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During the electrification of transportation infrastructure, it is important to be able to provide 

customers with products that are state of the art and functional. In order to meet both 

criteriaôs a fast and accurate testing is necessary during the development processes and that 

is the problem that this thesis seeks to address and improve. Silicon carbide MOSFETs are 

important part of low voltage power electronics and accurate independent testing before final 

commercial production is important. In this thesis, a test system for SiC MOSFETs is 

designed and built for Kempower in order to perform independent measurement of switching 

properties of three different packages TO-247, D2PAK and HU3PAK at test limits of 800 

volts and 100 amperes. 

Three different circuits were designed consisting of motherboard, gate driver and thermal 

board. In addition to these three PCBs the design device also includes a control board, which 

is a previous design by Kempower. Using these parts together with an oscilloscope, 

switching properties of MOSFETs could be measured. 

During the thesis not all of the planned features could be implemented as desired due to time 

constraints. The basic operation and ideas behind the testbench were found to work and the 

lessons learned in this thesis can be used in the future to produce an accurate and easy-to-

use testing system. All designs were proofed to be functional ideas, but few design flaws and 

mistakes in motherboard design effected the final performance. Because of these 

shortcomings, the tests were only done with maximum limits of 200V and 20A.  
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Liikenneinfrastruktuurin sªhkºistyessª on tªrkeªª pystyª tarjoamaan asiakkaille uusinta 

tekniikkaa ja toimivia tuotteita. Molempien kriteerien tªyttªmiseksi tarvitaan nopea ja tarkka 

testaus tuotekehitysprosessien aikana, ja tªmª on ongelma, jota tªssª opinnªytetyºssª 

pyritªªn tarkastelemaan ja parantamaan. Piikarbidi MOSFET:it ovat tªrkeª osa 

suurjªnnitetehoelektroniikkaa, ja komponentin suorituskyvyn tarkka riippumaton testaus 

ennen lopullista kaupallista tuotantoa on tªrkeªª. Tªssª diplomityºssª Kempowerille 

suunnitellaan ja rakennetaan testijªrjestelmª SiC MOSFET:eille, jotta voidaan suorittaa 

riippumattomia mittauksia kolmen eri kotelotyypin TO-247, D2PAK ja HU3PAK 

kytkentªominaisuuksista testausrajoilla 800 volttia ja 100 ampeeria. 

Tyºssª suunniteltiin kolme erilaista piiriª, jotka koostuivat emolevystª, hilaohjaimesta ja 

lªmmºnohjauslevystª. Nªiden kolmen piirilevyn lisªksi suunniteltuun kokonaisuuteen 

kuuluu myºs ohjauskortti, joka on aikaisemmin tehty malli ja lºytyy jo muista Kempowerin 

tuotteissa. Nªiden osien ja oskilloskoopin avulla on mahdollista mitata MOSFET:ien 

kytkentªominaisuuksia. 

Opinnªytetyºn aikana kaikkia suunniteltuja ominaisuuksia ei voitu toteuttaa halutulla tavalla 

aikarajoitusten vuoksi. Perustoiminnot ja testipenkin ideat todettiin toimiviksi, ja tªmªn 

opinnªytetyºn oppien avulla voidaan tulevaisuudessa tuottaa tarkka ja helppokªyttºinen 

laite komponenttien testaukseen. Kaikki suunnitellut ominaisuudet testaamalla todettiin 

toimiviksi ideoiksi, mutta muutamat suunnitteluvirheet ja epªhuomiot emolevyssª 

vaikuttivat lopulliseen suorituskykyyn. Nªiden puutteiden vuoksi testi tehtiin vain 

enimmªisrajoilla 200V ja 20A.  
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1  Introduction 

Electrification of worldwide traffic infrastructure is accelerating. As people transit from 

internal combustion engine (ICE) cars to Electric Vehicles (EV), they demand the transition 

to be as smooth as possible. One of the biggest differences between these forms of 

transportation is the used fuel and therefore method of refuelling, which is done by filling 

the fuel tank in ICE vehicles and charging the battery with electric cars. Charging the 

batteries is significantly more time consuming than filling the tank from the pump. Also, the 

charging infrastructure is not as widely spread as more traditional forms of refuelling. This 

creates a demand for faster and more easily implementable charging solutions. By reducing 

the size of the single charger or making it possible for one charger to supply more power 

makes it easier for expanding the charging network. Faster chargers also answer to 

consumers wishes for more rapid charging times.  

To make the needed advances for the chargers and electrification of transportation, the ability 

to make fast adjustments and accurate independent tests in the early design phases is needed, 

which removes as much of the problems regarding the design before advancing to full 

product. Testing of the components to make sure they are suitable for the design and can 

handle all the use cases and conditions is a crucial part of the research.  

This problem of independent testing of new technologies is one issue that this research is 

aiming to solve. While component manufacturers usually give the information of the 

components they produce and sell, that does not always give the accurate application specific 

performance of the component. The specifications could be accurate but there could be 

manufacturing issues or some other error that effects the performance of the component. 

This is why it is important to be able to test the components in house separate of the 

manufacturer. In this research a testing system for Silicon Carbide Metal-Oxide-

Semiconductor Field-Effect Transistor (SiC MOSFET) is built to make testing of the 

components in early stages of the design as simple and fast as possible. SiC MOSFETs are 

a reasonably new technology as the first SiC power transistor was released to market in 2008 

and they have significant advances to earlier Si MOSFETs (Speer, 2017). The ñfreshnessò 

of the technology makes implementing the components a bit riskier. There is simply not very 

much of independently tested data. Most of the data is funded or in some other way 
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connected to the manufacturers. In house testing system makes testing of new models 

flexible, easier and faster than outsourcing it from a third party. 

1.1  Comparison of Si MOSFETs and SiC MOSFETs 

SiC MOSFET is one of the more commonly used power transistors with IGBT and Si 

MOSFET. SiC semiconductor material offers best of both worlds when compared to Si 

MOSFET and IGBT (Figure 1). While Si MOSFETs are well suited for fast switching 

frequency they lack in ON-resistance and rated operating voltage. IGBTs are the opposite 

they have sufficient rated voltage and ON-resistance, but lack in the switching frequency. 

SiC MOSFETs however offer best of both by being able to handle high switching frequencies 

and currents while still managing to handle high voltages. (Rohm.com, 2017) 

 

 

Figure 1 Comparison of Si-, SiC MOSFETs and IGBT (Rohm.com, 2017) 

 

Usually, MOSFETs are used as a switch to turn on or off a part of the electric circuit. In ideal 

situation switching is instant and has only two states ON and OFF. In the ON state there is 
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no impedance no matter how much current is flowing through the switch. Switching the state 

to OFF the switching is instant and the impedance of the switch turns to infinite in an instant 

and the current flow is stopped completely. 

These kinds of features are not possible in real life and there is power dissipation on these 

switching instances. Also, the ON and OFF states have parasitic components on them that 

are important to know to be able to use the MOSFETs correctly and efficiently by designing 

a circuit with small enough power losses. 

1.2  Product development and component properties 

Usually in product development the faster and sooner the error or some other unwanted 

property is noticed, the cheaper and easier it is to fix and correct. This makes it very 

important to invest in proper and functioning testing systems that make it possible to measure 

and test the parts independently before they are designed to integrate to the final product.  

In case of SiC MOSFETs the usually measured properties are the following: turn-on-, turn-

off- and reverse recovery parameters. These properties are discussed in more detail in chapter 

2.4 From these measured properties the energy losses are calculated.  

The beforementioned properties are dependent of temperatures and for testing them there is 

a plan to integrate a temperature adjustment that makes it possible to test the change in 

properties. These properties are important to know to make sure that the manufacturer 

specifications are correct and to ensure that the designed parts are useful for their use cases. 

In addition to these parameters the possibility of measuring the PWM delays is investigated 

and implementation is planned and possibly made to practice if there is time during this 

thesis.  

1.3  Thesis objective and methods 

In this thesis a testbench is designed and then built for testing switching behaviour of the 

tested MOSFET. The testing process is designed to be as simple as possible for the user in 

the sense of executing the test, changing the DUT and extracting the results from the test to 

an outside device.  



13 

 

In the testbench the DUT could be chosen from three different footprints specified later in 

the thesis and switching behaviour could be measured from which the power losses of the 

DUT could be calculated. Because of these properties being temperature specific also the 

temperature of tested MOSFET is designed to be adjustable and measured.  
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2  Methods of Double Pulse Testing 

This chapter explains the purpose and design of different parts in the testbench and gives a 

more detailed view of the circuit. The final test bench is assembled according to the findings 

and designs made in this chapter. 

2.1  Short explanation of testing 

Testing method used for implementing the testbench is double pulse test (DPT). This is used 

for testing the parameters mentioned in chapter 1.2 The test method is used widely to test 

power transistors and their operation. In the test a fast switching of the MOSFET is tested 

by using a double pulse signal.  

 

 

Figure 2 Simplified circuit of a double pulse test. 

 

Simplified DPT circuit is shown in Figure 2. In this circuit the tested MOSFET is Q and a 

freewheeling diode is used to keep the current flowing though the inductor after the first ON 
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pulse is over. To be able to measure the switching parameters a voltage over DUT and current 

from the source are needed and the measuring devices are represented as V and A in Figure 

2.  

 

During the test, first ON-pulse makes the MOSFET conduct and starts current flow raising 

current level in the load inductor to desired level for conducting the test. Starting the 

measurement at this time provides inaccurate results about the losses of the device under 

test, because the inductors current is not yet at the wanted level and this introduces 

uncertainties in the measurement. Because of this the turn-off measurement is done during 

the falling edge of the first pulse and turn-on measurement on the rising edge of the second 

pulse when the inductor current has risen to the desired level so both tests can be measured 

from approximately same current level.  

The chosen inductor limits the rate of current change in few different ways. Inductor should 

not saturate at current level at which the test is conducted. First ON pulse (Figure 3, T1) is 

not recommended to be longer than 100 Õs to avoid significant voltage dip of DC bias, slow 

current change rate and temperature rise of the DUT that could affect the switching 

performance. When the inductor current has risen to desired level the turn-off state is started 

that is shorter than the first turn ON time, usually ϵ to  of turn on time (Figure 3, T2). 

This makes sure that the load inductors current does not drop significantly and is kept 

constant in the transition. The second ON pulse (Figure 3, T3) is shorter than the first but 

needs to be long enough to make the measurements usually İ of the first ON-pulse. 

(Masoud, Issa and Yates, 2023) 
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Figure 3 Current waveform in double pulse test. 

 

At the start of the test, current starts to flow through the inductor and DUT on first ON pulse. 

The length of the first ON pulse is decided by the used inductor and current level wanted for 

the test that will be specified later. When the DUT is turned off the current keeps looping 

through inductor L and diode D and is kept in desired test level. During the second ON pulse 

flow of current moves through Q again and this turning on event is measured to evaluate 

characteristics of Q. The current paths in different pulses are visualized in Figure 4. 

 

 

Figure 4 Current flow paths in different states of double pulse test. 
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2.2  Distinct parts of the circuit in detail 

More detailed view of the electrical components in the double pulse test circuit with 

explanations of their purpose and design. Also, the use cases for which the parts are used 

and designed in this thesis. 

2.2.1  Testing area of MOSFETs 

This is the area that is used for the tested MOSFETs. Usually, the testing area is implemented 

as a whole PCB that has the testable part already soldered to it. This makes changing the 

DUT possible but limited and expensive as every part needs to be ordered from the bench 

manufacturerôs own selection. Also, in case of needing to assess any other part the test is 

impossible if the manufacturer doesnôt provide the component. If, however, the manufacturer 

provides a PCB with footprint the components need to be soldered on to the PCB by the user, 

removing and resoldering multiple times is taxing to the PCB and results are relative to the 

skill of the user who solders the component and this makes it hard to compare the data 

between multiple components.  

For fast and easy testing, the change of tested MOSFET needs to be simple, fast and 

dependable. Change needs to be made without soldering the MOSFET and preferably also 

without tools. The connection with measuring circuit after connection needs to be consistent 

and dependable enough that the test is useful at all, meaning the connection cannot be so bad 

that the results do not stand for the tested part, but rather how bad the connection with the 

measuring device was during the test. Reliability in the insertion means that two or more 

tests with the same device are comparable with each other so the only differentiable factor 

is the device tested itself.  

In the design there are four separate DUT footprints all of which need to be able to insert 

easily and securely to the test bench. First component is through hole MOSFET with a 

package TO247-4 (Figure 5), the second is surface mounted D2PAK-7 (Figure 6), the third 

HU3PAK (Figure 7) and fourth is TOLT (Figure 8). These packages are so different from 

each other that the connection method used needs to be specific to that kind of footprint, so 

at worst four different connections need to be designed. Although it would be simpler and 

preferred that the connection could be done with the same or similar method in all cases. For 
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example, the connection type most certainly needs to be different but the method of securing 

the DUT to the bench would be same. The securing method could be something that the user 

inserts on top of the DUT after inserting it to the correct footprint and then presses the part 

to the bench so it cannot move during the test. 

 

 

Figure 5 Package dimensions of TO247-4 details in appendix 1 (STMicroelectronics, 2020) 
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Figure 6 Package dimensions of D2PAK-7 (Onsemi.com, 2023) 

 

 

Figure 7 Package dimensions of HU3PAK with the measurements in appendix 2 (STMicroelectronics, 2024) 
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Figure 8 Package dimensions of TOLT (DigiKey Electronics, 2024) 

 

In the Figure 9 the footprints of different DUTs are compared and the pinouts are shown. 

Also, similarities between Q1 (D2PAK-7) and Q3 (HU3PAK) are displayed on the right 

upper footprint to show the possibility to use one physical location with two different 

footprints on top of each other. 

 

 

Figure 9 Footprint comparison between the components with pinouts on PCB. 
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Upon further evaluation TOLT package was left out of the scope of this thesis and will not 

be integrated to the testbench. 

2.2.2  DC Power Supply 

DC power supply is used to supply sufficient DC voltage for the test. The voltage needed is 

defined by the DUT as well as the preferred voltage level where the device test is going to 

be done. A commercially available DC power source is used.  

The DC power supply needs to be adjustable for taking account the various kinds of voltage 

requirements with different SiC MOSFETs. Also, the current output needs to be high enough 

that all needed properties of DUT could be tested.  

2.2.3  Measuring equipment 

Usually, complete production ready double pulse testers are manufactured or sold by 

companies that are also making other measuring devices like oscilloscopes, radars and 

analysers. Because of this the measuring in these turnkey solutions is naturally done by the 

manufacturers own measuring devices.  

The measurements in this thesis are also made with already available and calibrated 

measurement devices like SIRIUSÈ modular measurement system or Keysight oscilloscope. 

Depending on the available devices in the Kempower laboratory. Using of the shelf 

measuring devises makes it possible to change the measuring device if needed without effect 

to the testbench itself and a system that has all the necessary features does not need to be 

designed, thus saving time for the other parts of the testbench design. Also, designing and 

building exact measurement system is very time consuming and being a six-month long 

project, time is not abundant.  

By using available measuring devices, the software for measuring is ready and this makes 

the design less time consuming and only the calculations from the measurements need to be 

implemented to the testbench software. 

The needed measurements to get all the data in double pulse testing is the current through 

the tested device and voltages VGS (Gate/Source) and VDS (Drain/Source). With these 
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measurements the losses could be calculated, preferably automatically so the user does not 

need to do calculus and the threshold for using the testing system is as low as possible. Other 

measurements that are necessary for the test benches operation include the temperature of 

the DUT and the heating/cooling plate. 

SiC MOSFETS work with fast switching times and to be able to measure these 

characteristics the measuring device needs to have large enough bandwidth. If the bandwidth 

is not big enough the measurement suffers from substantial inaccuracies especially during 

the rising and falling edges where the relative frequencies are the highest. Large inaccuracies 

make the results comparing the different MOSFETs obsolete as the results do not stand for 

the real performance of the part. Because of the high frequencies the whole measuring 

system (Scope, probe, DUT, DPT system) needs to be designed for high bandwidth and 

linearity in mind.  

The bandwidth needed for measuring digital devices is not defined by the repetition rate, as 

in case of analog signal measuring, where the highest frequency measured defines the 

measuring device, it is the rise time of the DUT that defines the measuring device. Rise time 

is defined according to the following equations. With SiC MOSFETs the rise time is typically 

around 10 ns and in this case the required bandwidth for measuring is defined as equation 5 

(Ardizzoni, 2007). 

In a voltage step a response could be calculated by using equation 1.  

 

ὠ ὠ ρ Ὡ ρ 

 

The response time is defined by the time of output going from 10 % to 90 % of the step 

amplitude. In equation 1 first point is 0.1 * RC and end is 2.3 * RC and the difference of the 

points is the rise-time (ὸ or 2.2 * RC (Ardizzoni, 2007). 
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By combining equations 2 and 3 the bandwidth can be calculated 
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And in a case of 10 ns rise time the minimum required bandwidth is 
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In the design of the testbench and measurement it is very important to consider the parasitic 

properties present in the MOSFET and the whole circuitry used for switching of DUT. The 

parasitics are displayed in Figure 10.  
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Figure 10 Parasitic properties to be considered during DPT transients. (Takeda, 2022) 

 

These parasitic properties have effect on the measuring accuracy and the switching 

behaviour of the MOSFET as inaccuracies and disturbance during the measuring. 

Voltage measuring could be done with a few several types of measuring probes, all of which 

have their benefits and shortcomings. Voltage probes are mainly divided to two different 

types: active and passive. Biggest difference between the two are that active probes need to 

be externally powered and need active part to function while passive probes do not require 

neither. Active probes usually offer higher bandwidth but with higher price and limited 

voltage levels. 
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Table 1 Comparison of voltage measurement methods 

Measurement method Pros Cons 

Passive single ended probe - Cheap - Possible to introduce large parasitic 

inductance 

Active differential probe - Generally high bandwidth 

- Independent probe ground 

- Better accuracy 

- Expensive 

- External power source 

- Limited dynamic range 

Passive differential probe - Lower bandwidth 

- Better voltage handling 

- Robust 

- No active components 

- High resistive load could affect amplitude 

of measured signal 

 

Current measurement could be done in mainly two different ways isolated and with no 

galvanic isolation. If the measurement is done without galvanic isolation in a way that the 

measuring device is part of the circuit, it adds impedance to the circuit. Often used method 

for measuring current in this way is with shunt resistor. This is a resistor with low resistance 

that is accurately reported by the manufacturer. When the resistance of the shunt is known 

the voltage drop across it is measured and the current could be defined according to Ohmôs 

law in equation 6 (Robert Millikan, 1917).  
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Separate way to measure the current is by using the magnetic field that flowing current 

generates. By using the magnetic field, the measuring is safer for the user and measuring 

devices as galvanic isolation cuts possibility of high common mode voltages.  
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Table 2 Comparison of current measurement methods 

Measurement 

method 

Pros Cons 

Shunt resistor - Very high bandwidth (GHz range) 

- High accuracy 

- AC and DC measurement 

- Heating increases resistance possibly 

permanently 

- Bandwidth limited by parasitic inductance 

- Adds loop inductance to the circuit 

Rogowski coil - Isolated measurement 

- Linear measuring range 

- High bandwidth (10 MHz range) 

- No DC measurement 

- Accuracy dependent on the position of coil 

Zero-flux 

transducer  

- Very high accuracy 

- Mediocre bandwidth (100 kHz range) 

- Low offset 

- Canôt be opened so implementation to 

testbench is difficult 

 

Because the use of different measuring instruments for current and voltage measurement the 

signal transmission times are not aligned with each other and need to be aligned after the 

measurement. Alignment could be done in three different methods depending on the 

positioning of the pulse: in the beginning, at the end or in the centre (halfway of the falling 

or rising edge). The first two are difficult to implement in some cases because of the start or 

end is not easily identified in all signals. This makes the third method most useful in multiple 

different situations.  

The alignment is only possible if the two measured signals are similarly shaped. If however, 

the signal form is not known it is preferrable to do the alignment with a known signal before 

executing the real test.  

2.2.4  Pulse generator 

Pulse generator handles making the signal that is used for driving the DUT. Durations of 

pulses shown in Figure 4 needs to be adjustable and preferably automatically calculated to 

make usage simple and dependable. The pulse is made with three different functional parts: 

first the ON stage that needs to be long enough for the load inductor current to rise to desired 

level for the test, then a short term OFF stage that creates current through the freewheeling 

diode without inductor current dropping significantly and finally the second ON stage that 
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is long enough for the measurements to be made but shorter than the first ON pulse to limit 

overheating of the MOSFET.  

The pulse generator used in this test bench is an earlier MCU design already used in 

Kempower applications to save time and other resources.  

2.2.5  Gate driver 

The gate driver lifts low level voltage pulse generated by the pulse generator to the desired 

level for the DUT and offers a layer of isolation. The main property of the gate driver in the 

test bench is adjustable voltage level. This is needed for the ability to test multiple different 

SiC MOSFETs as they might have different gate voltage requirements. 

In the test bench design a possibility to add multilevel gate-driver later in the lifespan of the 

testbench. 

Gate driver that is used in this test bench is adaptive switching-mode power supply that is 

an earlier design by Kempower. 

2.2.6  Test circuitry 

Dimensioning of the test circuitry is started by defining the boundaries of the test setup. Most 

important parts that need defining are: 

- Rate of which the current and voltage is changed. 

- Maximum test voltage. 

- Maximum test current. 

After defining these maximum rating, the load inductor is dimensioned and when the 

inductor is chosen the capacitor bank is dimensioned according to the chosen inductor to be 

able to magnetize it without the voltage dropping significantly during the first pulse of the 

double pulse test.  

The selection of inductor is usually divided between toroidal or cylindrical shaped inductor 

with either iron core or air core. The iron core inductor is smaller but the iron core introduces 
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more parasitic capacitances to the core. Load inductor is responsible of holding the current 

as stable as possible between the two pulses, which makes it beneficial to choose large 

inductance. The maximum of inductor size is limited by the heating of DUT in long pulses.  

From the equation 7 below the upper limit of inductor could be calculated. 
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ὸ  first pulse length (< 100 ɛs, to avoid heating DUT) 

ὒ  inductance of the inductor 

Ὅ  test current level 

ὠ  DC supply voltage 

 

For the lower limit of inductor, the off state (ὸ ) between the pulses needs to be 

investigated. During the off state, the current drop (æὍ is kept small by choosing bigger 

inductance limited by equation 7. For dimensioning the lower limit equivalent circuit during 

the off stage is made. The circuit is show in Figure 11. Where ñIò is the current path, ñRò is 

parasitic resistance of load inductor, ñLò is the load inductor and ñDò is the freewheeling 

diode.  
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Figure 11 Current path in equivalent circuit during off state between pulses 

 

From the equivalent circuit the current drop off is calculated according to equation 8 
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By taking natural logarithm from both sides the lower limit of inductance could be calculated 

according to equation 9. 
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Where the parasitic resistance R can be solved using Kirchhoffôs voltage law to the closed 

loop equivalent circuit and using the known freewheeling diodes forward voltage according 

to equation 10. 
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In this thesis it is also important to remember that the DUT is not only changed often but 

also the package in which the DUT is can be different. These factors need to be taken into 

account and best compromise is needed to be able to function in all situations.  

Also, the capacitor bank is needed to be dimensioned for storing the energy needed during 

the pulses in double pulse testing. The energy stored in the capacitor bank is used for 

magnetic energy in the load inductor. The voltage is supposed to be as constant as possible 

during the first pulse and the minimum capacitance for the bank is directly comparable to 

the used load inductor.  

Electrical energy stored in a capacitor Ὁ: 
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The energy drop of the capacitor ῳὉ: 
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Because the energy drop in the capacitor bank is introduced by the inductor the relation 

between the two is where, ὅ is the capacitance of the bank ὠ  is supply voltage, Ўὠ  is 

voltage drop of the capacitor bank, L inductance of the load inductor and I is the test current. 
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For the capacitor to be able to store enough energy for the voltage drop to be minimal it 

must fulfill criterion in equation 16: 
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As seen in equation 16 the capacitor banks size is increased with current and/or inductor 

size and lowered by high voltage levels. With the capacitor bank design also parasitic 

inductance need to be addressed by choosing the best part from available capacitor types 

and preferrable using smaller capacitors in parallel to minimize the stray inductance. 

(Schweickhardt and Hermanns, 2021) 

Simulation is a big part of designing circuitry. It is important to first make simulation model 

that confirms function of the circuitry as accurately as possible. This way the first and biggest 

errors in the design process could be removed before making costly part and PCB purchases, 

also the changes could be made much faster to a simulation than to a built circuit.  

Problem with simulation is that while it is easy to make a simulation that is somewhat right 

or is simulating most of the circuit, they are much harder to be fully representative of the 
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circuit in real life. This makes it possible to choose components that would work perfectly 

in a simulation but when implemented to real life do net offer results that were expected.  

Simulation in Figure 12 and Figure 13 was done using the calculated values from equations  

above and the values are specified in table 3 below with SPICE simulation. 

 

Table 3 Calculated values for simulation and circuit design. 

Variable name Calculated value 

Inductor value used 500 ɛH 

Load resistor 225 mɋ 

Capacitor bank value 3.3 mF @ 800 V 

Diode forward voltage 1.45 V 

First pulse duration (T1) 62.5 ɛs @ 800 V & 100 A 

Pulse break duration (Tbreak) 31.25 ɛs @ 800 V & 100 A 

Bandwidth minimum (tr = 10ns) 35 MHz 
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Figure 12 Circuit used for simulation. 

 

 

Figure 13 Results of the simulation. 
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In the simulations the inductor value was deemed to be too large as the time it took for 

reaching the sufficient current levels was relatively long and the capacitor bank size 

unnecessarily big. Both problems could be solved by changing the value of the inductor from 

500 ɛH to 50 ɛH as the pulse length and capacitor bank size could be dropped. According to 

the equation 16 when the inductor value is changed to be 50 ɛH, the minimum value for 

capacitor bank with the designed 800V, <1% voltage drop and 100A test conditions is 40 ɛF.  

There were 35 ɛF capacitors easily available that were suitable for the voltage levels 

designed for the testbench. As only one would not be enough, two were chosen for a total of 

70 ɛF.  

2.2.7  Operating system 

Operating system is responsible with interaction between user and the system hardware. In 

the operating system all the features that the user needs to make are implemented like 

starting, setting up and stopping the test. Operating system can be simple like few buttons 

and switches or powerful and complex with multiple input methods and setting to adjust. By 

choosing a simple operating system the usage is simpler, but if advanced operation is needed 

it might not be possible without some modifications to the operation system afterwards and 

with a complex operating system the regular usage could be complicated so a compromise 

is needed between the two. 

Good operating system is such that anyone who has not used the machine is able to use it 

without training but useful enough that all the useful features of the system hardware are 

controllable and adjustable. The operating system could be implemented for example as a 

graphic user interface (GUI) or command line interface. 

User needs to be able to change the parameters of the test according to the DUT. The 

parameters in question are the test current, gate voltage, temperature of test, configuration 

of the measuring range and drain to source voltage. In addition to these adjustable setting, 

also the measured parameters and choosing if the PWM delays and reverse recovery values 

are needed. 
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In operating system design also the output of the test bench needs to be configured. This is 

specified for later implementation in this thesis. In this output the data packet that is made 

from DUT after the test is specified. In the data pack the measured parameters and their 

values are displayed as well as name of the DUT in a form that is easy to input to program 

of users choosing like a CSV file or similar file format. 

2.2.8  Temperature regulation 

The measuring needs to be performed in a controlled and set temperature for the DUT. This 

makes it possible to see the performance in different temperatures so the suitability of the 

part for all use cases could be assessed. The product that these MOSFETs are assessed for is 

used in all kinds of places all around the world from freezing weather to very warm climates 

and the operation needs to be sufficient in both extremes without loss of performance. 

The properties of SiC MOSFET differ when the operation temperature is changed as seen in 

Figure 14 and in a product that will be commercially available it is important that the 

specified operating conditions are met in all conditions. This makes controlled temperature 

adjustment important part of the test to confirm good operation of the MOSFET in all 

conditions. Testable operating temperature area was defined as temperatures between -40 ÁC 

to +150 ÁC. 

In the testbench there is an element for heating and cooling that is connected to the DUT and 

the user can adjust the temperature in which the test is taken. Temperature is then measured 

during the test to ensure the temperature does not change significantly from the set level 

during the measurements. 

 



36 

 

 

Figure 14 Temperatures effect to on-resistance and gate threshold voltage on SiC MOSFET (STM, 2020) 

On Figure 14 the data is from a SCTWA90N65G2V-4 MOSFET datasheet with reported 

values of Vds = 650 V, Id(@25ÁC) = 119 A, Vgs(th) = 3.2 V(Typ.) and RDS(on) = 18 mÝ (Typ.). 

2.2.9  Enclosure 

Purpose of enclosure is usually to protect the components inside and stop the user from 

getting shocked or hurt by other means by using the device. Partly the enclosure could also 

be used to make product simpler to use by only showing parts and components the user is 

supposed to be interacting with. The enclosure is also integrating the measuring devices to 

the test bench. 

2.3  Safety 

Using the testbench should be safe both for the user as well as the tested part so the testbench 

does not break the MOSFET during the test.  

Best way to limit possibilities of the user getting hurt is by limiting the possibility of contact 

with the dangerous- and unnecessary parts that are not needed during the test itself. The 

enclosure should also have safety features that stops the test in case of someone opening the 

enclosure while the test is being done.  

The safe use for the MOSFET and the bench itself is implemented by software and hardware 

limits that do not let the user to input control values and limits to the test that could damage 
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the DUT or the bench itself. Also, clear indications if the test is being conducted or there are 

high temperature components that need to be cooled before user contact need to be in place.  

2.4  Tested parameters 

Tested parameters about the DUT are drain-source and gate-source voltages and currents as 

well as influence of temperature to these parameters. With these tested parameters it is 

possible to calculate the power losses of the device. Also, possibility about measuring the 

PWM delays is considered and investigated. In addition to these data types, other possible 

values and data collection methods from the test bench for later usage either by calculations 

from the measured data or by adding some other means of measuring to the circuit later is 

investigated to be implemented in later time. 

Calculated properties from the measured data are switching energies and energy loss during 

the reverse recovery event. Energy losses during the switching events in Figure 15 are 

calculated according to equations 17 and 18 and energy loss for the reverse recovery time in 

Figure 16 is calculated in equation 19. 

 

 

Figure 15 Characteristics of turn-on and turn-off events according to the IEC 60747-8 
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Figure 16 Turn-on and -off energies 
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Figure 17 Freewheeling diode current during reverse recovery. 

 

In Figure 17, iF is freewheeling diode current, during t1 the current of the circuit is flowing 

through the load inductor and when the DUT is switched off (tbreak) current flows through 

the freewheeling diode in a forward manner from the anode to cathode. When the DUT is 

switched on again at the start of t2, because of the sudden polarity switch, the diode conducts 

in reverse direction (Irr) for a short duration (trr).   
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3  Testbench design 

The results of the built test bench are discussed and evaluated. Additional parts that were not 

done at the time but could be implemented to get more out of the testbench are suggested. 

3.1  Testbench 

In Table 4 the most important parts and functions of the testbench are displayed.  

 

Table 4 Chosen and specified attributes of the test bench 

Attribute  Value 

Maximum test current 100 A 

Maximum DC voltage 800 V 

Testable temperature limits -40 to +150 °C 

Usable MOSFET packages D2PAK, TO-247, HU3PAK 

Measurable properties Gate-source and drain-source voltage, current through DUT 

and temperatures effect to the switching behaviour  

Load inductance 50.4 µH (Can be changed)  

Capacitor bank total value 75.3 µF 

Minimum pulse width, rise- & fall 

time 

10ns rise and fall times (Limited by the used signal 

generator)  

ïfor the designed gate driver circuit the minimum pulse 

width = 5.88 ns) 

Measuring frequency Current measurement: scope capabilities 1 GHz*, probe 1 

GHz**  

Voltage measurement: scope capabilities 1 GHz*, 

probe 500 MHz*** (VGS), probe 25 MHz**** (VDS) 

Possible things to calculate from 

measured properties 

Switching power losses, PWM delays 

Output data form / type 

(suggestions) 

DUT_Type;Sample_num;Temp;Load_current;Vgs;Igs;Vds; 

/ CSV file output 

Misc. Fully toolless operation while changing the DUT  

*Tektronix 5 series MSO **TPP1000 Tektronix probe ***TPP0500 Tektronix probe ****PiCo Ta057 differential probe 
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The main objectives for designing the testbench were simplicity, modularity and test to test 

accuracy for data that would be easily comparable. Modularity was a big part of the design 

because it makes it possible for later upgrades to the testbench, like multilevel gate driver in 

the future. 

3.2  Circuit 

In the circuit design simplicity is used to make sure that the circuits performance is as reliable 

and straight forward as possible. If a ready and tested design like in the case of the gate driver 

circuit was found from within Kempower, the circuit was used in its core design and if 

needed, small changes were made to simplify circuitry and remove unnecessary components. 

These unnecessary components could be, for example additional output channels that were 

not needed in the testbench environment. 

Also, using older ready designs make it faster to design all the necessary circuitry for the 

test bench. Even if some designs used in the circuitry were reused, correct implementation 

to the testbench needed sufficient knowhow of the circuit and all sub circuits to make sure 

that nothing vital for the circuitôs operation was removed and the functionality was kept in 

sufficient level for proper usage as designed originally. 

The test bench consists of four different boards: main board, gate driver board, control board 

and temperature board. The main board is the biggest in size containing the capacitor bank, 

load inductor connectors, freewheeling diode, footprints for the DUT MOSFETs (TO-247, 

D2PAK-7 & HU3PAK), connection points for daughter boards and all voltage- and auxiliary 

connections needed for powering and using the testbench. Gate driver consists of necessary 

components for raising the control signal voltage level to a level required by the DUT. The 

control board is the brain of the system and is responsible for creating the double pulse for 

the test, with all other control signals for temperature control, monitoring and 

communication with user interface. Temperature board contains components for adjusting 

and monitoring the temperature of the DUT surface and reporting it to the control board. In 

the temperature board, there are two sides: one for powering the cooling and heating 

elements and one side for measuring the DUT temperature using PT1000 thermocouples. 
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Two of the daughter boards are necessary for correct operating of the testbench. Gate driver 

board and control board. The temperature control board is not necessary for basic operation 

and a full test of the MOSFET properties could be done without it. If temperature board is 

not used, measuring and controlling temperatures logically are not done during the test, but 

the basic double pulse test is able to finish and could be compared to other tests without 

temperature data. 

Controlling the switching behaviour of the MOSFET during the test is done using a complete 

STM32 based unit already used by Kempower in other products. The pulse generator board 

is controlled using LabVIEW program specified in chapter 3.5 in more detail. The created 

signal is then amplified to a proper voltage level for the DUT by the gate driver. Only one 

of the original Kempower gate driver power stage and output stage are used to keep the gate 

driver simple and length of signal paths to the DUT as short as possible. 

3.3  PCB design and layout 

In this chapter the PCB designs and layouts of the finished test bench and its components 

are displayed in more detail and discussed about. The main purpose of the boards design and 

locations of the main components on the board in every case is also analysed. 

3.3.1  Main board 

In the designing of the main board the focus was on modularity and simplicity. Main 

components like the freewheeling diode, capacitor bank and the load inductor are all easily 

replaceable as well as all the daughter boards that are designed separately and connected to 

the main board using easily available connectors for later updates. A big part of the main 

board is the connections for the measurement probes that need to be in proximity of the 

measured DUT pin for accurate measurement, but also easily accessible and not on the way 

of operating the testbench. 
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Figure 18 Main board high side components 

 

On the main board at the top left corner, there are connections for high voltage as well as 

capacitor bank, load inductor and -diode (Figure 18). Below the capacitor bank on the bottom 

side of the PCB there are discharging resistors designed to slowly release the energy stored 

to the capacitor bank when the test is done, or the test bench is not in use. Without these 

resistors the voltages stored in the capacitors could stay at a lethal level even if the power is 

shut down from the bench.  
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Figure 19 MOSFETs and related components 

 

Below these are footprints for testable MOSFETs, pressure plate connectors and gate driver 

connectors for securing the MOSFETs and their drivers to the main board (Figure 19). Shunt 

resistors are located on the low side of the MOSFETs. Connectors for measuring the 

properties of DUT are located adjacent to the pins as well as on the high side of the DUT. 
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Figure 20 Right side of the main board 

 

On the right side of the main board there are the control board, temperature board and low 

voltage connections used for powering the daughter boards (Figure 20). On the left side of 

the control board, between the control board connector and TO-247, there are also 
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connectors for pins that are present on the control board, but not used in the test bench, if in 

some part of the life cycle they are needed for new features. 

3.3.2  Control board 

PCB layout of the board is a full Kempower design (Figure 21). The MCU on the board is a 

STM32 based unit that is used in this case for creating the pulses and controlling other 

functions like temperature on the test bench. No kind of modification was made to the PCB, 

to make sure that the processor and all its functions were usable and working as intended. 

Control of the test bench is done in such a way that if in the future the control board is 

updated or in other ways modified, if the connectors used in the board are kept unchanged 

the new versions will also work with the testbench. 

 

 

Figure 21 Signal generation and control board layout 

 

The properties of this board are not deeply discussed because of the reason that it is a ready-

made unit and the testbench could be used with a newer model later without changing the 

properties mentioned in the result chapters. The control board is only for creating the double 

pulse and turning on heating and cooling when needed. These functions are not specific to 

the used board and could be done with many different units or signal generators. 
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3.3.3  Gate driver PCB 

The gate driver circuit board is a cut down version of an older design from Kempower. In 

the cutdown version the focus was shortening and making the signal path as direct as possible 

for fast and reliable switching of the DUT (Figure 22). Gate driver is connected to the main 

board using a PCIe connection that is placed adjacent to the DUT for short transmission path 

and thus lessening unwanted parasitic properties. To maintain short transmission paths in the 

main board there are three different connections on for each different MOSFET as close to 

the gate pins as possible. 

 

  

Figure 22 Gate driver layout front and back 

 

Because of the different connections, it is also possible to design different gate drivers for 

each package if later in the life cycle of the testbench is so needed. 
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3.3.4   Temperature board 

The temperature board consists of two sides: measuring side for reading the PT1000 

thermocouple pair (One for SMD holder and one for through hole holder) and thermal 

control side for heating and cooling the DUT (Figure 23). The temperature of the DUT is 

adjusted by measuring temperature of the tested MOSFET and according to the 

measurement, elements are then either heated or cooled to maintain the correct test 

temperature. In the PCB there are also LED lights implemented for telling the operator, if 

component is being cooled or heated and to which of the components in the main board the 

temperature adjusting is being done. 

 

 

Figure 23 Thermal control board with temperature measuring side on the left and temperature control side on the right 

separated by the white dashed line for clarification 
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3.3.5  PCB layers, copper thicknesses and vias 

In all boards there are four layers on the PCB. Routing of the signal- and voltage paths with 

two layers was too difficult and more than four layers were not needed for sufficiently route 

all the necessary paths. PCB thickness was only defined to be 1.6 mm according to the PCIe 

standard and the connector used for connecting the gate driver to the main board TE 

connectivity (2022). 

 

 

Figure 24 Main board PCB layers 

 

Layer usage is a bit different on all the boards, because of the differing voltages and signals 

in each board. The biggest differing factor with the main- and daughter board layer design 

is that on the main board to increase isolation of high voltages both inner layers are used as 

ground for different parts of the board. Main board layers are shown on Figure 24. The top 

layer is used for the high voltage and ïcurrent path with wide 3.5mm creepage gap for 

different voltage levels to minimize a possibility of breakthrough. Because of the high 

currents on the main board the traces are as wide as possible to eliminate heating. The ground 

for this high voltage layer is the second layer with all high voltage component grounds 

connected to it, second layer also isolates the bottom two layers from the high voltages on 

top layers. Third layer is isolated ground layer for the low voltage levels of the daughter 

boards and the fourth layer is used for low voltage signals going through the main board to 

avoid the effects high voltage could introduce to low level signals.  
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Figure 25 Gate driver PCB layers 

 

Gate driver board layers are displayed on Figure 25. Top and bottom layers are not different 

from each other in layer design and both include different signals and ground level. The 

second layer is a plane for 3.3V and the third layer is used for 15V. The card edge on the side 

of the PCB is made to be symmetrical between the top and bottom side to make it possible 

to use the gate driver with DUT on either side of the connector without increasing the signal 

path.  

 

 

Figure 26 Thermal PCB layers 
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Thermal board PCB in Figure 26 uses the same design in layers as the gate driver mentioned 

earlier. The second and third layer are used for voltage levels of 5V and 15V. On the bottom 

side of the PCB are the connector headers for powering the board from the main board.  

On the main board the used vias are chosen according to design guide IPC4761. The Via 

outer diameter in high voltage net is 1.27mm with hole size of 0.711mm with open Via. Vias 

on other nets on main board and all nets on daughter boards are type 6b (Figure 27). On the 

type 6b the Via is filled with either electrically and/or thermally conductive material and is 

covered with layer of solder mask material on both sides of the Via (ASSOCIATION 

CONNECTING ELECTRONICS INDUSTRIES, 2006).  

 

 

Figure 27 Via type 6 b that is used on test bench (Altium, 2022) 

 

In the daughter boards the vias are smaller in size (0.7mm outer diameter and 0.3mm hole 

size) because the currents going through them are drastically smaller. Vias are same type 

shown in Figure 27. All used vias are through-hole type and no blind or buried vias are used. 
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3.4  Mechanicals 

This chapter includes mechanical solutions used in the project in DUT holder plates and the 

enclosure of the testbench. These were not the focus of the thesis but are necessary additions 

for holding the DUT in place during the testing period, toolless replacement of the tested 

component and ensuring safe usage of the testbench. A part of the thesis was also to make 

sure that a DUT that is only connected by pressure and friction could be easily and accurately 

used to measure component properties. 

Because of time constraints the enclosure was not properly executed and to get the tests done 

safely only a temporary solution was made for the testbench. 

3.4.1  DUT holder plates 

The MOSFET being tested is held in place by a plate connected to the main board by finger 

tightening screws for toolless easy operation and fast changing of DUT. 

The main reason for these plates is to hold the MOSFET package in place during the test and 

ensure that the electrical connection is sufficient for comparable measurements.  

In the holder plates there was a plan to insert temperature measurement sensors in addition 

to the heating and cooling elements for measuring, maintaining and adjusting the 

temperature during testing. This was not implemented in the current state of the testbench. 
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Figure 28 TO-247 connection plate model 

 

Because of differing size and location on the PCB, the TO-247 package is connected using 

a separate plate from the two SMD MOSFETs (Figure 28). In this way the mounting hole in 

the TO-247 could also be used for securing the component in place. 

 

 

Figure 29 SMD holder plate model 
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The mounting of the D2PAK and HU3PAK packages are done using a larger plate that is 

connected to the main PCB using 3 screws for even mounting pressure. The SMD mount has 

a design made for holding the SMD components in correct orientation during the test so the 

package does not move or cannot be placed incorrectly (Figure 29). On the PCB there is a 

fourth hole for the later bigger holder that also includes the thermal measuring and control 

elements. 

3.4.2  Enclosure of the test system 

The enclosure is made to ensure that the user is operating the test bench safely and makes 

sure that operator is not able to touch a live test with high voltages. 

Because of the time constraints, the enclosure was not executed in the way that it was 

designed. Time was guided for more important parts of the testbench to secure the main 

functionality of the testbench itself. 

3.5  Operating system 

Operating system is responsible for showing the preview of the test signal, setup the test, 

saving the values gathered during the test and showing the operator if there are errors present 

before starting the test. 

At the first stage the needed inputs and visualizations of the UI were sketched on paper. After 

the sketch was deemed ready and all necessary functional properties were present the 

LabVIEW program was made according to the sketches. Basic functionalities like switches 

and buttons were first placed in a chronological order according to the progression of the test 

from the test parameters and DUT type to the location and name of the save file. During the 

input of the test parameters the program checks the input values and if a value is over a safe 

limit or in some other way clearly faulty the program stops the user from starting the test 

until the values are corrected. 
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Figure 30 Operating system with the debug console for testing 

 

The operating system was done in LabVIEW for easy implementation of needed properties 

and relatively small workload for implementation of a simple operating system for testing 

(Figure 30). 

After inputting correct values, the program shows a preview of the test waveform and the 

durations of each of the pulses in the test that is about to be executed as well as current and 

voltage levels in each of the stages. The preview is shown below the DUT test settings in the 

first section of the operating system. 

In the second and middle column of the user interface is the file name used for saving the 

results and the lengths of pulses T1, T2 and T3, measured minimum and maximum values 

of tested voltages and currents, temperature target and the measured temperature of the DUT 

with START and STOP buttons for turning on the software and stopping it. 

The third column of the panel contains the date and time data as well as main error warnings. 

These lights give the user a general warning if a safety limit is crossed in some part of the 

setup. The more accurate error note is then displayed adjacent to the place where the error is 

done as well as short explanation of the type of error (Figure 31). 
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Figure 31 Example of error in the setup 

 

 The debug panel is used to simulate the functions and sensors of the test bench during 

making of the program and are removed in the final version. 

On top of the test parameters is a progress bar for visualization of the current state of the 

program. In the program there are also other safety checks implemented so that the test could 

not be started if there is no DUT inserted or the enclosure is not properly closed. Enclosure 

is tested by a sensor installed on hatch that is used for installation of the DUT and the proper 

installation of DUT is tested by a short test pulse that makes sure that it is possible to control 

the DUT and get a sufficient measurement from all of the testbench sensors. 

3.6  Testbench 

The made product is displayed in full, with all the daughter boards connected to the main 

board in Figure 32 and the designed daughter boards are displayed separately in  Figure 33 

and Figure 34. 
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Figure 32 Fully assembled testbench with daughter boards and MOSFET holders connected to it 

 

Testbench shown in full, with the gate driver set to D2PAK control on the left side of the 

main board. On the right side of the board there are thermal board inserted flat on the board. 

The signal for gate driver was generated using an arbitrary signal generator connected 

directly to the gate driver and the signal generator board was not used. 
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Figure 33 Gate driver board front and back 

 

On the gate driver PCB on front side of the board is the circuit for the gate signals and the 

connector for connecting the PCB to the signal generator board. On the backside of the PCB 

there is the circuit for creating the higher voltage level necessary for the DUT with the 

transformer and other components necessary for powering the DUT. 

In the gate driver board one of the input voltage levels had an error that effected to the 3.3 V 

plane and needed to be fixed. The error was few misnamed nodes that broke the connection 

from the input to the voltage plane. 

Also, the 24 V input was removed from the transformer as too high and changed to lower 15 

V. In the final product this transform input voltage is controlled by the MCU according to 

the inserted DUT. 
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Figure 34 Temperature monitoring and control board with potentiometer connected in the left bottom corner for 

simulating temperature changes in the measuring circuit. 

 

Built temperature board with the potentiometer in Figure 34. After the initial testing was 

done the whole board was assembled and a few more tests were done to it and are gone 

through in more detail in chapter 4 . 
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Figure 35 Printed holders for MOSFETs 

 

 

Figure 36 MOSFET holders installed on the testbench with TO-247 installed on the right holder  

 

Printed MOSFET holders are displayed separately in Figure 35. These plates connected to 

the main board with TO-247 MOSFET in place is shown in Figure 36. The pressure plates 

are connected to the main board using screws going through M4 holes and securing them 

could be done using simple screws and nuts or something more user friendly like a thump 

screw or completely different toolless system like reusable locking pins more commonly 

used in car plastic covers in engine bays for example. 
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4  Testing of the properties of testbench 

The testing is separated into two different parts. First part of the test is done with only main 

board, gate driver circuitry and signal generator used for making the pulses. These are 

necessary for the basic operation of test bench and testing basic properties of DUT. These 

tests are conducted for making sure that the test bench is working as intended and necessary 

basic operations could be done. After the first tests are done the second part of testing with 

all of the designed boards could be done. All conducted tests are displayed in Table 5. 

 

Table 5 Testing done to the bench 

Name Method Result & notices 

Main board voltages Testing if voltage levels are 

correct and every net is 

working as intended 

- Locations of DUT is not electrically 

equal and could be improved 

Gate driver voltages - 24 V level removed  

- 3.3 V level had a design flaw in one 

of the inputs and this was fixed 

Control board voltages -Test not done and will be done in 

second iteration 

Temperature board -3.3 V voltage level not needed & 

could be removed 

Gate driver Control of DUT test -Working as intended with signal 

generator 

Low voltage test with 45V Integrity of bench is tested 

 D2PAK Low voltage through 

D2PAK 

-Best performing 

HU3PAK Low voltage through 

HU3PAK 

-Mid performance 

TO-247 Low voltage through TO-

247 

-Worst performance 

High voltage test > 120V High voltage tests 

 D2PAK High voltage through 

D2PAK 

-Best performing 

HU3PAK High voltage through 

HU3PAK 

-Mid performing 
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TO-247 High voltage through TO-

247 

-Worst performing 

User interface test Tests for software 

 Functions Testing that all basic 

functions work as intended 

-Working as intended 

Control and safety Controls for the control 

board are working 

-Not tested because of time limits 

Measuring The measurement can be 

shown from the software 

-Measurement and calculations in CSV 

form working as intended in the 

simulations 

Temperature board test Testing the voltage levels from the outputs and temperature measuring 

signals 

 Control Control signal test -Design working as intended 

Measuring Measuring & accuracy test -Tested using potentiometer without 

accuracy testing but functioning as 

intended 

  

 

Figure 37 Tested MOSFETs D2PAK-7, HU3PAK and TO-247-4  
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Figure 38 First low voltage test scope result done to TO-247 

 

Low voltage test results in Figure 38 show first test that was done for the through hole 

package. From the results could be seen that the DUT reacts to gate voltage changes as 

intended and when the gate voltage is lifted high the MOSFET starts to let current pass 

through it. When gate is pulled low the current flow through the MOSFET stops. The current 

measurement on the bottom however is very distorted and could not be read with any kind 

of certainty about the real result.  

 

 

Figure 39 Low voltage measurement (TO-247) after quick tune ups to the measuring system 
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This problem was tackled by changing the probe tip to different one minimizing the ground 

loop, changing the routing of measuring instruments to minimize interference from the other 

components and adding a ferrite ring to the probes cable as well. These changes improved 

the result as seen on Figure 39 and the current waveform is more present. In the ON and 

OFF switching event the result is still ringing very much.  

 

 

Figure 40 Low voltage test done to HU3PAK (from top to bottom: Gate-Source voltage, Drain-Source voltage, Shunt 

voltage for current measurement) 

 

 

Figure 41 Low voltage test done to D2PAK (from top to bottom: Gate-Source voltage, Drain-Source voltage, Shunt 

voltage for current measurement) 
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Other low voltage test for HU3PAK and D2PAK are displayed in Figure 40 and Figure 41. 

The voltages shown in figures as two top waveforms are significantly cleaner on the SMD 

components than on the through hole TO-247, but current spikes are present in all of the low 

voltage test. Some of the spikes in the current measurement could be measuring inaccuracies 

as the voltage drop over the shunt is very low because shunt resistor has very low resistance. 

A low resistance shunt was chosen with the high voltages in mind so the performance with 

low voltages is not optimal. 

High voltage tests were done with two voltage levels 140V and 200V. Reasoning for only 

rising the voltages to these levels and results are discussed next. 

According to the low voltage tests the best and worst packages in the test bench were 

D2PAK-7 and TO-247-4, this performance difference is not necessarily only because one 

MOSFET package is inherently better than others but the location on the test bench is not 

same for all of the DUTs and current paths are different on all of them. According to the 

earlier test TO-247 and HU3PAK performance was closely comparable and D2PAK was an 

outlier with slightly better performance than either of the other tested MOSFETs. The highest 

voltage tests made (200V) were conducted for only to the TO-247-4 and D2PAK-7 packages 

to get the best and worst case with the test bench and to limit the damage to other components 

from the common mode voltage spikes. 

 

 

Figure 42 High voltage test with 140V test done for HU3PAK (from top to bottom: Gate-Source voltage, Drain-Source 

voltage, Shunt voltage for current measurement) 
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Figure 43 High voltage test with 140v done for D2PAK (from top to bottom: Gate-Source voltage, Drain-Source voltage, 

Shunt voltage for current measurement) 

 

140V test done to the HU3PAK and D2PAK on Figure 42 and Figure 43 respectively display 

similar performance with few differences in advantage to second. Gate-source voltage on 

the D2PAK is less unstable which could be seen clearly on the second pulse where the 

waveform rising edge is clearly more defined. On the Drain-source voltages the over- and 

under shoot is also lower in D2PAK with shorter oscillation on the high state as well.  

 

 

Figure 44 High voltage test done with 200V to TO-247 results (from top to bottom: Gate-Source voltage, Drain-Source 

voltage, Shunt voltage for current measurement, Voltage measurement from signal generator)  
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Figure 45 High voltage test done with 200V to D2PAK-7 results (from top to bottom: Gate-Source voltage, Drain-Source 

voltage, Shunt voltage for current measurement) 

 

High voltage test results in Figure 44 and Figure 45,  show tests with the highest voltage 

done for only D2PAK and TO-247 packages. From the results could be seen that the 

switching event is far from ideal. The switching event makes the whole circuit oscillate and 

the amplitude increases if voltages are raised. With high voltages the ringing is so bad that 

the gate driver signal distorts in such a way that in some cases extra switching events could 

be seen. The effects of the spikes could be seen in Figure 44 at the bottom measurement 

where the distortion peaks surpass the earlier steady state level. So, in the ON state the 

voltage spikes drop to 0V and on the OFF state the spikes rise to 6V and higher. 200 volts 

was the highest level where the test was done in order to limit the effect of voltage spikes to 

the gate driver circuitry. Voltages were not risen higher because of the errors in the switching 

that created relatively very high voltage and current spikes in components and could 

introduce some sort of breakage to them. 

The switching behaviour in switching events is bad in all of the tested DUT with raised 

voltage levels and only worsen when the voltages are turned up. So, a decision to not go 

higher than 200V was made. Even if the current measurement spikes would be mostly 

measuring error there were no sureness about the level of current introduced after the second 

pulse as the measured spikes were multiple times higher than designed and this meant in the 

relatively low 200V test the currents according to the indicated voltage over the shunt (0.001 

Ohm) in Figure 44 could be as high as 400A. This is not thought to be the case, but there is 



68 

 

no way to accurately measure the levels in the state of the test bench at the time without 

making some adjustments and improvements to the test bench first. 

 

 

Figure 46 ON state switching event in more detail in 200V test with the TO-247 

 

     

Figure 47 OFF state switching event in more detail in 200V test with the TO-247 
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Biggest problems with both ON and OFF switching are displayed in Figure 46 and Figure 

47. During a switching event a large amount of common mode noise occurs in the whole 

circuit in the main board as well as in gate driver. This noise introduces problems to the 

function of the test bench most notably it makes the switching events unstable. Most of the 

common mode interference is thought to be present because of a design flaw in the PCB 

with the layer design. The ground of the high voltage main circuit, the isolated ground for 

the secondary auxiliary board and the bottom layer are all made to be layers that reach the 

whole main board. Because of this design during the switching event the main circuit 

voltages are capacitively coupled to the other layers and thus into all other parts of the circuit. 

 

 

Figure 48 Gate drivers off state interference 

 

The gate driver was designated to be floating from other voltage levels on the main board. 

This introduced a problem that could be seen when measuring the properties of testbench 

with only having the gate driver powered on as seen on Figure 48. The 250 kHz interference 

seen in the bottom waveform is related to the switching frequency of the converter used to 

power the gate driver output side and then transfers to the main board as measured in Figure 

48 over the shunt resistor. 
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Figure 49 Test system used to test temperature measuring and control board 

 

The testing system used to test functioning of the temperature board is displayed on Figure 

49. On the left side there are the voltage source for powering the board and oscilloscope for 

measuring. 

 

 

Figure 50 Temperature board with cooling enabled and displayed by blue led 
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Figure 51 Temperature board with heating enabled and displayed by red led 

 

In the thermal board an RGB LED was placed to indicate to the operator if the DUT is being 

cooled or heated at the time. Testing the function of the LED is shown in Figure 50 and 

Figure 51 where the cooling side of the circuit is powered on (blue LED) or heating circuit 

is powered on (red LED). On the board there are two different RGB LEDs, one on the top 

left corner and one on the bottom left corner of the PCB for both of the controlling sides for 

either SMD MOSFETs or the TH MOSFET.  

 

 

Figure 52 Photo of oscilloscope screen with enable pin data on the top and output of the temperature control on the 

bottom 


















