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Abstract—This paper proposes the utilization of power
electronics building blocks to standardize the power
distribution subsystems in space applications. The main
objective is to offer a viable strategy to expedite development
with enhanced reliability, proposing an electronic-transformer-
based (DCX) module. The DCX is an open-loop isolated
converter that presents high efficiency and fast dynamics and
enables series and parallel connections to accommodate various
voltage and power requirements. The resonant full-bridge
converter is studied as the DCX solution for the proposed
system. Given its necessity of synchronized switching between
modules, a concept of Modular Distributed Synchronization
System (MDSS) is introduced. The MDDS is designed to ensure
the synchronization of the switches of the modules and thus
equal power sharing among connected modules, integrating
redundancy and self-sustained operation, providing the
flexibility needed for the DC-DC conversion. The present paper
outlines the conceptual framework of the proposed system and
presents a prototype for a modular Full Bridge (FB) DCX,
integrated with a MDDS. The results are centered on the
validating of the DCX module feasibility and in the MDSS
performance in normal operation and its recovery from
operational failures.

Keywords— DCX, space power applications, building-blocks,
resonant converters.

I. INTRODUCTION

The continuous launch of new space missions, with a wide
variety of electronic loads, leads to a permanent development
of power converters to ensure efficiency in the bus voltage
adaptation (secondary power subsystem). This approach
requires the investment of time and financial resources in its
development. For these reasons, the standardization through
modular circuits, based on Power Electronics Building Blocks
(PEBBs) [1], offers a viable alternative to accelerate new
developments aligned with the “New Space” paradigm [2] [3].
Besides, the utilization of modular circuits has the potential to
increase system reliability and to reduce the total cost as it
becomes more extensively implemented.
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A simplified diagram of a space applications distribution
system is depicted in Fig. 1, where the main DC-DC
conversions are shown [3]. The Power Control and
Distribution Unit (PCDU) manages the main bus, charging
and discharging the batteries via a Battery Charge and Battery
Discharge Regulators (BCR and BDR respectively). The
PCDU also controls the input power delivered by the Solar
Array via a Solar Array Regulator (SAR).

The voltage level of the primary bus in a regulated power
supply architecture is determined by the power demands [4].
Consequently, for a power requirement below 1.5 kW, the bus
operates at 28 V. When power demands are between 1.5 kW
and 8 kW, the bus voltage is set to 50 V. For power demands
exceeding 8 kW, the bus voltage is either 100 V or 120 V.

Through DC-DC conversion, a variety of secondary buses
are derived from the primary bus, where the point-of-load
(PoL) converters and loads are connected. While the primary
bus has standard values, the voltage value in the secondary
buses is not uniform. There is a wide range of voltage and
power levels (as Fig. 1 suggests) demanded from these
secondary buses, being dependent on the load, mission
requirements, etc. This implies poor circuits standardization,
which often leads to the power converters being redesigned.

In order to standardize the design of the DC-DC
conversion between the primary and secondary buses,
maintaining the flexibility and reliability of the system, this
work proposes the usage of a modular solution based in the
concept of electronic transformer (DCX) [5][6][7].
In complement to the power converter, this work proposes a
modular synchronization circuit, that works independently
from the power circuit and also avoids the need for a central
control. This helps to fulfill redundancy and safety
requirements.

The main concept to be adopted will be discussed in
section Il, with a brief explanation of the DCX concept in
subsection A. A review of the full-bridge converter design as
a DCX (FB-DCX) will be presented in section 11, subsection
B. Section Il will address a Modular Distributed
Synchronization System (MDSS), responsible for generating
the reference to synchronize the modules switching, and so its
resonances, which is essential for the even voltage and power
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Fig. 1. Representation of a power supply system for a spacecraft.
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Fig.2 Resonant DCX basic representation.

distribution in a modular FB-DCX system. The prototypes and
the experimental results will be discussed in section IV,
covering the power stage and the MDDS performance.
Finally, the conclusions will be elaborated in section V.

Il. THE PROPOSED DCX CONCEPT

A. The modular DCX and the voltage adequacy

The DCX is an open-loop isolated converter with fast
dynamics (between input and output) and high efficiency.
As a mean of improving its performance, it’s common the
adoption of resonant topologies that provide soft switching.

DCX converters have been used as a PEBB in power
conversion architectures for several applications, mostly in
second stages. Some examples are the utilization of DCX in
data centers [8][9] or microgrids with wide range of
applications, from medium to low voltage conversions
[10][11].

The basic structure of a resonant DCX is depicted in Fig.2.
The input voltage is converted by an inverter into a squared
wave which is applied to the primary side of a transformer.
The transformer is connected to a resonant tank, which can be
arranged on the primary or secondary sides and is designed to
resonate at a given frequency (f;). The resonant current passes
through a rectifier and charges an output capacitor, which
could be part of the resonant tank.

To meet the different voltage and power requirements, the
DC-DC conversion will be achieved through series and
parallel connections of several modules. Series connection (at
input or output) would enlarge the voltage capability, while
parallel connection is crucial for meeting redundancy
standards and to adequate the total power [12].

Considering a modular DCX design with a voltage gain of
2:1, Fig. 3.a depicts a single DCX block performing a voltage
conversion of 0.5. Figure3.b shows an Input Series Output
Parallel (ISOP) arrangement with the same DCX block,
resulting in an overall voltage conversion of 0.125.

Figure 3.c depicts a different situation: a 4:1 voltage gain
(i.e. two DCX blocks in ISOP configuration), where the
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Fig.3 DCX module connection to acquire different voltage conversions:
(a) 2:1 as single module, (b) 8:1 with ISOP connection, and (c) 4:1 with
matrix connection.

amount of power required by the loads is larger than the power
capacity of two ISOP modules. Therefore, the power
requirement can be met by adding another structure of two
DCX modules (in ISOP) in parallel to the first one. This could
be theoretically expanded to meet any power requirement
without affecting the overall voltage gain.



B. Full-bridge converter as a DCX

Different converters could be designed based on the main
resonant DCX representation depicted in Fig. 2. The common
circuit structures designed for each block are a half-bridge
(HB) or a full-bridge (FB) to compose the inverter, a
transformer featuring one or two secondary windings, and a
resonant tank placed in series (e.g., LLC converter) or in
parallel with the load. Additionally, the rectification can be
diode-based or synchronous. Each structure chosen has a
different impact not only on the DCX performance, but also
on the circuits and conditions required to be suitable for
operating in a power supply system for space applications.

According to the “Space Product Assurance. Failure
modes, effects (and criticality) analysis” found in [14], it is
assumed that only one element can fail at any given time.
While a failure may impact the operation of the module in
which it occurs, it should be designed not to propagate to other
modules or affect the system integrity. As a practical example,
assuming a failure in just one switch, a FB could promptly
isolate the affected module by ceasing the conduction of the
remaining switches, diminishing the necessity for
supplementary protective switches if compared to a HB [13].

The resonant FB depicted in Fig. 4 is the chosen topology
for this DCX implementation. The resonant elements of the
FB-DCX are the leakage inductances (L1 Y Lk2) and the
output (resonant) capacitor (Cy). In Fig.4, the FB-DCX
resonant elements are highlighted in red, and its main
waveforms are depicted in Fig. 5.

This converter presents a natural power sharing, not only
in ISOP, but in Input Parallel Output Parallel (IPOP)
connections, requiring only the synchronization of the
switching signals [13]. This complements the chosen
converter  strength of permitting parallel module
interconnections if compared to an LLC resonant converter.

C. FB-DCX design

The equivalent circuit for a single resonant branch is
displayed in Fig 6 and is valid just during the diode
conduction. In a practical analysis, the intrinsic impedances
such as copper tracks inductance, could be significative and
should be considered into the equivalent circuit values.

The input source in Fig 6 represents the value of the
voltage applied in the primary windings times the voltage ratio
of the transformer. In the beginning of each half period, the
value of the secondary winding voltage is higher than the
value of the resonant capacitors voltage (Vcr). This voltage
difference could be seen between Vi and V¢ in Fig. 5 (red and
black waveforms, respectively), and this starts a resonance
process with zero current in |;.

Both resonant currents are reflected in the primary
winding current (I,) and are added to the magnetizing current
(ILm). As depicted by 11 and I, in Fig 5, when the current goes
back to zero value, the diode blocks the conduction of negative
charges. While there is no resonant current in the circuit, the
energy stored in the magnetizing inductance will promote
Zero Voltage Switching (ZVS) in the primary switches,
discharging the primary MOSFETS intrinsic capacitance. As
there is no resonant current in the secondary, there is no
positive current in Cr, so it is linearly discharged by the output
current (lo).

-
Vas [ l »>
7
Vy < A + -
Iin
Iy S T AT T T w—maaaszzsa e s nen e e g oo s W TR L

tol) 1 bty ls I {7 tstaly

Fig.5 Main converter waveforms of the FB DCX.
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Fig.6  Equivalent circuit of the resonant FB-DCX.

When connected in parallel, the FB-DCX circuits have
their resonant capacitors connected in parallel. Assuming that
the variation between the circuit elements is controlled, i.e.
relatively low, and ensuring synchrony between the bridge
switching on the primary side, an equitable distribution of
power is guaranteed without major problems. This way, the
general design of the power modules can be carried out
without additional considerations.

The resonance time (trs) is designed to be smaller than the
change of operational state in the primary, allowing smaller
currents in the switching in the primary side and zero current
switching (ZCS) in the rectifiers. The equations (2) and (3)
define the resonant current and the resonant voltage
respectively.

n, C, 1)
L (t) = (n_ Vin = Ver (0)> I - sin(w,t)
P

+1, - (1 — cos(wyt)) ,

Ver(t) = Ver (0)(cos(wot)) + )
27,0 (1 = cos(awot)) = Lo 2+ sin(wnt),
np Cyr
where np and ns are the primary and secondary turn numbers

respectively, mo is the resonant angular frequency defined by
(4), and V¢(0) is the starting C; voltage, defined by (5).

wo = (JC L) =2m-f,, ®)

Vor (0) = Ve Ctras) = 2 (5 trs) @



The considered output voltage (Vou) is the average value
of the resonant capacitor’s voltage (V¢r), and based in Fig 6,
it’s easy to see that V¢, average value is the same as the
reflected voltage in the secondary winding. Therefore, Vou is
defined in (1) in function of Vi, and the transformers turn ratio.
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where Ty is the switching period.

The design of a FB-DCX is already discussed in the
literature, and more details can be found in [5] [9].

I1l. MODULAR DISTRIBUTED SYNCHRONIZATION SYSTEM

As mentioned previously, the desired FB-DCX operation
only requires modules with synchronous switching to equally
share the processed power. This feature requires that all
modules interconnected are in synchrony to a leader signal,
labelled in this work as Global Clock Signal (GCS).

In order to generate the GCS, it must be considered that
the local ground (GND of each DCX) will be at different
voltage levels when connected in series (see figure 3);
therefore, isolation between the GCS and MOSFET drivers is
necessary.

This work also proposes the entire system being
independent of a central control, adding the capacity to
generate the reference signal from any DCX module. This will
increase the robustness of the entire system linearly to the
number of connected modules. Notably, the use of FPGAs or
Microcontrollers suitable for space applications can be of little
interest to generate the control signals, as it may significantly
increase the overall price of the electronic design.

To address these three aspects, voltage isolation, modular
autonomy and avoiding the use of microcontrollers (or
FPGASs), the present work proposes a Modular Distributed
Synchronization System (MDSS).

The simplified diagram of Fig. 7 shows the proposed
system operation with “n” DCX modules, where each DCX
carries its own MDSS module. The “DCX 017 is represented
with more details, with the main local signals (in red) in
addition to the global signals (in blue). Labels “leader” and
“follower” are added to facilitate system understanding.
Nevertheless, there is no order of priority for choosing the
“leader” module, which occurs naturally within the system.

All MDSS modules are designed to have the same voltage
reference as the GCS, while the power circuit communicates
with the global signal via an isolator. The output of the
isolators reproduces the GCS, and connects to a phase locked
loop, that provides a reference signal for the FB MOSFET
drivers.

A. MDDS Circuit

The main circuit of an MDSS unit can be subdivided into
three circuits (see the MDSS Module 01 in Fig. 7) representing
its main internal functions: Signal Generation, Signal
Amplifier and Enabling Circuit.

The output of the Signal Generation is the Local Clock
Signal (LCS), which is continuously generated in each MDSS
module. The LCS is received by the Amplifier Circuit and sent
to the GCS bus when receiving a positive signal from the
Enabler. The Enabling Circuit is continuously comparing
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GCS with LCS and is the key circuit for structuring the system
and providing an arbitrage operation between the modules.

The circuit inside of the MDSS module is depicted in Fig.
8 and is designed with discrete components that already have
space qualified equivalents, such as comparators, transistors,
logic gates, capacitors and resistors. As these components are
standard for this kind of application, this design offers
independence from specific suppliers.

The LCS is generated via an astable oscillator, made with
a comparator (U3) and the charge and discharge of a capacitor
(C18). The amplifier circuit is made through an NPN
transistor (Q5) controlled by the output of a logic gate (U4C),
that execute the AND operation between the LCS and the
“Enabling signal”

The “Enabling Circuit” is an edge accumulator made by
two Toggle Flip Flop structures (U2) in series, that generates
a positive enable signal after just two edges of the LCS.

The output of the “AND” gate in the enabling circuit
(U4A) is a reset signal for the edge accumulator, that is
positive when there is a GCS that is different from the LCS.
Finally, this reset signal passes through a low pass filter (R7
and C19) to avoid any delays present in the circuit.

B. MDSS operation

For the description of the MDSS operation, it will be taken
the MDSS Module 01 from Fig. 7 as the main example.



In the startup, when there is no global clock signal, the
Enabling Circuit will count two edges from the LCS and, in
the absence of a GCS (and so a reset signal), the enable signal
changes from ‘0’ to ‘1°. In this moment, this module assumes
the leader role in the system, and injects its LCS to the GCS.

Considering that all the LCS generated inside the modules
are very similar, with minimal differences in frequency and
duty cycle, the beforementioned startup process could occur
with more than one module at the same time. Considering that
all the MDSS modules are trying to assume the role of leaders,
there will be more than one LCS injected into the GCS. As
there is a constant comparison between the GCS and LCS
performed by the enabling circuits, one by one the modules
will identify that there is a difference between its own LCS
and the GCS. Therefore, one by one of the amplifiers will be
disable until just one leader will remain. This disabling
process will generate an arbitrage operation independent from
a central control and the number of modules, covering one of
the premises initially proposed.

IV. THE PROTOTYPE AND EXPERIMENTAL RESULTS

To validate the system concept, the FB-DCX module was
implemented, with the MDSS module integrated in the same
board. The PCB design was made to facilitate a “plug-and-
play” connection in ISOP configuration, via connectors
positioned on the lateral edges. In Fig. 7 four modules are
presented in ISOP connection (in the same configuration as
Fig.3.h).

Each module is designed for an input voltage of 25 V,
voltage gain of 0.5 and a power of 100 W. Therefore, the ISOP
arrangement of Fig. 5 could convert from 100 V to 12.5 V.
Further details on each module are presented in Table |

TABLE I. PROTOTYPE PARAMETERS
Parameter Symbol | Value®
Prototype total power Po 100 W
capacity
Switching frequency fs 500 kHz
Resonance frequency fr 1 MHz
DCX Input voltage Vin 25V
Primary MOSFETSs S1, Sz, IPD053N08N3G

S3, S4

Secondary side rectifiers Dr1, Dr2 NRVBB60H100CT
Duty cycle D 50% (43%)
Dead time ta/Ts 7.6% (7%)
Transformer magnetizing Lm 9,8 pH
inductance
Transformer primary side Np 4
turn number
Transformer secondary side | Ns 2
turn number
Considered transformer Lka 25 nH
leakage inductance
Resonant (output) capacitor | Cr 1uF

Figure 10 presents the main waveforms of a FB-DCX
module, focusing on the resonant current and voltage signals
(pink and yellow waveforms respectively), with the output
current (green waveform) and the presence of the GCS in the
top (blue waveform). The current measurements are taken at

Fig.9 FB DCX prototype in ISOP arrangement.
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the primary winding to minimize the impact of the current
probe (and the current measurement loop) in the resonant
circuit as the inductances involved are on the order of 25 nH.

Following the validation test focused on the power circuit
of a DCX module, the synchronization system was analyzed
through two additional tests. These tests were conducted at the
maximum frequency for which the SMSD was designed. Fig.
11 shows again the GCS, now with a yellow trace, and the
output signal of three PLL circuits of different DCX modules.



It can be seen that there is a fine synchronization between all
the output signals of the PLL circuits and the GCS.

With the purpose of understanding which module is the
leader during normal operation, four synchronization modules
were placed to share a GCS. Fig. 12 shows the measurement
before the resistor in the base of the transistors that form the
open-emitter output of each MDSS module (in the output of
the “AND” gate, see Fig. 8). The leader role seamlessly
alternates between different modules in normal operation, and
temporarily permits (for a few clock cycles) multiple modules
to operate as leaders. This alternation is a result of local clock
signals eventually synchronizing with the GCS, so the
enabling circuit is not able to detect the difference between the
local and global signal. This forces the state of "Enabling
signal” to change to '1' during the moment of synchronization.
After a few clock cycles, a slight difference between the LCS
frequencies implies a phase difference; the first module that
detects this difference changes the value of its "Enabling
signal" from '1' to '0', leaving the leader role.

Fig. 13 shows a leader role change situation in more detail,
with just two modules placed to share a GCS. The green trace
is the GCS and both blue signals are the outputs of two
different modules. After some clock cycles both modules
assume the role of leader. At the end of three synchronized
cycles, it is generated a delay between the signals that is
enough for one of the modules to detect it and reset its edge
accumulator, changing its "Enabling signal™ from '1' to '0".

This phenomenon is not a problem, as they generate
almost identical signals on the bus and they use outputs in
open-emitter, the quality of the SSG signal is not
compromised. Furthermore, it is a demonstration of the agility
of the system in detecting and replacing the reference signals,
what emphasizes the inherent redundancy in all DCX
modules.

To simulate a fault in the synchronization system, a case
with an induced disconnection of the leader MDSS module is
presented by Fig.14. The voltage probe configuration is
similar to the previous test (Fig. 13) with the addition of a third
MDSS module, represented by the signal in pink. This third
module has been modified to act as the leader until it is
disconnected from the reference by a bipolar transistor
(controlled by an external trigger). It can be seen that the GCS
follows the pink reference until it is disconnected. After this
disconnection, the GCS presents a longer off time that is
shorter than two cycles. This delay represents the time
required for one of the remaining MDSS modules to detect the
lack of reference and assume the role of leader.

V. CONCLUSIONS AND FUTURE WORKS

A modular converter based on an electronic transformer
with a full-bridge structure has been presented. This modular
converter is designed to perform DC-DC power conversion on
secondary buses of power supply systems in space
applications. The proposed solution is based on the modular
concept by channeling the connection possibilities between
inputs and outputs of the designed modules.

This work also proposed a Modular Distributed
Synchronization System, which provides autonomy to the
modules and redundancy in the reference signal generation.

The developed prototypes demonstrate the validity of the
proposed DCX circuits. Furthermore, synchronization tests
show that the distributed system works effectively, allowing
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agile and seamless changes of roles between leader and
follower modules. This is crucial to guarantee an equitable
distribution of power and ensure system redundancy.
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