of a planar transformer well, the
cores with a wide interface area are adopted. By comparing the
loss distribution and considering the connection of multilayers,
the core size is chosen as EE14. The MnZn soft ferrite material
3F45 from FERROXCUBE is chosen for low power loss and
high performance at 1 MHz.

It is noted that the copper thickness is adjusted to the fre-
quency condition in the design process of this multi-winding
planar transformers. The general design criterion is that the
thickness should be lower than two times the skin depth. Con-
sidering the manufacture situation, the thickness of the copper
layer in both primary and secondary windings is kept the same.

B. Optimization of the Multi-Winding Planar Transformer

1) Numerical Analysis of Winding Configurations: In this
part, a preliminary screening of all the winding configurations
will be carried out. As presented in Table II, the total number of
layers in the multi-winding planar transformer is 16. By mak-
ing a full permutation of winding arrangement and removing
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Fig. 8. Quantity distribution of cases with different leakage magnetic field
energies.

the repeated structures, the total winding configuration is about
1.5 × 108. Among so many structures, most of them have large
leakage inductance and are not suitable for the multiple-output
converters. So these unsuitable cases should be eliminated.

According to the method proposed in Section III, the primary
goal can be achieved in MATLAB. For a certain structure that
exists in all cases, the expression of MMF distribution can be
listed and then the leakage magnetic field energy that represents
the magnitude of the leakage inductance can be calculated.

By traversing all the winding configurations, about 30 cases
that have low leakage magnetic field energy can be screened out.
In this way, the scale of winding configuration can be exponen-
tially reduced from 1.5 × 108 to about 30. Many inappropriate
configurations can be filtered out. These selected cases will be
analyzed in the following section. In this selecting procedure,
the algorithm is programmed in MATLAB and the basic infor-
mation of the multiple-output transformer is imported to start
the screening process. The turns and currents of each winding,
the copper thickness in each layer, and the distance between two
layers are loaded into MATLAB. The leakage magnetic field en-
ergy of all winding structures is recorded and all the winding
structures will be sorted by the leakage magnetic field energy.

Fig. 8 shows the quantity distribution of cases with leakage
magnetic field energy and shows the quantity is small in both
low and high leakage magnetic field energy region, while in
the medium leakage magnetic field energy region, the quantity
is large. The shape of a distribution diagram is close to a nor-
mal distribution curve. In the low leakage magnetic field energy
region, about 30 structures starting from the lowest leakage mag-
netic energy can be conveniently chosen. It is noted that there
might be a winding structure with larger total leakage energy
but with less leakage inductance for 5 V winding. However,
minimizing the leakage inductance of all windings is our first
priority. Based on this, we optimize the leakage inductance of
the 5 V output channel.

2) FEA Simulation Analysis of Winding Configuration: The
key is how to find the most suitable winding arrangement among
the 30 cases selected from the previous analysis. FEA software
Maxwell plays an important role in selecting the most suitable
winding structure. In Maxwell, the planar transformer needs to
be modeled and the simulation frequency should be set cor-
rectly. The self-inductance and mutual-inductance matrix can
be obtained from the simulation results. One winding configu-
ration can cost about 20 min to simulate. So the total time to
complete the 30 cases will cost about 10 h. About 30 cases that

Fig. 9. Three-dimensional model of the multi-winding planar transformer.

Fig. 10. Splitting windings of the multi-winding planar transformer.

Fig. 11. Current excitations of windings in the planar transformer.

have low total leakage magnetic field energy are a reasonable
and feasible scale to select the optimal case. The more cases
Maxwell simulates, the more time it takes. Compared with orig-
inal winding structure number 1.5 × 108, the simulation energy
and time have been reduced significantly.

Fig. 9 shows the three-dimensional model of the multi-
winding planar transformer. There are five windings in this
planar transformer. The red winding is the primary winding
and the pink one is the auxiliary winding. In the secondary side,
the 5 V winding is gray and ± 12 V windings are green and
blue. Fig. 10 shows the splitting windings of the multi-winding
planar transformer. The distribution of layers is demonstrated in
Fig. 10.

Fig. 11 shows the current excitations of windings in the multi-
winding planar transformer. The direction of the current follows
the dotted terminal of the planar transformer. During the simu-
lation progress, the detailed mesh plots are illustrated in Fig. 12.
It is noted that the Maxwell solver is eddy current solver and
the excitation is current.

Fig. 13 shows the optimal winding structure and MMF distri-
bution. The left part is the winding structure and the right part
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Fig. 12. Detailed mesh plots of windings in the planar transformer.

Fig. 13. Optimal winding and MMF distribution.

TABLE III
SIMULATED SELF- AND MUTUAL-INDUCTANCE MATRIX (UNIT: μH)

is the MMF distribution. The copper thickness is selected to be
70 μm (2 oz) and the interlayer spacing is about 90 μm. The
current direction in each winding has been pointed out. Since
the current in the auxiliary winding is low, the ampere-turns of
the auxiliary winding are small compared to other output power
windings. So the variation of MMF distribution of the auxiliary
winding can be negligible. The curve in the right part is close to
the vertical axis. The MMF distribution in Fig. 13 is based on
the assumption that the current is distributed evenly through the
conductors.

Table III presents the self-inductance and mutual-inductance
matrix obtained from the simulation results. N1 represents the
primary winding. N3, N4, and N5 are the windings of the sec-
ondary side, in which N3 and N4 are the ± 12 V output windings
and N5 is the +5 V output winding.

It should be emphasized that all windings are added with
current excitation in the simulation. And only one simulation is
needed to find all leakage inductances. When the self-inductance
and mutual-inductance matrix is obtained, the leakage induc-

TABLE IV
SIMULATED LEAKAGE INDUCTANCE OF EACH WINDING AT 1 MHZ

Fig. 14. Key waveforms of the ACF forward multiple-output converter.

tance in each winding can be calculated numerically. Using the
above-mentioned method, the leakage inductance in each wind-
ing can be calculated as given in Table IV. Llp represents the
leakage inductance in the primary side, while the secondary side
windings are shorted. Lls3 represents the leakage inductance in
the 5 V output channel, while the primary winding and ±12 V
circuit windings are shorted. In the same way, Lls1 and Lls2 rep-
resent the leakage inductance in the ±12 V circuit when other
windings are shorted.

The proportion of leakage inductance in the primary side and
5 V output is very small. The percentage of the leakage induc-
tance in the primary side is about 0.5% and the percentage of the
leakage inductance in the 5 V output channel is about 1%. It is
noted that the optimal winding configuration is chosen in FEA
simulation. The structures that realize low leakage inductance
in primary side and 5 V output channel can be found.

VI. MODE ANALYSIS AND OSCILLATION MODELING

The key waveforms of the ACF multiple-output converter are
shown in Fig. 14. By analyzing the mode equivalent circuits
with the parasitic inductance and capacitance, the oscillation
frequency and amplitude of oscillation can be derived theoreti-
cally. Then, the root reason of oscillation in the power devices
can be explained quantitatively.

S1 and S2 are two ports of 5 V output winding. VS1 is the drain–
source voltage of SR Q3 and is used to drive the SR Q4. VS2 is the
drain–source voltage of SR Q4 and is used to drive SR Q3. The
waveforms of VS1 and VS2 are also shown in Fig. 14. Operation
principle of the ACF multiple-output converter is analyzed in
this section. The oscillation frequency and amplitude of switches
have been calculated in the analysis process. Fig. 15 shows the
equivalent mode analysis.
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Fig. 15. Equivalent mode analysis.
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Fig. 16. Equivalent circuit with parasitic parameters: [t5, t6].

1) Interval 1 [t0, t1]: The control HEMT Q1 turns ON and the
clamping HEMT Q2 turns OFF in this period. The power
transfers from primary side to secondary side. The load
current in the secondary side flows through SR Q4.

2) Interval 2 [t1, t2]: The control HEMT Q1 turns OFF in this
period; the load current is referred to the primary side to
charge the junction capacitor of Q1. At the end of this
interval, the voltage vQ1 ds increases to the input voltage
Vin and the voltage vQ2 ds decreases to the voltage of
clamping capacitor Vc. The load current still flows through
Q4. The voltage of SR Q3 decreases to zero.

According to voltage-second balance within one switching
period, the relationship between the input voltage Vin and the
clamping capacitor voltage Vc is

Vc(1 − D)Ts

n2
= Vin DTs

n1
. (19)

The clamping capacitor voltage Vc is

Vc = n2 D

n1(1 − D)
Vin. (20)

3) Interval 3 [t2, t3]: Both the control HEMT Q1 and clamp-
ing HEMT Q2 turn OFF. vQ1 ds continues to increase and
vQ2 ds continues to decrease. The SR Q4 turns OFF and
the voltage of SR Q4 begins to increase. The load current
flows from Q4 to Q3. Considering the delay time of the
drive chip, there is no drive signal on the SR Q3 in this
interval. The SR Q3 is reversely conducting.

4) Interval 4 [t3, t4]: The SR Q3 turns ON. At the end of this
interval, vQ2 ds reaches zero and the clamping HEMT Q2

starts reversely conducting.
5) Interval 5 [t4, t5]: The clamping HEMT Q2 is reversely

conducting. The clamping capacitor voltage is applied to
the transformer winding and the magnetic current starts to
decrease. At time t5, the clamping HEMT turns ON. The
load current continues to flow through Q3.

6) Interval 6 [t5, t6]: The clamping HEMT Q2 turns ON and
the control HEMT Q1 turns OFF. The core starts to re-
set. The magnetic current decreases to zero and begins to
reverse. At time t6, the core finishes the reset process. Con-
sidering the parasitic parameters, the equivalent circuit of
this interval is shown in Fig. 16.

The relationships of voltages and currents are listed as fol-
lows: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iQ1 = −Coss1 · dvQ1/dt

iL M = iT 1 + iQ1

iT 2 = iQ2

iT 1/iT 2 = n2/n1

vT 1 = −Vin + vQ1 − Lσ1 · diQ1/dt

vT 2 = Vc − Lσ2 · diQ2/dt
vT 5 = vQ4

vT 1/vT 2 = n1/n2

vT 1/vT 5 = n1/n5.

(21)

Then, solving (21), the expression of vQ1 is

vQ1(t) = Vin DTs

2L M

√
(Lσ1 + Lσ2n1

2/n2
2)

Coss1

sin

[
(t − t4)√

(Lσ1 + Lσ2n1
2/n2

2)Coss1

]
+ Vin + Vcn1/n2.

(22)

The oscillation frequency of vQ1 is

fr Q1 = 1

2π
√

(Lσ1 + Lσ2n1
2/n2

2)Coss1

. (23)

The oscillation amplitude of vQ1 is

Ar Q1 = Vin DTs

2L M

√
(Lσ1 + Lσ2n1

2/n2
2)

Coss1
. (24)

The voltage of Q4 is derived as

vQ4(t) = Vin DTsn5

2L M n1

√
(Lσ1 + Lσ2n1

2/n2
2)

Coss1

sin

[
(t − t4)√

(Lσ1 + Lσ2n1
2/n2

2)Coss1

]
+ Vcn5/n2.

(25)

The oscillation frequency of vQ4 is

fr Q4 = 1

2π
√

(Lσ1 + Lσ2n1
2/n2

2)Coss1

. (26)

The oscillation amplitude of vQ4 is

Ar Q4 = Vin DTsn5

2L M n1

√
(Lσ1 + Lσ2n1

2/n2
2)

Coss1
. (27)

The oscillation frequency and amplitude are related to
Lσ1, Lσ2, and Coss1. Once the magnitude of the leakage in-
ductance is large, the high voltage spike will happen in control
HEMT Q1 and rectifier Q4. In order to reduce the voltage spike
in control HEMT Q1 and rectifier Q4, the leakage inductance
should be minimized.

7) Interval 7 [t6, t7]: The clamping HEMT Q2 turns OFF.
The magnetizing inductance and the junction capaci-
tance form the resonant circuit. vQ1 ds starts to decrease
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Fig. 17. Equivalent circuit with parasitic parameters: [t9, t10].

and vQ2 ds starts to increase from zero. At the end of
this period, vQ1 ds reaches input voltage Vin and vQ2 ds

reaches Vc.
8) Interval 8 [t7, t8]: Both the control HEMT Q1 and clamp-

ing HEMT Q2 turn OFF. The transformer winding volt-
age is zero. In the secondary-side, both the SRs reversely
conduct. Considering Q3 and Q4 are eGaN HEMTs, the
reverse conduction mechanism results in high reverse
conduction voltage that will cause high power loss. This
interval should be reduced to minimum.

9) Interval 9 [t8, t9]: Considering the delay time of the drive
chip, there is no drive signal on SR Q4. The SR Q4 is
reversely conducting at this interval. The SR Q3 turns
OFF.

10) Interval 10 [t9, t10]: The control HEMT Q1 turns ON. The
transformer begins positive magnetization. The load cur-
rent flows from Q3 to Q4 and Q3 turns OFF. The voltage
of SR Q3 begins to increase. Considering the leakage
inductances in the primary and auxiliary windings, the
equivalent circuit with the parasitic parameters is shown
in Fig. 17⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iQ2 = Coss2 · dvQ2/dt

iQ1 = iL M + iT 1

iT 2 = iQ2

iT 1/iT 2 = n2/n1

vT 1 = Vin − Lσ1 · diQ1/dt

vT 2 = vQ2 − Vc + Lσ2 · diQ 2/dt

vT 5 = vQ3

vT 1/vT 2 = n1/n2

vT 1/vT 5 = n1/n5.

(28)

Then, solving (28), the expression of vQ2 is

vQ2(t) = Vin DTsn1

2L M n2

√
(Lσ2 + Lσ1n2

2/n1
2)

Coss2

sin

[
(t − t7)√

(Lσ2 + Lσ1n2
2/n1

2)Coss2

]
+ Vc + Vinn2/n1.

(29)

Then, the oscillation frequency of vQ2 is

fr Q2 = 1

2π
√

(Lσ2 + Lσ1n2
2/n1

2)Coss2

. (30)

Fig. 18. Photograph of the prototype. (a) Top. (b) Bottom.

TABLE V
COMPONENTS IN THE MULTIPLE-OUTPUT CONVERTER

The oscillation amplitude of vQ2 is

Ar Q2 = Vin DTsn1

2L M n2

√
(Lσ2 + Lσ1n2

2/n1
2)

Coss2
. (31)

The voltage of Q3 is derived as

vQ3(t) = Vin DTsn5

2L M n1

√
(Lσ2 + Lσ1n2

2/n1
2)

Coss2

sin

[
(t − t7)√

(Lσ2 + Lσ1n2
2/n1

2)Coss2

]
+ Vinn5/n1.

(32)

The oscillation frequency of vQ3 is

fr Q3 = 1

2π
√

(Lσ2 + Lσ1n2
2/n1

2)Coss2

. (33)

The oscillation amplitude of vQ3 is

Ar Q3 = Vin DTsn5

2L M n1

√
(Lσ2 + Lσ1n2

2/n1
2)

Coss2
. (34)

The oscillation frequency and amplitude are related to
Lσ1, Lσ2, and Coss2. Once the magnitude of leakage inductance
is large, high voltage spike normally happens over the clamping
HEMT Q2 and rectifier Q3.

VII. EXPERIMENTAL VERIFICATION AND DISCUSSION

An experimental prototype operating at 1 MHz, 100 V input
and 5 V/6 A and ±12 V/0.83 A outputs was built. Fig. 18 shows
the photograph of the prototype. The powertrain printed circuit
board (PCB) is eight layers. The drive circuits of eGaN HEMTs
are placed in the bottom layer of the main PCB board. The yellow
rectangle in Fig. 18 is the multi-winding planar transformer with
16 layers. The copper thickness of each layer is selected to be 70
μm (2 oz) and the interlayer distance is about 90 μm. Table V
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TABLE VI
MEASURED LEAKAGE INDUCTANCES (UNIT: μH)

Fig. 19. Waveforms of Q1: Vin = 100 V, Vo1 = 5 V, Io1 = 6 A,
Vo2 = +12 V, Io2 = 0.83 A, Vo3 = −12 V, Io3 = 0.83 A, and fs = 1 MHz.

lists the component values and part numbers in the power stage.
The power density is 28.5 W/in3.

Table VI presents the comparison of simulated and measured
leakage inductance in each winding. The experimental leakage
inductances of each winding are measured with an LCR in-
strument. Measurement condition is that winding is connected
to the instrument, while other windings are shorted. In sim-
ulated results, compared with the magnetic inductance of the
multi-winding planar transformer, the percentage of leakage in-
ductance in the primary side is about 0.5% and the percentage
of leakage inductance in the 5 V output channel is about 1%.
The corresponding two percentages are about 0.59% and 1.5%.
The results match the simulation results well. The leakage in-
ductances in ±12 V outputs are relatively larger compared with
the windings of the primary side and 5 V output channel.

The leakage inductance of each winding was measured in
the experimental results. Then, the oscillation frequency can
be calculated with the junction capacitance from the device
datasheets. The output capacitance of Q1 is 100 pF and the
output capacitance of Q2 is 50 pF. So the calculated oscilla-
tion frequency of control HEMT Q1 is 9 MHz from (22), and
the oscillation frequency of clamping HEMT Q2 is 35 MHz
from (29).

The optimization provides the design preference to select the
winding structure that has low leakage inductance in primary
side and 5 V output channel in the case of low leakage magnetic
field energy. Fig. 19 shows the drain and gate voltage waveforms
of the control HEMT. It is observed that the drain voltage is
approximately rectangle wave with voltage oscillation caused by
the leakage inductances and junction capacitance of the control
HEMT. The calculated frequency of oscillation is 9 MHz. The
oscillation period in Fig. 19 is about 105 ns, which translates into
the frequency of 9.5 MHz. This experimental result matches the
theoretical analysis. The peak drain voltage is 250 V at 100 V
input. The oscillation is acceptable and the voltage stress is
within the rated voltage of control HEMT Q1.

The plateau voltage of vQ1 is 185 V. The voltage rating of
the control HEMT Q1 is 300 V. For Q1, a 50-V voltage margin

Fig. 20. Desired range of Lδ1 and Lδ2 for Q1.

Fig. 21. Waveforms of Q2: Vin = 100 V, Vo1 = 5 V, Io1 = 6 A,
Vo2 = +12 V, Io2 = 0.83 A, Vo3 = −12 V, Io3 = 0.83 A, and fs = 1 MHz.

is selected to accommodate extra voltage stress. Hence, the
oscillation amplitude of vQ1 should be managed below 65 V.
Based on (22), the oscillation amplitude of vQ1 is only related
to Lδ1 and Lδ2. To manage the voltage spike below Q1 voltage
rating, the leakage inductance should be maintained, as shown
in Fig. 20.

Fig. 21 shows the drain and gate voltage waveforms of the
clamping HEMT. It is observed that the peak drain voltage of
the clamping HEMT is 130 V at 100 V input. With the measured
leakage inductances and output capacitance of clamping HEMT
Q2, the calculated oscillation frequency is 35 MHz. The oscil-
lation frequency in Fig. 21 is about 33 MHz, which matches
the theoretical analysis. The peak voltage is within the rating
voltage of clamping HEMT Q2.

The plateau voltage of vQ2 is 54 V. The voltage rating of the
clamping HEMT Q2 is 200 V. For Q2, a 50-V voltage margin
is selected to accommodate extra voltage stress. Hence, the
oscillation amplitude of vQ2 should be managed below 96 V.
Based on (29), the oscillation amplitude of vQ2 is only related
to Lδ1 and Lδ2. To manage the voltage spike below Q2 voltage
rating, the leakage inductance should be maintained, as shown
in Fig. 22.

Fig. 23 shows the drain voltage waveforms of the SR HEMTs
in the 5 V output channel. The leakage inductance in this chan-
nel has been optimized to the minimum. The blue waveform
in Fig. 23 is the drain–source voltage of Q3. The oscillation
frequency of the blue waveform is about 9.5 MHz, which cor-
responds to the oscillation frequency of control HEMT. The red
waveform in Fig. 23 is the drain–source voltage of Q4. The
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Fig. 22. Desired range of Lδ1 and Lδ2 for Q2.

Fig. 23. Waveforms of the SR Q3 and Q4: Vin = 100 V, Vo1 = 5 V,
Io1 = 6 A, Vo2 = +12 V, Io2 = 0.83 A, Vo3 = −12 V, Io3 = 0.83 A, and fs =
1 MHz.

Fig. 24. Theoretical loss distribution of the multi-output forward converter.

oscillation frequency of the blue waveform is about 33 MHz,
which corresponds to the oscillation frequency of the clamping
HEMT. The peak drain voltage of SR Q4 is about 23 V and the
peak drain voltage of SR Q3 is about 16 V at 100 V input and
full load. The voltage oscillations are within the rated voltage
of EPC2015C.

It is noted that in this hard-switching converter, the energy
stored in the leakage inductance is not used to achieve the zero-
voltage-switching. The leakage inductance is undesirable and
should be limited as low as possible.

Fig. 24 shows the converter loss distribution. The condition is
under rated input voltage of 100 V and full output load of 50 W.

Fig. 25. Efficiency curve at different input voltages: Vo1 = 5 V,
Vo2 = +12 V, Vo3 = −12 V, and fs = 1 MHz.

Fig. 26. Efficiency curve at different output powers: Vo1 = 5 V,
Vo2 = +12 V, Vo3 = −12 V, and fs = 1 MHz.

TABLE VII
MEASURED RESULT OF LOAD REGULATION

The calculated loss is 7.4 W and the corresponding efficiency is
87.1%.

The efficiency was measured with the optimal multi-winding
planar transformer. Fig. 25 shows the efficiency curve in dif-
ferent input voltages. The efficiency is above 86.2% among the
input voltage range owing to the low leakage inductance. The
efficiency is measured under rated input voltage 100 V including
the control loss of the pulsewidth modulation (PWM) controller.
The two efficiency curves in Fig. 25 are under full-load condi-
tion and half-load condition.

The efficiency curve with different output powers is shown
in Fig. 26. The peak efficiency with full load is 86.8%. The
result is tested in rating input voltage 100 V and the efficiency
includes the PWM controller loss. The measured result matches
the theoretical loss analysis well.

Table VII presents the measured result of load regulation. The
load regulation is obtained by calculating the voltage variation
of the tested channel when the load condition of this channel
changed from 10% to 100%, and the other two channels re-
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mained under the full-load condition. The load regulation of
5 V output is 0.2%. The load regulation of +12 V output is
4.1% (lower than 5%). The load regulation of –12 V output is
4.4%. Since the 5 V output circuit is the main regulated output,
the precision of load regulation in 5 V output is the highest
among the three outputs.

VIII. CONCLUSION

This paper focuses on how to achieve the optimal design
of a multiple-winding transformer with the asymmetrical turns
and currents of each winding. An optimization method that
combines numerical calculation and FEA simulation to screen
out optimal suitable configuration is proposed. Compared with
simply interleaving primary and secondary windings in two-
winding transformers, this method can realize the traversal of all
possible configurations by MATLAB and search out the optimal
configuration according to the leakage inductance request of
windings with different output voltages and powers.

The full GaN ACF converter with self-driven SRs is also pre-
sented. Compared with the conventional self-driven method, the
GaN drive chip for high reliable gate voltage is combined with
a self-driven scheme to drive the SR GaN HEMTs. It is noted
that the proposed active clamp technology is using the aux-
iliary winding with the nonfloating GaN switch compared to
the conventional high-side clamping circuit, which is important
for the satellite applications. The mode equivalent circuits are
analyzed here as well in details with the optimal design trans-
former and devices parasitics. The frequency and amplitude of
oscillation in the switches are derived quantitatively. The re-
sults show the leakage inductances in the primary winding and
main output channel with high current should be minimized as
first priority. An experimental prototype was built to verify the
proposed method. The measured leakage inductance matches
the simulated result well and is only as low as 0.5% of the
magnetic inductance. The optimized efficiency with full load
is more than 86.2% within the input voltage range. The power
density is 28.5 W/ in3. The proposed method provides an HF
and high-efficiency GaN solution for the satellite applications.
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