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Thales Alenia Space, The Rutherford Appleton Laboratory, Oxford University, Centre Spatial de Liege, and Qinetiq Space are developing the first European Radioisotope Stirling Generator (ERSG). The ERSG will be a key enabling technology for ESA’s ambition to operate longduration, deep space and planetary missions, that have a requirement to be independent of solar
energy.
This program brings together expertise in: long-life space cryocooler engineering; Stirling
cycle modelling; high temperature materials; systems & control engineering; and power conditioning. The goal is to provide 100 We DC at 28 V from 435 Wth harvested from the decay heat
of Americium-241. Initial breadboard testing is about to take place with a resistive heater simulating the radioisotope fuel cells. This paper summarises the ERSG development and progress to
date.
INTRODUCTION
Nuclear power sources (NPS) and photovoltaics (PV) are the only known systems capable of
providing both sufficient power and lifetime for space exploration.1,2 These two technologies are
complimentary and enable a wide variety of mission classes. PV power systems are the primary
power supply for the majority of space exploration. For some mission classes, however, (such as
long-duration deep-space voyages and exploration of permanently-shadowed regions of planets,
moons, or other celestial objects) it is either not possible to rely on harvesting solar energy or not
practical due to insufficient energy density. In these situations, NPS are required since their
performance is independent of the mission orbit, orientation, or distance from the sun.
A sub-class of NPS is the radioactive power sources (RPS) which are distinct from other
categories (fission reactors) in that they directly utilize decay from a radioactive source. Radioisotope thermoelectric generators (RTG) are the most successful incarnation of this philosophy
having been present on all past interplanetary missions beyond Jupiter, and on-board most planetary landers. ESA has previously collaborated on scientific missions involving RTGs provided
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by NASA. ESA is currently pursuing active research into the development of its own RPS
programs.
In order to independently meet the needs of future deep-space missions, whilst being constrained by both the lack of 238Pu in European civil nuclear stockpiles and advanced RTGs having
conversion efficiencies <7%,3 ESA is interested in developing a high efficiency dynamic-conversion technology. Stirling cycle technology for space is mature within the cryogenics community
of Europe and could meet ESA’s requirements. To this end, the first breadboard European
Radioisotope Stirling Generator (ERSG) has been manufactured by a consortium selected for
their ability to leverage ESA’s cryocooler heritage.
There has been over 30 years of cryocooler mechanism development, Stirling cycle modelling, and thermal modelling for space at RAL. The other members of the consortium and the
consortium’s expertise are listed here:
 7KDOHV$OHQLD6SDFHLQWKH8.SURYLGHH[SHUWLVHLQV\VWHPVFRQWURODQGHOHFWURQLFV
 &HQWUH6SDWLDOGH/LHJHVXSSO\NQRZOHGJHDQGPDQXIDFWXULQJRIKLJKWHPSHUDWXUHYDFXXP
FRPSRQHQWV
 2[IRUG8QLYHUVLW\DOVRKDVKHULWDJHGHYHORSLQJORQJOLIHOLQHDUPHFKDQLVPV
A design description of the ERSG has been previously reported elsewhere.3 This paper will
provide an update and overview of the ERSG system; however, the technical discussion will focus
on aspects directly comparable with cryocooler technology.
&855(1767$786$1'3(5)250$1&(35(',&7,216
The breadboard ERSG has been manufactured and the characterization and workmanship
trials have been completed for each of the major subsystems. The breadboard ERSG is ready to
begin initial performance testing. Performance mapping will aim to validate the system-level and
thermodynamic modeling used to size the ERSG. It will also be the first time the system is
exposed to high temperatures and thermal gradients. The test hardware is shown in Figure 1,
excluding the support structure and electronics.
Under nominal operating conditions, the breadboard ERSG has been sized to produce 100 We
DC power supplied at 28 V (in order to be compatible with a spacecraft bus). Predicted and
measured system-level performance metrics for the ERSG are listed in Table 1. The most significant differences between the breadboard ERSG and a flight design are:
 7KHKHDWVRXUFHLVDUHVLVWLYHKHDWHULQVWHDGRIDUDGLRLVRWRSH
 7KHHOHFWURQLFVDUHKRXVHGLQDODERUDWRU\JUDGHFKDVVLV
 7KHUHLVDGGLWLRQDOWHOHPHWU\
 $ODERUDWRU\FKLOOHUPDLQWDLQVDQLVRWKHUPDOLQWHUIDFHZKHUHWKHVSDFHFUDIWUDGLDWRUZRXOG
DWWDFK

Figure 1. The breadboard ERSG displayed without the support structure and PCE.
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Table 1. System performance predictions (left). Measured mass of the breadboard ERSG compared
with a flight configuration (right).

The breadboard ERSG performance tests will measure the absolute power output and the
conversion efficiency of this system. The flight-like specific power will remain an estimate. The
estimated mass of the flight-like system’s radiator assumes 350 Wth being rejected at 300 K and
that the radiator weighs 12 kg/m2. This is potentially pessimistic since it may be possible to
combine the functions of mechanical support structure and radiator to some extent once a specific
set of mission requirements has been established.
6<67(0$5&+,7(&785(
A schematic for the heat flow through the breadboard ERSG is shown in Figure 2. Mechanically, the ERSG comprises four major subsystems: The Stirling Converter Subsystem (SCSS), the
Fuel Module Subsystem (FMSS), Power Control Electronics (PCE), and the support structure.
Nominally, the interface between the FMSS and the SCSS is 900 K and the SCSS rejection
interface is 300 K.

Figure 2. Schematic of the ERSG heat flow.
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Figure 3. Balanced displacer assembly (top). One of the two alternators (bottom left). SCSS displaying
the hot end interface (bottom right).

Stirling Converter Subsystem
The SCSS is arranged in a gamma configuration, reciprocates at 90 Hz, and has a fill pressure of 45 bar(a). The benefits of this configuration are the same for the ERSG as it is for many
cryocooler applications: separate independent mechanisms provide a greater freedom to optimise
the mechanical design of the system, and flexibility during operation and testing. The breadboard
ERSG comprises three sub-assemblies: two alternator assemblies, one balanced displacer assembly, and the body assembly. The SCSS and sub-assemblies are shown in Figure 3.
Each of the mechanisms (alternators and displacer) have been tuned so that the moving mass,
suspension spring rates and pressure waves combine to make an efficient resonant system. Furthermore, careful choice of geometry and materials has been shown to eliminate eddy current
damping. All mechanisms utilize linear motors with full flexure suspension which underpins the
non-contact lubricant-free engineering success demonstrated in long-life cryocoolers. In order to
minimize exported vibration, the alternators are arranged in a head-to-head configuration; likewise the displacer motor is balanced by a momentum compensator coaxially mounted directly
behind it. Each motor/alternator mechanism has a bespoke capacitive position transducer as an
integral part. This allows for active vibration cancellation and, when combined with the pressure
transducer telemetry, enables PV work loops to be derived.
Alternators
The alternators are moving-magnet linear motors based on an architecture first developed by
Sunpower Inc.8 This style was chosen for its high energy density, but its complexity limits it to
medium to large scale mechanisms. Optimized radially-magnetized magnets minimize stray flux
and maximize efficiency. The alternator piston and cylinder bore are part of the same modular
assembly allowing alignment and characterization of the mechanism prior to integration with the
rest of the SCSS.
Balanced Displacer
The displacer is pneumatically balanced under nominal conditions but, for stability, control,
and in order to minimize exported vibrations, the displacer is driven by a motor and balanced by
a momentum compensator. The displacer motor and the momentum compensator motor are both
novel moving-magnet linear motors designed by RAL and were previously reported in ICC 19. 4,5
This style is highly optimized for small to medium sized mechanisms.
The displacer piston is made from a ceramic in order to withstand the extreme absolute
temperature at the hot end of the SCSS, and so that conduction losses are minimized. The piston
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is hollow in order to tune the mass to resonate at 90 Hz, avoiding the need for stiffer springs that
would have the undesirable effects of making the resonance peak sharper and increasing the peak
stress in the spring arms. In order to avoid extreme pressure differentials between the internal
volume of the piston and the expansion space of the SCSS, the pressure within the internal
volume of the displacer piston must be equalized with that in the back shell of the displacer. The
displacer piston is filled with a high temperature pyrogel insulation and radiation shields to minimize convective and radiative internal losses.
Body
The body assembly is the mechanical, electrical, and thermal interface for each of the mechanisms within the SCSS and between the SCSS and the other sub systems. There are two distinct
components of the body assembly:
 7KH Central Mounting±WKLVSURYLGHGDOOVWUXFWXUDOPRXQWLQJSRLQWVWRRWKHUVXEV\VWHPV
DQGPHFKDQLVPVWKHHOHFWULFDOLQWHUIDFHVDOODPELHQWWKHUPDOLQWHUIDFHVDQGDOOYDFXXP
VHDOV
 7KHFRPELQHGRegenerator & Hot End Heat Exchanger Assembly±GHILQHVWKHKLJKWHP
SHUDWXUHWKHUPDOLQWHUIDFHPDLQWDLQVWKHWHPSHUDWXUHJUDGLHQWDFURVVWKHHQJLQHDQGDE
VRUEVWKHVLJQLILFDQWGLIIHUHQWLDOWKHUPDOH[SDQVLRQ7KLVFRPSRQHQWLVSUHGRPLQDWHO\PDGH
IURP,QFRQHO
Combining the space-proven engineering principles of long-life cryocooler mechanisms with
the high temperature materials required for the ERSG has been challenging.
A typical cryocooler (operating from room temperature) cannot experience a temperature
gradient larger than 300 K, whereas the ERSG experiences a 600 K thermal gradient under
nominal conditions with scope to increase this further, either by increasing the hot-end temperature or by the thermal rejection interface being chilled. Differential thermal expansion impacts
the materials selection and the mechanical design to a far greater extent than with a cryocooler.
This is most obvious when viewing the spider-like hot end heat exchanger (HEHE) shown in
Figure 3. The HEHE is additively manufactured from Inconel 718 and is joined to a regenerator
that is coaxially located outside of the displacer bore. This configuration saves mass, reduces
piston drag, and minimizes the complexity of the displacer piston. The HEHE is also the point
where the cylindrical symmetry of the displacer piston meets the cubic symmetry of the heat
source. The additive manufactured parts and associated pipework make this transition relatively
painless.
The heat flux through the central body is larger than that in a typical cryocooler and forced
the selection of grades of aluminum with a high thermal conductivity. The impact of this was that
it was particularly challenging to achieve a consistent hermetic seal against high pressure and
vacuum owing to aluminum being especially soft and easy to deform. Welding the electrical
feedthroughs also required a process to be developed, again, to ensure the joint was sealed.
Furthermore, in order to ensure that the heat of compression can be rejected effectively, the
compression space is not a simple bore leading to a transfer line. Instead a complex sun-flowerlike pattern of radial fins was wire eroded into the compression space to maximize surface area
whilst minimizing pressure drop.
Fuel Module Subsystem
The FMSS insulates the heat source from the external environment and provides a conduction path through a Nickel plate to the SCSS. The construction is similar to a pair of concentric
Dewars, each with an evacuated space between two thin walls. The inner high-temperature
container is made from Inconel 718 and the outer container from stainless steel. This construction has been optimized for minimal mass with a given thermal loss budget. During acceptance
testing the FMSS demonstrated a predictable temperature profile, which allowed calorimetry to
be conducted. The FMSS experienced internal peak temperatures in excess of 1200 K during
acceptance testing.
The FMSS testing also demonstrated the hot end safety system (HESS). The HESS is required to ensure the ERSG has the inherent ability to prevent overheating of the fuel cells within
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the FMSS, and thereby ensure environmental protection and safety. In the event of overheating,
a thermal fuse allows the lid of the FMSS to be ejected - compromising the insulation and
allowing excess heat to radiate away. This is a single use system that can be reset on ground, but
not after launch.
+HDW6RXUFH
The differences between the heat sources for the breadboard ERSG and a flight version are
considerable. The breadboard ERSG is using a bespoke and controllable resistive heater; whereas,
in flight, the ERSG will require three 145 Wth americium-241 radioisotope fuel cells each with a
mass of 4.6 kg. Americium-241 produces a quarter of the specific thermal power of plutonium238 (used in all NASA RTGs) but can be extracted and purified from the European civil nuclear
stockpiles.
3RZHU &RQWURO(OHFWURQLFV
The PCE has two functions:
 Power conversion RI WKH 6&66 DOWHUQDWLQJ SRZHU RXWSXW WR D WLJKWO\ VSHFLILHG 9 '&
VXSSO\ ZKLOVW FRQVWDQWO\ GHPDQGLQJ :H IURP WKH 6&66   ,Q RUGHU WR PD[LPL]H WKH
SRZHUWUDQVIHUIURPWKH6&66WKH3&(KDVEHHQEXLOWWRRSHUDWHDWKLJKHIILFLHQF\ZLWKD
SRZHUIDFWRURIRQH7KH3&(KDVEHHQGHVLJQHGWRDSSHDUDVDUHVLVWLYHORDG IURPWKHSRLQW
RIYLHZRIWKH6&66 7KLVHQVXUHVWKDWWKH3&(LQWHUQDOG\QDPLFVKDYHOLWWOHHIIHFWRQWKH
XSVWUHDPWKHUPRPHFKDQLFDOV\VWHPZKLOVWSURYLGLQJDQLQWXLWLYHQHJDWLYHIHHGEDFNORRS
EHWZHHQWKHFXUUHQWGUDZQDQGWKHDPSOLWXGHRIWKHPHFKDQLVPZLWKLQWKH6&66
 Converter controlSURYLGHVDFWLYHYLEUDWLRQUHGXFWLRQWRWKHEDODQFHGGLVSODFHUSURWHFWVWKH
PHFKDQLVPIURPRYHUVWURNLQJDQGSHUIRUPVKRXVHNHHSLQJIXQFWLRQV7KHSKLORVRSK\XQ
GHUSLQQLQJWKHDFWLYHYLEUDWLRQFRQWUROKDVEHHQUHSRUWHGSUHYLRXVDW,&& ZLWKLQRUELW
GDWDIURPWKH3ODQFNVDWHOOLWHWKDWVKRZHGWKHDELOLW\WRUHGXFHWRWDOPHFKDQLVPYLEUDWLRQE\
IRXURUGHUVRIPDJQLWXGH
6XSSRUW6WUXFWXUH
The support structure is designed to provide mechanical stability to the FMSS and SCSS
during performance testing. It has been specified to withstand mechanical environmental testing
including launch vibration testing.
6&66$&&(37$1&(7(67,1*
This section provides an overview of some of the characterisation testing conducted on the
mechanisms of the SCSS prior to integration with the ERSG. Although a detailed and extensive
acceptance-test campaign has been completed for all of the major sub-system, the SCSS is the
most relevant to this journal on cryocooler engineering.
There are two broad categories of acceptance test conducted on the SCSS:
 &KDUDFWHUL]DWLRQ±SURGXFHGDWDWKDWFDQEHXVHGWRYDOLGDWHGHVLJQPRGHOOLQJRUXSGDWHWKH
V\VWHPSHUIRUPDQFHSUHGLFWLRQ7KHVHWHVWVEXLOGFRQILGHQFHWKDWWKHSUHGLFWHGsub-system
performance will be achieved
 )XQFWLRQDO ± HPSLULFDOO\ GHPRQVWUDWH WKDW WKH ZRUNPDQVKLS RI WKH VXEV\VWHP LV ZLWKLQ
VSHFLILFDWLRQ 7KHVH WHVWV EXLOG FRQILGHQFH WKDW WKH SUHGLFWHG sub-system lifetime will be
achieved.
Characterization of the SCSS
Characterization test results matched design modeling predictions with good agreement for
both the alternator and displacer motor architectures. Example motor constant and spring rates
are compared with modelled predictions in Figure 4. The total spring rate and suspension spring
rate are both measured directly, whereas the magnetic spring rate is derived from the previous
two measurements. The magnetic (or reluctance) spring results from the interaction of the mov-
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Figure 4. A selection of alternator characterization test results compared with modelling predictions.
Displacer testing demonstrated similar agreement.

ing magnet with the static magnetic yoke. The motor constant is measured directly at several
positions. The motor constant measurements for alternators were particularly prone to noise
because small perturbations in the position of the motor were translated into significant currents
within the coil.
At every possible opportunity, the alternator and displacer mechanisms have been designed
to be highly tuned with minimum damping. The Q-tests for an example alternator and momentum compensator (shown in Figure 5) demonstrate that low-level damping can be achieved with
eddy current reduction techniques. The relative impact of these techniques was discussed in
ICC 19.5 Several loss mechanisms have been studied in detail. The electrical and magnetic loss
mechanisms are categorized as either dynamic or static losses. The dynamic losses are studied
when the mechanism is in motion, and the static are studied when the piston is clamped in a fixed
position. By varying current, positon, and frequency, each of the following can be quantified:
Joule heating, core losses, and eddy currents. The absolute contribution of each loss is small and
therefore difficult to measure. In order to verify the analysis, the inductance of each motor was
derived from an equivalent circuit model and compared to the inductance prediction made by
static magnetic FEA. The agreement between analysis and FEA modeling for the displacer
inductance (Figure 5) was superb and validated this approach; however, there was noticeable
difference for the alternator inductance. The FEA predicts that the alternator inductance is a
function of both mechanism position and current, which is not accounted for in the loss analysis.
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Figure 5. Displacer/Alternator inductance compared with modelling (top), blue trend lines are results
derived from experimental data. The Q-tests measure a mechanism’s free-oscillation damping characteristics
for an alternator and a momentum compensator (below).

)XQFWLRQDO7HVWLQJRIWKH6&66
Among other measures, leak rates, weld trials, and materials testing have all contributed to
the enhanced confidence that the ERSG will demonstrate the same long-life characteristics expected from a cryocooler. Each of the four mechanisms has been run on the bench for several
weeks intermittently with a combined number of cycles approaching 109.
The results of the suspension life-testing are shown in Figure 6. The suspension for the
alternators and balanced displacer use different flexure springs, which required separate validation. The springs experienced reversed bending at ~90 Hz for at least 107 cycles (a threshold
generally accepted as demonstrating infinite fatigue life) at the maximum stroke in operation,
before the amplitude was increased and cycling was repeated. This process continued until the
suspension failed. Both spring designs failed at >140% max stroke.
1(;767(36
Performance tests will demonstrate the first power production from the breadboard ERSG,
and we hope to report on these results in the near future. The Heracles (lunar missions) program
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has identified a need for an RPS system and that an ERSG could meet their requirement.6,7 We
will aim to establish the requirements of the Heracles missions for an ERSG to better inform our
evaluation of the performance data.
$&.12:/('*0(17
This first phase of the ERSG development is funded by ESA as part of the AURORA Mars
Robotic Exploration Preparation (MREP) Programme.
5()(5(1&(6
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