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An experimental characterization of Hall thruster current discharge oscillations when
moderate levels of oscillations are superimposed on the discharge voltage is performed in
both open loop and closed loop configurations. Investigations of the dynamic behavior up to
200 kHz were made possible by the use of a custom-designed high power voltage regulator
and a strongly optimized digital controller implementation on a fast digital signal proces-
sor. This new experiment with proportional-integral-derivative control has confirmed the
authors’ earlier findings that proportional (resistive) control provides very large damp-
ing of breathing oscillations at low voltages, although its effectiveness decreases at high
voltages. The destabilizing effect of positive feedback was also studied and confirmed for
pure proportional, integral and derivative feedback. Open loop operation shows, in turn,
a very clear resonance around 20kHz, while its gain and phase behaviors present striking
similarities with those of the predator-prey model of breathing oscillations.

I. Introduction

Although active control of oscillations in Hall thrusters was initially prompted by the stabilization of
clustered propulsion systems,1 it While such investigations are of great interest to establish correlations

with theoretical2 of numerical3 models of oscillations, other motivations exist such as the hypothetical
possibility to achieve larger efficiency or decreased divergence, the reduction of EMI radiated to the payload
or the generation of very stable operating conditions mandated by some experimental measurements. With
a goal related to the latter, other experiments have on the contrary sought to generate stable oscillations
using open loop control.4, 5, 6

Unlike passive control strategies targeting breathing oscillations7 or spoke oscillations,8 active control
acts on the process in real time and must thus resolve the characteristic time scale of the phenomenon,
which in the case of breathing and spoke oscillations is the 10 − 100 kHz range. In the simplest setup,
passive electronic components can be used to modulate the discharge voltage as a function of the discharge
current. This solution is, in fact, commonly adopted in commercial Hall thrusters where a LC or RLC
networks is set in series with the discharge.9, 10, 11, 12 This approach was also adopted for the active control of
spoke oscillations where a pure resistive network.13 The authors have investigated another method, however,
based on a custom analog proportional-integral-derivative (PID) controller.14 Electronic control offers much
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greater flexibility since the controller’s constants can be changed on the fly without hardware modification.
It is also characterized by a much greater power efficiency for engineering applications since resistive control
is only applied to the ac component of the current, avoiding thus the large Joule losses associated to the dc
currenta.

The present work goes one step further in terms of flexibility and performance with a controller based
on a digital signal processor (DSP), which allows not only the feedback parameters to be modified but also
enables the implementation of a variety of control algorithms and filters without hardware change.

II. Controller architecture

A. Overview

The controller is built around a dual-core hybrid microcontroller/DSP and a high power voltage regulator,
which generate controlled oscillations of the discharge voltage based on signal processing of the discharge
voltage.

The experimental setup is schematically depicted in Fig. 1. The second processing core (core B) takes
the discharge current measured by an analog-to-digital converter (ADC) as input, and drives the voltage
regulator through a digital-to-analog converted (DAC). Serial communication with the terminal is handled
by the first processing core (core A) and realized via optical fibers. Optical communication ensures electrical
insulation between the terminal and the controller, as the latter is by design on the positive side of the power
supply. Core A pre-processes and forwards to core B all instructions issued by the terminal, such as changes
of the PID constants, changes of the digital filter parameters, requests for data, etc. This architecture
allows core B to be fully dedicated to signal processing and warrant real-time, deterministic processing: the
processing of each discharge current sample is guaranteed to be completed before the next sample is available,
even in the event the PID controller constants are being changed or a request for data is being issued.

The voltage regulator is connected in series with the power supply. Owing to the relatively high frequency
of operation, a linear voltage regulator is used instead of a switched-mode regulator, meaning that only
voltage drops can be generated. For this reason, if one wants to impose voltage oscillations of amplitude Vac
around a fixed value V0, it is necessary to set the power supply at a slightly higher voltage V0 + Vb where Vb
is a fixed bi as voltage, and to have the regulator generate a potential drop equal to Vb − Vac. The value of
Vb must be therefore chosen greater than the highest value expected for Vac.

In order to improve the stability of the reference voltage V0 + Vb, a large reservoir capacitor of 18.2µF is
connected in parallel with the power supply.

Figure 1: Simplified schematic of the experimental setup.

aIn theory, a switched-mode regulator could as well eliminate ac losses, but very high switching frequencies above 1 MHz
would be required for this approach to become practical.

2
The 33rd International Electric Propulsion Conference, The George Washington University, USA

October 6–10, 2013



B. DSP and analog-digital converters

The Blackfin BF561, a 32 bits dual-core processor with fixed-point DSP capabilities, was used for signal
processing. Although its clock rate was set to 500 MHz (the rated maximum being 600 MHz), its ability to
process up to 3 parallel instructions per core and per cycle make it a very compelling option for fast digital
processing. Blackfin processors are also very well supported by the free GCC compiler and if needed can run
a variety of operating system, including uClinux.

Because of the stringent scheduling requirements for core B, however, it would be probably impossible
even for a real-time operating system to meet the latency requirements associated with the processing of a
signal sampled at 1.25MS/s. For this reason, the controlling algorithm, written in C and in assembly for
critical sections, run directly on the processor hardware without operating system. Although core A could
in principle run an operating system, it needs to access directly serial port hardware and specific memory
blocks for which custom drivers would be required; it was therefore decided to also run core A without
operating system.

The ADC and DAC directly communicate with the processor via serial and parallel interfaces, respectively.
Both have 12 bits precision and were operated at 1.25 MS/s, which means that up to 400 clock cycles are
available to process each samples. An optional Butterworth anti-aliasing filter with a cutting frequency at
500 MHz was used at the input of the ADC. Although no aliasing effects were observed, for the sake of
precaution the anti-aliasing filter was systematically used in all experiments.

C. Voltage regulator

The voltage regulator is similar in design to the former MOSFET-based regulator.15 Its performances have
been significantly improved, however, both in terms of bandwidth (200 kHz vs 100 kHz) and voltage range
(±25V vs ±8V). A constant internal bias voltage of about Vb ≈ 28V is applied, meaning that as Vac varies
within the range ±25 V, the voltage drop generated by the regulator varies between 3 V and 53 V.

III. PID algorithm

A. Principle

The PID feedback loop is shown in Fig. 2. As in previous experiments, only the ac component Iac of the
discharge current is processed and a constant setpoint voltage V0 is added to the zero-average voltage Vac
computed by the PID. Although in a canonical PID implementation a setpoint current I0 would be prescribed
and the total discharge voltage would be computed directly based on the error I − I0, such feedback loop
would be prone to instabilities as Hall thrusters often exhibit zero or even negative dc resistance.

Even though in theory the integral term should show no long-term drift (“integral windup”) since the
input Iac is a zero-average value, in practice hardware imperfections and digital quantization are likely to
generate long term drifts in the integral output. For this reason, the integral term is composed with a
2nd-order high-pass filter which frequency was set to 5 kHz in all experiments.

The derivative term is prone to generate high frequency noise and, due to technical reasons, may also
generate a negative feedback instability in the linear regulator. For this reason, it is composed with a
2nd-order low-pass filter which frequency was set to 60 kHz in all experiments.

B. Digital implementation

Both 2nd-order digital filters are Infinite Impulse Response (IIR) filters. This enables each of the 3 PID
blocks, namely the proportional, integral+high-pass, derivative+low-pass blocks, to be put in the form of a
digital biquad with a Z-transform of the type:

H (z) = b0 + b1z
−1 + b2z

−2

1 + a1z−1 + a2z−2 ,

which use a Direct Form I implementation. Much care has been taken to pre-shift and post-shift registers
as appropriate to avoid as much as possible round-off errors. Each coefficient is stored in a 16-bits fractional
format, and the results of all multiplications are stored in 32-bits registers, using as well 40-bits registers
for intermediate steps to ensure that all computations are saturating (i.e. that overflow result in the largest
possible value and not in an artifact).
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Figure 2: Schematic of the PID feedback loop.

Later subsections provide the Z-transform for each block.

1. Proportional block

The proportional term composed with a low-pass filter has a transform of the type:

H̃P H̃L (z) = κ̃P
ω2
L

(
1 + 2z−1 + z−2)(

ω2
L + 2ωL

Q + 4
)

+ 2 (ω2
L − 4) z−1 +

(
ω2
L − 2ωL

Q + 4
)
z−2

.

Note, however, that the filter of the proportional term proved unnecessary and was disabled in all experi-
ments.

2. Integral block

The integral term composed with a high-pass filter has a transform of the type:

H̃IH̃H (z) = κ̃I
2
(
1− z−2)(

ω2
H + 2ωH

Q + 4
)

+ 2 (ω2
H − 4) z−1 +

(
ω2
H − 2ωH

Q + 4
)
z−2

3. Derivative block

The derivative term composed with a low-pass filter has a transform of the type:

H̃DH̃L (z) = κ̃D
2ω2

L

(
1− z−2)(

ω2
L + 2ωL

Q + 4
)

+ 2 (ω2
L − 4) z−1 +

(
ω2
L − 2ωL

Q + 4
)
z−2

4. Optimized code

The optimized, hand-written assembly implementation of the PID is provided in appendix. The processing
of an ADC value up to the transfer of the PID output to the DAC takes only 38 clock cycles, which means
that the processing delay is less than 80 ns and provide for a theoretical maximum sampling rate an order
of magnitude above the sampling rate used in this experiment.
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IV. Results and discussion

Experiments were performed in Orléans (France) in the PIVOINE facility of the ICARE laboratory
(CNRS), using the PPS-100ML laboratory Hall thruster. The vessel pressure was kept lower than 2 ×
10−5 mbar in all cases.

A. Closed loop PID operation

1. Parametrical exploration of the PID settings

A parametrical study has been performed at V0 = 148V and V0 = 297V by changing each of the PID setting
individually within the range κP = −16÷ 32 Ω, κI = −3.2× 106 ÷ 3.2× 106 F−1 and κD = −208÷ 208µH,
as shown in Figs 3 and 4. Simultaneous changes of the different PID settings have been attempted but were
not found to provide any improvement over pure proportional control.
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Figure 3: Power spectral density of the discharge current. Parametrical exploration of the effect of pure
proportional, integral and derivative control at V0 = 148 V with an anode mass flow rate of 3.5 mg s−1.
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Figure 4: Power spectral density of the discharge current. Parametrical exploration of the effect of pure
proportional, integral and derivative control at V0 = 297 V with an anode mass flow rate of 3.5 mg s−1.

As observed in our earlier experiments,15 PID control was found most effective at low discharge voltages.
Proportional control was much more efficient than integral control, while derivative control does not appear
to bring any significant improvement. Beside the large increase in the PID constant range, the new controller
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also enables exploration with negative settings, i.e. positive feedback. The destabilizing effect of positive
feedback was observed with all 3 types of control, generating very wide oscillations with strong non-linear
features (pulse-like shape) as testified by the many harmonics visible in the power spectra. The fact that
integral control provides some damping, albeit moderate, is an improvement over our former experiments
where integral control was affected by low frequency instabilities. These instabilities appear to have been
effectively canceled by the digital 2nd-order filter of the integral block.

2. Voltage exploration

A proportional gain of κP = 16 Ω was selected for the first discharge voltage exploration as further increases
in gain did not provide significant improvements and could in some cases exceed the linear range of the
voltage regulator, resulting in voltage clamping at the ±25 V rails.
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(a) Current oscillations, κP = 0 vs κP = 16 Ω.
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(b) Voltage oscillations, κP = 16 Ω.

Figure 5: (a) Average discharge current and oscillation amplitude (summed over the whole frequency spec-
trum) at various voltage setpoints with and without proportional control with an anode mass flow rate of
3.5 mg s−1 and (b) corresponding voltage oscillations around the setpoint voltage with proportional control.
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(a) κP = κI = κD = 0
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Figure 6: Power spectral density of the discharge current at various voltage setpoints with and without
proportional control with an anode mass flow rate of 3.5 mg s−1.
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Figure 7: Power spectral density of the discharge current at various voltage setpoints with pure integral and
pure derivative control with an anode mass flow rate of 3.5 mg s−1.

Although it was hoped that the much wider voltage range of the new controller may improve control at
high voltages (below 300V), it turned out impossible to improve the situation in the space-charge saturated
sheath regime.16, 17 The dramatic effect of proportional control can be appreciated, however, by looking and
at the overall reduction of oscillations at low voltages on Fig. 5 and by comparing the frequency spectra with
and without proportional control on Fig. 6.

Similar explorations were performed with pure integral and derivative control (Fig. 7), which confirmed
the moderate ability of integral control to damp oscillations and the inability of derivative control to do so.

B. Open loop operation

1. Description

Advantage was taken from the fact that the controller can be reprogrammed to act as a high power signal
generator. A sinusoidal voltage wave Vac of amplitude ±10V peak-to-peak was thus generated on top of the
constant setpoint voltage V0, and the response in terms of discharge current was measured. Synchronous
measurement enables the derivation of both the gain and phase of the open loop transfer function for
such forced oscillations. The method is relatively close to that adopted by other authors4, 5, 6 where the
cathode keeper was biased at an oscillating voltage. It can be argued, however, that the present method is
conceptually simpler to interpret as is does not rely on the complex physics of hollow cathodes and on the
engineering details of its construction. It is very likely, however that variations in the keeper voltage actually
result in variations in the coupling voltage between the cathode and the plume, meaning it is equivalent to
varying the voltage across the plasma column as was done here.

It must be underlined that the measurement where done at higher voltage (V0 = 347V) and with a different
magnetic field settings than in section A. This operating point was chosen because it was characterized by
a very small level of oscillations, which simplified the subtraction of the background signal from the signal
due to forced voltage oscillations.

2. Experimental Bode plots

The gain of the transfer function was computed by integrating the spectral power of discharge oscillations in
a narrow ±500Hz window around the forcing frequency. After this, the background, i.e. the spectral power
in the same frequency window from the case without forced oscillations, was subtracted to obtain the power
due to the forced oscillations only. It was found that, even though the window width affected the total power
in the raw signal, it had nearly no influence on the residual signal once the background was subtracted.
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The phase was computed by cross-correlation between the time series of the forcing discharge voltage
and the response of the discharge current.

The Bode plots of Fig. 8 show a very clear resonance at the breathing frequency, which qualitatively
corroborates the findings of Dannenmayer et al.4, 5 The general low-ω and high-ω behavior point to a
2ndorder band-pass like behavior, with the phase switching from ≈ π/2 to −π/2 as the resonance is crossed.
The high-frequency behavior of the gain appears somewhat unusual, though, since despite the phase switch
to −π/2, gain shows a plateau in the 50 − 100 kHz range. The plateau behavior remains unexplained; it is
surmised, however, that it could relate to the ion transit-time mode which is usually excited in this precise
frequency range, although the non-excited frequency spectrum of the discharge current at this operating
point does not hint a the presence of transit-time oscillations.
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Figure 8: Bode plots of the discharge current response to forced sinusoidal oscillations of the discharge
voltage (±10 V peak-to-peak). A quiet operating point with low levels of natural oscillations was chosen
(V0 = 347 V and ṁ = 4.8 mg s−1).

3. Theoretical Bode plots

The measured open loop transfer function were compared against those obtained from the predator-prey
theory of breathing oscillations. The theory is outlined in a number of papers.18, 19, 20, 21, 2 The most tractable
and realistic model for the case at hand is the time-delayed model,21 which can be easily augmented with a
voltage-dependent term as outlined in an earlier work.19 This leads to the dynamical system:

dI

dt
= βNI

(
N − N̄

)
+ βV I

(
V − V̄

)
, (1)

dN

dt
= −γIN + Q0

L
exp

(
−γ
∫ t

t−τ
Idt

)
, (2)

where I is the discharge current, N the density of neutrals, V is the discharge voltage (where overbars indicate
steady-state value), Q0 the propellant flow rate, τ is the transit-time of neutrals in the pre-ionization zone,
βN and βV are effective ionization rates (birth rates) that account for variations in terms of neutrals density
and voltage, respectively, and γ is the depletion rate for neutrals (death rate).

Performing a small perturbation analysis, one can derive the following transfer function:

Î

Û
= R−1

0
 ωωc

+
√
ε

 ωωc

(
 ωωc

+
√
ε
)

+
{

1 + ωc

ω
1√
ε

[1− exp (−ωτ)]
} , (3)
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where:

ε ≡ γĪ

βN N̄
� 1, (4)

ωc ≡
√
βNγĪN̄ , (5)

R0 ≡ ωc

ĪβV
. (6)

Since the nominal point is very quiet in the breathing frequency range, the mode can be considered stable
and the time delay small.21 By neglecting time delay altogether (τ = 0), the shape of the bode plots
becomes solely determined by ε since the resistance R0 and the oscillator eigenfrequency ωc only determines
the scaling on the gain and frequency axes. Except for the above-mentioned plateau, a very good agreement
with experimental bode plots is found, as shown in the theoretical bode plots of Fig. 9.
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Figure 9: Theoretical bode plots for the predator-prey model, based on the transfer function of Eq. 3 with
τ = 0 and ε = 1/15. Parameters ωc and

V. Conclusion

Many of the authors’ earlier finding have been recovered, including the difficulty to stabilize high voltage
operation once the space charge saturated regime is entered. Improved filtering with digital filters have
enabled, however, proper operation of the pure integral control mode which even demonstrated a small
but noticeable damping of current oscillations. Positive feedback control was found to strongly enhance
oscillations whether it is applied with pure proportional, integral or derivative control.

Although more limited in scope, open loop investigations appear very promising due to the possibility
to compare transfer functions directly with theoretical models, which provides one of the most direct link
so far between experiment and predator-prey theory. Preliminary comparisons between experimental and
theoretical bode plots are very encouraging, with phase behaviors in near-perfect agreement. A discrepancy
is observed for the gain behaviors at frequencies above 50 kHz which could be due to the fact that other
oscillatory modes are at play, but the theoretical and experimental gain behaviors below this threshold are
remarkably similar.
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Appendix: PID biquad kernel

/*
The 15 coefficients of the P, I, D biquads are stored contiguously in memory.
The I0 register is initialized to point to the last coefficient of the D biquad.

The previous 2 values of the discharge current read by the ADC are stored
contiguously in memory. The I1 register is initialized to points to the
oldest of those 2 values.

The previous 2 values of the voltage computed by each of the P, I and D
biquads (6 values in total) are stored contiguously in memory. The P0
register is initialized to points to the first value (newest value of P).

The I2 register points to the ADC.
The P1 register points to the DAC.

*/

// Wait for an ADC interrupt and Load the 12 bit ADC value as a fract16 value.
IDLE;
R6.L=W[I2];
R6<<=4;

/* Compute the derivative term (saturating). Equivalent code:
y0D = -a1D*y1D -a2D*y2D + b0D*x0 + b1D*x1 + b2D*x2;
y2D = y1D;

*/
MNOP || R0.L=W[I0--] || R1.L=W[I1--];
A0=R0.L*R1.L || R0.L=W[I0--] || R1.L=W[I1++];
A0+=R0.L*R1.L || R0.L=W[I0--];
A0+=R0.L*R6.L || R0.L=W[I0--] || R1=[P0+20];
A0=A0<<3;
A0+=R0.L*R1.H, A1=R0.L*R1.L (M) || R0.L=W[I0--] || R1=[P0+16];
A0+=R0.L*R1.H, A1+=R0.L*R1.L (M) || [P0+20]=R1;
A1=A1>>>15;
R2=(A0+=A1) || R0.L=W[I0--] || R1.L=W[I1--];
R2=R2<<1 (S);

/* Compute the integral term (saturating). Equivalent code:
y1D = y0D;
y0I = -a1I*y1I -a2I*y2I + b0I*x0 + b1I*x1 + b2I*x2;
y2I = y1I;

*/
A0=R0.L*R1.L || R0.L=W[I0--] || R1.L=W[I1++];
A0+=R0.L*R1.L || R0.L=W[I0--] || [P0+16]=R2;
A0+=R0.L*%0.L || R0.L=W[I0--] || R1=[P0+12];
A0=A0>>>3;
A0+=R0.L*R1.H, A1=R0.L*R1.L (M) || R0.L=W[I0--] || R1=[P0+8];
A0+=R0.L*R1.H, A1+=R0.L*R1.L (M) || [P0+12]=R1;
A1=A1>>>15;
R2=(A0+=A1) || R0.L=W[I0--] || R1.L=W[I1--];
R2=R2<<1 (S);

/* Compute the proportional term (saturating). Equivalent code:
y1I = y0I;
y0P = -a1P*y1P -a2P*y2P + b0P*x0 + b1P*x1 + b2P*x2;
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y2P = y1P;
*/
A0=R0.L*R1.L || R0.L=W[I0--] || R1.L=W[I1];
A0+=R0.L*R1.L || R0.L=W[I0--] || [P0+8]=R2;
A0+=R0.L*%0.L || R0.L=W[I0--] || R1=[P0+4];
A0+=R0.L*R1.H, A1=R0.L*R1.L (M) || R0.L=W[I0--] || R1=[P0];
A0+=R0.L*R1.H, A1+=R0.L*R1.L (M) || [P0+4]=R1;
A1=A1>>>15;
R2=(A0+=A1);
R2=R2<<1 (S) || R1=[P0+8];

/* Compute the PID output y0=y0P+y0I+y0D (saturating). Equivalent code:
x2 = x1;
x1 = x0;
y0=y0P+y0I+y0D;

*/
A0=R2 || [P0]=R2;
A1=R1 || R2=[P0+16] || R1.L=W[I1++];
A0+=A1 || W[I1--]=R1.L;
A1=R2 || W[I1++]=%0.L;
R1=(A0+=A1);

/* Set y0=16*y0 as a fract16 value and set the 12-bit DAC value
to the unsigned short (y0+1)*16*2^12

*/
R3.L=R1.H<<4 (S);
R0.L=R3.L>>4;
BITTGL(R0, 11);
W[P1]=R0.L;
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