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Progress in satellite technologies is ongoing and eventually finds applications back on Earth. Electric propulsion systems have been proven effective on large scale satellites (NASA DAWN) with better propellant efficiency than chemical or cold gas propulsion, and if miniaturized can be promising for long term operation of nano-satellites (e.g., CubeSats) in low Earth orbit or in deep space (NASA MarCO). However, the power supplies often used to power these electric thrusters, particularly those involving radiofrequency (RF) plasma, typically comprise power inefficient linear mode RF power amplifiers (e.g., class AB). These are simple systems designed to operate reliably under a wide range of loads for versatility, but they suffer low power efficiencies when operating at conditions significantly different from the nominal operating point. The required bulky and heavy thermal management components deem these electric propulsion systems impossible to fit on board nano-satellites. Here we present a compact and efficient switched mode dc-RF power inverter integrated with an electro-thermal plasma micro-thruster for nano-satellite (e.g., Cubesats) propulsion. The integrated system can serve as side panels and structural support of CubeSats, saving precious on-board volume for propellant and/or payloads. A complete assembly has been operationally tested in a space simulation system. This development opens a route for a new generation of power supplies applicable to the space sector, the microelectronics industry as well as the field of bioengineering.
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1. INTRODUCTION

From ancient Chinese rockets to the first artificial satellite, from Neil Amstrong's first “small step” to the International Space Station, space exploration has always been driven by human kind's curiosity for outer space. The benefits of space exploration have been enormous, resulting in numerous scientific and technology innovations and advancements, improving living quality back on the Earth, creating a refreshing perspective of human in the Universe, and uniting nations through collaborations [1]. The global space industry is expecting significant growth based on cheaper launch capabilities and satellite platforms yielding a 21st century framework for space access and development where innovation and integration play a critical role. Electric propulsion has been an innovative solution for deep space exploration as certain types of electric propulsion systems offer better specific impulse than cold gas propulsion and chemical propulsion, which is an ideal attribute for extended operations. The technology has been proven effective on conventional large satellites (e.g., NASA DAWN). Hence, future large satellite propulsion systems will combine both chemical and electrical thrusters for enhanced propellant efficiency, with the need for highly efficient and scalable power supplies to be developed.

Moreover, the emergence of the low-cost nano-satellite platform, such as CubeSat, demands the development of higher level of miniaturized and integrated systems and sub-systems. CubeSats, a sub-class of micro-satellites, consist of standardized components that take the form of one or multiple 10 cm cubes. The recent popularity of the CubeSat platform [2–11] is in part due to the low operation and launch costs that are putting “access to space” within the reach of academic institutions (e.g., QB50 project), small companies (e.g., Planet Labs), and even individuals (e.g., OSSS-1). Interest in space related scientific research as well as developing commercial applications using CubeSats including imaging and monitoring of resources, communication, asteroid mining, etc., has been growing rapidly. But due to their small sizes and volume, it is not cost effective for rockets to launch them as primary payloads. As a result, some CubeSats are launched as secondary loads together with cargo for the international space station (ISS) and then released into orbit using the NanoRacks CubeSat deployer [12]. Others, also as secondary payloads, can be deployed from rockets as the rocket ascends to fulfill its primary mission. The Cubesats deployed from the ISS have a lifetime of a few months to a year as they travel in a decaying Low Earth Orbit (LEO) affected by atmospheric drag [13, 14]. Other CubeSats deployed from higher altitude rockets can last in space for years, but are often placed in non-circular or highly elliptic orbits that are sub-optimal for their specific missions such as Earth imaging. Hence there is an increasing need for CubeSats to have micro-thruster systems for station keeping and/or orbital maneuvering (e.g., in standalone CubeSats or in constellations of CubeSats).

However, to date electric propulsion is not a sub-system commonly available in CubeSats due to difficulties associated with scaling thruster systems down to a suitable size. In addition to the lost of performance from down scaling the electrical thrusters themselves, the power electronics appear to be a significant barrier for the practical deployment of these systems, considering the large size and weight (usually ranging from microwave oven to refrigerator size) of conventional power supplies. Interest in smaller, lighter, and cheaper power electronics has never been greater for CubeSats. Here we present a compact and efficient switched mode dc-RF power inverter integrated with an electrothermal plasma micro-thruster for CubeSat propulsion. The integrated system can serve as side panels and structural support of CubeSats, saving precious on-board volume for propellant and/or payloads.

Moreover, the proposed power delivery design and implementation can also be used in other type of electric propulsion systems for various types of spacecraft, as well as other emerging applications that value size and weight reduction and portability of power electronics systems: it can be directly applied to microelectronics RF plasma systems or to the use of atmospheric plasma jets for biomedical or imaging applications of atmospheric plasma jets [15, 16].

2. POWER INVERTER AND MICRO-THRUSTER PROTOTYPES DEVELOPMENT

2.1. Switched Mode dc-RF Power Inverter With PCB Inductors

To develop efficient and compact power electronics for a micro-scale electro-thermal plasma thruster, we propose a two-prong approach. First is to replace linear mode RF power amplifiers with their switched mode counterparts. Linear mode RF power amplifiers (e.g., Class AB topology) are often used as the power source for plasma generation in many application fields (e.g., semiconductor processing, medical, university labs, etc.) for their simpleness and robustness to drive a wide range of loads. But they suffer low power efficiencies operating at conditions significantly different from the nominal operating point (e.g., 50 Ω load). Unlike linear mode dc-RF power amplifiers, switched mode topologies (e.g., Class E topology as shown in Figure 1A) turn semiconductors fully on and off similarly as a mechanical switch, allowing the theoretical efficiency up to 100%. With careful design and device selection, they can operate efficiently in 90% range of efficiencies for practical use in many application fields such as telecommunications. The higher efficiency operation allows them to eliminate much of the thermal management components in the system otherwise required by the linear mode amplifiers. Therefore, switched mode RF power amplifiers/inverters can achieve much smaller footprints which are favored by applications that value weight and size reduction.
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FIGURE 1. Class Φ2 inverter has 40% reduction on semiconductor voltage stress and all of the inductors are part of the resonant network and can be implemented without magnetic core. (A) Class E inverter, first investigated in 1964 by Gerald Ewing [19], has been widely used in telecommunication applications. (B) Class Φ2 inverter. (C) Drain Voltage Comparison. (D) Class Φ2 with a high pass L matching network to drive an electro-thermal plasma micro-thruster (Pocket Rocket PR type [20]) for CubeSat propulsion.



Particularly for this work, a class Φ2 switched mode dc-RF power inverter topology [17] as shown in Figure 1B is chosen. The class Φ2 inverter uses a novel multi-resonant network (LF, LMR, CMR, and CP in Figure 1B) to achieve zero voltage switching (ZVS) characteristics for the single ground reference semiconductor switch. ZVS is an important attribute for switched mode dc-RF power inverters as it eliminates the frequency dependent semiconductor switching losses and therefore allows efficient operations at switching frequencies up to 100 MHz [18]. The multi-resonant network also shapes the semiconductor switch off-state voltage waveform to approximate a trapezoidal with the maximum voltage stress to be about 2 times of the input voltage, a significant reduction compared to the 3.6 times of a class E inverter, as illustrated in Figure 1C. This allows designers to use better semiconductor devices with lower voltage ratings, which usually feature lower on-state resistance, better switching characteristics and therefore can lead to better converter efficiency. More importantly, the use of the multi-resonant network eliminates any large value choke inductors, e.g., required in a class E inverter, leaving all inductors part of the resonant network and of smaller inductance values. However, the Φ2 inverter, like many other switched mode topologies, is only capable of driving a relatively small range of loads efficiently compared to their linear mode counterparts. Unfortunately, plasma (a hot ionized conducting gas) as an electrical load is notoriously difficult to drive. The voltage-current (V-I) characteristics of plasma discharges are highly nonlinear, and extraordinarily sensitive to variations of parameters and operating conditions such as gas pressure, gas flow, driving voltage and power, etc. At each operating condition, small parameter changes can result in significant electrical impedance variations, leaving it difficult to maintain efficient soft switching power converter operation. Hence, it requires careful characterization of the plasma electrical impedance as well as design of matching networks to ensure efficient operation for plasma generation as illustrated in Figure 1D. These procedures are detailed in the section 5.

The next key feature is to use air core toroidal inductors to replace magnetic cored inductors, and to directly print them on the printed circuit board (PCB) using copper traces and vias. As switching frequency increases, magnetic components (inductors, transformers, etc), which often dominate the size and weight of power supplies, can have smaller values and sizes. Particularly, at beyond 10 MHz, any heavy and brittle ferromagnetic inductor cores which induces core losses that increase faster with switching frequency can be eliminated and replaced by air core inductors [21]. At this frequency range, not only inductance values become small enough to be compatible with air core designs, but air core inductors may also bring several advantages to the system. Specifically, performance (e.g., quality factor Q) of air core magnetic components improves as switching frequency increases ([image: image]). Also, air core inductors are not limited by current saturation or by a Curie temperature limit, therefore offering much better linearity over wide operation range compared to their cored counterparts. Moreover, modern fabrication techniques [e.g., PCB [22–29], 3D printing [30], etc.] can be leveraged to reduce weight and cost without sacrificing performance.

Specifically, the PCB air core inductors presented here are toroidal in shape. Compared to more common air core spiral and solenoid shape inductors [23, 24, 31–34], toroids have the advantage of confining majority of the magnetic flux within the torus. This leads to reduced electromagnetic interference (EMI) with other components especially in a compact system. To predict inductance values of air core toroidal inductors, we use the following equation in Sullivan et al. [35], where N is turn number, and do, di, h denote outer, inner diameter and height of the toroid, respectively.
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The first part of the equation represents the inductance from the flux within the torus structure while the second part calculates the “one turn” inductance induced by the circumferential direction current when it travels through the toroid as illustrated in Figure 2A. Toroidal inductors tend to have good quality factors when they have close to square shape cross sections [35]. Hence normal PCBs with a standard thickness of 1.6 mm limit maximum inductance value from the torus structure if maintaining a square cross section. We have been using thick PCBs (3.2 mm [29] and 6.4 mm [36]) instead to achieve a good balance between good electrical performance and simple fabrication process. Moreover, we also designed automated scripts to generate the copper traces shapes, vias locations, and layout files for PCB inductors, which further simplies the design process as mentioned in Liang et al. [28]. For different current carrying capabilities and operating frequencies, copper weight/thickness (e.g., 2 oz or more) can also be specified in the PCB fabrication process. Printing air core inductors on PCB takes the advantages of low part to part variation, streamlined manufacturing, and low prototyping cost of the PCB process and can benefit significantly for high frequency (beyond 10 MHz) power converters.
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FIGURE 2. Class Φ2 inverter and matching network PCB design with all air core inductors printed on PCB. The stacking of the top and bottom board allows cancellation of axial flux form each toroidal inductor and mitigates EMI issue. (A) Schematics of the PCB toroidal air core inductor. The top and bottom of the toroid are copper planes on PCB and the vertical connections are made through vias. Note that as the current enters and exits at the toroid's two terminals, it creates a circumferential current path as indicated in the figure. The circumferential current induces axial flux outside the torus. (B) By vertically stacking two PCB toroidal inductors with the same dimensions and turns but opposite winding directions, the axial flux of the two toroids cancels and therefore mitigates EMI issue. The top and bottom toroids can be connected either in series or in parallel. (C) A simple schematic illustrates the axial flux cancelation effect. (D) Top half of the power inverter printed on a 3.2 mm thickness PCB. Note that not only a single inductor can be implemented with the stacking approach but also the whole inverter. This allows the axial flux cancelation of all the toroidal inductors in the inverter. (E) Bottom half of the power inverter printed on a 3.2 mm thickness PCB. Note that not only a single inductor can be implemented with the stacking approach but also the whole inverter. This allows the axial flux cancelation of all the toroidal inductors in the inverter.



To further mitigate the external flux caused by the “one turn” inductance that contributes to EMI, each air core inductor is also split into two double (or half) values connected in parallel (or series) with the same dimensions but opposite circumferential current directions. The two double (or half) valued inductors are then printed on two vertically stacked boards, as shown in Figures 2B,C, to cancel axial direction flux induced outside the torus [37]. Notice that the reduction of flux in the radial direction between the two inductors is less effective than in the axial direction. However, the most significant component of external flux in a toroidal inductor is due to the “one turn” inductance, that is, the field produced by the net current flowing along the circumference of the toroidal structure. The flux component in the radial direction resulting from stray fields leaking from between conductor turns only accounts for a small portion of the total external flux. Moreover, a toroid is a preferred means to implement an inductor that tries to minimizes total external flux, compared to other widely used structure to implement inductors like spirals and solenoids. It is possible to reduce external fields even further, by implementing EMI shields using additional layers of PCB. Addressing potential issues with EMI through layout and shielding are areas we will incorporate in future designs and prototypes.

By applying this technique, the class Φ2 inverter and the required matching network are implemented on two stacked 3.2 mm thickness PCBs. Figures 2D,E show the unpopulated top half and bottom half PCBs for the circuit. All the inductors in the circuit are already fabricated onto the PCBs leaving empty pads for placing capacitors and MOSFET. The PCB material used in this initial prototype is normal FR4. Advanced materials such as ceramic based or metal core substrate will be further explored to improve the PCB thermal and mechanical properties as the testing environment gets closer to more realistic spaceflight conditions.

2.2. Micro Electro-Thermal Plasma Thruster TinyPR

The Tiny Pocket Rocket (TinyPR) is developed at the Australian National University (ANU) as one of the Pocket Rocket Series electro-thermal plasma micro-thrusters for CubeSats [20]. Figures 3A,B show the assembly view and schematics of the TinyPR. For miniaturization purpose, only the core components such as the RF electrode, the plenum (gas inlet cavity), and the insulating macor part which defines both the 24 mm outer diameter housing and the 1.5 mm-diameter and 18 mm-long cylindrical plasma cavity, are kept. The reduction in size allows the integrated thruster and the power inverter PCB to serve as one side panel of CubeSat, occupying minimal footprint in precious CubeSat on board volume. More propellant and/or payload can be added from the saved volume. The Ar (or Xe, N2, CO2) gas propellant is fed though the 15 mm-diameter plenum (pressure of a few torr) creating a chocked flow into the smaller diameter plasma cavity. RF power is supplied at the electrode, creating an asymmetric weakly ionized (less than 1%) capacitively coupled plasma (CCP) inside the tube [38]. Plasma heating of the propellant will increase its exhaust velocity and therefore provide extra thrust than just passing through cold gas [39]. Physics details in the process have been well studied, modeled and detailed in the literature [20, 39–43] and the direct thrust measurement on a thrust balance has also been reported [43].
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FIGURE 3. The micro electro-thermal plasma thruster TinyPR developed at ANU. (A) Assembly view of the TinyPR, the smallest Pocket Rocket series electro-thermal micro thruster developed at ANU. (B) Schematics of the TinyPR [20].



3. POWER INVERTER AND MICRO-THRUSTER INTEGRATION

Figure 4 shows the populated power inverter with the TinyPR mounted on the PCB. Note that as a proof of concept prototype, practical issues such as board fabrication and material use, MOSFET gate drive circuit, all RF connectors, etc are not optimized for spaceflight conditions. Component values (corresponding to Figure 1D) are as following, MOSFET part No.=IPD530N15N3, LF=63 nH, LMR=85 nH, LM=833 nH, CMR=390 pF, CP=390 pF, CM=120 pF. Latest development includes integration with the compact gas propellant system developed at ANU [44] and testing undertaken at ANU's WOMBAT facility, a 2 meter-long 1 meter-diameter vacuum chamber. Figures 5A,B shows the integrated design working in a 3D printed 1U CubeSat frame. The TinyPR is fed with 40 sccm of Ar gas flow and produces a plasma plume at its exhaust. The integrated thruster and power converter weighs about 150 g and has a footprint of about 10 cm by 10 cm by 7 mm while the TinyPR protrudes about 15 mm. Also note that there is no parasitic discharge shown on the board at a chamber pressure of about 0.3 μtorr. The power converter, operating at switching frequency of 13.85 MHz, draws about 45 W peak power at 14 V dc input and can be bursted at much lower rate to achieve below 1 W average power consumption to accommodate low power budget on board CubeSats. Under these conditions, the efficiency of the power converter is estimated as 85%. The output voltage and current waveforms are captured and analyzed in Figure 6.
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FIGURE 4. Integration of the power delivery system and the micro-thruster. Note that as a proof of concept prototype, practical issues such as board fabrication and material use, MOSFET gate drive circuit, all RF connectors, etc are not optimized for spaceflight conditions. (A) The TinyPR, outer diameter of about 24 mm, is mounted on the PCB inverter that powers it. This working assembly is designed to serve as a single CubeSat side panel. It occupies minimal footprint as a CubeSat plasma micro thruster. (B) The back side of the integrated TinyPR and power inverter. A plastic tube can be connected to the gas subsystem as gas feed for the TinyPR. (C) The side-view of the integrated TinyPR and power inverter.
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FIGURE 5. Operational testing of the integrated micro-thruster/power inverter 1 U CubeSat assembly in the ANU WOMBAT space simulation facility (A) side-view also showing gas subsystem integrated prototype [44]. (B) front-view demonstrating successful vacuum testing (no parasitic discharge) under space conditions.
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FIGURE 6. Measured voltage (purple solid) and current (green solid) waveforms of the TinyPR with plasma running. Assuming majority of the power is transferred at fundamental frequency, the extracted fundamental components of the voltage (purple dash) and current (green dash) are used to calculate impedance magnitude and phase.



In future iterations, peripheral systems such as battery unit and wireless gate drive control unit can be incorporated easily to increase the technology readiness level (TRL) as they have already been demonstrated in the Stanford University vacuum chamber. With the system occupying well under 1U, the advantages over other commercial available or in-development micro thruster systems are significant. It provides flexibility of reconfiguration for overall CubeSat design and mission planning, such as adding more gas propellant for longer thruster operation, or reducing overall CubeSat volume when combining payload into the thruster 1U allocation. It is also possible to have multiple integrated thruster and power converter systems on different CubeSat sides for more complex maneuvering at different axis.

4. CONCLUSION

Here we present a compact and efficient switched mode dc-RF power inverter integrated with an electro-thermal plasma micro-thruster intended to use on board CubeSats. Moreover, the power inverter uses only air core inductors which can be printed using copper traces and vias on Printed Circuit Board (PCB), resulting a planar and mechanical strong structure suitable for integration with the micro-thruster. In this way, the integrated power delivery and micro-thruster system can be used as side panels and structural support of CubeSats, saving precious on board volume for propellant and/or payloads.

5. METHODS

5.1. Characterization of Plasma Impedance

To determine electrical impedance of plasma, we started by driving the micro-thruster to strike and maintain the plasma at intended operating conditions using an ENI A1000 linear RF power amplifier, as it is designed to drive a wide range of load. An RF coaxial current monitor (Pearson Model 6027) and a Rigol 100X voltage probe were inserted in line to measure the time domain current and voltage waveforms at the micro-thruster's input.

One important aspect to notice is that, as the proposed electro-thermal micro-thruster, TinyPR, is inherently capacitive with its impedance phase close to -90 degree, it is critical to prevent phase measurement error at tens of MHz range due to the probes themselves and/or difference in probe cables lengths, which can lead to drastically different impedance results. Hence a 50 Ω RF resistor with low parasitics as a standard was used as load to carefully calibrate and de-skew the voltage and current probes before measurements.

We supplied the RF power at 13.85 MHz from the ENI A1000 to TinyPR's electrode while feeding 40 sccm of Ar flow, both at its designed operating conditions. And we were able to measure voltage and current waveforms while maintaining the plasma in TinyPR. And Figure 6 shows the corresponding current and voltage waveforms of the TinyPR while plasma is running at designed power level of about 38 W with an estimated power inverter dc to plasma efficiency of 85 % [36] (Pplasma,OUT = PDC × 0.85 = 45 × 0.85 W = 38 W). Assuming majority of the power is transferred at fundamental frequency, the fundamental components of the voltage and current are also extracted (from analyzing the measurement waveform data) to determine the impedance magnitude and phase as shown as dash lines in Figure 6. The plasma impedance is then determined as ZMEAS = 37 − 284j Ω.

5.2. Lumped Element Matching Network Design

The switched mode dc-RF power inverter such as the Class Φ2 presented in this paper requires resistive or slightly inductive load to maintain zero voltage switching (ZVS) for efficient operation. But as indicated above, the measured impedance is highly capacitive. To transform the impedance to a resistive value, an L shape matching network as shown in Figure 7A is utilized. The matching network performs two functions, resonant to absorb the imaginary part of the load impedance, and transform the real part of the load to a value that the power inverter stage can work efficiently at designed power level. The derivation is as following,

[image: image]
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FIGURE 7. L shape matching network design. (A) one of the L shape matching network. (B) The designed matching network used in TinyPR converter.



To design the inverter to deliver Pplasma,OUT = 38 W at an input VIN = 14 V, according to the equation in Rivas et al. [17], about 4.2 Ω is needed at the inverter load.

[image: image]

So to achieve the transformation from ZL = 37 − 284j Ω to Zo = 4.2 Ω at 13.85 MHz, the following values are calculated for a high pass L shape matching network as shown in Figure 7B. The primary reason to choosing a high pass design is to allow CM to replace the large blocking CS in the original class Φ2 inverter as shown in Figure 1.
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