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Abstract: Pulsed plasma thrusters (PPT) have demonstrated enormous potential since the 1960s. One
major shortcoming is their low thrust efficiency, typically <30%. Most of these losses are due to joule
heating, while some can be attributed to poor efficiency of the power processing units (PPUs). We
model PPTs to improve their efficiency, by exploring the use of power electronic topologies to enhance
the power conversion efficiency from the DC source to the thruster head. Different control approaches
are considered, starting off with the basic approach of a fixed frequency flyback converter. Then, the
more advanced critical conduction mode (CrCM) flyback, as well as other optimized solutions using
commercial off-the-shelf (COTS) components, are presented. Variations of these flyback converters
are studied under different control regimes, such as zero voltage switching (ZVS), valley voltage
switching (VVS), and hard switched, to enhance the performance and efficiency of the PPU. We
compare the max voltage, charge time, and the overall power conversion efficiency for different
operating regimes. Our analytical results show that a more dynamic control regime can result in fewer
losses and enhanced performance, offering an improved power conversion efficiency for PPUs used
with PPTs. An efficiency of 86% was achieved using the variable frequency approach. This work has
narrowed the possible PPU options through analytical analysis and has therefore identified a strategic
approach for future investigations. In addition, a new low-power coaxial micro-thruster model
using equivalent circuit model elements is developed.This is referred to as the Carlow—Stuttgart
model and has been validated against experimental data from vacuum chamber tests in Stuttgart’s
Pulsed Plasma Laboratory. This work serves as a valuable precursor towards the implementation of
highly optimized PPU designs for efficient PPT thrusters for the next PETRUS (pulsed electrothermal
thruster for the University of Stuttgart) missions.

Keywords: flyback; thruster; pulsed; plasma; space; electric; propulsion; converter; efficiency; metal
oxide semiconductor field effect transistor (MOSFET); silicon carbide (SiC); wide band gap (WBG)

1. Introduction

Electric propulsion (EP) enhances the range, lifetime, reliability, and capabilities of
small satellites (smallsats), whilst taking up the minimum payload space, due to high
fuel efficiency [1,2]. While most EP devices have heritage from the 1960s, pulsed plasma
thrusters (PPT), shown in Table 1, were among the first to be successfully demonstrated in
1964 with the Soviet Mars probe Zond 2 [3,4]. PPTs provide a broad range of operational
power from 1 to 200 W, without loss of performance [5]. Their simplistic design and
implementation [6], notably their enhanced precision control due to a variable power
draw, provide extreme versatility [7]. Since they use solid inert propellants, they require
less certification, are safer, and use no tank valve controllers, enhancing their low risk
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and robustness [8-10]. Past research was mostly limited to the United States, Russia, and
Germany. Now, research laboratories from all over the world are considering PPTs as a
potential cubesat propulsion technology: notably Japan [11], the UK [12], Austria [13],
China [14], Singapore [15], Taiwan [16], and, recently, Ireland [1]. This renewed interest
in PPTs is due to the development of small and nano-satellites for various industrial and
scientific end applications.

Table 1. A list of pulsed plasma thrusters.

PPT ESU, J Isp, s Thrust Efficiency %
Add Simplex [17] 68 2700 30
Busek MPACS [1] 2.25 827 8.4
Zond 2 [4,18] 50 410 8
LES-6 [19] 1.85 300 2
SMS [19] 8.4 450 3.7
LES 8/9[19] 20 1000 7.4
MIT Lab [20] 20 600 6.6
Japan Lab [21] 30.4 423 3.2
MDT-2A [22] 4 280 2
NOVA-1 [23] 20 540 53
Millipound [20] 750 1210 17
Primex NASA Breadboard [24] 20 1136 9.8
Mighty-Sat [19] 40 1150 9.8
EO-1 min [25] 8.5 678 7.6
Micro APPT-Series [26] 3.8-8.4 1140-1800 14-40
SIMP-LEX [27] 68 1800 12
STSAT-2 [28] 42 800 2.3
VELOX-3 [11] 2.25 700-1500 8
PETRUS 1J [29] 1 724 7.8
PETRUS 5] [30] 5 852 8.9
IL-PPT-3 Lab [31] 7.5 600 5
Dawgstar [19] 5.23 483 9
PPT-B20 [32] 3.38 960 7.9
Clyde Space [12] 2 590 5
UW [10] 18.1 1200 22.5

A PPT usually consists of two copper electrodes positioned close to a propellant, typi-
cally polytetrafluoroethylene (PTFE), also known as Teflon®. The electrodes are connected
to an energy storage unit (ESU) or a capacitor bank, which is charged using a power process-
ing unit (PPU). When the ESU is fully charged, a spark supplied by an igniter close to the
propellant source allows a breakdown of electrons, which establishes a flow of current from
one electrode to the other across the surface of the PTFE, creating an instantaneous arc. This
causes ablation and sublimation of the propellant. The heat generated by this arc causes
the resultant gas to become ionized in the form of a plasma. As the charged plasma allows
the flow of electrons between the electrodes, this flow creates a strong electromagnetic
field that then exerts a Lorentz force on the plasma. Additionally, due to the high joule
heating, thermal expansion also contributes to this acceleration. Hence, a plasma sheet
expands through the electromagnetic field and exits through the nozzle, creating thrust.
This successive pulsing process ablates the solid propellant over time. The propellant is
pushed into the gap between the electrodes using a simple spring mechanism after each
pulsing process. This process is explained in greater detail with respect to thruster head
modeling in Section 2. PPTs can come with a variety of electrode geometries (rail, coaxial,
or Z-pinched), propellant matters, shape and feed methods, ignition mechanisms, and
lastly energy classes [33]. Depending on their size, they can range from 1-100 J of capacitor
bank energy. The unsteady types operate with pulse lengths of <10 ps and energy in the
region <20 J, and quasi-steady state devices operate in the <1 ms pulse length, with >20]
energy [34]. This paper compares a traditional coaxial PPT equivalent circuit model with
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a current state-of-the-art thruster, namely PETRUS [30] (pulsed electrothermal thruster
for the University of Stuttgart), in Section 2. This is referred to as the Carlow-Stuttgart
model. Figure 1 shows a high level description of the modeling approaches and proposed
experimental framework.

{ Thruster Head Modelling }

Coaxial equivalent circuit:
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Figure 1. Block diagram that outlines the proposed modeling and experimental approaches. The
thruster head is first equated to an RLC (resistor, inductor, capacitor) circuit based on its physical
properties, radius, length, materials, and energy level. Three different PPU approaches are investi-
gated. A fixed frequency (FF) approach, a critical conduction mode approach (CrCM) using an F28004
microcontroller from Texas Instruments (TI) [35]. Finally, two variable frequency approaches are
analyzed using a TIs LM5156 chip [36] and linear technologies LT3751 chip [37]. The PPU connects to
the thruster head, to provide a high-voltage discharge current that ablates the PTFE and creates the
plasma sheet, as explained above.

The power processing unit (PPU) converts energy from the power supply, which
usually incorporates solar cells, to charge the energy storage unit (ESU). Then a spark
discharges the energy stored in the ESU when it is at maximum capacity, it then recharges
and repeats the cycle. Meaning the thruster itself only pulses periodically (10-20 ps),
ablating the solid propellant over time. The PPUs for ablative PPTs consist of three major
components: 1. the ESU, 2. the high voltage spark igniter and 3. the flyback controller.
Typically, the PPU converts low-voltage DC ( 5-28 V) to high-voltage (1-1.5 kV) for charging
the thruster capacitors and an even higher voltage (8-10 kV) for the igniter [38]. The PPU
printed circuit board (PCB) must be within the size of PC104, with the max form factor
being 90 x 90 x 27 mm?3 for cubesat applications. The igniter releases a very high voltage
(10 kV) micro-discharge, which enables the main discharge of energy from the capacitor
bank in the thruster head. For each micro-discharge of the igniter, stored energy in the
capacitors is converted to an impulse bit and accelerated through the use of electric fields in
the nozzle, as explained above. The igniter typically causes longevity and electromagnetic
interference (EMI) issues in practice [15]. In Section 3, variations of a PPU topology that
has received much attention in the literature of PPTs, flyback converters, are investigated.
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Flyback converters are common electronic topologies found in conjunction with PPT PPUs.
Flyback topologies are selected for applications in PPTs, due to the galvanic isolation they
provide. The modeling and design optimization of efficient flyback converters for use
in PPTs, such as the fixed frequency (FF) approach, the critical conduction mode (CrCM)
approach, and the variable frequency (VF) approach, are analyzed in Section 3. While the
thruster head modeling describes the release of energy into the thruster head (discharge),
the PPU modeling describes methods to prepare this energy for release (charging).

2. Thruster Head Modeling

In this study, experimental data are used to validate analytical voltage discharge
curves. This section defines the Carlow—Stuttgart model developed for analyzing the
voltage discharge curves on a coaxial thruster head after ignition. The model describes
how the voltage and current changes as the plasma sheet moves from the surface of the
propellant to the open end of the thruster. Throughout the years, many models have
been developed for analyzing and deriving the theoretical performance characteristics of
PPTs. Most prominent is the widely known “electromechanical slug model” developed
by Jahn [33]. It assumes an oscillatory circuit with a uniform plasma sheet driven by the
Lorentz force. However, newer models have been developed [13,39-41], with some leading
to very efficient systems [42]; of which, PPTCUP has, to the best of the authors’” knowledge,
developed the longest lifetime pulsed plasma thruster [43]. While most have focused on
parallel plate geometries [13,41], the following will focus on low power (1-100 W) coaxial
electrode geometries, as described by [39,44]. Coaxial PPTs are modeled as an electrical
system interacting with a mechanical system, in much the same way as parallel plate PPTs,
the differences arise in the dissimilar induced magnetic fields and plasma current densities
produced by the devices. Coaxial designs are generally chosen for low-energy regimes
(<20]), as they yield higher performance [45]. High-energy designs (>20 J), on the other
hand, should utilize parallel plate electrode geometries; noting that small flare angles of
the electrodes, in this case, have been shown to improve the performance of the thruster [5],
due to an increase in the inductance gradient of the thruster [13]. It is known that the thrust
force in low-power coaxial PPTs is dominated by electrothermal propellant acceleration
processes, while high-power parallel plate PPTs mostly utilize electromagnetic acceleration
processes. One such low-power, hybrid coaxial thruster, which has been heavily ground
tested and flew on its first in-space flight in 2022 onboard a Vega C rocket, is PETRUS [29].
The thruster head of PETRUS can be seen in Figure 2. PETRUS was originally presented in
2016 [46] but work on PPTs at the University of Stuttgart has been ongoing since the early
2000s. The model developed herein will use PETRUS data to verify its usage in predicting
the theoretical performance characteristics of micro-PPTs and from there to derive potential
PPU avenues worthy of further investigation.

Figure 2. PETRUS—pulsed electrothermal thruster for the University of Stuttgart. On the left PETRUS
2.0, a 5] flared coaxial PPT with its anode and cathode visible at the end of the thruster [46]. The
prototype to the right is a scaled-up 34 ] version, this improved its form factor (volume) by reducing
the distances between the capacitor banks and is shown here with the thruster head connected on top.
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Coaxial Equivalent Circuit: Carlow-Stuttgart Model

To begin an explanation of the model, consider Figure 3, a capacitor C with inherent
resistance and inductance R, and L. is charged to an initial voltage V,. This capacitor is
attached to the anode and cathode of the coaxial thruster through wires/leads, with inherent
resistance and inductance values R, and L, respectively. The electrodes have inner r; and
outer r, radii specified for the rated energy of the thruster. Upon initiation of a spark, located
at the back of the thruster, energy from the capacitor is released across the surface of the
PTFE with current I. As the current travels from the inner electrode to the outer electrode,
with the inherent inductance and resistance values of the coaxial electrodes themselves
Ree and L separating a small portion of PTFE mass my, it completes a self-magnetic field
Bina, which expands to a radius of r. The charged particles formed in the process are
accelerated by this self-induced magnetic field in a current sheet plasma with a thickness
6, starting from the trailing edge of the propellant, the position of minimum inductance,
outwards towards the exhaust, the position of maximum inductance, in increments of x.
The plasma that is produced also contains plasma resistance R, and plasma inductance
Lp. The acceleration of the plasma sheet due to the current density (J) interacting with the
self-induced magnetic field (B) in the circuit is what provides the electromagnetic thrust
force, | x B (Lorentz force), within a pulsed plasma propulsion system [39,44].

$

Direction of Thrust
-
LCE RL‘E 1
B .. L]
Capacitor ¢ . :' a
r K Cathode
R L. C o . e 8
Y e F ISR i . = JXB
® [S) o r Lorentz
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Figure 3. Carlow-Stuttgart coaxial PPT Model. As described in the text, each parameter above is
taken into account in this model, in order to accurately predict voltage and current changes in the
circuit. The plasma is colored a light pink. The inner cylinder is colored in a beige, which represents
the cathode, while the outer cylinder, represented by two blue lines, is the anode. The positive end of
the capacitor is connected to the anode. When the igniter initiates a spark, current is then allowed
to flow through the plasma from the anode to the cathode. The plasma is seen moving from the
propellant, polytetrafluoroethylene (PTFE), towards the open end of the thruster.

This process can be equated to an RLC equivalent circuit, as shown in Figure 4, and
was presented by Jahn [33].

The circuit equation associated with this equivalent circuit explains the governing
principles and relationships between the three main physical processes: the energy dis-
tributed by joule heating, the energy stored in the magnetic field, and the work done to
accelerate the current sheet mass. Specifically, they are known as the rate of resistive heat
generation:

I(£)(Re + Ree + Re + Rp) = I(t)(Rr). 1)

Here, I(t) is the change of current over time, R, is the internal resistance of the
capacitor, R, is the resistance of the coaxial electrodes, R, is the resistance of the wires
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and leads, and Ry is the plasma resistance, which can be calculated using the formula
from [44] as:

1
N P (1.24 x 107EZ>
R, = 8.08——In— .

2 T
2Ty

Here, T, is the electron temperature of the plasma, 7 is the characteristic pulse time, 7,
is the electron density, and j is the permeability of free space. The summation of these
resistance values can be equated to the total resistance, denoted Rr.

@)

Plasma

Figure 4. This diagram represents the equivalent circuit model (ECM) for the capacitor bank and the
thruster head connected together.

The rate of change of energy stored in the magnetic fields is [44]:

d;(:)(LC+LE+£ln2xs(t)+yo£T1nij) = d;—(:)(LT). ®)

The parameter L. is the internal inductance of the capacitor, L, is the inductance of
the wires and leads, and the last two terms within the brackets represent the inductance
due to the coaxial electrodes L, and the plasma inductance L, respectively. These last two
terms change as the plasma sheet moves from the surface of the propellant towards the
exhaust; hence, the x; term, which shows the variation of the inductance for these terms at
each position of x;. The thickness of the plasma sheet § and radii on inner r; and outer 7,
electrodes shapes how the inductance varies [44]. Together these terms equate to the total
inductance L.

Finally, the last process describes the rate of work performed on the moving plasma sheet:

Zf{lni‘?%l(t) = MoXs. 4)
Here, x; is the distance of the current sheet along the horizontal axis from the trailing
edge of the propellant, and mj is the initial mass ablated at the instant of spark generation,
which is assumed to be 0 during the initial condition.
These equations incorporate a resistance model, inductance model, and a magnetic
field model. They sum algebraically through Kirchoffs voltage law to provide a circuit
model equal to the change in voltage discharge over time as [39]:

1 di(t) Mo, tidxs
Vo——= [ I(t)dt =I(t)(R ——=(L —In ——1I(f).
b— ¢ [, 10t = 10 (Rr) + 52 L) + Em DTk ©)
Here, Vj is the initial charge voltage that the PPU charges the capacitors to.
A full and up-to-date derivation of these models is better found in [13,39,41,44]. These
equations form a second-order system of coupled nonlinear integro-differential equations.
These equations were integrated using the ODE45 solver within MATLAB [47] to arrive at
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approximate solutions for the current I and the current sheet position x;, with all initial
conditions set to 0:

t=0
x5(0) = 0; %5(0) = 0; /0 I(t)dt = 0;1(0) = O; ©)

Here, x5(0) is the initial position of the plasma sheet, while %5(0) is the acceleration
of x;. The first current term describes the change in current over time, while the sec-
ond term describes the initial current. The model results were then compared against
the experimental measurements of PETRUS discharge curves shown later in the results
Section 4.

Additionally, using these models, it is possible to evaluate some performance char-
acteristics of the thrusters, such as the impulse bit. The impulse bit is a key performance
characteristic used to define mission capability scenarios for specific thrusters. It is used to
determine which applications and missions the thruster may be utilized in. The impulse bit
is defined as the impulse imparted to a spacecraft by a single pulse/discharge of the PPT.
The minimum impulse bit reflects the level of precision associated with the propulsion
system. This force is attributed to magnetic pressure forces and gas dynamic expansion
forces. When obtaining the impulse bit, the magnetic and gas dynamic pressure forces are
due to the plasma and gas expansion processes, respectively [34,38]. Guman [38] derived a
theoretical calculation for this based on isentropic relations for the gas dynamic impulse
bit, I, and Lorentz force interactions with the current sheet for the plasma impulse
bit, Iyj,,- This theoretical calculation has also been used in current models, which have
correlated well with experimental findings [44], thereby validating the model for further
use. The impulse bit of the neutral gas expansion is:

8(y—1)
Iit... = ————~<mE,. 7
bitgr ')/2(')/+1)mg S @)

While the impulse bit of the plasma sheet is defined as:

t
lhiteys = | I—iln%( 1(t))2dr. 8)

Here, mq is the mass of the entrained PTFE, E; is the energy used in the neutral gas
flow process, and 7 is the ratio of specific heats. Values for mg (9.5 ng), Eg (1.65]), and
7 are taken from Guman [38], where three potential values for vy are provided based on
empirical data, ranging between 1.18 and 1.4. While the model developed here focuses on
the discharge of the capacitor bank and the processes which follow within the thruster head
after the capacitor energy has been released, there is also a need to focus on the charging
of the capacitor bank prior to discharge. This is controlled by the PPU and will now be
discussed in detail.

3. Power Processing Unit Modeling (PPU)

In this analysis, various PPUs are investigated for capacitor charging, with the main
metrics for improvement being efficiency, charge time, and size, to accommodate new
advances in smallsat EP technologies and proposed systems. Improving the power con-
version efficiency in the PPU can lead to increased input powers for the thruster head and
an improved overall system efficiency and reliability. The purpose of the charging circuit
within the PPU is to transfer energy from the power bus to the capacitor bank in an efficient
(=70%) and timely manner (<1 s), with an extensive number of pulses (>500,000). The
charging circuit must charge the capacitor bank to the rated discharge energy of the thruster
head before ignition. For PETRUS, this equates to 5 ]J. Specific voltage and capacitance
values are selected to achieve this energy, with reference to Equation (9). Typically, this is
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achieved using voltages in the region of 1-1.6 kV and a capacitor bank of approximately
6 pF [30].

E= %CVZ 9)

Charging the capacitor bank efficiently, reliably, and repetitively within a small form
factor PPU design remains a challenging task. Capacitor charging circuits for PPTs require
a large voltage conversion ratio (e.g., 5 V-1.6 kV), at low power levels (<100 W) and
occurring within a timely manner (<1 s). Charging time is an important factor, as longer
charging intervals can result in untriggered discharges [46]. Additionally, the PPU should
prevent high voltages from passing into the sensitive control electronics (via galvanic
isolation) and reduce or prevent EMI disturbances. A large tradespace of possible power
topologies may be considered to achieve the minimum target requirements, as listed in
Table 2.

Table 2. Typical target requirements for a capacitor charger for a small PPT.

Parameter Requirement
Input Voltage, V;, 5-24
Output Power, W <20
Max Switching Frequency Variable
Output Voltage, V) 1-1.6 kV
Cost Low
PPU Efficiency >70%
Size Small (PC104)
EMI Compatibility Space Grade
Safety Requirements High Voltage
Charge Time (upper limit) <ls

Using non-isolated converter topologies is unfavorable, as the instant release of capac-
itor energy into the thruster head can create large reverse voltages, which may cross over
to sensitive electronic components and control circuits. For this reason, isolated topologies
have been preferred [48], specifically flyback converter topologies [15,24,28,30,48]. Flyback
converters are more efficient at lower powers (<50 W) [28,49,50]. Moreover, they have
the advantage of galvanic isolation, variable voltage gain, simple design, smaller size,
and lower costs. However, they are burdened by lower efficiencies in high-boost applica-
tions, as is the case for PPTs, higher conducted and radiated EMI, and larger interwinding
capacitances.

The following considered topologies are variations of a boost flyback converter op-
erating in discontinuous conduction mode (DCM) and/or boundary conduction mode
(BCM), which is on the cusp of DCM and continuous conduction mode (CCM). A DCM
flyback converter is more efficient at lower powers in comparison to a CCM, due to a
reduced power switch (e.g., MOSFET - metal oxide silicon field effect transistor, such as
the STB28NMS50N), turn on losses, no rectifier reverse recovery loss, and through enabling
a smaller transformer to be designed. Within these variations, different control regimes
that alter the efficiency, size, reliability, and cost of the design are considered. Potential
COTS components are then derived and analyzed, to show their potential usage. In its
simplest form, a flyback converter in boost configuration can be equated to a circuit with a
supply voltage, a power switch, and a coupled inductor with the desired turns ratio. In this
configuration the maximum output voltage can be estimated by application of the volt-sec
balance and capacitor charge balance theory as:

Vi D

X —. (10)

V:
°  Nps " 1-D

. . N
Here, Nps denotes the primary to secondary turns ratio, i/, and D denotes the
turns
duty cycle of the power switch, which is the ratio of the ON time vs. the off time. When
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the switch is on, the current in the winding on the primary side ramps up linearly. D
usually lies within the range 0-70%, as a rule of thumb for generic converter applications.
Although for pulsed plasma thruster applications in smallsats, D would typically need to
be higher than 70% to allow more time for the current to energize the inductance winding
on the primary side and therefore charge the high-voltage capacitor more rapidly, having
an excessively large transformer primary current comes with the drawback of an increased
transformer size and reduced efficiency. In order to accommodate larger primary currents,
the transformer would need to be continuously increased in size due to the larger wire
cross-sections required to carry the high currents, while the time to charge would decrease.
The optimum charge time is often in the range of <1 s, as mentioned above [30], which
acts as a guide to finding a suitably small transformer that remains within PC104 and yet
has sufficiently high currents on the primary winding inductor to allow for relatively fast
capacitor charging. This can be achieved by using a slightly bigger transformer, or a smaller
one with a higher duty cycle. Due to the constraints on size in smallsats, it is perhaps more
beneficial to choose a smaller transformer with a higher duty cycle. Therefore, meeting the
high-voltage, fast-charging, and size constraints in the design, whilst increasing efficiency.
Moreover, the trade-offs between converter efficiency savings, space savings with a reduced
size, and charging time against the broader systems on the smallsat, including the payload,
largely depends on the mission scenario and budget. While the duty cycle may seem a
trivial parameter, it largely determines the transformer size and, therefore, brings into
question important system constraints e.g., the form factor (m?®) and mass (kg). Different
control approaches will now be considered, starting with the most basic converter approach
of a fixed frequency flyback. Then a more advanced approach is considered: the critical
conduction mode flyback (CrCM) and variable frequency discontinuous conduction mode
(VF DCM) approaches, with different COTS solutions.

3.1. Fixed Frequency Discontinuous Conduction Mode (DCM) Flyback

When an input voltage (V;,) is applied to the primary winding of a flyback converter,
the primary winding inductance current ramps up linearly in proportion to the input
voltage at a rate of %, where L, denotes the primary winding inductance in H. In this

initial state, the secondary side diode is reverse biased and does not allow current to flow.
When the current in the primary winding reaches a set reference value, denoted as Ij;,,
a comparator switches high, to inform the controller to turn the gate drive signal low on
the power switch (MOSFET), thus turning it off. This current limit Ij;, is sensed using a
current sense resistor [48]. By placing this current sense resistor on the drain of the power
switch, primary side regulation (PSR) can be achieved [48]. PSR is a technique used to
regulate the output voltage in a flyback converter, without the use of an optocoupler or a
feedback sense winding. When the switch turns off, the secondary side winding current
ramps down linearly, in proportion to the output voltage (Vp), ‘L/—S, where L; denotes the
secondary winding inductance. As the transformer core demagnetizes, the secondary
side diode begins conducting and charging the output capacitor, hence increasing the
output voltage [15,51]. The converter is said to operate in DCM when the core is allowed
to completely demagnetize during each switching cycle. Since the converter switches at
a predefined peak current Ij;,,, this control method is called peak current mode control
(PCMC) and can be seen in Figure 5. It has also been referred to as a current mode pulse
width modulation (PWM) controlled flyback [51].

There is a high-frequency ringing seen in Figure 6, which is due to the resonance
between the leakage inductance and the resonant capacitance C,, which is the sum of
the transformer parasitic capacitance C;, the power switch capacitance C;, and the input
capacitor C;,. Since the leakage is much smaller than the primary winding inductor, the
ringing frequency is much higher. During the time from when the switch turns off until the
core has completely demagnetized, there is a small dead time, where the diode and switch
are not conducting.This is only allowed during DCM operation. During this dead time,
a resonant ringing occurs across the power switch drain-source voltage (Vps), due to the
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resonance between the primary winding inductance L, and the resonant capacitance on
the primary side, as shown in Figure 6. A converter in deep DCM has a larger dead time,
due to allowing the oscillation across Vpg to completely dampen until it reaches a steady
state. One of the simplest methods of designing this type of converter is using a fixed
frequency approach, where the time the switch remains on is equivalent to the average
time it takes for the primary winding inductor to reach the current limit, I;;,,. However, this
is not always accurately achieved. Hence, this type of converter control method can have a
very large ripple current on the secondary side, which would require large EMI filters; in
addition, the losses on the power switch can be significant if switching occurs when the
reflected voltage is high across the Vpg of the power switch. This is also sometimes referred
to as a hard-switched flyback, as the time when the switch turns on and off is constant and
can occur during non-ideal times, stressing the components and reducing the efficiency
and reliability. However, using a variable frequency to precisely switch the power switch
on and off under specific conditions within the circuit can reduce these losses and stresses
on the components. This is known as soft-switching and one method to achieve this is
using a critical conduction mode (CrCM) flyback controller. Variable frequency flyback
controllers reduce the switching losses associated with the power switch due to valley
voltage switching (VVS). This in turn, helps to reduce EMI. As a consequence, the voltage
ripple is decreased at the output.
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Figure 5. Peak current mode control on the primary winding inductor; when the current limit is
reached, a comparator switches an output signal high, which drops the gate signal low, turning the
switch off.
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Figure 6. Oscillations in the drain source voltage (Vpg) during off time. Lj refers to the leakage
inductance and C; is the resonant capacitance, while L, is the primary winding inductance.

3.2. Critical Conduction Mode (CrCM) Flyback

CrCM flyback converters, also known as a quasi-resonant (QR) or transition-mode
flybacks, have been shown to be particularly suited to PPTs, due to their low component
count and higher efficiency in comparison to more traditional flyback topologies [15,48].
This type of converter switches on the first valley in the dead-time ringing period during
every switching cycle; shown as the “valley point” in Figure 6. The CrCM flyback varies
both the frequency and the peak current to maximize the power delivered during each
switching cycle and to minimize the losses. In terms of capacitor charging, this means a
higher frequency in the initial state and a lower frequency when the capacitor is reaching
full charge. Due to this dynamic output load requirement, the circuit used as a capacitor
charger does not always operate in CrCM mode. The circuit initially acts as a short circuit
and then as an almost open circuit during the final charging cycle. In order to achieve
reasonable thruster firing rates, a hybrid switching mode, as described by Kang [48], is
required to reduce the charge time necessary for a pulse. This hybrid switching mode
implements VVS in the first few capacitor charging cycles and later implements zero
voltage switching (ZVS) for the remainder of the capacitor charging cycles. The CrCM
model analyses the behavior of the circuit through four modes, distinguished by their time
period and the inherent properties of the quasi resonance approach. The current profile
and the oscillation on Vpg during these modes is illustrated in Figure 7. The mathematical
analyses of these modes are detailed in the following section. However, we briefly describe
them here first, for the sake of clarity, prior to describing them in depth. In mode 1, the
power switch, a power MOSFET (STB28NMS50N by ST) in this case, S is on and the input
voltage is applied across the primary winding, charging the resonant capacitor denoted C;
and energizing the primary winding inductances, L, and Ly, as shown in Figure 8. When
the input current is equal to a predetermined current limit, I;;;,,, S1 is open and turned off.
Providing that the power switch turn off time is less than the time duration of mode 2, then
a quasi resonance will occur between the resonant capacitance C, and the primary winding
inductance Lj. In this mode, the value of the primary side voltage remains less than the
transformer gain ratio, thereby blocking the secondary side from charging the capacitor



Aerospace 2023, 10, 540

12 of 26

bank, once the output voltage is greater than the gain ratio, this mode ends and the third
mode begins. In mode 3, the secondary side diode is conducting and the capacitor charging
begins, due to the primary side voltage being greater than the transformer gain ratio. Once
the energy from the primary side has been transferred fully to the capacitor, the charging
stops and mode 4 begins. In mode 4, the secondary side diode is blocked and the output
voltage is fed back to the controller. Specific conditions described below determine when to
switch the power switch back on, to begin the next charging cycle. A feedback loop checks
whether the output voltage is greater than the product of the transformer gain ratio by
the input voltage; if so, ZVS is implemented, if not, the power switch is turned on at VVS.
Using these modes, the output capacitor is charged incrementally over a number of cycles
to the rated voltage of the capacitor bank.

Vgate L ]

1 lim

Time (s)

Figure 7. This figure describes the changes in current and Vpg oscillations during turn on and turn
off times of the power switch.

The output voltage after each charging cycle, wherein the first charging cycle V(1) =0
is given by solving for V, in the second order equation below:

Cr (vmz - <V"<">)2> + Ly[Li (k)] = Co (V7 (k) = V3 (k= 1)). (11)

mna

Here, C; shown in Figure 8 is an added resonant capacitor that acts as a snubber,
Vin refers to the DC source voltage on the primary side of the transformer; V, is the
output voltage; m is the number of secondary windings;  is the turns ratio, as described

previously, a = %—: k is the charging cycle index, where after k charging cycles, C,, the

output capacitance, is fully charged. Through this analysis, we can determine at which
cycle the output voltage is sufficient to change from VVS to ZVS, by monitoring for the
point when V, (k) > naVj,. This will determine the switch on time of the power switch.

3.2.1. Mode 1 tg to t;

In mode 1 at time t(, switch S; is turned on and the input voltage V;, is applied to
the transformer primary winding. The equivalent circuit is shown in Figure 8. The input
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current I;, rises linearly to the current limit Ij;;,, in the magnetizing winding L, of the
primary winding.

Ly
Y N Ds

oL B N

T
|
|
\%Igm’ter
|
Illm L

§ Current Sensor

I

Figure 8. Mode 1 (f( to t1). The power switch denoted S1 is a MOSFET, STB28NM50N produced by
ST. The box connected to the switch represents the CrCM controller, and the coaxial device connected
in parallel to the output capacitor represents the coaxial thruster head.

The initial input current I;;, of the first charging cycle is zero; however, during ZVS
operation, the ending current of the last charging cycle is carried through to mode 1,
meaning that the initial current I;;, will increase as the charging cycles progress. Mode 1
ends when the input current is equal to the charging current limit. The primary side voltage
and current during mode 1 are given as:

Vi = aVi. (12)
V.
IE = Iy (k) + L—Z:(t — ). (13)

Here, I;;, is the input current supplied by the source voltage, L, is the primary side
inductance, and V), is the primary side voltage.

3.2.2. Mode 2 (t; to tp)

In mode 2, the power switch is turned off. Quasi resonance between the primary
side inductance and resonant capacitance begins. During this mode the amplitude of
the primary side voltage is less than V,(k — 1)/n. The equivalent circuit is shown in
Figure 9. The mode 1 ending parameters will determine the initial conditions of mode 2,
i.e., Ip(tl) = Ilim/ Vp<t1) = aVin.
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Figure 9. Mode 2 (t; to tp).
The current I, and voltage V), of the primary side during mode 2 is given as:
V;;( = aVjucos(wer (t — tllc)] — aZn Lij (k)sin(woer (t — tll()) (14)
k ko Vin k
I, = Djjm (k) cos(wor (t — £7)] + ZSln[wol(t — 7). (15)
r

Here, wy; is the natural frequency during mode 2, and Z,; is the characteristic
impedance during mode 2, defined as:

1
Wol = —=—= (16)

VLG

L
Z,q =] =L. 17
" \ﬁ a7)
3.2.3. Mode 3 (t; to t3)

Mode 3 begins when the current circulating in the primary winding becomes greater
than or equal to Vo(k — 1)/n. Allowing the secondary side diode D; to conduct and
charging of the capacitor to begin. The equivalent circuit is shown in Figure 10. The resonant
current between the primary side winding and n?C, contributes most of the capacitor
charging once the leakage inductance Ly is significantly lower than the magnetizing
inductance Ly,.
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1

Figure 10. Mode 3 (t; to t3).

The primary side current and voltage stress on the capacitor during mode 3 are
given by:

k—1)

1 1% )
Iy = Tnp(k)cos(wa (t — 15)) + Z("i + O(?)Sm(woz(’f —15). (18)
T.
k oh(t) | Ly x . ‘
Vps(t) = Vi, + o + L—cos(woz(t —15) + Zpplp(k)sin(we (t — t5). (19)
m

Here, Ij; is the current at the end of mode 2. The natural frequency during this mode
wy2 and characteristic impedance Z,, of the first oscillation during mode 3 is given as:

1
Wor = —=——== (20)

VLG

[ Lik

Zyp = | —. 21
r2 Cr ( )
3.2.4. Mode 4 (t3 to ty)

Mode 4 begins after the energy in the magnetizing winding has been transferred to
the load capacitor C,. The equivalent circuit of mode 4 is shown in Figure 11. The thruster
will only fire after the final charging cycle has been concluded, when the capacitor is fully
charged. When the circuit operates in valley voltage switching (VVS), the power switch is
turned on at time ¢4; when the primary winding voltage is less than the transformer gain
ratio, Vj, — V, (k) /na, the initial current for the next charging cycle will be zero under VVS.
When the circuit operates with zero voltage switching (ZVS), the power switch is turned
on at time t4, when the output voltage is greater than the gain ratio, V, (k) > naVj,.
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The ending current during the ZVS operation will be passed to the next charging cycle
and is given by:

1

reon T VR () — (naVi )2 @)

Leng—zvs = —

Ly
R aas

Crl bV !

S S

| Igniter, Sparked

V; () > IL N D Thrust

§ Current Sensor

I

Figure 11. Mode 4 (3 to ty).

The hybrid switching CrCM approach, using VVS and ZVS, requires the use of a
complex controller to apply the equations described above. Other variable frequency
options exist that are readily available as COTS components.

3.3. Variable Frequency DCM Flyback: COTS Solutions

Using a variable frequency controller allows for switching the transistor back on at
any valley of the dead-time ringing. Different valleys can lower the Vpg voltage stress and
reduce losses in the switch, improving the efficiency. A specialized controller is required to
detect the valley switching and ensure the power switch (MOSFET) switches at a desired
low valley point. The controller sets a compare threshold, to identify when the dead-time
ringing occurs and to switch the power switch on during the target period, which is usually
of the order of ps. By varying the frequency, the power switch can be turned on at different
valleys, thereby delivering a different power level to the secondary side per cycle. In
comparison to the CrCM approach, which always switches on the first valley. When the
load changes, the frequency varies accordingly, to switch at a different valley. As the load
demand on the output is decreased, i.e., when the capacitor is reaching its fully charged
state, the frequency is also decreased, allowing a longer ON time and therefore a larger peak
current in the primary winding. This means that as the capacitor charges, the frequency
will initially be very high, therefore having a longer charging time, and as the capacitor
becomes charged, the frequency will decrease, therefore reducing the charge time. This
is due to the fact that, at the beginning of the charging process, the circuit acts as a short
circuit, while it is an almost open circuit at the final charging stage [48]. Not many COTS
options exist to perform this complex soft switching (variable flyback) for low-power and
high-voltage boost applications. This work has identified two controllers as being suitable:
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The LM5156 is a wide input range, non-synchronous boost, flyback or a single-ended
primary-inductance converter (SEPIC) controller that uses peak current mode control at
varying frequencies. A circuit design using this controller for capacitor charging is shown in
Figure 12. It also provides a dual random spread spectrum, to reduce the EMI over its wide
frequency span from 100 kHz to 2.2 MHz. At light loads, as is the case when the capacitor
bank is empty, the device offers a low operating current, cycle-by-cycle current limit, and
pulse skipping, to improve efficiency. In order to perform primary side regulation (PSR)
using the LM5156, a primary side auxilliary winding is added as a feedback winding for
the FB pin, as shown in Figure 12. The maximum voltage on the FB pin is limited to 1 V;
therefore, a resistor divider should be added to correlate the maximum output voltage
required by the PPT head with 1 V on the FB pin. Another solution, is the COTS LT3751
charger. It is a proven method for capacitor charging in these applications [11,30]. This
chip can charge any size of capacitor, has a built in power switch driver, and has an easily
adjustable output voltage using a current sense resistor. It operates in boundary conduction
mode and uses a fixed-peak current on the primary side. It is more likely to suffer from
losses due to current switching. Additionally, it is not intended for designs with output
voltages greater than 500 V, though it is capable of doing so, as shown by [30]. A design
as seen in Figure 13 was investigated. Accordingly, along with the CrCM approach from
Section 3.2, these two circuit approaches were also modeled and simulated using spice
software, the results of which are presented in Section 4.
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Figure 12. The LM5156 controller used to charge a capacitor bank C,. The input voltage range can be
determined by a resistor divider to the under-voltage lockout (UVLO) pin. Again, the power switch
denoted S; is a power MOSFET, part STB28NM50N, produced by ST. The device has a max input of
42 V and min of 5 V. Within the red boxes the soft start capacitor can be seen and is used to slowly
start switching and prevent hard switching losses at start up. Additionally, primary side regulation is
also achieved using an auxiliary winding of the transformer. A current sense resistor on the drain of
the power switch is used to regulate the max current into the primary winding of the transformer. A
snubber circuit is used to reduce leakage inductance and improve reliability.
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Figure 13. The LT3751 used as a capacitor charger. The LT3751 has previously been used for capacitor
charging of PPTs [11,29]. Again, the power switch denoted S; is a power MOSFET, part STB28NM50N,
produced by ST. Similar to the Figure 12, the red boxes show the current sense resistor, the voltage
input range resistors and the snubber circuit. The low-level voltage input range is determined by
UVLO]1, and the high-level is determined by UVLO2 pins. Placing the feedback (FB) pin to ground
operates this controller as a capacitor charger.

4. Results
4.1. Thruster Head Modeling
The analysis of the capacitor discharge profile, as shown in Figure 14, provides in-

formation on the rate of voltage and current variation during the pulse. This helps to
determine the magnitude of the current and voltage reversal.
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Figure 14. A typical discharge profile with key parameters that are useful for evaluation purposes
labeled. For example, the characteristic pulse time helps to determine the acceleration of the plasma
sheet. The voltage reversal on the capacitor bank occurs after the initial discharge has occurred, and
if too large, it can cause a “crowbar discharge”, as described earlier in the text.
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A full list of the parameters used is presented in Table 3. Parameters such as the
plasma temperature and plasma density were derived from the experimental literature
surrounding PETRUS. The plasma density value within the model for plasma resistance
was taken from the experimental findings of [52] as 8 x 10’ m~3. The plasma temperature
was taken as 2 eV [8,53]. The remaining geometrical and electrical parameters, such as the
inner and outer radii, thickness, length, voltage, and capacitance were taken from [46]. A
characteristic pulse time of 2 ps was found to be most beneficial for the thrust efficiency [8]
and is therefore utilized in this calculation. Taking into consideration the model discussed
in Section 2, a comparison of it with PETRUS discharge curves is shown in Figure 15.
As can be seen from the comparison, the developed model well predicted the discharge
curve for initial oscillations. As the oscillations passed the time 4 x 10~ us the developed
Carlow-Stuttgart model slightly over predicted the second voltage reversal in comparison
with the experimental data.

Table 3. Values used for the Carlow—Stuttgart model, which is an equivalent circuit for the PPT head.

Variable Value
Initial Voltage Vg, V 1600
Capacitance, uF 1-6
Ablation mass, g 9.5
Ion Plasma Density, m™3 8 x 1020
Plasma Temperature, eV 2
Inner Radius, mm 3
Outer Radius, mm 12
Length, mm 50
Pulse time, us 2
Circuit Inductance, nH 130
Circuit Resistance, mQ) 100

2000 ‘ T T T
- PETRUS 5] Experimental
Carlow-Stuttgart Model

1500 \ 1
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710001 1

500 \ S\
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- 500f 1
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Time (us)

Figure 15. A comparison of the developed Carlow-Stuttgart model in red with the PETRUS ex-
perimental data in black [30]. It can be observed that after time 4 x 107 ps, there is a larger error
compared to the initial discharge curve.

4.2. PPU Modeling

The following method of analysis discretely shows the variations in the converter
performance over its complete operation, i.e., from 0 V to 400 V with different input voltages
of 5V, 12V, and 24 V. The results of the spice analysis are shown in Figure 16.
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Figure 16. The different PPU efficiencies and charging times for the various input voltages, where
(a,d) correspond to 5V, (b,e) to 12 V, and (c,f) to 24 V. Moreover, the different charging techniques
previously discussed are shown: a variable frequency (VF) using the LT3751, denoted VF: LT3751 in
black, and LM5156 denoted VF: LM5156 in green and CrCM in red. As the input voltage increases, it
can be observed that the efficiency also increases for all of the methods of capacitor charging. The
time decreases as the input voltage increases.

These results show the efficiency and charge time of one secondary winding at 400 V
on the flyback transformer. The output capacitor C, on the secondary side is 1 uf. When the
input voltage was at 5 V, as seen in Figure 16a,d, the CrCM method of capacitor charging
showed a max efficiency of 83.5% at 200 V. Following this charge voltage, its efficiency
drastically decreased to 62% at 400 V. This method of capacitor charging took 400 ms to
reach the desired output voltage of 400 V for each secondary winding. The LT3751 approach
remained in the 75-80% region, with a peak efficiency of 81% at 220 V. It culminated at an
efficiency of 75% at 400 V. It reached the full voltage in 380 ms. The LM5156 approach
had an efficiency of 91.8% at 12 V. It then decreased to an efficiency of 78% at 400 V. It took
approximately 395 ms to reach this voltage. As the input voltage increased, the efficiency
was seen to significantly increase, especially for 24 V. The charge time also decreased by a
factor of 3%, from an initial input voltage of 5 V. The LM5156 approach showed significant
efficiency with a 24 V input, with 86%. This was a 9% increase in comparison to its 5 V input.

5. Discussion
5.1. Thruster Head Modeling

The developed Carlow-Stuttgart coaxial equivalent circuit model compared well to
experimental results of predicted voltage discharge reversals and characteristic pulse time
oscillations. The secondary voltage reversal after time 4 x 10~ ps overpredicted the voltage
swing. This may have been due to variations in the vacuum chamber during discharge in
comparison to the expected vacuum pressures within the model. The model also assumes
that the current sheet is of a uniform density, which in practice is not necessarily the
case. The values for plasma temperature, plasma resistance, and electron density are also
assumed to be constant. Other sources of error can stem from the inaccuracy of experimental
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measurements and post-processing of the data. The simplifications and assumptions of
the model being an RLC circuit produce an idealized value. This is believed to be what
caused the error in the model in comparison to the experimental results. However, the
range of actual values was reasonable for predicting the actual performance characteristics
of a thruster head with various geometries. For example, the average error in the simulated
results differed by £4% until time 4 x 1079, ps, where it then, on average, differed by
+11%. Taking this error into account, the simulated geometries and initial voltage levels
of the capacitor banks can be theorized to a maximum error of only £11%. This enables
rapid prototyping of various coaxial thrusters, working towards an optimized solution.
The developed model can then be used to predict variations in thruster head and initial
discharge voltage.

5.2. PPU Modeling

Prior to this work, the authors envisaged that employing an advanced soft switched
CrCM approach would result in a highly efficient PPU converter. However, this was
found to not be the case, as the efficiency gains vs. complexity of the CrCM approach
did not yield a higher performance overall. For a 5 V input, the peak PPU efficiency
of 83.5% at only 200 V using the CrCM approach was good; however, when the charge
voltage reached 400 V, this reduced to 62%; in comparison, the LM5156 approach at 400 V
produced an 80% efficiency and is far simpler in terms of transformer secondary winding
size and mass. This is a critical aspect of the design of the PPU controller coupled with
the transformer for this application area of CubeSats. The CrCM approach offers higher
efficiencies at lower input/output voltages; for example, with a total of 600 V on the output,
using three secondary winding’s each of 200 V with just a 5 V input. However, when
the voltage was increased to 400 V for each secondary winding, a total of 1200 V using
three windings, the CrCM approach drastically reduced in efficiency. This could have been
due to hard switching as the capacitor reached full charge, where the CrCM approach
entered a continuous conduction mode (CCM). While the gains with soft switching are
noticeable, they do not warrant the complexity of CrCM when compared with the readily
available COTS components, e.g., LM5156, which can implement highly efficient and easily
interfaced flyback solutions that are reliable. In addition, the control required for the
CrCM topology requires a complex feedback loop to determine the ON time of the power
switch and to ensure the demagnetization of the transformer core over an unconventional
capacitor load, where it acts as a short circuit initially, and an almost open circuit at the end.
Moreover, the physical implementation of the CrCM approach for a high-voltage capacitor
charger is not a readily resolved solution, without a real-time dynamic feedback loop
controller for such low-power, high-voltage applications. The design therefore becomes
one of ASIC technology, which requires lengthy development time. An initial study using
a TI F28004 Real-Time C2000 MCU proved capable; however, the power draw of the MCU
itself was undesirable, being rated at 0.5 W for such a minor task. The F28004 MCU would
be interesting for a complete systems level solution, whereby it controls, analyses, and
monitors multiple systems and instruments onboard the smallsat. However, this is not an
adequate use of the board for PPU design, taking into account its very broad functionality
and large scale of performance and computation. Additionally, this is not a redundant
solution, i.e., if the F28004 fails, the system stops functioning, thereby reducing reliability.

Interestingly, the efficiencies at the 400 V capacitor charge of the LT3751 and LM5156
approaches yielded a strong performance, at 75%, 76%, and 81% , with the LM5156 ap-
proach at 78%, 79%, and 86% with 5V, 12V, and 24 V at the input, respectively. In
addition, the charge time for all approaches was sufficiently under 1 s for a 1 uF capacitor
to 400 V. This would increase as the capacitance and voltage increases using multiple
secondary windings. It is not uncommon to see losses in the range of 10-20%, some can
even be as high as 30% [15,34,54] here. This is not typically the case for other forms of
EP systems, such as ion or hall-effect thrusters at higher powers, which can have PPU
efficiencies of 85% [55]. Moreover, outside of the space domain, it is not uncommon to
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see general switched-mode power supply (SMPS) topologies at low power (<50 W) with
efficiencies in the range of 95% [56]. These significantly higher efficiencies are enabled
through advanced superjunction (SJ) MOSFET5, as well as wide bandgap technologies, in
terms of gallium nitride (GaN) and silicon carbide (SiC) switching devices. It was observed
that the change in input voltage had a large impact on the efficiency for these types of
converters. By lowering the required voltage conversion ratio through an increase in input
voltage, the efficiency gains increased significantly. A clear trend was observed, where if
the input voltage was increased from 5 V to 24 V, the efficiency increased by 6% for the
LT3751 and by 8% for the LM5156 approach. This suggests that increasing from the 5 V
bus to 24 V before performing the larger conversion to 1200 V offers a clear path toward
higher efficiencies, so that depending on the CubeSat bus voltage available, a two-stage
converter might be desirable. During this investigation, a wide array of COTS controller
components were considered, in addition to the ones explored herein, which included
UCC28600, LM5022, and TPS92314. The authors believe that these components could also
offer viable alternative solutions. Moreover, it became evident early in this work that highly
efficient low input voltage to high output voltage controllers and control regimes have
received little attention, and thus a limited discourse exists in the literature. While a lot of
COTS controllers and power devices are available, their application areas are more focused
on consumer electronics and automotive applications, in terms of the reference designs and
application notes. As cubesats become more widespread, many of their propulsion systems,
PPTs, or other electric approaches, will require low input to high output voltage conversion
controllers and COTS solutions. It would therefore be desirable to see more solutions and
products that offer higher voltage conversion ratios at much lower power levels (e.g., less
than 50 W) than the current high-voltage converters, at competitive efficiencies. This would
enable more readily interfaced, highly efficient, reliable, and lower cost products to fuel the
smallsat propulsion industry.

6. Conclusions

The results from the Carlow-Stuttgart model for the thruster head have shown that
prediction of discharge curves of the voltage and current for the PETRUS 5 ] for micro-
thrusters with a coaxial geometry is possible to an 11% degree of error. Most equivalent
circuit models in the literature have mainly focused on parallel plate PPTs, and those that
focused on coaxial models were aimed at predicting plasma acceleration. There has been
little research on models for coaxial low-power thrusters that estimate the performance
characteristics and take into consideration neutral gas expansion forces. Furthermore, these
results provide a strategic, targeted, and informed approach to PPU experimentation with
PPTs. This paper has provided a method of narrowing the selection of PPUs for PPTs
with defined characteristics, parameters, and performance criteria. This work serves as
a focused background for PPU experimentation for PPTs, as well as validation of a new
coaxial equivalent circuit model with experimental pulses for PETRUS 5 ]. The results
clearly highlighted which PPU topologies and approaches are expected to significantly aid
in the improved efficiency of PPUs for PPTs; thereby, narrowing the broad potential list of
converter topologies to a suitably tailored grouping of converters for experimentation. The
developed equivalent circuit model offers a viable means of optimization for low-power
coaxial PPT head prototypes. The significant parameters for the study of PPU topologies
for PPTs have been defined, analyzed, and designed. They are the voltage conversion ratio,
control implementation, and component selection for enhanced operation. This approach,
developed with the use of SPICE software, paves the way for suitable experimentation of
PPUs. The equivalent circuit model validated through experimentation will also guide the
development of PPUs and enable faster prototyping for low-power coaxial micro-thrusters.

The findings of this paper suggest that the developed model discussed in the body of
the text is useful for making analytical predictions of low-power coaxial micro-thrusters
(namely PETRUS). The analysis of various PPU topologies strongly suggests that a vari-
able frequency (VF) discontinuous conduction mode flyback converter operating under
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a dynamic control regime utilizing COTS solutions provides a more efficient approach
at a systems level, in comparison to the other approaches analyzed in this study. The
paper demonstrates that by adopting a PPU converter with a more dynamic control, the
efficiency can be significantly improved; however, the voltage at the input is significant. We
investigated three different input voltages of 5V, 12V, and 24 V and achieved 86% for the
latter using the VF LM5156 discontinuous conduction mode flyback converter approach.
An improvement of 6%. This work establishes a valuable framework for experimentally
validating the different approaches and methods investigated here. Future work will
experimentally investigate SiC MOSFETs, as well as other advanced power switching
technologies, such as super junction (S]-MOSFETS) and gallium nitride (GaN) wide band
gap (WBG) devices.
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Abbreviations

The following abbreviations are used in this manuscript:

BCM Boundary Conduction Mode

BEO Beyond Earth Orbit

CCM Continuous Conduction Mode
COTS Commercial Off The Shelf

CrCM Critical Conduction Mode

CWVM Cockroft-Walton Voltage Multiplier
DC Direct Current

DCM Discontinuous Conduction Mode
EMI Electromagnetic Interference

EP Electric Propulsion

ESU Energy Storage Unit

FB Feedback pin

FF Fixed Frequency

GaN Gallium Nitride

LEO Low Earth Orbit

MCU Microcontroller

MOSFET Metal Oxide Semiconductor Field Effect Transistor
ODE Ordinary Differential Solver

PCMC Peak Current Mode Control
PETRUS Pulsed Electrothermal Thruster for the University of Stuttgart
PPT Pulsed Plasma Thruster

PPU Power Processing Unit

PSR Primary Side Regulation

PTFE polytetrafluoroethylene

PWM Pulse Width Modulation
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QR Quasi Resonant

RLC Resistor, Inductor, Capacitor
SMPS Switch Mode Power Supply
SiC Silicon Carbide

TI Texas Instruments

UVLO Under-Voltage Lockout
VVS Valley Voltage Switching

VF Variable Frequency

WBG Wide-Band Gap

ZVS Zero Voltage Switching
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