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Abstract

Electrospray thrusters rely on a high voltage gain power converter for extracting and accelerating the
ions producing thrust. Enhancement of the converter’s efficiency in space applications is essential since it
avoids oversizing the power generation or storage system and it mitigates issues related to the power losses
heat dissipation. The paper presents the DCM Forward-Flyback converter integrated with two fifth-order
Cockcroft-Walton voltage multipliers for generating positive and negative high-voltage rail for electro-
spray thrusters. This topology has a reduced component count, is small in size, and is lightweight. Switch-
ing losses are minimized by implementing a valley-switching strategy to achieve ZVS. The theoretical
analysis is validated with simulation and experimental results.

1. Introduction

Electrospray thrusters have become an attractive option for space propulsion in recent years due to their high efficiency
and compact size. The electrospray propulsion principle involves generating a high electric field to ionize a propellant
and accelerate the resulting ions to produce thrust, which is possible thanks to needle-like features that concentrate
the electric field at their tip. Electrospray thrusters are particularly advantageous for micro and nano-satellite systems,
where space and mass are limited or where the electrical power on board is limited to a few tens of Watts.! As a result,
they have excellent potential for satellite propulsion, enabling both orbital and attitude control of the spacecraft and the
emergence of new business models.>

The aim of this study is to introduce a new high-gain (over 200 times voltage amplification factor) and high-
performance (over 90% efficiency) topology for electrospray thrusters suitable for integration into the spacecraft.

In the field of electrospray propulsion for space applications, ensuring the emitter tip’s health and mitigating
spacecraft charging issues are crucial concerns.® Since electrospray thrusters have the ability to emit either positively
or negatively charged ion beams, which has an important implication for charge neutralization, it may be possible to
operate electrospray thrusters without the need for an external cathode, in theory. By firing two separate thrusters, one
providing a positive ion beam and the other a matching negative ion beam, it is possible to maintain a neutral charge
on the spacecraft. This allows the thrusters to operate continuously without any interruptions due to charge buildup.?
To address these challenges, the topology proposed includes two arrays of Cockcroft-Walton voltage multipliers (CW-
VMR). Each of the arrays generates one of the polarities (positive, negative) simultaneously from the satellite power
bus, enabling the application of opposite polarities to two different thrusters or arrays of thrusters.

Furthermore, achieving zero voltage switching (ZVS) is a critical factor in enhancing the performance and ef-
ficiency of this topology. The switching frequency and duty cycle must be adjusted to achieve the desired voltage
gain while ensuring ZVS and, therefore, reducing the voltage-current product during the MOSFET turn-on transition.
Specifically, the MOSFET must be turned on when the voltages across all parasitic capacitances have reached the
"valley"* (local minimum) voltage level to minimize the undesired parasitic resonance caused by the parasitic capaci-
tance in the converter’s switching transient. This resonance leads to significant current stress on the switching devices,
elevated levels of switching noise, and imposes constraints on the attainable switching frequency.

Section 2 of this paper provides a comprehensive description of the steady-state behavior of the converter. Sec-
tion 3 presents the simulation and experimental results obtained, providing further insights into the behavior of the
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converter. Finally, in Section 4, the conclusions are presented, underscoring the practical implications of this study for
the development of high-performance power converters for electrospray thrusters.

2. Steady-state analysis

In a previous study,’ the ideal steady-state performance of the Forward-Flyback with Cockcroft-Walton Voltage Mul-
tiplier converter (FF-CW) in DCM was discussed. The impact of parasitic capacitances on the operating phases of
the circuit was also addressed, particularly under high voltage and very low power conditions.* This paper presents
the inclusion of a second Cockcroft-Walton voltage multiplier (CW-VMR) array, which was not previously considered
in the original design, to achieve positive and negative high-voltage rails from the satellite power bus, analyzing the
effects of the inclusion of the parasitic capacitances introduced by this second CW-VMR in the converter’s equations.

Fig. 1 shows the Forward-Flyback converter with two fifth-order CW-VMR topology. The switch S; (NMOS
MOSFET) is controlled by a high-frequency PWM signal. The primary and secondary return paths eventually meet at
the spacecraft chassis level, consequently, the same ground symbol has been used to simplify theoretical analysis.
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Figure 1: Forward-Flyback converter with two fifth-order CW-VMR considering the transformer non-idealities.

When the Flyback topology is combined with the CW-VMR, the converter operates differently from a conven-
tional Flyback. In this combination, energy is delivered to the secondary side in two ways:

e Forward energy transfer: When the switch is ON and the transformer is magnetizing, some energy is also
transferred to the secondary side, which charges the positive odd capacitors.

o Flyback energy transfer: When the switch turns off, the energy stored in the magnetizing inductance of the
transformer is transferred to the secondary side, as in a conventional Flyback. This energy charges the even

capacitors and provides power to the load.

In this converter, the effect of parasitic capacitances in the resonant operating phases and waveforms cannot be
ignored. To obtain accurate results, it is crucial to model not only the MOSFET output capacitance (C,s;) and the
junction capacitances of the diodes (C,) but also the parasitic capacitances of the transformer, particularly important
in very low-power thrusters since these parasitic components have a significant influence on the converter’s behavior
at low power. Therefore, leakage inductance (Ly), total winding parasitic capacitance (C,,) and the equivalent stray
capacitance (Cy,) are included in Fig. 1 together with magnetizing inductance (L,,).

2.1 Voltage gain considering the voltage drop effects of the CW-VMR and DCM condition calculations.

Since the voltage drop in the CW-VM also affects the voltage gain, it must be considered. To understand the issue of
voltage drop in the CW-VMR, it is important to consider the following concepts:

e During the Forward resonance (Section 2.2 - Interval 1), the odd capacitors are charged and their voltages depend
on the voltage across the preceding even numbered capacitor, excluding the first capacitors (Cp; and Cy).
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e During the transformer demagnetization (Section 2.2 - Interval 4), the even capacitors are charged and their
voltages depend on the voltage across the odd capacitors.

In order to charge the CW-VMR capacitors before delivering energy to the load, the current must flow through
them. As a consequence, each consecutive capacitor (even capacitors) gets slightly discharged when they deliver energy
to the load and when they charge the opposite branch of capacitors (odd capacitors), causing an undesirable voltage
drop in the output.

It can be assumed that all CW-VMR capacitors are the same size (denoted in advance as Cp; = Cn; = Cour)
and are large enough to maintain a constant DC output voltage, the voltage drop across the diodes is negligible when
compared to the voltage across the output capacitors, and the time it takes for the transformer to magnetize and demag-
netize is approximately the same. Consequently, the output voltage drop (Vpropey_vx) PET CW-VMR is defined as the
total voltage drop across the even capacitors in Eq. 1, which produces a voltage drop that adversely affects the voltage
gain of the converter.* The number of voltage multiplier stages is defined as m, the switching frequency as f;,,, and the
current delivered to the each output load as Ipyr.

ey

2m? + 3m2 +m Toyr
Vbroprew_vur = 12 : FoCour

The ideal voltage gain for a single ouptut is calculated in Eq. 2 and was presented in previous publications® for
achieving a positive output. The voltage gain of this converter is influenced by several factors including the number of
voltage multiplier stages (m), the transformer’s turn ratio (n), the fraction of the period when the switch is on (D), the
magnetizing inductance (L,,), the switching frequency (f;,), the output capacitance (Coyr) and the equivalent output
resistance (Ryp.p).

V}— H nm 2RTH, P D] 2
mh’deal—?'{l‘}' \/1+ Tofor (%) @)

If the single output assumptions are exptrapolated to the two polarities version and assuming that the CW-VMR
are ideal, the total voltage gain per output is still the number of CW-VMR stages () by the transformer turn ratio (n).
However, the equivalent resistances from the thrusters appear in parallel.

It is assumed to achieve similar output voltages in both CW-VMR. Therefore, for the calculations it’s assumed
that Vry ~ VJ,, ~ [V;,| and the equivalent resistance is the parallel combination of both thrusters, the positive excited
(Rrg.p) with the negative excited (Rrg ) shown in Eq. 3.

Rrup - Rrun

RrHeq = 3
T ™ Rewp + Rray
Therefore, the ideal gain of the dual output converter can be approximated as Eq. 4.
1% 2RrHeg (D1
e = S [T 1 T () 4)
Vsar 2 Lypfaw \nm

The real voltage gain is calculated including the voltage drop effects into the ideal voltage gain as expressed
in Eq. 5. On this equation the converter overcomes the drop produced by the CW-VMR of each output while the
equivalent load is now the parallel combination of both thrusters.

Vru Vru = VoropPew—yur
lidear = Q)]
Vsar Vsar
Consequently, the total voltage gain can be expressed as shown in Eq. 6.
w4 (1 4 R .(&)2
Vry 2 L fow nm
= (6)
2m3+3m2+m
Vsar U Rrrteafn Cour
In addition, D is calculated using the expression of the voltage gain as shown in Eq. 7.
2L Fo 2V, 2m3 + 3m? + 2
p, =" fs [ rH .(Hu)_l]_l 7
2 Rrheq nmVgar 12R7H,eq fswCout
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Since the converter is expected to work in DCM, D, is defined as the portion of the switching period correspond-
ing to the demagnetization of the transformer but D, # 1 — D;.

By ensuring that the magnetizing current ripple (Aiy,,) is equal during both the magnetizing and demagnetizing
phases, Eq. 8 is obtained. Leakage inductance (Ly) has not been considered since the magnetizing inductance of the
transformer (L,,) is much greater than Ly. Voltage drop has also assumed to be negligible.

A = Vsar Dy
I = L
" meYW

The average current through secondary is equal to mlpyr in the ideal case. Therefore, the electric charge in

steady-state across Cp1 (AQc,,) can be obtained as shown in Eq. 9, by calculating the integral of the demagnetization
current since this capacitor is discharged with the forward energy transfer and charged with the flyback energy transfer.

1/ fow D-Aj .
AQcy, = fD il = 2L ©)
1/ Jsw sw

®)

D, is calculated next by substituting Eq. 8 into the previous system of equations:

_ anmesw VTH

= (10)
VsarD1RTHeq

2

The magnetizing current ripple and the equivalent output load (Rry ) are connected through a specific value of
magnetizing inductance, known as the critical value of L,, ( L, crir). When the magnetizing inductance is larger than
Ly.crir, the current ripple is reduced below the limit of Discontinuous Conduction Mode (DCM), and the converter
operates in Continuous Conduction Mode (CCM).

VsarD1DR7H ¢4
2nmfsw VT H

To ensure that converters consistently operate in DCM and avoid entering CCM, it is crucial to determine the
worst-case scenario where the maximum voltage and frequency are applied to the minimum load. By confirming that
this scenario operates in DCM, it can be inferred that the remaining operational points of the converter will also be in
DCM. This approach guarantees the desired mode of operation throughout the converter’s operating range.

an

Lycrir =

2.2 Operation Intervals

There are six operation intervals, shown in Fig. 9, which are described below. Additionally, energy flow diagrams
are provided for each interval. In these diagrams, black indicates that a component is inactive, blue indicates that it is
active, and light blue indicates that it is active through its parasitic components.

¢ Interval 1. Forward resonance (7, to #;): During the first interval of operation in a Forward-Flyback Converter,
the MOSFET is turned on and energy is stored in the magnetizing inductance of the transformer (L,,), which is
known as the "Flyback energy". At the same time, the positive output odd-numbered and negative output even-
numbered "Forward diodes" in the circuit become forward-biased and the odd capacitors are charged, which is
referred to as "Forward energy". The forward diodes become forward-biased sequentially, and the next diode
is only polarized once the corresponding odd capacitor is fully charged. The sum of the currents through the
forward diodes is equal to the forward resonant current in the secondary circuit. The resonant output capacitance
referred to the primary side of the transformer is defined as C,.

C
c, = a2 Cour (12)
m

The capacitance of the transformer winding (C,,) and the stray capacitance referred to the primary circuit (C%,)
are so small compared to the capacitance of the output capacitor (C,) that they can be ignored. Additionally, the
magnetizing inductance of the transformer (L,,) is much greater than the leakage inductance (Ly). As a result,
the Forward resonant frequency (w,,) for this interval of operation can be calculated as shown in Eq. 13.

Weor = —F/—— (1 3)
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Figure 2: Energy flow during interval 1.

e Interval 2. (¢, to 1;): This operating interval only happens when the MOSFET is turned on for a duration longer
than the forward resonant semiperiod (Eq. 14). During this phase, the energy from the forward converter is
transferred to the odd capacitors, causing the resonant current through the secondary (/) to decrease to zero.
Once this happens, the MOSFET remains turned on and continues to store the Flyback energy in the magnetizing
inductance. During this operating stage, there is a resonant current overlapped with the waveforms that does not
affect the performance of the converter.

& S t for
fow 2

(14)

Therefore ¢4, = t — tp can be obtained using Eq. 15 and depending if the duty cycle comply with Eq. 14 the
waveforms will have a resonant current overlapped or not during #, — ;.

Lfor = 2r VleCr (15)
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Figure 3: Energy flow during interval 2.

e Interval 3. Slow-Voltage-Transition (SVT) (7, to #3): When the MOSFET is turned off, the parasitic capac-
itances in the circuit need to be charged before the Flyback energy can be transferred to the CW-VMR. The
charging of these capacitances is accomplished by utilizing the energy stored in the magnetizing inductance.
However, this charging process is not immediate, since the total parasitic capacitance (C,,,) is relatively large.
As a result, the transition from MOSFET off to the delivery of Flyback energy to the CW-VM is not instanta-
neous. C, is defined next as the addition of the parasitic capacitances of the CW-VMR diodes.

Cpur =Cy + nzcst + 4n2mcd + Cogs (16)

The equivalent circuit corresponding of the parasitic resonance to this operating stage is depicted in Fig. 4.
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Figure 4: Equivalent circuit of the parasitic resonance during interval 3.

The resonance between L,, and C,,, during the SVT is defined as "parasitic resonance"(where Ly is assumed
negligible). The parasitic resonant frequency (w),,) is calculated next:
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Figure 5: Energy flow during interval 3.

e Interval 4. (73 to #4): After the SVT process is completed, the positive output even-numbered and the nega-
tive output odd-numbered diodes become forward-biased, resulting in the demagnetization of the transformer.
During this demagnetization, the energy that was previously stored in the magnetizing inductance cause the odd
capacitors to become charged.
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Figure 6: Energy flow during interval 4.

e Interval 5. (¢, to #5): Once the transformer has been demagnetized, all the diodes in the circuit are turned off,
and a new resonant interval begins. The resonant frequency during this interval is the same as the parasitic
capacitance frequency, which is denoted by wp,,. This particular operating interval is referred to as the valley-
switching operation.

To achieve ZVS (Zero Voltage Switching), it is necessary to turn ON the MOSFET when the voltage across all
parasitic capacitances has reached the minimum voltage levels in this interval. By referring to the Vpg waveform
shown in Fig. 9, the MOSFET should be turned ON when the minimum of the resonance is reached. This allows
for the resonant energy to flow through the parasitic capacitances and magnetizing inductance to be conserved.
The reduction in power losses also leads to an increase in the efficiency of the converter, resulting in a higher
overall efficiency. The soft-switching technique also allows for higher switching frequencies to be used, which
can lead to smaller and lighter passive components such as inductors and capacitors, resulting in a more compact
converter design.
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Figure 7: Energy flow during interval 5.

e Interval 6. (75 to t;): The MOSFET is just turned ON, the parasitic capacitances in the circuit are effectively
short-circuited. As a consequence, a discharge current is demanded by these capacitances, which is proportional
to their capacitance value and the voltage across them at time ¢ = ¢5. However, since the initial condition of the
current through the leakage inductance at ¢ = £ (equal to Ipg) is not zero, the waveforms during the first interval
become distorted if ZVS is not achieved at the end Interval 5, and extra energy is needed at this interval. The
energy required to perform this quasi-ZVS operation depends on the value of the parasitic capacitances and the
voltage across them when the MOSFET is turned ON.*
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Figure 8: Energy flow during interval 6.
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Figure 9: Waveforms of the converter in DCM: MOSFET current (blue), transformer secondary current (red), magne-
tizing current (yellow) and MOSFET drain-source voltage (purple).
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3. Validation and experimental results

3.1 Simulation

Simulations are presented in this section to validate the steady-state analysis carried out in the previous section. The
specifications used in the simulations are presented in Table 1. The worst case, where the maximum voltage (+1.5kV)
and power (10W) are achieved, has been chosen for simulation. The simulation has been carried out implementing the
circuit shown in Fig. 1 in SIMETRIX. The simulation models for the components are the ones which correspond to the
prototype board components, defined in next section on Table 2.

Fig. 10 displays the simulated steady-state waveforms to confirm the accuracy of the circuit’s model. The
similarity between the waveforms in Fig. 9 and Fig. 10 demonstrates a precise correlation between theoretical analysis
and simulations. Theoretically, it is possible to turn on the mosfet in any of the resonance valleys. However, in the
simulation, the voltage across the MOSFET’s drain-source is monitored to switch at the first resonant valley voltage.

Table 1: Simulation specifications & Efficiency and power loss breakout report

Simulation specifications Efficiency and power loss breakout report
Parameter Symbol  Value Parameter Symbol Value
Input voltage Vsar 5V Input power Py 10.0359W
Vrup 1.5kV Output power
Output voltage Vi 15V (positive output) Prup 4.90383W
Output power Prup Output power
(per output) Prun W (negative output) Pruy 4.89876W
Transformer n 30 Efficiency ~ Zzelmx 97689
turn ratio N
CW-VMR stages .
(per output) 5 Dissipated Power Pross 233.325mW
Si d voltage waveforms
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Figure 10: Converter’s transient simulation.

Table 1 also presents the efficiency and power loss breakout report, where it can be observed the impact of zero-
voltage switching (ZVS) on the converter’s efficiency. The obtained results indicate an efficiency of 97.68% in the
simulation. It should be noted that these measurements do not include losses incurred in the gate driver.

3.2 Experimental results

A Forward-Flyback converter prototype featuring dual fifth-order CW-VMR was developed and tested to validate the
theoretical analysis. The open loop prototype was implemented on a printed circuit board (PCB), as shown in Fig.
11. The transformer measurements and components used in the prototype are listed in Table 2. These components
were carefully selected to ensure accurate and reliable testing of the converter. The prototype was enhanced with
additional components to enable triggering of the MOSFET gate using a PWM signal, and to vary of the PWM’s duty
and frequency.
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Figure 11: Converter’s open loop prototype PCB.

Table 2: Open loop prototype: component listing

Ad-hoc RM6 Transformer Specifications Components reference
Parameter Symbol Value Component Identifier Reference
Magnetizing inductance Ly, 4.4uH MOSFET D SID IRFR7446TRPBF
Leakage inductance Ly 75nH CW-VMR Diodes :1 B Dzlll:) GCIJ43DR7LV224KWO1K
Winding capacitance Cy 19.78nF ) Cpi —Crio
Stray capacitance Cy 17.47nF CW-VMR Capacitors o " _ BYG23M

To evaluate the performance of the converter, the drain-source voltage and the gate-source voltage of the MOS-
FET are measured in the prototype in Fig. 12a. Additionally, the secondary voltage along with both output voltages are
also measured in 12a. The converter exhibited stable and reliable performance, with waveforms that closely matched
our theoretical predictions when comparing Fig. 10 with Fig. 12. The voltage at the secondary (Vsgc) is inverted in
comparison to the simulation results due to the difference in the reference point from which it was measured.

To achieve zero voltage switching (ZVS), it is crucial to turn ON the MOSFET when the voltages across all
parasitic capacitances have reached the "valley" voltage levels. By referencing the drain-source voltage waveform, the
MOSFET can be turned ON at the first resonance valley. Hence, it is necessary to adjust both the switching frequency
and duty cycle to achieve the desired voltage gain of the converter while ensuring ZVS.

(a) C(Yellow) = Vgs, Cy(Light — Blue) = Vpg, (b) Ci(Yellow) = Vpg, Co(Light — Blue) = Vsgc,
Cs(Purple) = Voyr.p, Ca(Dark — Blue) = Voyrn Cs(Purple) = Voyr.p, Ca(Dark — Blue) = Voyrn

Figure 12: Converter’s oscilloscope waveforms.

The performance of the converter was evaluated under various operating conditions by conducting tests at dif-
ferent output voltages and output powers while measuring input voltage, output voltage, and input current to calculate
the converter’s efficiency. To ensure accurate measurements, the voltage applied voltages values to the loads were kept
constant for each measured point, and each point was run by a time much longer than the settling time of the initial
startup transient of the converter before taking the measurement. The output power was calculated based on the output
voltage and load resistance values. Different loads for each output were used, ranging from 400k to 2MQ in steps of
200kQ2. One of the PCB which contains the test loads is shown in Fig. 13. These PCBs are capable of working at high
voltage conditions. The output voltage was stepped from 1kV to 1.5kV in steps of 100V.
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Figure 13: Converter’s test loads PCB.

The efficiency plot of the converter can be observed in Fig. 14a, which displays the increasing output power
values. The limited discretization of test loads restrict the range of power outputs that can be tested or measured
accurately using the current version of the PCB of Fig. 13. This implies that the available values on the PCB do not
cover the entire range from 1W to 10W for each output voltage. The efficiency shown in Fig. 14a corresponds to the
power stage of the circuit illustrated in Fig. 1 and these measurements do not include losses incurred in the gate driver.
The input voltage remains fixed at 5V.

The efficiency plot of the converter demonstrates a tendency of over 95% from 2W to 10W output, which out-
performs the reported efficiencies of 85.57%,° 80.4%’ and 88.5%* of different converters for electrospray propulsion.
This, in combination with achieving such high conversion rates, make the proposed converter to fit with electrospray
propulsion and proves to be a highly effective and a energy-efficient solution for powering small-scale spacecraft and
satellites.

Additionally, Fig. 14b includes the operational point of frequency and duty cycle where the optimal valley-
switching operation is achieved in every case and the optimal steady-state operating points are calculated following
an iterative approach. The duty versus switching frequency curves demonstrate a predominantly linear relationship,
although they do not align perfectly as a straight line. This slight deviation can be attributed to the inherent variability
of the system’s components, which are influenced by the voltage, temperature and the current flowing through them at
each operating point. Therefore in future versions, the loop should be closed considering the variability of the valley-
switching operation and turning the MOSFET ON at the minimum resonant valley voltage after the demagnetization
of the transformer, in simple terms, monitoring the MOSFET drain-source voltage (Vpg) to detect the resonant valley
voltage and recomputing the switching frequency and duty cycle each period.
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Figure 14: Converter’s open loop power stage prototype results.
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4. Conclusions

This paper contributes to the field of electrospray propulsion technology by presenting a highly efficient and adaptable
converter that supports dual thruster operation, which is needed to be able to emit a neutral beam. These findings have
implications for the development of more effective and reliable propulsion systems for spacecraft.

Firstly, an adapted version of the converter topology presented in previous publications is proposed to obtain two
outputs of opposite polarity and enabling the use of this topology in electrospray applications. This novel approach
builds upon the previous work and incorporates updated mathematical equations, which have been redefined to rep-
resent the converter presented in this article. Notably, these equations are aligned with the simulation and prototype
results, which are consistent, ensuring the desired output is achieved. Secondly, the hardware prototype of the con-
verter was implemented and tested for various input voltages and output powers, demonstrating an overall efficiency of
over 95% from 2W to 10W. The experimental prototype is able to achieve a voltage amplification factor of 300 (when
Vry = 1500 and Vi = 5) for each output without an efficiency penalization.

The proposed topology has a low component count (only needing one MOSFET, a transformer and some CW-
VMR stages) and can be adapted to any desired voltage range by incorporating additional CW-VMR stages. By
ensuring the DCM condition in all operating points, it is possible to vary the output voltage and, therefore, being able
to produce different thrust levels and specific impulses depending on the satellite needs.

Future work includes a detailed analysis of the control stage design since the optimal valley-switching operation
needs the MOSFET to be turned ON at the minimum resonant valley voltage, which imply to design a valley-detector
circuitry within a variable frequency control scheme. In addition, the capability of providing an alternating voltage to
each thruster to prevent electrochemical degradation of the ionic propellant will be studied.
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