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Dansk Resumé

I denne rapport blev et halvbro-skiftemodul, med fire galliumnitrid-baserede chips i parallel, designet
til at kunne skifte ved en spænding på 400 V og en strøm på 80 A. Det var valgt at lave et halvbro-
skiftemodul med fire galliumnitrid-baserede chips, for at kunne øge effekten og dermed antallet af
applikationer hvor disse chips kan bruges. Dermed kan man udnytte deres fordele, som f.eks. hurtige
skiftetider, lave skiftetab og mulighed for høj effekttæthed.
Eftersom at galliumnitrid-baserede chips er følsomme over for støj fra power delen af kredsløbet, så blev
der lavet en analyse af hvilke parameter der påvirker deres virke mest, når de er anvendt i parallel. De
primære parameter der påvirker det parallelle virke er source induktansen og koblingen mellem effekt
og styrekredsene. Disse parametre skal minimeres og holdes så symmetrisk som muligt på tværs af
alle fire chips. Derudover, så skal induktanserne i effekt og styrekredsen induktansen minimeres og
ligeledes for styrekredsen skal det holdes så symmetrisk som muligt.
Tre forskellige designs blev lavet for at teste effekten af de forskellige parametre, for at kunne validere
hvilken design strategi der ville være bedst for et halvbro-skiftemodul. En digital design process
blev anvendt, hvor Ansys Q3D blev brugt til at beregne det parasitiske indhold på de tre designs.
Dermed var det muligt at analysere på dynamikkerne i kredsløbene både numerisk og ved hjælp af
LTspice simuleringer. Denne proces blev samtidig optimeret i forhold til tidligere processer, hvilket
reducerede antallet af nødvendige simuleringer til kun en ved at videreudvikle databehandlingen fra
den simulering.
Ligeledes, så blev processen med at udvælge komponenter optimeret ved at LTspice og Matlab blev
integreret. Dette muliggjorde at Matlab kunne bruges til at køre flere LTspice simuleringerne i træk
og samtidig skifte imellem hver simulering. Dette blev anvendt til at optimere på modstande og
ferritkerner i styrekredsen til de galliumnitrid-baserede chips.
Alle tre designs blev produceret på printplader og testet eksperimentielt. Dette blev gjort ved at
generere to pulser, hvor ved dynamikkerne ved tænd og sluk af en galliumnitrid-baseret chip kunne blive
testet ved forskellige strøm amplituder. Dette blev testet på det første design ved 400 V, hvor der blev
skiftet ved en strøm på 60 A. Efter det havde skiftet, så blev der opdaget nogle uhensigtsmæssigheder
i designet, da en af galliumnitrid chippene eksploderede.
I testene for det næste design blev der foretaget flere målinger for at bedre kunne undersøge hvilke
forhold der påvirkede foregående design. Med det andet design blev der lavet gentagende test ved flere
strømamplituder, men ved tredje test på 30 A og 400 V skete der en kortslutning imellem to chips. I
dette tilfælde mistænkes det, at der på den øverste chip var kommet støj ind på styrekredsen, som
tændte chippen mens at den nederste chip var tændt.
Det sidste design blev ligeledes testet, men grundet opdagelsen før, så blev der målt nøje på
styrekredsen på de øverste chips. Her det opdaget ved 100 V, at der var støj på øverste styrekreds
som fik spændingen til at gå over grænsespændingen for chippene. Dette skyldes formentlig for høj
induktans i styrekredense for de øverste chips, som skaber de høje oscillationer.
Ud fra den digitale design process og de eksperimentielle data, så kan det konkluderes, at der i
et halvbro-skiftemodul med galliumnitrid chips skal være stor fokus på design af styrekredesen i
forhold til at minimere induktanserne. Den digital design og optimeringsproces har potentiale til
at hjælpe med at teste mange forkellige komponenter i et ulineært kredsløb, som med høj præcision
afspejler det praktiske kredsløb. Dette kan sikre at flere iterationer bliver testet digitalt uden at bygge
ressourcekrævende fysiske prototyper.
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Preface

This Master’s thesis is written by group PED4 - 1046, a 4th semester Master’s student group with
specialisation in Power Electronics and Drives at the Department of Energy Technology at Aalborg
University.

The following software has been used to:

• LaTeX - Write and format the report.

• Mendeley - Sort and share the bibliography.

• MATLAB - General calculations, scripting and data processing.

• Microsoft Excel - Data processing.

• Inkscape - Create figures.

• Comsol - Thermal analysis.

• LTspice - Simulation of electrical circuits.

• Altium Designer - Design of PCB.

• Ansys SIwave - Conversion of PCB files.

• Ansys Q3D - FEA of PCB layout.

• Code Composer Studio - Program DSP.

Reader’s Guide:

On page v, a table of contents is given. When viewing this report as a PDF, hyperlinks will allow fast
navigation to the desired sections.
Page vii displays a nomenclature listing the abbreviations, as well as the variables and their respective
units used in this report.

The bibliography on page 122 presents the literature used in this report. The references are given in
the following format:

[Author][Title](Institution)(ISBN)[Year](URL)(Date Accessed)

Where fields in square brackets are mandatory, while regular brackets are only relevant for certain
formats, i.e books or web pages. The bibliography entries are sorted after their appearance in the
text. The references will be placed according to the text they are related to. This can be seen in the
following example:

[1, p. 1]. Before period Will add to the sentence before.
. [1, p. 1] After period Will add to the section before.
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Acronyms
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Qx GaN HEMT x
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SOA Safe Operating Area
SW Switch Node
THD Total Harmonic Distortion
TIM Thermal Interface Material
WBG Wide-Band-Gap

Variables
Symbol Description Unit
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µ Permeability [H/m]
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ζ Damping Factor [-]
A Area [m2]
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d Distance [m]
di/dt Rate of Change of Current [A/s]
dv/dt Rate of Change of Voltage [V/s]
E Energy [J]
f Frequency [Hz]
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H Height [m]
h Heat Transfer Coefficient [W/m2K]
I Current [A]
K Coupling Coefficient [-]
k Thermal Conductivity [W/mK]
L Inductance [H]
l Length [m]
M Mutual Inductance [H]
P Power [W]
Q Electric Charge [C]
q Heat Flux [W/m2]
Qf Quality Factor [-]
R Resistance [Ω]
RΘ Thermal Resistance [K/W]
T Temperature [°C]
t Time [s]
V Voltage [V]
w Width [m]
Z Impedance [Ω]

Indices
A Ambient
avg Average
CH Case to Heat Sink
CLK Clock
CS Common-Source
D Drain
DD On Gate Supply
Dec Decoupling
DL Drain-Lead
DS Drain-Source
EE Off Gate Supply
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G Gate
GDr Gate Driver
GND Ground
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GS Gate-Source
HA Heat Sink to Ambient
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J Junction
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N Pull-down
off Off
on On
oss Output (Capacitance)
P Power
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th Threshold
Z Zener
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Chapter 1

Introduction

As there is a global growth in population and wealth the demand for energy is increasing. Alongside
the increasing demand for energy there is also a requirement for higher efficiencies in power conversion
and generation. As the limits of silicon (Si)-based power transistors are approached, new solutions
must be developed [1]. One area which has seen increased interest in recent time is the use of Wide-
Band-Gap (WBG) semiconductor materials instead of Si, as these promise to offer increased efficiency
and quicker switching times. The most prominent WBG materials for use in power electronics are
Silicon-Carbide (SiC) and Gallium-Nitride (GaN). SiC is the more mature material, while GaN is only
starting to see increased use in power electronics. As GaN is still in the early stages of development,
there are still some significant challenges to be overcome. One of these challenges is the power level
which can be achieved by the devices, where GaN based devices fall behind their counterparts. This
project will investigate the challenges of increasing power levels of GaN based solutions, and propose
a design solution of a GaN-based switching module. [2][3][4]

GaN is used in a High Electron Mobility Transistor (HEMT) structure in order to obtain the high
performance switching to compete with MOSFETs and similar power transistors. GaN HEMTs have
the advantages of low on-resistance within the 650 V range, which leads to lower conduction losses
compared to Si MOSFETs. GaN HEMTs also have very small intrinsic capacitances due to their
structure, which has the benefit of decreasing the turn-off and turn-on times of the device yielding
lower switching losses and allowing for higher system efficiencies. This also enables very high switching
frequencies which can help reduce the size of passive components, which further helps to increase power
density of converters using GaN HEMTs. [2][4][5]
Due to their lateral structure, GaN HEMTs are mostly used in applications up to 650 V as reaching
higher breakdown voltages would require a vertical structure, which is currently at the experimental
stage. [4][6]

The advantages stated above have been realised in different applications, where the low switching losses
and high power density of the GaN HEMTs have allowed for converters with high efficiencies and high
power densities. An example of an application where GaN HEMTs are used, is in a 10 kW Active-
Neutral-Point-Clamped (ANPC) converter [7], where GaN HEMTs were applied as a high-frequency
switching leg to replace the diode-leg in an NPC converter. This was done to minimise the passive
components and to increase system efficiency [7]. Also, a fully GaN based ANPC was designed with a
power rating of 2 kW [8].
GaN HEMTs have been used in different multilevel converters with a power rating of 3.1 kW and
considerations have been made for a 70 kW converter. Again, the advantage seen was a reduced
inductor. Moreover, due to the operation of the multilevel converters and high switching frequency
of the GaN HEMTs the output voltage had a low amplitude high frequency ripple, yielding low Total
Harmonic Distortion (THD) on the output current. [9][10]
Moreover, GaN HEMTs have been implemented in AC-DC converters such as the bridgeless totem-
pole converter, where the symmetry of the GaN HEMT structure allows for reverse conduction without
the use of a diode, enabling efficient hard-switching as there is no reverse recovery effect. By hard-
switching, a low THD is achieved as the inductor current could be controlled more precisely [11][12].
This also enabled better power factor correction. Using GaN HEMTs in this topology, it is possible
to achieve efficiencies close to 99 % [13]. However, the power ratings for the referenced converters are
only ranging from 1 kW to 2.2 kW.
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PED4-1046 1. Introduction

It is evident from the different applications referenced using GaN HEMTs, that they are not commonly
used in power ranges above 10 kW. This is corroborated in Figure 1.1, where the power and switching
frequency ranges of different semiconductors are compared.

Frequency [Hz]

Power [
W] SiCMOSFET

MOSFET GaNBJT
IGBTThyristo

r
1001k10k100k1M10M100M

100 1k 10k 100k 1M 10M 100M
Figure 1.1: Comparison of power rating and frequency range for different semiconductor technologies [14].

Common for all the applications referenced, is that the GaN HEMTs are used in a Half-Bridge (HB)
configuration, where the power rating is mainly limited by the current capability of the specific GaN
HEMT used. One way to increase the power capability of the HB switching module is to parallel the
GaN HEMTs. This could increase the usage of GaN HEMTs in high power applications of up to 100 kW

or above [15]. Parallel operation has been used for a 10 kW LLC DC-DC Converter where GaN HB
switching modules were designed with two GaN HEMTs in parallel to increase the power capability.
However, great care had to be taken in the PCB layout to ensure stable performance, as asymmetry
in the parasitic content of the different loops, combined with the fast switching speeds could disturb
the gate voltages of the GaN HEMTs, which due to the low threshold voltage of GaN HEMTs could
cause unintended turn-on. [16] Other applications have successfully used two GaN HEMTs in parallel
operation [17][18], but there is not much literature describing the parallel operation of more than two
devices. This indicates that there might be some difficulty in paralleling more than two devices. This
is also stated by GaN Systems, a manufacturer of GaN HEMTs [15]. But to increase the power level of
GaN HEMTs and the applications range in which GaN HEMTs are used, the operation of more than
two devices in parallel need to be studied.

With the small size of the GaN HEMTs, it is crucial to determine an adequate cooling solution that
can dissipate the heat from the small packages of the GaN HEMTs as insufficient cooling can degrade
the performance. [4][6]

In order to increase the power range of GaN HEMT based converters, this project will attempt to
design a high power HB switching module with parallel GaN HEMTs. However, the above mentioned
issues with design layout of parallel GaN HEMTs and the cooling of these will need further analysis
in order to design a well-performing module. This leads to the initial problem stated below:

“What are the design issues with paralleling GaN HEMTs in a HB switching module, and which
cooling solutions could be used, to achieve optimal performance."

This initial problem will be analysed in the following chapter, which will lead to the research question
of the report.
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Chapter 2

Problem Analysis

In this chapter, the initial problem stated in Chapter 1 will be examined. Firstly, the general function
of a GaN HEMT will be explained by a short analysis of its structure and operation. This will be done
to obtain a better understanding of its characteristics, which will help in the analysis of paralleling
such devices. The different stages of the switching of a single GaN HEMT will be explained, where
the issues of paralleling GaN HEMTs will be coupled to the switching dynamics. The analysis of the
switching will form the basis for essential design rules for the parallel layout.
Next, different GaN HEMT devices will be compared in order to determine the most suitable devices
for parallel operation in terms of high power rating and stable operation. Lastly, an analysis of different
cooling solutions for these devices will be performed. Using this analysis, a better understanding of
the possible cooling solutions is obtained, which will be used later in the design process, such that an
optimal HB switching module can be designed.

2.1 Function of a GaN HEMT

To better understand the advantages, disadvantages, and operation of GaN HEMTs, the structure of
the devices is analysed. This will be done by examining a general structure of a GaN HEMT as seen
in Figure 2.1.

Source Gate DrainSiN SiN

AlGaN

2DEG

GaN

Buffer Layer

Substrate (e.g. Si)

Figure 2.1: Schematic of the general structure and layers of a GaN HEMT.

The 2D-Electron-Gas (2DEG) channel enables the conduction of current between source to drain. The
2DEG is formed at the interface of the aluminium (Al) GaN and GaN layers, as the band-gap of
each layer is different, forming a hetero-junction of different semiconductor materials. At this hetero-
junction, a sudden jump in conduction band energy is observed, such that a narrow channel of electrons
can form. The concentration of electrons is high in this channel, resulting in an extremely high electron
mobility. This gives the HEMT its good conduction characteristics. In order to control the conduction
of current between source and drain, a voltage is applied to the gate of the GaN HEMT, which will
control the density of electrons in the 2DEG channel below the gate and thereby turn the device on
or off. [19][20]

From the structure of the GaN HEMT, it can be observed that there is no pn-junction in the conduc-
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tion path, yielding no intrinsic body diode. However, due to the structure of the HEMT, it can achieve
reverse conduction without the disadvantages of body diodes. This means, that no reverse recovery
effects are observed. This is advantageous in applications where hard-switching is preferred, where the
losses and Electromagnetic Interference (EMI) can be reduced by use of GaN HEMTs. However, it
should be noted that the voltage drop across the source-drain terminals in reverse conduction is usually
higher than that of the body diodes of Si MOSFETs [21]. The voltage drop VSD in reverse conduction is
dependent on the threshold voltage, gate-source voltage during off-state and conduction losses: [20][21]

VSD = (Vth − VGS) + ISD ·RDS,on (2.1)

As the gate-source voltage VGS during the off-state can be negative to increase stability of the Gate
Driver (GD), the voltage drop VSD and losses during reverse conduction are large. This makes it crucial
to minimise the dead-time to decrease these losses [21]. From the operation of the GaN HEMT it can
be observed that the practical operation is similar to a Si MOSFET. This can be seen in Figure 2.2,
where the IDS vs. VDS performance at different VGS can be seen. These performance characteristics
can be observed to be similar to the behavior of a conventional MOSFET.

Figure 2.2: IDS vs. VDS characteristic performance of GaN e-HEMT. The figure is generated from a SPICE model
of a GS66508T e-HEMT from GaN Systems. The active region is seen left of the dashed line, while the device is in
saturation to the right of the dashed line.

As GaN has a high breakdown electric field compared to Si, less material is needed to achieve a given
breakdown voltage compared to Si. This enables small packages and consequently fast switching as the
intrinsic capacitances can be kept small. However, as the GaN HEMTs have low input capacitances
and a low threshold voltage, they is sensitive to disturbances from high di/dt and dv/dt during these
fast switching transients [6][22]. As mentioned in Chapter 1, great care has to be taken in the design
of the circuitry due to the sensitivity to disturbances. These disturbances could have a greater effect
when operating in parallel, as asymmetry in the parasitic content of the gate and power loops can
cause different loading of each parallel GaN HEMT [15].
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2.2 Analysis of Paralleling GaN HEMTs

In this project a high power GaN HEMTHB switching module is to be designed. In order to increase the
current carrying capability of GaN HEMT HB switching modules, devices can be connected in parallel,
effectively sharing the current between the different GaN HEMTs. The electrical characteristics of the
GaN HEMT are advantageous for this purpose, as they have a temperature independent threshold
voltage, as well as a positive RDS,on temperature dependence [23]. This helps to balance the load on
the different GaN HEMTs, as any device experiencing higher current flow than others will heat up,
increasing the RDS,on. This reduces its current, resulting in a self-balancing behavior of the parallel
GaN HEMTs [15]. An example of a schematic of a HB switching module utilising GaN HEMTs in
parallel is seen in Figure 2.3. Parasitic components which are considered to be influential to the
switching performance are included.

Figure 2.3: Schematic showing circuit of paralleled GaN HEMTs in a HB configuration. Parasitics with influence on
performance are included.

This schematic shows the use of single output GDs with the possibility of negative turn-off voltage, i.e.
bipolar GDs. Each GD is used to drive both devices in their respective position. This circuit could be
extended by adding additional GaN HEMTs in parallel.
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2.2.1 Explanation of Turn-On Behaviour

In order to get a better understanding of the issues regarding paralleling GaN HEMTs, the switching
process will be explained, such that a clear idea of the influence of parasitics on the switching
performance can be achieved. The turn-on process can be explained in four stages [15]. These are
shown in Figure 2.4, where both the switching waveforms in the time domain are shown, as well as
the IDS/VDS on the chart. These figures are generated using an LTspice circuit without parasitic
components, showing the turn-on behaviour at 19 A with an inductive load for the GS66508T GaN
e-HEMT from GaN Systems [23]. Important to note is that this simulation shows the switching of a
single GaN e-HEMT, and is therefore not subject to the issues of paralleling devices. The simulation
is only for demonstrative purposes. The junction temperature is kept at 25 °C to eliminate thermal
effects on the performance. The on gate supply voltage is 6 V, and the off gate supply voltage is −3 V.
A split output GD is used, with RG,total = 16.7 Ω in the turn-on loop, and RG,total = 2 Ω in the
turn-off loop.

Figure 2.4: Turn-on behaviour of GaN e-HEMT in an LTspice simulation. Switching at ≈ 19A.

Looking at Figure 2.4, it can be seen, that the turn-on behaviour is split into four stages, P1, P2, P3
and P4. These stages are explained in the following sections:

P1 - Delay Stage: P1 is the delay stage, where a gate-source voltage VGS is applied to the GaN e-
HEMT, but no current is flowing through the drain of the device. This period lasts until the gate-source
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voltage VGS of the device reaches the threshold voltage Vth, at which point the GaN e-HEMT will start
to conduct. The GD loop circuit parameters determine the rate at which the input capacitance of the
GaN e-HEMT is charged, i.e. the loop inductances and resistances, combined with the capacitance of
the device, determine the time to charge up to the threshold voltage Vth of the e-HEMT. When turning
on multiple paralleled GaN e-HEMTs with a single GD, as seen in Figure 2.5, deviations between the
different gate loops will cause the input capacitors of the different devices to charge at different rates.

Figure 2.5: Equivalent circuit of GD loops of two GaN HEMTs in parallel. Parameters have been combined to simplify.
Power loop is not included.

As the length of the two loops might not be the same, the inductances LG1 and LG2 can be different.
This might cause devices to reach their threshold voltages Vth at different times, resulting in an
imbalance of drain-source current IDS sharing. For this reason, it is important to have symmetrical
GD loops for each device, such that there is a minimal imbalance in the turn-on times of the devices.
Another important factor in this stage is the specific threshold voltage Vth of each device, as these can
vary from device to device [24]. As a result of this variance, it will be difficult to perfectly synchronise
the switching of the devices, even with perfect circuit layout. Therefore the circuit design as a whole
must be able to sustain some variation.

P2 - di/dt Stage: When the gate-source voltage VGS of the GaN e-HEMT reaches the threshold
voltage Vth, the device will start conducting. Looking at Figure 2.4, it can be seen that this occurs
in the saturation stage, where the drain-source voltage VDS will stay at a constant value, while the
drain-source current IDS and gate-source voltage VGS rise. It can be seen that the drain-source voltage
does not change until the current in the inductive load is reached by the device.
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Figure 2.6: Simplified equivalent circuit of paralleled GaN e-HEMTs in the di/dt period.

As the gate loop and power loop share a common inductance in the source inductance of the device
LCSx, as seen in Figure 2.6, this inductance will start to have an influence on the gate-source voltage
VGS , as there is a high di/dt in this inductance when switching, resulting in a voltage drop VCSx. As
the gate is comparatively sensitive to disturbances, with a threshold voltage Vth in the low single digits,
and a maximum gate-source voltage VGS of 7 V in the case of GaN e-HEMTs from GaN Systems [23],
this voltage drop VCSx can have a significant influence on the performance and reliability of the device.
This is because it is subtracted from the gate-source voltage VGS , when referred to the GD voltage
VDD. In the case of a positive di/dt, as seen in Figure 2.6, this will reduce the effective voltage applied
to the gate, slowing down switching times. When the gate-source voltage VGS increases, the current
through the device will increase as well, resulting in a di/dt over the inductance LCSx. This causes a
voltage drop to occur in the GD loop, causing the rate of change of the gate-source voltage VGS to fall,
slowing down the rise time [25]. This can have a considerable effect on parallel devices, resulting in an
imbalance of current carrying in the transient [26]. Therefore, it is important to minimise this common
inductance as much as possible by the use of a Kelvin connection. By creating a return path for the
gate loop as close to the junction of the device as possible, the common inductance LCSx between gate
loop and power loop is minimised. Some devices have a dedicated Kelvin connection in the form of an
additional lead [27], which is to be used as a gate return, while others include a small lead inductance
[23], such that the circuit can be designed with this common inductance in mind, having a source
return to the GD with as small a shared area with the power trace as possible. It should be noted,
that in Figure 2.6, this common inductance is indicated as the lead inductance of the device. This
common inductance will of course include trace inductances as well.

When paralleling these devices, the quasi-common-source inductances LQSx also have a large impact
on the switching behaviour and stability of the gate voltage. If the size of these inductances is not
the same for the different devices, the source voltage of each device will differ, as there there will be
different voltage drop over each of these inductances, if they are subject to the same di/dt. As each
device is connected to the same GD, instability can occur, as there is a voltage drop over the source
return impedances LSx & RSx of the devices. This will cause a current to flow across the source return
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impedances of each device, resulting in an imbalanced voltage drop in each GD loop. I.e. one GD loop
will have a positive voltage drop over its return impedances LSx & RSx, while the other will have a
negative voltage drop over its return impedances. This will affect the current sharing capability of the
paralleled devices, and may induce some oscillations.

Therefore, to equalise the current sharing of these devices, these quasi-common-source inductances
LQSx of the different devices should equal to each other, such that any voltage drop seen on a gate-
source voltage, is mirrored by other devices, and the current is shared appropriately. Moreover, these
inductances should generally be minimised as much as possible.

One other important circuit element to consider when designing circuits is mutual inductance between
the gate drive loop and power loop Mx. The mutual inductance comes as a result of the inductive
coupling between the GD loop inductance and power loop inductance. This mutual inductance is
important to consider and minimise, as it will cause the high di/dt currents on the power loop to
be induced into the GD loop, effectively causing the gate-source voltage VGS to be influenced by the
change in drain current through the device. This has the possibility of causing gate instability and
oscillations, and affecting the switching times of the devices.

P3 - dv/dt Stage: Once the current through the device reaches the load inductor current level, the
dv/dt period starts. At this point, the drain-source voltage VDS can change, as the output capacitance
Coss can be discharged. This moves the device towards the active region of its performance. However,
the discharging of the output capacitance Coss causes a significant current to flow through the device,
which can be seen in Figure 2.4, resulting in an overshoot in the drain-source current IDS . This
also causes the gate-source voltage VGS to increase to the required level to accommodate this current
overshoot. The Miller plateau can be observed, as the gate-source voltage VGS stays at an almost
constant value, whose magnitude depends on the drain-source current IDS . This voltage is known as
the plateau voltage VGP . This plateau occurs as a result of the device being in the saturation region.
While in this region, the gate-source voltage VGS is determined by the load inductor current, and will
therefore stay constant until out of the saturation region. Therefore, all of the current from the GD
will flow into the gate-drain capacitance CGD, effectively discharging it. By discharging CGD, the
drain-source voltage VDS of the device will fall. It will discharge with a constant current, which is
dependent on the plateau voltage VGP , the GD voltage VDD and the gate resistance RG:

IG =
VDD − VGS

RG
(2.2)

As mentioned, this VGS will stay at a constant value VGP in the Miller plateau region, resulting in
a constant current through the gate. As this plateau voltage depends on the drain-source current
IDS through the device, at higher currents, the resulting gate current in the plateau region is lower.
Therefore, the gate-drain capacitance CGD will be discharged at a slower rate, resulting in slower
switching times. This effect might be influential on paralleling performance, as parallel devices with
unbalanced current sharing will have different plateau voltages VGP , resulting in different gate currents
in this stage.

As the di/dt of the device is lower in this stage, the effects of the inductances, intrinsic and parasitic
are reduced. However, as the voltage over the device will change at a high rate, parasitic capacitances
will start to have an influence on the switching performance. This has an influence on the circuit
design, as parasitic capacitances between nodes of high dv/dt to each other will cause a current
to flow. This is important to consider in various areas of the circuit. If a considerable parasitic
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capacitance is present over the drain-source leads of the device, the switching behaviour might be
altered. Moreover, this extra energy stored in the parasitic capacitance will be dissipated every
switching period, increasing losses. This effect is important to consider as the switching frequency
increases, as the rate at which this energy dissipation occurs will also increase, thereby resulting in
higher power losses. This is especially important to consider when using devices such as GaN HEMTs,
which offer increased switching frequency capabilities. In order to minimise these capacitances, the
physical circuit layout must be carefully considered. The capacitance between two conductors is a
function of their common area, and inversely proportional to the distance between them. Therefore,
it is important to place conductors with high dv/dt to each other in an orientation, which minimises
this plate-capacitor effect, if parasitic capacitance is unwanted. Thus, these conductors should not be
placed on the immediate opposite side of the PCB, if these parasitic capacitances should be avoided.

P4 - Remaining Period: When the drain-source current IDS and drain-source voltage VDS have
reached their final values, the gate-source voltage VGS is again free to increase, as the device is moved
out of the saturation region into the active region. CGS will then continue to be charged, increasing
the VGS voltage, until it reaches the GD voltage VDD.

2.2.2 Explanation of Turn-Off Behaviour

The turn-off sequence can also be analysed in four stages [15].

Figure 2.7: Turn-off behaviour of GaN e-HEMT in an LTspice simulation. Switching at ≈ 19A.
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P1 - Delay Period: Before the turn-off sequence begins, the input capacitance of the device Ciss
would have been charged up to the GD voltage VDD. This would place the device well into the
active region of its function. Therefore, before a change in drain-source voltage VDS occurs, the input
capacitance Ciss has to be discharged until it leaves the saturation region. The time for this delay
is dependent on the GD loop parameters. The explanation for this behaviour is similar to what was
shown in P1 for the turn-on behaviour. The equivalent circuit with the relevant parameters can be
seen in Figure 2.5. Again, an imbalance in the different GD loops will cause the gate-source voltages
of the different devices to change at different rates. This could cause one device to exit the active
region at an earlier point in time than others, causing an imbalance in current carrying capability.
This further reiterates the need for symmetrical GD loop designs.

P2 - Plateau Period: When a sufficiently low gate-source voltage VGS is reached, the GaN HEMT
moves out of the active region, into the saturation region. A short plateau period is observed, as the
gate-source voltage VGS flattens out for a short time. This plateau voltage VGP is determined by the
amplitude of the drain-source current IDS . As was shown in (2.2), the gate current IG is dependent on
the gate-source voltage VGS . As a negative gate current IG is required to turn off the device, a higher
negative drain-source current IDS will cause the device to turn off faster. This comes as a result of the
higher saturation gate-source voltage VGS , resulting in a higher gate current, thereby discharging the
input capacitance Ciss quicker. Therefore, the device switching speed is dependent on the drain-source
current IDS . This might again have an influence in parallel circuits, as devices with different VGS slew
rates might conduct different amounts of current, causing an imbalance in current sharing.

P3 - di/dt & dv/dt Period: In this period, both the voltage and current have their highest
rate of change. This is caused by the increased gate current IG, as was explained previously. This
increased rate of change in both current and voltage will have an increased effect on the parasitic
disturbances in the circuit. As mentioned in the turn-on procedure, an imbalance in the parasitic
trace inductances, shown in Figure 2.6, will cause some undesirable effects for paralleling applications,
such as an imbalanced gate-source voltages as a result of imbalanced quasi-common-source inductances
LQSx, and imbalanced common source inductances LCSx. As the turn-off procedure might cause higher
di/dts to occur, these effects may be more pronounced compared to the turn-on period. These effects
and their influence on the gate-source voltage VGS stability can be partly negated by the use of a
very low resistance in the turn-off loop of the GD, i.e. using different gate resistances for the turn-on
and off loop. This does, however, limit the flexibility of choosing different slew rates for the turn-off
procedure.

P4 - Remaining Period: After the switching is finished, there might be some ringings seen on
the device. This is not seen in the simulation shown previously, as no parasitics were included in the
simulation parameters.

2.2.3 Device Parameter Variation

Besides the circuit design having an influence on the paralleling performance of a module, parameter
variations in the devices themselves also have an influence on the current sharing of the parallel devices.
In [26], different SiC MOSFETs of the same model were parameterised, and the effects of combining
devices with varying threshold voltages and on-resistances were investigated. This study showed that
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these variations might cause the devices to sustain different amounts of current in the switching period,
effectively straining one device more than the other. These effects would be expected to occur in GaN
HEMTs in the same way, as GaN HEMTs also experience parameter variations [24][28, pp. 11-14].
However, due to the positive RDS,on temperature dependency, and the constant Vth, these variations
seem to have a minimal effect on paralleling performance in regards to thermal performance [24], as
an effective circuit was designed by randomly choosing GaN HEMTs from GaN Systems.

2.3 Design Priorities of Paralleled GaN HEMT Circuits

Based on this analysis, some design rules can be set up, such that a proper design, which exhibits good
performance can be developed. These are in broad terms: symmetrical gate drive circuits and uniform
loading of the devices [15][29][30]. More specifically, some priorities of the circuit design of paralleled
GaN HEMTs can be laid out, where specific parts of the circuit seen in Figure 2.3 are considered.
These priorities are as follows:

Primary Priorities
Description Parameters Design Rules

Quasi-Common Source Inductance LQSx Minimise, equalise across devices
Mutual Inductance between Gate and Power loop Mx Minimise, equalise across devices

Common Source Inductance LCSx Minimise

Table 2.1: Primary priorities for circuit design of paralleled GaN HEMT circuit.

Secondary Priorities
Description Parameters Design Rules

Power Loop Inductance LPx,LDx,LQSx, LDLx, LCSx Minimise
GD Loop Inductance LGDrx, LGx, LSx Minimise, equalise across devices

Drain-Source Capacitance CDS Minimise

Table 2.2: Secondary priorities for circuit design of paralleled GaN HEMT circuit.

As can be seen in Tables 2.1 and 2.2, both parasitic inductances and capacitances should be considered
when designing an optimal circuit. However, some trade-offs may have to be made in these parameters,
as they are somewhat inversely correlated. I.e. a more compressed circuit might allow for lower parasitic
inductances, but might increase the parasitic capacitances.

The intrinsic inductances LSLx and LDL1 can be reduced in the circuit by simply choosing different
packages. Therefore, depending on the design requirements, some packages might be excluded for
paralleling purposes. Therefore, a more in-depth comparison of GaN devices follows, to determine the
optimal device for use in this configuration.
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2.4 Comparison of GaN HEMT Devices

In order to determine the most suitable GaN HEMT, different devices will be compared for their
applicability for usage in paralleling. These devices will be chosen based on the following parameters:

• A voltage rating of or above 400 V

• As low lead inductances as possible

• Low on-state resistance

• Good thermal properties

• Small intrinsic capacitances

• Normally-Off devices only

These parameters are based on the need for a high power rating in the HB switching module, low lead
inductance, as mentioned in the previous section, to ensure as stable operation as possible in parallel
and a device that can be cooled easily.

Based on the criteria of a low lead inductance, devices with large lead inductances such as those with
TO-class packages will not be considered due to the large lead inductance in the legs of up to 10 nH.
This is high compared to SMD packages with lead inductances below 1 nH [31][32]. Based on the
remaining parameters the following devices, listed in Table 2.3, are considered.

Device Comparison
Device VDS [V] IDS [A] RDS,on [mΩ] QG [nC] FoM Ciss [pF] Coss [pF] Package Cooling

GaN Systems GS66508 650 30 50 6.1 305 242 65 Top/Bottom-Side
GaN Systems GS66516 650 60 25 14.2 355 518 126 Top/Bottom-Side
Infineon IGO60R070D1 600 31 70 5.8 406 380 72 Top/Bottom-Side

GaNPOWER GPI65060DFN 650 60 25 16 400 420 143 Bottom-Side

Table 2.3: Different GaN e-HEMTs considered for parallel operation. Note: Devices which have noted both top and
bottom-side cooling have alternative product names for the top-side cooled versions. [23][27][33][34]

In order to compare the different devices, a Figure of Merit (FoM) calculation will be done by looking
at the on-resistance and the typical gate charge. This will give a rough comparison of the conduction
and switching losses for the devices. This is important in order to achieve a high power HB switching
module as the lower the FoM the less heat needs to be dissipated. It is calculated by using:

FoM = RDS,on ·QG (2.3)

From this comparison it can be seen that the GaN Systems devices have the lowest FoM, with the
GS66508 having the lowest FoM of 305. Based on the FoM, it is decided to narrow the comparison
down to the two devices from GaN Systems.
The two devices were compared in another paper, in terms of switching energy at different drain-
source currents, where two GS66508 were compared to one GS66516. It was seen that with the two
GS66508 less energy was lost during the switching compared to the bigger GS66516 [9]. This could be
advantageous, as this would allow the same power rating, but with less cooling. A practical matter is
that this could lead to more devices needed with the GS66508 and as discussed previously a symmetrical
layout can be difficult to achieve when increasing the number of devices.
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2.5 Cooling of GaN HEMTs

Despite the good electrical properties of the GaN HEMT, it has been proven difficult to exploit their
full potential [35]. Limitations in junction temperature and cooling bottlenecks are key challenges
when operating GaN HEMTs at high powers. This section will investigate where the limitations are,
and which cooling solutions exist to maximise the potential of the GaN HEMTs.

2.5.1 Thermal Limitations of GaN HEMTs

The thermal limitations of GaN HEMTs are not subject to lower allowed temperatures of the
semiconductor material itself, since GaN has a maximum temperature of 700 °C, which is significantly
higher than the maximum allowed temperature of e.g. Si, which is 300 °C [36]. However, the limitations
due to the structure and size of the GaN HEMT can pose a challenge to dissipate the generated.

Intrinsic Limitations

There are thermal limitations intrinsic to the GaN HEMT, whose cross-section is presented in Figure
2.1 on page 3.

The 2DEG, which acts as the conducting channel limits the movement of electrons to a lateral direction.
Joule-heating of electrons consequentially creates a thermal hot-spot in this layer, reaching a transistor
heat flux numbers higher than the Sun’s surface [37][38]. The generated heat has to be dissipated
through the GaN HEMT, where amorphous inclusions and material disorders within the lattice, as well
as the borders of the buffer layer govern the thermal resistance in the GaN material [39]. Additionally,
GaN has a lower thermal conductivity (130 W/mK) compared to other WBG materials, such as SiC
(490 W/mK), and similar to that of Si (130 W/mK) [37][39].

Size Limitations

Even though the thermal conductivity of GaN is comparable to Si, the small size of the thermal pads
of GaN Systems devices, reduce the ability to dissipate heat. Compared to a TO-247 package usually
used for discrete power devices, their thermal pad areas might be an order of magnitude smaller. This
is seen in Figure 2.8.

Figure 2.8: Comparison of GaN Systems 30A top cooled GaN e-HEMT and TO-247 package thermal pad areas.
[23][40][41]
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Small packages are necessary to minimise stray inductance to allow for high frequency switching. With
smaller packages, the area through which the heat is dissipated is reduced significantly, which results
in a higher thermal resistance [40], as seen in:

Rθ =
l

k ·A
(2.4)

Where l is the length of material the heat is dissipated through, k is the thermal conductivity, and A
is the surface area. The relationship between temperature, power, and thermal resistance is given by:

T = P ·Rθ (2.5)

This makes it challenging to stay below the Safe Operating Area (SOA) of the junction temperature
when operating at high power [35].

2.5.2 Thermal Pad

Generally, there are two options for the location of the thermal pad of an SMD. It can either be located
at the bottom or on top of the SMD component. Top cooled devices allow for a cooling approach,
as seen in Figure 2.9, where the TIM and the heat sink are mounted on top of the device and form
the thermal conduction path. However, the small size of the thermal pad can lead to high thermal
resistances of the TIM. Apart from extracting the heat through the thermal pad on top, heat is also
dissipated through the drain and source pads on the bottom of the device. Typical values of thermal
resistance from the junction to the board lie between 3-7 K/W for GaN Systems devices [42].

Bottom cooled devices dissipate most of the heat through the PCB as seen in Figure 2.11 on page 18.
This requires the PCB to be utilised to spread the heat in the lateral direction. This adds the thermal
resistance of the PCB to the thermal equivalent circuit, but also increases the contact area of the TIM,
which can reduce the thermal resistance inflicted by it.

However, it needs to be carefully evaluated whether the trace connected to the thermal pad terminal
can be exploited efficiently to spread and dissipate the heat without compromising the electrical
performance of the circuit. As the thermal pad is often electrically connected to either the source
or the drain terminal, its voltage can vary significantly in a HB configuration. If a larger area is
connected to this high dv/dt node, capacitive coupling can cause performance issues.

2.5.3 Top Cooled Solutions

Most top cooled solutions include a cooling system with three main components, as seen in Figure 2.9

• A transistor, from where the heat is to be extracted through a thermal pad, which is typically
electrically connected to either the drain or the source terminal of the transistor.

• A gap filler or Thermal Interface Material (TIM) which ensures thermal conduction to the heat
sink and can provide electrical insulation if needed.

• A heat sink, which increases the surface area through which heat can be dissipated to the ambient
air through either natural or forced convection.
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Figure 2.9: Schematic of top cooled solution with equivalent thermal circuit. Objects not to scale.

Figure 2.9 shows a schematic of a top cooled system and its equivalent thermal circuit. Dissipated
power is represented with a current source, the ambient temperature with a constant voltage source,
and the thermal resistances are represented by resistors. The GaN HEMT is shown in grey, including
the thermal pad and the drain, gate, and source terminal. The heat flow is represented with orange
arrows and is dissipated upwards from the junction to the thermal pad (Rθ,JC) through the TIM in
blue (Rθ,CH) and the heat sink in black, from where it is dissipated by natural or forced convection
(Rθ,HA) into the ambient air. Through the drain and source pads, the heat is dissipated towards the
bottom to the PCB (Rθ,JPCB) from where it is dissipated into the ambient air (Rθ,PCBA).

These approaches are widely used solutions for GaN HEMTs, but have a set of limitations [31][35][40].
Namely, the TIM can result in a thermal bottleneck due to the comparably small size of the thermal
pad of the GaN HEMT, which results in a limitation of the power that can be dissipated. Moreover,
the small package height of the GaN HEMTs may cause clearance issues with components close to the
device, as the heatsink will be physically close to the PCB surface. This can be alleviated by the use
of a pedestal heatsink, which extends down to the PCB, with a small extrusion [43].

Thermal Interface Material

To counteract the bottleneck posed by the size of the thermal pad, it is important to choose a TIM
with a minimal thermal impedance, i.e. a high thermal conductivity.

There are many types of TIMs, both electrically isolating and conductive materials. In this section
they will be compared according to their thermal impedance [Kcm2/W] and the respective breakdown
voltage.

Different studies examining cooling solutions for high power GaN HEMT applications were analysed
to characterise the performance of different TIMs. The examined materials include various silicone
sheets, ceramic base materials, an adhesive TIM, a phase change material and thermal insulating gels
[31][40][44]. Figure 2.10 shows the thermal impedance of the different TIMs as well as the breakdown
voltage.
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Figure 2.10: Comparison of thermal impedance and breakdown voltage of different TIMs. Note: The thermal
impedance of silicone grease is 8.65 Kcm2/W.

It can be seen that the ceramic base TIMs generally exhibit the lowest thermal impedance compared to
phase-change materials and silicone sheets. Silicone sheets cover a larger span of thermal impedances,
where some high quality silicone sheets can compete with the examined phase-change material.

Compared to other materials, Alunit, which exhibits the lowest thermal impedance, is the most
expensive by a large margin, which can make it a less desired choice if the price is a priority [40].

An additional aspect to consider for the TIM is whether it is electrically insulating or not. As either the
source or the drain terminal of the GaN HEMT is connected to the thermal pad, electrical insulation
is required when GaN HEMTs with different source potentials are connected to the same heat sink
to avoid short-circuits. If no electrical insulation is provided by the TIM, the heat sink will have the
potential of the source terminal of the GaN HEMT, which in HB configurations can vary significantly
within nanoseconds. This can lead to EMI issues and capacitive coupling with the PCB.

In Figure 2.10, the phase change material shows the highest break down voltage at 50 kV/mm. Most
TIMs exhibit a breakdown voltage in the range of 10-20 kV/mm.

Heat Sink

Heat sinks are used to dissipate the heat to the ambient air by natural or forced convection as well as by
radiation. In [31], a square pin, cylindrical pin, and finned heat sink were compared. The finned heat
sink exhibited the lowest thermal resistance of the three. By adding forced convection, the thermal
resistance could be cut more than in half.

By using a push-pin heat sink, the heat sink can be attached to the TIM with increased pressure,
increasing the thermal conductivity. The pressure can be adjusted, but it can be distributed unevenly,
as the applied force is higher in the corners of the heat sink compared to the middle. QSZ clips can be
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used as an alternative as they allow the pressure to be distributed evenly. Their disadvantage however
is that the PCB can experience warpage due to the applied force [44].

2.5.4 Bottom Cooled Solutions

With bottom cooled packages, the heat can be dissipated and spread through the PCB, as shown in
Figure 2.11.

Figure 2.11: Schematic of the heat spreading in a bottom cooled system with equivalent thermal circuit. Objects not
to scale.

Figure 2.11 shows an example of a bottom cooled PCB, with the GaN HEMT indicated in grey, the
PCB in green, the copper pads and traces in yellow, the TIM in blue, and the heat sink in black.
Thermal vias are used to conduct the heat, represented by orange arrows, away from the thermal pad
through the PCB.

To decrease the thermal resistance of the PCB, the solder mask of the entire trace connected to the
thermal pad can be removed. Furthermore, the area of the bottom copper layer can be increased in
order to provide a bigger area of contact with the TIM, which lowers the thermal resistance of the TIM
significantly. Additionally, the solder mask can be removed at the bottom layer as well. To further
increase the thermal conductivity of the copper, the thickness of the copper layer can be increased.
[44]

By increasing the copper area which is electrically connected to either the source or the drain potential,
there is an increased risk of unwanted capacitive coupling between different nodes. To counteract this
issue, thermal jumpers can be implemented. Thermal jumpers are electrically insulating, thermally
conductive, and have a low capacitance. They can be used to allow heat flow to larger planes, e.g.
ground planes, in order to keep high dv/dt traces as small as possible. [45]
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Thermal Vias

Conventional PCBs use FR4 epoxy, which has a relatively low thermal conductivity of 0.3 W/mK [40].
To increase the thermal conductivity between layers, thermal vias can be used to channel the heat, as
shown in Figure 2.11.

The thermal resistance of one thermal via can be calculated as [44]:

Rθ,via =
lvia

kCu ·Avia
(2.6)

Where lvia is the length of the via, given by the thickness of the PCB, kCu is the thermal conductivity
of copper, which is 401 W/mK, and Avia is the cross-sectional area of the plated copper wall of the
via.

The cross-sectional area of the plated copper wall of the via, through which the heat is conducted is
given by (2.7).

Avia = π · (dvia + wwall) · wwall (2.7)

Where dvia is the diameter of the whole of the via, and wwall is the width of the copper plated wall,
which is typically 25 µm [44].

By adding more thermal vias in parallel, the thermal resistance can be reduced significantly.
Additionally, the conductive area can be increased by increasing the thickness of the plated via wall,
or filling the via with copper entirely. However, this comes with an increased cost.

Alternative substrates to FR4

As mentioned, the thermal conductivity of the typically used FR4 epoxy in PCBs is very low at
0.3 W/mK. Different substrates such as Direct Bonded Copper (DBC), normally used in power
modules, or Insulated Metal Substrate (IMS) can reduce the total thermal resistance significantly
[40][46].

DBC consists of a copper top layer, and a ceramic isolator. The high thermal conductivity of 26 W/mK

of the ceramic isolator Al oxide results in a superior thermal performance of the DBC substrate.
However, the design flexibility is reduced and magnetic flux cancelling is not easily realised in DBC,
which can cause issues with parasitic components [46]. Therefore, DBC is not considered further.

IMS consists, similarly to the DBC, of a copper top layer, a dielectric layer and a metal base, usually
made of Al. This metal base has an excellent thermal conductivity of 238 W/mK and helps to dissipate
the heat. Depending on the dielectric material, the thermal conductivity of IMS ranges from 3-7 W/mK

[46]. The design flexibility is higher than DBC and it allows for flux cancellation, making it an attractive
solution to dissipate heat efficiently.

In [46], PCB, DBC, and IMS configurations were compared, and it was shown that a DBC could reduce
the junction-to-heatsink thermal resistance by 80% in respect to a PCB, while the thermal resistance
was reduced by 70% by using IMS compared to PCB, which makes IMS a very promising solution for
high power applications.

Page 19 of 146



PED4-1046 2. Problem Analysis

Figure 2.12: Schematic of the heat spreading in a bottom cooled system with IMS instead of conventional PCB, and
its equivalent thermal circuit. Objects not to scale.

Figure 2.12 shows a schematic of a bottom cooled system using an IMS. The GaN HEMT is depicted
in grey, the conducting copper layers in yellow, the dielectric layer of the IMS in turquoise and the
metal base, which allows for an increased thermal performance, in purple.

The metal base of the IMS provides a low thermal resistance path for the heat to be dissipated,
resulting in the superior thermal properties of IMS. However, IMS often only uses a single layer of
conductors, limiting the design possibilities. Therefore, only the power stage is usually implemented
on an IMS board, while the driver circuitry is placed on a separate, conventional PCB [43][47]. This
makes the circuit design more complex, results in more parasitic content in the circuit, and reduces
the possibility to implement flux cancellation.

2.5.5 Comparison of Cooling Solutions

To examine which cooling solution provides the lowest thermal resistance, cooling solutions in various
studies have been analysed regarding the achieved thermal resistance. Top cooled PCB, bottom cooled
PCB, and IMS solutions are compared in Figure 2.13. To make a fair comparison, the area of the
thermal pad of the GaN HEMT has been considered as well, by multiplying it with the total thermal
resistance of the system. This results in the thermal FoM presented in Figure 2.13
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Figure 2.13: Comparison of the thermal FoM of different cooling solutions. [35, 43, 44, 46–48]

It can be seen that similar performance can be achieved for top and bottom cooled PCB solutions.
However, bottom cooled solutions show a broader range, both including lower and higher thermal FoM
compared to top cooled solutions.

However, since the thermal resistance of the TIM becomes the limiting factor in cooling solutions for
both top and bottom cooled devices, increasing the contact area of the TIM is crucial, and this is
efficiently achieved with bottom cooled solutions [35].

IMS solutions appear to have the highest potential in dissipating heat efficiently. With the electrical
limitations of IMS, top and bottom cooled devices on FR4 can provide an adequate compromise
between electrical flexibility and heat dissipation ability.

In this chapter it was seen that great care had to be taken into the design of the circuitry for the
parallel GaN HEMTs to ensure a symmetrical design and minimise specific inductances. Through a
comparison of different GaN HEMT devices, it was determined that either the GaN systems GS66508
or GS66516 would be the best choice. This was determined by looking at the FoM for on-resistance
and typical gate charge, where the two devices yielded the lowest scores.
As both of these devices had a version with either top or bottom cooling, an analysis was performed on
cooling solutions for both types. Different TIM materials were compared in regards to their thermal
impedance and breakdown voltage, such that an overview of their performances could be clarified.
This will be used in the design process in order to optimise thermal performance. Lastly, different
cooling solutions with different substrate materials were compared. FR4 was analysed with top and
bottom cooled devices, and IMS was analysed with bottom cooled devices. It was found that the IMS
could achieve superior cooling performance compared to FR4, but posed additional challenges in the
electrical design.
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Chapter 3

Research Question

Based on Chapter 1 and 2 the following research question for this project has been formulated:

"How can a GaN HEMT based HB switching module with four GaN HEMTs in parallel be
designed and optimised using a digital design process, and how can the digital design process

be expanded upon to improve its capabilities?"

3.1 Method

This section will go over the methods used in this project, in order to answer the previously presented
research question.

In order to answer the first part of the research question: "How can a GaN HEMT based HB
switching module with four GaN HEMTs in parallel be designed and optimised using a digital design
process", the operation and design of a parallel GaN HEMT HB must be investigated further. In
Chapter 5, the design of different circuit elements will be investigated. Firstly, the GD of the HB will
be analysed and designed. This includes choice of components, and component sizing. Moreover, an
analysis of different circuit vulnerabilities will be performed, and ways to alleviate these vulnerabilities
will be presented. Then, to get a better grasp on the origins of parasitic components, these will
be investigated, such that effective circuit designs can be conceived. In Chapter 6, three different
HB designs will be presented, and their inductive parasitic content will be compared. These three
designs will have different amounts of parasitic content, in different areas of the circuit. By analysing
the performance of these different circuits, a correlation between the different parasitics and their
influence on the performance can be achieved. Moreover, this will also be used to evaluate the design
criteria presented in Section 2.2 on page 5. These three different designs will be evaluated both by
simulation and by physical prototypes. By using the Finite Element Analysis (FEA) software Ansys
Q3D, LTspice circuits, which accurately portray the circuit behaviour are generated. In the LTspice
circuits, non-linearities of the devices, which would not be included in simplified equations, are included.
This increases the accuracy of performance predictions, compared to previous methods. The LTspice
circuits allow for a digital prototyping process, where several designs can be tested and evaluated,
without the need for physical prototypes. By building physical prototypes, and comparing these with
their digital counterparts, the accuracy of the digital models can be evaluated.

In order to answer the second part of the research question: "How can the digital design
process be expanded upon to improve its capabilities?", a deeper look into the digital design process
is needed. The digital design process described by previous papers [49][50][51][52], will be examined
briefly. In Chapter 4, an analysis of the digital design process and the different tools used will be
given. At first the different phases and tools involved in the digital process will be shown to show the
needed steps, to showcase how this process can be an advantage compared to other design processes. A
process of extracting the parasitic parameters with Ansys Q3D will be proposed, in which the process
of parameter extraction is automatised using a Matlab script, which analyses the raw data from Ansys
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Q3D, in order to extract relevant data. This aims to improve the efficiency of parameter extraction
compared to previous methods [50], allowing for quicker turn-over time, and better analyses.

In this project, a novel method of component sizing is proposed, utilising the concepts of digital
design. By being able to accurately simulate circuit performance, components can be tested digitally
at a rapid pace. By running the non-linear LTspice circuit models using a Matlab script, a number of
these simulations can be executed, evaluating a large amount of components. Then, by evaluating the
performance of the components digitally, optimisation theory can be applied, such that the optimal
component choice is achieved. The application of this method is presented in Chapter 8, where the
method will be applied in order to find the optimal combination of gate resistors, comparing different
evaluation parameters such as power loss and switching speeds. Moreover, the method will be used to
compare the performance of different ferrite beads, used to dampen oscillations on the gate.

3.2 Delimitations

• The GS66508T was chosen due to its easy availability from mainstream vendors and low FoM
compared to the GS66516.

• It was chosen to use 4-layer PCB for the three designs in this project as this was deemed to be
a good compromise between cost and needed degrees of freedom in terms of route the compact
design. Moreover, this configuration proved to be more easily available in terms of production
and shipping times.

• Frequency dependent parasitics are not considered in the FEA and LTspice models.

• The decoupling capacitors used in this project was chosen based on prior experience [50].

• The main focus of the project will be on the electrical performance of the HB switching
module with a Double Pulse Test (DPT), meaning that no practical thermal solutions will be
implemented.
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Chapter 4

Digital Design

In this chapter the digital design process and the methods used will be explained in order to clarify
their functions.
At first the different phases and tools of the digital design process will be explained in order to clarify
the process. The electrical FEA software Ansys Q3D is used to estimate the parasitics of a given
electrical circuit. To get a better understanding of this, the process of using the software will be
explained. In order to improve the capabilities of this process, a new method of data processing the
Ansys Q3D results is presented.
The data from Ansys Q3D are then implemented in an LTspice model, which can simulate system
performance with high accuracy.
Finally, the optimisation parameters and theory used in the digital design process will be explained to
give a clear indication on how the components selected for optimisation are chosen.

4.1 Digital Design Process

With the advent of new semiconductor devices utilising WBG materials such as SiC and GaN, quicker
switching times can be achieved. However, this requires increased consideration of parasitic electrical
components, as these have an increasing impact on circuit performance, at higher switching speeds.
In order to quantify the impact of these parasitics, digital design, in the form of FEA, can be used to
predict their size and contribution the the circuit behaviours. This can be done entirely digitally, such
that the circuit dynamics can be predicted without the use of physical prototypes. [49][50][51][52] A
general overview of the digital design process used in this project is illustrated in Figure 4.1.

Figure 4.1: Flowchart of the digital design process. [50]

The process is divided into four phases, starting with the design phase of the PCB. The electrical
schematic is realised in a PCB layout, and the components and their connections are carefully placed
while considering parasitic components. When a design is ready in Altium Designer, it is exported
in the format IPC-2581 and imported into Ansys SIwave. As Ansys Q3D cannot use the exported
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PCB file from Altium Designer directly, it must be converted in Ansys SIwave into an .aedt file; a
proprietary Ansys fileformat, which can be opened by Ansys Q3D. With Ansys Q3D the parasitic
parameters can be extracted from the PCB design by applying FEA which is explained in detail in
the following sections. The extracted data can be implemented in an LTspice model of the PCB and
evaluated based on the desired evaluation parameters. The efficacy of the PCB can also be evaluated
numerically, measuring the inductance values, and comparing between different designs. With these
results the design can be reevaluated and altered without needing to perform any physical tests which
can increase the number of design iterations can be made during a time-limited design process.

4.2 Ansys Q3D Simulation

The FEA software used in this project for extracting parasitic components from PCBs is Ansys Q3D.
After importing the 3D model of the PCB and its traces into Ansys Q3D, one has to define the relevant
nets and terminals. A net is defined as the sum of conductors, which are physically connected. The
terminals are where components are connected to the nets, e.g. the pads of SMD components, plugs
and legs of through-hole components. For the simulation, the terminals have to be defined as either
a sink or a source. These designations are used to calculate the resistance and inductance values of
the given net. On any net, only one sink can be defined, but multiple sources can be defined. All the
resistance and inductance values are then found in the trace from the sink to each source. I.e. every
source terminal has a self inductance and resistance. All the self-resistances are then mutually coupled
by some value to every other self-resistance on the net, and all the self-inductances are mutually
coupled to every other self-inductance on the PCB. Moreover, Ansys Q3D calculates a capacitance
value between each of the nets.

For the scope of this project, focus has been placed on the parasitic inductance, above the other
parasitic components. It was deemed, that the parasitic inductances have a larger influence on system
dynamics, than the other parasitics, as mentioned in Section 2.3. Therefore, this section and the
following analysis of this report, are primarily based on the parasitic inductances. However, to get a
better idea of the actual circuit dynamics, and to be able to get a superior numerical analysis, the
capacitances and resistances could also be considered. However, it should be noted that for the LTspice
simulations, these parasitics are included, and are therefore influential on the circuit dynamics.

To get a better understanding of how these parameters are defined in Ansys Q3D, a small example has
been created: In Figure 4.2 an example PCB is shown, which is composed of a two layer PCB, with
one net on each side of the PCB. On each net, one sink is defined, along with two source terminals.
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Figure 4.2: Example circuit made in Ansys Q3D, with two nets, each having one sink and two sources. The orange
layers represent copper, while the green layer represents FR4.

The inductances in this circuit are defined as seen in Figure 4.3.

Figure 4.3: Circuit schematic showing the inductance definitions of example circuit.

Where the coupling coefficient K12 is related to the mutual inductance M12 as follows:

M12 = K12

√
L1 · L2 (4.1)

Figure 4.3 shows a simplified circuit model of the example circuit shown in Figure 4.2. It can be seen
that the two nets with two sources in each, results in four different self-inductance values, all being
coupled to each other. These inductances can be expressed in a matrix form as seen in Table 4.1.

N1, S1 N1, S2 N2,S3 N2,S4
N1, S1 L1 M12 M13 M14

N1, S2 M12 L2 M23 M24

N2, S3 M13 M23 L3 M34

N2, S4 M14 M24 M34 L4

Table 4.1: Inductance matrix of Figure 4.3. N refers to Net number, S refers to source number.
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Where each source will have its own self-inductance from its corresponding sink terminal. Then,
each self-inductance is coupled magnetically, as defined by the the mutual inductance. This will be
elaborated upon in Section 4.2.2 .

Moreover, the resistances and capacitive couplings can also be found. In order to simplify the
demonstration, some details have been omitted from Figure 4.4.

Figure 4.4: Circuit schematic showing how the resistance and capacitances are connected in the Ansys Q3D simulation.
Only the capacitive coupling between Source 2 and Source 3 are included. Others have been excluded for simplicity.

As can be seen in Figure 4.4 the inductance has been split into two equal parts. The parasitic
resistance is also shown, also divided into two equal parts. In between these parasitics, the parasitic
capacitance is connected. The FEA software finds a capacitive coupling between each net, and couples
this capacitance, by splitting the inductances and resistances, and connecting to this midpoint. [51]

While the data found from Ansys Q3D can be directly implemented in an LTspice simulation, which will
be explained in Section 4.3, the values seen in the matrices are difficult to intuitively understand, as one
cannot inherently determine the inductance between two source terminals, only the self-inductances
of each source terminals and their mutual coupling to others. For example, looking at Figure 4.3, it is
difficult to intuitively determine the inductance between Source 1 and Source 2, given the data which
Ansys Q3D extracts from the PCB. Therefore, in order to numerically evaluate the circuit, additional
analysis has to be performed.

4.2.1 Manual Extraction of Parasitics

One way to get a better understanding of the individual inductances, is to simulate an isolated portion
of the PCB, looking only at a specific trace path, thereby extracting only a certain inductance value. I.e.
defining only one sink and one source per net, and looking at the self-inductance of the trace between
these two terminals. This gives an intuitive understanding of inductance values of this specific trace.
Moreover, this idea can be extended to find loop inductances, where the effects of flux cancellation are
also considered. By connecting several sink-source combinations in series, using the "reduce matrix"
function in Ansys Q3D, a current path through several of these traces can be found, and a total loop
inductance can be determined. This is relevant for calculating the critical loops such as the different
GD loops, as well as the power loops between the GaN devices and decoupling capacitors, as these
loops take advantage of the loop inductance reducing effects of flux cancellation, as explained in Section
5.3.3.
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The disadvantage of this procedure, is that for every measurement which is desired, a new simulation
has to be setup, the terminals have to be defined, and an FEA analysis has to be run. While the
procedure may be reasonable to perform for simple circuits, the time required quickly adds up when
considering more complex circuits with more relevant loops, such as in the parallel GaN circuit in this
project. For example, each GaN HEMT has two GD loops, the turn-on and turn-off loops. In order
to achieve good switching performance, there must be good symmetry between the loops of different
devices. With eight GaN HEMTs in total, this results in 16 different loops to analyse. Moreover, there
are four critical power loops between the GaN HEMTs and their respective decoupling capacitors.
Also, if specific inductances values are to be analysed, e.g. the source inductances of different devices,
a simulation has to be run for each of these.

Therefore, an easier and quicker solution to extract these parasitics for numerical analysis is required.

4.2.2 Automatic Extraction of Parasitics

In order to numerically analyse a given PCB design, some specific parameter values have to be able to
be extracted:

• Inductance values between two given terminals on the PCB

• Loop inductance values, with and without cancellation effects

To achieve these results, the raw data from Ansys Q3D must be processed, such that the inductance
between two terminals with and without cancellation effects can be easily analysed. The data from
Ansys Q3D is exported as a .csv file, which contains the terminal names and their given nets, with
a self-inductance and mutual inductances to all other self-inductances. To find the relevant data, a
Matlab script is written, which takes in the names of the terminals to be analysed, and uses these to
extract the relevant inductances and their couplings from the .csv data file. The code for the Matlab
script, which calculates these inductances can be seen in Appendix E on page 140.

As mentioned, the inductances in a given net are defined as the self-inductance between the sink and
each source, with a given coupling between each self-inductance. A circuit schematic of a net with two
sources and one sink can be seen in Figure 4.5.

Figure 4.5: Simple net from Ansys Q3D with one sink and two sources.

The circuit can be described in a matrix form as seen in Table 4.2.
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N1, S1 N1, S2
N1, S1 L1 M12

N1, S2 M12 L2

Table 4.2: Inductance matrix of Figure 4.5. N refers to Net number, S refers to source number.

In order to find the inductance from Source 1 to Source 2, the self inductances can be considered as
two inductors connected in series, with opposing mutual inductances. Therefore, the inductance of
these in series can be found as:

L12 = L1 + L2 − 2M12 (4.2)

Using (4.2), it is possible to extract any specific inductance between two terminals in the circuit.

4.2.3 Loop Inductance

In order to find the loop inductance in a circuit, the coupling between inductances in different nets
has to be considered. Another example circuit has been created, which can be seen in Figure 4.6.

Figure 4.6: Example circuit showcasing a loop.

In Figure 4.6, an example circuit showcasing a loop is seen. It can be seen, that for every net, an
inductance is defined. Each of these inductances are magnetically coupled with each other. This
concept is explored further in Section 5.3 on page 46. This circuit can also be described as an electrical
schematic as seen in Figure 4.7:

Figure 4.7: Three nets as defined in Ansys Q3D, each with one set of sinks and sources.
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This loop can be seen in matrix form in Figure 4.3.

N1, S1 N2, S2 N3, S3
N1, S1 L1 M12 M13

N2, S2 M12 L2 M23

N3, S3 M13 M23 L3

Table 4.3: Inductance matrix of Figure 4.7. N refers to Net number, S refers to source number.

As the inductors seen in Figure 4.7 are connected in series, with aiding mutual inductances, as opposed
to the opposing mutual inductances seen in Figure 4.5, the total inductance can be calculated as adding
series coupled inductances. For example, the inductance of L1 and L2 in series can be found as follows:

L12 = L1 + L2 + 2M12 (4.3)

This means, that in order to get the total loop inductance, with flux cancellation, taking all three nets
in consideration, one simply has to add all of the entries of the matrix together. The requirement for
this to be possible, is that the nets should be defined in the right order, as the current would flow in the
circuit. However, if the inductance of the loop without flux cancellation is desired, the self-inductances
in the main diagonal of 4.3 can be summed. The relation between the inductance with and without
flux cancellation can be an indication of how much flux cancellation has been achieved.

Using these concepts and equations, the process of finding trace inductances and loop inductance can
be automated, only requiring a .csv file with all of the self-inductances. The matlab script then requires
the name of the .csv file, and which terminals are to be considered. This lessens the time of finding
specific circuit inductances, as all the required inductances can be extracted from a single simulation,
improving efficiency and reducing turnover time.

4.3 Integration with LTspice

After simulating a circuit by FEA using Ansys Q3D, a SPICE circuit block can be exported, which
includes all of the calculated inductances, capacitances and resistances. By implementing this block
into a spice circuit, the electrical characteristics of the parasitics found by FEA can be implemented
in a spice simulation which includes the dynamic performances of different components. An example
of this, with the final circuit can be seen in Figure B.1 on page 133. The block will have a number
of nodes, corresponding to the number of terminals defined in the Ansys Q3D simulation. Inside of
the block, these nodes are connected using the inductances, mutual inductances, capacitances and
resistances found in Ansys Q3D.

A simpler example of this block can be seen in Figure 4.8, where the circuit shown previously, in Figure
4.2, has been evaluated in FEA, and an LTspice block has been generated.
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Figure 4.8: LTspice block generated from example circuit.

As mentioned, this circuit had a total of 6 terminals; two sinks, and four sources. The internal code
of this block can be seen in Section B.1 on page 131.

When the LTspice block has been generated, it can be connected to various SPICE components,
including all of the active switching components, and passive components. The block will then
connect all of these components internally, using the parasitic components found in the FEA. The
parasitic content of the circuit found in the FEA then shapes the performance of the circuit, aiming to
accurately represent the electrical performance of the circuit. By analysing this simulated performance,
the designed circuit can be evaluated. This procedure can be thought of as a prototyping procedure,
without the use of physical prototypes. Therefore, it can hasten the design and prototyping process of
a circuit, as it can be performed digitally, as opposed to needing to build physical prototypes to test
a given circuit.

4.4 Optimisation Using Digital Design

When choosing components for use in a complex circuit, it may be difficult to precisely determine the
required component parameter, as they are often chosen as a trade-off between different performance
characteristics. For example, when choosing gate resistors, a higher resistance may result in more
stable performance, but slower switching times. In order to achieve a good performance, one can follow
general "rule-of-thumb" design criteria, to scale the specific components. However, this approach will
most likely not result in an optimal setup. Another approach would be to manually try different
components on a physical setup, iteratively varying component parameters, until a satisfactory result
is achieved. However, this is a time-consuming process, as one has to de-solder the old component,
and solder on the new component for each iteration. By removing and replacing components multiple
times, the PCB can be damaged from excessive, repeated heating.

By calling the LTspice model with the included parasitic block from a Matlab function, the process of
finding the optimal component for a given circuit can be greatly improved. Firstly, the circuit to be
modelled is exported as a SPICE netlist. This netlist includes all of the component connections, and
their given parameters. This netlist can then be used to run an LTspice simulation from the Matlab
code. Then, using loop functions in Matlab, a number of simulations can be executed, whilst altering
relevant component parameters. This can be repeated, until a sufficient amount of data is achieved.
The simulations can then be numerically analysed in terms of different performance characteristics,
such as device switching times and efficiency. By utilising optimisation concepts, such as the Pareto
optimality, the ideal component parameters can be chosen, with an optimal trade-off between two
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evaluation parameters. This concept is utilised in Chapter 8, in order to determine the optimal FB in
the gate of the GaN HEMT, as well as to find the optimal gate resistor configuration.

With this approach, the time and resource consuming process of empirically testing the performance
of specific components in the circuit in an experimental setup, as proposed by the manufacturer [53],
can be moved to a digital platform. This allows to analyse a broader range of components than what
otherwise would be suitable.

4.4.1 Optimisation Parameters

To evaluate the efficacy of a component in a given design, the performance of a design has to be
parameterised. To exploit the fast switching of the GaN HEMTs, the first parameter of interest is the
rate of change of drain current, or di/dt, which defines how fast the current rises or falls during turn-on
and turn-off, respectively. First of all, the rise and fall times have to be defined. In this project, the
rise time will be defined as the time interval between 10 % and 90 % of the final amplitude. The fall
time is likewise defined as the time interval between 90 % and 10 % of the amplitude.

The di/dt for turn-on is then defined as:

di
dt
≈ ∆I

∆t
=
I90% − I10%

trise
(4.4)

Where I90% and I10% is the value of the current at 90 % and 10 % of the amplitude. respectively. For
turn-off, di/dt is defined as:

di
dt
≈ ∆I

∆t

I90% − I10%

tfall
(4.5)

This parameterises how fast a design switches. The higher the di/dt, the faster the switching,
which means that this parameter is to be maximised. On the other hand, fast switching can lead
to overshoot and oscillations, which in turn can cause unwanted self turn-on and increased heat
dissipation. Therefore, another important parameter which is considered in the optimisation process
is the average dissipated power. This value takes switching losses, conduction losses, and eventual
unwanted self turn-on into account, and is calculated as follows:

Pavg =
1

tend

∫ tend

t0

|ID · VDS | dt (4.6)

Where tend is the final time of a simulation, t0 is the start time of the data of interest, ID is the drain
current and VDS the drain-source voltage of the device. To have an efficient HB switching module,
the average power dissipation should be as low as possible, and will therefore be minimised in the
optimisation process.

4.4.2 Pareto Optimality

To maximise the di/dt, and minimise the average dissipated power, pareto optimality theory will be
applied. In the context of this analysis, a point is a pareto optimal point if no other point exists with
a higher di/dt and lower average power dissipation. This leads to a set of pareto optimal points, that
each include an optimal compromise between a high di/dt and low power dissipation [54]. To choose
a solution out of this set, the concept of the utopia point can be introduced. The utopia point is the
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point which incorporates the highest di/dt and the lowest average dissipated power out of the entire
set [54]. Figure 4.9 shows example data from a simulation run to illustrate the concept.
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Figure 4.9: Example data to illustrate the concept of pareto optimality and utopia point.

In Figure 4.9, the pareto optimal set consists of points 2, 7, 16, 18, and 19. The utopia point consists
of the maximum di/dt of 8.26 A/ns, achieved by point 2, and the minimum average power loss of
44.97 W, achieved by point 19. In this example case, the optimal point is determined to be point 16,
at it lies very close to the utopia point, which incorporates the best performance of each parameter
[54].
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Chapter 5

Circuit Analysis

This chapter will analyse the circuit design of the parallel HB switching module, such that a practical
prototype can be created. This will include an analysis of the requirements for the GD design, where
features such as a bipolar and split output GD will be discussed. Moreover, issues with high side
driving will be explained as this can be difficult due to a floating source reference. These analyses
will lead to the selection of the relevant components for the GD circuitry such as the specific GD IC,
DC-DC converter, optical receiver and more. Next, the function of the gate resistors will be explained
to understand which dynamics are affected by the gate resistance. Also, FBs will be analysed as these
can be utilised at the gate of the GaN HEMTs to dampen specific frequencies.
On the power side the decoupling capacitors function will be analysed in order to clarify which
parameters affect its operation.
Finally, the basics of parasitic contents of PCBs will be discussed in order to understand how they
affect the circuit dynamics, and how the parasitic content can be minimised.

5.1 Gate Driver Design and Analysis

In order to activate the GaN HEMTs, a charge has to be delivered from a GD IC into the gate of the
device. In order to get a better understanding of the GD and its purpose, the equivalent circuit of a
single GaN HEMT with a simplified GD as seen in Figure 5.1.

Figure 5.1: Equivalent circuit of GaN HEMT with a simplifed GD.

As can be seen in Figure 5.1, the GD, together with the input capacitance Ciss can be thought of as a
switched RLC circuit. In order to turn on the GaN HEMT, the gate-source voltage VGS must increase
above the threshold voltage Vth of the device. To do this, the input capacitance, which is comprised
of the gate-source capacitance CGS and the gate-drain capacitance CGD, must be charged. Together
with the gate resistance RG and parasitic GD loop inductance LG, this forms a series RLC circuit.

In order to design the appropriate GD circuit, the average power and current supplied to the device
must be found [55]. Looking at the datasheet of the device, the total gate charge QG to turn on the
device is found to be 6.1 nC [23]. As the device will be activated at a given switching frequency fsw,
and the charge to the device is to be supplied at the rate of the switching frequency, the power and
current required to drive a device can be found:

IG = QG · fsw (5.1)
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This is the average current required to drive a device at a given frequency. Moreover, the power
required to drive a device is found by considering the drive voltage:

PG = fsw · VDD ·QG (5.2)

As four devices are to be activated at the same time, with one GD, the current and power have to be
multiplied by four to find the total current and power requirements.

In order to maximise the performance and stability of the GD circuits, some considerations have to be
made, which are presented in the following sections.

5.1.1 Bipolar Gate Driver

To improve the gate stability, and reduce the risk of unwanted turn-on effects, a bipolar supply voltage
can be used in the GD circuit. This bipolar voltage supply allows the GD to apply a negative voltage
to the gate when turned off. To achieve such a bipolar gate drive voltage, a supply voltage is split in
two, resulting in a positive and a negative voltage reference. This can be done by the use of a zener
diode, generating a voltage reference. As the zener diode has a stable reverse conducting voltage drop,
it can be used to generate a stable negative voltage reference. This circuit can be seen in Figure 5.2.

Figure 5.2: Bipolar voltage generating circuit.

Looking at Figure 5.2, it can be seen that the zener circuit effectively divides the input voltage source
into two different voltages. The capacitors in the circuit are used to even out these supply voltages,
and account for the current draw of the GD circuit. The resistor is connected to the zener diode
is present in order to ensure a constant desired current draw through the zener diode, ensuring the
required reverse voltage is achieved. As the GaN HEMT device from GaN Systems requires an on gate
supply voltage VDD of 6 V [23], the zener diode is chosen accordingly, with a 6 V reverse voltage drop.
The MMSZ5233BT1G [56] from ON semiconductors is chosen.

5.1.2 Split Output

A split output GD can be utilised in order to achieve better control of both the turn-on and turn-off
sequences. With a split output, the turn-on and turn-off loops can have individual parameters, and the
dynamics of each can be adjusted individually. This can be utilised to achieve a miller clamping effect.
By choosing a low resistance gate resistor in the off loop, the voltage drop over the gate impedance
caused by the miller effect can be reduced, increasing stability of the circuit.
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Figure 5.3: GD with split output and bipolar gate voltage.

In Figure 5.3 the GD circuit with both bipolar voltage and split outputs is illustrated. It can be seen,
that as these two loops form individual RLC series circuits, whose damping and resonance frequencies
might be different. The parasitic inductances in the loops will depend on the trace length and loop
area from the GD to the device. As the on and off loops occupy roughly the same area on the PCB,
these inductance values will be similar. Moreover, apart from effects of non-linear capacitance values of
the device [23], the capacitance in the two RLC circuits will be similar as well. However, the resistance
values in these loops can be varied according to need. In order to ensure fast switching speeds, the
gate resistances can be kept small. This reduces the damping factor in the RLC circuit and increases
slew rates of the device. However, this may risk the loop being underdamped, causing overshoots on
the gate voltage, and leaving the circuit susceptible to induced oscillations.

The importance of a low off-resistance can be explained by looking at Figure 5.4.

Figure 5.4: Miller induced gate voltage disturbance. [53]

Figure 5.4 shows an example of Miller current induced disturbance on the gate of the low side device
in an HB configuration.

As the high side device QHigh turns on, the voltage VSW over the low side device will quickly rise
from the ground potential, until reaching the DC bus voltage VDC . This will charge the drain-source
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capacitance CDS up to this voltage. Moreover, the gate-drain capacitance CGD must also be charged
to a value of VSW −VGS . This will cause a current IGD to flow through CGD, into the GD. As the slew
rate of these devices can reach hundreds of volts per nano-second, this current can have a considerable
amplitude. This current will then flow into the GD loop. As a result of this current, a voltage drop will
occur over the gate loop impedances. This voltage drop is essentially added on to the GD voltage, and
the gate-source voltage is disturbed. This could cause the device to unintentionally turn on, possibly
resulting in a shoot-through of the HB. This effect is especially relevant in GaN HEMTs, as a result of
their high slew rates and low threshold voltages [53]. To minimise this effect, a low resistance in the
off loop should be used, effectively a miller clamp. Due to this effect, it is also important to minimise
the loop inductances as much as possible.

5.1.3 High Side Driving

In a HB circuit configuration, one has to take into account the floating source reference of the high side
devices. This means that the voltage reference for the GD of the high side devices must be referred to
the source pin of the high side devices, not to the ground reference. There are different ways to achieve
this floating voltage, such as using bootstrap diodes to charge a capacitor referred to the high side
device [55]. This circuit has the advantage of being simple and cheap, but has some drawbacks such
as limiting the duty-cycle capabilities of the circuit, requiring a certain time to charge the capacitor
every switching cycle. Moreover, as the bootstrap GD in a HB configuration is itself referred to the
low side device source, as this low side device enters reverse conduction, the source reference of the
high side device will be negative, as there is a voltage drop over the reverse conducting device. This
can cause issues in the bootstrap GD [57]. In GaN HEMTs, the reverse conducting voltage drop can
be considerable, as it depends on the gate voltage applied during turn-off, as seen in (2.1).

Another way to achieve the high side voltage, referred to the high side device is to use an isolated
DC-DC converter. This converter is supplied by a given DC voltage, and converts it to the desired
output voltage, while providing galvanic isolation. This galvanic isolation ensures that the voltage for
the high side side GD can be referred to the high side device source node.

One important challenge to consider when choosing an isolated DC-DC converter, especially in high
dv/dt application such as a GaN HEMT HB, is the parallel capacitance of the DC-DC converter.
As the output of the DC-DC converter on the high side driver is connected to the source pin of the
high side device, it will endure the high dv/dt of the HB switch node (SW). As there is some parallel
capacitance between the input and output of the DC-DC converter, this dv/dt will cause a current to
flow through the GD circuit. This is illustrated in Figure 5.5.
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Figure 5.5: Effect of DC-DC converter parallel capacitance. Note: The GD circuit is simplified.

As can be seen in Figure 5.5, a dv/dt over the DC-DC converter causes a current to flow through the
parallel capacitance of the DC-DC converter Cpar. This will then cause a voltage drop over the GD
loop impedances LS and RS for example. This voltage drop may cause disturbances in the GD loop,
altering the voltage supplied to the gate of the device. This could cause the circuit to exhibit unstable
behaviour during switching. Therefore, a DC-DC converter with a minimal parasitic capacitance
should be chosen.

5.1.4 Optical Receiver & Signal Inverter

In order to electrically isolate the HB switching module from the Digital Signal Processor (DSP) it is
controlled by, optical isolation is used. This way, there is no electrical connection between the DSP
and the HB, reducing the possibility of interference and improving safety. The optical receivers used
are SFH551V [58]. The setup of this is shown later in Figure 9.2 on page 92. As the optical receivers
output is inverted when related to the optical signal, an issue of safety occurs. This means, that if
a gate should be off, its corresponding optical receiver should receive an optical signal. If the fiber
optic cable would be accidentally removed, or the light signal is removed by some cause, the gate of
the device would turn on. This is a safety hazard, as this could cause both the high side and low side
devices to turn on at the same time, causing a shoot-through of the HB. In order to improve safety, a
signal inverter, SN74LVC1G04 from TI [59], is placed at the output of the optical receiver. This way,
if the optical signal is lost, the corresponding devices will be turned off.

5.1.5 Choice of GD

When driving multiple devices in parallel, it is important to be able to turn these devices on
simultaneously. Therefore, it is chosen to only use one GD for all the devices which are paralleled. This
decision is made to avoid the possibility of dissimilar propagation delays, if multiple GDs were used.
This could cause some devices to turn on before others, causing an imbalance in load sharing. However,
the disadvantage of having single GD to drive all devices in parallel, is the GD loop inductances might
be larger, as the gates of the devices all have to be connected to a common point, i.e. the output of the
GD. Therefore, it might be difficult to get identical loop inductances in the different GD loops going
to each device. The effects of this imbalance was discussed in Section 2.2.
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Based on the considerations previously mentioned, the GD chosen to drive the HB circuit is the Si8271
single GD [60]. This GD has a split output, allowing for separate on and off loop parameters.

5.1.6 Choice of DC-DC Converter

In order to be able to choose the required components for use in the GD, the power usage of the whole
GD circuit should be considered. As the DC-DC converter will supply this power, it should be rated
as such.

The power losses in the GD from driving one GaN HEMT can be approximated as [60]:

PGDr = fsw ·QG · VDD ·
RPup

RPup+RG,on
+ fsw ·QG · VDD ·

RN
RN +RG,off

+ 2 · fsw ·CGDr · VDD2 (5.3)

Where RPup = 2.7Ω is the internal pull-up resistance of the GD, RN = 1Ω is the internal pull-down
resistance of the GD and CGDr = 370pF is the internal parasitic capacitance of the GD. [60] For
the scope of this analysis, the gate resistors RG,on and RG,off are assumed to be = 14Ω. For this
calculation VDD is assumed to be = 9V . The gate charge CG is 6.1 nC, as defined in the datasheet
[23].

The total power usage of the GD with 4 GaN HEMTs can then be summed, using (5.2) and (5.3)

PG,total = 4 · (PG + PGDr) (5.4)

The power calculated in this section may not be equal to the power draw of the final circuit, but will
be used to determine the required DC-DC converter. This is due to the fact that the gate charge used
in (5.3) is defined as the gate charge required to bring the input capacitor of the device from 0 V to
6 V. In reality, this charge would be greater, as charging the input capacitor from a negative voltage
would require a greater charge. Moreover, the gate resistance in further designs of the circuit will
change according to need.

Using (5.4), and sweeping the frequency, it is found that by using a 1 W DC-DC converter, a maximum
switching frequency of approximately 2 MHz can be achieved. This is considered to be sufficient for the
scope of this project. Considering this power draw, and the importance of low parasitic capacitance
explained in Section 5.1.3, a DC-DC converter can be chosen. In order to increase the stability of the
parallel GaN circuit additionally, a 12 V output is chosen. Combined with a 6 V zener diode in the
bipolar gate voltage circuit explained in Section 5.1.1, this results in an on gate voltage of 6 V, and an
off gate voltage of −6 V. A DC-DC converter which fulfils all of these requirements is the RP0512S
from RECOM. It has a low parasitic capacitance of 4-10 pF, an output power of 1W and an output
voltage of 12 V. [61]
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5.1.7 Gate Resistors

To operate the GaN HEMTs properly it is important to select the right gate resistances, as choosing
a too low resistance will result in overshoots and excessive ringing on the gate-source voltage, and an
excessively high resistance will slow down the switching times of the GaN HEMTs.

This effect can be explained in terms of the damping factor of different gate resistances [62].

The value of the damping factor ζ can then be determined:

ζ =
R

2
·
√
C

L
(5.5)

This damping then expresses the dynamic behaviour of the RLC circuit, whether it is over-, under- or
critically damped. From (5.5) it can be determined that the damping of the series RLC will increase
as the gate resistance increased.

When using a single GD in parallel operation, the gates of the different devices will be connected.
This makes each devices susceptible to noise from the other devices if not symmetrically arranged. At
turn-off a high di/dt will occur through the drain inductance LD. This will increase the drain-source
voltage VDS rapidly which creates a high dv/dt across the gate-drain capacitor. This high dv/dt across
the gate-drain capacitor will force a current to flow into the gate loop as seen in Figure 5.6 [63].

Figure 5.6: Illustration of two devices in parallel with a shared gate connection. A low impedance path is created
between these devices, forming a series RLC circuit.

Looking at the gate current coming from each gate-drain capacitor, it can be seen that the current
from Q1 flows in the opposite direction from the one of Q2. If these currents are identical, they will
cancel each other out. However, if the parasitic inductances in the drains are not identical, this can
lead to a current flowing from the faster switching device to the slow switching device through the low
impedance loop illustrated in Figure 5.6 [64]. This low impedance loop can be seen as a series RLC
loop. The circulating current will trigger the resonance of the series RLC circuit, which in turn will
affect the gate-source voltages of the devices. This could lead to unintended turn-on or breakdown of
the devices.
To ensure the stability of the series RLC circuit it is important to analyse the quality factor. The
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quality factor for a series RLC resonance circuit is given by [63]:

Qf =
1

R
·
√
L

C
(5.6)

The quality factor describes the behaviour of the resonance circuit and how well the resonance is
damped for the specific RLC circuit. The impedance of this series RLC circuit can be found as follows:

Z(f) =

√
R2 +

(
2πfL− 1

2πfC

)2

(5.7)

By increasing the resistance the impedance at the resonance is increased, which will damp the resonance
and thereby decrease the amplitude of the resonance. This will in term give a lower quality factor. This
is illustrated in Figure 5.7 with different resistances, where the circuit without any added resistance is
represented by the blue plot with 2.5 Ω. In the orange plot, resistance has been added to the circuit,
such that a total resistance of 25 Ω is achieved. Equation (5.7) is used to find the impedance of the
series RLC circuit.
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Figure 5.7: Illustration of impedance of the RLC circuit with different resistances. The quality factor along with the
different resistances can be seen in the legend. Parameters are chosen as an estimate of a circuit with GaN HEMTs in
parallel. C = 1pF , L = 5nH.

To increase the impedance of the RLC circuit, split resistors can be placed at the gate of both devices.
The split resistors will help to lower the quality factor, and reduce any effects of the resonance of the
low impedance path. However, having both a common resistance at the GD and a split resistor at the
gate of the device it is important to consider the total impedance of the gate loops. This means that
selecting the right combination of common resistance and split resistance to ensure proper switching
times and damping of unwanted oscillations. This will be determined through a digital optimisation
process in Chapter 8.
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5.1.8 Ferrite Beads

Another solution that can be implemented to reduce unwanted oscillations on the gates of power
transistors are FBs. These have been shown to be able to reduce oscillations in various types of
devices and circuit configurations [65][66]. By placing a FB close to the gate pad of the device, the
unwanted ringings can be dampened, improving switching performance [67], especially when paralleling
high di/dt and dv/dt devices such as GaN HEMTs, where paralleling can cause excessive ringings. In
[68] the effects of adding FBs to paralleled MOSFETs was examined, and showed that these could
dramatically improve the switching performance of the paralleled devices.

FBs are components which have a frequency dependent impedance. FBs can be thought of as parallel
RLC circuits, as they posses specific inductance, capacitance and resistance values, tuned to give a
specific response. The equivalent circuit of a FB can be seen in Figure 5.8.

Figure 5.8: Equivalent circuit of a FB.

Looking at Figure 5.8, it can be seen that the FB can be represented as a parallel RLC circuit, with
a series resistance. The FB to be used can be chosen by its frequency response, such that a wanted
damping at a specific frequency can be acquired, while having a low impedance at lower frequencies.

The impedance at a specific frequency is calculated as follows:

Z(f) = Rser +
1√

( 1
Rpar

)2 + (2πfC − 1
2πfL)2

(5.8)

Using this, a frequency response can be plotted as seen in Figure 5.9.
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Figure 5.9: Frequency response of Ferrite Number 24 in Table C.1 on page 134.
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The impedance graph can be divided up into three regions; the inductive at the lower frequencies,
resistive at the resonanse, and capacitive at higher frequencies. In the inductive region, the impedance
of the circuit increases as the frequency increases, and the current lags the voltage by 90 degrees. At
the resonance frequency of the circuit, the inductive and capacitive reactances cancel each other out,
and the resistive impedance remains. Above the resonance frequency, the capacitive region causes the
impedance to fall at higher frequencies. Moreover, the voltage will lag the current by 90 degrees in
this region.

Comparing the frequency response of the low impedance path shown previously in Figure 5.7 to the
frequency response of the FB, seen in Figure 5.9, it can be observed that these have an opposite
tendency, the low impedance path being a series RLC circuit, and the FB being a parallel RLC circuit.
By adding the FB on the gate of each device, these are effectively added into the low impedance loop.
These two RLC circuits in relation can be seen in Figure 5.10.
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Figure 5.10: Frequency response of a FB vs the low impedance loop of paralleled GaN HEMTs.

As the low impedance path is generated from an estimation of the loop parameters, and the FB is
arbitrarily chosen, these do not match up perfectly. But by choosing an ideal FB for a real, given
circuit, this could be a way to alleviate the resonance of the low impedance loop without adding too
much resistance in the loop.

In Chapter 8, the digital design method will be used to choose the optimal FB for a given circuit.
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5.2 Output Capacitors

In order to filter the high frequency switching current from the GaN HEMT HB, decoupling capacitors
in the power loop have to be used. These capacitors are used to shunt high frequency current to
ground, such that a stable DC voltage can be seen on the output of the circuit.

In order to further understand the need for these, the equivalent circuit of a capacitor can be examined
in Figure 5.11.

Figure 5.11: Equivalent circuit of a capacitor.

As can be seen in Figure 5.11, the high frequency equivalent circuit of a capacitor includes a capacitance,
an inductance and a resistance. In the context of a circuit, these parameters include both intrinsic
parasitics in the capacitor package, as well as parasitics from the circuit itself. These three components
form a series RLC circuit, whose resonance frequency is given by:

fr =
1

2π
√
L · C

(5.9)

Where fr is the resonance frequency of the RLC circuit, L is the inductance in the circuit and C is
the capacitance of the circuit. Looking at (5.9), it can be seen, that the inductance and capacitance
have an inverse relation to the resonance frequency.

5.2.1 Types of Capacitors

Different types of capacitors exists, that have various capabilities and use-cases. For the scope of
this project, electrolytic capacitors and Multi-Layer Ceramic Capacitors (MLCCs) will be used and
examined. Electrolytic capacitors exhibit large capacitance values, and are therefore used as a DC
storage bank in the circuits in this project. A representation of the use of these capacitors can be
seen in Figure 5.12, where its placement in relation to the power loop of the HB can be seen. The
disadvantage of electrolytic capacitors, is that their electrical characteristics are subpar, when compared
to other types. I.e. their Equivalent Series Inductance (ESL) and Equivalent Series Resistance (ESR)
values are considerably higher than in other types. The ESL of electrolytic capacitors can range
between 5 and 25 nH. [69] As GaN HEMTs can achieve rise and fall times in the order of a few nano-
seconds, the frequency content of the resulting current is in the tens to hundreds of MHz. This can
be seen in Figure A.1 on page 130. This makes the electrolytic capacitors unsuitable for attenuation
of the high frequency currents resulting from switching GaN HEMTs. In order to be able to shunt
the high frequency current to ground, MLCCs are utilised. MLCCs offer much better high frequency
performance, as their parasitic composure is much smaller. Their ESL is in the range of approximately
1 nH [70]. The MLCC in the circuit can also be seen on Figure 5.12.
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Figure 5.12: Schematic of output capacitors in relation to switching devices. LPx >> LDx, LSx

It can be observed, that the MLCCs are placed closer to the switching devices on the schematic, than
the electrolytic capacitors. This represents the practical setup, as the MLCC decoupling capacitors
will be placed as close to the switching devices as possible, while the electrolytic capacitors will be
placed further away. Combined with differences in intrinsic parasitic composure of the capacitors
themselves, the difference in the inductance, and therefore the high frequency capability of the MLCCs
will be considerably better. To visualise the difference in capabilites of these different capacitors, their
frequency responses can be examined. In Figure 5.13, using (5.7), the frequency response of three series
RLC circuits is plotted. Firstly, the frequency response of a 470 µF, 269 mΩ electrolytic capacitor, with
a total inductance of 75 nH, including parasitic and trace inductances, is shown. Then, the frequency
response of a 100 nF, 20 mΩ MLCC is shown. This is shown in two scenarios, one with an inductance of
5 nH, representing the RLC circuit of the MLCC with trace and parasitic lead inductance. The other
shows the RLC circuit of the MLCC with an inductance of 1 nH, representing the MLCC without trace
inductance.

Figure 5.13: Frequency response of series RLC circuits of three different capacitor configurations. Equation (5.7) is
used to calculate the impedance.
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Looking at the frequency responses of the capacitors, a general trend can be observed. Their impedance
is high at low frequencies, falls until a resonance between the capacitive and inductive reactances is
reached, and rises at higher frequencies. Comparing the electrolytic capacitor to the MLCC, it can
be seen that the resonance frequency of the electrolytic is considerably lower. Approximately 20 kHz

for the electrolytic, to several MHz for the MLCC. Comparing the MLCC with and without trace
inductance, it can be seen that the resonance frequency considerably different between the MLCC
with 5 nH loop inductance, and the one with 1 nH. Moreover, it can be seen that the frequency range
at which the electrolytic capacitor is at its lowest impedance spans more decades. This comes as a result
of the higher resistance, and therefore lower quality factor. It also means, that the lowest impedance,
at the resonance frequency, is higher for the electrolytic capacitor than the MLCC. When comparing
the MLCC with 5 nH loop inductance to the one with 1 nH, it can be observed that the higher the
inductance value, the worse the high frequency performance of the circuit exhibits. Therefore, it is
important to carefully consider the placement of these capacitors in relation to the switching devices,
such that an excessive loop inductance is not induced, and the high frequency performance of the
capacitor can be retained.

5.2.2 Dielectric Materials of MLCCs

MLCC come in different classes, two of these being class 1 and class 2. These classes indicate the
type of dielectric used in the construction of the capacitor, and which applications they are most
suited for. Class 1 MLCCs have a more stable capacitance across different temperature and voltage
ranges, where class 2 MLCCs might have some variation in capacitance values due to these external
factors. However, class 2 MLCCs have higher capacitance densities, and are therefore available in higher
capacitance values [71]. The influence of these variations should be considered, as the capacitance of
class 2 capacitors could vary considerably under operating conditions.

5.3 Parasitic Content of a PCB

When designing a PCB it is important to consider the parasitic contents, as they will contribute to
the system performance with added RLC content. If the content is not considered or reduced to a
sufficiently low value, it will have a damaging effect to the system stability. This section will discuss
the fundamentals of parasitic RLC content in the PCB design, and determine the important factors
to be considered to reduce the effects of them.

5.3.1 Trace Resistance

As there is no ideal PCB trace there will be resistance when routing the PCB. This added resistance
will result in losses and increased trace temperature. Moreover, this resistance will influence different
RLC resonant circuits, altering the damping of the RLC circuit as discussed in Section 5.1.7. The
resistance can be divided into an DC and AC component, where the DC component is given by [72]:

RDC =
ρ · l
w ·H

(5.10)

Where ρ is the resistivity of the conductor, l is the trace length, w is the width of the trace and H is
the trace thickness, as illustrated in Figure 5.14.
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Figure 5.14: Illustration of a PCB trace and the parameters affecting the resistance.

It can be determined from (5.10), that to minimise the DC losses it is critical to keep the traces as wide
as possible, and to increase the copper thickness. This is especially critical for high power traces and
in areas where high power components dissipate heat. DC currents will be distributed along all of the
conductor, but as the frequency increases, the currents start to flow on the surface of the conductor.
This is called the skin effect, and as the frequency increases the current will stay closer to the surface
area of trace and further away from the center of the trace. This tendency is called the skin depth and
is described by [72]:

δ =

√
ρ

π · f · µ0
(5.11)

Where f is the frequency of the current and µ0 is the vacuum permeability. It can be seen that the
skin depth decreases as the frequency of the current increases, as described before. This shows that
the AC resistance changes with the frequency, thus the area in which the current flows decreases. As
with the DC resistance, when the area decreases the resistance increases, which for the AC resistance
can be approximated by [72]:

RAC ≈
ρ

δ · w
(5.12)

It should be noted that this is an approximation and has limitations as it is only viable when the
skin depth is less than the conductor thickness [72]. In (5.12) it can be seen that as the skin depth
decreases it will increase the AC resistance and this can be countered by making the trace wider.
In general for both the DC and AC resistances, it is important to keep the high power traces as wide
as possible to decrease the resistance, and for high frequency operations it is important to consider the
AC resistance as it will become increasingly significant.

5.3.2 Trace Inductance

The inductance of a trace is an important factor to consider as stated in Section 2.3 as the high di/dt
from the fast switching can give high voltage drops across the parasitic inductances. To reduce the
trace inductance it is important to consider the dimensions when routing the PCB as described by:
[73]

Ltrace = 0.2 · l ·
[
ln
( 2 · l
w +H

)
+ 0.2235 · w +H

l
+ 0.5

]
(5.13)

Where Ltrace is the trace inductance. From (5.13) it can be determined that the length of the traces
has a significant impact on the trace inductance compared to the width and thickness [73], which has
to be taken into consideration in the design of the PCB.
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When connecting traces on both sides of a PCB a via is used. However, a via will introduce added
parasitic inductance in the corresponding loop. An approximation of this inductance can be made:
[73]

Lvia = 2 ·H
[
ln
(4 ·H

D

)
+ 1

]
(5.14)

WhereD is the diameter of the via and Lvia is the inductance of the via. From (5.14) it can be seen that
by increasing the diameter of the via the inductance can be increased. However, the board thickness
is the most significant influence on the via inductance. The via inductance can also be decreased by
utilising several vias in parallel.

5.3.3 Magnetic Field Cancellation

As discussed in Section 4.2.2 the mutual coupling of adjacent traces have to be considered in terms of
the loop inductance. This coupling happens due to the magnetic field being generated when a current
flows through a conductor as illustrated in Figure 5.15 with two adjacent conductors.

Figure 5.15: Illustration of flux cancellation with two traces and opposite flowing currents.

In Figure 5.15 the blue lines dictate the current direction and the green circular lines are the magnetic
field generated by the current. When the magnetic field lines for both conductor are strong enough
they will couple and impact the total impedance. When it is as illustrated in Figure 5.15 and the
current directions are opposite, the magnetic fields will create a negative coupling meaning that the
overall loop inductance will be lowered due to a decrease in the overall magnetic field. However, if the
current directions are the same directions, a positive coupling will occur and the loop inductance will
be increased.
To ensure a good cancellation it is important to consider the geometry of the adjacent traces as they
must have an identical length and dimensions to produce the same, but opposite flux. [74]
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5.3.4 Parasitic Capacitance

When designing a multi-layer PCB with semiconductors and high and low voltage sections it is
important to consider the capacitive coupling. The capacitance created between two planes is described
by: [73]

Cpar =
κ · l · w
11.3 · d

(5.15)

Where κ is the relative dielectric constant of the board material, l is the length of the overlapping area
and w is the width of the overlapping area and d is the distance between the two planes. This relation
is illustrated in Figure 5.16.

ld w
Figure 5.16: Illustration of the capacitive coupling between two planes on a PCB.

It can be seen from (5.15), that to minimise the capacitive coupling, it is important to consider how
much of area of the plane or trace that is overlapping another trace. Especially for traces where
a high dv/dt occurs, as a current will start to flow across this capacitance, which could affect the
system stability. Moreover, it is important to consider the distance d between the planes as increasing
the distance will decrease the capacitance created. However, doing this will also minimise the flux
cancellation effect, thus it is important to consider which factor will impact the performance the most.
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Chapter 6

PCB Design Strategies

In order to determine the impact of the different parasitic inductances and design rules mentioned in
Section 2.3, different design strategies will be applied and tested on three different PCBs. This will be
done to evaluate the best design compromise for a switching module consisting of four GaN HEMTs
in parallel.

All of the designs will have the same GD design and decoupling capacitors as mentioned in the previous
sections, and only the layout of the GaN HEMT, traces, and power terminals will vary depending on
the specific design strategy of each layout. Both the power loops and GD designs have been evaluated
through several design steps before the final designs are presented in this chapter. This has been done
with the digital design process by evaluating the inductance improvements on each design numerically.

The source inductance and the power loop inductance are the primary inductances which are varied
in size and symmetry across the four GaN HEMTs on the different layouts. The source inductance is
defined as the inductance from the source pad of a device to its corresponding power plug. Previously,
the quasi-common source inductance was discussed as a high importance design parameter. However,
it proved to be difficult to quantify. Therefore, the source inductance was evaluated in its stead, as it
was deemed to be somewhat correlated to the quasi-common source inductance.

The primary priority for the GD layout will be to ensure as much flux cancellation as possible by
routing the return trace below or as close to the on and off loops of the different devices. In order to
achieve this, it is chosen to use a 4-layer PCB board, as this greatly increases the degrees of freedom
and is deemed as the minimum number of layers which is needed to route the GD loops from one GD
to all four GaN HEMTs appropriately. The secondary priority is to obtain a high symmetry between
the GD loops going to each device. As a single GD is used to drive four parallel GaN HEMTs, the
distance from the GD to the individual GaN HEMTs will differ. In order to achieve symmetry in
the GD loops, care must be taken to place components and traces. Moreover, the capacitive coupling
between the power and GD loops should be minimised, as the high dv/dt in the power loop could
cause unwanted currents to appear in the GD loop. This is especially important in the high side GD,
as the dv/dt from the GD to the DC High plane is considerable.

In the following sections, the design of the different 4-layer PCBs will be presented. For each design,
the overall structure of the circuit will be presented, along with the GD structure. To get a clearer
view of the layer structure, the four layers are coloured as seen in Figure 6.1.

Figure 6.1: Colour distribution of the different layers in the following illustrations of the different designs.

In order to improve electrical and thermal performance of the high power traces, these are routed on
the outer 2 oz layers, while lower current signal traces are routed on the internal 1 oz layers.
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6.1 Design A

The first design strategy of the HB module is based on an example design layout from GaN Systems,
where four GS66516T are paralleled and tested with a DPT at 400 V and 240 A [15]. The design is
not described in detail, but general guidelines can be determined. GaN Systems uses a 6-layer PCB,
places all the parallel GaN HEMTs in one single line yielding two lines of GaN HEMTs, i.e. high and
low side GaN HEMTs. The decoupling capacitors are placed on the bottom layer, along with the GD.
These principles were implemented in Design A as illustrated in Figure 6.2a and Figure 6.2b where
the design can be seen from the top and bottom side.

Q2DC High
Switch NodeQ1 Q3 Q4

Q6Q5 Q7 Q8DC Low
(a) The top side of the PCB of Design A.

C1C2C3C4
GD High

GD Low
(b) The bottom side of the PCB of Design A.

Figure 6.2

In Figure 6.2a it can be seen that all the power traces are placed on the top layer along with the GaN
HEMTs. The power traces are placed on an external layer in order to improve the heat dissipation
as this layer is the thickest layer. The GaN HEMTs on the top of Figure 6.2a are the high side GaN
HEMTs Q1-Q4 having the drain terminal at the top at the DC-high node and the source terminal at
the bottom at the SW. GaN HEMTs Q5-Q8 are placed at the bottom from left to right connecting
the drain pads to the SW and source pads to the DC-low node. The power terminals connecting to
the DC high, SW and DC low nodes are placed on the left side of the PCB. In order to minimise the
capacitive coupling between the high side GD and the power trace, a small cutout has been made in
the power trace due to the large dv/dt of the GD in relation to DC high.

The decoupling capacitors can be seen on the bottom layer in Figure 6.2b. Each pair of high and low
side GaN HEMTs, e.g. Q1 & Q5, have a separate decoupling capacitor to handle the high frequency
current from the fast switching. This high frequency current path is routed on the thicker bottom
layer and is made as wide as possible to decrease resistance. The decoupling capacitors are connected
through vias directly to the pads of the GaN HEMTs in order to decrease the loop inductance. Several
vias have been placed, such that the total inductance could be reduced, by effectively putting the vias
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in parallel.

The GD layout for the high side GaN HEMTs can be seen in Figure 6.3 and low side in Figure 6.4.

Q4 Q3 Q2 Q1
Turn OffLoop Q3 Turn OnLoop Q2

Drain Drain Drain Drain
SourceSourceSourceSource

Figure 6.3: The high side GD layout for Design A. The arrows and their corresponding lines indicate the current flow
in different gate loops Q5Q6Q7Q8

SplitResistorsFerriteBeads On & OffCapacitors CommonResistors

Drain Drain Drain Drain
SourceSourceSourceSource

Figure 6.4: The low side GD layout for Design A

In Figure 6.3 the turn-off loop for Q2 and turn-on loop for Q3 are highlighted in order to illustrate the
layout of the GD circuitry. In Figure 6.4, the different component groups are designated.

At the gate of each GaN HEMT, a FB and a set of split resistors are placed as close as possible to the
gate. The split resistors are then connected to their respective common on and off-resistors, which are
placed near the pins of the GD IC. Due to the arrangement of the gate pads being at the same side
of the GaN HEMT as the source pad, the gate pads of the high side GaN HEMTs are more difficult
to route in terms of cancellation. This is due to the power loop going from the drain of the high side
devices to the decoupling capacitors, and down to the source pad of the low side devices. This restricts
the number of layers the GD loops can be routed on, thus limiting the cancellation effect on the high
side. This can be seen in Figure 6.3, where the return path from the Kelvin connection and the on-loop
are both on the top internal layer, and the off-loop is on the bottom internal layer. This means that
the off-loop will get more cancellation from the return path, as they can be routed directly above each
other. This is desirable, such that the Miller induced gate voltage disturbance is minimised for the off
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loop, as explained in Section 5.1.2 on page 35. In the case of the low side GD layout, it is possible to
achieve cancellation effects from the return path for both the on and off loop, and utilise this effect to
obtain lower loop inductance.

To obtain a maximal symmetry between all the devices connected to one GD IC, the different sets of
FB and split resistors connect to a via located an equal distance between the two adjacent devices.
From the via at the split resistors, a trace goes to a common point where all devices are connected. This
common point is the connected to the GD IC through the common resistor. With these considerations,
the total length from the GD to each device should be as equal as possible. The level of symmetry
and the total inductance of the on and off loops of the GD circuit can be seen in Figure 6.5.

Figure 6.5: GD loop inductances of Design A.

Figure 6.5 shows the GD loop inductances of Design A. These inductances and their flux cancellation
effects are found as shown in Section 4.2 on page 25. The high side on and off loops can be seen at the
left side of the figure for Q1-Q4. The low side GD loops are shown on the the right side for the on and
off loops of Q5-Q8. On top of each bar, a whisker can be seen. The top number above this whisker is
the inductance without cancellation. Below this, the amount of flux cancellation in percentage can be
seen. Finally, within the bar itself, the loop inductance with cancellation is seen. In Figure 6.5 it can
be seen that the greatest symmetry has been achieved in the low side, where the highest amount of
flux cancellation occurs. It can be observed, that the high side loops generally have more asymmetry,
as well as less flux cancellation. As the power side decoupling trace occupies the bottom trace near
the high side driver, the GD loops can not be routed on the bottom trace. This reduces the flexibility
of trace routing, and symmetry is more difficult to achieve.
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6.2 Design B

In order to test the effect of keeping the source inductances low and symmetric, another design was
derived. By centralising the power terminals and equalising the distance from the power terminals to
the source pads of both the high and low side devices, it is deemed that the source inductances would
be more symmetrical and smaller. To ensure this, the high and low side devices are angled to form a
downward semi-circle which can be seen from a top and bottom view in Figure 6.6a and 6.6b,

DC High
Switch Node

DC Low

Q1 Q2 Q3 Q4

Q5 Q6 Q7 Q8

(a) The top side of the PCB of Design
B.

GD High

GD Low

C1C2 C3C4

(b) The bottom side of the PCB of
Design B.

Figure 6.6

By having the power terminals in the center and achieving greater symmetry in the source inductances,
a better current distribution should be achieved, which will help equalise losses in the devices. In Figure
6.6b it can be seen that obtaining source symmetry results in a larger power loop inductance, as the SW
is elongated. As the decoupling capacitors are pushed to the side, it was chosen to pair the decoupling
capacitors to keep a wide trace and decrease resistance as seen in Figure 6.6b.

From Figure 6.6a and 6.6b it can be seen that the length from the source pads at the low side devices
to the DC low power terminals is not as equal as for the high side. This is because of the placement
of the GD IC, which makes it difficult to achieve perfect symmetry in the source inductances in the
low side devices, as there has to be room for the components connecting to the input of the GD IC.
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The GD layout for the high side GaN HEMTs can be seen in Figure 6.7 and low side in Figure 6.8.

Turn OffLoop Q3 Turn OnLoop Q2
Q4 Q1Q2Q3 DrainSource

Drain
Drain DrainSource

Source
Source

Figure 6.7: The high side GD layout for Design B. The arrows and their corresponding lines indicate the current flow
in different gate loops

SplitResistors
Common

FerriteBeadsOn Capacitor Off Capacitor
ResistorsQ8 Q7 Q6 Q5DrainSource

Drain

Drain DrainSource

Source

Source

Figure 6.8: The low side GD layout for Design B

The design strategy from Design A is applied to the GD layout of Design B in terms of achieving
symmetry and obtaining as much flux cancellation as possible. The same routing method is used in
the high side GD as seen in Figure 6.7, where the return path and on loop are routed on the same
plane due to the power loop bottom trace seen in Figure 6.6b. For the low side GD it is again possible
to obtain cancellation for both the on and off loop due to the advantages of the gate pad placement of
the devices.

The difference between Design A and B is that the high and low side loops are much more different
in terms of total loop inductance due to the semi-circle layout and the placement of the gate pads
to the GD IC. The high side has much longer traces compared to the low side and as there is more
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cancellation in the low side as seen in Figure 6.9.

Figure 6.9: GD loop inductances from Design B.

In this design, it can be observed that there is a great difference in the high side and low side loops.
The low side loops exhibit much less loop inductance, as well as more symmetry compared to the high
side loops. The lower inductance comes as a result of the orientation of the devices, resulting in a
shorter distance from the GD to the devices. Conversely, the length from the high side device gate
pads to their respective GD is longer, resulting in a higher inductance. It can also be observed that
in percentage the flux cancellation is much higher for the low side devices, which again is due to the
additional layer possible for routing the GD loops.
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6.3 Design C

The final design approach is to try to minimise the power loop inductance compared to Design A.
The layout strategy will be the same as for Design A, where the devices are placed in a line, but now
the distance between high side and low side devices is reduced. This can be seen in Figure 6.10a and
6.10b, where a top and bottom view of Design C is displayed.

Switch Node
DC High

DC Low
Q1 Q2 Q3 Q4Q5 Q6 Q7 Q8

(a) The top plane of the PCB of Design C.

GD High

GD Low
C4 C3 C2 C1

(b) The bottom plane of the PCB of Design C.

Figure 6.10

In Figure 6.10a it can be seen that the SW has been minimised. The high and low side devices are
much closer compared to Design A, yielding lower power loop inductances. To do this, the decoupling
capacitors had to be placed closer to the low side GaN HEMTs, to make room for the high side GD
circuitry, as seen in Figure 6.10b. By comparing the power loops from Design A and Design C, as
illustrated in Figure 6.11a and 6.11b, it can be seen that the loop area is reduced when compared to
Design A.

(a) The power loop of Design A. (b) The power loop of Design C.

Figure 6.11

The GD layout for the high side GaN HEMTs can be seen in Figure 6.12 and low side in Figure 6.13.
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Turn OffLoop Q3 Turn OnLoop Q2Q4 Q1Q2Q3Drain Drain DrainDrain
Source Source Source Source

Figure 6.12: The high side GD layout for Design C. The arrows and their corresponding lines indicate the current flow
in different gate loops

FerriteBeads On & OffCapacitors CommonResistorsSplit Resistors
Q5Q6Q7Q8 Drain Drain DrainDrain

Source Source Source Source

Figure 6.13: The low side GD layout for Design C

The design layout of the GD is almost identical between Design A and C, as primarily the power loop
was altered. The extracted loop inductances for the GD can be seen in Figure 6.14.
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Figure 6.14: GD loop inductances from Design C.

In Figure 6.14 it can be seen that as with Design A, the greatest symmetry is in the low side GD.

One factor that could affect the high side GD layout are the decoupling traces that are routed right
below the GD loops. This is not the case for the low side GD, and could be one of the factors that
cause the added asymmetry in the high side besides the different routing of the on loop.

6.4 Comparison of Different Designs

In order to compare and evaluate the different design strategies, the power loop inductances will be
compared. The power loop is the critical power loop between the high side devices, the low side devices
and their respective decoupling capacitors. A schematic of power loop can be seen in Figure 6.15

Figure 6.15: Schematic showing the critical power loop of the GaN HEMT HB.

For each of the power loops in Design A, B and C the total loop inductance is comprised of LSW,1−4,
LD,1−4 and LS,5−8 and the flux cancellation is also taken into account. This is illustrated for all designs
and compared in Figure 6.16
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Figure 6.16: Critical loop comparison.

In Figure 6.16 it can be seen that between Design A and C there is a reduction in power loop inductance
of approximately 2 nH per loop. It can be seen in Design C that the two inner loops Q2-Q6 and Q3-Q7
exhibit larger loop inductances than the two outer loops, which is thought to be due to the decrease of
width in those traces, as seen in Figure 6.10b. It is also evident in Design B that the requirement for
minimised and symmetrical source inductances has an impact on the power loop, as it is about 3 nH

larger than Design A. However, in terms of utilising the effect of flux cancellation Design A and B is
better than Design C. This is due to the increased trace area of Design A and B compared to C, as
less trace area leads to lower flux cancellation effects.

To get a better comparison of the different designs and their respective GD loop inductances, these
are compared in Figure 6.17. For each area, the average of the four loops is found, and the loops with
the highest and lowest inductances are found. This gives an insight into the variance in each area of
the different designs.

Figure 6.17: Comparison of GD loops in all three designs.
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Looking at Figure 6.17, it can be seen that designs A and C have very similar parameters across all
four areas of the GD. Especially in the high side loops, with a slightly higher deviance in the low side
loops. Moreover, the size of the maximum and minimum loops in each design are comparable for all
areas. This similarity is to be expected, as the GD layouts for these designs are similar, whereas the
power loops in these layouts differ. Design B can be seen to have higher loop inductances in the high
side areas, while having lower inductances in the low side areas, compared to the other two designs.
This is to be expected, as the orientation of the GaN HEMT devices is altered. The length from the
GD to the devices is longer in the high side areas, and shorter in the low side areas. As the GD loop
inductances have an influence on the switching times of the devices, a large variation in these could
cause the switching times of the various devices to differ. This could cause some devices to switch
earlier than others, sustaining a higher load, resulting in a loading imbalance.

As the primary design approach of Design B was to optimise power side symmetry, the source
inductances on the high sides are compared in Figure 6.18. The source inductance is defined as
the inductance from the source pad of a device, to its corresponding power plug, e.g. the source pads
of the high side devices to the SW plug.

Design A Design B , Design C
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Figure 6.18: Comparison of source inductances.

It can be seen that in Design A and C, there is a large deviation in source inductances, as the device
closest to the plug, Q1, has the lowest source inductance. Conversely, Q4 has the highest inductance.
However, looking at the source inductances of Design B, it can be seen that they are almost identical,
achieving a high level of power side symmetry.
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Chapter 7

Thermal Analysis

In this chapter, the thermal characteristics of the three designs will be examined by using the
thermal FEA software COMSOL Multiphysics to find the steady state temperature of the PCB
and GaN HEMTs. Firstly, the setup of the simulation, the relevant equations and assumptions
will be described. Secondly, the results of the thermal FEA will be analysed based on the junction
temperature of the individual devices and the heat distribution on the PCB. Furthermore, the average
junction temperature of the devices is calculated for different heat transfer coefficients and power loss
combinations. This will provide an overview of the required heat transfer coefficient to keep the GaN
HEMTs below a given junction temperature at a specific power dissipation.

7.1 Simulation Setup

First, the 3D models of the PCB and the GaN HEMTs, are imported in the software. The PCB layout
for each design is imported including the copper and dielectric FR4 layers. The relevant thermal
conductivity parameters are then assigned to the specific layers, which is 0.3 W/mK for the FR4 layers
and 400 W/mK for copper.

The 3D model of the GaN HEMT is modelled with a high thermal conductivity for the entire package
including the die to ensure an equal temperature distribution. The thermal and electrical pads of the
top-cooled device are assigned a thermal conductivity equivalent to the thermal resistance provided
by the manufacturer, which are 0.5 K/W for the thermal pad and 5 K/W for the electrical pads [42].
The equivalent thermal conductivity is found by rearranging (2.4) on page 15.

k =
l

Rθ ·A
(7.1)

Where l represents the thickness of the pads, and A the total area of the pads according to the datasheet
[23]. For the thermal pads, the values are directly taken from the datasheet. The thermal resistance
of a thin solder layer with a thickness of 60 µm and a thermal conductivity of 60 W/mK is added to
the electrical pads. The resulting parameters can be seen in Table 7.1.

RΘ [K/W] l [mm] A [mm2] k [W/m2K]
Thermal Pad 0.5 0.04 20.15 3.97
Electrical Pads 5.12 0.18 8.61 4.09

Table 7.1: Parameters for calculating the equivalent thermal conductivity of the electrical pads and the thermal pad
of the GaN HEMT.

With the geometry and the material properties defined, the thermal properties and boundary conditions
can be set. The initial temperature of the system and the ambient temperature is set to 40 °C. It is
assumed that each GaN HEMT is dissipating an equal amount of power.

The system is cooled by the heat flux as presented in (7.2).

q = h(Ta − T ) (7.2)
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Where h is the heat transfer coefficient in W/m2K, and Ta is the ambient temperature. Natural
convection of 5 W/m2K [75] is applied to the entire PCB, while a varying h-coefficient is applied
to the thermal pad of the GaN HEMTs to represent different cooling solutions. The h-coefficient is
typically 100 - 300 W/m2K for forced air convection, 500 - 2000 W/m2K for PCBs with a heat sink and
10 000 W/m2K or above for water cooled systems [76–81]. The power and the heat transfer coefficient
of the thermal pad are then swept to calculate the junction temperature of the different devices.

7.2 Design A

The simulation results for Design A with a power dissipation of 20 W per device and a heat transfer
coefficient of 2000 W/m2K are shown in Figure 7.1.

Figure 7.1: Thermal FEA of Design A, with an ambient temperature of 40 °C, a power dissipation of 20 W per
device, natural convection of 5 W/m2K of the PCB, and cooling of the thermal pad with a heat transfer coefficient of
2000 W/m2K. The maximum and minimum temperature values are indicated on top and below the temperature scale.
The temperature scale is in °C.

It can be seen that the heat generated by the power dissipation spreads across the copper plane,
reaching an average temperature of 97 °C on the SW plane between the two rows of GaN devices. The
junction temperature of the individual devices can be seen in Table 7.2.

Junction Temperature [°C]
High Side (Q1-Q4) 98.31 99.87 100.47 100.14
Low Side (Q5-Q8) 98.15 99.46 100.13 100.19

Table 7.2: Junction temperature of the GaN HEMTs in Design A, with an ambient temperature of 40 °C, a power
dissipation of 20 W per device, natural convection of 5 W/m2K of the PCB, and cooling of the thermal pad with a heat
transfer coefficient of 2000 W/m2K.

It can be seen that the devices further away from the power terminals, i.e. Q3, Q4, Q7, and Q8
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experience slightly higher junction temperatures. This can be traced back to the fact that the remaining
devices are adjacent to a larger copper area, which dissipates more heat, keeping the area close to the
electrical pads of the devices cooler. Furthermore, it can be observed that the coolest devices are
Q1 and Q5, indicating that there is a significant effect of mutual heating between the devices, as the
remaining GaN HEMTs get warmed by the heat dissipated by the two adjacent devices. However,
the junction temperatures do not vary greatly and due to the positive correlation between junction
temperature and on-resistance, a warmer device will have a higher on-resistance, resulting in a lower
current and thus less power dissipation, which could even out the temperature imbalance. The average
junction temperatures of the eight GaN HEMTs are analysed at different power levels and heat transfer
coefficients, which can be seen in Figure 7.2
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Figure 7.2: Average junction temperature of Q1-Q8 for different power levels and heat transfer coefficients for Design
A.

It can be seen in Figure 7.2, that advanced cooling solutions are needed to cool the semiconductors
when the dissipated power exceeds 30 W if the junction temperature is not to exceed the absolute
maximum rating of 150 °C [23].
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7.3 Design B

The simulation results for Design B with a power dissipation of 20 W per device and a heat transfer
coefficient of 2000 W/m2K are shown in Figure 7.3.

Figure 7.3: Thermal FEA of Design B, with an ambient temperature of 40 °C, a power dissipation of 20 W per
device, natural convection of 5 W/m2K of the PCB, and cooling of the thermal pad with a heat transfer coefficient of
2000 W/m2K. The maximum and minimum temperature values are indicated on top and below the temperature scale.
The temperature scale is in °C.

It can be seen that the heat generated by the power dissipation spreads across the copper planes,
reaching an average temperature of 97.85 °C on the SW plane. Generally, Design B reaches lower
temperatures due to the increased area of the copper planes and the increased distance between
the high side and low side GaN HEMTs, as well as between the devices themselves. The junction
temperature of the individual devices can be seen in Table 7.3.

Junction Temperature [°C]
High Side (Q1-Q4) 99.41 99.44 99.18 99.40
Low Side (Q5-Q8) 99.18 99.40 99.40 99.18

Table 7.3: Junction temperature of the GaN HEMTs in Design B, with an ambient temperature of 40 °C, a power
dissipation of 20 W per device, natural convection of 5 W/m2K of the PCB, and cooling of the thermal pad with a heat
transfer coefficient of 2000 W/m2K.

It can be seen that the parity of the individual junction temperatures is very high as they only deviate
slightly from each other. This is thought to be due to the increased area of the copper plane in the
SW and the distance between the devices themselves, which reduces the effect of mutual heating. The
average junction temperature of the eight GaN HEMTs is analysed at different power levels and heat
transfer coefficients, which can be seen in Figure 7.4.
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Figure 7.4: Average junction temperature of Q1-Q8 for different power levels and heat transfer coefficients for Design
B.

In Figure 7.4, the same tendencies as in Design A can be seen. Albeit the junction temperatures
generally are lower in Design B in the same operating points, advanced cooling solutions are needed
to cool the devices when the dissipated power exceeds 30 W to keep the junction temperature below
absolute maximum rating of 150 °C [23].
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7.4 Design C

The simulation results for Design C with a power dissipation of 20 W per device and a heat transfer
coefficient of 2000 W/m2K are shown in Figure 7.5.

Figure 7.5: Thermal FEA of Design C, with an ambient temperature of 40 °C, a power dissipation of 20 W per
device, natural convection of 5 W/m2K of the PCB, and cooling of the thermal pad with a heat transfer coefficient of
2000 W/m2K. The maximum and minimum temperature values are indicated on top and below the temperature scale.
The temperature scale is in °C.

It can be seen that the heat generated by the power dissipation spreads across the copper planes,
reaching an average temperature of 94.88 °C on the SW plane. The junction temperature of the
individual devices can be seen in Table 7.4.

Junction Temperature [°C]
High Side (Q1-Q4) 97.88 99.81 100.35 99.88
Low Side (Q5-Q8) 97.77 99.41 100.05 99.89

Table 7.4: Junction temperature of the GaN HEMTs in Design C, with an ambient temperature of 40 °C, a power
dissipation of 20 W per device, natural convection of 5 W/m2K of the PCB, and cooling of the thermal pad with a heat
transfer coefficient of 2000 W/m2K.

It can be seen that the parity of the individual junction temperatures are higher in Design C compared
to Design A. This is thought to be due to the increased area of the copper planes of the DC High and DC
Low nodes, which increases the heat dissipation of those planes. However, the effect of mutual heating
can still be observed, as the middle devices experience higher temperatures. The average junction
temperature of all GaN HEMTs is analysed at different power levels and heat transfer coefficients,
which can be seen in Figure 7.6.
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Figure 7.6: Average junction temperature of Q1-Q8 for different power levels and heat transfer coefficients for Design
C.

In Figure 7.6, it can be seen that the results do not vary greatly from the results of Design A, leading
to the same conclusion. I.e. sophisticated cooling solutions are needed to cool the devices when the
dissipated power exceeds 30 W to keep the junction temperature below absolute maximum rating of
150 °C [23].

7.5 Summary

In this chapter, it has been shown how the heat dissipated in the GaN HEMTs distribute on the
specific PCB layout and how mutual heating can increase the junction temperature of the middle
devices in Design A and Design C. Design B exhibited the best thermal behaviour, as the copper plane
of the SW makes out a larger area, resulting in a higher rate of heat flow. This slightly reduces the
maximum temperature by 1.6 °C. Furthermore, it can be concluded that cooling the devices becomes
a complicated task when the power dissipation of the devices exceeds 30 W.
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Chapter 8

Simulation & Optimisation

In this chapter the different designs presented in Chapter 6 will be simulated in LTspice in order
to determine how the three designs behave in a simulation. The LTspice circuit and the included
component models are elaborated and the simulation results

Based on the initial performance the designs will be optimised through the digital optimisation process
explained in Section 4.4, which utilises an integration of LTspice into Matlab. By using Matlab, it is
possible to sweep one or several component parameters in the same simulation. This makes it possible
to e.g. find a combination of gate resistors which excels in the parameters that are to be optimised,
while taking the non-linearities and parasitic components into account. This method will be applied to
find the components which have the best compromise of low average power dissipation and high di/dt.
It is anticipated that this optimisation approach has the potential to yield very promising results and
move the time consuming iterative process proposed by the manufacturer [53] to a digital platform,
saving both time and resources.

8.1 LTspice Simulation

The three different PCB designs presented in Chapter 6 are analysed using FEA as explained in
Chapter 4, and the results are extracted as a component which can be used in a SPICE simulation
in order to simulate the influence of the parasitic components, as described in Section 4.3. The other
relevant components and setup of the simulation include:

• Model of the GaN HEMT

• Model of the GD

• Simplified bipolar GD voltage circuit.

• Inductor to test under load

• Dead time generator

• Constant duty cycle

A complete schematic of this LTspice simulation can be seen in Appendix B.2 on page 133 and a
simplified schematic can be seen in Figure 8.1.
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Figure 8.1: Simplified schematic of the circuit used for the optimisation process.

The reason for using the circuit seen in Figure 8.1 is that it allows for switching of both of the devices.
This enables an analysis of the switching dynamics, for both high and low side GaN HEMTs, during
the optimisation process. This was done to increase the speed of the optimisation process, while still
having dynamics similar to that of a DPT.

8.1.1 Model of GaN HEMT

GaN Systems provides a SPICE model for the GaN HEMT GS66508T which is used in this project,
including various important properties to represent the transistor, such as the IV performance as a
function of temperature, a thermal network, intrinsic voltage dependent capacitances and the intrinsic
inductances of the package [82].

8.1.2 Model of the Gate Driver

The bipolar GD described in Section 5.1 is simplified for LTspice simulation and is modelled without
propagation delay or rise and fall times as two ideal switches alternating between the on gate supply
voltage and the off gate supply voltage. However, it includes the static on-resistances of the high
and low output transistors, which are 2.7 and 1 Ω respectively. The bipolar voltage is supplied by
two capacitors with the respective initial voltage of 6 V for VDD and −3 V for VEE . To simplify the
simulation, the DC/DC converters, and Zener diodes are not included in the simulation.
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8.1.3 Inductive Load

At the SW between the high and low side GaN HEMTs, an inductor is connected to the DC low node,
as seen in Figure 8.1, in order to build up current and switch under load. The inductor is modelled
to reach a very large inductance at around 100 A, while remaining at very low inductance at lower
currents. This allows the current to build up quickly to the desired switching value of 25 A per device,
and keeping it constant after that value is reached. This is done in order to reduce simulation times.
Figure 8.2 shows the current dependency of the inductor used in the simulation.
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Figure 8.2: Current dependency of inductor used in simulation.

The exponential function used to achieve this behaviour is given by:

L(IL) = 192.46 · 10−45 · 2.4557IL (8.1)

With this current dependent inductor, both the high and the low side devices can be investigated
during turn-on and turn-off while under load. In order to avoid a short circuit, a dead time of 100 ns

is implemented as well. The LTspice simulation schematic can be seen in Appendix B.2 on page 133.
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8.2 Simulation Results

Three circuits are simulated with the PCB layout of Design A, B, and C, respectively. They are
switched under minimal load below 100 mA and without any FB to examine how the circuit behaves
under minimal load before increasing the current to the desired value. The gate resistances used are
10 Ω as the common on-loop resistance, 100 mΩ as the common off-loop resistance, and 11 Ω for the
split resistor for both the on and off-loop.

Design A

The simulation results of the circuit including the parasitics of Design A at low load are shown in
Figure 8.3.
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Figure 8.3: Simulation Results of Design A with no FB. Switching under low load.

It can be observed that the drain currents in the high devices start oscillating, and that the oscillations
seem to occur in pairs. This is assumed to originate from the symmetry of the GD circuit, where Q1 &
Q4, and Q2 & Q3 share approximately the same distance and a similar gate loop inductance, as seen
in Figure 6.5 on page 53. The instability can further be observed in the gate-source voltage ringings
of the high devices, which oscillate similarly. It has to be noted that the voltages greatly exceed the
voltage limits of the devices.

To investigate the frequency content of the oscillations, a Fast Fourier Transform (FFT) of the gate-
source voltages is conducted. The results show large frequency contents in the range of 340 MHz, and
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at 620 MHz.

Design B

The simulation results including the parasitics of Design B at low load are shown in Figure 8.4.
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Figure 8.4: Simulation Results of Design B with no FB. Switching under low load.

As in Design A, it can be observed that there are significant imbalances in the drain current distribution
caused by asymmetry in the gate loop. However, the magnitudes of these oscillations, both in the drain
current and the gate-source voltage are significantly lower than in Design A. However, the oscillations
are still great enough to exceed the voltage rating of the devices, which would lead to a defect circuit.
The most significant oscillations occur in the range of 160 MHz.
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Design C

The simulation results including parasitics of Design C at low load are shown in Figure 8.4.
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Figure 8.5: Simulation Results of Design C with no FB. Switching under low load.

The same trends as in Design A & B can be observed in Design C. The amplitude of the oscillations
is similar to Design A, which can be explained by the similarity in GD circuitry of the two designs.
However, it can be noted that the oscillation frequencies are not as similar for all devices as they were
for Design A. The most significant oscillations are in the range of 260-290 MHz and 380-420 MHz.

The frequency spectrum of VGS1 of all three designs is shown in Figure 8.6.
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Figure 8.6: Frequency spectrum of the gate-source voltage of Q1, for all three designs.

It can be seen that Design A & C have a similar range of frequencies with significant magnitude, but
that the magnitude of the oscillations of Design A are around three times as intensive. The magnitude
of the oscillations of Design B are, however, much lower. As mentioned in Section 5.1.8 on page 42
FB can be a solution to dampen these oscillations and this will be investigated using the optimisation
process mentioned in Section 4.4 on page 31

8.3 Choice of Ferrite Beads

In order to find the most suitable FB for each design, the circuits are simulated with various FBs in the
appropriate package size of 0402. The list of the 26 different FBs and their lumped circuit parameters
can be found in Appendix C. The simulation results are first evaluated for their stability. The stable
simulations are then evaluated by comparing the average power dissipated, as calculated by (4.6) on
page 32, during switching and conduction, and the rate of change of the drain current, i.e. di/dt,
for both turn-on and turn-off. Pareto optimisation is applied to find a FB with the lowest dissipated
average power and the highest di/dt, as explained in Section 4.4.1 on page 32.
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Design A

The results of this process for Design A can be seen in Figure 8.7.
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Figure 8.7: Average power loss and di/dt of drain current of the different FBs for turn-on and turn-off for Design A.

Figure 8.7 shows the data points from the simulations of all FBs. For the turn-on sequence, the pareto
points include the following FBs from the list presented in Appendix C. 21, 23, 5, and 24. For the
turn-off sequence, it includes FB 15 & 24. FB 24, which is Würth Elektronik’s 782422331 WE-CBA
0402, is deemed to be the most suitable FB for Design A, as it is a pareto optimal point in both turn-on
and turn-off, which results in a balanced compromise of highest di/dt and lowest power dissipation.
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Design B

The process is repeated for Design B, which can be seen in Figure 8.8
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Figure 8.8: Average power loss and di/dt of drain current of the different FBs for turn-on and turn-off for Design B.

It can be seen that FB 9, which is Würth Elektronik’s 742792716 WE-CBF 0402, shows excellent
performance during both turn-on and turn-off, as it is very close to the utopia point of both sequences.
It will therefore be chosen as the most suitable FB for this design.
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Design C

The simulation results for Design C can be seen in Figure 8.9.
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Figure 8.9: Average power loss and di/dt of drain current of the different FBs for turn-on and turn-off for Design C.

As FB 24 is a pareto optimal point in both turn-on and turn-off, it is chosen as the most suitable
FB for this design. Even though the di/dt is not at the highest rate for Design C with FB 24, the
dissipated power is minimal.
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8.4 Gate Resistors

The simulations for choosing the FB have been conducted with a generic set of gate resistors, with
10 Ω as the common on-loop resistance, 1 mΩ as the common off-loop resistance, and 11 Ω for the split
resistor for both the on and off-loop. To find a combination of gate resistors which further enhances the
performance of the circuit, a similar simulation analysis is conducted for different values of common
and split resistors. The optimal FBs for each design are used to find a combination of gate resistors
shown in 5.6 on page 40.

8.4.1 Common Gate Resistors

In a first sweep, the influence of the common resistance is examined for Design A. The most efficient
combination of common resistors in terms of di/dt and dissipated average power will then be kept for
finding the most efficient combination of split gate resistors in the remaining two designs.

In Figure 8.10, different combinations of split and common gate resistances are simulated and analysed,
where the common gate on-resistance is varied from 10 Ω and 100 mΩ, while the common gate off-
resistance is omitted, as suggested by [83].

Figure 8.10: Influence of common gate on-resistance in terms of average power dissipated and di/dt.

It can be seen that the simulations with a significantly lower common gate on-resistance, i.e. when it
is reduced from 10 Ω to 100 mΩ, have a much higher di/dt, while dissipating less power. Thus, a low
common gate on-resistance is preferred. Furthermore, it can be seen that certain combinations of gate
resistances lead to self turn-on and therefore significantly increase the dissipated power. This can be
traced back to low split gate off-resistances, which lead to gate-source voltage oscillations that exceed
the threshold voltage.
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8.4.2 Split Gate Resistors

The split gate resistances are varied for the three designs, while the common on-resistors are kept at
100 mΩ and the common off-resistor is omitted, to find the most suitable combination according to
the same criteria as presented before.

Design A

The split resistor combinations shown in Table D.1 on page 135 are analysed in terms of average
dissipated power and di/dt, as seen in Figure 8.11.
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Figure 8.11: Average dissipated power and di/dt of drain current for turn-on and turn-off for Design A with different
split gate resistors. Note: Resistance values are displayed in the format [On, Off].

It can be seen that there are various pareto optima for both turn-on as well as turn-off. The combination
0.1 & 10 Ω lies very close to the utopia point of turn-on, and has minimal power dissipation. Therefore,
0.1 & 10 Ω is deemed to be the most suitable combination of split gate resistors.

The switching performance for Design A with the optimised FB and gate resistors can be seen in
Figure 8.12, where the switching performance is evaluated at 400 V and a drain current of 25 A on
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each of the GaN HEMTs.

Figure 8.12: Switching performance under load of Design A after power dissipation and di/dt optimisation.

At the first switching instance in Figure 8.12, at 1.5 µs the high side devices turn off and the low side
turn on. The drain-source voltages of the high side devices can be seen to have a small overshoot, but
settle quickly. The low side drain-source voltages turn off with a very small undershoots and stabilise.
This is almost the same case at the second switching, where the low side devices turns off.

The drain current can be seen to oscillate at both switching instances and a current imbalance is
evident for both the high and low side during turn-off. Especially for Q1 and Q5, where a large current
of approximately 55 A can be seen. This is not desirable, but it is within the limits of the chosen GaN
HEMT [23]. This is thought to be due to the asymmetry of the source inductances as discussed in
Section 2.2 on page 5. It can be observed that these oscillations eventually settle.

The gate-source voltage can be seen to oscillate significantly for both turn-on and turn-off at both
switching instances. This is especially clear in Figure 8.13.

Page 81 of 146



PED4-1046 8. Simulation & Optimisation

4.60 4.65 4.70 4.75 4.80

Time [ s]

-15

-12

-9

-6

-3

0

3

6

9

12

V
G

S
 [
V

]

1.50 1.55 1.60 1.65 1.70

Time [ s]

-15

-12

-9

-6

-3

0

3

6

9

12

V
G

S
 [
V

]

-25

0

25

50

I D
 [
A

]

-25

0

25

50

I D
 [
A

]

0

100

200

300

400

500

V
D

S
 [
V

]

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

Q
7

Q
8

0

100

200

300

400

500

V
D

S
 [
V

]

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

Q
7

Q
8

Figure 8.13: Switching transients under load of Design A after power dissipation and di/dt optimisation.

In Figure 8.13, it can be seen that the gate-source voltages have a lot of ringings and the high side
gate-source voltage even has self turn-on at 1.6 µs. This is very undesirable as this can potentially
create short circuits and cause instant breakdown of the devices. However, as the simulations for the
optimisation was done with an off-voltage of −3 V and the experimental setup will be with −6 V, as
mentioned in Section 5.1.1 on page 35, it is deemed that this will be sufficient to keep it stable.

The switching performance parameters, such as overshoot, di/dt, dv/dt, switching energy, and average
power dissipation for Design A are listed in Table 8.1.

Design A Mean Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8
VDS OS [%] 6.28 7.45 8.23 8.18 8.07 3.19 4.71 5.19 5.23
ID OS [%] 81.60 127.14 97.53 102.44 106.31 123.13 38.35 28.38 29.53

di/dt (on) [A/ns] 6.40 8.21 8.22 8.48 8.57 5.47 4.90 4.28 3.09
di/dt (off) [A/ns] 6.64 8.26 2.30 3.25 5.41 9.14 7.95 8.16 8.66
Esw (on) [µJ] 70.76 133.32 130.44 132.33 135.08 8.76 8.71 8.72 8.73
Esw (off) [µJ] 23.34 20.60 14.73 15.30 17.20 33.37 26.17 29.52 29.85
Pavg [W] 42.55 46.60 41.32 42.95 41.07 44.22 40.85 41.89 41.51

dv/dt (on) [V/ns] 51.71 60.58 56.61 54.57 55.05 46.90 46.51 46.97 46.51
dv/dt (off) [V/ns] 45.50 37.46 37.51 37.09 36.95 56.11 53.87 52.34 52.70

Table 8.1: Switching performance parameters of Design A for all switching devices.
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Design B

The split resistor combinations shown in Table D.2 on page 136 are analysed in terms of average
dissipated power and di/dt, as seen in Figure 8.14.
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Figure 8.14: Average dissipated power and di/dt of drain current for turn-on and turn-off for Design B with different
split gate resistors. Note: Resistance values are displayed in the format [On, Off].

As the combination of 0.1 & 10 Ω is a pareto optimum point for both turn-on and turn-off, it is deemed
the most suitable combination of split gate resistors to guarantee fast and efficient switching during
both turn-on and turn-off. Moreover, this combination lies on the utopia point for turn-on, which
makes it the optimal simulated combination for turn-on.

The switching performance for Design B with the optimised FB and gate resistors can be seen in Figure
8.15.
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Figure 8.15: Switching performance under load of Design B after power dissipation and di/dt optimisation.

In Figure 8.15, it can be observed that the drain-source voltages have a higher overshoot than Design
A, which is due to the increased power loop inductances of Design B. However, it remains within a
reasonable limit and is far from the 650 V SOA of the GaN HEMTs [23].

On the drain current, it can be seen that due to the increased source symmetry there is a much better
current distribution. From both switching instances, it can be seen that the current of Q1 % Q4
oscillate together, and conversely, Q2 % Q3. Again, this is due the source symmetry between the
source pads and the power terminals, as seen in 6.18 on page 61.

The gate-source voltages can again be seen to have the same oscillations in both switching instances.
This is illustrated more clearly in Figure 8.16.

Page 84 of 146



8.4. Gate Resistors Aalborg University

4.60 4.65 4.70 4.75 4.80

Time [ s]

-15

-12

-9

-6

-3

0

3

6

9

12

V
G

S
 [
V

]

1.50 1.55 1.60 1.65 1.70

Time [ s]

-15

-12

-9

-6

-3

0

3

6

9

12

V
G

S
 [
V

]

-75

-50

-25

0

25

50

75

I D
 [
A

]

-75

-50

-25

0

25

50

75

I D
 [
A

]

0

100

200

300

400

500

V
D

S
 [
V

]

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

Q
7

Q
8

0

100

200

300

400

500

V
D

S
 [
V

]

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

Q
7

Q
8

Figure 8.16: Switching transients under load of Design B after power dissipation and di/dt optimisation.

It can be observed that as the low side devices enter reverse conduction after the switching instance,
there is a slight self turn-on. This does not have such a significant effect, as it simply turns the
reverse conducting GaN HEMTs on, which can be seen by the slight increase in the low side drain-
source voltage and decrease in high side drain-source voltage. The gate-source voltage at the second
switching instance is more stable and the high increase on both drain-currents is due to the gate-drain
and output capacitances which are charging and discharging after switching. It can be noted that the
drain currents reach an amplitude of about 85 A for high side and −75 A for low side devices. This
increase compared to Design A could be due to the added capacitive coupling between both the high
and low side to the switch node. As the switch node and the traces to the decoupling capacitors have
a larger overlapping area, a larger parasitic capacitance s created, as explained in Section 5.3.4.

The switching performance parameters, such as overshoot, di/dt, dv/dt, switching energy, and average
power dissipation for Design B are listed in Table 8.2.
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Design B Mean Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8
VDS OS [%] 16.70 13.03 15.41 14.99 12.81 19.03 18.33 19.99 20.04
ID OS [%] 144.50 266.70 75.82 75.84 266.64 204.14 33.55 34.24 199.06

di/dt (on) [A/ns] 11.08 16.83 11.82 11.19 18.99 7.99 7.37 6.91 7.58
di/dt (off) [A/ns] 11.34 6.16 10.16 9.52 5.80 13.53 15.45 16.21 13.87
Esw (on) [µJ] 54.41 129.67 72.95 71.76 126.58 8.57 8.58 8.58 8.57
Esw (off) [µJ] 28.26 12.57 12.41 12.31 12.48 72.09 16.52 15.54 72.17
Pavg [W] 61.57 52.09 47.26 47.93 52.24 84.41 61.60 61.61 85.45

dv/dt (on) [V/ns] 66.96 74.53 64.89 64.19 72.58 69.94 60.95 61.27 67.34
dv/dt (off) [V/ns] 51.44 35.40 34.12 34.30 35.88 68.05 68.42 67.96 67.39

Table 8.2: Switching performance parameters of Design B for all switching devices.

Design C

The split resistor combinations shown in Table D.3 on page 137 are analysed in terms of average
dissipated power and di/dt, as seen in Figure 8.17.
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Figure 8.17: Average dissipated power and di/dt of drain current for turn-on and turn-off for Design C with different
split gate resistors. Note: Resistance values are displayed in the format [On, Off].
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As the combination of 0.1 & 10 Ω is a pareto optimum point for both turn-on and turn-off, while also
being close to the utopia points, it is deemed the most suitable combination of split gate resistors.

The switching performance for Design C with the optimised FB and gate resistors can be seen in
Figure 8.18.

Figure 8.18: Switching performance under load of Design C after power dissipation and di/dt optimisation.

In Figure 8.18 the drain-source voltages can be seen to have a better damping of the ringings. Again,
the overshoot is well within the limits of the devices.

As with Design A there is a poor drain current distribution after switching. However, it can be observed
that the drain currents do not reach the same amplitudes as with Design A after switching.

The gate-source voltages can be seen to be ringing again as with Design A. This can be clearly seen
in Figure 8.19.
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Figure 8.19: Switching transients under load of Design C after power dissipation and di/dt optimisation.

In the low side gate-source voltage a self turn-on can be seen at 1.6 µs as with Design A, which can be
noticed briefly on the drain current. As mentioned with Design A, the off-voltage in the experimental
setup will be −6 V, which is deemed to ensure stable operation. At the second switching as the low
side devices turns off it can be seen that the gate-source voltage goes slightly above the threshold
voltage, but is does not seem to impact the drain current or drain-source voltage.

The switching performance parameters, such as overshoot, di/dt, dv/dt, switching energy, and average
power dissipation for Design C are listed in Table 8.3.

Design C Mean Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8
VDS OS [%] 5.06 8.38 9.62 8.65 7.66 1.10 1.36 1.79 1.88
ID OS [%] 70.66 102.07 98.26 101.02 102.51 85.00 32.58 23.17 20.69

di/dt (on) [A/ns] 6.26 7.39 7.67 7.79 7.82 5.12 4.67 4.66 4.97
di/dt (off) [A/ns] 6.16 6.54 3.54 2.03 6.46 7.67 7.45 7.76 7.87
Esw (on) [µJ] 73.65 139.99 137.74 137.96 138.23 8.82 8.80 8.80 8.82
Esw (off) [µJ] 25.17 19.59 15.53 14.78 17.24 37.03 27.57 34.00 35.64
Pavg [W] 37.92 46.39 43.93 44.18 45.60 34.31 30.38 29.39 29.18

dv/dt (on) [V/ns] 50.63 55.99 54.17 56.05 57.70 45.91 45.23 45.04 44.93
dv/dt (off) [V/ns] 46.54 39.73 39.49 38.86 38.77 53.42 52.37 54.01 55.67

Table 8.3: Switching performance parameters of Design C for all switching devices.
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8.5 Summary

In this chapter a digital optimisation process has been conducted to choose a suitable FB, as well as
a suitable combination of common and split gate resistors for each design. The results can be seen in
Table 8.4.

Design FB Nr. Rcom,on [mΩ] Rcom,off [mΩ] Rsplit,on [mΩ] Rsplit,off [Ω]
A 24 100 1 100 10
B 9 100 1 100 10
C 24 100 1 100 10

Table 8.4: Chosen FB and gate resistors for each design. The FBs are listed in Appendix C on page 134.

Even though it was mentioned in Section 5.1.2 on page 35 that the off-resistance should be very
small, the results from the optimisation process imply that a higher gate off-resistance yields better
switching performance. It is decided to continue with the values found during the optimisation process
to evaluate the validity of this approach. Each design was simulated with these parameters. The mean
value of all switching devices for relevant parameters for the three designs are compared in Table 8.5.

Design A B C
VDS OS [%] 6.28 16.70 5.06
ID OS [%] 81.60 144.50 70.66

di/dt (on) [A/ns] 6.40 11.08 6.26
di/dt (off) [A/ns] 6.64 11.34 6.16
Esw (on) [µJ] 70.76 54.41 73.65
Esw (off) [µJ] 23.34 28.26 25.17
Pavg [W] 42.55 61.57 37.92

dv/dt (on) [V/ns] 51.71 66.96 50.63
dv/dt (off) [V/ns] 45.50 51.44 46.54

Table 8.5: Mean value of switching performance parameters across all switching devices for the three designs.

It can be seen that the average power dissipated in Design B is higher than its counterparts, even
though the switching energy during turn on is lower. This is due to the increased amplitude of the
drain-source voltage ringings, which is not included in the calculation of the switching energy.
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Chapter 9

Experiment

In this chapter, the different designs explained in Chapter 5 will be experimentally validated by
conducting a DPT. This will be done to validate the switching performance of the circuit i.e. that the
GaN HEMTs can switch under load.

At first, the operation of the DPT will be presented to show the different steps of the test. This
includes a presentation of the equipment used, such as the DSP used to generate the necessary gate
pulses, the load inductor, DC capacitors, and measurement equipment. Also, practical issues which
occurred during the assembly of the PCB will be discussed.

Next, the results of the DPT will be shown and analysed for the three design. Lastly, the experimental
data will be compared to the LTspice model in order to evaluate the accuracy of the simulation model
in comparison to the experimental data.

9.1 Double Pulse Test

In order to verify the switching performance of the GaN HEMT switching module it is chosen to
perform a DPT. A DPT is used to test the switching of a device under load, with minimal heating.
The HB circuits designed earlier can be tested using this setup, simply by connecting an inductor from
the SW connection to the high side connection. Then, a DC supply and a DC capacitor bank are
connected from the high side to the low side of the HB. By turning on the low side devices, the DC bus
voltage is applied across the inductor, causing its current to rise. This is illustrated in Figure 9.1 by
the orange path. As the low side devices are turned off, the current in the inductor will force the high
side devices to reverse conduct. This is also illustrated in the Figure 9.1 by the blue path. Then, the
low side devices are turned back on, and a switching transient while turning on under load is recorded.
Next, the low side devices are turned back off, and a switching transient while turning off under load
is recorded. Finally, the inductor current will discharge through the high side devices, until depleted.

Figure 9.1: Illustration of DPT of the GaN HEMT HB.
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By altering the length of the pulses sent to the bottom device gates, different current levels can be
achieved, and the devices can be switched under different loads.

In order to generate these pulses, and control their lengths, a TMS320F28335 DSP from Texas
Instruments is used [84].

9.1.1 DSP

As explained in Section 5.1.4, optical isolation is used between the DSP and the PCB, requiring
optical receivers on the PCB, and optical transmitters on the DSP. By connecting the DSP to optical
transmitters with its GPIO pins, the optical signal can be controlled according to C-code running on
the DSP to achieve a specific pulse length. The entire code used in this project is shown in Appendix
F.3 on page 143. In order to generate a pulse signal, the GPIO pin connected to an optical transmitter
can be turned on, a small delay is set, and the GPIO pin is turned back off. By adjusting the length
of the delay, the width of the pulse can be adjusted. While the development tools included with the
DSP from TI include a delay function, it was found that this could not generate signals with a length
lower than around 35 µs. Therefore, an alternate method of delay generation was devised. This was
done by taking advantage of the time required to perform a simple task in software, such as running a
while loop. This task will take a specific number of clock cycles to perform, which will correspond to
a given time.

As the clock frequency of the DSP is 150 MHz, the time for each clock cycle will be 6.67 ns, given by:

tCLK =
1

fCLK
(9.1)

By then running the while loop several times, additional clock cycles are required, and the pulse can
be made longer. This is shown in F.2 on page 142 and F.3 on page 143, where it is used both used
to define the time of the pulse, and the time between pulses. While this relation between clock cycles
and time corresponds nicely when measuring directly on the DSP, it was seen that this time does
not correspond perfectly, when measuring on the gate voltage of the devices. This is likely due to
the various delays in the GD circuit adding up, such that the total length of the pulse is higher than
expected. This was taken into account when generating the pulses for the different tests.

In order to improve the controllability of the experiment, a button is used to start the experiment.
When the button is pressed, the DPT is performed a single time. The implementation of this can be
seen in F.2 on page 142 and F.3 on page 143, where it can be seen that the pulse generation code only
happens when the button is pulsed. After the pulse generation is finished, a long delay is introduced,
such that only one pulse can be performed at a time. This is to avoid button bounce.

An illustration of the DSP in relation to the laboratory setup for the DPT can be seen in Figure 9.2.
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Figure 9.2: Illustration showing the laboratory setup for the DPT.

The physical laboratory setup can be seen Figure 9.3.

Figure 9.3: Picture of the laboratory setup used in the DPT.

9.1.2 Load Inductor

In order to perform a DPT, a load inductor is needed. By applying a voltage across the inductor, a
current can be built up, such that it can be used to perform a DPT, by switching under load. The load
inductor is connected between the VDC and SW terminals. When the low side devices are turned on,
a current will start to rise in the inductor, until the low side devices are turned back off. At this point,
the current in the inductor will force the high side devices to reverse conduct, causing the current to
circulate in the loop between the high side devices and the load inductor. Then, the low side devices
are turned back on, the high side devices will stop reverse conducting, and the current through the
inductor will go through the low side devices again.

In order to optimise the performance of the DPT, an air-core inductor is chosen. The air-core inductor
has the advantage of not having a saturable core, thereby keeping the inductance constant at different
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currents. Moreover, the air cored inductor should have a minimal amount of parasitic capacitance,
thereby increasing its resonance frequency, and inductive frequency range.

Figure 9.4: Air core inductor used in the DPT.

The air core inductor used for the experiment, seen in Figure 9.4 has an inductance of 9.8 µH, and
a resistance of 4.66 mΩ, as measured with an RLC meter. The RLC meter was not able to measure
the parasitic capacitance. If a more accurate estimation of the parallel capacitance was needed, an
impedance analyser could be used.

9.1.3 DC Capacitor Bank

In Figure 9.2, a capacitor bank is connected in parallel with the PSU. As the PSU will be placed a
distance away from the physical test setup, a capacitor bank is required to decouple the PSU from
the HB. This capacitor bank will supply the current for the short pulses required to perform the
tests. To charge this capacitor bank, the PSU voltage is slowly turned up, until the wanted voltage is
achieved. This way, the PSU will endure a minimal loading, and will only have to deliver low amounts
of current. A PCB was designed and built, which has room for four 470 µF ALC10(1)471EH500
electrolytic capacitors from KEMET [85]. This PCB is then connected by wires to the PCB and the
PSU. While a short distance can be achieved between the capacitor bank PCB and HB PCB, a longer
wire is required to connect the capacitor bank to the PSU.

Figure 9.5: DC capacitor bank PCB with two capacitors, connected to a GaN HEMT HB board.
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The DC capacitor PCB, with two capacitors, connected to a GaN HEMT HB, can be seen in Figure
9.5.

9.1.4 Measurements

SMA connectors

In order to optimise the voltage measurements on the circuit, coaxial SMA connectors were used. Using
these with SMA to BNC adapters, passive voltage probes could be connected to the measurement
points without creating a large ground return loop, resulting in a minimal loop inductance. This
should increase the frequency range of the measurement, resulting in more accurate data.

Probes

PP026 passive voltage probes from Teledyn LeCroy, with a bandwidth of 500 MHz, were used [86].
The bandwidth of the probe can be related to the rise time it can accurately measure by [87]:

trise,min ≈
0.35

BW
(9.2)

Where trise,min is the fastest rise time a probe can accurately measure, given its bandwidth (BW).
Calculating this minimum rise time for the probes used, yields a time of approximately 0.7 ns.
Comparing this to the expected transient times of the devices [23], it can be concluded that these
probes are sufficient. These probes were then calibrated according the the user manual [86], such that
an accurate measurement could be achieved.

To measure the high side voltages, P5200A, 50 MHz differential probes from Tektronix were used [88].

To measure the current through the inductor, a CP150, 150 A, 10 MHz, current probe from Teledyne
LeCroy is used [89].

Oscilloscope

The quick transient times of the GaN HEMT devices also require an oscilloscope with a sufficiently
high BW and sample-rate. For this, an HD6104 oscilloscope from Teledyne LeCroy is used [90]. This
oscilloscope has a BW of 1 GHz, and a sample rate of 2.5 GS/s. This is sufficient for the measurements
to be made.

9.1.5 Physical Assembly of PCBs

The PCBs for the three different designs are ordered from an international PCB manufacturer.
Moreover, a PCB with room for four electrolytic capacitors is designed and ordered. All the PCBs
are ordered with a thickness of 0.8 mm to improve flux cancellation, reducing loop inductances. With
the PCBs, solder paste stencils are ordered, such that the SMD components can be soldered efficiently
and accurately.
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SMD soldering

Using the solder paste stencil, solder paste is applied to the pads. Then, using a manual pick and place
machine, the SMD components are placed in their respective positions. The PCBs are then soldered
in a vapor phase reflow oven. The reflow soldering process follows a specific heating profile. This
SMD soldering process is necessary for the GaN HEMTs, as their electrical pads are located under the
package itself, which would make it infeasible to solder by hand. After all of the SMD components
have been soldered, the through-hole components are soldered by hand.

Issues with PCB assembly

It was observed, that some of the SMD components ended up being lifted from one of the pads, only
being connected to one of the pads after being soldered. This issue is commonly known as tombstoning.
This requires manual retouching of the PCB, in order to properly place the components. The cause
of this effect could be a difference in thermal mass of the traces connected to each pad. This causes
the pads to heat up at different rates, such that the solder liquefies on one pad earlier than the
other. Combined with the low mass of the 0402 components, the surface tension of the liquid solder
then causes the component to be lifted. However, given the use of a vapor phase reflow oven with a
specifically tuned heating profile, this issue should be minimised. One other cause could be the use
of vias under the pads. In order to compress the design, it was chosen to place vias under some of
the SMD pads. As the solder was reflown, it could have been suctioned into the hole of the via. This
could then have caused a small force to be applied to the SMD component, resulting in it being lifted
off of its opposite pad.

9.2 Results

Firstly, all of the designs were tested to ensure that the GD was functioning as intended. This was
done without the power side connected, only supplying a signal to the low side GD and measuring
the gate-source voltage VGS . With the gate properly functioning, the power terminals were connected
and a minimum pulse of about 290 ns was given to the low side devices to ensure a minimal current
during the switching. The DC voltage was then increased to 20 V and a DPT was executed and the
performance was evaluated. The DC voltage was then increased small steps until the desired voltage
of 400 V was tested. Then, the current level was ramped up slowly, and data was captured at different
operation points.

The rise times and fall times of the circuits under different loads will be presented. The rise time is
defined as the time it takes the drain-source voltage of a device to rise from 40 V to 360 V, i.e. it is
calculated from the point at which the drain-source voltage increases to 10 % of its steady state value
to 90 %. The fall time is defines as the time it takes the drain-source voltage to fall from 360 V to
40 V, i.e. 90 % to 10 %.

The results presented in this section are presented in the order as they were found in the laboratory.
This was done due to the events that occurred during the initial testing of the designs, which changed
the purpose of the experimental work and initiated a different learning process.
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9.2.1 Design A

The PCB layout presented for Design A in Section 6.1 was produced and the PCB used for the
experimental work can be seen in Figure 9.6.

Figure 9.6: PCB of Design A.

When the functionality of Design A had been verified at lower voltages, the DC bus was increased
to 400 V, and DPTs were performed. Starting at the lowest possible current with the specific setup
of DSP and inductor, a current of approximately 11.3 A was built up in the inductor, and the circuit
switched as intended. This test was repeated, increasing the pulse lengths, and thereby the current
by approximately 10 A every time. During the DPT, the gate-source voltage of Q5 was measured and
recorded with a passive probe, along with the drain-source voltage of Q5. Moreover, the inductor
current was measured with a current probe. Lastly, the drain-source voltage of Q1 was measured with
a differential probe.

The complete DPT sequence at 50 A is shown in Figure 9.7.
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Figure 9.7: DPT of Design A at 50 A.
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Looking at Figure 9.7, it can be seen that the low-side voltage of Q5 falls to approximately zero, and
the current starts to rise. This continues until the low side devices are turned back off, and the current
stagnates. Then, the low side devices are turned back on, and the inductor current starts to rise again,
until the low side devices are turned back on. Looking at the inductor current, it can be seen to follow
a mostly linear trajectory, as a result of the use of an air-core. Some small ripples can be seen on the
inductor current, however these are not considered to be an issue. However, when looking at the drain-
source voltage across Q5, a large, low frequency oscillation can be seen. This causes the voltage to rise
up to almost 550 V. The oscillation has a resonance frequency of approximately 1.3 MHz. The origin
of this resonance is thought to come as a result of the interaction between the decoupling capacitors
and electrolytic DC bank capacitors. As the GaN HEMTs under test are turning off, a high frequency
current is required to charge the output and gate-drain capacitances. This decreases the voltage across
the decoupling capacitors, which in turn causes a current to flow from the DC capacitors to charge
the decoupling capacitors. As this is a low resistance path with a large inductance, due to the cables
used, it has a high quality factor, which means that the resonance will take longer to die out, as seen
in Figure 9.7. The cause of this was understood too late in the experimental work to be accounted
for, but this effect could have been reduced by either reducing the length of the cables, increasing the
resistance to dissipate the energy of the resonance or adding a FB for that specific resonance.

To get a better impression of the switching performance of Design A, the switching transients under
load are examined. At first the turn-off transients are shown in Figure 9.8.

Figure 9.8: Turn-off switching transients of Design A at different currents.

In Figure 9.8, the turn-off transients of Design A at different currents are seen. In the top plot, the
drain-source voltage of Q5 is shown, while the gate-source voltage of Q5 is shown on the bottom
plot. It can be seen, that at higher currents, the rise time tends to decrease. The most dramatic
difference is seen when the load current goes from 11.3 A to 21.5 A, where the rise time is almost
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halved. When looking at the drain-source voltages, they generally seem to be stable at the switching
instance. However, when looking at the gate-source voltage of Q5, the increase in current can be
seen to cause increasingly larger oscillations on the voltage. As discussed in Section 5.1.2 on page 35
the gates of the devices are susceptible to a current injected from the gate-drain capacitance. As the
gate-drain capacitance sees the high dv/dt on the SW and will start to charge. The current from the
gate-drain capacitance triggers a resonance in the low impedance path, as illustrated in Figure 5.6,
which is thought to induce the ringings on the gate-source voltage, seen in Figure 9.8.

Another possible cause of these disturbances could be the mutual inductance between the GD and
power loops. As the operating point of the DPT is increased, the higher drain current will induce an
increasing current into the gate loops. The turn-on switching performance of Q5 can be seen in Figure
9.9

Figure 9.9: Turn-on transients of Design A.

In Figure 9.9 the turn-on transients of Design A at different currents are seen. It can be noticed that
the drain-source voltage before switching is different at the different currents. This comes as a result
of the oscillation shown in Figure 9.7. This voltage is seen to increase in amplitude as the current
increases. When looking at the transients, they can be observed to have the same general slope, with
the fall time only being reduced from 18 ns at a current of 11 A to 15.6 ns at 60 A. It can be noticed
that the drain-source voltage at 11 A starts decreasing earlier compared to at the other current levels.

Looking at the gate-source voltage, it can be observed to have some oscillation at the switching point at
the higher currents. These oscillations are thought to be caused by the drain current overshoot which
happens as the device starts to conduct and the drain-source voltage decreases. This dv/dt across
the output and gate-drain capacitance forces a discharge, which coincides with the flow of the drain
current. This could cause undesirable voltage drops across the parasitic inductances on the power side,
which could affect the gate-source voltage. This is also illustrated in Figure 2.4 on page 6. It can also
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be seen for the higher currents, that the gate-source voltage oscillates around the threshold voltage,
which could affect the rise of the drain current and thereby the di/dt of the parasitic inductances.

The different rise and fall times during turn-on can be seen in Figure 9.10 for the different current
levels.
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Figure 9.10: Switching times of VDS5 in Design A at different load currents.

In Figure 9.10 the rise times (turn off) and fall times (turn on) of the drain-source voltage of Q5 in
Design A at different currents has been plotted. A tendency can be observed in that the rise time
decreases at higher currents. This effect does have diminishing returns, as the greatest change in rise
time is seen when going from 11.3 A to 21.5 A.

The tendency of the reducing rise time can be explained by the plateau voltage, which is dependent
on the drain current. The gate current when turning off is dependent on the voltage drop over the
gate impedance, as shown in (9.3).

IG =
VEE − VGS

RG
(9.3)

Where IG is the gate current, VEE is the off gate supply voltage, VGS is the gate-source voltage, and
RG is the total gate resistance.

When a higher drain current is flowing through the device, a higher plateau voltage on the gate-source
voltage is achieved. This results in a higher voltage drop over the gate loop impedance, resulting in a
higher gate current. This gate current defines the speed at which the gate-drain capacitance charges,
thereby determining the switching time of the device.

While the transients measured when switching at 60.3 A look similar to what was observed at lower
currents, a failure occurred. Looking at Figure 9.11, it can be observed that Q7 encountered a failure,
causing it to explode due to a short in the circuit.
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Figure 9.11: Image of Design A after failure during the DPT.

Switching at 60.3 A, an equal sharing of current would only result in approximately 15 A per device,
much less than the rated currents of the devices [23], allowing for 30 A continuous, and 60 A pulsed
current. Therefore, it can be postulated, that an uneven current sharing was experienced, causing a
single device to carry a larger load, causing its destruction.

9.2.2 Interpretation of Results from Design A

As the destruction of Q7 came as a surprise, the waveforms should have been examined further before
the current was increased. This way, the unintended behaviour of the circuit could have been noticed
earlier, and the test could have been stopped until a better understanding could have been achieved.
Due to this unexpected failure, insufficient measurements were made, as only the drain-source voltage
and gate-source voltage of Q5 was measured on the low side devices. Therefore, no measurements of
Q7 were made.

While a failure was experienced when switching at 60 A, these tests showed a successful switching,
turn-on and turn-off, at up to 50.5 A, and successful turn-off of approximately 60 A, as seen in Figure
9.7.

Page 100 of 146



9.2. Results Aalborg University

9.2.3 Design C

Next, the circuit for Design C was tested, which can be seen in Figure 9.12.

Figure 9.12: PCB of Design C.

As with Design A, the function of the GD circuit of Design C was verified without a DC bus voltage.
Then, the circuit was tested at low voltages, until finally stepping up to 400 V. Given the mistakes
made when testing Design A, more care was given for the measurements of Design C. For every current
level tested, all of the low side drain-source voltages, the low side gate-source voltages and the high side
drain-source voltages were measured. Moreover, the load current was also measured in every test. As
the oscilloscope used for measuring the test had 4 inputs, probes had to be moved around on different
measuring points, and each test had to be repeated with the different probe placements.

As more measurements were made, the behaviours of different devices in the circuit during switching
can be compared. This is shown in Figure 9.13, switching at 22 A.
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Figure 9.13: Comparison of drain-source and gate-source voltages of devices Q5-Q8.

Looking at the drain-source voltages of the different devices under switching, their behaviour seems
to be very similar. However, looking at the gate-source voltages, some difference can be noted. The
outer devices, Q5 and Q8 seem to have cleaner wave forms, while the inner devices Q6 and Q7 seem to
have some more distortion and oscillation. Especially in the turn-on transient, where the gate-source
voltage of Q6 can be seen to oscillate significantly.

This could be caused by the fact that the measuring points were changed between each test and that
the gate-source and drain-source voltages for the same device could not be measured at the same time,
as the measurement points had been placed too close to each other. This means that the measurements
of the gate-source voltages do not correspond directly to the drain-source voltage of same device, as
these measurements were made at different times.

Moreover, it should be noted that when measuring, the probe itself will add some parasitic capacitance
to the node itself. This will alter the circuit performance slightly.

As the current level was increased to 30 A a failure occurred at this current level as shown in Figure
9.14.
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Figure 9.14: Design C after failure.

It can be observed, that a shoot-through occurred, as both Q1 and Q5 were destroyed. This indicates
that both devices have been conducting at the same time, shorting the DC capacitor supply. While the
circuit was destroyed, measurements were retrieved for the the earlier tests, and some further analysis
can be made. In Figure 9.15 the turn-off transients measured on Q5 in Design C are seen.

Figure 9.15: Turn-off transients of Design C at different currents.
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It can be seen, that the rise time of the drain-source voltage of the low side device is highly dependent
on the load current. This was also seen in Design A. Looking at the gate-source voltage, it can be
seen that there is a considerable undershoot, as it reaches down to approximately −15 V. While this
is within the rated conditions of the device for transients [23], repeating this could potentially cause
issues, degrading the device.

In Figure 9.16 the turn-on transients of Design C are seen.

Figure 9.16: Turn-on transients of Design C at different currents.

While switching at 11.6 A and 22 A, the circuit seems to function normally, switching at 32.5 A causes
some unwanted behaviours to occur. Looking at the top figure showing the drain-source voltage of
Q5, it can be seen that the device voltage seems to fall much more slowly at 32.5 A, than at lower
currents. The drain-source voltage seems to fall slowly at the start, with a low dv/dt, until a voltage
of approximately 200 V is reached, when the dv/dt is similar to the other wave forms.

This anomaly is also reflected in the waveform showing the gate-source voltage of Q5. It can be
seen that the gate-source voltage reaches the 6 V VDD voltage much quicker than at lower currents,
seemingly not encountering the miller plateau. Then, as the drain-source voltage approaches 0 V, the
gate-source voltage falls.

This whole sequence is unusual, and indicates some sort of anomaly in the circuit. This behaviour was
unfortunately not noticed when testing the circuit, and therefore the testing continued. After changing
the measurement points on the circuit, in order to get more data, the circuit was again run at a load
current of 32.5 A.

In Figure 9.17 the recorded switching times of Q5 for Design C are showcased.
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Figure 9.17: Switching times of VDS5 in Design C at different load currents.

Comparing this to what was seen for the switching of Design A, in Figure 9.17, the switching times
seem to be lower. This showcases the importance of low power loop inductance. The exception is the
turn-on at 32.5 A, where Design C is much slower. This further indicates the unusual circuit behaviour.
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9.2.4 Design B

Finally, the circuit for Design B was tested and the PCB can be seen in Figure 9.18.

Figure 9.18: PCB of Design B.

In reflection of the results of the tests performed on the other circuits, another approach was taken for
testing Design B. As the other circuits had critical failures when testing at 400 V, the circuit of Design
B was tested at lower voltages, and minimal currents, in order to attempt to isolate the potential
causes of failure with a lower risk of failure. It was also decided to measure the high side gate-source
voltage as it was suspected that there was unwanted turn-on.

In the optimisation process shown in Chapter 8, split on and off gate resistances were found. As
mentioned in Section 8.5 , the values found for the gate resistors using the optimisation procedure are
different to what is generally recommended for gate circuits for GaN HEMTs. Especially the off loop
resistance seemed to be too large. Too large off loop impedances could cause devices to experience
unwanted turn-on effects [53][91]. To attempt to reduce this effect, the off loop split resistances were
changed from 10 Ω to 1 Ω, and the on loop split resistances were changed from 0.1 Ω to 10 Ω for the
following tests.

The circuit was initially tested at 50 V, with the shortest pulses which could be generated. This
resulted in a load current of 1.65 A when switching.
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Figure 9.19: Switching transients of Design B at 50V.

In Figure 9.19 the switching performance of the low side devices of Design B, switched at 50 V 1.65 A,
is seen. Looking at the drain-source voltages, it can be seen that the turn-off transient is very slow
compared to the turn-on transient. This may be due to the non-linear gate-drain capacitance, which
is much larger at lower voltages, than at voltages above 100 V.

When comparing the different devices, they seem to have very similar transients in the drain-source
voltages. This is to be expected, as no significant load is put on the devices. However, when looking
at the gate-source voltages, some difference can be seen, especially in the turn-off transients, where
VGS7 has a different shape than the other gate-source voltages. This does not seem to have an effect
on the performance of the circuit, from the given measurements.

To further investigate the circuit, the voltage was increased to 100 V. The turn-off transient of this
compared to the transient at 50 V is seen in Figure 9.20. As the pulses could not be made shorter, and
the two experiments were run using the same pulse lengths, the current of the 100 V test was almost
twice that of the 50 V test.
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Figure 9.20: Turn-off transients of Design B at 50 V and 100 V

It can be seen, that the 100 V test has a slightly shorter rise time, otherwise no significant difference
can be noted.

While running these tests, the high side gate voltages were also measured. In Figure 9.21, the turn-on
transients of Design B at 100 V and 50 V.
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Figure 9.21: Turn-on transients of Design B at 50 V and 100 V.

In the bottom plot of Figure 9.21, the gate-source voltage of the high side device Q1 is shown. It can
be seen that during the turn-on transient of the low side devices, this voltage rises. This effect seems
to get larger at the higher voltages, causing the high side gate-source voltage to exceed the threshold
voltage of the device. This could be an explanation of the failures of the previous PCBs, as these were
operating at even higher loads. The reason for this voltage spike could be attributed the current from
the gate-drain capacitance, inducing a voltage drop over the gate impedance [91]. It was attempted to
reduce this effect by reducing the off impedance, but this was not enough to reduce the voltage spikes
on the high side. Therefore, it could be assumed that this means that the GD loop inductances are
too high. The GD loop inductance for high side of Design B was also the highest of all GD loops as
seen in Section 6.3 on page 57. A high GD loop inductance would cause such voltage spikes to occur,
when the miller current flows from the gate-drain capacitance into the gate supply. In order to reduce
this loop inductance, new circuits would need to be designed, where more focus on reducing the GD
loop inductances was exhibited.
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9.3 Comparison Between Experimental Data and Simulation

As the digital design process used in this project is based a SPICE simulation, which attempts to
accurately replicate the behaviour of the actual circuit, the results found in the laboratory data will
be compared to what is seen in the simulation. This will give an insight into the accuracy of the
simulation, and evaluate the validity of the digital design process.

To make this comparison, a DPT is performed on the simulated Design A circuit. Firstly, the circuit
is run at a low current, 22 A in the load inductor at the switching instance. This can be seen in Figure
9.22.

Figure 9.22: Comparison of switching in experiment and simulation, in Design A.

In the top figures, the drain-source voltage of Q5 is shown, with a turn-off transient and a turn-on
transient. When looking at the turn-off transient in the top left, it can be seen that there is a good
resemblance between the experimental and simulated data. The slew rate and time to switch can
be seen to be almost identical. There does seem to be some more damping in the results of the
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experiment, as the simulated data has some high frequency ringing on the waveform, which is minimal
in experimental data. However, the small ringing that can be seen on the experimental data seems
to be in the same order of magnitude as the simulated ringing, indicating some resemblance in the
parasitic content. The difference between these two could be attributed to the measurement method,
as the simulated data is measured directly on the node, and the experimental data will be filtered by
the probe and oscilloscope used, as these have a limited bandwidth. Another difference between these
results is that the simulation does not include frequency dependent inductances and resistances. At
higher frequencies, the skin-effect starts to have an effect, increasing the trace resistance. This will add
additional damping to the circuit. Moreover, the inductance will change at higher frequency, ending
up at a lower value [92][93].

However, the turn-on transients seem to be less alike, as the experimental transient is much slower,
with a lower slew rate. Moreover, the experimental drain-source voltage starts at a higher voltage, as
a result of the lower frequency ringing seen in the experiment. This behaviour is not replicated in the
simulation.

Looking at the bottom charts, the gate-source voltages can be seen. In the bottom left figure, the
gate-source voltages of Q5 in the turn-off transient are seen. There is some resemblance, with the
voltages having similar slew rates, but the experimental data exhibits some high frequency ringing,
while the simulation has some lower frequency oscillations. A similar tendency is seen on the turn-on
transients.

Next, a similar comparison is made at a higher load current, this time at 51 A. This is seen in Figure
9.23.

Page 111 of 146



PED4-1046 9. Experiment

Figure 9.23: Turn-on transients of Design B at 50 V and 100 V.

Again, the turn-off transient of the drain-source voltage seems to have a decent match, exhibiting
similar slew rates, with some difference in the ringing after the switching. In the turn-on transient, the
same tendency, as was seen in the lower current comparison, is observed. The experimental transient
is much slower than the simulated transient, also starting at a higher voltage, as a result of the low
frequency oscillation not modelled in the simulation.

Looking at the bottom left chart, some more deviance is seen in the gate-source voltages. The
experimental waveform exhibits considerable high frequency ringing, which is not seen in the
simulation. The turn-on transient of the gate-source voltages has the same tendency as was seen
in the lower current comparison.
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9.3.1 Evaluation of SPICE Model Accuracy

The comparison between the experimental data and the LTSPICE simulation showed decent
resemblance, especially in the turn-off transient. However, when looking at the turn-on transients,
a considerable difference could be noted. This indicates that there are some behaviours of the circuit
which are not replicated in the simulation. It can be concluded, that there is room for improvements
in the simulation, in order to achieve a greater parity between the simulated data and experimental
data. This would improve the digital design efficacy, as the physical properties could be represented
more accurately.
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Discussion

This chapter will discuss and analyse this project, evaluating the validity of the tools and methods
applied in this project. Moreover, sources of error which are deemed to have an influence on the
validity of the objectives will be discussed.

10.1 Digital Design

In this project, a digital design process was used to optimise the design procedure of an electrical circuit.
This process aimed to make the design process more effective. Digital design processes presented in
previous papers were utilised. However, it was deemed that these lacked some key capabilities needed
in order to optimise the digital design process. Therefore, new methods of evaluating digital circuits
were conceived.

10.1.1 Data Processing

In a complex circuit with many relevant areas of parasitic composure, it had previously been difficult
to easily evaluate a large number of parasitic components and loop inductances. By developing a
method of evaluating the inductance matrices Ansys Q3D extracts from a given circuit, the process of
numerical parasitic evaluation was optimised. This made it possible to numerically evaluate a greater
extent of a given circuit than what would be feasible with previous methods. In this project, this
method was used to analyse GD loop inductances, which made it possible to easily compare different
design strategies. Moreover, this made the iterative process of circuit design quicker, allowing for a
higher number of design iterations of a circuit to be thoroughly evaluated and compared.

10.1.2 Optimisation Process

The integration of LTspice and Matlab to sweep various component parameters in a non-linear system
including the parasitic content is deemed to have a very high potential, especially if combined with
optimisation methods and algorithms. Due to time and scope constraints of this project, a relatively
simple optimisation method was used with unweighted optimisation parameters. If examined further,
other parameters could have been evaluated to analyse the switching performance of the HB, and
designated optimisation algorithms could have been used to efficiently find the optimum solution.

In the beginning of the optimisation process, a suitable FB was found with an non-optimised set
of gate resistors, which was then kept constant to find the gate resistor values. It is possible that
if the different FBs were simulated with a range of different gate resistors, another FB would have
performed optimally. However, due to the many possible combinations of FBs and gate resistor values,
the analysis would not have been able to be conducted within the time constraints of this project.

Furthermore, the parameter sweeps of the gate resistors were conducted rather unmethodologically
by trying out few specific values. With an optimisation algorithm, a better combination of gate
resistors could have been found. Alternatively, more sweeps could have been conducted for different
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combinations. While this optimisation process was able to evaluate component combinations in terms
of the defined optimisation parameters, it was found that it was necessary to investigate the simulated
wave forms manually, in order to verify the performance. This suggests that more suitable optimisation
parameters could be defined.

10.1.3 Accuracy of LTSpice Model

As the digital design process based on SPICE simulation relies on the accuracy of the estimated circuit
parameters contained in the SPICE block, it is important that this block is realistic. When comparing
the experimental data to the corresponding spice model in Section 9.3, it was found that some areas
achieved excellent parity, while other areas saw some difference in transient response. Some possible
causes of this difference could be considered:

Definition of Terminals in Ansys Q3D

When defining terminals, i.e. sources and sinks in Ansys Q3D, the surface of an object has to be
selected as the terminal. In order to improve simulation result continuity, it was found that using a
small object surface provided the best results. However, some electrical components, such as the GaN
HEMTs have large pads as electrical connections. When defining the terminals of such components in
the Ansys Q3D simulation, the whole pad was not used as the terminal, and a small object was placed
in its stead, as this provided the best continuity when comparing results. This choice could have an
influence on the validity of the simulation.

Frequency Dependent Parasitics

Given a circuit with large high frequency content such as the GaN HEMT HBs shown in this project,
frequency dependent resistances and inductances will start to have an influence on the dynamics.
However, to simplify the digital design process, it was chosen not to calculate these AC-parasitics, and
only DC-parasitics were included. In order to accurately represent real circuit dynamics, one could
dynamically change between these different parasitic representations, using DC-parasitics at lower
frequencies, changing to AC-parasitics during transients. This would improve the model accuracy.

Probe Interference

During the testing of the different physical designs, PP026 passive probes from LeCroy were used to
measure the drain-source and gate-source voltages of the low side devices. However, this adds additional
capacitance across the drain-source and gate-source terminals thereby affecting the switching dynamics.
The PP026 adds 10 pF across the measuring points [86], which is significant as the GS66508T only
has 65 pF output capacitance [23]. As seen in Figure 8.12, a large overshoot in the drain current was
observed when the current direction of the inductor current and current from the discharging output
capacitance was the same. With the added capacitance from the PP026, this current overshoot is
likely higher than simulated, which could potentially heat up the device more than expected. As a
probe was only applied to a maximum of two devices, this could lead to some added difference in
current distribution during transient periods. The effects on the measured gate-source voltage would
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be increased charging time before the the device would turn-on, which could alter the symmetry during
turn-on between the parallel devices in a negative way. As the probe placement can have an influence
on the switching dynamics of the circuit, these should be included in the simulation model, to achieve
optimal parity.

Inductance of Components

The results obtained from Ansys Q3D for the loop inductances only account for the parasitic inductance
in the copper traces. The components were not considered, which left gaps in the copper traces, where
the current would have passed through the components. This means that the cancellation effect,
discussed in Section 5.3.3, in practice might be greater thereby yielding a lower loop inductance than
shown by the data from Ansys Q3D. This could explain some of the differences between the simulation
results and the experimental data. However, the ESL of the SMD components was not taken into
account, which would have increased the total loop inductance seen in Chapter 6. Besides the common
resistors and on and off capacitors, additional split resistors and FBs were added to the GD circuitry,
which could perhaps have added as much as 1 nH in the GD loops [70].

Parameter Variation

In this project the LTspice model was designed without considering the parameter variance of the GaN
HEMTs. In practice the threshold voltage Vth and on-resistance RDS,on will differ between the parallel
devices, as mentioned in Section 2.2.3, which will affect the current distribution. The threshold voltage
variation will influence the current sharing of devices during transients. The difference in on-resistance
will impact the steady-state current distribution [26].

10.1.4 Thermal Analysis

In Chapter 7, models of the PCB designs were evaluated on their thermal performance. A parametric
sweep of the heat transfer coefficient and different power dissipation levels allowed for analysing the
junction temperature of the GaN HEMTs at a given operation point. This gives an approximation of
the range of the heat transfer coefficient required to keep the devices within the SOA at a given power
level, so that an appropriate cooling solution can be estimated. The model only incorporates the losses
in the GaN HEMTs, which were assumed to be uniform. Further analysis could incorporate the power
dissipation per device at a given load power based on simulation results, as well as the power losses
in the PCB traces and other components present in the system, such as the Zener diode or the GD
IC and power terminals. As the impact of these components was disregarded, the temperatures in the
system could have been underestimated, which would mean that the heat transfer coefficient would
have to be higher than what the simulation results showed.

Furthermore, the heat transfer coefficient was only swept for the thermal pad area of the GaN HEMTs,
while the remaining parts of the PCB were cooled by natural convection. The influence of forced
convection along the PCB surface could be examined to see whether the heat transfer coefficient of
the thermal pad could be reduced by applying forced convection at a certain air velocity.
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10.2 Experimental Results

In Chapter 9 the DPT of the different designs showed that there was room for improvement in all of
the design strategies. The main focus throughout the project was on varying the electrical parameters
on the power side and a generic, but optimised, GD layout was applied to the designs. However, it was
seen that the GD layout was still too high in loop inductance as this is thought to be the main reason
behind the failures experienced, which was verified by testing Design B at low voltages. It should
still be noted that it was possible to obtain switching at 400 V and 60 A for Design A. This could be
increased by improving on the GD layout.

Due to a lack of foresight, insufficient measurements were made on the first laboratory experiments.
The experimental setup failed before sufficient measurements were made. The lack of measurements
of the high side gate-source voltages and most of the low side devices meant that it was very difficult
to analyse what exactly caused the initial failure of Design A. By having these measurements it could
perhaps have been possible to improve on the PCB to ensure a higher operating point for all designs
in the DPT.

The series of breakdowns with Design A and C impacted that number of probes were added to the
system, i.e. two passive probes, two differential probes and two current probes. This raised the question
of whether this high number of probes impacted the system dynamics and could add to the oscillations
seen in the system.

10.3 Additional Considerations

10.3.1 Quasi-Common Source Inductance

In Section 2.3 on page 12, the importance of the quasi-common source inductances was established.
However, it was deemed infeasible to apply this concept when more than two GaN HEMTs are
paralleled, as it resulted in an overly complicated circuit with little physical meaning. Therefore, it
was assumed that the source inductance had a strong correlation with the quasi-common inductance,
i.e. a high symmetry in the source inductances corresponds to a high symmetry in the quasi-common
inductances. This assumption has not been verified further and could lead to unidentified circulating
currents due to a potential lack of symmetry of the quasi-common inductances. However, a small
investigation into the quasi-common source inductance was performed, which can be seen in Appendix
H on page 146.

This could be a factor in explaining the difference between the LTspice model and the experimental
data. Also, in the experimental work, where Q7 in Design A experienced a breakdown, its performance
could have been more affected due to a lower threshold voltage or higher on-resistance compared to its
neighbouring devices. By implementing the minimum and maximum variation into the LTspice model
the PCB design could have been made to function with these variations.
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10.3.2 Low Frequency Ripple

The low frequency ripple seen on the drain-source voltage in Chapter 9 affected the actual switching
performance of the devices. This made it difficult to evaluate the actual drain-source voltage overshoot
of the devices and it could perhaps have affected the transient performance of the drain-source voltage.
This decreases the validity of the drain-source voltage analysis and the impact of it should be taken
into account for a future setup.

10.3.3 Placement of SMA Connectors

When placing the SMA connectors used for the measurements on the low side devices it was found
that the distance between the connectors had been misjudged. This had the implication that it was
not possible to connect the passive probes to two neighbouring measurement points. This meant that
it was not possible to measure both the drain-source and gate-source voltages for one specific devices
during testing. To be able to get both the drain-source and gate-source voltages two separate tests
were required, whereafter the data could be combined later. This was not ideal because by moving the
different probes around for each test could impact the measurements obtained, which could make it
difficult to directly match the drain-source and gate-source voltage for a given device. This could lead
to some inaccuracy in the analysis performed on the switching waveforms obtained from the DPT in
Chapter 9.

10.3.4 Manual Soldering of 0402 Components

Some 0402 components had to be manually soldered, both due to tombstoning and errors in the
component placement before vapor phase reflow soldering. With manual soldering, there is a larger
possibility of a higher variance in the amount of solder, and thus could alter the individual current
paths and parasitic content. This can lead to additional imbalances. As these manual corrections were
mainly conducted on the sensitive GD circuit, where the 0402 components were used, this could have
an impact on the switching performance
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Chapter 11

Conclusion

In Chapter 3, the following research question was posed:

"How can a GaN HEMT based HB switching module with four GaN HEMTs in parallel be
designed and optimised using a digital design process, and how can the digital design process

be expanded upon to improve its capabilities?"

To answer the the research question, the circuit was analysed, and suitable components were chosen
for the application. It was found that different areas of the circuit should be analysed and optimised
in terms of parasitic composure. Using the digital design process, new iterations could be evaluated
digitally, allowing for digital prototyping.

By researching previous works, some design priorities regarding parasitic composure could be set
up. These were then evaluated using three physical prototypes, each incorporating different design
strategies. The evaluation of these design criteria was unfulfilled, as the prototypes failed to function
as intended. However, switching at 400 V and 50 A was achieved during a DPT which is deemed to be
a success.

It was found that a proper GD layout with low and symmetrical inductances is vital in order to ensure
a functioning module, and that this should be of high priority in the design process, when paralleling
more than two GaN HEMTs.

The data processing is a major part of the digital design process and has previously been a time
consuming process. This project optimised the data processing of Ansys Q3D results, making it
possible to only perform a single FEA for every circuit, while still being able to numerically analyse
the relevant loops, as well as self and mutual inductances.

Moreover, using Matlab to sweep component parameters in the LTspice simulation including the
parasitic content of the circuit opened up the possibility to find the optimal component while taking the
complex non-linearities of a realistic circuit into account. Previously, this was done experimentally,
which is both time and resource consuming. Even though weaknesses in the applied optimisation
theory were found, refining the applied methods can greatly enhance the digital design process.
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Future Work

In this chapter, considerations for future research and design improvements are listed.

12.1 Simulation Time

As the digital design and optimisation process is heavily dependent on the LTspice model it is crucial to
consider ways of optimising the simulation time. With a reduced simulation time is would be possible
to achieve more optimisation sweeps. This could be done by simplifying parts of the LTspice model,
which were not necessary for the given optimisation sweep. As this is a very time consuming task,
it could be crucial for a project with restricted time to minimise this time without compromising the
validity of the optimisation results.

12.2 Thermal Design

The main priority of this project was to evaluate and optimise the electrical performance of a HB
switching module with four GaN HEMTs in parallel with a DPT. The thermal performance of different
design strategies was analysed in Section 2.5 order to determine the best compromise between electrical
and thermal performance. However, for the practical evaluation of the module a cooling was not
considered as this was not needed for the DPT.

The practical implementation of a thermal solution would have to be considered in the future work of
the module in order to ensure that it can perform continuously. As was illustrated in Chapter 7 a lot
of heat was dissipated in the module requiring a cooling solution with high performance.

The impact on the electrical performance would also have to be evaluated, as this could be affected,
depending on the specific chosen thermal solution. It should be noted that the PCB design for the
DPT was made with 2 oz external layer thickness and 1 oz internal. By increasing the thickness of the
board the temperature of the traces could be reduced as the heat would be distributed over a larger
volume.

12.3 Multiboard Design Strategy

For this project it was chosen to implement the GD circuitry on the same PCB as the power circuitry.
However, this reduces the degrees of freedom in terms of altering the GD layout for the different design
strategies presented in this project. As the same GD layout strategy was utilised for both Design A,B
& C, it was not possible to determine the impact of placing the on and off loops differently. A different
GD strategy could perhaps have increased the robustness of the GD to the noise from the power side
of the PCB or lead to a overall decrease in inductance in the GD.

By placing the GD circuitry on a separate PCB, it could decrease the inductive coupling between the
power and GD, which is an important factor to avoid as mentioned in Section 2.3. However, depending
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on the connection between the GD and power boards there could be some added inductance due to
long lead connections. This would have to be accounted for in the GD layout to ensure that the loop
inductance would not affect the performance negatively.

Using a multiboard design would also allow for more flexibility if failure occurs as it would be possible
to reuse the boards, which are unaffected by the failure. This could allow for less time soldering new
PCBs and more time for experimental work. This could also make it easier to test different GD layouts,
which in this project could have proven beneficial.

12.4 Failure Mode and Effects Analysis of PCBs

As discussed in Chapter 9, there was a lack of proper measurements for the first tests, especially
for Design A. In order to fully understand what caused the failures in Design A and C it would be
necessary to assemble a new PCB and perform new test. This time additional measurements would be
performed, to gather information on both the high and low side drain-source and gate-source voltages.
This would be the first step in order to properly determine the cause of the failure and thereby to
determine the needed optimisation on the PCBs. Besides observing the drain-source and gate-source
voltage it could be possible to add a Rogowski coil in the GD setup as the high and low side GD share
the same power input and this could have a common-mode current circulating. This could originate
from unequal voltages in the high and low side GD, which could be determined by using the Rogowski
coil.
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Appendix A

GaN Switching Frequency Content

In order to determine what frequency content the switching of the GaN HEMTs will send into the
circuit, an LTspice model of a single GaN HEMT is created, and a single switching of the device is
measured. This device is switched at approximately 18 A for this test.
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Figure A.1: Frequency response of GaN HEMT switching. The unit of the x axis is [Hz], y axis is [A].

Looking at Figure A.1, it can be seen that the switching results in amplitudes of around 1 A at 100 MHz.
In order to effectively shunt this high frequency current, the capacitor and the circuit it is contained
within must be carefully considered.
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Appendix B

LTspice Model

B.1 LTspice Example Code

1 ∗ BEGIN ANSOFT HEADER
2 ∗ node 1 Net2 : Source3
3 ∗ node 2 Net2 : Source4
4 ∗ node 3 Net1 : Source1
5 ∗ node 4 Net1 : Source2
6 ∗ node 5 Net2 : Sink2
7 ∗ node 6 Net1 : Sink1
8 ∗ END ANSOFT HEADER
9

10 . subckt Ckt_3term2net 1 2 3 4 5 6
11 XZhalf1 1 2 3 4 9 10 11 12 Ckt_3term2net_half
12 XY1 9 10 11 12 Ckt_3term2net_parlel
13 XZhalf2 9 10 11 12 5 5 6 6 Ckt_3term2net_half
14

15 . subckt Ckt_3term2net_half 1 2 3 4 5 6 7 8
16 V1 1 9 dc 0 .0
17 V2 2 10 dc 0 .0
18 V3 3 11 dc 0 .0
19 V4 4 12 dc 0 .0
20 R1 9 13 0.0110539148758
21 R2 10 14 0.0125674975612
22 R3 11 15 0.0111239153611
23 R4 12 16 0.0125842742075
24 F1_2 13 9 V2 0.566431
25 F2_1 14 10 V1 0.498212
26 F3_4 15 11 V4 0.564783
27 F4_3 16 12 V3 0.499242
28 L1 13 5 6.60426166846 e−11
29 L2 14 6 9.36774099447 e−11
30 L3 15 7 6.63379963476 e−11
31 L4 16 8 9.37440268717 e−11
32 K1_2 L1 L2 0.595842
33 K1_3 L1 L3 0.738515
34 K1_4 L1 L4 0.466227
35 K2_3 L2 L3 0.468592
36 K2_4 L2 L4 0.783815
37 K3_4 L3 L4 0.595586
38 . ends Ckt_3term2net_half
39

40 . subckt Ckt_3term2net_parlel 1 2 3 4
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41 RG1_3 1 3 486164.96217
42 RG1_4 1 4 486164.96217
43 RG2_3 2 3 486164.96217
44 RG2_4 2 4 486164.96217
45 R3_0 3 0 5245432002.43
46 R4_0 4 0 5245432002.43
47 C1_0 1 0 1.67922926178 e−15
48 C1_3 1 3 1.75930951081 e−14
49 C1_4 1 4 1.75930951081 e−14
50 C2_0 2 0 1.67922926178 e−15
51 C2_3 2 3 1.75930951081 e−14
52 C2_4 2 4 1.75930951081 e−14
53 C3_0 3 0 1.67146922436 e−15
54 C4_0 4 0 1.67146922436 e−15
55 . ends Ckt_3term2net_parlel
56

57 . ends Ckt_3term2net
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B.2 LTspice Schematic

Figure B.1: LTspice circuit with parasitics included.
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Appendix C

Ferrite Bead List

The following FBs have been simulated in LTspice:

Ferrite Number L [µH] Rser [Ω] Rpar [Ω] Cpar [pF] fr [MHz] Zmax [Ω] Ipk [A] Manufacturer Part No.
1 0.194 0.118 122 0.153 923.79 122 0.3 Würth Elektronik 74279270 WE-CBF 0402
2 0.04 0.016 10.9 3.2 444.85 11 0.5 Würth Elektronik 742792701 WE-CBF 0402
3 0.38 0.245 200 0.35 436.41 200 0.5 Würth Elektronik 74279271 WE-CBF 0402
4 0.022 0.044 13 1.6 848.30 13 0.5 Würth Elektronik 7427927110 WE-CBF 0402
5 0.2 0.34 850 0.337 613.04 850 0.35 Würth Elektronik 7427927112 WE-CBF 0402
6 0.053 0.023 108 0.209 1512.20 108 0.3 Würth Elektronik 7427927130 WE-CBF 0402
7 0.985 0.138 145 0.33 279.15 145 0.3 Würth Elektronik 742792716 WE-CBF 0402
8 1.6 0.3 930 0.54 171.22 930 0.4 Würth Elektronik 7427927160 WE-CBF 0402
9 0.12 0.256 655 0.6 593.14 655 0.4 Würth Elektronik 7427927170 WE-CBF 0402
10 0.39 0.167 230 0.288 474.89 230 0.4 Würth Elektronik 7427927218 WE-CBF 0402
11 1.6 0.505 570 0.36 209.71 571 0.3 Würth Elektronik 7427927291 WE-CBF 0402
12 0.622 0.2 24 0.348 342.09 24 0.3 Würth Elektronik 74279273 WE-CBF 0402
13 0.26 0.08 130 0.38 506.34 130 1.2 Würth Elektronik 742792731 WE-CBF 0402
14 0.33 0.012 12 2 195.91 12 2 Würth Elektronik 7427927310 WE-CBF 0402
15 0.3 0.08 135 0.3 530.52 135 1.2 Würth Elektronik 7427927311 WE-CBF 0402
16 0.178 0.1 73 0.38 611.95 73 1.2 Würth Elektronik 7427927370 WE-CBF 0402
17 0.108 0.25 39 0.266 939.00 39 0.3 Würth Elektronik 74279274 WE-CBF 0402
18 0.106 0.152 71 0.063 1947.59 71 0.3 Würth Elektronik 74279276 WE-CBF 0402
19 0.273 0.35 102 0.255 603.21 102 0.3 Würth Elektronik 74279277 WE-CBF 0402
20 0.67 0.115 270 0.42 300.03 270 0.3 Würth Elektronik 742792780 WE-CBF 0402
21 0.46 0.26 540 0.128 655.90 540 0.5 Würth Elektronik 742843122 WE-CBF HF 0402
22 0.6 0.219 120.5 0.279 388.99 121 0.3 Würth Elektronik 782422101 WE-CBA 0402
23 0.43 0.184 330 0.37 399.01 330 0.3 Würth Elektronik 782422221 WE-CBA 0402
24 0.78 0.359 535 0.445 270.14 535 0.3 Würth Elektronik 782422331 WE-CBA 0402
25 0.0232 0.023 14 0.057 4376.62 14 1.5 Würth Elektronik 782423100 WE-CBA 0402
26 0.125 0.0657 154 0.349 762.00 154 1.2 Würth Elektronik 782423700 WE-CBA 0402

Table C.1: List of simulated FBs.
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Appendix D

Gate Resistor Sweeps

D.1 Design A

For Design A, the following split resistances were simulated:

Design A
Sim. Nr. Rsplit,on [Ω] Rsplit,off [Ω] Stable?

1 0.1 0.1 Yes
2 0.1 1 Yes
3 0.1 5 Yes
4 1 0.1 No
5 1 1 No
6 1 5 Yes
7 1 10 Yes
8 5 0.1 Yes
9 5 1 Yes
10 5 5 Yes
11 5 10 No
12 10 0.1 No
13 10 1 Yes
14 10 5 No
15 10 10 No
16 0.1 10 Yes
17 0.5 10 No
18 2 10 Yes
19 3 10 Yes
20 4 10 Yes

Table D.1: Overview of simulated split resistor combinations for Design A.
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D.2 Design B

The simulated combinations of the split resistors for Design B can be seen in Table D.2

Design B
Sim. Nr. Rsplit,on [Ω] Rsplit,offF [Ω] Stable?

1 0.1 0.1 Yes
2 0.1 1 Yes
3 0.1 5 Yes
4 0.1 10 Yes
5 1 0.1 Yes
6 1 1 No
7 1 5 Yes
8 1 10 No
9 5 0.1 Yes
10 5 1 No
11 5 5 Yes
12 5 10 Yes
13 10 10 Yes
14 10 1 No
15 10 5 Yes
16 10 0.1 Yes
17 0.1 8 No
18 12 10 No
19 2 2 Yes
20 3 4 Yes
21 4 2 No
22 3 1 Yes
23 2 4 Yes

Table D.2: Overview of simulated split resistor combinations for Design B.
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D.3 Design C

The simulated combinations of split resistors for Design C can be seen in Table D.3

Design C
Sim. Nr. Rsplit,on [Ω] Rsplit,off [Ω] Stable?

1 0.1 0.1 No
2 0.1 1 No
3 0.1 5 No
4 0.1 10 Yes
5 1 0.1 Yes
6 1 1 Yes
7 1 5 Yes
8 1 10 Yes
9 5 0.1 Yes
10 5 1 Yes
11 5 5 Yes
12 5 10 No
13 10 1 Yes
14 10 5 No
15 10 10 Yes

Table D.3: Overview of simulated split resistor combinations for Design C.
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Appendix E

Matlab Code

1 f unc t i on [ Lloop1 , Lre levantS imple ] = f ind loop induc tance ( f i l ename , loopnodes
)

2 %f ind loop induc tance This func t i on r e tu rn s the c a l c u l a t ed loop inductance
3 %from the Ansys q3d f i l e you spe c i f y , and which nodes are in the loop
4 % The Ansys q3d data should be saved as a . csv , i n c l ud ing only the DC
5 % r e s i s t a n c e and inductance .
6 %Input the f i l ename o f the . csv f i l e , as we l l as the nodes to be analysed

.
7 %Output i s [ 1 ] the loop inductance ( s i n g l e number ) [ 2 ] The loop

inductance
8 %matrix ( i n c l ud e s s e l f −inductances and mutual inductances .
9 %Example : Q1ONnodes = ["Q1Gate" , "R_R8_N" , "R_R8_P" , "R_R6_N" , "R_R6_P

" , "GD7" , "GD8" , "C_C14_P" "C_C14_N" , "Q1Source " ] ;
10 %[Q1ONloop , Q1ONM] = f ind loopinductanceV3 ( fname1 ,Q1ONnodes)
11

12 Loop1 = loopnodes ;
13

14 % Fir s t , we ex t r a c t the data
15 name = f i l ename ;
16 Ldataraw = readmatr ix (name) ; %Reading

data . (MUST BE SAVED AS CSV WITH MATRIX. ONLY INCLUDE DC RES AND
INDUCTANCE

17 Ldataraw ( : , 1 ) = [ ] ; %De le t ing
f i r s t column ( j u s t NaNs)

18 Ldataraw ( : , end ) = [ ] ; %De le t ing
l a s t colum ( j u s t NaNs

19 sz = s i z e ( Ldataraw ) ; %Fidning
the s i z e o f the matrix , which i s d i agona l l y symmetrical . I found the
number o f columns , need to d e l e t e e x c e s s i v e rows now

20 Ldata = Ldataraw ; %Taking a
copy

21 Ldata ( sz (2 ) +1:end , : ) = [ ] ; %De le t ing
exce s s rows ( below )

22

23 % Then we ex t r a c t the l a b e l s
24 Llabe l s raw = r e a d c e l l (name) ;
25

26 sz2 = s i z e ( Llabe l s raw ) ; %S i z e o f
raw l a b e l s matrix

27 f o r n = 1 : sz2 (1 ) %For loop
to i s o l a t e DC inductance l a b e l s

28 i f c onta in s ( L labe l s raw (n , 1 ) , ’DC Inductance Matrix ’ ) %Finding
where Inductance s t a r t s
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29 Lindex = n ;
30 end
31 i f c onta in s ( L labe l s raw (n , 1 ) , ’DC Res i s tance Matrix ’ ) %Finding

where Res i s tance s t a r t s
32 Rindex = n ;
33 end
34 end
35

36 L labe l s 1 = Llabe l s raw ; %Taking
copy

37 L labe l s 1 ( 1 : Lindex , : ) = [ ] ; %Delete
everyth ing above inductance

38 L labe l s 1 ( 1 : Rindex−Lindex , : ) = [ ] ; %Delete
a l l r e s i s t a n c e

39 L labe l s 1 ( : , 3 : end ) = [ ] ; %Delete
everyth ing but two columns we want

40 L labe l s 1 ( 1 , : ) = [ ] ;
41 sz3 = s i z e ( L l abe l s 1 ) ;
42

43 f o r n1 = 1 : sz3 (1 ) %In t h i s
f o r loop , we d e l e t e everyth ing a f t e r comma in the l a b e l matrix column
2

44 L labe l s 2 {n1 ,1} = eraseBetween ( L l abe l s 1 {n1 , 2} , ’ , ’ , l ength ( L l abe l s 1 {n1
, 2 } ) , ’ Boundaries ’ , ’ i n c l u s i v e ’ ) ;

45 end
46 L l abe l s 1 c l e an = L labe l s 1 ;
47 L l abe l s 1 c l e an ( : , 2 ) = [ ] ; %I s o l a t e

column 1 in big l a b e l matrix
48 Llabe l sCleaned = cat (2 , L l abe l s 1c l ean , L l abe l s 2 ) ; %

Concatenate , such that we have Net name in column 1 , node name in
column 2

49

50 %NOWWE START CALCULATING
51 %Fi r s t we want to f i nd where our r e l e van t data i s
52

53 Loop1index = ze ro s ( l ength (Loop1 ) ,1 ) ;
%DEFINE EMPTY MATRIX FOR

THE DATA
54 f o r i = 1 : l ength (Loop1 )

%This for−loop
f i n d s a l l the indeces , where you can f i nd your v a r i a b l e s in the l a r g e
matrix

55 f o r n2 = 1 : l ength ( Llabe l sCleaned )
56 i f c onta in s ( L labe l sCleaned (n2 , 2 ) , Loop1 ( i ) )
57 Loop1index ( i ) = n2 ;
58 end
59 i f Loop1index ( i ) == 0
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60 Loop1index ( i ) = length ( Ldata )+1;
61 end
62

63 end
64 end
65 Ldata = cat (1 , Ldata , z e r o s (1 , l ength ( Ldata ) ) ) ;

%Adding empty row and column to Ldata
( used when the node c a l l e d i s a s ink )

66 Ldata = cat (2 , Ldata , z e r o s ( l ength ( Ldata ) ,1 ) ) ;
67

68 %We then ex t r a c t a l l o f the r e l e van t data us ing our indeces , i n to the
69 %" re l e van t matrix "
70 Lre l evant = ze ro s ( l ength (Loop1 ) , l ength (Loop1 ) ) ;
71 l eng thLre l evant = length ( Lre l evant ) ;
72

73 %We i n s e r t a l l o f our r e l e van t data in to the matrix
74 f o r j = 1 : l ength (Loop1 )
75 f o r i 1 = 1 : l ength (Loop1 )
76 Lre l evant ( j , i 1 ) = Ldata ( Loop1index ( j ) , Loop1index ( i 1 ) ) ;
77 end
78 end
79

80 Lre levantS imple = ze ro s ( l ength (Loop1 ) /2 , l ength (Loop1 ) /2) ;
%We want to s imp l i f y t h i s r e l e van t matrix , so we

c r ea t e a matrix h a l f the s i z e
81 lS imple = length ( Lre levantS imple ) ;
82

83 f o r l = 1 : l ength ( Lre levantS imple )
%Inductance matrix i s

c a l c u l a t ed
84 f o r k = 1 : l ength ( Lre levantS imple )
85 k1 = k∗2−1;
86 l 1 = l ∗2−1;
87 Lre levantS imple ( kc , l ) = Lre l evant ( k1 , l 1 )+Lre l evant ( k1+1, l 1+1)−

Lre l evant ( k1+1, l 1 )−Lre l evant ( k1 , l 1+1) ;
88 end
89 end
90 % THEN WE FIND THE INDUCTANCE BY SUMMING THE MATRIX
91 Lloop1 = sum( Lre levantSimple , ’ a l l ’ )
92

93 end
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DSP C Code

In this appendix, the code used to perform the required tests is shown.

F.1 Initialisation

1 #inc lude "DSP28x_Project . h"
2 void main ( void )
3 {
4 EALLOW;
5 GpioCtrlRegs .GPAMUX1. b i t .GPIO0 = 0 ;
6 GpioCtrlRegs .GPADIR. b i t .GPIO0 = 1 ;
7 GpioCtrlRegs .GPAMUX2. b i t .GPIO16 = 0 ;
8 GpioCtrlRegs .GPADIR. b i t .GPIO16 = 1 ;
9 GpioCtrlRegs .GPBPUD. b i t .GPIO32 = 0 ; // Disab le pu l l−up r e s i s t o r

10 GpioCtrlRegs .GPBQSEL1. b i t .GPIO32 = 0 ; // S e l e c t amount o f samples f o r qua l i f y i ng , 0
= 1 sample .

11 GpioCtrlRegs .GPBMUX1. b i t .GPIO32 = 0 ; // S e l e c t GPIO from MUX
12 GpioCtrlRegs .GPBDIR. b i t .GPIO32 = 0 ; // S e l e c t d i g i t a l input
13 EDIS ;
14

15 I n i t Sy sC t r l ( ) ;
16

17 Uint16 pinValue ;
18 f l o a t t1on = 5000 ; // wr i t e time in nanoseconds f o r pu l s e 1
19 f l o a t t3on = t1on ; // wr i t e time in nanoseconds f o r pu l s e 2
20 f l o a t deadtime = 350 ; // wr i t e time in nanoseconds f o r deadtime ( I f t h i s time

i s to be used , change to whi l e loop
21 i n t t1 = t1on /80+34/80;
22 i n t dead = deadtime /80+34/80;
23 i n t t3 = t3on /80+34/80;
24 i n t i ;
25 i n t j ;
26 i n t k ;
27 i n t de ;
28 i n t ded ;
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F.2 Double Pulse Test Code

1

2

3 whi le (0 ) //DPT t e s t ( s e t to 1 i f want to do DPT, otherw i s e 0
4 {
5 pinValue = GpioDataRegs .GPBDAT. b i t .GPIO32 ;
6 i f ( ! pinValue )
7 {
8

9 //ALL PINS OFF INITIALLY
10 GpioDataRegs .GPADAT. b i t .GPIO0 = 0 ;
11 i = 1 ;
12 j = 1 ;
13 k = 1 ;
14 DELAY_US(100) ;
15

16 //FIRST PULSE
17 GpioDataRegs .GPADAT. b i t .GPIO0 = 1 ;
18 whi le ( i<t1 ) // de lay i s generated here
19 {
20 i++;
21 }
22 // j = 1 ;
23 //HS Pulse OFF
24 GpioDataRegs .GPADAT. b i t .GPIO0 = 0 ;
25

26

27 // whi le ( j<dead ) // to ad jus t deadtime , uncomment th i s , and comment the k
28 // {
29 // j++;
30 // }
31 k = 1 ; // de lay ( lowest c l o ck cy c l e de lay i could f i nd )
32

33 //SECOND PULSE
34 GpioDataRegs .GPADAT. b i t .GPIO0 = 1 ;
35 whi le (k<t3 )
36 {
37 k++;
38 }
39 // j = 1 ;
40 //HS Pulse OFF
41 GpioDataRegs .GPADAT. b i t .GPIO0 = 0 ;
42 DELAY_US(1000000) ;
43 }
44 pinValue = 0 ;
45 }
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F.3 Multiple Pulse Test Code

1 //mul t ip l e pu l s e t e s t s e t t i n g s
2 i n t n = 15 ; //number o f pu l s e s
3 i n t d ; //dummy deadtime va r i ab l e
4 f l o a t pu l s e l eng th = 500 ;
5 i n t pu l s e = pu l s e l eng th /80+34/80;
6

7

8 whi le (1 ) // Set to 1 i f you want to do a mul t ip l e pu l s e t e s t
9 {

10 pinValue = GpioDataRegs .GPBDAT. b i t .GPIO32 ;
11 i f ( ! pinValue )
12 {
13 GpioDataRegs .GPADAT. b i t .GPIO0 = 0 ;
14 GpioDataRegs .GPADAT. b i t .GPIO16 = 0 ;
15

16 f o r ( i = 1 ; i <= n ; ++i )
17 {
18 k = 1 ;
19 d = 1 ;
20 de = 1 ;
21 ded = 1 ;
22 GpioDataRegs .GPADAT. b i t .GPIO16 = 0 ;
23 whi le ( de<dead )
24 {
25 de++;
26 }
27 GpioDataRegs .GPADAT. b i t .GPIO0 = 1 ;
28

29 whi le (k<pu l s e )
30 {
31 k++;
32 }
33

34

35 GpioDataRegs .GPADAT. b i t .GPIO0 = 0 ;
36 whi le ( ded<dead )
37 {
38 ded++;
39 }
40 GpioDataRegs .GPADAT. b i t .GPIO16 = 1 ;
41 whi le (d<pu l s e )
42 {
43 d++;
44 }
45 }
46 GpioDataRegs .GPADAT. b i t .GPIO16 = 0 ;
47 GpioDataRegs .GPADAT. b i t .GPIO0 = 0 ;
48 DELAY_US(1000000) ;
49 }
50 }
51 }
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Appendix G

Altium Schematics
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Figure G.1: Altium schematic for the power side.
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Figure G.2: Altium schematic for the optical to gate driver input side.
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Appendix H

Quasi-Common Inductance Source
Inductance

Presented in Section 2.2, a model of the parasitics of a HB with four devices in total was shown. The
parasitics are defined, such that their influence on system stability can be quantified. Specifically,
the quasi-common inductance was presented, and its importance was recognised. A schematic
representation of it for two parallel devices can be seen in Figure H.1.

Figure H.1: Simplified circuit schematic of quasi common loop for two devices. The common source inductance between
power and GD loops has been removed for simplicity.

In Figure H.1, the effect of the quasi-common inductance is demonstrated. An imbalance in either
the quasi-common inductances LQSx, an imbalance in the di/dt seen over these inductances, or a
combination of these will cause a current IQSC to circulate over the source return impedance. The
voltages over the quasi-common inductances can be found as seen in Figure (H.1).

VQSx =
dix
dt
LQSx (H.1)

The resulting circulating current is seen in (H.2).

IQSC =
VQS1 − VQS2

RS1 +RS2
+

1

LS1 + LS2

∫
VQS1 − VQS2dt (H.2)

This results in voltage drops in each of the GD loops as seen in (H.1).

VSx = IQSC ·RSx + LSx
diQSC
dt

(H.3)

Looking at Figure H.1, it can be seen that the voltage drops VS1 and VS2 affect their respective GD
loops in opposite directions, i.e. one GD loop will have its voltage increased, the other will have its
voltage reduced. This may cause an imbalance in the current carrying capability of the devices, as
their gate voltages will differ. This may in turn cause an imbalance in the di/dt of the devices, causing
further imbalance. A feedback loop may occur as a result of this.
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