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AIETR~L'T 

Today the solid-state transistor or thyristor 
switch satisfies the majority of terrestr ial  
power conditioning requirements replacing the 
vacuum or gaseous switches of yesterday. The 
need for power conditioning on extra-terrestrial  
platforms adds another dimension to switch selec- 
tion. The switch must be able to operate in the 
near-vaccuum of space, under high but variable 
radiation levels and be compatible with the ther- 
mal management system of the space vehicle. The 
choice of the type of switch is no longer obvious 
and it may be desirable to go back and consider 
other types of switches. 

I~ULWIOq 

All of the switch requirements for space- 
based power conditioning cannot be completely 
satisfied by any one of the existing switch tech- 
nologies. This makes it necessary to go back and 
examine all of the basic generic switch technolo- 
gies, and make an assessment as to the more 
promising research and development approaches. 
Approaches that have been considered in the past 
for more convent ional power condi t ioning applica- 
tions must be reconsidered with respect to these 
new requirements. 

s ~ u a  P.n~x ~ 

The prime power systems being considered for 
space applications are listed in Table 1 below: 

POWER CONVERTER VOLTAGE FREQUENCY 
vol t s  h z  

CtiEM ICAL DYNAMIC 
ALTERNATOR 10-100 ,000  2 0 0 - 1 0 0 0  

NUCLEAR DYIqAM IC 
A LTE RIqATOR 1 0 - 1 0 0 , 0 0 0  2 0 0 - 1 0 0  

NUCLEAR STATIC TI  1 1 0 - 5 0  DC 

NUCLEAR "STATIC" I~I )  2 1 - 5 0 , 0 0 0  UC 

]FUEL CELLS 1 0 0 " 5 0 0  DC 

BATTERIES 1 0 0 - 1 , 0 0 0  UC 

CHEMICAL DYIq~MIC hPG 3 5 0 - 5 0 0  1313 

NUCLF.AR DYNAMIC IqPG 3 5 0 - 5 0 0  LC 

TABLE 1 :  SPACE BASED PRIME POWER CONVERTERS 

NOTES : 
1 .  TI  - TBERMIO~IIC/ThERMOELEC~RIC CONVERTER 
2 .  ~ - MAGINLrl~-I'1YDRODYNAMIC 
3 .  hPG - ttOMOPOLAR GENERATOR 

The prime power converters are divided accord- 
ing to their voltage requirements. The low 
voltage converters (up to a few hundred volts) 
being considered for multi-megawatt generation 
include thermionic or thermoelectric, fuel cells,  
homopolar generators and batteries. The high vol- 
tage converters (in excess of a few hundred volts) 
are the chemical turbines driven alternators and 
IVED. The voltage level dividing the two groups is 
somewhat arbitrary, but is realist ic as far as 
solid-state switch technology is concerned. 

The prime power converters are further divided 
according to whether the power source is nuclear 
or chemical. The nuclear sources can be used to 
power the thermionic or thermoelectric, the 
alternator or homopolar converters. Certainly the 
thermionic and thermoelectric would be nuclear 
powered. 

SWITCIIES FOR I£~ VOLTAGE OPFJ~TIOq 

En~i  r onmen_to l_Cons_t r  a i n t  s 

The most severe switch requirements are those 
associated with a nuclear source mated with a low 
voltage converter. There is a radiation hardness 
requirement associated with the extra-terrestrial  
environment which can affect the choice of switch- 
es, however, the switches closest to the nuclear 
source will be subject to a high radiation envi- 
ronment for many years of continuous exposure and 
must be able to function during its life without 
degrading past established limits. The very high 
currents expected for multi-megawatt operation at 
low voltages demands that the inverter switch(s) 
must be located as close as possible to the gener- 
ating converter to keep efficiency as high as 
possible. The nuclear source must be placed some 
distance from the load to avoid radiation damage 
to the load electronics, dictating relatively long 
power transmission distances. This requires that 
the front end of an ae - de or de - de inverter be 
positioned in the reactor source area to step up 
the chopped converter voltage to higher voltages 
and reduced currents to save on conductor size and 
weight. This results in the need of a switch type 
that can operate in a high nuclear radiation envi- 
ronment, or by protecting the switch with 
shielding, stay within its radiation tolerance. 
This same switch type must be able to operate at 
high temperatures otherwise extensive thermal 
radiators would be required as well as the radi- 
ation shielding. The switch type that was 
radiation and temperature limited would demand the 
combination of radiation shielding and thermal 
radiators imposing a severe penality for the 
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weight and size of the space platform. 

The combined space and nuclear environmental 
switch requirements are s t i l l  being developed in 
the SDIO Space Power Architecture studies. The 
worst ease requirements for the inverter switch 
el~_~e to ~ n u e l ~  source could be as high as 
10"-N/cm and flads wi~h a switch ambient 
temperature as high as 700"C. 

The payoff in the size and weight of the 
thermal management system with inereasing tem- 
perature is high enough to justify a major effort 
to increase the ambient operating temperature of 
the switch to high as possible. These radiation 
environmental requirements can be relaxed if the 
inverter does not have to operate near the 
nuclear reactor, or if size and weight restr ic-  
tion permits significant shielding, or finally, 
if the power source is non-nuclear. 

Cons£raints Imposed by Low Voltage Operation 

In addition to the requirements for radiation 
hardness and high ambient operating temperatures 
imposed by a nuclear power source, the switches 
for space-based inverters operating from low vol- 
tage prime power converters, must possess the 
following additional features: 

o low forward (voltage) drop, 
o fast  forward and reverse recover ies ,  
o high gain, 
o inherently low inductance, 
o geometry suitable for high heat transfer, 
o controllable high current density, and 
o long term stabil i ty,  re l iabi l i ty .  

The most cr i t ical  switch characteristics is 
low voltage drop at high multi-megawatt oper- 
at ion. Forward voltage drop in a low voltage 
inverter has a cr i t ical  impact on the efficiency 
of the inverter, for example, a i volt drop for a 
30 volt switch is 3.3% change in efficiency, but 
only a 0.2% change for a 500 volt switch. Oper- 
ating efficiency is a key issue because of the 
difficulty of disposing of waste heat. The dif- 
ference between a 94% and 96% efficiency is small 
when considering the percentage of power deliver- 
ed to the load, but large when considering that 
the radiator size must be increased by 33%. The 
goal for switch efficiency is >95% for converter 
outputs below 100 volts and >99% above 100 volts. 

In the se lec t  ion of switches for low voltage 
space inver ter  appl ica t ions ,  a t r ade-of f  between 
Other c h a r a c t e r i s t i c s  such as ambient operating 
temperature or rad ia t ion  res i s tance  must be con- 
s idered.  As an example, a switch with reduced 
rad ia t ion  res i s tance  but higher temperature oper- 
a t ion may resu l t  in an optimum power condit ioning 
system. The reduced size and weight of the ther-  
mal radia tor  may be greater  than the increased 
shielding weight. 

Fast recovery improves switching e f f ic iency  
permi t t  ing higher switching frequency operat ion. 
In general th is  r e su l t s  in a reduction in the 
s ize and weight of magnetic and capaci t ive  eompo- 

nents up to a certain switching frequency limit. 
This limit is established by the balance of the 
size and weight of magnetic and capacitive compo- 
nents with the increased losses with frequency of 
the transformer core and output rect if iers .  

S W I ~  KB HIGH V ( ~ T ~  OPERATIQ~ 

Constrainls_ Imposed_by H.igh_ Yol~age_(~er~_t ion 

The high voltage switch requirements excluding 
radia t ion  and ambient operating temperature, 
d i f f e r  from the low voltage switch cons t ra in t s  in 
the fol lowing ways: 

o low reverse leakage, 
o high noise immunity to false triggering, 
o high voltage insulation with good thermal 

p roper t i es, 
o irm~ne to dV/dt and dl/dt failures, 
o high degree of isolation between 

switch and driver, and 
o minimal variations of electrical 

properties between switches. 

The requirement for low reverse leakage is 
imposed by the dissipation that would develop 
under high voltage operation which would reduce 
the converter efficiency and reduce switch relia- 
bi l i ty .  The high noise immunity to false 
triggering is important to inverters as the load 
or source induced high frequency voltage var ia- 
tions could eapacitively couple to the gate of 
solid-state devices, causing unwanted operation. 
With high voltage operation comes the additional 
need for high voltage insulation between device 
and the rest of the circuit .  Most insulators are 
poor thermal conductors limiting the choice of 
semi-conductor insulators to diamond, beryllia or 
to selected anisotropic materials. The problems 
of lat t ice matching, or bonding the semi-conductor 
to the substrate creates additional constraints. 
The other characteristics can at least be ap- 
proached wi th sil icon power semiconductor 
available at the present time. 

The characteristics of silicon based power 
semiconductors now available, are listed below. 

ThYRISTORS >500 VOLTS WITh CURRENT SWITCHING ENEI:~GY 
>3000 A TEMPERATURE 

RADIATION EFFECTS 
SPEED 

POWER TRAHS ISTORS <500 VOLTS, MEDIOM P(~VER GATE DRIVE 
TEMPERATURE 
RADIATION EFFECTS 

POWER PETS LOW VOLTAGE <500 V 
it IGit FREQUENCY 
MEDIUM CURRENT (300  A 

LOW TEMPERATURE 
RADIATION EFFECTS 

GTOs, S I T s  BIGh VOLTAGE >500 V 

h i g h  CURRENT >1000 A 

h i g h  SWITCHING 
ENERGY 
LOW SWITCHING 
FREQUENCY, 
TEMPERATURE 
RADIATION EFFECTS 

blCTs HIGh VOLTAGE >500 V 

MED IUM CURRENT 
150 A - 1500 A 

MH) 10M 
TEMPERATURE 
(30O" C 
RADIATION EFFECTS 

TABLE 2:  EXISTING ClaSSES OF POWER SOLID=STATE SWITCHES THEIR 
APPLICATIONS AND LIMITATIONS 
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None of the silicon semiconductor devices 
listed completely satisfy the space-based inver- 
ter requirements. The power FET's show promise 
for low voltage switching applications. A typi- 
cal device has a breakdown voltage of 100 volts 
and an on resistance of 40 milliohms. The 
switching time is less than 50 nanoseconds. The 
devices can be paralleled because of their posi- 
tive temperature coefficient, which encourages 
inherent equalized current sharing. Therefore, 
it is possible to achieve very low switching loss 
by putting a large number of devices in parallel. 
A second characteristic of the power FETs is 
their very high speed switching at frequencies up 
to 1000 I-hz and higher. Very rapid transition 
time minimizes the power loss between the off- 
state and the conducting-state. With this rapid 
switching frequency, magnetic components can be 
made smaller and more efficient. 

The IVL'T (IVI2S Controlled Thyristor) shows 
promise for high voltage (>500 V) space-based 
inverter applications. The major advantage of 
the [VL'T is its low switching energy, combined 
with low forward voltage drop. 

A device not mentioned in the table because 
of its early phase of development is the Deep 
Impurity, Double Injection switch. The Deep 
Impurity, Double Injection (DI) devices have 
potential to satisfy both low voltage and high 
voltage space inverter power supply applica- 
tions.(2) This family of semiconductor devices 
is based on bulk effects of deep energy level 
impurities, such as, gold and electron irradi- 
ation in silicon, and chromium and oxygen in 
gallium arsenide. The deep energy level impuri- 
ties enhance, act lye-charge dynvmic interact ions, 
in the mid-range of the semiconductor bandgap, 
aside from simple bimolecular recombination. The 
initiation and control of these bandgap interac- 
tions, expand the range of device applications as 
compared with ordinary P-N junction devices. 

These new semiconductors have the potential 
to raise the switching voltage bY0~ factor of. 
ten, operating temperatures to C and radl 2 
ation levels to gigarads (Si) garnva. The (DI ) 
device development has not progressed to the 
point where typical electrical performance char- 
acteristics can be predicted. Diodes have been 
constructed and irradiated to the gigarad level. 
The diodes demonstrated stable switching paramet- 
ers both before and after irradiation. 

Other Materials Suitabl¢ forhHigh Voltage 
Inverter Switches 

Gallium Arsenide semiconductor power devices 
are also an alternative to silicon based power 
semiconductor devices for space-based applica- 
tions.(1) Gallium Arsenide devices have the 
potential of operating at temperatures of (300 °- 
400" (~) a substantial improvement over silicon 
(<200"C). The material also has significantly 
higher radiation resistance than silicon. In 
addition, to the above advantages GaAs devices 
will be several times smaller than silicon 
devices with the same performance with signifi- 

cantly faster switching times. Experimental 
results on very small thyr~stor devices with an 
area of approximately 1 mm have been reported. 
Current densities in excess of 1,000 amps/cm were 
obtained. At 1,000 A/era , the on-s~[}te voltage 
drop was between 1.6 and 2.2 volts. GaAs FETs 
have at least 10 times lower on-resistance per 
unit areas than silicon, while having the added 
benefit of faster switching speeds. The possibi- 
lities of GaAs based power semiconductors have up 
to now remained largely unrealized. The reason 
for this has been the substantial non-uniformity 
of the available material. The development of 
GaAs power high voltage switches will require 
highly advanced technology, such as very high 
purity n~-[ype3epitaxial layers with doping levels 
below 10~V/cm and good mobilities; the fabric- 
at ion of high voltage p-n junctions; and the 
ability to invert the surface of p-type GaAs to 
obtain n-channel [VI2SFETs. In order to realize the 
potential of GaAs power devices techniques for 
fabricating ~.~rge area , sun i form GaAs material must 
be developed--. There i renewed interest in SiC 
and Diamond as semiconductor materials. These 
materials are expected to impact the long term 
needs of power semiconductor physics and will not 
be discussed in this paper. 

ALTEHNATIVES 'IX) PONER SI~dI(X/~IXTIX~ DEVICES 

Because of the present  temperature I imi ta t ions  
of ava i l ab le  semiconductors and the need for high 
ambient temperature opera t ion  and high nuclear  
r a d i a t i o n  r e s i s t a n c e ,  i t  is d e s i r a b l e  to consider  
other  a l t e r n a t  i re  switches.  These a l t e r n a t i v e  
switch technologies  include the fol lowing: 

o vacuum devices, 
o plasma switches such as the 

Crossatron, the Tacitron, and 
o self switching thermionic 

converters. 

Vacut~Arc_SwLtch 

The most promising vacuum device is the vacuum 
arc switch, developed by Gilmour, and his associa- 
tes, at the University of Buffalo.(3) This device 
has potential application for use with a high vol- 
tage, prime power converter. The radiation 
resistance, and high temperature operation canbe 
extrapolated from tests made on similar generic 
devices. The major disadvantage of the vacuum arc 
switch is the high switching energy required. The 
performance characteristics of a typical vacuum 
arc switch are listed in Table 3. 

Voltage Hold Off 
Forward voltage drop 
Switehing Time 
Swi tching Energy 
Max imum Cpe r at i ng Temp. 
Radiat ion Resistance 
Plasma Sou rce 

-15 kV syramtr ica l  
-20 vo l t s  
-100 usec.  
-I-I i g]~ (magnetic) 
-700"C 
-Good 
-Co I d Cathode 

TABLE 3: THE V.~X,]I~ ABC SWI'IX~ 
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Crossatron Switch 

A number of plasma devices deserve consider- 
ation for space-based applications. There is a 
large amount of experimental data that demonstra- 
tes that gaseous plasma devices can meet the 
radiation, and temperature requirements. One 
device that shows promise is the Crossatron.{4) 
This device was developed at Hughes Aircraft, by 
Harvey and Schumacher. The performance charac- 
ter is t ics  of this device are listed in Table 4. 

Hold off Voltage -33 kV 
Peak Interrupt Current -1500 A 
Forward Voltage Drop -200 V 
Closing Time -1 usec. 
Opening Time -2 usec. 
dV/dT -10 kA/us 
Switching Energy -8 J 
P l asma Source -Co l~ Cathode 
Operat ing Temperature -700-C 

TAHi,E 4:  CRCSSATRQ~ P ~  C~'~CI 'ERIST ICS 

The major advantage of the crossatron is that 
it is a cold cathode plasma device that requires 
no heater power and high switching rates (>I00 
kHz). A plasma switch that requires heater power 
suffers from the fact that the amount of heater 
power often exceeds the switch commutation loss. 
The crossatron has potential high voltage inver- 
ter applications. Its limitations are its high 
voltage drop (>200 V), high switching energy, low 
repetitive controllable current density (10 
A/cm ) and complex gate drive circuitry. 

Tac i tron Swi tch 

The tacitron is a second gaseous plasma 
device that should be considered for space-based 
inverter applications. The tacitron was conceiv- 
ed in this country in the early 1950's.(5) The 
tacitron is a modified thyratron that has the 
capability of rapidly switching current on and 
off without removing the anode voltage. The 
early models contained noble gases, such as 
xenon, which is not suitable for low voltage 
operation. Major advances in this area have been 
made by the Soviets. Tubes containing both 
barium and cesium vapor have been extensively 
investigated in USSR. The barium lowers the 
emitter work function, and the cesium, with its 
low ionization potential, provides the necessary 
ions. The estimated achievable performance char- 
acterist ics for the cesium vapor tacitron is 
presented in Table 5. 

PEAK ANODE VOLTAGE . . . . . . .  250 VOLTS 
INTERRUPT CURRENT . . . . . . .  100 AMPS 
FORWARD VOLTAGE DROP . . . . . . .  0 , 5 - 1 . 0  VOLTS 
SWITCHING FREQUENCY . . . . . . .  20 KH~ 
OPERATING TEMPERATURE . . . . . . .  >1000 C 
TURN ON TIME . . . . . . .  i - 2  US 
RECOVERY TIME . . . . . . .  4-5 US 
SWITCHING ENERGY . . . . . . .  LOW 

TABLE 5: PERFORMANCE CHARACTERISTICS OF CESIUM VAPOR TACITRON 

The switching energy required for the cesium 
vapor tacitron is uncertain at the present time, 
though it is expected to be low because of the low 
ionization potential of cesium. However, the 
tacitron construction is similar to a thyratron 
with a modified grid structure and require a com- 
plex switching circuit .  This will present a 
problem for an inverter placed close to a nuclear 
source. The ambient operating temperaturl~ of the 
device is very high between 1000 and 1800"K. 
These devices require a high temperature emitter 
with a low work function. The energy cost of 
heating this emitter with electric power would be 
prohibitive. The tacitron switch can only be used 
for inverter applications where significant waste 
heat is available, such as, thermoleleetric and 
thermonic systems and can be integrated into the 
heat pipe design if required. The cesium vapor 
tacitron is not an attractive switch for use with 
other low voltage, prime power converters, such as 
batteries, and solar systems. 

Se I f_-Sw_i _to bJ ng__Th.e~rmionJ c_.Con_v_er_t ~r 

The self-switching thermonic converters have 
the advantage of eliminating all of the auxiliary 
components listed above, except the transformer. 
The proposed device is based on the high frequency 
oscillations observed in thermonic power conver- 
ters. The s~me type of oscillations have also 
been observed in cesium vapor tacitrons. In the 
thermonic converter natural oscillations occur at 
some combination of emitter and reservoir condi- 
tions. In 1963, Oppen proposed a simple scheme 
whereby the natural two mode (ignited/unignited) 
operation of a thermionic diode could be used to 
raise the nominal output voltage from 0.3 to typ- 
ically 28 V.(6) The concept was to switch the 
diode between these modes to deliver a pulsing dc 
current to a load, via a transformer. Losses in 
the primary circuit were minimized by connecting 
the therrr~nic converter directly to the transfor- 
mer without intermediate switches. The idea made 
use of the dual-mode, current-voltage, "hystere- 

• i . 

sis" behavior in pulsed dlode operatlon. The 
power required for pulsing was low and could be 
supplied as part of that thermonically generated. 
Unfortunately, experimental results established 
that the speed of the diode turn-off was governed 
by the time to extinguish the arc. This time was 
a minimum of 1 millisecond, much to long for high 
repetition rate operation. Spontaneous coherent 
oscillations have been observed in thermonic 
diodes by several investigators. The oscillations 
are usually non-sinisodial and consist of modul- 
ation of the diode current as a result of space 
charge fluctuation in the interelectrode space. 
Houston has reported on the characteristics of 
these oscillations. Typical data is presented in 

igure i.  (7) 
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TCs = 348 °K 
Tc I 
°K AMP 

1620 .020 

1690 .060 

1765 .19 

1815 .36 

1935 1.3 

O- 2005 I.I 

2060 13 

2120 2.1 

# sEc 

O s c i l l a t i o n  wave fo rm a c r o s s  an 0 .05  ohm l o a d  (a p r e c i s i o n  
shunt) connected between cathode and anode. The pyrometrically- 
determined cathode temperature and the direct current are shown 
beside each photograph. 

The data indicates that the oscillations can be 
controlled by a combination of load impedance and 
diode temperature. This concept has the poten- 
t ial  of achieving an AC therrr~nics converter that 
would have a number of advantages: 

o No Inverter Switch Required, 
o Frequency can be Chosen and Maintained, 
o Complete In-Pile Operation, 
o No Control Circuitry Required, 
o Radiation Hard and High Temperature 

Operat ion, and 
o Integrated Des ign (Source-Converter-Switch) 

Provides an Extra Degree of Reliability. 

The major disadvantage is that this is a new 
approach and requires extensive research and 
development. Extensive information exists on 
thermonic diode technology, however, the proposed 
approach may require a trade-off between optimum 
power generation and optimum inverter character- 
istics. It also may be necessary to develop 
special transformer technology to step-up the 
voltage and control to load impedance presented 
to the therrr~nic converter• 

The development of an inverter power supply for 
a high radiation and temperature environment re- 
quires the consideration of other components 
besides the switch. The control circuits,  energy 
storage capacitors and induct ive components, must 
also be able to operate in the high temperature 
and radiation environment. These components are 
not available and must be developed• 

C{~LQS IGNS- 

The selection of a switch for space-based 
inverter applications requires a trade-off between 
package size, weight requirements and rel iabi l i ty.  
The re l iabi l i ty  is highly dependent on the power 
conditioning system environment. The two key 
envirbnn~ntal parameters are nuclear radiation 
hardness and temperature. The trade-off analysis 
must include all  components of the power package. 
The major components of the power package are; 
prime power, power conditioning and power 
transmission to the load. The power conditioning 
system must include all  the auxiliary components 
including; thermal management systems, driver cir-  
cuits, fault protection and energy storage• 

The switch choices for the near term (<2010) 
will differ from those made for the far term 
(>2010). Devices that hold promise for the near 
term are the NET, FETs, Crossatron, and possibly 
the f i rs t  GaAs power semiconductors. All the near 
term switches considered will require a size and 
weight penalty to overcome performance and envi- 
ronmental deficiencies. Far term switches at this 
time include; deep impurity silicon, more advanced 
gallium arsenide, silicon carbide, and diamond 
power devices. The self-switching thermonics con- 
verter is a plasma device that is worth consdering 
for long term space-based power conditioning 
appl icat ions. 
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