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ABSTRACI

The power requirement of vehicles designed to transport
cargo supporling a piloted expedition to Mars is inthe range
of megawatts. Thercfore, it is imperative that the megawatt -
class power processi ng unit designed for high-power nuclea
electric propulsion vechicles using turboalternat ors  and
advanced magnetoplasmady namic (MPD) thrusters should be
such [hat the ovcrall system efficiency is as highas possible
with minimum system specific mass, This paper examines’ the
use Of cryogenic power conditioning subsystems 10 achicve
that goal since they have very high cfficiency.

110wevcCl, in the past, cryogenic power conditioning
subsystems  have shown complexity of design and
implementation and were costly and somewhat uncertain. With
recent advances in materias, devices used in power conversion
and cooling methods, further improvements in c. fficicney and
specific mass arc realizable. Cryogenicall y cooled MOSFE s
and MCTs are considered for power conversion and lwo
configurations have been examined,

Itis found that a system efficiency of 92.67% and specific
mass of 9.99 kg/kWe cau be realized using MOSHLT- based
cryogenic power conditioning syste ms for electric propulsion
spacect aft using MPD thrusters. With cryogenically cooled
MCTs, the specific mass decreases t0 9.77 kg/kWe, but the
efficiency aso decreases m 90.94%.

INTRODUCTION

Figure 1 shows the schematic arrange.rne.nl of various
components of a MW-class NP vehicle. Anelectric space
propulsion system consists of a power source (¢-£- nuclear
reactor and thermal-to -clectric power conversion systemn), a
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FIGURE 1. MEGAWATT-CLASS NUCLEAR ELECTRIC
PROPULSION(NEP) VE HICLE. WITH Li-PROPELLANT MPD
THRUSTERS

power processing unit (PPU) which converts  the power
source’s power outpui(voltage) to the form requited byt he
thrusters, and the electric thrusters. In this study, PPUs for a
t.5-MW¢ nuclear electiic propulsion (NEP)using a dynamic
power conversion  system (¢, g. Rankine) and high-power
magnetoplasmiadynamic (MPD) thrusters arc e.valuated. The
baseline configuration for the NEP vehicle considered here
consists of 3, 8P 100 category, dynamic power conversion
units, a powel processing module (PPM) containing the PPU
clectionics, anti 2 clusters of .i-propellant 16 MPD thrusters.

Specific mass () expressed in units of kilograms pcr
kilowatt of electiic power (kg/kWe), and efficiency (M)
expressed as the ratio of power output to power input arc two
primary figures of meritfor electric propulsion syssems. This
study has addiessed these two figures of merit.




The 1.5-MW¢ nuclear powersystem has a low-voltage ( 100
v), 400117, three-pljasc AC output from its dynamic power
conversion system (which provides constant power output
during an Earth-to-Mars transit). |’bus, the output fromthe
nuclear power system can be dircctly fed to a PPUJ rectifier for
conversion to the DC voltage required by the thruster.

Li-propellant  applied-flcld MPD thrusters  are  selecied
because of their projected good efficiency at low specific
impulse (Isp). By contrast, a self-field MPD has alowe:
projected efficiency and lower operating voltage than a
corresponding applied-field MPD thruster. The PPU for an NEP
vehicle using MPD thrusters must supply differentsysteins i n
the vehicle (Frisbee et a, 1993), (Daset al, 1991), (Fiisbee
and Hoffman, 1993). Circuit arrangements are shown in t he
reference (Krauthamer et al, 1995).

Figure 2 shows a baseline NEP-MPD PPU circuit diagram
with power distribution. Figure 3  shows the circuit
arrangement of a proposed NEP-MPD PPU with MOSHET's or
MCI'S, and filter configuration, Figure 4 shows input/output
control for both the baseline and the other two configurations.
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FIGURE ?. BASELINE NEP-MPD PPU CIRCUIT DIAGRAM
SHOWING POWER DISTRIBUTION AND POWEHR
CONVERSION WITH SCRs

The primary  driver in PPU design in this case is a
requirement of low voltage and high power. This requitement
results inuse of high-current capacity devices (c. g£.,1300 (o
7500 Amps). Also, the PPUmustbe designed to accommocate
startup and shutdown transients. and be capable ot isolating
thruster and PPU component failures without compromising
the remainder of the power or propulsion system ‘1'bus, the
PPU designs discussed below consist of both aprimary high -
powcr system and a smaller low-power power conditioning unit
(PCU). For convenicnee, the PPU electronics components
(rectificrs, fillers, etc.) and switches arc treated scparately from
the component “bus bar” wiring (both within the PPMas well
as in the. long booms between the PPM and thrusters ot
between the PPM and (be. nuclcar power systems).
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FIGURF'3. PROPOSEDNEP-MPD PPU CIRCUIT DIAGRAM
SHOWING MOSFHE 1. ORMCT-BASED RECTIFIERS AND
FILTERS
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FIGURE 4.NEP-MPD £ PU CIRCUIT DIAGRAM SHOWING
RECIHFIERFILTIRINPUT AND OUTPUT SWITCH
CONFIGURATION

in each configuration, the switches used arc non-load break
type elcctromechanical devices that are designedto disconnect
(ot connect) thrusters and other components. For example,
electrical power is disconnected from a thruster by first turning
off the power conversionsystem, and then by opening the
non-l gad break thruster switch. Similarly, any of the various
turboalternators o1 powet conversion switches can be isolated
by first driving, the turboalters rator  voltage t o zero. The
switches can then he OP¢ ned without arcing. However, the need
to isolated the vatious componentsin the system doésresult i n
a complex switc hing topology.



POWER MOSFETs

A n]ctal-oxide-scmic.onductor  ficld ef fed  transistos
(MOSEFEET) acts as a switch. It is a voltage-controlled majority-
carrier device. It requires a continuous application of gate-to
source voltage of appropriate magnitude toremainin “on”
state. Transition of state takes place when the gate capacitance
is being charged or discharged. The device is in the. “on”
condition when the gate-to-source voltage is below a threshold
value. 'The switching time is very short, in the range of
nanoseconds, The on-resistance of MOSFEI:1'sisverysmalland
can be controlled either by dcvice geometry or by blocking
voltage rating. Because of high switching speed, tbc switching
10SS can be very small. MOSELTs are available in voltages up
101000V and currents up to 700A ratings. The on-re sistance
has a positive temperature coefficient and therefore MOSEE s
can be paraleled. MOSEL Ts when in parallel can haudlc large
power.

RATIONALE BEHIND HIGH EFFICIENCY
CRYOGENIC POWER CONVERSION

The requirement of ultra-high efficiency of high power
conversion  for Mars-bound spacecraft using clectiic
propulsion prompted the usc of Power MOSFEII's because the
on-resistance of MOSFETs can be lowered by cryogenic
cooling, thereby increasing power conversion efficicncy.
Commercially available low-cost, high-voltage MOSHIIs ar¢
good candidates for cryogenic power conversion (M uvller and
Herd, 1993). Cryogenic Power MOSHETs operated at the
temperature of liquid nitrogen have the following features: (i)
their on-resistance can bereduced by a factor of 1 ()-1 S atlow
drain currents and by a factor of 25-30 at the rated drain current
compared to room temperature operation, (ii) by paralieling,
the cffective on-1esistance can be reduced as much as desired,
(iii) reduction of on-resistance by paralleling is not possible
with other majority carrier devices such as IGBTs, G1Os MCl's

A cryogenic power MOSFET is any MOSHEI which is
working at the temperature of liquid nitrogen (77 K). Several
commercially available devices have much smaller on-
resistance when immersed in liquid nitrogen at 77K compared
to when heatsink is a 300K.It is aso found that the
improvement factor is higher al higher drain cunent.In
addition, a transistor rated a lower current can be operated at
77K with higher rated curtent. It is found that the cryogenic
power conversion with MOSEETs may be advantageous even al
higher temperatures in the range of 200K. The thermal
conductivity of silicon aud mostsubstratesincreascs by a
factor of 5-10 if cooled down (o 77K. in addition, the specific
heat, heal capacity and thermal time constant decrcases i n
cryogenic cooling (Mueller and Herd, 1993).

There arc two kinds of losses in high- frequency power
conversions: (i) conduction losses in the on-state of the
switches and (ii) switching 1o sscs. The conduction losscs can
be reduced by cooling and thereby reducing on-resistance. The
switching losses arc excecdingly small compared to high-
frequency applications of MOSFEETs.

By cryogenic cooling. we reduce the power dissipation i n
power clectronics. This means that the refrigerat ion power
requirements arc reduced to sufficiently low levels 10 aftord an
ultra-high overall cfficiency. For example, in a 3-¢ biidge

circuil, thice switches arc in series. Assuming a voltage drop
(Vq) of 0.3V in each, the total voltage drop is 0.9V. Therefore,
for a100V DC input, the device voltage drop is 0.9/100= 0.9%.
If the on-resistance crrn drop by a factor of 4.S (Mueller and
Herd, 1993), thenthe device voltage drop will be further
reduced to 0.2% and the corresponding efficiency is 99.8%.
Assuming a 100 kW system, the lossis200 W, If a
refrigeration factor (ratio of refrigeration power compared to
dc.sired power dissipation in dc.vices) of 6 isassumed, the total
loss is 1400 W and thr system efficiency of 98.6% is recalized.

PPU OPTIONS

Two options with cryogenic cooling have been considered
in this paper. The block schematic diagram in Figure 2
represents the baseline system while Figures 5a and 5 b
represent these two options. The following factors influence
the selection of a Pi’U option: (1) PPU and cabling mass; (2)
PPU efficiency; (3) PPU redundancy so that each thruster dots
not have a dedicated PPU; (4) PPU thermal control.
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FIGURE 5a, POWER CONVERSION AND CONTROL
PROPOSED IN OPTION i.
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FIGURE 5b.POWER CONVERSION AND CONTROL
PROPOSED IN OPTION i
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A MOSHIT is a variable resistance device, Because of low
frequency (400 1 1z) of switching, the switching loss is very
small; the.rcforc, the only significant loss is duc to on-
resistance. This loss is also small because of cryogenic
cooling The MOSEFE I's are operated in a synchronous rectifier
mode. The control in Optionlis with the ‘f "A. In other words,
TA senses the volta ge and current of the thruster and
immediately adjusts parameters by its own control, Short-
circuit protection is provided by a solid state contact and is
MOSIIi’1’-bascd. If MC1s arc used, as shown in Figure Sb
corresponding to Option 11, rectification, and protection and
control both canbe achieved similar to the baseline which used
SCRs. Using MCTs provide potential for higher efficiency
because of lower forward drop for MCT's.

PERFORMANCE CALCULATION

Tables 1, 2 and 3 show the breakdown of mass, power losses
and ¢ fliciencies of various items in the baseline corfiguration.
The overall specificmass isfound to be 9.99 kg/kWe and the
overal | PPUe fficiency is about 90.2%.



TABLE 1. POWER CONDITIONING MASSES AND

EFFICIENCY
Item Quantity Total Total Comments
Mass Losses
kg)  (kw)
Turboaltemator (T A) Switches 36 246 1.5 Sum of all Switches
(1 OOVAC, 1333A)
TA Dallas! Swilches 36 736
{100 VAC, 3300 A)
CR input Switches 21 430
(100 VAC, 3300A)
Controlled Reclitiers (CR) 4 136 40.0
(100 VAC, 5030A)
Output Chokes {Fitters, F) 4 80 3.0
100 VOC, 5000 A)
CRJ/F Output Switches 4 114
(1 oqvoc,5w30A)
Thruster Switches 16 656

(loo VOC,7503A)
Housekeeping PCY 344 3.0 63 kWe in, 60 kWe out

PCU hasits own radialor

N

Structure 100
Radiator 931 (44.5) Tolal PPU radhatol load
Total 3773 107.5 PCU input counted

as

TABLE 2. CABLEAND BOOM MASSES AND
EFFICIENCIES

Iltem No. of Length Current Total Tel al
Cables  fach Each Mass Losses
m B ke (kW)
Reactor Booms
1 A-to-l A Swilch 36 22 1100 60n 09
T A Parallel Gonnections g 15 1100 103 02
1 A-to-Ballast Resistor Switch 36 15 1100 412 0s3
Ballas! Resisior Parallel Connections 9 2.2 3300 264 1:2
Reactor Boom 9 24.0 3300 24031 12.9
Docking Connectors 18 0.25 3300 90 29
Structure (25 %) 1103
Subtotal (Spedific Mass” .3.675 kg/kWe, Efficiency = 98.8 %) 5513  17.8
PPM Cabling
Input-to-Switch-to-CR 12 2.2 3300 348 16
Input-to-Spare CR Switches 9 08 3300 110 0.5
Controlled Rectifier (CR) Intemal 12 0.9 3300 147 0.6
CR.to-Fdt@rto-Switch-t&O@ul 6 0.5 5000 122 02
Output Parallel Connections 2 20 7500 122 06
Structure (25 %) 215

Sublotal (Spedific Mass”. 0.716 kg/kWe, Efficiency = 99.8 %) 1 04 35

Thruster Cluster [1.C) Booms

PPM-to-TC Boom 4 30.0 7500 3075 195
TC Boom 4 20 7500 244 11
TC Connections 4 25 7500 378 1.1
Structure (25 %) 925

Subtotal (Specific Mass® = 3.084 kg/kWe, Efliciency = 986 %) 4626 217

TNoninal powerinpul= 1500 kWe

POWER LOSS, EFFICIENCY, AND MASS
CALCULATIONS

The power loss and cfficiency of any component arc. related
by the equations:

1= Output Power/input Power, arid
P 2 (- M) . Input Power

Table 4 shows the calculated value.s of power losses and
efficiency incachoption along with the mass in calculating

the radiator area (A)and mass (m), the following equations
have. been used.

TABLE 3. MASS, SPECIFIC MASS AND EFFICIENCY

ESTIMATES
Hem TA PPM PPM System
-to- Electronics, -to- Total
PPU Switches,  Thruster
Cables Cables Cables
(3 Sets) (1 Set) (2 Sels)
Electric Fower Input (kWe) PO- 1500 148? 1373 Po=1500
Losses (WWiherii 51y
Cables 18 3 20 41
flactronics 8 Swilchies 44 44
Pcu (tlectric) 59 59
PCU} hern)al) 3 3
10tal 18 Y09 20 147
Electric Power Output (kWe) 1487 1373 1353 1353
Ethiciency o) 9881 92.60 98.55 90.20
Nominal Specifi: Mass (kg/hWe) 3.675 3.231 3.064

*Eflective” Mass (kg) 3 4,789 4,233 14,535

5.51
{Nomina! Spec Mass ¢ Eledd  Power Input)

“E fective” Sposific Mass (kg/kWe) 3.675 3.193 2822 9.690
(‘Effective” Mass/ P.)

A : (Power 1 .0ss)/ (o. '1‘4. €) (mz)

and m.. A .W .CFkg)
where,
o = Stefan B_tzman constant
= 5.(,7X10
¢ = FEuwissivity
= (L8
T = Temperature (Kelvin)
= 298.1SK in baseline design
W = Densit
=  S5kg/m’, and
CF = Contingency Factor
= 1.5

in the bascline configuration, the current is high throughout
because of low voltage. As a result, these cables arc thicker and
they also provide sticngth and integrity to the boom structure.
‘The power losscs inthe cables arc 38 kW. The power loss i n
PPU switches is 109 kW, The total PPU mass is about 14,985
kg outof which the mass of cable with boom is | 1,212 kg. The
PPM switc hes and radiator weighs about 3773 kg. The overall
cfficicncy and specific massaie calculate.d to be 90.2% and
9.99 kg/kWe,respectively.

PERFORMANCE ASSOCIATED WITH OPTIONS |
AND 1|

Controlled rectificts shown in I'able 1 have 40 kW of power
loss. If MOSFKIIs replace them  in Option | and  arc
cryogenically cooled, power loss associated with them will go
down to 3kW. Similarly, the loss associated with the choke
will be reduced becanse of low rms ripple current, Refrigeration
loss will beapproxitnately I8kW  (six times). |lousc-keeping
power loss will be unchanged. Radiator mass will go down but



the refrigeration mass will be added. It is assumed thatthe sum
of these two masses will not change significantly.

Cable masses arc assumed unchanged. Optionll is
essentially the same as Option IV in Krauthameiet a, 1995,
except when MCTs arc used instead of SCRs. When cryogenic
cooling is provide.d, thetotal power loss is I§kW.It is
possible to cool the various components to 77° K (for liquid
nitrogen) by designing a systemt wWith minimum heat leaks
from the warm spacecraft and maintaining a view of decp space
rather than of a planet or the sun. Its potentialadvantage is
reduction IN Size, weight and cost because there is no heat sink,
pump or isolation requirement.

TABLE 4. COMPARISON OF TOTALPOWER LOSS,
EFFICIENCY AND SPECIFIC MASS FOR VAHIOUS

OPTIONS
Options Total Total Efficiency  Specific
Mass  Power Loss (%) Mass
(kg) (kw) (kg/kWe)
Baseline 14985 147 90,20 ©.99
Option | 14985 110 92.67 ©.99
Option li 14661 136 90.94 Q.77

ADVANCES IN POWER CONVERSION USING *
CRYOGENIC MOSFETS AND HIGH-
TEMPERATURE SUPERCONDUCTORS
High-tempera ture superconductors for achieving improved
performance and greater efficiency arc nearingreal it y.
American Superconductor Corporation, a pioneer in the field of
superconductors, report that their superconducting power
converters Will be on the market by 1997. Efficiency will be
higher and the reliability w il | be increased because
components will not bc. subjected to the heat gencrated by
clectrical resistance in conventional power conductors (Ray,
Gerber, Patterson, and Myers, 1995; and Solomon, 1986).

If power conversion devices are ¢r yogenical ly cooled and
wires arc superconductors, there will be additional powes
savings and overall efficiency will improve fuither. Inductors
using superconducting wires and low-loss capacitors will
provide additional improvements in efficiency. However,
power required for cooling will have 10 hc factored into overall
efficiency calculations.

This paper has consider cd only cryogenic cooling of powes
conversion devices; the impact of superconducting wires and
cables has not been addressed. Hopcfully, data wi Il gradually
become available to enable estimation of irl~[)rcl~crilc.tits i
efficiency anti specific mass forsystems incorporating both
cryogenically-cooled conversion de.vices and supcrconducting
wires and cables.

CONCLUSIONS

Based on the preliminary analyses presented in this paper,
the following conclusions can bc made regarding the power
conditioni ng subsystem efficiency and specific mass of
nuclear -clectric propulsion vehicles using MPD thrusters for
Mars Cargo missions:

i Both Options i andll have superior performance
compare.d to the baseline design.

? . Option 1, which uses cryogenically-cooled MOSFEETs,
has ahigher ¢ fliciency than Option li, which uscs
¢ yopenically-co oled MCT's. However, Option 11 has a
somewhat lower specific mass as compared to Optionl.

3. Both options have a higher complexity of design and
implementation as compared to the bascline system. The
irnpact of this allded complexity on cost has not been
examined.

4. High-temperature superconducting wires and cables have
notbeenincludedin the designs of Option 1 and I1. The
success of high- temperature  superconducting power
conversion has been recently demonstrated (Jaeger and
Gaensslen, 1986; and Laramee, Aubin, an d Checke,
1985), but further information is required to determine
quantitatively the potential benefits of this technology
for this application.

5. Itis important that the impact of cryogenic cooling and
high-temperatuic supeiconducting power conversion be
¢ xamined together to evaluate further improvements i n
cfficiency and specific mass for application to spacecraft
clectric propulsion systems. it is clearly seen that their
combined uscin power conversion may provide for
significantsynergistic systems-level benefits,
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