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When the IGBT module has been split in two different IGBTS, a definition of the IGBTs are
necessary. This is done using the layout of the contact-points on the IGBT-module. The

definition is according to figure 22.

Figure 22 - Definition of the IGBTSs in the IGBT module [8]

5.1.1 Visual Inspection

The lid of the modules has been removed so that the insulating liquids will cover all open areas

during testing. Figure 23 show IGBT #2 prior to testing.

Figure 23 - Picture of IGBT module #2

The IGBTSs were similar after lid-removal, therefore figure 23 is used as reference for both
modules. The gel is initially transparent, and covers chips and wire bonds. Small marks on the
gel is observed and shown in the red circles in the figure. They are caused by the removal of
the top lid. The gel is filled up exactly to the point where the four plastic support-pins are
covered, and will be indicators for any swelling after the tests. A small increase in the gel-

height is observed close to the connection pins.
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5.1.2 Blocking Voltage Test

In this test, the gate-emitter of the IGBT is short-circuited, thereby setting the IGBT in blocking-
mode. The IGBT is then tested up to its rated collector-emitter blocking voltage and the leakage
current is measured. For this test, the upper and lower IGBT is tested separately. The wiring

diagram for the test is seen in figure 24.

Upper/Lower IGBT

Spellman Source ; Upper/Lower diode
High Voltage DC

<

Leakage current

Figure 24 - Wiring diagram for blocking voltage test

The test was performed at 6.5kV and the results are shown in table 3. The highest leakage
current was 13.5 pA on lower IGBT #2. The datasheet has a maximum ”Collector-emitter cut-

off current” at 5.0 mA, meaning that all the IGBTSs are well within rated values [11].

Table 3 - Results for the blocking voltage test

IGBT Voltage Leakage Current
Module # (Collector-Emitter) (Upper / Lower)
1 6.5 kV 7.7 yA /8.4 pA

2 6.5 kV 10.0 yA / 13.5 pA

5.1.3 Forward Voltage Test

This test uses an instrument at SINTEF Energy Research called DM 659 and is specifically
designed for measuring forward voltage drop on semiconductors. The gate voltage is set to its
nominal voltage, then a controlled current pulse is passed through the collector-emitter while
measuring the forward voltage drop. The results is shown in table 4 and figure 25. The results
at rated current (125 A) is close to the typical forward voltage drop of 3.00 V, given in the
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datasheet [11]. This test is only performed on the lower IGBT on the module, since this is the
IGBT that will be actively switched in liquids.

Table 4 - Forward voltage drop results

Lower IGBT current | Forward voltage drop
Module # ¢ Vee
1/2 10 A 1526 V/1537V
1/2 20 A 1.782V/1.798 V
1/2 30 A 1.967 vV /1.986 V
1/2 40 A 2121V [2.142V
1/2 50 A 2255V /2279 V
1/2 60 A 2.380V/2.405V
1/2 70 A 2496V /2523 V
1/2 80 A 2.605V/2.634V
1/2 90 A 2711V /2741 V
1/2 100 A 2813V /2844 V
1/2 110 A 2912V /2944 V
1/2 120 A 3.007V/3.041V
1/2 125 A 3.054V/3.088V
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Figure 25 - Trend of the forward voltage drop versus the collector current
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5.1.4 Gate Threshold Voltage Test

An adjustable low voltage DC-source is connected to provide the same voltage potential across
gate-emitter and collector-emitter on the IGBT. The voltage is increased until a collector current
of 10mA is reached. The voltage on the DC-source is then measured using a voltmeter. The

wiring diagram for this test is shown below. The upper and lower IGBT is tested separately.

Current measurement

>
Upper/Lower IGBT
o—e
Adjustable ’—é
Low Voltage DC n Upper/Lower diode
o—4

Figure 26 - Wiring diagram for gate threshold voltage test

A small increase past the gate threshold voltage will quickly increase the collector-current up
to the current-limit of the voltage source, since passing the threshold voltage will turn on the
IGBT. The voltage is increased slowly and a current-limit of 20 mA is set on the voltage source.
The results is shown in table 5. The minimum and maximum-values for a gate threshold voltage
test with collector-current of 35 mA are in the datasheet given at 5.4 V and 6.6 V. This is when
the IGBTs upper and lower part is paralleled, meaning that the test-value collector-current of
one IGBT is equal to 17.5 mA. The test was however performed at 10 mA, due to comparison-
reasons from an earlier test-result performed by SINTEF Energy Research. The difference from
using 10 mA or 17.5 mA as the threshold current is very small, therefore the values can be
directly compared with the values given in the datasheet. The measured values are well within

specification in the datasheet.

Table 5 - Results for the gate threshold voltage test

IGBT Collector-Emitter Applied voltage
Module # current (Upper / Lower)
1 10.00 mA 5.895V /5.905V

2 10.00 mA 5924V /5917V
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5.2 DC-link Capacitor

The DC-link capacitor used in the tests are a metallized polypropylene capacitor from
Electricon. It is a custom made capacitor, based on the E51-series that Electricon delivers. This
is a capacitor with a very good ratio of capacitance to volume, a high pulse strength and good
self-healing characteristics. The customization compared to a standard E-51 series is that it has
not been filled with resin, hence the insulating liquid will be in direct contact with the film
inside the casing. The test object is a 5 uF /6.75 kVDC capacitor element, and has the special
article number E51.P12-502R20. A datasheet for the capacitor is not available since it is custom

made, but an overview of its most important characteristics are given in table 6.

Table 6 - Overview of capacitor characteristics

Rated Capacitance 5 uF
Rated DC-Voltage 6750 V
Max ripple current ~50 A
Diameter element / casing 78 mm /90 mm
Length element / casing 76.5 mm /125 mm

A photo of the capacitor-element including the casing is shown in figure 27.

Figure 27 - Capacitor element, casing and top/bottom lid
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5.2.1 RLC-measurement of Capacitor Element

The capacitance and ®-angle were measured using a RLC-meter. (Fluke PM306). Changes due
to being exposed to the insulating liquid can then be examined after the high voltage switching
tests. The results from the RLC-meter are shown in table 7. The measuring-equipment is not
able to measure any losses in the capacitor at 50 Hz due to the large capacitance to resistance-

ratio.

Table 7 - Results of RLC-measurement on capacitor

Test frequency Capacitance ® - angle
50 Hz 4.8923 pF -90.0°
1000 Hz 4.8927 pF -89.9 °

5.2.2 Leakage Current Test

A leakage current test at nominal voltage was planned, but did not give reasonable results due
to inaccurate test-equipment. Further explanation and attempts to solve this problem is

described in chapter 6.5.
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5.3 Concept Gate Driver

The commercially available 2SC0535 SCALE-2 driver core and the 2BB0535T base board
from Concept has been used. It is a dual channel driver with isolated power and signal transfer
to the secondary stages by magnetic transformer [21, 22]. The driver assembly is shown in

figure 28.

The gate driver has both electrical and optical interface. Only the optical interface will be used,
as the electrical has been tested in insulating liquid by SINTEF Energy Research in earlier
research. Since optical interface is used for communication, only power and no control signal
will be supplied through the ribbon cable connection. This gate driver has several protection-
mechanisms, including dynamic advanced active clamping, short-circuit protection and supply
undervoltage detection.

Figure 28 - Gate driver core and base board

When using the optical connection on the gate driver, an interface card is needed to transform
the electrical signal from the FPGA-board to optical trigger signals. This second interface card
is put in liquid together with the concept driver. It has one optical connection for fault signal
and one that controls the switching. The schematics for the interface card #2 is presented in

appendix B. The optical interface card can be seen in figure 30.

The main test for these two cards is functionality and observation of any large changes in gate
driver output. Compatibility of optical interface in liquids are an important factor, since liquids
have different refractive index profiles and can affect the fibre-optical communication link.
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6 Test-setup Modifications

During construction and testing of the cabinet and test equipment, several issues arose. The
main problems and modifications are discussed in this chapter. The issues described in chapter

6.1 is an important result related to fibre-optical communication in MIDEL.

6.1 Gate Turn-on Delay in MIDEL

After the test-setup was submerged and vacuumed in MIDEL, a signal-delay were observed at
the gate driver output. The peak turn-off current varied from 100 A to 130 A using a 10 s
single pulse and DC-voltage of 3.62 kV. This observation was investigated further by
comparing the turn-on signal from the FPGA-board to the turn-on output from the gate driver.

Moise Filter Off
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Figure 29 - Turn-on delay on the gate driver (Green) while submerged in MIDEL
In figure 29 a disparity between two turn-on signals is found and a turn-on delay up to 1.2 s
is observed. The turn-on from the FPGA is constant (Blue), and turn-off moment is constant on
the gate driver. This indicates that the turn-on signal is delayed due to a too weak turn-on light
in the fibre-optical sender. The datasheet for the HFBR1528 fibre-optical sender was examined.
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In appendix B, the wiring diagram for the optical interface is included. The surface-mounted
resistors R11 and R14 on interface-board #2 were reduced from 47 Q to 33 Q, thereby
increasing the power in the optical sender to peak power according to the datasheet [23]. The
two replaced resistors are shown in the red square in figure 30. The increase from nominal to
peak power should not result in any problem in pulse-testing. Testing afterwards confirmed that

any variation in signal-delay was gone.

Figure 30 - Optical interface card

During the test in MIDEL and Galden, a small decrease in peak current at turn-off was observed.
This could be a result of the fibre-optical communication. A small constant delay due to the
liquid would result in a smaller peak current. After the Galden test, the complete setup was
rinsed in isopropanol. The setup was then tested and compared to the air-reference, both with
the optical fibre that was exposed to MIDEL and Galden, and with a new fibre-optical cable. A
small increase of peak turn-off current was observed after replacing the cable. This can indicate
that the modification only stabilized the delay, and did not completely remove it. Some liquid
could have penetrated the fibre-optical cable resulting in this delay, while some could be stuck

at the transmitter- and receiver lens. An overview showing the changes is shown in table 8.

Table 8 - Changes in single pulse peak-current from optical communication delay

Air Air Air
Surroundings MIDEL Galden
Reference Cleaned New fibre
Peak turn-off
133 A 128 A 125 A 127 A 129 A
current
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6.2 LEM-shunt, Rogowski-coil or Current-probe

Initially, the plan were to use a LEM-shunt, which was the only solution that enabled current-
measurements inside the container of liquid. SINTEF Energy Research had earlier tested a
LEM-shunt in pressurized MIDEL, and the exact same shunt was considered to measure the
emitter current in this test-setup. The LEM-shunt is an off-the-shelf LA 205-S, with capacitor-
modification to withstand liquid and pressure. An electrolytic capacitor was changed to a
tantalum capacitor with the same rating, and proper performance was verified by SINTEF
Energy Research. It was mounted on the same test-plate as the IGBT, and the return connection
from the lower IGBT-emitter went through the LEM-shunt measurement area on the way back
to the Spellman-source (Ground). This solution was also the one that would ensure as low as

possible loop-inductance, minimizing voltage overshoot at turn-off.

In the first air-tests a Rogowski-coil (PEM CWT 3R 600A) was used in the same loop to verify
the LEM-shunt measurements. The Rogowski-coil was then placed at the same emitter-current
loop next to the LEM-shunt. The results from a 10 ps single pulse test at 500 V is shown in
figure 31. The LEM-shunt has large disturbances/oscillations in the current-measurements, but
the linear increase and maximum-value in the switching-interval is similar to the Rogowski-

coil.

Moise Filter Off
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Figure 31 - Emitter current: Rogowski-coil (Yellow) vs LEM-shunt (Purple)
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A modification to the top-plate was performed to increase accuracy on the emitter current
measurement. This was done by connecting the emitter from the lower IGBT to a very small
current loop on the upper side of the test-plate. The loop would then let the Rogowski-coil be
able to measure the emitter-current without being exposed to the insulating liquids. The loop

was made very small to minimize the voltage overshoot at turn-off.

A Tektronix current probe (TCP0150 150A-pk) was used to verify the performance of the
Rogowski-coil, and if possible, improve turn-off accuracy. This did not result in any
improvements, as the current probe had a small oscillation at the end of the turn-off time. A
closer look at the turn-off measurement troubles and comparisons of current probe and
Rogowski-coil is shown in figure 32. This figure is also a good illustration of the different turn-
off segments discussed in chapter 2.1.2. It can clearly be observed where the MOSFET turn-

off ends and the BJT current-tail continues.

[z 2.00us 2.50G5/s £
il 32.80 % 100k/points 18.0 A |
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I 23.17 % 100k points 18.0 A |

Figure 32 - Emitter current: Rogowski-coil (Green) vs Current-probe (Purple)
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6.3 Signal Noise on Gate Driver Output

The first setup gave very large noise-oscillations when measuring the output signal of the gate
driver. A normal voltage probe was used, and the wiring for the measuring-point was twisted
together with the signal-wiring for the gate driver and Sensirion-sensor. The results of a 10 us

single pulse before modifications are shown below.

Muoise Filter Off
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Figure 33 - Initial signal noise on gate driver output

To reduce the oscillations, a differential probe was introduced instead of the normal voltage
probe. The cable-lengths for measuring was cut down to its minimum, and separated from the
other signal cables. Only the differential probe wires was put inside the cabinet. These
combined actions resulted in the lowest obtainable signal noise on the gate driver. The

improvement can be seen in figure 34.

Moise Filter Off
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Figure 34 - Improved signal noise on gate driver output
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6.4 Calibration of High Voltage Probes

When the first switching test of the setup was performed, a large negative voltage was measured
across the IGBT during its on-period. The test was done at approximately 1 kV DC-link value.
According to the forward voltage test performed in chapter 5.1.3, a voltage between 1-3 V
should be measured depending on the current going through the IGBT. In figure 35, a voltage
between negative 300 to negative 600 V was measured during the IGBTs on-period.

Moise Filter Off
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Figure 35 - Uncalibrated high voltage probe

The high voltage probes was checked using the square wave output on the oscilloscope. A large
deviation from the desirable square wave was measured. The calibration screw on the probes
was then adjusted, resulting in much more accurate measurements. Both high voltage probes
was calibrated. The high voltage probes is however not accurate enough to give the exact
forward voltage of the IGBT. In figure 36 a measurement at 3.3 kV show a great improvement

after calibration.

Prey PrTrig ! Maise Filter Off
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Figure 36 - Calibrate high voltage probe
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6.5 Leakage Current Measurement of Capacitor

Measuring the leakage current in the capacitor could be used as an indication for any changes
due to the different liquids it is submerged in. An increase in leakage current is often an

indication towards breakdown or failure.

.|
Spellman Source — Capacitor
High Voltage DC — 6,75kV 3uF

Leakage current

Figure 37 - Wiring diagram for capacitor leakage current

The wiring diagram in figure 37 illustrates how this test was performed. However, during this
test, the capacitor was charged to 6.5 kV, and a negative leakage current was measured,
meaning current flowed into the high voltage source. Large pulses of high current in positive
direction was observed every other second. This was further investigated, and the conclusion
was that the Spellman source do not have an accurate output. It charges the capacitor up to 6500
V, and the capacitor starts to deliver a small current to the source. The voltage on the capacitor
drops gradually. After a few seconds, the voltage has dropped down to the point where the
source measures the voltages to be one digital step lower than 6500 V. It will then recharge the
capacitor up to 6500 V. An analogue high voltage source, or with a much more accurate

analogue to digital conversion of the voltage output is therefore needed to performed this test.

A workaround of this problem was tried using a series of resistors in parallel to the capacitor,
which was assumed to force the Spellman to deliver a constant current to the resistance, and
then fix the voltage output. This did however not work, as it only resulted in higher current-

pulses from the voltage source every other second.
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7 High Voltage Liquid Results

This chapter includes all results from single and double pulse testing in air, MIDEL and Galden.
The tests was performed in the different liquids as explained in chapter 3.4. Table 9 summarize
the maximum values during the 10 ps long single pulse test with a DC-link of 3.62 kV. "Peak
turn-off current Emitter” is the current at the instant the IGBT turns off, which is when the
current is the highest. "Voltage overshoot Collector-Emitter™ is the overshoot created at turn-
off, since current-decrease is present. "Turn-off time" is the time the IGBT uses to go from

maximum to zero current.

Table 9 - Single pulse result overview

Surroundings | Peak turn-off | Voltage overshoot | Turn-off
current emitter | Collector-Emitter time
VRN 133 A 3820 V 696 ns
M ISDBF(IJ;() é?_loc 128 A 3800 V 632 ns
Gaen 24 125 A 3840 V 640 ns

A summarizing of the double pulse test results is provided in table 10table 1. All the double
pulse tests are performed with 3.62 kV DC-link, 7 ps time for both pulses (t1 & t3), and a pause
between the pulses at 280 ps (t2). The pause between the two pulses was defined in air as the
pause that gives a maximum turn-off current equal to the nominal current capacity of the IGBT
at 125 A.

Table 10 - Double pulse result overview

Surroundings | Peak turn-on Peak turn-off | Voltage overshoot | Turn-off
current emitter | current emitter | Collector-Emitter time
A3 © 255 A 125 A 3800 V 582 ns
MIDe 25 ¢ 246 A 122 A 3780 V 610 ns
Ggg‘f'g'];/ozégc 239 A 119 A 3720 V 614 ns
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The complete double pulse test in air is shown in figure 38. This is how the double pulse test
was performed in all the surroundings. The results of the first pulse in the double pulse test will
not be included, as it will be the same as a single pulse test, only with a shorter period. Therefore
the second pulse is the only pulse presented in the results of the double pulse test. This is the
area shown inside the red square in figure 38. Waveforms and screenshots of turn-on and turn-
off pulses are stored for analysis. There is a fairly long off-period between the first and second
pulse to ensure that the second turn-off current of the IGBT is kept below/close to nominal
values. Pulse testing was performed each third day during the 14 day period and the results
showed no major changes when exposed to either MIDEL or Galden.

Moise Filter Off
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Figure 38 - One double pulse test

A high voltage blocking test in both liquids was performed before each pulse test. This was
done with the IGBT in blocking mode. The voltage was increased gradually to 6500 V. No
breakdown occurred in any of the liquids. The components did not give any signs of failure. No

irregular sounds were heard during these tests.

42



High Voltage Liquid Results

7.1 Results from Single Pulse Testing

The screenshot from the oscilloscope on the single pulse tests performed is shown in figure 39.
Both MIDEL and Galden had successful results, meaning they gave similar results as the

reference test in air.
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Figure 39 - Screenshot of 3 single pulse tests
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7.2 Results from Double Pulse Testing

The screenshot from the oscilloscope on the double pulse tests performed is shown in figure
40. Both MIDEL and Galden had successful results, meaning they gave similar results as the

reference test in air.
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Figure 40 - Screenshot of 3 double pulse tests
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8 Post-characterization of Test Components

All the tests performed are described in chapter 4. Only the test-result from the post-

characterization will be given in this chapter.

8.1 IGBT Module

IGBT #1 was exposed to the MIDEL-liquid in 14 days and successfully switched at 3.62 kV
several times during this period. IGBT #2 was exposed to the Galden-liquid for 14 days and
switched successfully at 3.62 kV several times during this period. The results from the three
different test performed on the IGBTSs showed that no changes had happened to the IGBTs after

liquid exposure.

8.1.1 Visual Inspection

Both modules where rinsed in isopropanol after being exposed to the liquids for 14 days each.
IGBT module #1 is shown in figure 41. There is no clear sign of degradation of the gel. The
same lid marks are observed. The gel does however show a very small indication of swelling.
An increased unevenness of the gel-height is observed close to the connection pins. Module
#2, which was exposed to Galden, was exactly the same as before exposure, with no signs of

degradation or swelling.

Figure 41 - IGBT #1 after 14 days of MIDEL
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8.1.2 Blocking Voltage Test

IGBT Voltage Leakage Current
Module # (Collector-Emitter) (Upper / Lower)
1 6.5 kV 8.4 uA /9.1 A

2 6.5 kV 10.4 pA 1 12.7 pA

Module #1 has a small increase and module #2 a small decrease in leakage current after
exposure to the liquids. The changes are so small that no clear liquid-effects can be deducted
due to measurement inaccuracy. This indicates that exposure to the liquids has not influenced

the blocking voltage test on the IGBTS.

8.1.3 Forward Voltage Test

Lower IGBT current lee Forward voltage drop
Module # Vee
1/2 10 A 1529V /1527V
1/2 20 A 1.788V /1.784V
1/2 30A 1975V /1.968 V
1/2 40 A 2128V /2.121V
1/2 50 A 2.265V [2.256 V
1/2 60 A 2390V /2379V
1/2 70 A 2.507 V /2.494V
1/2 80 A 2.617V/2.604 V
1/2 90 A 2.723V [2.708 V
1/2 100 A 2.825V /2.809 V
1/2 110 A 2.923V /2907 V
1/2 120 A 3.020 v /3.003 V
1/2 125 A 3.068 VV/3.049 V

Changes from before and after the exposure to liquids are below 1 % on both IGBTs. The

liquids did not give any major effect on the forward voltage results.
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8.1.4 Gate Threshold Test

IGBT Collector-Emitter Applied voltage
Module # current (Upper / Lower)
1 10.00 mA 5.862V /5.884 V

2 10.00 mA 5.899V /5879 V

Changes from before and after the exposure to liquids are below 1 % on both IGBTs. The

liquids did not give any major effect on the gate threshold results.

8.2 DC-link Capacitor

The metalized polypropylene capacitor was first exposed to 14 days of MIDEL and cleaned
with isopropanol. Afterwards it was exposed to 14 days of Galden and cleaned with
isopropanol. During operation and testing, no problems occurred with the capacitor.
Measurements were performed after the last cleaning.

8.2.1 RLC-measurement

Test frequency Capacitance ® - angle
50 Hz 4.8862 pF -90.0°
1000 Hz 4.8903 pF -89.9 °

A very small decrease in capacitance is measured (< 1 %), this could be a results of some self-
healing occurrences during testing at high voltage.

8.3 Concept Gate Driver

The Concept gate driver was exposed to the same liquid and cleaning procedure as the DC-link
capacitor. The only problem experienced with the gate driver was the turn-on delay described

in chapter 6.1. Visual inspection after cleaning showed no sign of degradation or damage.
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9 Discussion

When constructing the test setup several safety-functions was implemented to ensure a safe
operation of the equipment. The most important one is the safety-relay that automatically
discharges the capacitor if the test-cabinet is opened. This ensures that direct contact with high
voltage is not possible. The complete design of the setup was planned together with Kjell
Ljokelsgy from SINTEF Energy Research, who has a good knowledge in construction of high
voltage test-cells. Arne Petter Brede from SINTEF Energy Research, together with Halsten
Aastebgl and Bard Almas from NTNU, assisted in performing a risk evaluation and confirming
the safety-features of the test-cell. Ole Christian Spro from SINTEF Energy Research aided in
the start-up period of the test-cell. Involving 5 people with HSE-experience from other high
voltage experiments ensured a safe and operable setup for the high voltage single and double

pulse tests.

Several modifications were performed during construction and testing, where the most
important ones are mentioned in chapter 6 and the majority of them are related to measurement-
equipment and accuracy of measurements. However, the turn-on delay of the gate driver
described in chapter 6.1 is an important observation that need consideration when designing for
fibre-optical communication in liquids. The results from the fibre-test in MIDEL was only a
short-term test for 14 day. It is most likely the reduction off light due to direct damping from
the MIDEL that caused the signal-delay. Any long-term degradation of the optical cable or
opto-coupler should be further investigated when designing a converter with optical interfaces.

Pre- and post-characterization of the test-components was performed with the same test-
equipment and is a good indication on short term effects of insulating liquids on IGBTSs
protected with gel. The pre- and post-results were very similar and the difference is most likely
a result of inaccurate test equipment. A long term study on how the IGBT-modules will react
to Galden or MIDEL would give valuable information towards realizing a fully operable
pressurized converter-module. Reliability is critical in subsea operations which is why a
continuous long term test in liquid should be performed, including a pressurization of the liquid.
SINTEF Energy Research is currently working on realizing a converter bridge-leg to be
operated in pressurised MIDEL. Rinsing the components with isopropanol was assumed not to

effect the components due to the short exposure time.
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The results from tests performed in MIDEL in chapter 6 was very similar to the results obtained
in air. The temperature was kept as constant as possible. Any variation in temperature could
result in noticeable variations of test-results. A 4 % decrease in maximum current at turn-off
was observed at the single pulse test. This could be because of the MIDEL, but it is most likely
a result of turn-on delay or time-variation from the FPGA-board, since only nanosecond
variations could result in this disparity. In the double pulse test, the peak current has a 3%
decrease. The results shows that MIDEL is a good insulating liquid alternative since no
breakdown or large changes occurred during testing. SINTEF Energy Research has confirmed
long-term compatibility issues with MIDEL in direct contact with gel on IGBTs. This could be
further investigated in later research using the high voltage test cell constructed in this thesis.
Tests were performed in the MIDEL each third day during the 14 day test-period. There were

no significant changes and the relative humidity level was kept approximately constant.

The results from tests performed in Galden in chapter 6 was also very similar to the results
obtained in air. The temperature was one degree higher in this test then in air, which could
create some variations in the measurements. A 6 % decrease in peak current at turn-off was
observed at the single pulse test compared to air. It is somewhat lower than the tests performed
in MIDEL, which could be a result of a small constant turn-on delay. The increase of light from
the optical sender could not be increased further due to datasheet limitation. There was however
no breakdown and no larger changes in the Galden tests. The results indicates that Galden is a
good insulating liquid alternative for subsea power electronics. SINTEF Energy Research has
found that there is a no compatibility issue with Galden and the IGBT gel, rendering it as a

more suitable liquid for long-term operations.

The metalized polypropylene capacitor did not experience any large changes from exposure to
MIDEL and Galden. It is assumed compatible with both liquids. SINTEF Energy Research have
had issues operating this capacitor in pressure. Further testing in liquid and pressure could be

performed.

The Concept gate driver was successfully tested in both liquids. The optical connection did
create some problems, which was partially resolved by increasing the light from the optical

sender. No other major issues arose with the gate driver.
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10 Conclusion

The first part of this thesis provided theory regarding the main components needed in a subsea
converter. Focus is spent on the IGBT and test-methods for this component, as it is evaluated
as one of the most critical components to operate in liquid and pressure. Single and double pulse
tests for IGBTS are described.

A safe and fully functional test cell for high voltage single and double pulse tests was
constructed and approved for operation, both by NTNU and SINTEF Energy Research. A
custom wound air-core inductance was constructed at the NTNU workshop to provide a load

for the pulse testing.

The insulating liquids MIDEL 7131 and Galden HT230 are described. Humidity-requirements
for the liquids are compared to IEC-standards and chosen at 5 % RH in MIDEL and 25 % RH
in Galden. Only a small increase in the humidity was observed during the 14 day test of each
liquid proving a sufficient closed environment of the test-setup.

Pre-characterization of components and successful high voltage pulse tests was performed in
air as a reference. Two IGBTs was tested for a 14 day period, one in MIDEL and one in Galden.
Results from testing and post-characterization showed that both liquids are suitable filling
liquids in a pressurized converter for subsea use. MIDEL showed some compatibility issues
with swelling of the gel on the IGBT. Galden does not have this issues and is therefore regarded

as the preferable filling liquid.

Optical communication in liquids gave a weakening of the fibre optical-link. In realizing a full
size converter with optical communication, it is important to account for this loss when

dimensioning the strength of the sender and receiver.
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11 Further Work

The test cell constructed during this thesis will be of good use for further pulse-testing of other
IGBT-modules. Other insulating liquids can also be tested using the same container and setup.
The long-term effect of exposing power electronic components to liquids should be tested with

regular high voltage pulse tests to ensure an operable and reliable subsea converter in the future.

Tests on IGBTs without gel, or with a protective layer on top of the gel, should be performed
since this would eliminate the compatibility-issues with MIDEL and gel. Studies to find critical

values in humidity-level or temperature-change could be performed.

Pressurization-tests of a complete phase-leg should be constructed. This would involve a more
complicated test-cell, which would have to be approved for pressure. SINTEF Energy Research
are currently constructing a test-cell with possibility of continuous inverter-operation under
pressure. The test-cell constructed in this thesis would then be a good pre-test of components

before they are put in a continuous pressurized high voltage test.
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Function | Comment

"h" Help for this program

"rt Read status of double pulse program

"t1" Length of 1st pulse, ex: t1=400 us

"t2" Time between 1st and 2nd pulse, ex: t2=200 us

"t3" Length of 2nd pulse, ex: t3=400 us

"t4" Time between each double pulse test, ex: t4=2 s

"tc" Time into the current pulse before current limitation during pulsing is enabled

g Delay-time, Delay time after current limitation has triggered before pulse goes
low
Setup of current sensor. This number denotes the maximum rating of the device

"Im" for one turn. Current measurement follows the formula ax+b, where a is a
function of Im.

"lo" Current offset, b is equal to lo.

oy Limit value for when the test is interrupted during the first pulse during double
pulse testing. Only active outside current delay time, see tc
Limit value for when the test is interrupted during the second pulse during double

12" pulse testing or the pulse during single pulse testing. Only active outside current
delay time

rreset” Resets the driver interface board if auto reset strap is placed on that board. This

rese
function turns the board quickly on and off

ot Print the driver interface board status message. This value is of a single hex value.

IlS a us"

This message is the same as shown on the interface board display
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"sta” Start the program module for switching to begin
"sto" Stop the program module for switching to end
"si™ Toggle option. Runs the pulse program for one cycle and then stops
"c" Toggle option. Runs the pulse program until stopped by user or an error
"ps" Toggle option. Single pulse mode
"pd" Toggle option. Double pulse mode
Set the switching state of channel A during switching during pulse testing. A
"AL or AH" | channel can have one of the following states: '1' — always on, '0' — always off, 'Q'
— pulsed, 'NQ' — pulsed inversely, Same for Channel B and C
"IG" Read the current setup of channels AL, AH, BL, BH, CL, CH
"PI" Toggle current regulator mode and see printout of Pl settings
RE" Set the reference current value for the regulator. This value is compared to that
of the current sensor before being fed to the regulator.
"KP" Proportional gain for PI regulator, Option for the regulator. Used for fine tuning
"T1" Time constant for PI regulator, Option for the regulator. Used for fine tuning
"L1" Limit of PI regulator, Option for the regulator. Used for fine tuning.
"PW" Toggle PWM mode
" Set frequency of PWM unit
"am" Set amplitude of PWM unit
"hy" Set hysteresis of PWM unit
g Set the duty cycle of the second bridge leg. This value sets the duty cycle for the
high side channel, and the duty cycle for the lower channel is the inverted signal.
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