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Abstract: Printed circuit boards (PCBs) are typically used in all electronic equipment,
including those conditioning or controlling high voltage (HV) for space satellite applications.
With the use of new subsystems that require higher voltages (generally several hundred volts
up to tens of KkV), stress-lifetime issues are becoming more complex. In order to allow
compact design and cost efficient production of HV modules, there is an increasing demand
to improve the design of PCBs with encapsulation or conformal coating at higher voltages.
Within a PCB there are a number of electrical field interfaces each of which can have
individual stress-lifetime characteristics, and the influence of environmental aging should
also be considered, which means a large number of sample types should be tested to gain
experimental evidence to define the margin for each interface. This paper demonstrates a
method to test multiple samples at a fixed DC voltage stress until the event of a breakdown,
and presents test results from 6 single-sided encapsulated PCB samples.

I. Introduction

N the space industry high voltage (HV) modules are produced with different packaging techniques and different

uses of printed circuit boards (PCBs) for the various applications which include: communication travelling wave
tube amplifiers, electric propulsion power conditioning electronics, instrument radar tube amplifiers, and scientific
experiments'. Due to an increasing demand of HV applications for space, there is a growing desire to gain more
knowledge of design rule margins and extend the range of use for PCBs at higher voltages.

The number of criterion that apply to HV PCB design for space applications are extensive and include: single
sided, double sided, multilayer, slots in the substrate, surface treatments, guard rings, component footprint shapes,
flooding holes, visibility optimization and solder joint shapes. Samples are defined according to PCB substrate
material, track thickness and encapsulation (potting) or conformal coating material. The aging factors that can
influence the HV stress-lifetime of the samples include humidity and temperature (constant or cycling). As the
temperature can affect the breakdown voltage, HV stress-lifetime testing should be done in the qualification
temperature range. For a comprehensive knowledge of HV stress-lifetime which considers all criterion with all
materials and environmental aging conditions, a huge number of samples are required. To derive a stress life-time
curve, endurance testing at a minimum of 3 voltages is needed. It is expected that breakdown testing at the lowest
voltage level takes at least 3 months. Testing a large amount of samples simultaneously means tests can be
completed and results presented in an acceptable timeframe.
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ESA has a strong motivation to provide
industry with a clear design philosophy and
justified safety margins on existing and new

technologies, .corppiled . into a new pgblished T )
standard or guideline which would aim to improve RARRN R

the work flow and design of HV PCBs. The work
described herein demonstrates the development of
a test setup which is able to long-term breakdown Figure 1. Breakdown location in a potted single sided
(BD) test up to 90 samples simultaneously and is PCB under HV stress.
the first stage of a study to assess different HV PCB solutions on the basis of statistical evaluation of life test data.
The principle method used by the test setup described herein, is to apply a fixed DC high voltage to samples until
a breakdown inside the isolation material occurs. Depending on the application, the rules for a PCB design may need
to be defined for each voltage type including direct current (DC), pulsed, and alternating current (AC). Testing at
DC voltage was selected based on the following "
rationale: a) space HV PCBs usually have to deal [mmm
with DC voltages as one of the main applications, — 7100124008
b) this is a baseline study, c¢) test setup simplicity. e
For statistical evaluation of an intrinsic property |=— &%

- 4. 7334e+006
of a PCB design it is important to have a test |gu iismomcos
sample which is not sensitive to any unwanted side | B 550100
effects. For example, in order to measure the
strengths of the insulations gap between two
parallel PCB tracks the sample should breakdown
in the area of the parallel tracks and not at the
connections to the terminal or at curvature tracks of
internal interconnection. Furthermore, in order to
determine a stress-lifetime curve the sample should
be able to be tested at HV level to detect the short-
term breakdown. For example, a Imm gap in PCB
encapsulated in epoxy is likely to have a short-term
capability of 50 kV or higher, but might fail in .Figure. 2. Field strength for a lmfn gap between tracks
long-term at much lower voltages after many years. including a rounded shape for termination.

Consequently the sample needs to have a simple geometry in the area under investigation, and needs to be easily
reproducible with different substrate and encapsulation materials. It should be small enough to allow parallel testing
of many samples but must be large enough to avoid breakdown in the surrounding air environment.

Therefore, a PCB was designed that is able to test the characteristics across the tracks of a single sided PCB,
using a Imm spacing between the terminals. 6 of
these samples were encapsulated in an epoxy resin,
and 1 of these samples was tested with a short-term
break down test. Afterwards, it has been analyzed
to locate the origin of the breakdown and to trace
its path was performed on the sample, which broke
down at 27.62kV. The other 5 samples were
simultaneously long-term breakdown tested at
20kV and the time until breakdown was recorded.
20kV was selected on the rationale that it is 72% of
the breakdown voltage so all samples would endure
the voltage stress for some time before breakdown.

In terms of similar published research, some
investigations have been made into HV stress aging
on epoxy insulation and the papers are listed in the
references. None of this research is considering
space applications or PCBs designed for use in
space. Therefore the investigation into HV PCB
stresses and aging has been performed before by
individual space companies, but is so far

Critical regions

Figure 3. The bare PCB sample — single sided 70pm
tinned copper on FR4 substrate with 1mm spacing.
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unexplored by formal peer reviewed research.
There is an existing ECSS standard which applies
to design and procuring of PCBs, ECSS-Q-ST-70-
11C (soon to be superseded by ECSS-Q-ST-70-12C
which covers PCBs working up to 500V). There is
also information regarding HV PCB design
contained in Ref. 1.

II. Description and Rationale of Study
Method

A. HV PCB Test Sample Design
Between the parallel tracks of a PCB, it is
assumed that the weakest point of the insulation is
the direct path lateral to the surface of the PCB and
between the two tracks of different voltage, as
shown in Fig. 1. This has to be proven for different
encapsulation and substrate materials.
In order to achieve a significant length of
this insulating gap a layout with a meander shaped

encapsulated in epoxy resin.

Figure 4. The potted PCB sample — bare PCB sampl

track was chosen. By using finite element (FEM) analysis the shape of the terminating ends and bends of the tracks
are optimized to avoid significant field enhancement at that location. As mentioned above it is useful to have a test
sample which is stressed to a maximum in the areas under investigation, which are the parallel tracks and not the
curvatures, terminations and terminals. Fig. 2 shows the result of this optimization — there is only a small

enhancement of the electrical field at the

curvatures.

B. Tested Sample Description

The PCB design of the test sample is shown in
Fig. 3. As intended it provides a number of parallel
tracks of Imm distance, which is connected to
terminals allowing the application of a voltage
difference. The figure shows a single layer PCB,
however a similar configuration might be also be
realized as double sided or multilayer, depending
on the objectives of further investigations.

The bare PCB samples, were designed and
procured according to standard ECSS-Q-ST-70-
11C and were manufactured by an ESA qualified
contractor. The dimensions are 220mm x 100mm x
1.6mm. The materials selected were FR4 (flame
retardant glass-reinforced epoxy) PCB substrate
with 70pm tinned copper printing.

+
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Figure 5. Principle of endurance HV stress test and

breakdown detection.

As the concept of the intended study is focused on the composite of a PCB substrate with tracks, and an
encapsulation material, a fully potted version was made and is shown in Fig. 4. These samples were potted in a filled
epoxy resin by an ESA qualified contractor. Screening of the completed samples was limited to confirming the

resistance between the terminals was greater than
100MQ and a low resolution X-ray radiography.

C. ESA Long Life Test Facility

Based on the above sample design and
definition, an ESA long life lest facility was
defined, developed and validated. The objective is
for the facility to be capable to test a high number
of samples in parallel to allow a statistical
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Figure 6. Schematic of OPU.
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evaluation under thermal cycling and high voltage
stress. I
General  experience from  high  voltage [_comparator | 3+ [ optocoupter | i R-fupriop | BE
breakdown test indicates that there might be a high
scatter in the test results. This leads to the
assumption that a minimum of 5 to 10 samples of

identical type need to be tested under the same |- ] __:j! . Ll | . om
conditions. Furthermore, in order to allow [ =i T = -
assessment of types of samples, it was finally S UG [ ol S NSRS R IS

decided to allow simultaneous testing of up to 90
samples. This had been defined as a compromise in
view of the available space in an available thermal 1

cycling chamber. It was required to have an L v ke
autonomously running long life test setup.
Therefore it was specified to have an individual
breakdown detection per sample.

Fig. 5 shows a basic block diagram of the test setup. The diagram shows how a breakdown in a sample is
detected and the digital signal acquired. The positive terminals of the samples are connected to the HV power supply
output and each negative terminal is shunted to ground via a circuit called the “overvoltage protection unit” (OPU).
The schematic of the OPU is shown in Fig. 6. In the event of a breakdown, the breakdown current passes through a
varistor which has a clamping voltage of 90V. Across the varistor, a resistor is connected in series with a transient
voltage suppressor (TVS) 8.2V zener diode. In the event of a breakdown of the sample, the varistor conducts the
majority of the breakdown current, and the lower power TVS absorbs the remaining current, generating a 8.2V
signal pulse across the zener diode.

The output of the OPU is connected to a circuit called the “breakdown detection unit” (BDU) which is designed
to interface with the signal pulse generated by the OPU to produce a latching digital isolated output with a LED
visual display. The BDU has been designed into a SCoe SOUE
rack mounted unit with 90 channels. A schematic
of a single channel is shown in Fig. 7. To prevent
damage to digital circuitry, isolation between the 0
HV ground and digital ground is required. For this
reason the circuit features two grounds and DC T
auxiliary power supplies, and an optocoupler is
used to provide galvanic isolation between the i
input and output. The pulse generated by the OPU PcB4

|
I
I
stimulates the input of the BDU channel which T t
|
I
]

Figure 7. Schematic of one BDU channel.
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results in the triggering of the latching of a flip- PCB 5
flop. —

Fig. 8 shows the block diagram of the test setup PCB 6
that is capable of testing a large number of PCB )
samples simultaneously. All samples positive PCB 7
terminals are connected to the HV supply and each ——
negative terminal is shunted with individual OPUs A
which are connected to corresponding BDU
channels. The BDU outputs are connected to a 90
channel data acquisition unit which interfaces with i i
the computer software. ® -

The complete test setup with computer control
and monitoring is shown in Fig. 9. The PCBs and
OPUs are placed inside an environmental chamber |1 L

which has controlled temperature and humidity. A Figure 8. Simultaneous breakdown detection of multiple

HV divider was added to give an accurate gamples connected to the same HV source.
measurement of the DC voltage. In the event of

each sample breakdown, or any failure that is detected by the software, the HV power supply voltage and current is
commanded to zero, and the mains power to the HV power supply is disconnected. Fast and controlled shut down of
the power supply is required for safety and also to limit electrical dissipation in the breakdown location after the
4
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breakdown has occurred. All components that

share the HV ground are star connected and a ey
single connection made between the star point and TR s
the main building earth.

The computer software controls: e | W0

DAC

- HV power supply mains On/Off
- HV power supply current limit
- HV power supply voltage

The computer software monitors:

- HV power supply current read back
- HV power supply voltage read back
- voltage divider

- BDU channels

- time

- temperature

- humidity

Error alarms are set to immediately shut down
the HV power system in the following events:

- HV power supply current read back out
of limit (OOL)

- HV power supply voltage read back OOL

- voltage divider OOL

- error current threshold exceeded

- BDU event detected

- software crash

- computer crash

The software sends the command to set the DC
voltage and current limit level of the HV power
supply, commanding the gradual increase in step
increments. The software error current threshold
setting is implemented as a 2nd mechanism to
detect sample failure — by setting the threshold
level to detect if any sample fails to low
impedance. HV measurements and critical
monitoring are using the voltage divider output
which is more accurate, faster and reliable than the
power supply voltage read back.

For the breakdown tests in chapters 5 and 6 of
this paper, the current limit was set to 0.5mA and the current alarm limit was set to 0.3mA, and the environmental
conditions were controlled at temperature of 20°C (+/- 5%) and 45% (+/- 10%) relative humidity (RH). Prior to HV
stress testing, the samples were stored at ambient conditions in the Netherlands for approximately 12 months.

In the event of a breakdown the surge current occurs too fast for the output current limitation mechanism of the
power supply to have any action. Therefore the energy that is discharged by the breakdown is determined by the
output impedance of the power supply, combined s
with the impedances the cable, HV rails, samples
connected, and voltage divider.

DOV Power Supply

|
Figure 9. Full system block diagram (showing only 1 PCB
sample under test).

Figure 10. Identify breakdown location by thermal
imaging of resistive power dissipation.

D. Short-Term Breakdown Test and Sample
Analysis

For reference, a bare PCB in Fig. 3 was tested
using the setup in Fig. 9, increasing the voltage by
100V every 30 seconds until a breakdown is
detected by the test setup. The breakdown was
detected by the BDU at 1.77kV. The resistance was o e
measured and was still the same as before the Figurell. X-ray radiography of breakdown observed
breakdown >100M€. The same test was run again {rom underside and top side of PCB.

5
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe-Hyogo, Japan
July 4—10, 2015




with exactly the same results.

Next a potted PCB sample in Fig. 4 was
subjected to the same tests as above, and the
breakdown event was measured when voltage
applied was 27.62kV. After breakdown the
resistance across the terminals measured 1kQ.

The sample was then imaged with X-ray
radiography to try to determine the location of the {

breakdown, but it was unsuccessful because the coe _
sample size was too large in relation to the small Fjgure 12, Micro section locations, Position 1 and 2.
size of the breakdown. An investigative method

was applied to find the approximate location: by

applying a low DC voltage across the sample terminals while thermal imaging to see if the heat dissipation in the
1kQ failed insulation could be observed.

The applied voltage was 3V for 1 minute, which results in current of 3mA, power dissipation of 3mW and a total
absorbed energy of 180mJ. The image taken at 1 minute is shown in Fig. 10, and a dissipative hot spot is clearly
visible. After this test had been performed the resistance measured across the terminals was 960€Q, this was 400Q
less than the measurement taken directly after breakdown which suggests that the test may have affected the sample.

With the approximate possible breakdown
location identified, X-ray radiography was
performed again at a higher resolution and focused
on the suspect area. This time the possible
breakdown location was found and images were
taken from the underside and topside of the PCB
sample, shown in Fig. 11. A circular feature was
observed in the 1mm spacing between the tracks,
which indicated slight damage to the edge of the
PCB tracks with a change of state in the insulation
materials between them.

With the precise location now visible, it was Figure 13. Micro section Pos 1, separation of PCB glass
possible to take a more detailed look by destructive fijpers.
parts analysis, by taking two micro section slices at
normal angle to the PCB substrate top surface. Two positions for micro section were selected, as seen in Fig. 12, one
is just outside where the breakdown occurred (Pos 1) and one is through the center of the breakdown (Pos 2).

The cross section just outside of the circular feature, shown in Fig. 13, revealed evidence of separation of the
PCB substrate glass fiber layers just below the surface, which can possibly be resulting from dissipation of the
breakdown current leading to thermal-mechanical
stresses deforming the insulation materials.

The cross section taken then directly though the
center, shown in Fig. 14, revealed a build-up of
carbonized insulation material around the
breakdown location. The extensive heat damage
suggests there was electrical overstress as a
consequence of the dielectric  breakdown
conducting after the initial arc. It is suggested that
the breakdown path was approximately through the

center of the circular feature, based on the Figure 14. Micro section Pos 2, location of breakdown

assumption that heat damage propagated from this and build-up of carbonized material.
location.

_____ - SRS i ro-section Pos 1
b
e - il licro-section Pos 2

E. Long-Term Breakdown Test At 20kv

5 encapsulated PCB samples were endurance tested in parallel with the test setup described by Fig. 9. The
voltage is increased from OV in 250V steps, taking 11 minutes to reach 20kV. In the event of a breakdown, the
system shuts down the HV power supply, and the broken down sample is removed and the resistance across the
terminals is measured. Afterwards the HV power supply voltage is increased again to 20kV. The time until
breakdown is recorded from when the 20kV is reached, up until the breakdown event. The time under voltage stress
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is accumulated and for samples a — e is shown in Fig. 15. Note that sample b is still under test and as of the date 16
March 2014 it has lasted for 620 hours. For the 4 samples the resistance measured across the terminals was between
600Q and 800€2, which indicates each sample had a full breakdown.

1 sample broke down after only 40 minutes, the next two lasted under 8 hours, but the other 2 samples lasted
considerably longer: 1 broke down after 180 hours, and 1 is still surviving after 620 hours. High scattering could
possibly be due to differences in sample quality. Furthermore, it is possible that testing at a lower voltage or testing
after aging of samples would result in less scattering. Parts analysis data is not yet available for these samples.

F. Evaluation Of Test Setup And Suggestions For Improvements

There is a limitation of the setup in that it does not measure the energy of each breakdown. This could be
achieved by adding a current probe in the discharge path of the samples to ground. This probe would be connected
to a digital storage oscilloscope, which triggered on a current level that is above the quiescent current, so that for
each discharge a waveform capture occurs and
hence the transient breakdown current that flows
through the sample is measured. If the discharge
energy was too high it could be limited by adding a
series resistor to the HV power supply output. This

Time (h) for Samples to BD at 20kV DC. 20°C 50%RH

5 '06"

test is useful for verification of the test setup on d |"l"
selected samples.
Visual inspection of the samples after the . |-‘,-¢
terminals had been soldered revealed a slight
discoloration of the substrate near to the solder pad, 4 _ »

and X-ray radiography of the samples after they had
been potted revealed unwanted solder deposits on
the tracks near to the pad where the terminals were a  Ea
soldered. The connecting terminals used were too
heavy and required too much heat to solder which
resulted in a risk of damaging the PCB substrate
and track when soldering. Future PCB sample
designs will use connecting terminals which require
less heat to solder.

The screening for quality and consistency of the potted HV PCB samples could be improved by including
isolation and partial discharge testing of each sample, prior to breakdown testing.

The samples were larger than necessary which means they are more expensive to produce and it is harder to find
the breakdown location. It is recommended to reduce the sample size to reduce the cost of a large scale study.

For the identification of the breakdown location with thermal imaging, the energy dissipated should be reduced
to the minimum possible. A low voltage should be used and the time duration controlled in order to limit the heat
that the breakdown path absorbs, so that the temperature gradient on the sample is close to the temperature
resolution of the thermal camera. For the follow up study, it has been decided though to use computed tomography
imaging on selected samples, instead of the thermal method.

It is noted that each time a breakdown occurs, all of the samples connected in parallel are subjected to a transient
of the HV decreasing to zero. This is unavoidable if testing samples in parallel connected to a single HV power
supply and it is not expected that these transients can affect the HV stress to lifetime characteristic of the samples.

Figure 15. Time for breakdown for epoxy resin
encapsulated FR4 single sided PCB with 1mm spacing.

III. Conclusion

The test setup development is considered successful in that it has run autonomously for over 1 month and has
detected the breakdowns on 6 samples, with no anomaly or error events occurring.

The principle of the design of a HV PCB sample to test a single electrical interface within a PCB has been
demonstrated successfully, with micro section analysis showing that the breakdown occurred in the Imm spacing
between the tracks.

Considering the broader objective, much research is to be done before a standardized set of PCB layout design
rules are available for HV PCBs that are potted or conformably coated. ESA now has a test setup available to gain
data for a comprehensive study that represents the different manufacturers in the European space industry and the
different materials and processes that are used. This setup will be utilized in a long term study which will test over
500 samples of different types, including single sided PCB, double sided PCB, encapsulated insulation and
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conformal coated insulation. This project will be managed by Airbus DS GmbH. The study method will be updated
to include the improvements suggested in chapter IL.F. For this activity the results are expected in 2017.
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