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Abstract: This paper proposes a megawatt (MW)-scale high-voltage (HV) electrical power-conversion
element for large-spacecraft electric propulsion (EP) systems. The proposed scheme is intended for
long-term and crewed missions, and it is driven by a nuclear electric propulsion (NEP) that acts as
a heat source. The scheme includes (i) A two-rotor generator (TRG), (ii) A rectification stage, and
(iif) An isolated dual output DC-DC (iDC2) converter. The TRG is a high-reliability electric machine
with two rotors, a permanent magnet rotor (PMR), and a wound field rotor (WFR). The PMR has a
fixed flux and hence back-EMF, while the back-EMF due to the WER is controlled by injecting a direct
current (DC) into the WFR winding. The total TRG output voltage, which is the sum of voltages
due to the PMR and WEFR, is controlled over a prescribed region of spacecraft operation. The output
of the TRG is rectified and connected to the input of the iDC2 converter. The iDC2 converter uses
a three-winding transformer, where the primary winding is fed from the rectified output of TRG,
the secondary winding processes the propulsion power to an electric thruster via a high-voltage DC
(HVDC) link and a tertiary winding that is connected to the spacecraft’s low-voltage DC (LVDC)
power system. Three controllers are proposed for the system: an HVDC voltage controller, an HVDC
current controller that controls the voltage and current processed to the thruster, and an LVDC
controller that adjusts the current to the LVDC system. Detailed analytical models for the TRG, iDC2
converter, and controllers are developed and verified via simulations under different conditions. The
analytical studies are further validated via results from a laboratory prototype.

Keywords: two-rotor generator; electric propulsion system; electric thruster; isolated DC-DC
converter; spacecraft power system; spacecraft propulsion

1. Introduction

Megawatt (MW)-scale electric propulsion (EP) systems for in-space applications have
recently gained attention due to their viability for long-term and crewed missions such as
interplanetary transport [1,2]. In-space EP systems use the electrical power generated by a
source to produce thrust for propelling a spacecraft, usually via an electric thruster. Differ-
ent EP thrusters for small spacecraft have been compared in [3], which are categorized as
(i) electrothermal acceleration, such as resistojets [4] and arcjets [5]; (ii) electrostatic acceler-
ation, such as ion thrusters [6] and Hall thrusters [7]; (iii) and electromagnetic acceleration,
such as pulsed plasma thrusters (PPTs) [8] and vacuum arc thrusters (VATs) [9]. The sources
of power in EP systems with thrusters up to a few tens of kilowatts (kWs) are usually solar
photovoltaic (PV) [10], batteries [2], and radioisotope thermoelectric generators (RTGs) [11].
However, scaling these sources for MW-scale propulsion is challenging.

Figure 1a shows a paradigm of spacecraft propulsion power comparing different
energy sources based on mission duration. For short-term missions from weeks to months,
batteries, solar PV batteries, chemical-based sources, and in some cases, fuel cells may be
used. The DART spacecraft that was designed to collide with an asteroid to change its orbit
in 2022 had a mission duration of 10 months with a power of 6.6 kW with two propulsion
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sources: a solar PV source to generate electrical power for a NEXT-C electric thruster, and a
chemical propulsion for hydrazine thrusters [12]. As seen in Figure 1a, for missions that
take months to years, RTGs are used for low-power propulsion, and depending on the
sun’s reach, solar PV batteries, sometimes referred to as solar electric propulsion (SEP),
are used for power from tens of kWs to few hundred kWs. Voyager probes—the only
spacecraft ever to operate outside the heliosphere—use RTGs rated at 500 W at the time of
launch [13]. For MW-scale propulsions, two energy sources are viable options, as seen from
Figure 1a: (i) chemical-based sources for short- to mid-term missions, and (ii) heat-based
(i.e., nuclear) sources for mid- to long-term missions. One such mission is NASA’s Human
Mars Exploration program, where nuclear thermal propulsion (NTP) and nuclear electric
propulsion (NEP) are considered viable MW-scale propulsion solutions [14,15]. The design
path for this mission is shown in Figure 1b. A planned mission lasts around 2 years, with
a short stay (1 month) on Mars. The mission has separate cargo and crewed vehicles,
with an assembly orbit in low Earth orbit (LEO) or cislunar space. For a spacecraft in this
mission, NEP and NTP provide the low-thrust push for most of the mission, while chemical
propulsion, e.g., based on liquid oxygen/methane, provides high thrust for maneuvers
near Earth/Mars. The authors in [15] discuss cryogenic fluid management for such a
mission. An overview of NTPs for Mars travel vehicles is provided in [16], while the
authors in [17,18] compare the performance of different NTP engines for lunar and Mars
applications. The work in [19] demonstrated that while using NTP (specific impulse 900 s)
and NEP (specific impulse of 6000 s), there is significant LEO mass reduction compared to
chemical propulsion (specific impulse of 440 s).
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Figure 1. Spacecraft power and Mars travel path: (a) Paradigm of spacecraft propulsion power vs.
mission duration.; (b) Mars travel design path.



Electronics 2024, 13, 1455

3o0f21

A multi-MW NEP is discussed in [20] with a focus on mass reduction, while the work
in [21-23] studied the possibility of NEPs combined with a chemical propulsion stage
for human Mars-mission spacecraft. State-of-the-art NEPs and NTPs have recently been
reviewed by NASA Engineering and Safety Center [24] and the National Academies of
Science, Engineering, and Medicine [25], both of which indicated the need for research
development to reach Technology Readiness Level 5 (TRL 5) to evaluate the suitability of
NEP/NTP for human Mars missions [14]. The authors in [26] summarize key findings of
NASA's space nuclear propulsion project regarding technology maturation for MW-class
NEDPs, where five critical technology elements for an NEP are defined: (i) nuclear reactor
as the power source; (ii) power conversion, which includes converting the heat from the
nuclear source to electrical power and includes a heat cycle such as the Brayton cycle
connected to a turbine; (iii) power management and distribution (PMAD), which takes
the electrical power from the power-conversion element and controls, then manages and
processes it to a thruster and the spacecraft power system, whose main components are an
electric generator and power electronics interface; (iv) electric propulsion subsystem (i.e.,
thruster); and (v) primary heat rejection system. The studies in [27-32] suggest a closed-
cycle Brayton system for the NEP power-conversion element that spins a rotating electric
generator, sometimes referred to as an alternator. The key performance parameters for an
NEP power-conversion element suitable for the human Mars spacecraft reported in [14,26]
are a mass-to-power ratio between 13 and 24 kg/kWe, power levels of 0.5 MW-4 MW,
a voltage level of 1 kV, and a switching frequency of around 2-3 kHz for the power
electronics switches. Of note, the power-conversion system within the NEP, i.e., the Brayton
cycle and turbine, provides a limited range of speed for the electric generator, while the
generator’s output power depends on the electric thruster demand. For the overall control
of the propulsion system, the generator’s desired speed is controlled by the NEP, while
sudden changes, which may occur due to changes in the electric thruster demand, are
controlled by the PMAD, particularly by the power electronics interface (explained in more
detail in Section 2). The sudden changes that may affect the generator’s frequency in a
very short period, such as the loss of a phase, may be controlled by a speed/frequency
controller [14,33-35].

The NEP power-conversion element studies in the literature mainly focus on the
prime mover aspects, i.e., the Brayton cycle [14,27-37]. The existing literature on MW-
scale EP systems for spacecraft mainly focuses on the heat-source side, i.e., the nuclear
reactor and power-conversion element, while there is limited literature on MW-scale
high-voltage PMADs. Therefore, this paper is focused on the generator and control of
the power processed to the PMAD. Specifically, in this paper, an electrical generation
scheme is proposed that includes an MW-scale two-rotor generator, a rectifier, and a novel
high-voltage (HV) isolated DC-DC converter with dual output that is responsible for the
generation, control, and processing of the power to a common high-voltage DC (HVDC) bus
for the thruster and spacecraft low-voltage DC (LVDC) power system. This work introduces
a new converter circuitry (iDC2) design and utilizes its mathematical model to develop
appropriate controllers tailored for MW-scale EP systems. A similar effort undertaken
by NASA [38] involves the development of a converter based on a dual active bridge.
Compared with the dual active brief, the iDC2 converter offers a reduced component count,
reduced losses, increased reliability (the number of active elements in iDC2 is 2, while this
is 12 for the dual active bridge), and reduced cost [38]. The paper is organized as follows:
The introduction and literature review are provided in Section 1. Section 2 discusses
the proposed in-space electric propulsion system. In Section 3, design considerations
and controllers are addressed. Simulation analyses are presented in Section 4, while the
conclusions are provided in Section 5.

2. Proposed In-Space Electric Propulsion Scheme

Figure 2 shows the architecture of the proposed EP scheme, where a heat source
(combined NEP reactor, Brayton cycle, and turbine) acts as a prime mover rotating at a
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fixed speed and spinning a nine-phase two-rotor generator (TRG) whose output is rectified
using a nine-phase bridge rectifier. The rectified voltage is then connected to the spacecraft
HVDC bus using an isolated dual output DC-DC (iDC2) converter. The thermal energy
released from a nuclear reactor is converted into electrical power for propulsion and
the spacecraft power system. In this system, the reactor heat exchanger transfers heat
from the reactor to a working fluid circulating in the cycle, while the turbine extracts
mechanical work from the expanding fluid. The recuperator recovers waste heat from the
turbine exhaust to preheat compressed air before combustion, enhancing overall efficiency.
Subsequently, the radiator heat exchanger dissipates excess heat from the working fluid,
ensuring optimal operating conditions. The compressor pressurizes the working fluid,
and both the turbine and compressor are typically located on the same shaft, facilitating
efficient energy transfer. Together, these elements enable the NEP Brayton cycle to convert
thermal energy, produced by the nuclear reactor into mechanical power, which is then
transferred to the TRG by being located on the same shaft as the turbine [32]. The electric
thrusters typically necessitate DC input voltage for operation, as their internal mechanisms,
such as electrodes and ionization chambers, depend on a consistent polarity of the electric
field [38]. While spacecraft may generate AC power from sources, this must be converted
to DC prior to being used by the electric thruster. Therefore, having a PMAD system
capable of providing the required input voltage becomes crucial. For the Human Mars
Exploration program, with an MW-class NEP system, voltages beyond 800 V [39] and
1000 V [35] are required by the electric thruster. Therefore, for this study, we selected a
1000 V HVDC bus system to connect with the electric thruster, which will be regulated
by iDC2 to ensure stability and consistency. As for the loads connected to the LVDC bus,
including various electronic devices such as communication systems, instruments, and
actuators, the recommended DC voltage, as per [40,41], will be 200 V, which aligns with
the choice made by this study. Note that the design of the LVDC and the spacecraft power
system are beyond the scope of this study; the focus of this study will be on PMAD, with
particular emphasis on the iDC2 converter design and control.
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Figure 2. Architecture of proposed EP system.

In the context of PMAD, the TRG has two rotors: a permanent magnet rotor (PMR) and
a wound field rotor (WFR). Both rotors are mounted on the same shaft, rotate at the same
speed, and share the same stator. The PMR has a fixed magnetic flux; hence, at a fixed speed,
it induces a fixed stator back-EMF. The flux due to the WFR is adjustable by controlling
a DC current (i, f) injected into the WFR winding; therefore, the back-EMF induced by
the WFR is controlled. The TRG total back-EMF is the sum of induced voltages due to the
PMR and WFEFR; thus, it is controlled over a prescribed region. Once launched (from the
Earth), the spacecraft moves through different orbits until it descends to its destination, e.g.,
Mars. During this travel, the propulsion power varies, i.e., during orbit change, the electric
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thruster requires the maximum power, while once it is put into orbit, the propulsion power
is minimal to maintain the spacecraft’s orbit. Therefore, the control for the WER and the
iDC2 converter will depend on the region of the operation for the spacecraft.

The PMR is the main rotor; it is designed to contribute 70% of the output due to its
higher power density compared to the WER part [42,43]. However, the WER provides a
controlled magnetic field with boosting and bucking functionality for the TRG; hence, it
controls the TRG's rectified output voltage and consequently the spacecraft HVDC voltage.
In the case of reduced magnetic field (e.g., due to demagnetized/damaged PMs from a
reverse current), a positive DC current is injected to the WER to boost the magnetic field
and hence increase the TRG’s output voltage. Similarly, in case of over-voltage (e.g., due
to transients), a negative DC current is injected to the WFR winding to reduce the net
magnetic field and hence output voltage. Therefore, the WER provides active control over
the TRG’s output voltage, and hence power as the spacecraft power requirements varies
during the mission. This is an additional degree of control in case the power electronics
controls, i.e., iDC2 converter control, fail, hence increasing propulsion system reliability.
In terms of multiphase winding, compared to three-phase systems, multiphase (greater
than three phases) winding provides several benefits [44,45]. Fault tolerance is an inherent
feature of multiphase systems. If one phase is failed (e.g., shorted), to maintain the same
power in a three-phase system, the remaining two phases are overloaded by 50%, while in
a nine-phase system, the remaining eight phases will be overloaded by 12.5%. To prevent
the TRG from shutting down due to overload, the load will need to be reduced by 33%
in a three-phase system; however, in a nine-phase system, the load will only need to be
decreased by 11%. Therefore, compared to the three-phase system, a nine-phase TRG
provides greater fault tolerance, reliability, and energy accessibility for the EP system. The
nine-phase winding results in higher back-EMF (by 4.2%) [45] compared to three-phase
winding due to an improved winding factor [46—49]. Therefore, for the same load, the
nine-phase winding results in improved power density and efficiency not only for the TRG
but also for the bridge rectifier and iDC2 converter, as the increased back-EMF results in a
lower TRG phase current. Of note, the design of the TRG is out of the scope of this paper,
but different aspects of the TRG, including its design, multiphase winding, and operation,
have been addressed by the authors in [43,44].

The nine-phase TRG terminal is connected to a bridge rectifier in the proposed scheme,
as seen in Figure 2. The rectified voltage at the output of an n-phase (n-leg) rectifier is
expressed in (1) [49], and as seen, it has a linear relationship with the TRG back-EMF; there-
fore, it is controlled by the DC current injected into the WFR winding. This allows for the
bridge rectifier to use passive diodes, rather than active switches (IGBTS/MOSFETs), which
results in increased reliability as active switches contribute to 34% of power-electronics
converter failures [50].

2n . /TN .
Urde = ;Sln(g) etrg_ph + Avrdcr (1)

where &;,, py is the TRG peak phase voltage, and Av,y,, is the voltage ripple. Note that
the first term on the right side of (1) calculates the average rectified DC voltage for a pure
sinewave. The second term is added to take into account the DC voltage ripple. The nine-
phase voltage results in reduced DC ripples compared to the three-phase voltage, hence
requiring smaller capacitive filtering elements at the output of the bridge rectifier. This
increases the reliability of the system, as capacitors are a major reliability issue contributing
to 20% of power-electronics converter failures [50].

The iDC2 converter, which is the core of this paper, is responsible for controlling and
maintaining the desired output voltage and current while enabling the use of a passive
rectification stage in lieu of an active converter at the output of the TRG. Eliminating the
active rectifier enhances the reliability of the system and improves short-circuit current
considerations that are common in active rectifiers [51]. The iDC2 is a high-voltage mul-
tiport DC-DC converter that meets the specific requirements of the proposed MW-scale
propulsion system, and compared to other options that may be used in the proposed
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scheme, such as single active bridge (SAB) or dual active bridge (DAB), offers (i) simplified
circuit topology; (ii) a simple and robust control strategy that both enhances system re-
sponsiveness to dynamic changes and provides a dual-loop control for current and voltage;
(iii) competitive cost; (iv) reduced component counts—in particular, the number of active
switches in a DAB is 12, while this is 2 for the iDC2, which significantly improves the
reliability of the conversion system as power electronics switches contribute to 30% of
propulsion system failures [2]; and (v) a dual output that facilitates interfacing to both
HVDC and LVDC bus bars. The iDC2 has two outputs, as shown in Figure 2: a main HV
and high-current output that processes the power to the HVDC bus and an LV low-current
output that provides backup power for the spacecraft’s LVDC bus. Note that the LVDC
bus is primarily supplied by sources such as solar PV and batteries and is dedicated to the
payload. The iDC2 converter includes a three-winding high-frequency (HF) transformer
with primary, secondary, and tertiary windings that provide isolation as well as step-up
and step-down ratios for the HV and LV outputs. The faults in the iDC2 converter outputs
are isolated from the input via the HF transformer, hence providing protection for the TRG
and bridge rectifier in case of faults in the HVDC bus, thruster, LVDC bus, or spacecraft
power system.

Figure 3 illustrates the region of operation for the propulsion system within the
spacecraft, based on the TRG power, speed, and rectified DC voltage. The spacecraft’s NEP
(Brayton cycle and turbine) provides a speed in the range of 3100 to 4000 RPM for the TRG,
while the power may vary from 0 to 3.6 MW due to the varying demand of the electric
thruster. As illustrated in Figure 3, the TRG’s output power has contributions from its PMR
and WER. The maximum PMR power is 2.5 MW, while the WRF provides the remaining
power for the propulsion system, i.e., the region between the two curves in Figure 3.
For completeness, Figure 3 shows the power curves for different speeds (04000 RPM);
however, it is important to note that the propulsion system will only operate in a range of
3100-4000 RPM.

A Non-operating region Operating region A
35 |7 % NN
) 986
Max WFR
3 O contributions 91 2
— — TRG’s power due to PMR
25 Total TRG output power y 833
s S
S 20 745
T E
= 15 645 S
£ Max PMR >
1.0 contributions 527
0.5 372
0.0 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Speed (rpm)

Figure 3. Operating regions of propulsion system within the spacecraft.

For the overall speed control of the propulsion system, (i) the TRG’s speed is controlled
by the NEP; (ii) the sudden changes in the electric thruster demand are controlled by
the proposed iDC2 converter; and (iii) the sudden changes that may affect the TRG’s
frequency in a very short period, such as loss of a phase, may be controlled by designing a
speed/frequency controller [14,33-35]; however, this is out of the scope of the paper.
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3. Design Considerations
3.1. TRG

This section provides a brief overview of the TRG’s parameters and operation. As
discussed, the design of the TRG is out of the scope of this paper and has been addressed
by the authors in [42-45]. As previously noted, a nine-phase winding configuration results
in a 4.2% increase in back-EMF [45], as depicted in the zoomed-in plot in Figure 4a. As
the authors in [45] have explained, this is due to an improved winding factor that allows
greater flux-linkage and hence back-EMF. In addition, the nine-phase voltage waveshape
has a flat top compared to the three-phase sinusoidal shape, which upon rectification,
leads to a notably smoother rectified DC voltage in the nine-phase system. Using the
TRG design parameter listed in Table 1 [42-45] the 7PMR, WEFR, and TRG per phase of
the back-EMF for three-phase and nine-phase winding are plotted in Figure 4a. The TRG
winding distribution is designed to have an output voltage with a flat top [45], as seen
in Figure 4a. Therefore, compared to a sine wave, when rectified, the flat-top waveform
results in a lower DC voltage ripple, improving the quality of the passive rectifier output
voltage and further reducing the capacitive filtering requirements.

— TRG 9-phase =~ ——PMR —-- WFR  — — TRG 3-phase
750 Zoomed in
~ 500
2
o 250
%u
= 0.00 "
~ 2250
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-750 / Angle (elec. deg.)
[
540 )
2520
< /0 =
:;D()() //___. _\\\
~ 480 Ve
460 _
90 120 150 180 210
Angle (elec. deg.)
(a)
----- Phase 1 -----Phase2
500 =
< 250 [\
S ool
& 0.00 ¢
G 0 6
> =250
-500 <., .
Phase 1 — Phase 2i—
Z1034.5
o
& 1034pY---Af -1
21033.5
=000 60 090 120 130 240 300 360
Angle (elec. deg.)
(c)

Figure 4. (a) Induced voltages of TRG, PMR, and WEFR, along with a zoomed-in plot on the TRG
nine-phase and three-phase. (b) TRG’s all nine-phase back-EMF (WFR + PMR). (c) The rectified

voltage after nine-phase passive rectifier.
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Table 1. TRG and iDC2 Specifications.

Rated power (MW) 3.6
Number of poles (p.u.) 10
Rated speed (rpm) 600
TRG [42-45] Nine-phase per-phase RMS back-EMF (V) 579
Per-phase resistance ((2) 0.7
Per-phase synchronous inductance (mH) 22691
WER winding resistance ((2) 0.078
HVDC bus rated voltage (V) 1000
LVDC bus rated voltage (V) 200
. Rectified rated DC voltage (V) 1000
ibC2 Rated Power (MW) 3.6
HF transformer turns ratio (ny: 11) 1:1
HF transformer turns ratio (n3: n7) 0.3:1

The per-phase PMR and WEFR back-EMFs, in Figure 4a, as a function of time and based

on their harmonic distributions, to represent the trapezoidal waveform, can be expressed as:
o . (i-1)m N . (i-1)m
epm_i(t) = Epm_1i8In ((Wet + 01 — = ) + €p_2iSIn( 2wet + 0 — =

n
+ . 8y pisin (kwgt + 0 — @

i—1)mw i—1)mr (2)
ewf_i(t) = éwf_lisin (wet + 61 — ( nl) ) + éwf_zisin(Zwet + 6, — %)

+ ... éwf_kiSin (kwet + Gk — w)

n

Wm
P

where e, ; and ey ; are the i th per-phase back-EMF due to the PMR and WFR, respec-
tively; &, ki and &, x; are the i th peak per-phase back-EMF due to the PMR and WEFR,

respectively; k is the harmonic number; ey, ; is the TRG i th per-phase induced voltage; p is
the number of TRG poles; 7 is the number of phases (n = 9); and m is the highest harmonic
number in the back-EMF.

In the TRG, the back-EMF generated by the PMR is larger than the WFR back-EMF.
This is due to the larger size of the PMR, where the PMR is primarily responsible for the
generation of the main power and the WFR's role is in voltage control. As discussed, the
nine-phase voltage waveshape has a flat top compared to three-phase sinusoidal shape,
which results in reduced rectified voltage ripple. Referring to Figure 4b,c, in a full bridge
rectifier, the phase voltage with the highest negative magnitude is subtracted from the
phase voltage with the highest positive magnitude at any given time (Phase 1-Phase 2
in Figure 4b, from 80° to 90°). This subtraction allows us to identify the maximum value
for v,4. at 80° and its minimum at 90°. This can be deduced from Equations (2) and (3) as:

eg i(t) = epm_i(t) +ewri(t), i=1,...n, k=1,...m, w= 3)

Urdc_max = Yk é\t‘rgfklsin(k(")etl) — Xk étrgkaSin(kwetl)/

R : : . (4)
Urde_min = 2k Crg k2SI (kwetz - %) — Yk Ctrg k2SI (kwetZ - %)/
Therefore, the rectified DC voltage ripple is obtained as:
AVricr = Urde_max — Vrdc_min 6)

here, é;,4 11 is the TRG's first phase-induced voltage and é; x» is the TRG’s second phase-
induced voltage. t; and t, denote the times when v,;, reaches its maximum and minimum
values, respectively. The phase difference between these two times is 90° — 80° = 10° for a
nine-phase full-bridge rectifier, as illustrated in Figure 4c. This figure illustrates a voltage
ripple of less than 0.1% compared with 5% for a three-phase rectifier [2]. This leads to a
significant reduction in smoothing DC capacitors.
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3.2. iDC2 Converter

The heat source in the proposed scheme provides a fixed speed for the TRG, whose
output is rated at 361 V (phase RMS voltage) and 3.6 MW. At full generation, 90% of the
TRG’s output power is dedicated to the thruster(s), and the remaining power is reserved for
the spacecraft LV power system. From Table 1, and using Equation (1), the average rectified
voltage at the output of bridge rectifier is calculated as 1000 V. Given a HVDC bus rated
at 1000 V, a transfer ratio of (% =1) is considered from the primary-to-secondary voltage
of the HF transformer. For the primary-to-tertiary voltage, a transfer ratio of (Z—? =0.3)is
considered, resulting in a rated voltage of 300 V. Of note, the tertiary voltage must be greater
than the LVDC spacecraft power system voltage, which is commonly around 200 V [1,2], in
order to achieve a positive current flow towards the LVDC power system.

The iDC2 converter includes different conversion stages, shown in Figure 5a. The first
conversion is the rectified DC to HF AC power that is formed by the switch S; and the
magnetizing inductor (L;;). The HF AC power is then transferred to two outputs (by a turns
ratio of Z—f and Z—f), where in the secondary stage, it is rectified (diode Dj,,4.) and filtered
(capacitor Cj,g.) before connecting to the spacecraft HVDC bus. In the tertiary stage, after
rectification and filtering (diode Dy, and capacitor Cj,4.), the current is further increased
by a DC-DC step-up stage (switch S, and diode Dy, ) and filtered (inductor Ly,,;.) before
connection to the LVDC bus. Based on the status of switches S; and S5, the following
operational modes are derived:

e Mode 1 (Figure 5b: Switches S;: ON, S2: ON): Magnetizing inductance L, is ener-
gized, while the opposite polarity of transformer outputs with respect to the primary
reverse-biases diodes Dj,4. and Dj,4. block the output current flow. The capaci-
tors Cjy4c and Cpyy. will discharge to their respective output.

e  Mode 2 (Figure 5c: Switches S1: OFFE, Sp: ON): Once the switch S; turns OFF, the stored
energy in Ly, is discharged through the transformer’s primary winding to the outputs.
Diodes Dy, and Dy, are forward-biased, transferring the energy to their respective
output while charging capacitors Cj;4. and Cjp4.. In this mode, the inductor Ly, will
be charged, while diode Dy, p is reverse-biased.

e Mode 3 (Figure 5d: Switches S1: OFF, Sp: OFF): The operation of the converter is
similar to in Mode 2; however, in the step-down stage, as switch S, turns OFF, the
diode Dy,  is forward-biased, and the inductor L;,;. will be discharged to the
LVDC bus.

To ensure a stable operation, the stored energy in the transformer magnetizing induc-
tor L,;, when switch Sy is ON (Figure 5b), must be equal to its released energy when S; turns
OFF (Figure 5c,d), such that the peak-to-peak L, current stays unchanged in steady-state
operations. Therefore, considering the opposing polarities of the secondary and tertiary
windings of the transformer with respect to the primary winding ((9) as well), the transfer
functions from output voltage to input voltage, and the equations for d; are presented in
(6) and (7).

. Vpged v1(1—dq) Uhode (1) d ny
Aip = -ractt V' hence: wdcl) — — 6
b fs L fs Lm Urde (t) (1 - dl) ny ( )
hence : d; = Onodc (1) )

Opge (1)

where d; and f; are the duty cycle and switching frequency of switch Sy; v; is the voltage
across the transformer’s primary winding; v, is the average TRG rectified voltage applied
to the iDC2 converter input; 17 and np are the transformer’s primary and secondary
windings” number of turns, respectively; and vy, is the spacecraft HVDC bus voltage.
Note that values represented with “(t)” indicate dynamic values, while those without this
notation represent average values.

Uhvdc(t> + %
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Figure 5. iDC2 converter: (a) iDC2 converter conversion stages. (b) mode 1 (Switches S1: ON, S;:
ON). (c) mode 2 (Switches S1: OFF, Sy: ON). (d) mode 3 (Switches S1: OFF, Sy: OFF).
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By substituting the averaged currents from (8) into (9), which represents the relation-
ship between transformer’s primary, secondary, and tertiary currents (iy, iy, i3), d> (switch Sp
duty cycle) is determined as (10).

. , 1—dy). . . . . .
1= (1 - dl)llm = (dl)lrdc i3 = isp = doljpge 12 = ipodc (8)
nyiy(t) = naiz(t) + naiz(t) ©)
(17d1) . ny -~
Lde = 37 thod
hence : dy = dq n?; c. m hvde "2 Ulvdc (10)
n Lvde N3 Upodc

where n3 is the transformer tertiary windings’ number of turns, i, represents the average
current at the output of rectifier and the input current of iDC2 converter, ij,, denotes the
average current flowing through the magnetizing inductor L, is; is the current that passes
through switch Sy, and iy, and ij,,4. are the average currents injected into the HVDC bus
and LVDC bus, respectively, at each desired steady-state operating point.

Given that (% =1, Z—f = 0.3), the duty cycles of switches S; and S; are calculated
as d; = 0.5 p.u. and dy = 0.67 p.u. for the nominal operation using (7) and (10). Of note,
these considerations are made solely in the steady-state nominal conditions—when 3.5 MW
power is transferring to the HVDC bus and 0.5 MW power is transferring to the LVDC bus.
In a closed-loop control, the duty cycles of the switch will vary dynamically to achieve the
current/voltage and hence power control.

Given the circuit in Figure 5a and from (8), the magnetizing current is the TRG rectified
current (i,4.) over switch Sis duty cycle. Assuming that the summation of output powers
equals the input power (indicating no power loss), in order to maintain the magnetizing
inductor current ripple below a desired level (r (p.u.) = %), the minimum value for L, is
given by (11):

. . 2
_ hodcOhode + UpdcVlvde hence : L, > (vrdc dl)
= : Ly

- - (11)
Uyge d1 fs 7 (inodcOnode + irodcVtodc)

ilm(t)

where v}, is the spacecraft LVDC bus voltage.

Note that during the design, (11) is calculated for all the possible operating points, and
the largest inductance value is selected for the worst-case scenario considering switching
frequency and load-range change, such that a margin of 25% is ensured. To compute
the inductance of the step-down stage in the tertiary circuit, denoted as Lj;;., under
continuous operation, we need to determine its ripple, r (p.u.) = %, which is the ratio
of the peak-to-peak variation Aij,. to the average current, 7),4., injected into the LVDC
bus during steady-state operation. To ensure a stable operation, the stored energy in the
inductor Lj,5 when switch S; is ON must be equal to its released energy when S, turns
OFF, such that the peak-to-peak L;,4. stays unchanged in steady-state operations. Whether
each period of S is on or off can be determined by the equation for Aij,;.. Here, we
consider when switch S, is off, so the voltage across the inductor is equal to v,;.. As a
result, the LVDC inductor is calculated as:

Vtode(1 = d2)  Aljode _ Vpoac(1 —da)
stlvdc ’ ilvdc fS ledcilvdc

Vppdc (1 — da)
fs T ilydc

Aijyge = <r, hence: L, > (12)
where f; is the switching S, frequency, which, in this application, we consider to be equal
to the switching S; frequency.

For the capacitor Cj;. in the iDC2 converter’s secondary output, the HVDC bus

voltage ripple, r (p.u.) = %, appears across it. Given that the capacitor Cy,4. will be



Electronics 2024, 13, 1455

12 of 21

discharged to the output when the diode D, is reversed-biased, which occurs when the
switch 51 is ON, i.e., during d1Ts = %, the value of capacitor Cy,, is calculated as:

AQc dqyTsi dqTsi dqi
Avhvdc — hode — 14s thvdc — 11Lsthodce heI‘lCQ . Chvdc > M (13)
Chvdc Chvdc Chvdc r fS Ohode

where AQc, . is the charges deposited in the capacitor Cyygc, and ic_pygc is the current
through capacitor Cy,;., which is the same as the output current, ij;,;. when S; is ON.

On the iDC2’s tertiary output, the capacitor Cj,4. will be charged during Mode 3
by i3 and discharged to the LVDC bus during Mode 1 by is;. The average of i3 is equal to
the average value of i;; considering the discharge time. Therefore, the charges deposited in
this capacitor, AQc, . , considering (8); in turn, the ripple voltage across it is:

. . AQc dyTsdyi
AQc, . = d1Tsisy = d1Tsdzijpg., hence: Avc,, (t) = bode . 152 lode (14)
Clvdc Clvdc

By considering the relationship between the voltages across the transformer, we can
derive the relationship between the voltage across the Cj,;. and the HVDC bus voltage.

A
Therefore, ripple r (p.u.) = % across Cpy4., and finally, the minimum value of Cj,;. based
lodc
on this desired ripple is:

Ave legdZilvdc A1 Tedoi
_n — — 1 2! . .
e — fvhvdm 5 lvde — 7 lvdc = 73 SP2%vde 7, hence . Clvdc
lvdc 2 C C
lodc 71 Chode 71y Yhode“lode (15)
dleilvdc

7
% Yhvdc Vf S

Here, vc, , is the voltage across Cjyg. in the tertiary stage.

Ciodc is calculated for different operating points, and the highest value is taken as the
minimum value of Cj,4, that can satisfy the restrictions. Notably, no circulating current will
take place in the circuit due to the presence of capacitor Cj,4.. This capacitor ensures that
the circuit achieves equality of vc, , = Z—;vhvdc, as seen in (15), and prevents any current
circulation between the outputs.

In light of the recommendation for MW-scale application, as outlined in [35], with a
rated current of around 3.6 kA, a thorough investigation is essential for the iDC2 compo-
nents, particularly the switches and the HF transformer, given the current absence of com-
mercially available components capable of handling such high currents. For switch S, it
must withstand a turn-off voltage of 2000 V, necessitating the use of three 2300 V /1800 A IG-
BTs (e.g., Infineon switches) in parallel to effectively manage the required current. The refer-
ence [52] introduces a suitable HF transformer option with specifications of 0.2 kW /1.1 kV,
requiring the use of 18 transformers in parallel for the proposed 1 MW /1000 V propulsion
system in this paper. Although a high-voltage, high-power transformer specific to the
proposed scheme may be designed, such as the one proposed in [53] or space applications,
opting for a parallel structure in this scenario offers advantages, as it offers power sharing,
increased fault tolerance, and improved reliability. In particular, as the power processed
from the heat source is reduced over time [54], a parallel structure of iDC2 aids in utilizing
only a portion of it, thus extending the lifespan of the components.

3.3. Controllers

In order to develop the HVDC and LVDC controllers for the iDC2 converter that
effectively respond to variable load the dynamic models of variables under control, i.e.,
the inductor currents, i, iyqc, and capacitor voltages, Vhydc, vc,,,., With respect to the
duty cycles of the two switches, d; and dj are derived. The system state-space model is
expressed as:
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x=Ax+ Bu,y =Cx+ Du,uT = [Ad1 Adz Avrdc],yT = [ Aihvdc Ailm Avhvdc Ailvdc]/
5CT = [ dAiLm (t) AAV}pac (1) dAijyge (t) ] (16)
Tt dt dt

where x is the vector of control (state) variables, u is the vector of inputs, y is the vector of
outputs, and A, B, C, and D are the matrices of the linearized system. By rearranging (5) and

.. .. Avc, . (t) AV (1) . T ;
Lud, — 113 40hod
taking its derivative, —gf— = ;> === This equation indicates that changes in v¢, , are

dependent on the changes in vj,4.. Therefore, it is unnecessary to incorporate vc, , into
the state-space model.
Referring to Figure 5, for Mode 1, the following equations can be derived:

Bt () 0pae(t) dopoae(t)  madaipege(t) — my (1 —dy)ip, (8) dipge(t) 5z Vhode(t) = Viode

dt Ly ~ dt 12Chodc Todt Livdc 17
For Mode 2, the equation for the ij,;. from (17) is held, but the other equations
change to:
dilm (t) 0 m vhvdc(t) dvhvdc(t) - *(1 - dZ(t))%ilvdc(t) + dl(t)%ilm(t) (18)
dt — my Ly dt 2
z " Chvdc + Clvdc (%)
For Mode 3, the equation for i}, from (18) is held, but the ij,4., Vjp4. €quations
change to:

Aifygc(t) _ —Vivde A0ppace(t) _ dZ(t)%ilvdc(t) +d1(t)%ilm(t) (19)

dt L dt 2
fode Chvdc + Clvdc (%)

By taking the average of variables’” derivatives over one switching period, as repre-
sented in Figure 5b, the linearized average models of the variables are obtained as follows:

m dt
dvhzﬂc(t) _ i di(b) dZ(t)ilvdc(t)C_% dy () (1=dy (1)) i (1) 20)
hvde
LB i (4) (1= 5 (1) iroae (1) 52 d (£) (1—=d1 (1) i (8)

ChodctCrodc (% ) ’

dip (t) _ d](t) Vyac(t) _ (1 _ dl (t)) (ﬂvhvdc(t)), difpac(t) — d2<t> Vhodc (1) 13 Viac

dt - ny  Lm Lipge M2 Livac”’

Furthermore, by rearranging (7) and (9), the averaged model for 7,4, is:
. ni . ns .
Zhvdc(t) = e (1 —dq (t))llm(t) - 7d2(t)llvdc(t) (21)
2 n2
Using the Jacobian approach [54], the system is linearized, for which the state-space

model matrices based on (16) are as below. A1, to D1, denote the non-zero values introduced
in matrices A, B, C, and D.
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C 0 C D D 0
0 Ap 0 By 0 By TS o o o
A=Ay 0 Ax|,B=1|By 0 Bxy|, C= , D=
0 A 0 0 B 0 0 1 0 0 0 0
32 2 0 0 1 0 0 0
n 2 n 2
A :'Lli(d _1) Aoy — é(d1*d1> _é(bh*dl)
12 1y Ly 1 4 21 n3 2 Chode !
Chvdc+clvdc (@)
53 (dy—dy dy) 8 4y d
_ m 1 142 _ m 192 _ ny 1 _ Yrdc 1 Phodc 22
A23 B C C (ﬂ—3 : Chodc * A32 - dz 12 Ligea” Bll = Lm + ny Ly ( )
hode +Crode [
B _ dl B _ % (1_ dZ) ilvdc_z% dl ilm % d2 ilvdc_2% dl ilm B _ Uhode 13
B=1,°21 = C o iC (g)z Chode 7 P82 T T m
hodc lode ny
3 g "3 4
1 Uvdc 1 Uvdce n n
By = —2 s+ 2¢ ,Ciu=3t(1—dp), Ci3=—32 dy
C C (g) hodc n n2
hode TClode iy
no: n3
D11 = =3} ity D12 = =32 ijodc

Figure 6 shows a simplified model of the iDC2 controllers using the obtained averaged
and linearized steady-state model. In order to control HVDC current, a dual-loop controller
is utilized, whereas a single-loop control is implemented for the other two. The purpose
of employing a dual-loop controller is to detect changes in the current, i,,,, ahead of its
utilization at the HVDC bus [55-57]. This approach allows the HVDC current controller to
respond faster and operate more smoothly within the closed-loop system. In the specific
context of this application, designing a controller based on a single operating point, as
confirmed by the simulation results in Section 4, can offer sufficient robustness. This is
because there are constraints on how quickly the power output of reactors can be altered.
Consequently, the input power for PMAD cannot vary widely within a short time span,
leading to other operating points typically remaining close to the selected one for a PI
controller. Other advanced control approaches, such as the use of artificial intelligence base
controls [58], would improve the dynamic performance of the proposed controllers and the
iDC2 converter; however, these are out of the scope of this paper.

....................................................................... ; lhnde | =
PES)- & .
, Averaged Linearized lim >
n.A;A...-4-..‘-‘.--.--;...‘A--.--.-..‘-----.».A-:‘.‘AA-.‘:.-.:.'.A-'-‘.AA‘-A‘A-‘-:....‘-».A.‘...:.-.l‘.‘AE State-space Modd of
PIS) éd..’ > iDC? Converter Vinde >
: Based on .
Equations (16) & (22) livde .
Vide -

State-Space Model of
WPFR Converter. TRG. H
and Passive Rectifier |«

HVDC Voltage Controller

Figure 6. iDC2 converter simplified controllers.

4. Simulation

To validate the proposed scheme and verify the effectiveness and accuracy of the
proposed controllers, a simulation platform of the entire system, depicted in Figure 2, was
developed. The simulation incorporates the TRG specifications outlined in Table 1 and
employs the component values for the iDC2 converter specified in Table 2. The switching
frequency is set to 3 kHz, and current/voltage ripple levels of below 5% are targeted.
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Figure 7 shows the simulation results when a sudden increase in thruster power occurs at
5 s, followed by a sudden decrease in 10 s.

Table 2. iDC2 Components.

No. of primary turns (Nj) 1000

No. of secondary turns (Np) 1000

No. of tertiary turns (N3) 300
Primary magnetizing inductance (L;;) 598 mH
Step-down stage inductance (Ljy) 1.78 mH
Tertiary capacitance (Cyyc) 8230 uF
Secondary capacitance (Cjp4c) 8772 uF
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Figure 7. Simulation results for HVDC controllers: (a) HVDC input voltage and current. (b) Zoomed-
in plots of HVDC voltage. (c) Switch S; duty cycle (d;) and rectified voltage after passive rectifier.

As seen from Figure 7a, the HVDC output current (ij,,.) varies with the thruster
power demand, while the HVDC voltage controller maintains the HVDC voltage around its
nominal value (1000 V). The transients are shown in the zoomed-in plot of Figure 7b, which
demonstrates that it takes less than 0.5 s for the controller to settle down the HVDC voltage
and current; this is much faster than the requirements of spacecraft controls. Figure 7c
shows that the controller adjusts the duty cycle of switch Sy (d1), depending on the rectified
voltage at the output of passive rectifier (v,4.), which can be varied based on the WFR
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segment of the TRG. When the power demand increases at 5 s, the input voltage to the
iDC2 converter (v,;.) should go up, because d; decreases in order to provide a higher
current for HVDC bus. In other words, d; and v,4, serve as two inputs, jointly controlling
the HVDC bus’s current and voltage. Similarly, as the thruster power demand reduces
at 10 s, d; increases and v, decreases to reduce the HVDC current and keep the HVDC
voltage at 1000 V. Figure 8 shows the results for the LVDC bus, while the thruster power
demand varies in the same manner as in Figure 7. However, with LVDC bus power, the
spacecraft power demand reduced from 200 kW to 150 kW at 5 s and then reduced to
100 kW at 10 s.
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Figure 8. Simulation results for LVDC controller. (a) LVDC current and power. (b) Zoomed-in LVDC
current, showing ripple. (¢) LVDC voltage and switch Sy duty cycle (d3).

As shown in Figure 8a, the LVDC controller adjusts the current as the power demand
varies, while the LVDC bus voltage is maintained (Figure 8c). Notably, the LVDC bus is
fixed by the spacecraft’s low-voltage battery system and its associated DC-DC converter,
as schematically shown in Figure 2. The duty cycle of switch Sy (d2) shows that it stays
close to its nominal value (0.66 p.u.) as the LVDC bus power changes. This is due to
constant vy,4. and vy, at all times and based on (10). The zoomed-in plot of the LVDC
current in Figure 8b shows a ripple of 2.4%, which is below the target value of 5%, hence
confirming the suitability of the design and component selection.

Table 3 lists the predicted results from the analytical modeling, which are the averaged
values obtained from the equations in Section 3.2. The comparison of results in Table 3 and
those of Figures 7 and 8, which display the results of the closed-loop control system, serves
to validate the suitability of the proposed topology for spacecraft EP systems and verify
the analytical models and functionality of the proposed controllers.
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Table 3. Results from analytical model.

Time 2-5s 5-10s 10-13 s
HVDC power 2 MW 3.5 MW 2.5 MW
LVDC power 0.2 MW 0.1 MW 0.05 MW
HVDC current 2000 A 3500 A 2500 A
LVDC current 1000 A 500 A 250 A
HVDC voltage 1000 V 1000 V 1000 V
Rectified voltage 800V 1000 V 900 V
Switch s; duty cycle 0.55556 0.5 0.526
Switch s, duty cycle 0.66667 0.66667 0.66667
HVDC power 2 MW 3.5 MW 2.5 MW
LVDC power 0.2 MW 0.1 MW 0.05 MW

5. Experimental Results

To evaluate the analytical design, a small-scale laboratory prototype experimental
setup was developed as illustrated in Figure 9. The setup comprised (i) an induction motor
that acts as a fixed-speed prime mover for the TRG, (ii) a scaled-down nine-phase TRG
prototype built in-house from the previous work of the authors [35], (iii) a nine-phase
passive rectifier that rectifies the output of the TRG, (iv) an iDC2 converter, (v) an Arduino
programmed with the functionality of the proposed controllers tailored to support this
scaled-down prototype to control the LVDC and HVDC outputs, and (vi) a DC power
supply that emulates the spacecraft fixed LVDC bus. Designed for laboratory use, the
prototype supports an iDC2 HVDC output rated at 140 V and a 20 V LVDC output, capable
of sustaining a peak current of 25 A at 130 V.

Shaft Coupler . TRG

2

TRG 9-phase
Output to the
9-leg Rectifier

HF Transformer

TRG rectified
output to IDC2

H e_at Source ™9 [n-line Torque " Controllers
Simulator Transducer ¢ DC Power LVDC and HVDC
] Supply - I Controllers

Figure 9. Experimental setup.

Table 4 presents the prototype specifications, consisting of the rated value of the setup
alongside a particular operating point, leading to the results displayed in Figure 11.

Table 4. Prototype Specifications.

IM max. speed 3000 RPM
IM rated power 2 kW
TRG rated phase back-EMF 75V RMS
Setup Information TRG rated power 2kW
TRG number of phases 9 (concentric winding)
iDC2 rated voltage 100 V DC
iDC2 rated current 30 A
Experimental Results IDC2 HVDC output voltage 75V @ tested O.P.
(Shown in Figure 11, based on IDC2 HVDC output current 10 A @ tested O.P.
¢ IDC2 LVDC output current 10 A @ tested O.P.

the O.P: shown in Figure 10) IDC2 LVDC output voltage 20V fixed
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Figure 10. Comparison of experimental and analytical results for different iDC2 HVDC output
current and voltage, and LVDC current.
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Figure 11. Experimental results for iDC2 outputs, and TRG phase values.

Under these conditions, the load on the iDC2 HVDC output is fixed at 750 W. It
is observed that the HVDC controllers effectively sustain the output voltage at a tar-
geted 75 V during load transitions. The fluctuations in HVDC voltage are the result
of fluctuations in the TRG’s voltage at the peak, which is a contribution of the nine-
phase winding, showing the moments the commutation changes between the diodes in
the passive rectifier. The HVDC voltage and LVDC current show ripples of less than
0.05 p.u., demonstrating that the components of iDC2 are designed effectively for this
laboratory prototype. This stability is attributed to the rotor’s consistent position, ensuring
the back-EMF remains constant. The TRG phase current and phase voltage (total of the
PMR and WER at each phase) also denote the power generated by the TRG, which is in
total prrG =9 XUTRG_phase_rms X ITRG_phase_rms = 950 W (as the generator winding is de-
signed for nine phases) [46], equating to the sum of output powers, as indicated in Table 4.
This equality confirms the functionality of the nine-phase operation. The data demonstrate
that the controllers are proficient in maintaining their designated outputs at the considered
operating point (O.P) for this test.

Figure 10 displays the actual measurements alongside the predicted results for the
iDC2 outputs under various loads (different O.P.). This graph depicts the load variation
through the HVDC output current, ranging from no load to a maximum of 25 A DC. During
this testing, we aim to keep the power from the TRG under 2 kW as introduced as the
rated power in Table 4. As observed, when the HVDC current increases, the HVDC voltage
decreases, while the LVDC current decreases accordingly to avoid surpassing the power
limitations of the system. This figure aims to showcase the system’s capability under
various HVDC loads, demonstrating that as the HVDC load increases, the system can
allocate less power to the LVDC load. Note that for this test, iDC2 does not attempt to
maintain HVDC voltages at a constant value. Instead, it adjusts them to the desired value to
remain within the system’s capability. The matching outcomes between the simulations and
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the actual measurements in Figure 10 also provide confirmation that the design, models,
and proposed controllers are functioning correctly.

6. Conclusions

The proposed electrical power-conversion system outlined in this study offers advan-
tages for power management and distribution (PMAD) in large spacecraft. Through the
integration of a two-rotor generator (TRG) featuring a permanent magnet rotor (PMR) and
a wound field rotor (WFR), along with an isolated dual output DC-DC converter (iDC2),
this configuration enables control over three critical outputs: (I) the voltage applied to the
electric thruster, (II) the power delivered to the electric thruster, and (III) the backup power
supplied to the spacecraft’s power system. The iDC2 converter’s robust design includes
fault isolation features via a high-frequency transformer, ensuring system protection against
faults in the HVDC bus, thruster, LVDC bus, or spacecraft power system. Moreover, the
overall control provided by iDC2 permits the utilization of a passive rectifier after the TRG,
significantly enhancing the reliability of the entire system. Validations through simulation
studies confirm the effectiveness of the proposed control strategies in responding to variable
load conditions. The dual-loop controller for HVDC outputs ensures smooth operation and
rapid adjustment to power demand fluctuations in experimental laboratory works. Results
demonstrate the system’s ability to manage sudden changes in thruster power demand
while maintaining HVDC bus voltages within specified limits. Furthermore, the design
and component selection yield ripple levels below target values, affirming the suitability
and reliability of the proposed scheme for in-space electric propulsion applications. The
unidirectional nature of iDC2 facilitates precise power allocation to each output. However,
future research could explore implementing bidirectional functionality for the secondary
and tertiary sides of the transformer. This enhancement would enable power exchange be-
tween components, especially during scenarios where the TRG encounters sudden changes
or during braking mode, allowing excess power to be redirected to the spacecraft’'s power
system as needed.
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