
Objective: Use external modulation of the discharge voltage (𝑉𝑉𝑑𝑑) to improve Hall thruster performance 

(thrust, specific impulse, efficiency)
• The use of driven voltage modulation to modify a Hall thruster’s global “breathing mode” dynamics was previously 

demonstrated on a Cylindrical Hall thruster (CHT) at Princeton [1, 2]

• A key priority for the SURP task was to demonstrate application of this technology to an annular Hall thruster similar to 

those likely to fly on future NASA planetary science missions

Control of Hall Thruster Oscillations by External Voltage Modulations
Principal Investigator: Vernon Chaplin (353); Co-Investigators: Jacob Simmonds (Princeton University), 

Yevgeny Raitses (Princeton University)
Program: FY21 SURP          Strategic Focus Area: Electric propulsion

National Aeronautics and Space Administration

National Aeronautics and Space Administration
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California
www.nasa.gov

Copyright 2021. All rights reserved.
Clearance Number: 
RPC/JPL Task Number: SP20013

PI/Task Mgr Contact
Email: Vernon.H.Chaplin@jpl.nasa.gov

Background
• Global “breathing mode” oscillations at 5 – 50 kHz are a nearly universal phenomenon in Hall thrusters, 

known to affect performance and operational life [3]

• Ref. [1] demonstrated that external modulation of the discharge voltage could increase time-averaged ion 

beam current and thrust in the CHT, but discharge power increased so efficiency did not improve

• This SURP project aimed to use plasma measurements and numerical simulations to understand physical 

mechanisms behind modulation impacts and to optimize the modulation frequency, amplitude, and waveform
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Approach and Results
• 1D hybrid fluid/PIC simulations [5] were used to investigate modulation physics and explore the parameter space

• Discharge voltage modulations at a range of frequencies were simulated for the CHT (Fig. 1)

• Learning to independently control the phase shifts (Fig. 2) between the discharge current/voltage and the ion 

energy/density was believed to be the key to improving thruster efficiency

• Modulation of JPL’s MaSMi thruster [4] was simulated (Fig. 3), with a modest performance improvement predicted when 

the driving frequency was resonant with the natural breathing mode frequency

• Experiments were carried out on Princeton’s low-power annular Hall thruster [6], modulating 𝑉𝑉𝑑𝑑 (Fig. 4), cathode keeper 

current (Fig. 5), and magnetic field strength.  Unlike the CHT, this thruster did not demonstrate significant propellant or 

current utilization efficiency improvement, and total efficiency was unaffected or in some cases reduced by modulation

Significance/Benefits to JPL and NASA 
• Demonstration that external breathing mode modulation can improve total efficiency in an annular Hall 

thruster would provide a path to improve thruster performance in future NASA missions (particularly valuable 

for small satellites, which have tightly constrained electrical power availability and propellant storage volume)

• This SURP project was not able to identify a regime with substantial performance benefits, however 

Figure 1.  Simulated (left) and measured (right) discharge current oscillation 
amplitude as a function of discharge voltage modulation frequency in the CHT 
(𝑉𝑉𝑑𝑑 = 220 V, modulated at ±20 V in the simulations and ±40 V in the experiments).

Figure 2.  Simulated (left) and measured (right) phasing between discharge current 
and discharge voltage, and between ion current and ion energy, for the CHT (𝑉𝑉𝑑𝑑 =
220 V, modulated at ±20 V in the simulations and ±40 V in the experiments).

Figure 3.  Left: Simulated contributions to MaSMi-DM anode efficiency during 
undriven operation at 500 V, 2 A.  Right: Simulated anode efficiency as a function 
of discharge voltage modulation frequency, with 30 V modulation amplitude.

Figure 4.  Experimental results from discharge voltage modulations in Princeton’s low-power annular Hall 
thruster. Left: Current utilization efficiency.  Center: Propellant utilization efficiency.  Right: Discharge power.

Figure 5.  Experimental results from keeper current modulations in Princeton’s low-power 
annular Hall thruster.  Left: Current utilization efficiency.  Right: Propellant utilization efficiency.  
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