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This paper investigates thrust-vector control with a segmented-anode Hall-effect thruster 

at 500 W using two control approaches. In the first, the three anode segments are operated 

near 250 V with intentionally imposed voltage spreads, from small differences of about 12 V 

to aggressive patterns in which one or two segments are set to 0 V. In the second, per-segment 

mass-flow is split while the discharge voltage is kept fixed. Plume deflection is derived from 

the local ion current density measured with a 9×9 planar probe array. The panel was centered 

on the thruster axis at run-specific distances between 0.7 m and 1.6 m. A novel gimballed 

thrust balance measures not only the total thrust but also torques about the horizontal and 

vertical axes. Small voltage spreads near 12 V yield torque changes at or below the ≈ 2 µNm 

balance resolution and panel-derived angles that scatter without a stable mapping to segment 

orientation. Large voltage spreads around 240 V increase the magnitudes into the few-10 µNm 

range but generate ion beam deflections that do not follow the addressed segment in a 

reproducible way. In contrast, the mass-flow split generates a clear and reversible deflection 

that maps the commanded segment onto the plume direction, with typical angles of about ± 

2.5° in the horizontal and ± 3° in the vertical axis. Relative ion current density maps show a 

clear shift of the ion beam pointing vector in the direction of the orientation of the anode 

segment with reduced mass flow. The data support mass-flow actuation as a practical path to 

integrated thrust-vector control with the present setup, while voltage biasing would likely 

require stronger electrical isolation and reduced cathode coupling to become effective. 
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Nomenclature 

αx = horizontal deflection angle (x-   

  direction) 

αy = vertical deflection angle (y-direction) 

Ftot = total thrust 

I = current 

IL = current to the left anode segment 

IR = current to the right anode segment  

IU = current to the upper anode segment  

Itot = total discharge current 

kx = calibration factor of the gimbal for  

  torque about x (horizontal axis) 

ky = calibration factor of the gimbal for  

  torque about y (vertical axis) 

kz = calibration factor of the double   

  pendulum for total thrust 

Mx = torque about x  

ΔMx = change of Mx relative to the local  

  nominal state 

My = torque about y  

ΔMy = change of My relative to the local  

  nominal state 

ṁL = mass flow to left segment 

ṁR = mass flow rate to right segment 

ṁU = mass flow rate to upper segment 

ṁtot = total mass flow  

Pd = discharge power 

SEM = standard error of the mean  

t = time 

VL = anode voltage left segment 

VR = anode voltage right segment 

VU = anode voltage upper segment 

ΔV = imposed voltage spread between  

  segments 

x = panel coordinate in lateral x 

y = panel coordinate in lateral y 

z = coordinate in line with the thruster  

  axis 

z0  =  distance between thruster exit and  

  panel plane 

 

 

I. Introduction 

ALL-effect thrusters are widely used for orbit raising, station keeping, and deep-space maneuvers. Many 

missions require thrust-vector control (TVC) to counter disturbances, trim trajectories, or perform fine pointing. 

The most common solutions are external gimbals and multi-thruster arrangements1–3. Such systems are mature and 

effective, but they add mass and volume, introduce moving parts with bearings and flex joints, and increase wiring 

and feed system complexity. They also impose integration constraints on the spacecraft structure and can limit 

reliability in long-duration operation. 

Integrated TVC concepts allow steering without mechanical motion and promise simpler, lighter subsystems but 

must deliver measurable control effectiveness without compromising discharge stability or efficiency. This work 

investigates an integrated TVC approach based on a segmented anode in a 500-W laboratory HET of the Technische 

Universität Dresden (TU Dresden) and evaluates two actuation levers: 1. imposing voltage differences between anode 

segments and 2. splitting the mass flow (MF) per segment at fixed discharge voltage.  

Both control approaches are investigated under comparable conditions. Plume deflection is derived from the ion 

current density (ICD) measured with a 9×9 planar probe array and the results can be displayed as two-dimensional 

maps of their distribution. A novel thrust stand was developed to measure not only axial thrust but also torques about 

the horizontal and vertical axes combining a double pendulum with a gimballed suspension. This setup combines 

plume diagnostics with thrust diagnostics to enable cross-checks of independent diagnostics. The diagnostics and 

boundary conditions chosen in this work are based on established recommendations and guidelines for EP tests4,5. 

The paper provides a controlled characterization and comparison of these two approaches under identical 

laboratory conditions. It establishes a referenced measurement methodology that links plume diagnostics to gimballed 

torques, quantifies directionality and control effectiveness with well-defined uncertainties, and documents practical 

limits and biases of the present setup. Beyond the quantitative assessment it discusses the implications for integrated 

TVC design and outlines concrete next steps toward reliable, mechanically passive TVC. All datasets, processing 

scripts, and calibration notes are archived and available upon request to facilitate reproducibility. 

H 



 

 

The 39th International Electric Propulsion Conference, Imperial College London, 

London, United Kingdom 14-19 September 2025 

Copyright 2025 by the Electric Rocket Propulsion Society. All rights reserved. 

Page 3 

 

II. Concept of Segmented Anode Thrust Vectoring 

 

Segmented anode concept 

The TVC concept investigated in this work is based on a segmented anode HET. Instead of employing a continuous 

circular anode, it is split into three electrically isolated segments. Each segment can be supplied independently with 

discharge voltage and mass flow, enabling localized modulation of the plasma discharge. The principle and initial 

feasibility of this concept have been described in detail in our previous publications6,7. It has been demonstrated that 

the thruster remains operationally stable even under significant voltage asymmetry between the anode segments, and 

that measurable plume deflection can be induced. In the present work, the focus shifts from concept demonstration to 

quantitative experimental characterization. Figure 1 shows a front view of the TUD-3D-1 with the three anode 

segments and a schematic two-dimensional sketch of the TVC concept. 

  

Voltage-controlled TVC (V-TVC) 

 A segmented anode allows the discharge to see different electrical boundary conditions around the azimuth. If 

the segment voltages differ by ΔV, the intended effect is an azimuthal variation of the plasma potential in the 

acceleration region. Ions would then experience slightly different axial electric fields as they leave the channel and 

therefore generate a nonuniform thrust vector distribution at the exit plane, which would produce a net moment about 

pitch or yaw. Related azimuthal phenomena, e.g. spoke-driven transport and segmented-electrode control of azimuthal 

modes, provide additional physical context for voltage-driven actuation8–10 

 

Mass-flow-controlled TVC (ṁ-TVC) 

 Changing the mass-flow split per segment modifies the local neutral supply, ionization, and plume loading. 

When the three anode segments receive different mass-flows the neutral density becomes azimuthally non-uniform. 

Since the local ionization source scales with the product of electron and neutral densities, the discharge produces more 

ions where the neutral supply is richer and fewer ions where the supply is depleted. The exit-plane thrust distribution 

is therefore no longer axisymmetric and a net moment about pitch or yaw axis is generated. 

Recent proof-of-concept work11 with a three-feed gas distributor confirms that asymmetric injection can steer the 

thrust vector by several degrees and that the visual plume deflection tracks the thrust-vector direction. In those 

experiments the achievable range of ion beam deflection in the cathode plane was roughly -11° to +7.3°. 

 

           
Figure 1. Left: Three anode segments built into the discharge channel of TUD-3D-1. 

Right: Schematic 2D sketch of the working principle of the HET with different anode 

potentials. 
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III. Experimental Setup 

A. Test Facility  

The experiments were carried out in the electric propulsion laboratory of the Institute of Aerospace Engineering 

at TU Dresden. A rectangular vacuum chamber with inner dimensions of 2.5 m × 1.2 m × 1.5 m was used. The chamber 

volume is large enough to reduce plume–wall interactions and to provide space for the thruster and diagnostics. The 

facility is equipped with a cryogenic pump rated at 10,000 l/s for nitrogen. Without thruster operation, a base pressure 

below 1×10⁻⁷ mbar is reached. During operation with anode and cathode mass-flow, the pressure increases to about 

(5–8)×10⁻⁴ mbar. 

B. Thruster Overview 

The experiments were performed with the laboratory model TUD-3D-1, a 

500 W HET equipped with a segmented anode for TVC. The magnetic circuit 

consists of two concentric coils and two magnetic screens, designed based on 

COMSOL Multiphysics simulations to optimize axial and radial dimensions 

as well as coil currents. This configuration produces a magnetic flux density 

peak a few millimeters downstream of the channel exit, with adjustable radial 

peak values between 15 and 25 mT depending on the coil current. 

The anode is divided into three electrically isolated segments, each 

spanning 114° with a 6° gap in between. Each segment has its own gas feed 

and its own electrical contact, ensuring both independent propellant supply 

and independent voltage control. The propellant is distributed through a 

hollow base and porous ceramic cover before entering the discharge channel 

via small orifices in the anode disk. A detailed description of the design and 

first performance results is provided in previous work6,7.  

A Kaufman & Robinson, Inc. MHC1000 electron source, capable of 

operating at up to 20 A of emission current, was used for operation with the 

TUD-3D-1 and mounted in a 45° angle close to the HET. The mass-flow 

through the cathode was 10 sccm of krypton throughout the tests. The cathode 

configuration and position were held constant across all test campaigns. 

Figure 2 shows a regular setup of the HET and the cathode without being 

mounted on the gimballed balance. 

 

C. Planar Probe Array 

To investigate the effect of TVC on the plume, a planar probe array was developed for ion beam mapping. The 

diagnostic measures the local ion current density at multiple locations and reconstructs a two-dimensional distribution 

of the plume. 

The array consists of 9×9 probes (81 in total) mounted on an adjustable rail frame. The spacing between probes 

was fixed to 6.5 cm for all measurements, while the overall distance of the array from the thruster exit was varied 

between 0.7 m and 1.6 m, depending on the test case. This arrangement provides sufficient resolution of the plume 

profile while covering the entire angular extent of interest. 

Each probe was designed for simple and rapid fabrication: the body is 3D-printed polycarbonate, carrying a 

stainless-steel collector disk of 55 mm diameter at the front. The collector is surrounded by a stainless-steel guard 

ring, electrically isolated from the collector surface. A BNC connector on the back provides the electrical interface, 

and a mounting bracket enables positioning within the array. Figure 4 shows a planar probe on the left and the 

corresponding circuit schematic on the right. 

 
Figure 2. TUD-3D-1 and 

cathode in a regular 

setup. 
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The collectors were biased to –10 V relative to ground to ensure ion collection, while the guard rings were held at 

the same potential to suppress edge effects. Each collector was connected through an individual shunt resistor. To 

extend dynamic range and avoid saturation toward the plume core, 

the shunt network is staggered: 1 kΩ (0.1 %) for the central 3×3 

probes, 2 kΩ (0.1 %) in the intermediate region and 3 kΩ (0.1 %) on 

the outer ring. The resulting shunt voltages are logged using a 

LabJack T7 data acquisition system with 81 analog inputs. Signals 

are measured in differential mode referenced to the probe potential. 

The LabJack T7 is placed inside the chamber in a shielded box and 

connected via an Ethernet feedthrough to the control PC. The bias 

supply current limit was set to 1 A, but during runs the total array 

current typically remained below 0.2 A.  

The array is intended for plume visualization and detecting 

relative changes between TVC states rather than absolute current 

density metrology, as absolute values depend on sheath conditions 

and material effects. This choice motivated the modular, lightweight 

design, following established planar probe guidelines12.  

Figure 3 shows the planar probe array inside the vacuum 

chamber. To facilitate identification of individual probes, a 

coordinate system similar to the game Battleship is used: the rails 

are labeled with letters A to I from top to bottom, and the probes on 

each rail are numbered 1 to 9 from left to right. 

D. Gimballed Thrust Balance 

To directly assess the effect of TVC, a novel thrust balance concept was developed at TU Dresden. Conventional 

thrust stands at the institute were limited to measuring only axial thrust. The asymmetric operation of the segmented 

anode HET requires sensitivity to torques about pitch and yaw in addition to total thrust. The approach builds on dual-

/inverted-pendulum thrust stands, and standard thrust-measurement practice, including uncertainty budgeting tailored 

to inverted-pendulum systems4,13–17. 

The stand combines a double-pendulum for axial thrust with a two-axis gimbal for torque detection. The thruster 

is mounted on the inner gimbal frame, which can rotate about the vertical (yaw) and horizontal (pitch) axes via flexure 

pivots. Asymmetric thrust generation produces measurable torques around these axes, while the double pendulum 

measures the axial thrust. Figure 5 shows the gimballed balance without additional shielding. 

The displacement-to-force and torque conversion is described by calibration factors obtained with a laser 

interferometer (LI) attocube IDS3010 and Voice-Coil actuators applying known loads to the axes. The following 

              
Figure 4.  Left: Planar Probe. 

Right: Schematic circuit diagram for the planar probe setup. 

 

 

 
Figure 3. 2D-panel inside the vacuum 

chamber with corresponding labeling of 

rows and columns.  
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calibration factor and resolutions were obtained: axial 

kz=160 µN/µm (resolution ≈ 33 µN), pitch kx=8 

µNm/µm (resolution ≈ 0.5 µNm - 2.3 µNm) and yaw 

ky=2.5 µNm/µm (resolution ≈ 0.2 µNm - 1.4 µNm).  

Each gimbal axis is equipped with magnetic 

damping. The thruster was mounted and mass-

balanced with counterweights and residual offsets 

were monitored by zero runs and subtracted. 

Electrical lines are routed with liquid-metal 

contacts along the axis lines of the pivots to minimize 

frictional forces. Gas lines and LI fibers follow the 

flexure axes and twist about their own axis to relieve 

loads. 

It should be noted that the gimballed thrust balance 

is not designed to directly resolve lateral forces in x- 

and y-direction. Instead, asymmetric operation of the 

segmented anode primarily manifests as torques 

around the horizontal and vertical axes, which are 

captured with high sensitivity by the gimbal stages. 

This approach provides a more direct and reliable 

characterization of the TVC effect than attempting to 

measure small lateral forces in the presence of a 

dominant axial thrust.  

Additional shielding was mounted around the 

gimballed balance to protect the electrical circuit inside 

from the plasma environment. Figure 6 shows the final 

setup inside the vacuum chamber. 

 
Figure 5. View of the gimbal balance without 

shielding. 

 

      
Figure 6.  Left: Rear view of the shielded gimballed balance. 

   Right: Front view of the shielded gimballed balance with the 2D-panel in front of it. 
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IV. Data Reduction and Uncertainty 

A. General approach 

All diagnostics are recorded synchronously with a sampling rate of 1 Hz and a common time base, so operation 

modes and signals can be compared without additional alignment. For each mode or operating point, the system is 

brought to a steady condition. A steady window of at least 30 s is then selected and simple time averages are formed 

for all reported quantities. This choice makes the results insensitive to short fluctuations and to small residual 

vibrations of the balance and of the probe frame. Zero runs before and after a series are used to monitor drifts and to 

remove static offsets in a conservative way. 

Each operation mode is referenced to a local nominal baseline formed from the two nominal windows that bracket 

the state and temperature drift corrections have been applied when necessary. Throughout this paper uncertainties are 

given as the standard error of the mean (SEM) computed from the samples within the steady window.  

 

B. Planar probe processing 

Voltages across the individual shunt resistors are converted to currents using the nominal resistor values. Because 

the shunts are staggered across the grid the current map covers the high-intensity core and the lower-intensity periphery 

without saturation. Probe coordinates follow the physical spacing of 6.5 cm in 𝑥 and 𝑦 with the origin at the geometric 

center of the array. Positions are handled in meters during processing and are converted to angles in the final step. 

Before forming spatial quantities, a small bias-related background, measured in short bias-only sequences without 

discharge, is removed. The remaining noise level is on the order of one microampere per channel over about one 

minute and does not influence the reported averages. No additional analog or digital filtering and no time averaging 

beyond the 1 Hz logging are applied since the operating points are steady and the signal-to-noise ratio is high. 

To quantify plume motion the current-weighted centroid of the two-dimensional map is used: 

 

 
𝑥𝑐 =

∑𝐼𝑖𝑥𝑖

∑𝐼𝑖

  , 𝑦𝑐 =
∑𝐼𝑖𝑦𝑖

∑𝐼𝑖

 ( 1 ) 

 

The reference center is taken from the local nominal state of the same series so slow facility drifts do not influence 

the differential angles. Because the centroid is a ratio of sums it is insensitive to an overall scaling of the current that 

might occur when the total mass-flow is changed. 

Centroid positions are turned into deflection angles by simple geometry with the run-specific distance z0 from 

thruster exit to the probe plane: 

 

 
𝛼𝑥 = arctan (

𝑥𝑐 − 𝑥0

𝑧0

)  , 𝛼𝑦 = arctan (
𝑦𝑐 − 𝑦0

𝑧0

)  ( 2 ) 

 

Positive x on the panel corresponds to positive yaw on the balance and positive y on the panel corresponds to 

positive pitch, which makes the comparison between diagnostics straightforward. The distance between HET and 

panel is measured for each run and lies between 0.7 m and 1.6 m, which is listed with the individual data sets in the 

results section. Angles are reported in degrees for readability.  

Relative heatmaps are formed cell-wise with respect to the local nominal reference as: 

 

 ∆𝐼

𝐼
=

𝐼𝑚𝑜𝑑𝑒 − 𝐼𝑟𝑒𝑓

𝐼𝑟𝑒𝑓
 ( 3 ) 
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C. Balance processing 

Balance signals are recorded by laser interferometry. The instrument applies an internal low-pass with a 3 dB 

cutoff at 0.175 Hz. No further digital filtering is applied in post-processing. Displacements of the double pendulum 

and the frames are turned into axial force and torques using the calibration factors listed in the setup section. The axial 

force and the torques about the horizontal and the vertical axes are calculated as: 

 

 𝐹𝑡𝑜𝑡 = 𝑘𝑧 𝛥𝑧(𝑡) , 𝑀𝑥 = 𝑘𝑥 𝑑𝑥 𝛥𝑥(𝑡), 𝑀𝑦 = 𝑘𝑦 𝑑𝑦 𝛥𝑦(𝑡)  ( 4 ) 

 

with the sign convention identical to that of the panel. For all operating point steady windows of at least 30 s are 

chosen after the transient response has decayed. Signals are averaged over the window and offsets measured in zero 

runs are subtracted. Cross-axis coupling between pitch and yaw was checked qualitatively during single-axis loading 

and was found to be small, therefore the two axes are reported separately without a full sensitivity-matrix correction. 

Changes in magnetic field strength are known to act on the gimbal frames. During the present experiments the coil 

currents are kept constant, which keeps this effect constant as well so it can be removed by subtraction. Cold-gas-flow 

and coils-only runs are recorded and used to quantify and remove remaining disturbances. Electrical harnesses are 

routed with liquid-metal contacts along the axis lines. Gas lines twist about their own axis along the flexure axes, and 

optical fibers are guided with minimal coupling, so parasitic forces are kept small during the steady windows used for 

averaging. 

D. Definition of actuation parameters 

 

Two actuation schemes are investigated: 

 

Voltage biasing.  

Different discharge voltages are applied to the three anode segments while the total mass-flow is kept constant and 

the measured segment voltages VU, VL, VR, the total current Itot, and the discharge power 𝑃𝑑 are reported. The segment 

orientation follows the panel coordinates so that positive panel 𝑥 corresponds to a deflection to the right. 

 

Mass-flow split. 

The propellant is distributed between the segments with a prescribed split while the discharge voltage is kept near 

250 V. The per-segment flows ṁU, ṁL, ṁR, the total flow ṁtot, and 𝑃𝑑 are reported. In all plots the same marker coding 

is used across diagnostics so that readers can follow each mode consistently. 

 

E. Uncertainty and scatter 

Reported uncertainties are the SEM within the steady window and for the interpolated nominal reference the SEM 

is combined in quadrature with the same weights used for the mean. Dominant contributors to the angular uncertainty 

are the finite probe spacing, the uncertainty of the distance z0  between the thruster exit and the probe plane, and any 

residual drift that remains after subtraction by the local referencing. These effects are small relative to the observed 

changes in the mass-flow split campaign and they set the scale for the scatter seen in the voltage campaigns where no 

systematic trend is observed. For reference, one planar probe spacing (Δx = 6.5 cm) corresponds to αθ ≈ arctan(Δx/z₀), 

i.e., ≈ 5.2° at z₀ = 0.715 m, ≈ 3.7° at z₀ = 1.0 m and ≈ 2.3° at z₀ = 1.6 m; centroiding mitigates this discretization but 

sets a natural angular scale for interpreting the results. For some data points, SEM error bars are not visible because 

they appear smaller than the plotted symbol size but the corresponding SEM values are listed in the tables next to the 

figures. 

 

V. Results 

This section reports the response of the thruster to two actuation schemes. The experiments with different voltages 

between the anode segments are presented first and the plume angles from the planar probe array with the torques 

measured on the gimballed balance are compared. Then the results for per-segment mass-flow splits are shown, where 
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the plume deflection is quantified by the array. All data were recorded with krypton. Angles are derived from the 

centroid positions as described in the data reduction section and are reported in degrees. 

A. Voltage-controlled TVC (V-TVC) 

 

1. Voltage biasing — ΔV ≈ 240 V 

 In this first campaign the three anode segments were operated near 250 V (nominal operation N0). For each mode 

either one segment was set to 0 V while the other two remained active (UV-off, LV-off, RV-off), or two segments were set 

to 0 V so that a single segment sustained the discharge (UV-solo, LV-solo, RV-solo). The planar probe array was aligned 

with the thruster axis at a distance of 71.5 cm. The driven modes are listed in Table 1 together with the segment 

voltages, total current, and discharge power. Figure 7 shows the changes of the torques about pitch and yaw relative 

to the local nominal state. The associated uncertainties are reported as the SEM in Table 2. A more detailed table of 

the operation mode parameters is shown in Appendix A 1. 

 

 

 
Figure 7. Torque changes ΔMx and ΔMy for the ΔV ≈ 240 V 

campaign, each point referenced to the local nominal state. 

 

Table 2. SEM for the torque changes 

in Figure 7. 

Mode 
SEM(ΔMx) 

[µNm] 

SEM(ΔMy) 

[µNm] 

UV-off 0.14 0.03 

UV-solo 0.78 0.08 

LV-off 0.83 0.26 

LV-solo 1.49 0.68 

RV-off 1.06 0.31 

RV-solo 0.22 0.17 

 

 

Table 1. Operating states and actuation metrics for the ΔV ≈ 240 V campaign. 

Mode VU [V] VL [V] VR [V] Itot [A] Pd [W] Ftot [mN] 

N0 247 246 243 1.50 364 12.2 

UV-off 0 236 238 1.50 352 11.9 

UV-solo 204 0 0 1.00 278 9.9 

LV-off 241 0 243 1.43 352 10.8 

LV-solo 0 123 0 0.81 184 4.9 

RV-off 248 246 0 1.11 325 11.5 

RV-solo 0 0 246 0.85 173 4.5 
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It can be noticed that all the data cluster in the same region of the plot. Five of the six modes fall into the same 

quadrant with positive ΔMx and positive ΔMy, which means that changing the mode tends to drive the gimbals in the 

same direction. This confirms that there are no clear deflections in the desired direction when the voltage to individual 

segments is deliberately switched off. A likely cause is a residual thermal drift or the mode-dependent change in total 

discharge power and axial thrust. If the thruster centerline is not perfectly coincident with the gimbal pivot, even a 

small residual lever arm converts changes in axial thrust into apparent torques with a fixed sign. A residual lever arm 

of d ≈ 1–2 mm together with ΔF ≈ 2–3 mN would already cause ΔM ≈ 2–6 µNm. This explains why modes with 

reduced power and thrust tend to produce moments of the same sign. In addition, the nominal operation baseline itself 

slowly decreases over the course of the run, because the highest power and thrust occur at the beginning, so that the 

subtraction against the local nominal does not fully remove this bias. The data therefore document a real response of 

the balance, but not one that can be attributed in a reproducible way to the commanded segment orientation.  

On the other hand, the planar probe array shows a certain directional correlation. Figure 8 plots the plume angles 

derived from the current-weighted centroid relative to the nominal state with the associated SEM in Table 3. 

 

It can be seen that all modes fall into the upper half of the plot with positive αy and all except of one lie in the 

upper-right quadrant. Although the measurement points were always referencing against the local bracketing nominal 

states, there still seems to be an upward bias in the plume deflection. However, opposing modes are mirrored about a 

point that is around αx ≈ 2.2° and αy ≈ 3°. 

A mode-independent bias can arise if changes in total discharge power and therefore shift of the plasma mode 

producing an apparent deflection of the ion beam pointing vector. Cathode coupling and geometric or facility 

asymmetries can add to this effect and mask the intended azimuthal pattern of a voltage-driven actuation. Relative 

heatmaps referenced to the local nominal state show no clear deflection directions that could be related to the 

orientation of the controlled anode segment., see Appendix A 4. Since such large voltage differences greatly influence 

the discharge power and performance of the HET, no clear correlation high anode voltage biasing and plume deflection 

or TVC can be observed. It was found that voltage differences between the anodes of more than 20 V prevent 

comparable operating modes from being established. 

 
Figure 8. Panel-derived plume angles αx and αy relative to the 

local nominal state for the ΔV ≈ 240 V campaign at z0 = 0.715 m. 

 

Table 3. SEM for the plume angles 

shown in Figure 8. 

Mode SEM(αx) [°] SEM(αy) [°] 

UV-off 0.02 0.03 

UV-solo 0.03 0.04 

LV-off 0.02 0.03 

LV-solo 0.07 0.09 

RV-off 0.05 0.04 

RV-solo 0.06 0.23 
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2. Voltage biasing— ΔV ≈ 12 V 

In the second voltage bias campaign the three anode segments were operated near 250 V in nominal operation 

state (N0) and for mode operation the voltage bias between the anode segments was set to only approximately 12 V 

for better comparability. For each mode either the voltage of one segment was decreased while the voltage of the other 

was increased (UV-low, LV-low, RV-low) or the voltage of one segment was increased while the voltage of the other was 

decreased (UV-high, LV-high, RV-high). The planar probe array was centrally aligned with the HET at a distance of 100 cm. 

The driven modes are shown in Table 5. Figure 9 shows the changes of the torques about pitch and yaw relative to the 

local nominal state with the associated SEM in Table 4. A more detailed table of the operation mode parameters is 

shown in Appendix A 2. 

 

The absolute values of the measurement data are smaller than in the ΔV ≈ 240 V test, but the data points are distributed 

across all four quadrants. A consistent feature of the scatter is that opposing modes fall into opposite quadrants around 

the origin, which is an initial indication that they also generate opposing moments. The symmetry is therefore an 

internal check that the measurement chain responds in the expected direction. However, the data points are not where 

one would expect them to be. The upper segment is the only one that is symmetrical to one of the coordinate axes, 

Table 5. Operating states and actuation metrics for the ΔV ≈ 12 V campaign. 

   ↑ increased relative to nominal (N0), ↓ decreased relative to nominal (N0). 

Mode VU [V] VL [V] VR [V] Itot [A] Pd [W] Ftot [mN] 

N0 247  247 243 1.47 360 13.4 

UV-low 240  ↓ 251  ↑ 252  ↑ 1.43 359 13.0 

UV-high 255  ↑ 244  ↓ 243  ↓ 1.42 358 12.5 

LV-low 251  ↑ 240  ↓ 251  ↑ 1.43 356 12.1 

LV-high 244  ↓ 256  ↑ 244  ↓ 1.43 361 12.1 

RV-low 251  ↑ 251  ↑ 240  ↓ 1.43 356 12.1 

RV-high 244  ↓ 244  ↓ 252  ↑ 1.42 355 11.7 

 

 
Figure 9. Torque changes ΔMx and ΔMy for the ΔV ≈ 12 V 

campaign, each point referenced to the local nominal state. 

 

Table 4. SEM for the torque changes 

in Figure 9. 

Mode 
SEM(ΔMx) 

[µNm] 

SEM(ΔMy) 

[µNm] 

UV-low 0.19 0.04 

UV-high 0.93 0.17 

LV-low 0.29 0.09 

LV-high 0.13 0.04 

RV-low 0.21 0.10 

RV-high 0.34 0.33 
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namely the y-axis. This means that modes UV-low and UV-high should not generate any torque about the y-axis (ΔMy=0) 

and are therefore expected to be measurement points on the x-axis. However, ΔMy = 3.7 µNm was measured for UV-

low and ΔMy = -1.8 µNm for UV-high. In contrast, data points LV-low, LV-high, and RV-low each have an absolute value of 

ΔMy < 1, even though they exhibit strong asymmetry relative to the y-axis. The response is rotated by an additional 

bias. 

The planar probe array partially supports this assessment. Figure 10 plots the plume angles derived from the 

current-weighted centroid relative to the nominal state with the associated SEM in Table 6. 

 

The ion current density measurement data can be divided into two groups that can be evaluated differently. The 

V-low data cannot be correlated as one point is around the origin and the remaining two cluster near each other. The 

V-high data, on the other hand, forms a relatively even distribution; however, the position here also does not match 

the actual orientation of the segment. UV-high has an αx of -3.6°, whereas an angle of approximately 0° would be 

expected due to the symmetry with respect to the Y-axis in the plume deflection. There is also an unexpected shift 

here, identical to that from the gimballed balance measurement. The relative heat maps in Appendix A 5 partially 

support this shift, as they show the local changes in ion current density of the operating modes. 

The measurement data from the 2D-panel and gimballed balance do not show randomly distributed measurement 

points. Rather, they indicate correlated results from measured moments and beam derivation. This is particularly 

evident in the measurement data of opposing modes. The moment measurement and, in some cases, the beam 

displacement demonstrate that the signs of the opposing operating modes change. However, these results are not yet 

sufficient to establish a clear correlation between voltage biasing and TVC in HETs. 

 

B. Mass-flow-controlled TVC (ṁ-TVC) 

In this campaign the discharge voltage was set lower and kept near 170 V for a more stable operation and the 

propellant feed was intentionally unbalanced between the three anode segments. A nominal state with equal flows per 

segment served as reference, after which the mass-flow to a selected segment was either reduced while the other two 

were increased (UMF-low, LMF-low, RMF-low) or the selected segment was increased while the remaining two were 

decreased (UMF-high, LMF-high, RMF-high). 

 
Figure 10. Panel-derived plume angles αx and αy relative to 

the local nominal state for the ΔV ≈ 12 V campaign at z0 = 1 m. 

 

Table 6. SEM for the plume angles 

shown in Figure 10. 

Mode SEM(αx) [°] SEM(αy) [°] 

UV-low 0.03 0.06 

UV-high 0.01 0.01 

LV-low 0.02 0.01 

LV-high 0.01 0.01 

RV-low 0.01 0.01 

RV-high 0.03 0.04 
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Table 8 lists the commanded mass-flows per segment together with the total volume flow of krypton and the 

discharge power. The nominal case N0 distributes 7 sccm of krypton to each segment. In the MF-low modes the 

addressed segment receives about 4 sccm while the other two are raised to roughly 7.5-7.7 sccm. In the MF-high 

modes the addressed segment is enriched to about 8.9 sccm and the others are reduced to about 5.5-5.7 sccm. The total 

flow remains within 19-20.3 sccm, and the discharge power varies only modestly around 245-253 W. Figure 11 shows 

the plume angles derived for all mass-flow split modes and each point is referenced to the nominal state. The panel 

was centered on the thruster axis at a distance of z0 = 1.6 m. The corresponding SEM are listed in Table 7. A more 

detailed table of the operation mode parameters is shown in Appendix A 3. 

 

 The mass-flow split produces a clear and reproducible steering signature. Reducing the mass-flow to the upper 

segment deflects the ion beam upwards and increasing the mass-flow to the upper segment deflects the ion beam 

downwards. The same holds for the left and right anode segment, which shows that the applied flow bias controls the 

magnitude of the deflection while keeping its direction tied to the segment orientation. Deflections of approximately 

± 2.5° have been achieved in horizontal x-direction and approximately ± 3° have been achieved in vertical y-direction. 

Table 8. Modes of the mass-flow split campaign. 

   ↑ increased relative to nominal (N0); ↓ decreased relative to nominal (N0). 

Mode ṁU [sccm Kr] ṁL [sccm Kr] ṁR [sccm Kr] ṁtot [sccm Kr] Pd [W] 

N0 7.0 7.0 7.0 21.0 250 

UMF-low 4.0  ↓ 7.5  ↑ 7.5  ↑ 19.0 243 

UMF-high 8.9  ↑ 5.5  ↓ 5.5  ↓ 19.9 246 

LMF-low 7.5  ↑ 7.5  ↑ 4.0  ↓ 19.0 242 

LMF-high 5.7  ↓ 8.9  ↑ 5.7  ↓ 20.3 250 

RMF-low 7.7  ↑ 7.7  ↑ 4.0  ↓ 19.4 240 

RMF-high 5.5  ↓ 5.5  ↓ 8.9  ↑ 19.9 253 

 

 
Figure 11. Panel-derived plume angles αx and αy relative to 

the local nominal state for the MF split campaign at z0 = 1.6 m. 

 

Table 7. SEM for the plume angles 

shown in Figure 11. 

Mode SEM(αx) [°] SEM(αy) [°] 

UMF- low 0.08 0.07 

UMF- high 0.07 0.09 

LMF- low 0.08 0.09 

LMF- high 0.11 0.10 

RMF- low 0.09 0.11 

RMF- high 0.13 0.12 
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Figure 12 summarizes the relative ion current density changes on the planar probe array for all mass-flow split modes, 

each referenced to the local nominal state. 

 

  

  

  
 

Figure 12. ICD of the nominal state and relative ICD maps for the MF-split campaign at z0 = 1.6 m. Each 

map shows the percentage of the local ICD change of the MF-split modes referenced to nominal operation. 
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The figure shows the absolute ion current density distribution for the nominal case N0 at the top with the relative 

maps of the mass-flow split modes below. The plume is single-peaked and approximately centered on the panel, with 

a slight upward inclination. All relative maps exhibit a clear dipole-like pattern aligned with the addressed segment. 

Decreasing the mass-flow of a segment causes a lower decrease in the local ion current density in that oriented area 

of the 2D-panel than in the opposing area of the 2D-panel, where the mass-flow is increased.  

Unlike voltage biasing, mass-flow splitting clearly maps the commanded orientation onto the plume direction in a 

consistent and reversible way. This demonstrates a practical path to thrust-vector control with the present segmented-

anode concept. 

VI. Discussion 

The two actuation strategies produced qualitatively different responses. Large voltage spreads of about 240 V did 

not yield a reproducible steering signal in torques or panel angle which is attributed to coupled effects. A large 

azimuthal potential contrast between anode segments is rapidly short-circuited by cross-field electron transport and 

the common cathode leading to discharge equalization and cathode coupling9,10,18. Any finite inter-segment leakage 

(e.g., surface films on BN leading to MΩ-level paths) further equalizes the segment potentials and currents19. As a 

result, the local ionization/acceleration zones do not remain pinned to the addressed segment, and the plume centroid 

shows little, non-repeatable azimuthal bias. In addition, large voltage spreads co-vary with total discharge conditions 

(average voltage, current sharing, electron temperature), which modifies the axial thrust and the overall plasma state 

resulting in global mode shifts with ΔV20. The panel angles then inherit a campaign-level offset that is essentially 

independent of which segment is biased, masking any azimuthal steering signature. During warm-up and operation, 

the thruster experiences thermal expansion that shifts its center of mass (CoM) and produces a temperature-driven 

torque drift for Mx,y whose sign is independent of the commanded mode and can mask small steering signals, especially 

under voltage bias. A simple linear drift model reduces scatter and improves repeatability. Finally, a small geometric 

offset between the thrust line and the gimbal pivot converts changes in total thrust into a torque and yields same-sign 

torque changes for opposing voltage modes which is consistent with our observations. These mechanisms explain why 

ΔV-TVC at ~240 V fails to produce a clean, segment-addressable mapping in αx,y or Mx,y. 

At smaller voltage bias ΔV ≈ 12 V, the system exhibits a segment-addressable response. Opposing modes reverse 

the sign of the deflection, which is the minimal requirement for a voltage-based TVC. The response, however, is not 

aligned between the segment mode and segment orientation. This shift can also be linked to plasma-state drifts, 

cathode coupling, facility effects and a residual lever arm with a weak, segment-specific steering vector induced by 

the local voltage bias 18,21,22. In other words, ΔV produces a reproducible directional push, but that push is observed 

through a rotated, biased reference frame that depends on the campaign conditions. 

Two features of the smaller voltage bias data support this view. First, opposing modes become approximately anti-

symmetric about the origin, while their principal axes remain rotated relative to the panel x- and y-axes. Second, the 

magnitude of the response scales modestly and near-linearly with ΔV over the tested range, indicating a genuine 

actuation level rather than noise. 

In contrast to voltage biasing, the mass-flow split behaves like a segment-addressable, approximately linear 

actuator. Opposing modes invert the sign of αx,y, the mapping is repeatable, and the steering controllability is 

noticeably higher than with ΔV in our setup. Similar thrust-vector deflections from asymmetric gas injection (few 

degrees up to ≳10° depending on split and operating point) have been demonstrated independently11. 

The causing mechanism is neutral-density redistribution, as azimuthally non-uniform injection shapes the 

ionization source term, generating a dipole-like ICD pattern and a centroid shift that follows the enriched/depleted 

sector. Simulations and experiments with azimuthally non-uniform propellant supply show the formation of an 

azimuthal electric field and a phase shift between density and potential downstream, enhancing cross-field electron 

transport23,24. Typically, the discharge current increases while the ion beam current remains similar and steering 

without a large axial thrust change is possible. At strong splits, current oscillations and performance penalties can 

grow. Our observations fit this picture. Overall, our data indicate that mass-flow split is the practical primary channel 

for on-thruster TVC in this configuration, with ΔV acting as a trim. 

Several checks support that these trends are not artefacts. Coil currents, cathode settings and chamber conditions 

were held constant. Balance torques were referenced to local nominal windows bracketing each state and a differential 

baseline correction was applied for slow thermal drift. Panel angles were computed from current-weighted centroids 
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at 1 Hz, and uncertainties are reported as SEM from steady windows of at least 30 s. The nominal maps before and 

after each mode agree closely and their average provides a stable reference for the relative panels.  

The present dataset has clear limitations. The mass-flow split was not recorded on the gimballed balance, so 

moments for those modes are not available. The voltage campaign used a single cathode and unsegmented keeper, 

which likely short-circuits azimuthal potential differences. The segmented anode gaps and dielectric geometry were 

not optimized for electrical isolation. Finally, the plasma potential or electron temperature across azimuth was not 

measured, so the amount of imposed ΔV that appears in the discharge region remains a conclusion from the force and 

plume data. 

VII.Conclusion 

This work compared two on-thruster actuation strategies for thrust-vector control (TVC) using a segmented anode 

HET and a combined diagnostics of a 2D planar probe array panel for plume angles and a gimballed thrust balance 

for axial force and horizontal and vertical torques. Large voltage biases of ΔV ≈ 240 V at the anode segments did not 

yield a reproducible, segment-addressable steering signature in either horizontal or vertical beam deflection angle or 

torque. This is attributed to cross-field equalization and cathode coupling, co-variation of the global discharge state 

with ΔV, and small residual lever arms that convert axial-thrust changes into same-sign torques, together masking any 

azimuthal response. Small anode voltage biasing of ΔV ≈ 12 V produced a sign-correct but rotated response. Opposing 

modes invert the deflection as required for TVC, yet the principal axes are not aligned with the panel horizontal and 

vertical frame, indicating a weak voltage steering vector observed through a biased reference frame. 

In contrast, anode mass-flow split provided a clear, consistent, and reversible mapping of from the addressed segment 

to plume direction. The 2D-panel maps show dipole-like ICD patterns aligned with the enriched/depleted sector, and 

centroid-based angles reach about ± 2.5° - 3°. Within the tested setup this establishes mass-flow TVC as the primary 

practice, while voltage biasing is better suited as a trim. Practical checks (constant facility settings, differential drift 

correction, SEM-based reporting, pre/post-nominal agreement) support that these trends reflect physical actuation 

rather than artefacts. 

VIII. Outlook 

To convert the observed trends into a robust, control-ready TVC, the next phase will execute a control-oriented 

identification under tightly constrained conditions. A central next step is to combine per-segment mass-flow control 

with the gimballed balance to measure the resulting torques under the same referencing scheme used in the voltage 

campaigns. To this end, mass-flow controllers for each segment will be implemented on the gimballed balance. The 

balance will operate with the same differential baseline correction, and short calibration pulses will be inserted within 

each run to track slow drift without interrupting the sequence. A systematic alignment check will reduce residual lever 

arms between the thruster centerline and the gimbal pivot so changes in total thrust do not map into apparent fixed-

sign moments. 

For voltage biasing, increased electrical isolation between anode segments and reduced cathode shorting of 

azimuthal potentials are planned. Options include larger dielectric gaps, modified anode ceramics or coatings and 

guarded interfaces, as well as a tailored cathode positioning to restore clearer segment addressability. Direct potential 

measurements near the exit (e.g., emissive or floating probe) and segment-resolved current sensing will indicate how 

much of an imposed ΔV actually appears in the acceleration region, while total flow and power are kept fixed to avoid 

global mode shifts. 

Both actuation campaigns will be repeated across panel distances, discharge powers, magnetic settings, and 

alternative cathode locations to separate thruster-intrinsic effects from facility biases and to map TVC-effectiveness. 

Combined actuation will also be investigated, by superimposing a prescribed mass-flow split with a controlled 

segment-to-segment voltage bias. Parametric sweeps at fixed flow asymmetry with varying Δ𝑉, and conversely at 

fixed Δ𝑉 with varying mass-flow split, will test additivity and cross-coupling by comparing torques on the gimballed 

balance with centroid angles from the panel under otherwise identical conditions. Altogether, these upgrades and 

experiments target a reproducible, closed-loop integrated HET TVC with clear directional control and quantified 

torque capability, ready for spacecraft integration. 
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Appendix 

Appendix A 1. Detailed Operating states and actuation metrics for the ΔV ≈ 240 V campaign. Negative 

per-segment currents indicate return currents into 0 V segments consistent with the 

chosen sign convention and do not violate the total current balance. 

Mode 
VU 

[V] 

VL 

[V] 

VR 

[V] 

IU  

[A] 

IL  

[A] 

IR  

[A] 

Itot 

[A] 

Pd 

[W] 

Ftot 

[mN] 

ṁtot  

[sccm Kr] 

N0 247 246 243 0.50 0.50 0.50 1.50 364 12.2 12 

UV-off 0 236 238 -0.03 0.75 0.75 1.50 352 11.9 12 

UV-solo 204 0 0 1.36 -0.04 -0.33 1.00 278 9.9 12 

LV-off 241 0 243 0.75 -0.02 0.70 1.43 352 10.8 12 

LV-solo 0 123 0 -0.01 1.50 -0.67 0.81 184 4.9 12 

RV-off 248 246 0 0.59 0.72 -0.20 1.11 325 11.5 12 

RV-solo 0 0 246 -0.01 -0.63 1.50 0.85 173 4.5 12 
 

Appendix A 2. Detailed Operating states and actuation metrics for the ΔV ≈ 12 V campaign. 

Mode 
VU 

[V] 

VL 

[V] 

VR 

[V] 

IU  

[A] 

IL  

[A] 

IR  

[A] 

Itot 

[A] 

Pd 

[W] 

Ftot 

[mN] 

ṁtot  

[sccm Kr] 

N0 247 247 243 0.49 0.49 0.49 1.47 360 13.4 13.7 

UV-low 240 251 252 0.15 0.56 0.73 1.43 359 13.0 13.7 

UV-high 255 244 243 0.93 0.22 0.28 1.42 358 12.5 13.7 

LV-low 251 240 251 0.58 0.11 0.74 1.43 356 12.1 13.7 

LV-high 244 256 244 0.19 0.89 0.35 1.43 361 12.1 13.7 

RV-low 251 251 240 0.55 0.61 0.27 1.43 356 12.1 13.7 

RV-high 244 244 252 0.23 0.18 1.00 1.42 355 11.7 13.7 
 

Appendix A 3. Detailed Operating states of the mass-flow split campaign. 

Mode 
VU 

[V] 

VL 

[V] 

VR 

[V] 

IU 

[A] 

IL 

[A] 

IR 

[A] 

ṁU 

[sccm 

Kr] 

ṁL 

[sccm 

Kr] 

ṁR 

[sccm 

Kr] 

ṁtot 

[sccm 

Kr] 

Pd [W] 

N0 166 164 172 0.50 0.50 0.50 7.0 7.0 7.0 21 250 

UMF-low 176 174 178 0.49 0.48 0.41 4.0 7.5 7.5 19.0 243 

UMF-high 167 165 176 0.50 0.50 0.46 8.9 5.5 5.5 19.9 246 

LMF-low 174 175 179 0.50 0.47 0.40 7.5 7.5 4.0 19.0 242 

LMF-high 176 173 177 0.48 0.50 0.45 5.7 8.9 5.7 20.3 250 

RMF-low 158 171 178 0.50 0.50 0.42 7.7 7.7 4.0 19.4 240 

RMF-high 174 177 178 0.50 0.47 0.47 5.5 5.5 8.9 19.9 253 
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Appendix A 4 Relative ion current density maps for the ΔV ≈ 240 V campaign at z0 = 0.715 m. Each map 

shows the percentage change of the local ion current density of the voltage-bias modes  

referenced to nominal operation. Note that the scale varies for visibility reasons. 
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Appendix A 5 Relative ion current density maps for the ΔV ≈ 12 V campaign at z0 = 1 m. Each map shows 

the percentage change of the local ion current density of the voltage-bias modes referenced to 

nominal operation. 
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