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Abstract: Multi-channel Hall-effect thrusters are devices where several Hall current 
discharges share a common magnetic circuit, cathode, and power supply. This arrangement 
provides not only most of the advantages commonly attributed to multi-thruster assemblies, 
or clusters, but also facilitates control of the direction of thrust without the need for a 
complex gimbal mechanism. In addition, it reduces the mass penalty associated with 
clustering multiple, independent thrusters. Several conceptual designs are presented, and the 
thrust steering performance is discussed. Electrical propulsion sub-system trade-offs 
associated with such an architecture are presented. Example mission applications and 
associated mass and cost benefit estimates finally illustrate this study. 

Nomenclature 
F = thrust, N 
Fx, Fy, Fz = X-, Y- or Z-component of the thrust vector, N 
Fxy = component of the thrust vector in the XY plane, N 
g0 = standard free fall, approx. 9.8 m/s² 
i = channel number index 
Isp = specific impulse, s 
m&   = mass flow rate, kg/s 

m&∆   = variation of mass flow rate with respect to nominal, kg/s 
α = thrust vector angle with respect to multi-channel thruster centerline 
β = angle of convergence between individual channel axis and the multi-channel thruster centerline 
γ = angle of rotation about the Z axis of the plane containing both axis Z and the thrust vector 
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I. Introduction 
ULTI-thruster assemblies, or clusters of thrusters, have a number of advantages over monolithic designs that 
have already been discussed in the literature.1-4 One such advantage is reliability, because of their increased 

tolerance to failure of an individual thruster. Clusters also provide extended throttleability for efficient operations 
because individual thrusters can be switched on and off as needed, and can thus operate at power levels closer to 
optimum even though available input power may vary throughout the mission. Clustering also enhances system 
scalability, and reduces design, development and qualification costs because the addition of individual thrusters as 
required by new missions generates only limited new equipment developments and flight qualification. These may 
be limited, e.g., to a new thruster switching unit. Finally, clusters place less demanding requirements on testing 
facilities, specially for high power electric propulsion missions, by allowing representative testing to be carried out 
at single-thruster level, i.e., on a fraction of the total cluster power and mass flow rate. 

M 

 Clusters of thrusters can also provide the ability to control the direction of the thrust vector without relying 
on a thruster pointing mechanism. By steering the average thrust vector, it is possible to perform attitude control 
operations by offsetting the thrust vector from the center of gravity of the spacecraft. On the contrary, it is also 
possible to counteract parasitic torques by aligning the thrust vector in such a manner as to track the displacements 
of the center of gravity of the spacecraft as induced by thermal deformations and by consumption of propellant. 
Using a greater number of fixed thrusters is the solution selected, for example, on the Russian GALS, Express, 
Sesat, Kazsat, and Yamal family of telecommunications satellites, which feature eight SPT-100 or SPT-70 Hall 
thrusters.5,6  

 This is an alternate solution to state-of-the-art Thruster Module Assemblies,7 where two sets of redounded 
thrusters are each mounted onto a Thrust Orientation Mechanism or TOM (Figure 1). Only four individual thrusters, 
including full one-to-one redundancy, are thus necessary for the two TMAs on a satellite. Initially developed for the 
CNES Stentor technology demonstration satellite, the Snecma TMA has been in use in flight for North-South station 
keeping duties on board European geostationary satellites since 2004. A TMA (Figure 1) includes a TOM in order to 
ensure proper alignment of the thrust vector with the center of mass during the satellite operational mission, as 
propellant or other working fluids are depleted. On the current TMAs, the TOM mass is 11.3 kg and each thruster 
weights 3.5 kg. 
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Figure 2. The PPS®1350-TSD, a Hall-
effect thruster fitted with a Thrust
Steering Device. The TSD comprises no
moving parts and demonstrated ± 15-degree
gimbal authority on 2 axes.  
Figure 1. Thruster Module Assembly (TMA). The
Snecma TMAs, flown on the Intelsat-X-02, Inmarsat-4
F1 and Inmarsat-4 F2 satellites, include two SPT-100
Hall thrusters fitted onto a Thrust Orientation
Mechanism (TOM) with ± 12-degree gimbal authority
on 2 axes. 
 Conference, Florence, Italy  
2007 



 A less mature solution involving a thrust steering capability built into individual thrusters is another option to 
permit thrust vector control.8-11 The Thrust Steering Device (TSD) tested on the PPS®1350 (Figure 2 and Reference 
11) involved a set of 4 TSD electromagnets and pole pieces fitted onto the front piece to locally tilt the magnetic 
layer and therefore the gradient of electric potential responsible for the ion acceleration. Further work is still on-
going on this solution. Long-term erosion and performance stability issues remain on this concept, however, because 
of the unsymmetrical erosion pattern generated. In addition, the definition of an appropriate life test sequence for 
flight qualification of such a device for commercial applications might prove extremely difficult: if the possibility 
exists that lifetime may be a function of the thrust vector steering history, it becomes practically impossible to 
demonstrate that the way in which the thrust vector is steered during a particular lifetime test sequence is more 
severe than some random law that might be encountered in real operation. As a consequence, this device, which has 
never been used on an operational thruster, is more likely to find its first application on a low total-impulse, low-cost 
exploration mission relying on a single thruster. 

The use of multi-thruster assemblies is thus an attractive solution, both for high-power electric propulsion 
missions, and for providing thrust vector control authority without using a gimbal mechanism. Among the 
disadvantages of clustering, on the other hand, are a slightly lower engine performance and a larger system dry mass 
for a given total available power. This is because large monolithic thrusters typically yield a higher efficiency, and a 
lower dry mass when compared to an array of lower-power thrusters of equivalent aggregate power.1,4

One way of mitigating the mass penalty is to resort to an arrangement in which what may be called a single 
(multi-channel) thruster comprises a plurality of main discharge channels with a maximized level of shared 
components (Figure 3). A previous paper12 contains a more detailed description of the preliminary design of such a 
device and the thrust steering performance. This paper focuses on the main electric propulsion sub-system trade-offs 
associated with this architecture, and provides further illustration of possible mission applications. 
 
 

II. Description of a Multi-Channel Hall Thruster 
A multi-channel thruster (or MCT) may include two, three (Figure 3) or even four discharge and acceleration 

channels,13-16 arranged in such a way as to minimize the mass of the (shared) magnetic circuit and structure. 
Provided that the different channels and associated magnetic layers have converging main axes, then the direction of 
the resulting thrust vector can be controlled without the use of a thruster pointing mechanism, but rather by taking 
advantage of the flight-demonstrated throttleability of Hall thrusters. On the ESA Smart-1 mission for example, the 
1500-W nominal power PPS®1350-G Hall thruster was throttled over an input power range of 462 W – 1190 W to 
fit the mission power constraints.17 Throttling each individual discharge independently on a MCT would then permit 
the angular deviation of the resultant thrust vector. 

 
 

 

3

1 2

Y 

Z 

X

Figure 3. Example of a multi-channel Hall-effect thruster. 
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In a MCT, the different channels share not only the same magnetic circuit and support structure, but also the 

cathode, xenon feed system (in large part), and electrical harness. At system level, the mass penalty compared to a 
single thruster of equivalent aggregate power is therefore significantly lower than that of a conventional cluster of 
thrusters. 

In the example depicted in Figure 3, the MCT comprises three individual channels, three internal electromagnet 
coils and pole pieces, and seven “external” (or secondary) electromagnet coils with a shared outer pole piece and a 
common baseplate. Depending on the size of the device, the number of external coils may lie in the range 4 – 10 
(Figure 4) so that magnetic field symmetry, mass, and thermal management aspects may be optimized.  

 
Figure 4.  Alternate configuration with 10 “external” coils for a three-channel Hall thruster.  
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Figure 5a. Two-channel Hall thruster. Figure 5b. Four-channel Hall thruster.
 
The number of closed-electron-drift discharge chambers arrayed in the MCT can be varied, much like the 

number and arrangement of thrusters in a cluster. Other arrangements can thus comprise 2 or 4 channels (Figure 5). 
A special case is a two-chamber thruster (Figure 5a), in which the angle β  between an individual discharge channel 
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axis and the MCT main axis can lie in the range 5 – 20 deg. In this essentially rectangular configuration, fine thrust 
pointing about one axis is provided by the differential throttling of the two discharges, while broader mobility about 
the perpendicular axis can be provided by a one-axis, simple and lightweight gimbal mechanism tilting the thruster 
baseplate. This configuration may be useful when the thrust pointing requirement covers a large angle about one 
axis, and a smaller angle about the other. For example, this situation may occur when switching from an orbit-
transfer to a station-keeping configuration on a telecommunications satellite, or when the direction of thrust must 
change between the orbital plane and off the orbital plane for inclination correction, e.g., for GTO-GEO transfer or 
for planetary exploration missions. 

 
 

III. Thrust Steering Performance 
This section details how this system makes it possible to achieve easy and effective control over the thrust vector 

angle, with deflection angles of sufficient magnitude. Importantly, this systems does not generate any non-
symmetrical flow, electric, or magnetic fields and erosion patterns on each individual discharge and acceleration 
channel. 

An obvious way of steering the beam generated by a MCT could be to switch off all but one channel. The 
resulting beam steering angle would be maximum, and equal to the channel angle of convergence β  (Figure 5a). If, 
however, the thrust steering requirement is such that the MCT must be operated on only one individual channel 
throughout most of the mission, each channel must then to be sized to generate to total required thrust – or to 
process the total input power for the propulsion. As a result, a 3-channel thruster would be sized for three times the 
nominal power level, leading to a significant mass penalty. 

Thrust vector control is thus more likely to be applied by fine throttling of individual chambers through control 
of the propellant mass flow rate fed into the corresponding gas distributors. For a fixed magnetic field applied in the 
magnetic layer region of a Hall thruster, there exists a propellant mass flow rate range – and therefore a discharge 
current range – for which stable, efficient engine operation can be maintained. For example, the 5-kW class 
PPS®X000 technology demonstrator can be throttled over a Xe mass flow rate range of 6 – 19 mg/s (or a range of 
approximately 1 to 3) at constant magnet current while maintaining an almost perfectly linear dependence of thrust 
to mass flow rate.18 Therefore, since thrust is substantially proportional to discharge current and mass flow rate over 
a rather large range about the nominal operating point, it is easy to control the individual thrust generated by each 
channel by modifying the mass flow rate while maintaining constant the (common) magnetic field and anode 
voltage. 

The rest of this section presents the trade off that must be performed between throttling range, number of 
channels in the MCT, and maximum achievable thrust steering angle. The analysis below is extracted from a broader 
study performed for Snecma by the Keldysh Research Center19 and is also presented in more details in Ref. 12. 

Assuming a 3-channel thruster where all channels are identical and placed in symmetrical fashion about the 
MCT main axis, as in Figure 3, then the thrust generated by the MCT when no thrust vector deviation is applied is 
along the MCT main axis and is given by: 

 
           βcos3 00 spz IgmF &=              (1) 
 
In this equation,      is the nominal mass flow rate fed to each individual channel, g0 is the standard free fall, the 

angle β  is the angle of convergence between each individual channel axis and the MCT main axis Z  (as shown in 
Figure 5a), and Isp  is the specific impulse calculated for each channel along its own axis. This assumes that the 
thrust generated by Hall thrusters operating simultaneously in a cluster is additive, and that the anode efficiency and 
specific impulse are approximately equal to those of a monolithic thruster, an assumption that is supported by 
different experimental studies of clustered Hall thrusters.3,20

If the mass flow rates fed into the channels are different, a lateral force component Fxy  will appear because of 
the loss of symmetry. Assuming that the requirement is to tilt the thrust vector at constant power level, i.e., without 
changing the thrust magnitude, then the total mass flow rate must be conserved and the sum of all mass flow rate 
variations over the individual chambers                              must be zero. If the thrust vector must be tilted, e.g., about 
the X-axis in the +Y-direction, then the magnitude of the thrust F1, F2, and F3 generated by each channel (Figure 6) 
can be written as: 

321 mmm &&&

0m&

∆+∆+∆
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The specific impulse is in principle a (weak) function of 

mass flow rate at constant anode voltage, but the first-order 
assumption is made here that the mass flow rate variations do 
not significantly affect Isp. As a consequence, the projection 
Fz  along axis Z  of all three vector contributions F1, F2, and 
F3  is unchanged and Equation 1 still holds. 

Using the projections along axes X  and Y  of all vector 
contributions, the magnitude Fxy of the lateral thrust vector 
component is given by 

 
  22

yxxy FFF +=               (5) 
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Figure 6. Vector diagram for 3-channel
thruster.where, for a symmetrically arranged 3-channel thruster with 

channel convergence angle β : 
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The plane containing both axis Z  and the thrust vector F  makes with the X-axis an angle γ3  given by 
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Finally, the angle of deviation α3  of the thrust vector F  from the Z-axis is given by 
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and α3, can take the maximum value defined by 
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0
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in the case where                           . In a similar fashion, it can be shown that the corresponding angles γ4   and α4  for 
a 4-channel thruster become19 

mmm &&& ∆=∆=∆ 1 3
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while the following relationship between mass flow rate variations is maintained: 
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The maximum value for α4  is finally given by 
 

           βα tan
2
2
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0
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&∆
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 Equations (10) and (14) show that, as the number of channels is increased, the maximum angle of thrust vector 
deviation is decreased for a given throttling range m&∆  and channel convergence angle β. This can also be seen in 
Figure 7, where α3max and α4max are plotted vs. β  for selected values of allowable mass flow rate ranges. It can be 
further noticed that increasing β decreases net specific impulse by a factor of cos(β)  (Equation 1) and decreases 
thrust efficiency by a factor of cos²(β). An excessive (≥ approx. 10 – 20 deg.) angle of convergence β  will also raise 
erosion and cross-compatibility issues between individual channels, and significantly increase overall divergence of 
the MCT beam. It may be possible to use negative values of the angle β, i.e., to use a geometry where the channel 
axes diverge in the downstream direction instead of converging, but the near- to mid-field beam divergence would 
then increase significantly and the moment arm available for spacecraft attitude control is also decreased. This 
configuration would also be less favorable in terms of plasma coupling between the shared cathode and the multiple 
plumes. 

Figure 7. Maximum thrust steering angle vs. channel convergence angle, for different allowable throttling
ranges. Left: for a 3-channel configuration; right: for a 4-channel configuration. 
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 This analysis demonstrates, for example, that a 2-axis thrust steering range of about 10° can be achieved on a 3-
channel configuration with convergence angle 20° if the mass flow rate is allowed to vary within ±50% of its 
nominal value. Such a thrust vector control authority is close to that achieved by state-of-the-art TMAs (Reference 7 
and Figure 1). For a 1700-s nominal specific impulse, the propellant mass penalty caused by the corresponding 
maximum 6%-reduction in Isp  is less than 4 kg per MN.s of delivered total impulse. The worst-case (no thrust 
steering) mass penalty and efficiency loss are plotted as a function of individual channel convergence angle β  in 
Figure 8. 
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 Therefore, depending on the specific mission requirements, a trade-off must be carried out between maximum 
achievable thrust vectoring angle, channel convergence angle, allowable throttling range, and number of individual 
channels. The latter will be driven by the combination of individual channel power rating and required aggregate 
power and thrust level, but also by the desired tolerance to performance degradation in case of a failure. 

Figure 8. Worst-case mass penalty per unit delivered total impulse and efficiency loss vs. channel
convergence angle. 
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IV. Propulsion Sub-System Trade-Offs 
The net cost and mass savings permitted by MCTs compared to a conventional thruster and associated gimbal 

mechanism approach can only be estimated by propagating the differences over the entire propulsion sub-system, 
and estimating their impact based on specific mission scenarios. This section provides an overview of the relevant 
sub-system issues that were considered. 

A. Cathode Sharing 
In the context of MCTs, it is possible to use only one cathode to provide electrons for the operation of all 

channels. The cathode creates a plasma cloud which makes its positioning relative to either of the beams fairly 
flexible. This has been observed in ground tests, and has also been confirmed in flight, at least for ion engines.21 In 
addition, the channel convergence β  enhances plasma beam crossing, thereby reducing the impedance between the 
beams. In the context of Hall thrusters operating off one single cathode in a cluster, changes in discharge current 
oscillations have been reported when only one thruster was operated with a distant cathode.4 In addition, changes in 
basic plume properties downstream of each thruster were observed to change significantly, although there was no 
evidence that this would result in degraded thruster performance.4,22 It was noted, however, that the discharge 
current returned to nominal behavior when a second engine was ignited, and simultaneous operation of multiple 
discharges would be the nominal operating condition for a MCT. 

More recent studies23 involving variations of cathode-sharing configuration and Hall thruster centerline 
separation distance (up to almost 2 m) have further demonstrated that the concept of cathode sharing appears very 
practical. Adding an operational or redundant cathode, should that prove necessary, also remains a possibility for a 
MCT, particularly if the number of channels is greater than 3 or 4. 
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B. Power Regulation 
Power regulation on a Hall thruster is typically performed at constant discharge voltage by controlling the mass 

flow rate of the propellant gas fed into the discharge channel. A schematic of a typical Xenon Flow Controller 
(XFC) is provided in Figure 9. In this special case, the component controlling the flow is an electrically resistive 
capillary tube called thermothrottle. The electrical current flowing through the thermothrottle governs the heat 
released into the gas flow, which in turn governs the Reynolds number and therefore the flow rate for a fixed 
upstream pressure. Other XFCs may be based on the use of a proportional control valve In a MCT, several 
approaches are possible to differentially control the rate at which propellant is fed into the individual channels 
constituting the device. The xenon flow is split into the anode and cathode branches by means of flow restrictors. 

 

  
Figure 9. Schematic of a typical flow control unit for a Hall thruster. 

 
The simplest approach is to use only one upstream proportional control device to set the total mass flow rate as a 

function of desired total discharge current, such as the thermothrottle shown in Figure 10. This line then branches 
into one downstream pipe per channel, with a simple ON/OFF valve per branch. This “all-or-nothing” scheme only 
allows very rough control since each channel is either ON or OFF, with equal repartition of the (constant) total flow 
between all operating channels. The possible combinations and resulting thrust vectors are listed in Table 1. As 
discussed previously, this is not the preferred mode of operation for the MCT: although it yields maximum beam 
steering angle capability for a fixed channel convergence angle and total flow rate, it also results in maximum mass 
penalty for a given overall power rating. A special case where this approach could be interesting is when operations 
are desired at a very low power level, e.g., for drag compensation or when available solar power becomes scarce. In 
this case each channel could be activated sequentially. This cycling mode could be achieved preferably by smoothly 
transferring the discharge from one anode to the next via  gas flow control and without switching off the shared 
cathode. 

2
1

n
…

2
1

n
…

 
Figure 10. Schematic of an “all-or-nothing” flow control unit for a MCT. 
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Since the flow regulation device is upstream of the branch separation, two different regulation strategies can be 
distinguished for this first solution. One such strategy is to simply regulate the flow based on the total current, i.e., 
the sum of all anode branch currents. This is the simplest approach but one must then rely on anode line impedance 
matching to ensure that the discharge current is evenly spread – when necessary – between the different anodes. The 
second strategy on this solution involves monitoring anode current sensors placed on each individual anode line. The 
Power Processing Unit (PPU) then regulates the total flow via the thermothrottle based on a majority vote on the n 
discharge current values or on the measurement that drifts furthest from the setpoint. If the flow to a particular 
branch is cut off, then the vote on that branch is also inhibited in the control loop. The regulation scheme becomes 
dynamic and the risk of instability is increased since the regulation is not directly applied to the drifting parameter. 

 

Table 1. Thrust vector pointing options for a 3-channel thruster with “all-or-nothing” power regulation. 

Valve anode 1 Valve anode 2 Valve anode 3 Thrust vector 
pointing 

0 0 0 Thrust off 
0 0 1 Direction 2 
0 1 0 Direction 3 
0 1 1 Direction 4 
1 0 0 Direction 5 
1 0 1 Direction 6 
1 1 0 Direction 7 
1 1 1 Direction 8 

 
A variation of the first (“all-or-nothing”) solution is to place two or more parallel flow restrictions in each 

channel feed line, in series with an ON/OFF valve (Figure 11). This scheme permits the selection of two or more 
discrete (non-zero) values of  in each anode branch depending on the number of hardware branches, thus 
providing an increased number of thrust steering directions (Table 2). Alternatively, this can permit to maintain all 
channels in operation concurrently while still allowing some thrust vector control. This solution, however, renders 
mechanical integration and leak-testing of the many tubings and connections more complex. Finally, the most 
serious drawback is the multiplication of failure modes and leakage possibilities. For small systems, the use of a 
MEMS flow regulator would alleviate this complexity issue. 

m&∆

 

 
Figure 11. Schematic of a 3-level (“all, little, or nothing”) flow control unit for a MCT. 
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Table 2. Thrust vector pointing options for a 3-channel thruster with 3-level power regulation. 

ANODE 1 ANODE 2 ANODE 3 
Valve 1 Valve 2 Valve 1 Valve 2 Valve 1 Valve 2 

Thrust vector pointing 

0 0 0 0 0 0 Thrust off 
0 0 0 0 0 1 Direction 2 
0 0 0 0 1 0 Direction 3 
0 0 0 0 1 1 Direction 4 
0 0 0 1 0 0 Direction 5 
… … … … … … … 
… … … … … … … 
1 1 1 1 0 1 Direction 30 
1 1 1 1 1 0 Direction 31 
1 1 1 1 1 1 Direction 32 
 
Finally, continuous variations of the mass flow rate fed into each channel can be achieved by placing a 

proportional flow control device on each branch, as shown in Figure 12. Such a device may be a thermothrottle, a 
proportional piezoelectric valve, or a cycled ON/OFF valve with adjustable duty cycle. The on-board computer is 
then responsible for applying thrust steering laws, with feedback from the Attitude and Orbit Control System 
(AOCS), to appropriately tune the flow in each branch based on a local (high voltage) current pickup while 
maintaining the desired condition on total flow rate. 

 

Id sensorId sensor

 
Figure 12. Schematic of a proportional flow control unit for a MCT. 

 
The advantages and drawbacks of the three options described above (with two variations on the first option) are 

summarized in Table 3. The simplest approach is to use option 1, but at the cost of flexibility and mass. The 
recommended approach is option 3, where full proportional control of the thrust vector direction and magnitude can 
be achieved, at the cost of integrating and controlling parallel XFC valves and thermothrottles. 

C. Power Supplies and Electrical Filtering 
In parallel with the maximized sharing of parts within the thruster unit itself, the architecture of the electrical 

module (Power Processing Unit, Filter Unit and Thruster) must be designed to minimize the cost and mass penalty 
with respect to a sub-system based on a single thruster of equivalent aggregate power. 
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Table 3. Summary of power regulation options. 

 TYPE OF POWER REGULATION 
 1a - All-or-nothing 

(regulation on total 
current only) 

1b - All-or-nothing 
(regulation on 

individual channel 
currents) 

2 – Multiple-level, discrete 
regulation 

3 - Proportional 

 
FLEXIBILITY 

 
Coarse thrust vector 
control and no power 
regulation of 
individual 
discharges. 

 
Improved 
controllability but 
each anode line may 
be impacted by 
current variations in 
the others. 

☺ 
Architecture similar to solution 1, 
with better performance though 
less flexible than solution 4. 

☺☺ 
Discharge current 
controlled for each 
channel. Fully 
proportional control of 
thrust vector angle and 
magnitude. 

 
ELECTRICAL 
OR 
MECHANICAL 
INTEGRATION 

☺ 
Electrical 
architecture close to 
state-of-the-art. Line 
impedance must be 
exactly identical for 
each anode to ensure 
same discharge 
current. 

 
Use of current 
sensors makes 
electrical integration 
more complex, 
otherwise similar to 
solution 1. 

 
Electrical integration rendered 
more complex by valves control 
and multiple hardware branches. 
Greater number of valves renders 
thrust vector control more 
complex, with more numerous 
wirings and tubings. 

 
Line impedance 
matching less critical, 
but integration of 
several XFCs increases 
integration complexity 
and PPU components 
count. 

 
COMPLEXITY  

☺ 
Switching of 
individual channels 
simple but 
synchronization 
TBD. 

 
More complex 
regulation process, 
feasibility to be 
confirmed. 

 
Complexity depends on 
redundancy of valves control 
function, which can be doubled or 
tripled. Associated electronics 
fairly simple. Demands to on-
board computer limited (no 
individual anode current control, 
and thrust vector control can be 
achieved through a logic table). 
Tubing system more complex. 

 
Sequencer must 
regulate 
each discharge and 
control thrust vector 
orientation and mag-
nitude, with more 
demands to on-board 
computer. Parallel 
XFCs 
valves and thermo-
throttle control similar 
to state-of-the-art. 

MASS  
Close to state-of-the-
art for electricals but 
each chamber must 
be sized for full sub-
system power. 

 
Similar to solution 1. 

 
Additional valves drivers, tubing 
and wiring 

 
Increased number of 
XFC units. 

COST ☺    
 
In a MCT, the anodes for all discharges are thus connected in parallel to a common discharge supply. The 

inductive-capacitive (L-C) line filter, required to facilitate discharge ignition and decouple the current and voltage 
oscillations between the thruster and the anode supply, may be common for all discharges. It is possible, however, 
that the oscillations between each individual discharge may have to be decoupled, in which case a filter would be 
required on each anode line. Indeed, the oscillations frequency could differ slightly from discharge to discharge 
because of the difference in mass flow rates. Also, some limited discharge current oscillations cross-talk between 
clustered, simultaneously operating Hall thrusters has been reported, 4,24,25 though this interaction would appear to 
take place between the plumes. Simulations performed within the frame of this study have shown that the 
attenuation of the conducted discharge current oscillations expected for a single, 1.5-kW discharge is similar to that 
obtained with three 500-W discharges in parallel having different breathing frequencies of, respectively, 25 kHz, 
30 kHz, and 35 kHz. 

The power supplies in the PPU, as well as the FU, may thus be commoned to the multiple anodes electrically 
placed in parallel, as shown in Figure 13. 
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Figure 13. Simplified electrical schematic of the electrical module for a MCT. 

 
 

V. Mission Applications 
This section briefly discusses possible mission applications based on the sub-systems choices described in 

Section IV. 
A first example application is considered for (heavy) geostationary Earth orbiting satellites, such as the current 

Astrium Eurostar 3000 platforms which feature plasma thrusters to perform the North-South Station Keeping 
(NSSK) operations. Each pair of nominal and redundant thrusters is placed on a 2-axis gimbal mechanism.7 A 
possible replacement to this module might be a 4-channel thruster with two cathodes, mounted onto a fixed shim 
placed on the satellite wall. Only three channels are required for 2-axis thrust vector control, so that the system 
provides both anode and cathode redundancy. Two such 4-channel thrusters are used: one North and one South. 
Each thruster is driven by a PPU, and a switching unit must be added to allow each PPU to drive both thrusters so as 
to maintain PPU redundancy. 

 The individual discharge channels are sized to process a nominal power of 500 W (±50%) and the equivalent 
mass is assumed to be 85% of the mass of four, 800-g thrusters of 500 W nominal power (without cathodes). The 
reduced mass of each anode assembly compared to a set of fully independent thrusters of equivalent power is in part 
permitted by a lighter mechanical design since the thruster is not mounted on an orientation mechanism, which 
usually results in more severe vibration and shock loads. Likewise, the routing of tubings and electrical harnesses is 
greatly simplified. The cathode mass, considered identical to that of the PPS®1350, is added separately. Two more 
complex, redundant xenon flow control units are considered for the anodes assembly, while two simplified XFCs are 
considered for the two cathodes, so that the total is equivalent in mass to about 4 standard PPS®1350 XFCs. The 
PPU and FU mass for the MCT carry a 10% mass penalty compared to a system based on a single thruster of 1.5 
kW. A similar scaling, summarized in Table 4, is assumed for cost. 

In this analysis, the channel angle convergence β was assumed to be 15° and an average thrust steering angle of 
4° was applied throughout the 15-year operational mission. A launch from the Kourou spaceport was also assumed. 

 

Table 4. Summary of scaling factor assumptions for MCT sub-system mass and cost estimates. 

 Single 1.5-kW HET 
(PPS®1350) 

4-channel thruster 
(4×500W) 

Cathode 2 2 
XFC 2 4 
PPU 1 1.1 
FU 1 1.1 
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On such a heavy GEO comsat-type mission application, the MCT option results in a launch mass saving of about 
100 kg and a cost saving of 20% compared to a TMA option. An extra 50-kg mass saving could be obtained if a 
similar system were used to also perform East-West Station Keeping (EWSK) and attitude control maneuvers. In 
contrast, it is found that the launch mass is almost identical for the current TMA solution compared to a set of 8 
fixed 1.4-kW Hall thrusters. This result applies for satellite launch masses in the range 4000 – 6000 kg (approx. 9 – 
14 kW of payload power). Below 4 tons, the fraction of available electrical power used by this propulsion system 
will likely become unacceptable for a communications satellite. Above 6 tons, the lifetime assumption of 6000 hrs 
(including 50% qualification margin) for each channel becomes insufficient. 

It must also be noted, on the other hand, that the level of redundancy is not exactly identical to the baseline TMA 
solution: for exemple a total of 8 cathodes are used on each flight set on the current TMA solution involving 4 
thrusters, while a total of only 4 remain with the 2×4-channel approach. Finally, other solutions involving MCTs 
might be envisioned for commercial, geostationary satellites. Each TMA could be replaced by a pair of fully 
redundant, 3-channel thrusters with no gimbal mechanisms. Alternatively, a 2-channel thruster could be mounted 
onto a simplified, one-axis orientation mechanism to allow for a large pointing range about one axis, e.g., to 
transition from orbit raising to station keeping mode. 

 It can further be noted that the rotation of the thrust vector generated by a MCT can be almost instantaneous. 
This may be an advantage for missions where a fast response of the thrust vector orientation is required, e.g., for low 
Earth orbit observation missions where sensors must be pointed precisely at a target throughout an orbit arc. 

A final example mission application that can be considered is an exploration mission, such as a Mercury orbiter, 
where a 4.5-kW PPU (such as the HPPU pre-developed for Alphabus) may be used to drive a single, fixed 3-channel 
thruster, each channel having the nominal power level (1.5 kW) of the PPS®1350. This would permit to recover for 
each channel the demonstrated 3.4 MN.s total impulse capability recently demonstrated by this thruster26,27 while 
allowing 2-axis control of the thrust vector. A single and low-cost 3×1.5-kW multichannel Hall thruster system with 
no thrust pointing mechanism, directly derived from the flight-proven, fully qualified PPS®1350, could thus deliver 
a total impulse of 10 MN.s at 4.5 kW of nominal power (a second string might be added for redundancy). For high-
power systems, the absence of orientation mechanism provides the additional benefit of simplifying the thermal 
control, e.g., to route heat pipes to the thrusters. 

VI. Conclusion 
Western spacecraft equipped with electric propulsion generally require the use of a pointing mechanism for 

controlling the direction in which the thrust vector is pointing. Devices have been proposed, where the thrust 
steering capability, involving no moving parts, is added as an intrinsic thruster function. Although such devices have 
demonstrated promising performance, significant issues remain on their lifetime capability. 

The system described in this paper permits thrust vector control without relying on a complex gimbal 
mechanism. It generates a substantial benefit in cost and overall on-board mass compared to architectures involving 
either gimbal mechanisms or a set of multiple, separate thrusters at fixed locations. It may also be noted that the 
same principle is applicable to other types of electric propulsion devices, such as (segmented) ion engines.28-30

Additional well-known benefits, particularly for high-power EP missions where at least 3 or 4 channels would be 
used, are brought by the clustered arrangement. These benefits include the possibility to operate in degraded mode in 
case of a failure – although failure tolerance is lower than that of a fully redundant cluster system; a greater mission 
flexibility; and the “building block” approach to the design and flight-qualification of devices with different 
aggregate power levels. 
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