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Abstract:  This paper presents recent advances in the development of various MEMS 
(Micro Electro Mechanical Systems) devices suitable for electric propulsion applications.  
A Xenon flow control module for precision control of flow rates, and a new type of particle 
filters and a miniaturized isolation valve are presented. The development of these products is 
on-going, but recent achievements have demonstrated that besides miniaturization also 
unique performance or functionality can be achieved.  
The most advanced device presented in this paper is a miniaturized Xenon flow control 
module, incorporating a proportional flow control valve and mass flow sensing device.   
The module is operated in closed loop, using actual mass flow as control signal for the 
proportional flow control valve. The module can rapidly (typically < 500 ms) respond to any 
demanded flow rate and can resolve and act upon flow rate changes down to around 0.1� g/s. 
The module consumes less than 0.5 W power during operation and the complete module 
weighs less than 60 grams.  
Also other small and advanced devices suitable for Xenon feed system applications, are 
presented in detail in this paper.  

Nomenclature 
EP = Electric Propulsion 
COTS = Components on the Shelf 
GHe = Gaseous Helium 
MEMS = Micro Electro chemical Systems 
µg/s = microgram per second 
ms = millisecond 
MEOP = Maximum Expected Operating Pressure 
PID = Proportional Integral Derivative 
PRM =  Pressure Regulating Module 
SPI =  Serial Peripheral Interface 
W = Watt 
XeFCM = Xenon Flow Control Module 
XeFCS = Xenon Flow Control System 
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I. Introduction 
uture mini ion engines, currently under development, will require Xenon flow control systems capable of 
supplying highly controllable and accurate flow rates, at very low mass flows. All existing xenon feed system 

are based on conventional components and cannot meet these 
new requirements of regulating flows in the range of 0.05-8.0 
mg/s. MEMS technology is believed to be the key technology. 
A MEMS based Xenon Flow Control System (XeFCS) is 
currently under development. 

The XeFCS consists of two major subassemblies, a 
pressure regulator module (PRM) and a xenon flow control 
module (XeFCM). Both modules are miniaturized by 
integration of MEMS components into the same subassembly 
housing. With multiple MEMS components in an individual 
housing mass is significantly reduced. Components that 
usually require individual housing can now operate in the 
same housing.  
Taking the integration one step further, MEMS components 
can be integrated directly to each other. By this, the dead 
volumes usually formed by piping and sealing mechanism are 
totally removed, keeping the dead volumes to minimum, dead 
volumes that usually introduce delays. 
 

II.  Xenon Flow Control System  
 
The Xenon flow control system consists of three major sub 

assemblies as shown in the schematics in Figure 1. The 
pressure regulating module (PRM) and the Xenon flow control 
module (XeFCM). Both subassemblies contain MEMS 
components. In addition to this a neutralizer flow control 
module, a test port and of course piping will be part of the 
XeFCS. There will only be one neutralizer and one PRM per 
EP system, but one XeFCM per ion thruster, the latter 
extendable to supply up to eight thrusters with one system. 

This paper will describe the Flow control module only. 
Details of the Pressure regulator module can be found in [1]. 

F 

 
Figure 1. Block diagram of the Xenon Flow control 
System (XeFCS).  
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III.  Xenon Flow Control Module (XeFCM) 

A. Description 
 
The most important function of a Xenon feed system is to 

control the flow rate to the individual thrusters in the system [2]. 
With our system design, the flow control functionality is 
gathered in the Xenon Flow Control module (XeFCM) and one 
XeFCM is typically needed for each thruster in the propulsion 
system. The Xenon Flow Control module (XeFCM) comprises 
several components as shown in Figure 2. 

The primary Main shut-off valve is a COTS, normally 
closed, solenoid valve. This valve provides a leak tight seal when 
the specific XeFCM is not used. The downstream components of 
the main shut-off valve are all MEMS based. The most essential 
component of the XeFCM is the proportional flow control valve. 
This MEMS valve is equipped with multiple sensors. Both 
pressure and temperature are measured within the valve chip. 
The mass flow through the device is measured with a mass flow 
sensing device, also manufactured using MEMS technology.  

B. Design 
 

The module is a cylinder with 43 mm in 
diameter. The height of the cylinder is 17 mm, as 
shown in Figure 3. Mechanical interface is formed 
by 1/8” weldable studs on the inlet and outlet. 
Electrical interface is formed by 10 flying leads. 
The installation length, i.e. weld stud to weld stud 
is approximately 40 mm. The mass of the module, 
manufactured in stainless steel, is approximately 
60 gram. 

The voltage input requirement for the pressure 
and mass flow sensing device is at least 7 volt, and 
the output pressure and temperature measurement 
are digital, using the SPI bus. 

The proportional valve requires an analogue 
voltage between 3-8 V, and consumes around 0.5 
W power in closed-loop control operation. 

 

C. Specification 
 
A summary of the XeFCM specification is shown in Table 1 below. 
The baseline design is welded titanium housing with 1/8 inch weldable tube studs. However, housing made from 

stainless steel and/or other interfaces can be supplied.  

 
Figure 2. Block diagram of the Xenon Flow Control 
Module (XeFCM)  
 

 
Figure 3. The completed Xenon Flow Control Module. 
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Table 1: Specification of the XeFCM 

Parameter Performance 
Operating media  Xe 
Flow rate range* 0.05 – 8.0 mg/s (full scale) 
Flow rate accuracy ± 1% (of full scale) 
Flow rate resolution ± 0.5% (of full scale) 
MEOP 3 bar 
Temperatures operating/ 

      non-operating 
0 – 50 °C / 
-20 – 60 °C  

Leakage, external < 10-6 scc/sec GHe@MEOP 
Diameter 43 mm 
Length  40 mm 
Mass  60 gram 
Interfaces 1/8 inch weldable tube studs 
Material Titanium alloy, Ti-6AL-4V 
Sensor output Inlet pressure, massflow, temperature 

*Maximum flow rate is tailored to customer requirements within this range. 
 

D. Proportional valve and closed loop flow control  
 
The single most important feature of the flow control device is 

the closed loop control of the flow rate.  In this context, closed loop 
control means that the mass flow rate is measured in real time and 
the signal is used to control the proportional flow control valve in 
such a way that the desired mass flow is delivered. This flow control 
strategy ensures that the delivered flow rate is essentially 
independent to disturbances in feed pressure or variations in 
temperature. Notably, the mass flow sensor and the front end 
electronics are included in the flow control module housing in order 
to maximize accuracy and minimize response time. 

The proportional flow control valve is completely manufactured 
using MEMS, and comprise four fusion bonded wafers. One valve is 
measures 20x7 mm, and has a thickness around 1.2mm. After 
manufacturing, the valve is metallized and the MEMS flow sensor 
device is integrated directly to the valve chip. 

The accuracy of the mass flow sensor is important. Therefore the readout electronics required are integrated 
within the XeFCM housing, keeping the distance between sensor and electronics to a minimum. 

E. Demonstrated flow control capability 
 
The key function of the FCM is to deliver a stable and accurate outflow of Xenon corresponding to the 

commanded value. The maximum flow rate can be tailored to the specific application anywhere in the range 0.05 to 
8 mg/s. 

Tests have demonstrated highly accurate flow control accuracy and resolution even at very low flow rates. As an 
example, the figures below shows commanded (blue) and delivered (pink) flow rate for a test in the 5 – 40 µg/s 
range with commanded steps of 8 µg/s. This module was manufactured to serve to 5-50µg/s flow range. 

 
Figure 4. The proportional flow control 
valve with integrated mass flow sensor.  
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Figure 5 is an output from test of the device in mass flow closed loop operation. In this test 8µg/s changes was 
commanded. The PID control algorithm causes the flow rate to over/under shoot initially, but is quickly stabilized 
around the commanded flow rate. With a well calibrated mass flow sensing device very small flow rate changes 
could be commanded, as shown in Figure 6.  

In the test visualized in figure 6 step changes around 0.2µg/s are demanded. The proportional valve adjusts the 
flow rate accordingly. The valve was, in this case, operated with an analogue voltage in the 3-6 volt range and 
required around 0.5 W. Also pulse modulated voltage can be used to operate the proportional flow control valve. 
 

 
Figure 5. Commanded and measured mass flow using the closed-loop flow control unit.  
 

Figure 6. Minute flow rate changes and the measured XeFCU response in the nanogram/s-regime. 
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IV.  Other Components 

F. MEMS Isolation Valve, MIV 
 
The MEMS isolation valve is a single shot valve 

suitable for isolating the pressurized Xenon tank from the 
rest of the feed system and thrusters during ground 
operations and launch. The isolation valve is sealed with a 
metal plug which upon electrical activation is melted and 
thus opens the flow path [3]. After activation, the melted 
plug is captured inside the chip. There is no pyrotechnics, 
no moving parts and no shock created upon opening. 

Note that the valve requires a pressure difference 
(higher on the inlet side) at actuation. 

A key feature of the isolation valve is redundancy 
which is achieved by two separate inlets with individual 
electrical activation. The isolation valve also has built in 
coarse particle filter with a rating of about 30 micron. After 
activation, the valve can also be used as a heater of the 
Xenon.  

 
Another application of the MEMS isolation valve is to isolate the system during integration and testing. The 

valve is then actuated prior launch. 
 
A summary of the specification of the MEMS Isolation valve is shown in the table below. 
The baseline design is all-welded titanium housing with ¼ inch weldable tube studs. However, for engineering 

model builds also stainless steel and other interfaces can be supplied.  
 
Table 2: Specification of the MEMS isolation valve 
Parameter Product and Performance 
Maximum Operating Pressure (MEOP) 190 bar 
Proof Pressure 380 bar 
Burst Pressure 760 bar 
Max flow rate 600 mg/s (Xe @ MEOP) 
Filtration 30 micron 
Propellant Compatibility Xe, GN2, He, Ar 
Internal leakage (before activation) 10-5 scc/sec (Xe @ MEOP) 
External leakage 10-6 scc/sec (GHe @ 10bar) 
Material Titanium 
Mechanical Interfaces  ¼ inch tubing 
Electrical Interfaces Flying leads 
Actuation Voltage 28 V 

 

 
Figure 7. The MEMS isolation valve.  
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G. MEMS Filter 
The MEMS filter under development by NanoSpace is 

used for pressurant gases in propulsion systems. The filter 
design is based on a stacked disk concept which makes the 
filters scalable in the sense that the flow capacity and the dirt 
holding capacity can be controlled with the number of 
stacked disks. 

The filters are available in 5, 10 or 20 micron absolute 
rating.  

A summary of the specification for the 5 and 10 micron 
filter is shown in Table 3 below. 

 
Table 3 : Key specification of the system filter 
 

 
 
 
 
 
 
 

H. Xenon Flow Restrictor, XFR 
 
The NanoSpace MEMS flow restrictor has the same 

heritage, shape and interfaces as the XeFCM described 
above. The difference is that the XFR is designed to 
deliver a constant flow of Xenon to an ion engine. It is 
a passive device, calibrated to meet the flow rate to 
specific ion thrusters for a given state (pressure and 
temperature) of the incoming Xenon. The XFR has a 
built-in inlet filter to protect the calibrated flow 
restrictor device. 

Some of the key requirements of the XFR are 
shown in Table 4 below. 

The baseline design is welded titanium housing 
with 1/8 inch weldable tube studs. However, for 
engineering model builds also stainless steel and other 
interfaces can be supplied. 

I. Xenon Flow Restrictor and flow Sensor, XFR-S 
 
As an option, NanoSpace can offer a Xenon flow restrictor with built in sensors (XFR-S). In terms of flow 

control capability this is a constant flow device calibrated to deliver the specific flow rate at a given inlet condition. 
In terms of flow sensing, this device is similar to the XFR with the addition that also the outlet pressure is measured 
together with inlet pressure, flow rate and gas temperature. The size and mass of the XFR-S is similar to the XFR. 

The XFR-S has the same key specifications as the XFR with the optional sensor output listed in Table 4 below. 

 
Figure 8. The MEMS filter in its titanium 
housing.  
 Parameter Specification 

Absolute Filtration Rating 5 µm 10 µm 
Operating Pressure Range (Xenon) 2-190 bar 2-190 bar 
Flow Capacity (Xenon) 
Applied Pressure 
Pressure Drop 
Mass Flow 

 
MEOP bar 
< 1 bar 
10 slm Xe 

 
MEOP 
< 0.5 bar 
100 slm Xe 

Dirt Holding Capacity 0.1 g 0.8 g 
Propellant Throughput 100 kg 300 kg 
Propellant Compatibility Xe, GN2, He Xe, GN2, He 
Material Titanium alloy, 

Ti-6AL-4V 
Titanium alloy, 

Ti-6AL-4V 
Interfaces  ¼ inch tubing ¼ inch tubing 

    
   Figure 9. The Xenon Flow Restrictor. 
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Table 4: Key Specification of the XFR and the XFR-S. 
 

Parameter XFR Performance XFR-S Performance 
Operating media  Xe Xe 
Flow rate* 5 µg/s to  8.0 mg/s 5 µg/s to  8.0 mg/s 
Flow rate accuracy ± 5%  ± 5%  
MEOP 3 bar 3 bar 
Temperatures:   

operating/ 
non-operating 

 
      0 – 50 °C / 

 - 20 – 60 °C 

 
       0 – 50 °C / 

 - 20 – 60 °C 
Leakage < 10-6 scc/sec GHe@MEOP < 10-6 scc/sec GHe@MEOP 
Diameter 43 mm 43 mm 
Length  40 mm 40 mm 
Mass  50 gram 50 gram 
Interfaces 1/8 inch weldable tube studs 1/8 inch weldable tube studs 
Material Titanium alloy, Ti-6AL-4V Titanium alloy, Ti-6AL-4V 
Sensor output NA Inlet pressure, massflow, temperature,  

outlet pressure 
 

 *Maximum flow rate is tailored to customer requirements within this range. 
 

V. Discussion 
The response time of a thermal valve is known to be rather slow. In these test the response time is found to be 

around one second. It is however possible to reduce this time will better control algorithms.  
A remaining issue is to address variations in temperatures, as the component must work properly within the 

desired temperature span. All experiments have been performed in room temperature. Variations in temperature will 
clearly affect the flow rate. This is a known issue, why the valve chip is equipped with temperature sensors. At this 
time no temperature correlation experiments have been performed.   

The mass flow sensing device is incorporated in the same valve chip. This means that dead volumes are kept at a 
minimum. Despite the small volumes, the thermally actuated valve cannot meet the solenoid valve in terms of 
response times. However, with the integrated mass flow sensing device the complete module can resolve, and act 
upon, very small mass flow changes. 

VI.  Concluding remarks 
 
The XeFCM demonstrated in this paper can clearly operate in the designed flow rate regime. It can vary the flow 

in large steps, but has also the ability to perform very small changes in flow rate.  
The mass flow sensing device included in the module is capable to resolve very small flow rate changes. This is, 

of course, of uttermost importance. The valve needs a reliable feed-back signal to operate properly. 
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