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Abstract - The research paper focuses on the design and hardware implementation of a one-switch DC to DC forward converter
topology with a coupled inductor as a post regulator to provide dual outputs of 5V and 3.3V. The input is in the range of 65 to
75volts, commonly available from spacecraft’s standard power buses. Voltage feed-forward control method is employed, and the
proposed topology is optimized for space applications, offering improved line and load regulations, and reduced ripples in outputs.
The novelty in the research work is the use of coupled inductors as post regulators and nanocrystalline ferrite cores for transformers.
A nanocrystalline ferrite core transformer is used to reduce heating and core losses. By employing coupled inductors, the design
achieves better magnetic coupling and minimizes leakage inductance. The resulting converter architecture meets the performance
and safety requirements of space constraints. The experimental results obtained from the hardware prototype are presented to
validate the performance of the designed converter. Across all load conditions, the line and load regulations of the designed
converter remain below 1%. The proposed forward converter uses the solar energy stored in the spacecrafts power buses and

converts it into constant 5V & 3.3V DC values to power the digital devices present in the spacecrafts.

Keywords - Forward converter, Coupled inductor, Leakage inductance, Voltage ripple, Line regulation, Load regulation.

1. Introduction

Spacecraft typically use power buses with voltages of
28V, 50V, or 65V, often supplied by solar arrays or battery
systems. Solar panels are the primary energy source for most
satellites, and many newer spacecraft designs adopt a 65V
power bus because it allows for more efficient power
transmission by reducing current draw and the need for thicker
cables. In cases where solar power is insufficient, lithium-ion
batteries charge up to 65V and provide the necessary backup
power.

This readily available 65V input is then stepped down to
5V and 3.3V to power various onboard digital devices such as
processors, memory devices, FPGAs, and sensors. These
components require stable, highly regulated voltages, often at
3.3V or 5V, due to their sensitivity to voltage fluctuations.
However, a key challenge in space power systems is
maintaining precise voltage regulation under varying load
conditions, especially when multiple outputs are required. The
existing DC-to-DC converters face issues with line and load
regulation, as well as cross-regulation between dual outputs,
particularly in single-switch forward converter designs [1-13].

In high-performance systems like spacecraft, even small
fluctuations in voltage can compromise the functionality of

sensitive electronic components. This is the research gap that
this work addresses: improving the line and load regulation
and reducing the cross-regulation between multiple outputs in
a single-switch forward converter [14-16].

One promising approach to addressing these issues is the
use of coupled inductors as post-regulators. By tightly
coupling the inductors for the different outputs on a single
core, leakage inductance is minimized, and voltage regulation
can be significantly improved. This design aims to enhance
the coupling between the inductors, thereby reducing the
ripple and cross-regulation between the outputs [15-24].

The main objective of this research is to design and
implement a single-switch forward converter using coupled
inductors as post-regulators to address the limitations in
voltage regulation for dual outputs.

1.1. Literature Review

The voltage feed-forward control technique has a faster
response. It provides better line regulation than the case of the
voltage feedback control method. Magnetic amplifiers and
low-dropout regulators regulate each output in multiple-
output forward converters, thus improving load regulation. [1]
Shweta et al. (2021) in [2] proved that the voltage feedback
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control method is slower than the voltage feed-forward
control. Maksimovic et al. (2000) in [3] compared coupling
methods: near-ideal coupling, practical moderate coupling,
and the zero-ripple approach for coupled inductors. The zero-
ripple method showed better cross-regulation results. .

Zhu Feiyang et al. (2021) in [4] compared the
performance of coupled inductors and non-coupled inductors
with respect to different applications. Coupled inductors
showed better performance. Juan R et al. (2023) in [5] proved
that low output voltage ripples are achieved by using
switched-capacitor blocks in forward converters for high step-
down requirements.

Zhou G et al. (2022) in [6] proposed a three-port forward
converter with a small structure. The range of duty cycle was
also extended. It has one extra diode and switch when
compared with the traditional two-switch forward converter.
T Siwakorn et al. (2023) in [7] presented a buck converter
design to directly power sensitive analog circuits used in low-
power System-On-Chips (SoCs). Without the help of Low-
Dropout voltage regulators (LDOs), low voltage ripples were
obtained by the employment of a Pulse-Frequency Modulation
(PFM) scheme.

Yan Lu et al. (2021) in [8] presented a two-phase three-
level buck converter. Its speciality was that it had Cross-
Connected Flying capacitors (X-CFLY). The inductor
currents, which were unbalanced, were suppressed in the two-
phase operation of the converter. A small output ripple and
faster transient response were achieved by this technique.
Meyers Marc A et al. (2006) in [9] detailed the important
mechanical properties of nanocrystalline materials. Allahyari
H et al. (2023) in [10] proposed a single switch forward
converter which was controlled with variable magnetizing
inductance. It provided synchronous rectification, which was
self-driven. A wide range of ZVS conditions is obtained using
an auxiliary capacitor alongside leakage and magnetizing
inductances.

Suryanarayana C et al. (2000) in [11] discussed the
synthesis, structure, thermal stability, and properties of
nanocrystalline materials. Hemalatha J N et al. (2019) in [12]
proved that the converter fed with unsynchronized PWM
pulses gives lower efficiency than the converter fed with
synchronized pulses. Qiang Li et al. (2022) in [13] compared
an indirect-coupled inductor (ICL) with a non-coupled
inductor as output regulators for a multi-phase buck converter.

Nagesh L et al. (2020) in [14] designed power supply
units for space applications. For this, a triple-output forward
converter was used. Reduced output voltage ripples were
observed by using coupled inductors as post-output regulators.
Rampelli et al. (2012) in [15] aimed to design a Forward
Converter Topology operating at resonant reset mode with a
fixed high frequency. Power loss is eliminated in the reset
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circuit by using the self-resonant reset method. L Jennifer et
al. (2018) in [16] implemented over-temperature, over-
current, and over-voltage protection circuits for DC-DC
converters and analysed their performance. V Chippalkatti et
al. (2016) in [17] aimed at designing a voltage feed-forward
controlled multiple-output forward converter. A magnetic
amplifier (Mag-amp) was used as a post regulator. Mag-amp
provides good load regulation by regulating the output from
any load changes.

Dharmraj V et al. (2002) in [18] presented a dual two-
transistor modelled forward converter with both zero voltage
and current switching schemes. The two Similar Two-
Transistor Forward Converters (TTFC) are coupled through a
single transformer and are also connected in series. It is
suitable for high-power and high input voltage applications as
it operates in a full bridge mode. Kefas D et al. (2003) in [19]
presented a new four-switch converter. It can be used
especially in low-power applications and high-input-voltage
applications. Same gate pulses are given to all four switches,
but internal switches are turned on after some small delay time
during the off time of the internal switches, preventing a direct
short circuit in the DC link. This positioning, thus, makes the
converter very useful for auxiliary power supplies.

Sunil K et al. (2024) in [20] designed a non-cascading
structure for a flyback-forward converter to increase the range
of the duty cycle, beyond 50%. Suresh K et al. (2022) in [21]
proposed a forward converter SMPS with low noise operated
at high frequency. To reduce the size, weight, noise, and
switching losses, a high-frequency switching technique is
used.

S Patil et al. (2020) in [22] designed a technique called
active clamp reset for forward converters. In a normal forward
converter, this technique is used to reset the power
transformer. Using this technique, a duty cycle of greater than
50% was achieved. Hariprasad S A et al. (2015) in [23]
presented a dual-input SEPIC converter. The dual-input
SEPIC converter can be used for power supplies instead of
using two single converters.

1.2. Overview

The proposed research work used a single-switch dual-
output forward converter with coupled inductors as post-
regulators, unlike most prior works [1, 2, 14, 15, 17, 22],
which used multi-output forward converters with Mag-amp or
LDO post-regulators. Nanocrystalline ferrite cores are used
for transformers and inductors, unlike most designs [1, 2, 14,
17], which use ferrite cores. The designed converter operates
at 200 kHz, while [15, 21, 22] were operated at a typical range
of 100-150 kHz. The proposed work provided a hardware
implementation of a coupled inductor as a post-regulator in a
dual-output forward converter, while [3, 4, 13] focused on
modelling and analysis of coupled inductors in multi-phase
regulators, not experimental realization in forward converters.
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The work presented in this paper is designed for 65-75V
input, matching spacecraft power buses, while most papers [1,
2, 14] are designed for terrestrial or industrial 28V or 48V
buses.

[1, 14, 17], typical reported values <3% and not always
experimentally validated under dual-load. [1, 14, 17] targeted
space applications but used bulkier multi-switch systems.
Many works [2, 6, 13, 20] are limited to only simulations.
Many works [10, 17, 21] showed efficiencies of around 70—
75%. The proposed research work experimentally validated a
<1% line and load regulation under all conditions and
achieved up to 76.9% efficiency at 50% load. It was also
optimized for size, weight, and thermal efficiency, especially
for space applications.

Considering all previous research papers. Transformers
made of nano-crystalline materials are found to have less
heating losses and core losses. Voltage feed-forward control
is found to be good for reduced line regulation. A coupled
inductor as a post regulator for dual outputs is found to be
good for reduced load and cross-regulations. Hence,
combining all these features in one project and also utilizing
the saved solar energy in the spacecrafts can make this
research work a novel one.

2. Functional Block Diagram

Figure 1 shows the detailed diagram of the designed
forward-converter in terms of blocks. The designed forward-
converter is used to step down input voltages in the range of
65-75 volts to 2 different regulated output voltages, 5 and 3.3
volts. 5V output is regulated for a fixed full load current of
10.8A, and 3.3V output is regulated for a fixed full load
current of 2.7A.

The designed forward-converter is able to generate an
output power of 63 watts. The designed forward-converter is
designed for overcurrent protection and under-voltage
protection. Voltage feedback control is implemented for the
closed-loop operation of the designed converter. The original
output voltage and the reference voltage are compared in order
to generate an error signal.

Based on the error signals generated, the duty cycle of the
MOSFET switch is varied. THE PWM IC UC2825 is used to
generate gate pulses. An optocoupler is used for isolation of
the output side feedback circuit and the input side PWM IC.
The differential and common mode filters are used to reduce
noise and electromagnetic interference of the raw input
voltage.
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Fig. 1 Block diagram of the designed converter

Figure 2 shows the equivalent circuit diagram of the
designed forward-converter. An inrush current limiter circuit
is designed to reduce the large surge of current that occurs
when the converter is first turned on, protecting components
from damage. The two secondary windings of the transformer
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have the same number of turns. The output across the first
secondary winding is 5V/10.8A.The output across the second
secondary winding is 5V/2.7A. The Low dropout regulator is
used as a post regulator to convert 5V/2.7A to 3.3V/2.7A.
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Fig. 3 Coupled inductor topology

2.1. Coupled Inductor Topology

A coupled inductor topology in a single switch dual
output forward converter is shown in Figure 3. A coupled
inductor is created by tightly coupling individual filter
inductors of the two outputs in a single core. The forward
converter-coupled inductor topology offers improved
coupling and reduced leakage inductance, thereby increasing
the overall efficiency of the forward converter. The coupled
inductor itself facilitates voltage regulation by reducing both
load and cross-regulation of the output voltages.

2.2. Working Principle of the Designed Converter

The designed forward-converter has two modes of
operation. Figure 4 shows the operation of the designed
forward-converter using a start-up circuit. Initially, when the
converter is turned on, the bias circuit requires some
microseconds to operate and produce a voltage to turn on the
PWM IC. So, the start circuit will operate in that period and
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produce 10.5V to turn on the PWM IC. Figure 5 shows the
operation of the designed forward-converter using a bias
circuit. Once the bias circuit starts to operate, it produces a
voltage of 12V, which is now used to power the PWM IC. So,
the start circuit is no longer required to power the PWM IC.

3. Specifications and Design Details
Minimum Input voltage, Vinmin = 60V

Maximum Input voltage, Vinmax) = 80V
Switching Frequency, Fsw =200 kHz

Dmax = 0.4

Dmin = (Dmax*Vin(min) ) (1)

Vin(max)

Efficiency, Eff = 0.75
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Equation (1) is used to find the minimum value of the duty Table 1. Title of the table
cycle. Design is done to achieve higher efficiency. Switching Converter Specification Details
frequenc_y is cho§en as 200KHz, considering _switching Ioss_es, Parameters Specification
mass, size of filters, and transformer design. The design Imout volt 6575V DC
specification of the proposed Forward Converter is as given in nput voftage -
Table 1. Output voltage 5V & 3.3V DC
o _ Output Current 10.8A & 2.7A
Table 1 shows the forw_ard_converter specifications with Switching Frequency 200 kHz
respect to different factors like input voltage, output voltage, - - .
power rating, switching frequency, etc. According to the Line Regulation <1%
forward converter specifications, the values of the inductor Load Regulation <1%

and capacitors are calculated.
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3.1. Transformer Design
Dmax = 0.4

Eff = 0.75
Kw=04
J =4 Amp/mm”2
Bm = 0.08 tesla
Normally, Window Factor (Kw) can vary from 0.3 to 0.5.
Flux Density (Bm) depends on core material, and it can vary
from 0.121 to 0.199 for ferrite cores. Current Density (J) can

vary from 3A/mm?to 6A/mm?.

vDmax *( Pout(1 + 1/eff)*10"6)

KwxJ* Bmx Fsw

Ap = )

Nanocrystalline ferrite material is used as the core for a
transformer. Nanocrystalline ferrite core is used to reduce
heating and core losses. Equation (2) shows the equation for
the calculation of the area product. The total transformer
power loss of transformers made of nanocrystalline ferrite
material is 1.28 watts. Whereas, the total transformer power
loss of transformers made of ferrite material is 3.96 watts. The
power losses of nanocrystalline ferrite transformers are much
lower compared to traditional transformers. This is one of the
novelties of the research work.

3.2. Turns Ratio
Equation (3) shows the equation for the calculation of the
turn’s ratio.

Vout+(VD * Dmax)

Tratio = ——
Dmax * Vin(min)

®)
Therefore,

Tratior = 0.2225

Tratio2 = 0.2175

Tratio, bias = 0.5108

3.3. Selection of the Number of Turns
__ Vin(min) » Dmax

Np T Bm+Acx1076 « Fsw (4)

Equation (4) shows the equation for the calculation of the

number of turns of the primary winding. Therefore, Np is

taken as 64 turns. Using Equations (5), (6), and (7), the

number of turns of 2 secondary windings and one bias winding
can be calculated,

Ns1 = Np = Tratiol =14.24 (5)
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Ns2 = Np = Tratio2 =13.92 (6)
Nbias = Np * Tratio_bias = 32.6933 )
3.4. Output 1 Filter Design
Given,

Dmin=0.3

Dminl = 0.8 * Dmin =0.24 (8)
Voutr =5V
loutz = 10.8A
K1=0.2

1] = YouttsTs=(1-pmin1) ©)

2 x K1 *loutl

Therefore, L1 = 4.3981uH.

Equation (8) is used to find the minimum duty cycle for
output 1. Its value is 0.24. Equation (9) is used to find the
minimum inductance value for output 1. Equation (10) is used
to find the minimum capacitance value for output 1.

Given,
DeltaV1 = 0.025

Fsw = 200khz

K1 xIlout1
8 x Fsw * DeltaV1

Cl= (10)

Therefore, C; = 54uF.
3.5. Output 2 Filter Design

Given,

Dmin = 03
Dminl = 0.8 * Dmin =0.24 (1)

Vouz = 5V
loue = 2.7A

K2=10.6

_ Vout2xTs * (1-Dmin2)
- 2+ K2 * [out2

L2

(12)
Therefore, L, = 5.8642uH.

Equation (11) is used to find the minimum duty cycle for
output 2. Its value is 0.24. Equation (12) is used to find the
minimum inductance value for output 2. Equation (13) is used
to find the minimum capacitance value for output 2.
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Given,
DeltaV2 = 0.015

Fsw = 200khz
CZ — K2 «Iout2 (13)

8 x Fsw * DeltaV2

Therefore, C, = 67.5uF.

Figure 8 shows the image of the designed forward-
converter in PCB when viewed from the bottom. The
experimental results for two outputs are individually tabulated
and are shown in the tables below.

4. Results and Discussion

4.1. Output Voltage Results
Table 2. Dual output voltage 1 results

Vin (V) OUTPUT VOLTAGE (V)

10% load | 50% load 100% load
65.00 5.008 5.011 5.013
70.00 5.009 5.010 5.013
75.00 5.009 5.010 5.013

Table 2 shows the dual output voltage 1 results of the
designed forward-converter for 3 input voltages, 65, 70, and
75V, against 3 different loads, 10, 50, and 100%. Table 3
shows the dual output voltage results of the designed forward-
converter for 3 input voltages, 65, 70, and 75V, against 3
different loads, 10, 50, and 100%.

Table 3. Dual output voltage 2 results

CRO
Input Functional
Supply Generator
Electronic
On
Load
Command
Supply
Proposed
Converter
1DO
Regulator
Input
Connector Output

PWM
Controller

Connector

Coupled
inductor

Vin (V) OUTPUT VOLTAGE (V)

10% load | 50% load 100% load
65.00 3.310 3.307 3.304
70.00 3.310 3.308 3.305
75.00 3.310 3.307 3.304

Transformer

Fig. 7 Top view of the designed converter

Figure 6 shows the picture of the experimental setup of
the designed converter. Input Voltage to the forward converter

Table 4 shows the input power results of the designed
forward-converter for 3 input voltages, 65, 70, and 75V,
against three different loads, 10, 50, and 100%.

Table 4. Input power results

is in the range of 65-75 VDC and is given via the K1
connector. To turn on and off the forward converter, an
ON/OFF command control telemetry is used. The ON/OFF
command control telemetry is powered by a 5V power supply.
Figure 7 shows the image of the designed forward-converter

. INPUT POWER (W)
Vin (V)
10% load | 50% load 100% load
65.00 9.945 40.95 83.655
70.00 9.918 41.58 83.790
75.00 10.125 41.85 83.700

in PCB when viewed from the top.

4.2. Power Results

Table 5 shows the output power results of the designed
forward-converter for three input voltages, 65, 70, and 75V,
against 3 different loads, 10, 50, and 100%.

Output

Capacitor MOSFET

Switch

Coupled
inductor
Transformer

Fig. 8 Bottom view of the designed converter
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Table 5. Output power results

. OUTPUT POWER (W)
Vin (V)
10% load | 50% load 100% load
65.00 6.3061 31.530 63.034
70.00 6.3047 31.518 63.369
75.00 6.3023 31.517 63.061
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4.3. Line Regulation Results
Table 6. Line regulation 1 results

Table 10. Efficiency results

Vin (V) Line Regulation (%6)
10% load | 50% load | 100% load
65V - 70V 0.02 0.02 0
70V - 75V 0 0 0

Table 6 shows the line regulation 1 results of the designed
forward-converter for 3 input voltages, 65, 70, and 75V,

against three different loads, 10, 50, and 100%.

Table 7. Line regulation 2 results

. Line Regulation (%6)
Vin (V)
10% load | 50% load | 100% load
65V - 70V 0 0.02 0.02
70V - 75V 0 0.02 0.02

Table 7 shows the line regulation 2 results of the designed
forward-converter for 3 input voltages, 65, 70, and 75V,
against 3 different loads, 10, 50, and 100%.

4.4, Load Regulation Results
Table 8. Load regulation 1 results

. Load Regulation (%0)
Vin (V)
10% load | 50% load | 100% load
65.00 0.16 0.22 0.26
70.00 0.18 0.20 0.26
75.00 0.18 0.20 0.26

Table 8 shows the load regulation 1 results of the
designed forward-converter for 3 input voltages, 65, 70, and
75V, against 3 different loads, 10, 50, and 100%. Table 9
shows the load regulation 2 results of the designed forward-
converter for 3 input voltages, 65, 70, and 75V, against 3
different loads, 10, 50, and 100%

Table 9. Load regulation 2 results

. Load Regulation (%)
Vin (V)
10% load | 50% load | 100% load
65.00 1 0.7 0.4
70.00 1 0.8 0.5
75.00 1 0.7 0.4

4.5, Efficiency Results

Table 10 shows the efficiency results of the designed
forward-converter for 3 input voltages, 65, 70, and 75V,
against 3 different loads, 10, 50, and 100%. It is observed from
the efficiency results table that efficiency is maximum for an
input voltage of 65 volts out of the 3 input voltages. Also, it is
observed from the efficiency results table that efficiency is
maximum for 50% load out of the 3 loads.

Vin (V) EFFICIENCY (%)

10% load | 50% load 100% load
65.00 63.4 76.9 75.3
70.00 63.5 75.8 75.6
75.00 62.2 75.3 75.3

4.6. Waveforms

Figures 9 and 10 show the dual output 1 and dual output
2 voltage waveform of the designed forward-converter for
100% load. It is observed from the waveforms that the output
voltage is a constant DC.

1 2000 2 3 :

07:54 PM

+4,55000v +11,7500v +18.1200v +H0.o
4 10.0:1 | 0C 100:1]0C 10g1joc a1 Jun 18, 2025

Fig. 9 Dual output 1-voltage waveform
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Fig. 10 Dual-output 2-voltage waveform
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Fig. 11 Vds waveform
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Figures 11 and 12 show the Vgs and Vg waveforms of the
designed converter for 100% load. Figure 13 shows the ramp
waveform of the PWM IC. The proposed design achieves line
and load regulation below 1% for both outputs under all load
conditions, which is significantly better than many traditional
multi-output converter designs that typically struggle with
cross-regulation and precise voltage control, especially when
loads fluctuate. The use of coupled inductors as post-
regulators ensures tighter magnetic coupling, which further
reduces voltage ripple and cross-regulation problems often
observed in conventional designs. The adoption of
nanocrystalline ferrite cores for both transformers and
inductors in the design is a clear improvement over
conventional ferrite cores. This choice results in reduced
heating and lower core losses. It is observed from the results
that nanocrystalline cores exhibit 1/2 to 1/5 the losses of
standard ferrite materials. The converter designed in the
research work is matched to the 65V power bus standard found
in modern spacecraft and is optimized to supply both 5V and
3.3V high-stability rails for digital payloads. It is a crucial
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up to 76.9% at 50% load, which is a notable achievement for
this class of converters. Prior references suggest typical
efficiencies lower than this for similar dual-output designs
under comparable conditions. The complete hardware
demonstration, including testing across multiple load cases,
experimentally verifies the effectiveness of the design,
moving it a step beyond most existing research that is often
simulation-based or only partially validated in hardware.
Unlike previous multi-output forward converters that rely on
magnetic amplifiers or LDO regulators [1, 14, 17], the
proposed design integrates coupled inductors as passive post-
regulators, significantly minimizing cross-regulation and
voltage ripple. Furthermore, the adoption of nanocrystalline
ferrite transformer cores reduces magnetic losses by 68%,
while the single-switch feed-forward control scheme ensures
line and load regulation below 1% across the 65—75 V input
range, making the design uniquely optimized for spacecraft
power systems. These points collectively demonstrate that the
research work is not only technically novel but also more
suitable for demanding real-world applications, such as space
power management, thereby setting it apart from previously
reported solutions.

5. Conclusion

The converter was designed and implemented as a
hardware PCB prototype. For all load conditions, the designed
converter has line and load regulations below 1%. The dual
outputs 5V and 3.3V were achieved for an input range of 65-
75 volts. The dual outputs were highly regulative in nature
with very few ripples. Hence, the designed converter can be
used in space applications to step down the 65V standard bus
voltage to 5V and 3.3V, respectively, to provide a supply to
various digital devices.
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