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Abstract

The NASA’s Evolutionary Xenon Thruster (NEXT) project is developing an advanced ion propulsion
system for future NASA missions for solar system exploration. A critical element of the propulsion
system is the Power Processing Unit (PPU) which supplies regulated power to the key components of the
thruster. The PPU contains six different power supplies including the beam, discharge, discharge heater,
neutralizer, neutralizer heater, and accelerator supplies. The beam supply is the largest and processes up
to 93+% of the power. The NEXT PPU had been operated for approximately 200+ hr and has experienced
a series of three capacitor failures in the beam supply. The capacitors are in the same, nominally non-
critical location—the input filter capacitor to a full wave switching inverter. The three failures occurred
after about 20, 30, and 135 hr of operation. This paper provides background on the NEXT PPU and the
capacitor failures. It discusses the failure investigation approach, the beam supply power switching
topology and its operating modes, capacitor characteristics and circuit testing. Finally, it identifies root
cause of the failures to be the unusual confluence of circuit switching frequency, the physical layout of
the power circuits, and the characteristics of the capacitor.

Nomenclature

EM Engineering Model

ESR Equivalent Series Resistance

FRB Failure Review Board

GRC Glenn Research Center

JPL Jet Propulsion Laboratory

MOSFET Metal Oxide Semiconductor Field Effect Transistor
MPP Molybdenum Permalloy Powder

NEXT NASA'’s Evolutionary Xenon Thruster
NSTAR NASA'’s Solar Electric Propulsion Technology Application Readiness

PPU Power Processing Unit
PWB Printed Wiring Board
X7R A common type of Barium Titanate dielectric material
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I. Introduction

The NASA’s Evolutionary Xenon Thruster (NEXT) project is developing an advanced ion propulsion
system for future NASA missions for solar system exploration. A critical element of the propulsion
system is the power processing unit (PPU) which supplies regulated power to the key components of the
thruster. The PPU contains six different power supplies: beam, discharge, discharge heater, neutralizer,
neutralizer heater, and accelerator supplies. The beam supply is the largest and processes up to 93+% of
the power. After the first 200+ hr of operation, the NEXT PPU experienced a series of three capacitor
failures in the beam supply. The capacitors are in the same, nominally non-critical location—the input
bypass capacitor to a switching inverter. This paper provides a description of the PPU, including the beam
module and its electrical design, discusses the failure including insight into the capacitor design and its
characteristics, identifies the approach for determining the root cause including the capacitor testing, and
finally describes the initial and long term fixes for the problem.

Il.  Description of the PPU

An engineering model (EM) PPU for the NEXT project was designed and fabricated under contract
with NASA Glenn Research Center (GRC). This modular PPU is capable of processing from 0.5 to
7.0 kW of output power for the NEXT ion thruster. Its design includes many significant improvements for
better performance over the state-of-the-art NASA’s Solar Electric Propulsion Technology Application
Readiness (NSTAR) PPU. The most significant difference is the beam supply which is comprised of six
modules and capable of very efficient operation through a wide voltage range because of innovative
features like dual controls, module addressing, and a high current mode. The low voltage power supplies
are based on the previously validated NSTAR PPU. The highly modular construction of the PPU resulted
in improved manufacturability, simpler scalability, and lower cost. A block diagram is shown in Figure 1.
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Figure 1.—NEXT-PPU-EM block diagram.
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Of the six power supplies, the most important is the beam supply as it processes up to 93 percent of
the thruster power at voltages as high as 1800 VDC. In combination with the accelerator supply, it is used
to bias the thruster grids and produce thrust by accelerating the ions generated by the discharge supply.
The capacitor failures occurred in the beam supply (Ref. 1).

I11.  Description of the Beam Module

The beam supply consists of six power modules and a master control module. The power modules use
an innovative dual-bridge topology that operates in both phase-shift and pulse width modulation modes
for efficient operation throughout a wide range of input and output voltages. The modules operate in
parallel while the master module controls their operation. A module addressing circuit, selects the number
of operational beam modules. At lower power conditions, modules can be turned off to increase
efficiency of the beam supply because the housekeeping power consumption is reduced and also the
remaining modules can operate closer to optimum load conditions. A current-share circuit balances the
current out of each operational beam module. The synchronization of the operational modules is
distributed by staggering the clock signals. This inherently reduces ripple on the input and output of the
beam supply and helps reduce the size of the input filter. Another feature of the beam supply topology is
the capability of operating in a high-current mode where it can output twice the rated current. This mode
is operational when the converters operate in pulse-width modulation mode at lower beam outputs
voltages with higher input voltages.

Each beam module consists of two main assemblies. The power/regulator assembly contains the
primary metal oxide semiconductor field effect transistors (MOSFET) s, input filter, and gate drive
circuits. The high voltage assembly contains two power transformers and six output rectifier stages to
generate up to 1800 V. Each module can output up to 0.67 A when operating in phase-shift mode and
1.34 A in “high-current mode.”

To accommodate stated mission requirements, the PPU is designed to provide a large voltage range
on its output (275 to 1800 V) independent of a large input voltage range (80 to 160 V). The beam module
bridge circuitry was designed so that the output transformer secondaries are functionally in parallel or in
series depending on the sequence of switching the MOSFETS in the two bridges. When the bridges
operate in pulse width mode the secondary outputs are effectively in parallel. When the bridges operate in
phase mode, the secondary outputs are effectively in series. In phase shift mode, the legs of the two
bridges are not switched on and off sequentially and simultaneously but rather in a controlled phase
shifted synchronous mode. This mode switching is automatic and is governed by the PPU control
circuitry. Figure 2 shows a simplified drawing of the beam supply bridge circuitry. The solid line box
indicates the beam module. The filter outside the solid line box is a separate module located some
distance from the beam modules in the PPU. The dotted line box indicates the bridge printed wiring board
of one beam module. The capacitors of interest are highlighted. The drive circuits for the bridges are
clocked at 50 kHz.

Beam Module
Input Assy
(1 of 6)

Input Filter
T5uF QuF
cach cach

LI
1]

33uH 050

SuH

80-160 Ve

11

Figure 2.—Simplified schematic of a beam supply.
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The third instance of the 9 uF capacitor on the power board is in series with the transformer primary
in one of the bridges. This series capacitor is required to eliminate the DC current in the respective
transformer. Consequently, the controller can control the DC current in the other transformer. Without the
capacitor, the single controller could only control the sum of the DC currents which could be large.
Although the currents would sum to zero it would reduce the efficiency of the entire stage.

IV. Description of the Failure

There have been three failures of a 9 uF bypass capacitor in the PPU.

The first failure occurred after about 10 hr of vacuum testing in beam module 1. It was attributed to
incidental impact during assembly. It was theorized that an impact cracked the ceramic capacitor. The
crack propagated and exposed electrodes inside the capacitor. Metal migrated through crack and the
electrodes eventually shorted causing a catastrophic failure. After circuit analysis, electrical stress was
dismissed as possible root cause. The corrective action was to replace the single failed capacitor and
resume testing.

The second failure occurred after about 30 additional hours of vacuum testing in beam module 6. It
was attributed to thermal stress during installation of an adjacent component. Electrical stress, arcing, and
intrinsic flaws were dismissed or considered unlikely root causes. The corrective action was to replace all
12 beam supply decoupling capacitors. These were replaced at GRC using hand soldering with preheating
using a procedure provided by the capacitor manufacturer. The failed capacitor was sent to NASA'’s Jet
Propulsion Laboratory (JPL) for sectioning. The results were inconclusive. As part of the investigation of
Failure 2, JPL was asked to assess the possibility of Paschen breakdown contributing to the failure. The
assessment indicated that Paschen was an extremely unlike contributor as the vacuum tank pressure was
many orders of magnitude below that necessary for a breakdown to occur. Testing was resumed with 12
new (same batch) capacitors in the beam modules.

The third failure occurred in beam module 4 after about 136 hr of operation in a vacuum. The PPU
had been burned in for 100 hr at full power in vacuum at 50 °C. The failure occurred while operating with
160 V input and 820 W/module output during a forced short circuit to simulate an ion engine fault or
recycle. A photograph of the module 4 post failure is included as Figure 3. The failed capacitor and its
symmetric mate are bypass capacitors at the input to each of two parallel H-bridge inverters located at
each end of the board.

The team assumed that the three failures were of a common root cause, and that the previous findings
were not definitive.

AANBAARBAARBANAS

Figure 3.—Photograph of failed beam module power board.
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V. Failure Investigation Approach

A Failure Review Board (FRB) was impaneled to determine the root cause of the three failures. A
fault tree of possible causes was generated. The uppermost “trunk’” of the tree is shown in Figure 4. Each
of the five branches was expanded to a point where the implied hypothesis could be analyzed or tested.
Each item in the tree was documented with an initial and final assessment and verbiage to document the
decision process. Activities were identified for each entry in the fault tree.

After review and completing the activities associated with the detail of each branch, Sections 1
through 4 of the fault tree were eliminated as primary causes of the failures. Below is the synopsis of the
investigation.

Section 1—Intrinsic Defects

Internal and external analysis could find no evidence of intrinsic defects in the capacitors analyzed or
tested. Photo-micrographs of the capacitor from the second were examined. Used capacitor removed from
the PPU and new capacitors from the same lot used to build the PPU were also sectioned and
photographed.

Section 2—Assembly and Handling

After a review of procedures and thermal data, it was concluded that no items in Section 2 of the fault
tree were the primary cause of the failure. While the second failure investigation did identify a weakness
in the printed wiring board (PWB) assembly process, this FRB deemed the second failure root cause and
corrective action determination to be incorrect.

Section 3—Mechanical Design

A review of the design and the results of modeling activities eliminated Section 3 as a source of the
failure.
Section 4—Operating Environment

After a review of test procedures, test logs, and thermal data, it was concluded that no items in
Section 4 of the fault tree were the primary cause of the failure. Lack of conformal coating in the EM unit
to allow access for modifications during testing had been eliminated as a cause during second failure.
That finding was upheld by this review.

Section 5—Electrical Design and Operation
Most of the FRB effort was expended in Section 5 of the fault tree.

Capacitor Fails
1.0 Intrinsic defects 3.0 Mechanical design 5.0 Electrical Design & Operation
2.0 Assembly & Handling 4.0 Operating Environment

Figure 4.—Top level of the fault tree.
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V1. Electrical Design and Operation

The majority of the failure investigation effort was expended on the areas in Section 5 of the fault
tree. This included examining issues with circuit operation, circuit layout, as well as interactions between
the capacitor and the circuit both on a transient and a steady state basis.

In order to evaluate the circuit operation in a relevant environment, measurements were made using
beam module 2 which had been extracted from the EM PPU. This allowed the characterization of module
operation across the performance envelope. Of particular interest was the voltage on and current through
the bypass capacitors shown in shaded ovals in Figure 2. Since the capacitors are hard mounted to the
PWB, special instrumentation had to be developed to measure the current. This proved to be very
beneficial to discovering one significant contributor to the failure.

To that end, a special current transformer was manufactured that encircled the positive lead of one of
the capacitors. With that in place, the ripple current through the capacitor could be measured. With the
use of a simple Hall Effect current probe, the circulating current between the two capacitors could be
measured. Voltage measurements were relatively easily measured with the module operating in a bench
environment. Circulating currents of 16 A peak to peak and ripple currents of 20 A peak to peak were
measured while the bridges operate in phase shift mode. While in pulse width mode, no circulating
current could be detected. An oscilloscope trace is presented in Figure 5 of the current through one of the
decoupling capacitors in module 2 during operation at 90 V input and 1800 V output. For these
conditions, the bridges are operating in phase shift mode.

Circulating currents of this magnitude leading to large capacitor ripple currents are not desirable and
are discussed further in Section IX.
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Figure 5.—Capacitor current during normal operation.
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VIl. Capacitor Background and Characteristics

In addition to the evaluating circuit behavior, the capacitors were subjected to analysis. The bypass
capacitors are custom 9 pF, 300 V devices. The same capacitor is used in many other locations in the PPU.

Ceramic capacitors are constructed with alternating layers of a metal electrode and a ceramic
insulator that functions as the dielectric. Barium Titanate is a typical dielectric material available in a
variety of temperature coefficients like X7R. Barium Titanate is a ferroelectric material which give the
proper conditions can exhibit the piezoelectric effect. In some cases, the piezoelectric effect may result in
the appearance of electrical noise, while in other cases; an acoustic sound may be heard, coming from the
capacitor itself.

The properties of the Barium Titanate can be modified with dopants like Niobium and Strontium to
tailor the electrical and mechanical properties for an application. However, the slightest alternation can
modify the acuteness of the piezoelectric response in the ceramic material.

Another phenomenon found in ferroelectric ceramic capacitors is that the value of capacitance
decreases with applied DC voltage. In “voltage stabilized” ceramic capacitors, the formulation of the
dielectric materials is slightly modified to compensate for the effect. Consequently, their capacitance falls
only a few percent at rated voltage. The capacitors that failed in this PPU were not voltage stabilized and
lost about half of their rated capacitance at 2/3 of rated voltage (Refs. 2 and 3).

VIIl. Capacitor Evaluation and Testing

At the start of this activity only 25 of the 90 custom capacitors were available for use in this
investigation. Histories were compiled of the life events of those capacitors that had seen some use. Since
the population of unused capacitors was small, no statistically significant testing could be accomplished.
Each use of a capacitor was carefully considered to yield as much information as possible.

In evaluating the capacitors, the FRB discovered that the Barium Titanate dielectric formulation used
in these capacitors is highly piezoelectric. Application of voltage at slightly elevated temperatures will
permanently polarize the capacitor. A polarized capacitor will have internal resonances that are inversely
proportional to the case dimensions and proportional to the speed of sound in the ceramic. For these
capacitors at room temperature the width resonance is at 186 KHz and the length resonance is at 75 kHz.
As the temperature rises, the resonance frequency also rises. Application of temperature without voltage
depolarizes the capacitor.

A little known or forgotten phenomena associated with ceramic capacitor piezoelectric properties is
that the electrical properties (capacitance, impedance, equivalent series resistance (ESR), phase, etc.)
change by orders of magnitude in the neighborhood of the piezoelectric resonances. The discontinuities in
the impedance plot shown in Figure 6 are associated with the width and length mechanical resonances.

Figure 6.—Impedance sweep of failed capacitor prior
to failure.
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In capacitor characterization testing conducted at GRC, every virgin capacitor could be poled to the
same impedance versus frequency characteristics shown in Figure 6 after exposure to modest
temperatures and voltage bias (above 50 °C and 150 V). A decoupling capacitor run in a module on a
bench-top was also found to be poled after module operation at 160 V and in a room temperature
environment.

Since the PPU runs above ambient temperature and input voltage is always connected, the decoupling
capacitors are always polarized. Consequently, the capacitors are subject to mechanical actuation if they
are excited at or near the frequencies where the discontinuities occur.

IX. High Level Test Results

In order to understand effects of the circuit on the capacitors, it was important to measure current and
voltage in, through, and around the decoupling capacitors. To that end, a special current transformer was
manufactured that encircled the positive lead of one of the capacitors. With that in place, the ripple
current could be measured at the point indicated in Figure 7. With the use of a simple Hall Effect current
probe, the circulating current could be measured at the point indicated in Figure 7. Scope traces of these
currents were shown previously in Figure 5. VVoltages were relatively easily measured with the module
operating on in a bench environment. As indicated previously, currents of 16 A peak to peak were
measured while the bridges operate in phase shift mode caused by an electrical resonance at a frequency
of 200 KHz between the 9 uF capacitors and inductance of the wires that connect them to the input
inductor in the module. It is this circulating current at 200 kHz, interacting with the capacitor
piezoelectric resonance and the circuit self resonance that causes the capacitor to fail. Note: While in
pulse width mode, there is essentially no circulating current.

Resonances were measured in several spare capacitors. The capacitors had piezoelectric resonances at
75 and 186 kHz corresponding to the length and width of the device. The resonant frequencies are
temperature dependent causing them to shift higher under operation. Independent testing confirmed
orders of magnitude changes in the capacitor ESR at the resonances. As a test frequency was swept
through the resonance, the phase angle between the current and voltage changed from +90 (capacitive -
leading) to O (resistive) to —90 (inductive - lagging) and then back to +90.

Circulating Current
\ 16A p-p @ 200kHz
. \ Beam Module
Input Filter 33uH 050 Input Assy
Sull 75uF 9pF (1 of 6)
cach cach

80-160 Ve

LTI
|

/!
Ripple Current
20A p-p @ 200kHz Failures #1 &# 2 Failure &#3

Figure 7.—Beam module dual bridge schematic.
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X. Electrical Testing

A number of circuits were created to simulate in-circuit electrical conditions on an isolated capacitor.
Circuits simulated the circulating current, the current spikes at shutdown and their combined effect.
Shown below is a trace showing the behavior of the capacitor with the simulated circulating current. The
expected behavior at this point is the current should be leading the voltage by about 70°. However, as the
frequency of the circulating current approaches the resonance near 200 kHz, the voltage/current phase
relationship changes until they are in phase which indicates that the capacitor is behaving as a resistor.
Coincidentally, the temperature in the capacitor increases considerably reaching 84 °C because a large
amount of power is being dissipated in the capacitor. The waveform for a 200 kHz drive frequency is
shown in Figure 8.

Exercising the capacitors using these test circuits resulted in repeated failures. Figure 9 shows the
results of one of the failures. For the first 340 hr operation the data had been exactly as shown on the left
side of the plot. The failure mechanism is as follows. At about 1:00 a.m. a micro-crack caused the total
current to increase and the temperature swings to decrease. For the next 10 hr the current remained steady
as the temperature slowly increased. During this time electrode metal was migrating into the micro-crack.
Finally at 11:15 a.m., enough metal had migrated to create a short circuit across the capacitor electrodes
which dumped all of the energy in the circuit and destroyed the capacitor.
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Figure 8.—Current and voltage trace during growler test—200 kHz.
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XI.  Analysis

Analytic models of the beam module inverter, master control, and beam module control, and
secondary output boards were created and exercised. These models provided analytic measurements at
circuit locations that are inaccessible in the PPU. The models also provided assurance that the
recommended modifications would function appropriately. A thermal model of the capacitor and the
power regulator assembly was created to verify capacitor temperature and various operating conditions.
This model was validated by thermocouple measurements in the PPU.

One of the more interesting modeling results is the prediction of a resonance between the two
decoupling capacitors with the inductance of the short length of wire from each capacitor to the common
beam module input filter. Using measured values of the wire inductance (260 nH), circulating currents
over 20 A peak to peak at 200 kHz were predicted using the inverter model. If the inductance of the wire
were to change, the resonant frequency would change accordingly. Since the capacitance is a function of
both temperature and voltage, the electrical resonant frequency could move to the 200 kHz and excite the
mechanical piezoelectric resonance.

XIl.  Root Cause Summary
A. Circuit Resonance

The two bypass capacitors in the beam module inverters and the lengths of wire connecting them to
the input filter form a resonant circuit. When the beam module is operated in phase-shift mode, a
circulating current of 16 A at 200 kHz flows through the capacitors. This was confirmed by
measurements and electrical models.

B. Circulating Current

When the beam module is operating in phase mode to get higher output voltages at lower input
voltages the two bridges are driven synchronously but out of phase with the phase shift proportional to the
output voltage. Since the two bridges are connected to a common point at the input filter, it is possible to
force currents to flow back and forth between the two capacitors at 4x the drive frequency (200 kHz).

In testing an individual beam module that had been removed from the PPU, a large circulating current
was measured between the two capacitors while the two bridges were operating in phase mode. The
circulating current had a frequency of four times the bridge switching frequency—about 200 kHz.

C. Capacitor Characteristics

It was found that the capacitors have a piezoelectric resonance at about 187 kHz. As the capacitor
warms, this resonance drifts higher in frequency.

Under the right conditions of temperature and voltage, all three phenomena overlap and the capacitor
suffers a catastrophic failure. This root cause hypothesis is believed to be the cause of all three capacitor
failures during PPU testing.

XIIl. Resolution

A permanent solution to the capacitor failure problem would require redesign of the beam module. In
order to facilitate continued testing of the PPU, an interim fix has been implemented. The circulating
current between the inverters has been reduced by the addition of a Molybdenum Permalloy Powder
(MPP) Core into the leads from the input filter inductor in the module to the capacitors, forming a
differential mode choke. In addition, the decoupling capacitors were replaced with capacitors that do not
demonstrate significant piezoelectric activity and cannot be permanently polarized.
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XIV. Conclusions

The PPU was designed to meet a set of requirements levied by the In-Space Propulsion Technology
project. Portions of those requirements include being able to operate over a wide range of input voltage
(80 to 160 V) while producing a wide range of output voltages (275 to 1800 V). In addition, constraints
were placed on PPU mass and efficiency. The resultant design is an elegant solution to the problem but
sets the stage for the capacitor failures.

In order to accommodate both the input and output voltage ranges, a clever circuit was introduced into
the beam supply that provided pulse width modulation for two paralleled inverters in each beam module for
higher input voltages and lower output voltages. The control system switches the two bridges to a phase-
shift mode of operation for lower input voltages and higher output voltages. During phase-shift operation
the two inverters pump current back and forth at approximately the same frequency as the piezoelectric
resonance in the capacitors (200 kHz). In addition, the two capacitors with the connecting wiring form an
electrical resonant circuit near 200 kHz. Since both the mechanical and electrical resonant frequencies are
functions of temperature, it is possible for both resonances to align at 200 kHz. This will lead to internal
heating. The internal heating accompanied by the piezoelectric motion in the width direction leads the
development of internal micro-cracks. Internal micro-cracks with the slightly elevated temperatures lead to
electrode metal migration which ultimately leads to an internal short circuit and part failure.

The corrective actions outlined in Section XI1I that included adding an MPP core and replacing the
capacitor with one that cannot be easily polarized have been implemented. Further testing has
demonstrated that these fixes have successfully resolved the problem.
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