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ABSTRACT

CHARACTERIZATION OF GAN TRANSISTORS AND DEVELOPMENT
OF BI-DIRECTIONAL DC/DC CONVERTER WITH HALF-BRIDGE
HAVING SHORT CIRCUIT PROTECTION FOR PARALLEL SWITCHES

Karakaya, Furkan
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assist. Prof. Dr. Ozan Keysan

September 2020, pages

Wide band-gap semiconductors are superior to Si-based semiconductors with their in-
creased electron mobility and breakdown strength which leads to small package sizes,
low parasitics, and increased switching frequency capability. Efficient and dense
power converter could be obtained with wide band-gap devices especially GaN tran-
sistors. This thesis investigates the GaN HEMTs in terms of their characterization and
application. The gate charge and output capacitance of GaN HEMTs are characterized
by designed experimental setups and they are compared with manufacturer-provided
data. The differences between outcomes and the datasheet are highlighted and ex-
plained. Based on the characterized elements of GaN HEMTs, their switching per-
formance is studied within a simulation platform and effects of package capacitances,
parasitic inductances, temperature, gate resistance are discussed. A half-bridge pro-
totype design is performed where layout optimization is done for a parallel-connected
GaN HEMTs. Moreover, a short circuit protection technique is implemented on the
same half-bridge board to save GaN HEMTs from overcurrent and increase the relia-

bility. The short circuit protection method is able to detect the fault in 40 ns and can



control the short circuit current in 100 ns. Lastly, an example application is realized
with GaN HEMT based half-bridges to have a bi-directional DC/DC converter. The
bi-directional DC/DC converter has 5.4 kW power rating with 5.24 kW/[ power den-
sity. This power density is achieved with 450 kHz of switching frequency where zero
voltage switching is applied with critical conduction mode switching. The efficiency

of the converter is 97.7% at maximum load.

Keywords: Gallium Nitride, GaN HEMT, Device Characterization, Layout Design,
Short Circuit Protection, Bi-directional DC/DC Converter
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0z

GAN TRANSISTORLERIN KARAKTERIZASYONU VE PARALEL
ANAHTARLAR ICIN KISA DEVRE KORUMASINA SAHIP YARIM KOPRU
iLE CIFT YONLU DA/DA CEVIRICI GELISTIRILMES]

Karakaya, Furkan
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Dr. Ogr. Uyesi. Ozan Keysan

Eyliil 2020 , [138]sayfa

Artirilmis elektron hareketlilikleri ve bozulma dayanimi seviyeleri ile genis bant ara-
likl1 yart iletkenler Si tabanli yari iletkenlere gore daha iistiinlerdir. Bu {iistiinliik yar1
iletkenlerin kiiciik paketlerde iiretilmesine, diisiik parazitik olusmasina ve anahtar-
lama frekansinin artirilabilir olmasina olanak saglar. Genis bant aralikli yari iletkenler
ile 6zellikle de GaN HEMT cihazlar ile yiiksek verimli ve diisiik hacimli gii¢ ¢evi-
ricileri tasarlanilabilir. Bu tezde, GaN HEMT anahtarlar, nitelendirme ve uygulma
calismalar ile incelenmistir. Yari iletken kapisinin elektriksel yiikii ve ¢ikis sigasi,
tasarlanmis deneysel calismalarla nitelendirilmis olup iireticinin paylastig1 veri ile ki-
yaslanmugtir. Uretici verisi ile deneysel sonuclar arasindaki farklar vurgulanmis ve bu
farklarin sebepleri irdelenmistir. Nitelendirilen bu parametreler ile GaN HEMT cihaz-
larin anahtarlama performanslar1 benzetim ¢aligsmalar ile degerlendirilmis ve paket
s1gas1, parazitik endiiktans,sicaklik, kap1 direnci gibi parametrelerden nasil etkilen-
digi tartistlmigtir. Daha sonra hat tasarim eniyilestirme ¢alismasi yapilarak paralel

GaN HEMT kullanimu ile birlikte yarim koprii tasarimi gergeklestirilmistir. Bununla
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beraber, GaN HEMT leri yiiksek akimdan korumak ve giivenilirligi artirmak i¢in bir
kisa devre koruma yOntemi ayni yarim koprii baski devre karti iizerine yerlestiril-
mistir. Bu kisa devre koruma yontemi, hatay1 40 ns icerisinde algilamakta ve 100 ns
icerisinde kisa devre akimini kontrol altina alabilmektedir. Son olarak bir ¢ift yonlii
DA/DA cevirici 6rnek uygulamasi tasarlanan yarim koprii baski devre kartlar1 kul-
lanilarak gerceklestirilmis ve 5.24 kW/I gii¢ yogunluguna 5.4 kW gii¢ degeri altinda
ulagilmisgtir. Bu gii¢ yogunlugu sifir gerilim anahtarlama uygulanarak ¢ikilan 450 kHz
anahtarlama frekansi ile elde edilmistir. Sifir gerilim anahtarlamanin elde edim yon-
temi kritik mod anahtarlamadir. DA/DA ceviricinin verimliligi tam yiik altinda %97.7

olarak ol¢iilmiistiir.

Anahtar Kelimeler: Galyum Nitrat, GaN HEMT, Cihaz Karakterizasyonu, Hat Tasa-
rimi1, Kisa Devre Korumasi, Cift Yonlii DA/DA Cevirici
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CHAPTER 1

INTRODUCTION

The history of power electronics is merged into the history of power semiconduc-
tor technology when the first solid-state power semiconductor device is invented in
the early 1900s. The most critical parameters of a power electronics product such
as efficiency, size, and the range of the regulation capability are mostly limited with
the capabilities of power semiconductors. Over the last 60 years, Silicon (Si) based
power semiconductors dominated the field and led to a huge development in power
electronics. In recent years, designers highly achieved the limits of Si power semi-
conductors and new types of semiconductors have been required to further improve
power electronics technology. With their superior characteristics over Si, wide band-
gap (WBG) semiconductors revived the hopes for better power electronics outcome.
Silicon-carbide (SiC) and Gallium-Nitride (GaN) based power semiconductors are
now available and they are highly addressed by different types of power electronics
applications with tight requirements. This thesis focuses on particularly GaN power

devices in terms of their characterization and applications.

In this chapter, the motivation and problem definition is given by citing former studies
related to characterization and applications of GaN transistors. Then, the contribution

of each chapter is explained in detail in an outline format.

1.1 Motivation and Problem Definition based on Literature Survey

Wide band-gap (WBG) transistors introduce significant improvement possibilities
for power electronics applications. Either Silicon-Carbide (SiC) or Gallium-Nitride

(GaN) has a wider band-gap in comparison to Silicon (Si) devices which leads to
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Figure 1.1: Comparison of Si, SiC, and GaN for power semiconductor applications
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smaller power semiconductors for the same voltage rating. The superior characteris-
tic of WBG transistors is not limited to the high electric break-down field. A com-
parison scheme is presented in Fig. [I.T] where five different specifications are given
for Si, SiC, and GaN material. High break-down strength of a device enables to make
the device more compact [1l]. As a result of compactness, the on-state resistance de-
creases, the parasitic in-package inductance decreases, the parasitic capacitance also
decreases, so the switching speed of the device increases. Moreover, higher saturated
electron velocity leads to better switching performance [[1]. However, it is required to
understand the characteristics of the GaN power device in more detail and required
to verify the performance characteristics under different operating conditions such as

different bias voltage levels and different junction temperatures.

The structure of the device is one of the most important parameters affecting the char-
acteristics. In contrast to Si transistors which gain conductivity via doping regions,
GaN transistors gain the conductivity via piezoelectricity. The crystal structure of
GaN brings piezoelectric characteristics which help to achieve very high conductivity

in comparison to other types of semiconductor materials [2]. A thin layer of AlGaN
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Figure 1.2: Simplified cross section of a GaN/AIGaN heterostructure showing the
formation of a 2DEG [2]]

on top of GaN crystal creates a strain at the contact region and accumulates negative
charge which can move freely as given in Fig. [I.2] The accumulated negative charge
is called two-dimensional electron gas (2DEG) and it is the reason behind high con-
ductivity. Comparing the body diode of St MOSFETsS created by p-n junctions to the
2DEG of A GaN transistor, an electron can move in both directions in 2DEG. There-
fore, GaN transistors do not include a body diode and do not suffer from weak points

of body diodes like reverse recovery charge.

Since the GaN crystal is conductive through the interface with AlGaN, the 2DEG
channel stays normally ON. In order to control the conductivity, a depletion-mode
(d-mode) gate is placed on top of AlGaN material to deplete electrons accumulated
in GaN crystal as shown in Fig.[[.3] The channel is not conductive as long as a neg-
ative bias is applied to the gate. However, due to reliability concerns, normally OFF
transistors are preferred for power electronics applications. Normally OFF transistors
under zero gate bias are known as enhancement-mode (e-mode) transistors. In or-
der to have a normally OFF channel, a d-mode GaN transistor is connected in series
with an e-mode Si MOSFET as presented in Fig.[1.4] This type of device is named
Cascode GaN transistor and they are available on the market. It is advantageous to
use Cascode GaN transistors as long as the bias voltage is higher than 200 V because
the on-state resistance of Si MOSFET gets comparable with channel resistance of
d-mode GaN transistor if the voltage rating is lower than 200 V [2]. Cascode GaN
transistors are also advantageous with their inherent p-n junction at St MOSFET. This

p-n junction can be used as a free-wheeling diode with a lower forward voltage drop.
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Additionally, the gate threshold voltage for cascode transistors is the same with tra-
ditional levels, so it enables to use of regular gate-driver integrated circuits (ICs).
However, the main problem of this type of device is the packaging [3]]. In addition
to power loop inductance, high package inductance is responsible for gate ringing
[3], high voltage induction, high switching loss [1]], and electromagnetic interference

(EMI) problems.

Another way to get an e-mode gate structure is by having a pGaN gate. In this struc-
ture, a positively charged GaN layer is placed on top of the AlGaN layer as given
in Fig. [I.5] The positive built-in voltage of the pGaN layer, i.e. threshold voltage,
has to be overcome to get a fully conductive channel [2]]. In this thesis, all of the
studies are conducted with e-mode pGaN gated GaN High Electron Mobility Transis-
tors (HEMTs). Transistors, GS66508T and GS66508B have 650 V, 30 A voltage and

current ratings [4, 5]].
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Figure 1.5: Normally OFF structure with a pGaN gate [2]]

An important measure of transistor quality is being able to operate with the same
characteristic though the varying operating conditions such as temperature and bias
voltage change. Junction temperature is a key factor affecting the performance of
GaN transistors. Even though the threshold voltage is relatively stable over temper-
ature for GaN devices [, [2], the electron mobility (1) of e-mode GaN HEMTs de-
creases significantly with temperature, so the on-state resistance is degraded [3]. An
increase in the on-state resistance could increase conduction losses and easily invali-
date the thermal cooling design. However, under a short-circuit (SC) fault condition,
an increase in on-state resistance can limit the peak of SC current which improves the
SC ruggedness of GaN HEMTs [3,16]]. Similar behavior is observed in the breakdown
mechanism as well. If the critical electric field is exceeded, the 2DEG is destroyed

which results in a great increase in on-state resistance [2], i.e., open circuit.

In a like manner to junction temperature, the bias voltage is another key factor affect-
ing device performance. The surface charge gets trapped near the drain edge of the
gate terminal when the device stays in the OFF state with an applied drain-to-source
bias voltage (V;s). The trapped charge near the gate behaves as a virtual gate and
weakens the 2DEG until they are released [1]. This phenomenon is called the cur-
rent collapse and the degradation in on-state resistance is proportional to the applied
voltage. It is reported that it takes too long time for charges to return to the initial
state [7]. This problem should have been solved by the manufacturer of the device.
For this purpose, the gate and source field plates are extended towards drain as shown
in Fig. [1.6] to reshape electric field distribution so that a lower amount of charge is

trapped near gate [1]].
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Figure 1.6: Redistribution of electric field with extended source and gate field plates
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Figure 1.7: Source of the parasitic capacitances [2]]

Extending and placing the plates affect the parasitic capacitances as well. Fig. [1.7]
shows the source of parasitic capacitances. Those capacitances directly affect the
switching characteristic and switching losses [8]. There would be no parasitic ca-
pacitance in an ideal case; however, the metal plates with the insulating material
between them acts as a capacitor. For the minimization of package capacitance, the
plates should be manufactured away from each other. The capacitors are shown in
Fig. [I.7) affect switching characteristics differently. The input capacitance (Crss =
Cgs + Cap) changes the charging and discharging time constant of gate-source volt-
age, so the dead-time has to be selected accordingly. It also affects the gate loop de-
sign as will be discussed in Section[d.1] The output capacitance (Coss = Cps+Cep)
slows down the transition, so increases the switching loss. The miller capacitance
(Crss = Cgp) builds the feedback path from drain to the gate and unsuccessful

designs can easily fail with a false turn-on fault [9] because of the miller capacitance.

The switching losses are not limited to the overlap losses during charging and dis-

charging the output capacitance. As a matter of fact, the switching losses related
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Figure 1.8: Characterization circuit for Cgs vs Vs [12]

to output capacitance do not exist for zero voltage switching (ZVS) topologies [10].
For the applications where the switching frequency goes beyond 100 MHz [11]], even
though ZVS is applied, the loss caused by charging and discharging current of input
capacitance gets effective. Even though the gate-source charge (Q)5s) is reported in
datasheets, that charge is characterized for hard switching applications. A charac-
terization method for input capacitance and miller capacitance is proposed in [12].
Utilizing a DC bias and a high-frequency (> IMHz) AC supply as shown in Fig. [[.§]
the impedance can be characterized by measuring the AC current. This technique
is complicated with the requirement of various supplies and measurement tools. A
simple method based on small-signal input capacitance measurement is proposed by

the author ez al. in [[13] as will be discussed in Chapter 2}

On the other hand, the characterization of output capacitance might be challenging
with conventional methods. Sawyer-tower is a common method to measure output
capacitance of devices [14, [15]. The device-under-test (DUT) is connected in se-
ries with a reference capacitor and a large sinusoidal voltage is applied. Basically,
the voltage ratio gives the capacitance of the device. However, it is hard to capture
nonlinear output capacitance of a device with only one reference capacitor [16]. A
method is proposed in [16] which utilizes the resonant charging of the output capac-
itor of the device with the help of an inductor. The same method is applied in this

thesis on GS66508T GaN HEMT to characterize output capacitance.

Having characterized the required parameters, it is also important to build a model
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to evaluate device performance. Simulation models are necessary to analyze switch-
ing performance and losses of the device before implementation. Investigation of the
switching behavior of GaN power FETs is important for several reasons. First, the
high switching speed of GaNs makes them more vulnerable to di/dt, dv/dt effects,
and parasitic components. Secondly, e-mode GaNs have reverse conduction capabil-
ity without an intrinsic or external diode [[17]. They act as a resistor just like MOS-
FETs in forward conduction mode; however, their behavior in reverse conduction
mode is different from the forward conduction, varying with the applied gate-source
(Vys) voltage. Therefore, turn-on and turn-off characteristics are dependent on applied
gate-source voltage. In half-bridge configurations, a negative gate voltage is usually
required to avoid false turn-on, which results in a much higher on-state voltage when
the device is not actively turned-on during dead-time [9]. Another reason for study-
ing the switching behavior of GaN is that their switching loss and reverse conduction
loss model are not the same as Si MOSFETs. Although the dead-time period and its
effects on power loss calculations are usually ignored in other applications, it may

affect the converter efficiency significantly in e-mode GaN applications [9].

Several studies have been published regarding e-mode GaN FET modeling. In [18]],
the (Jgs - Vas), (Igs - Vys) characteristics and dynamic on-state resistance (Fgs—on)
behavior of e-mode GaNs are obtained using curve fitting from experimental data.
An analytical model is applied for steady-state behavior with temperature depen-
dency and for the dynamic response with varying input and output capacitances in
[19]. A mode-by-mode analysis is investigated in [20] for estimating the switching
losses under various parasitic effects using small-signal models. The false turn-on
phenomenon and its relationship with the applied V, voltage are investigated in [9].
Several methods have been proposed for the minimization of the reverse conduction

losses such as using a Schottky diode in parallel with the synchronous GaN transistor

[91].

Characterization of the device is not sufficient to ensure device behavior because the
switching performance is also related to circuit dynamics. The layout parasitics on a
printed circuit board (PCB) can increase the switching losses [1]] and even can cause
a short circuit fault [9]. The two most important loops on a layout are the power loop

and the gate loop. Slow transition and voltage overshoot across drain-source termi-
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Figure 1.9: CSI causes oscillation on gate under high dI /dt [2]

nals are two main disadvantages of power loop inductance [2]. Similarly, gate loop
inductance is responsible for gate voltage oscillation. An oscillation in V, voltage
causes an oscillation in the trans-conductance of the device. Therefore, the device
current oscillates and results in EMI problems. Also, high gate loop inductance is the
main reason for false turn-on fault [9]. Another important parasitic is the common
source inductance (CSI) which is the path shared by both the gate loop and the power
loop [2] as given in Fig. [[.9] The CSI makes both the power loop and the gate loop
worse. Additionally, it makes the gate loop sensitive towards a high d/dt of drain
current. In order to overcome the problems caused by CSI, a secondary source pin as
known as Kelvin Source has been utilized in some transistors [[1]. Separating source

terminals for the gate loop and power loop helps to achieve minimum CSI.

It is sometimes necessary to connect transistors in parallel to increase current capabil-
ity and also for better heat flux distribution on a heat-sink, where all paralleled devices
are mechanically assembled [21]. However, parasitic inductance gains much more
importance when device paralleling is applied. The undesired effects of parasitic in-
ductances ease for soft switching applications. The loss distribution among paralleled
devices occurs with respect to their on-state resistance [22]] for soft switching cases.

On the contrary, parasitic inductances are extremely effective for loss distribution and

9



operation safety of hard switching applications [23]. The minimization of parasitic
inductances is not enough for paralleling applications. Parasitic inductances also have
to be evenly distributed among parallel-connected switches [23 24]]. A 10 nH differ-
ence in power loop and gate loop inductances can cause 30% unbalance on current
[25]. Thanks to the positive temperature constant of GaN HEMTs [3]], parallel GaN

transistors are able to self-regulate which needs to be assisted by careful design.

The proper design has to be reliable in terms of thermal loading and fault tolerance.
GaN HEMTs have superior performance in comparison to Si and SiC devices. How-
ever, the reliability of GaN HEMTs is weak in comparison to other transistors in terms
of their short-circuit (SC) ruggedness. The critical SC energy of p-GaN HEMTs is
2-3 times lower than cascade GaN transistors and 30 times lower than SiC MOSFETSs
[3, 26]. In addition, GaN HEMTs are extremely susceptible to circuit noise due to
their low threshold levels [27]. This sensitivity requires a very careful layout design

in order to eliminate the risk of false turn-on, [9]], which can trigger an SC fault.

In order to maintain safe operation, a fast and reliable SC detection method is neces-
sary. The protection technique should be capable of detecting the fault and clearing it
in less than 500 ns if the DC bus voltage is higher than 350V [28]]. There are several

methods reported in the literature satisfying these requirements.

The most common method is adding a series resistor or a current sensor in series with
GaN HEMTs to follow SC current [29]. A series resistor should be small enough
to minimize power loss but in this case, the sensed voltage gets lower and can be
distorted easily [27]. The current sensors are not practical because they do not have
enough current range or enough bandwidth for SC detection [30]. Also, adding a
component in series increases the power loop inductance and reduces the switching

performance [6]].

Another method commonly referred to is the desaturation technique which is used for
sensing drain-source terminal voltage of GaN HEMTs. This technique suffers from
its long settling time [6l 29, [31), [32]. Moreover, the diodes add capacitive loading
in parallel with the output capacitance of transistor and it increases the switching
losses [31]. Lastly, due to the high-temperature dependence of conductivity [3], it is

hard to set a reference level for the desaturation technique [30].
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Developed solutions are proposed in [6} 28, 31, [33]]. The relation between gate cur-
rent and drain current of GaN Gate Injected Transistors (GITs) is used for detecting
SC fault in [31]. However, this is not applicable for GaN HEMTSs because of their
voltage driven gate structure. In [28]], a sharp decrease in by-pass capacitors voltage
is detected for identifying SC fault and the desaturation technique is applied to ver-
ify it. However, this method is incapable of detecting SC for variable DC voltages
and it includes the disadvantages of desaturation technique such as increased output
capacitance. In both [6] and [28]], a soft turn-off (STO) mechanism is successfully
adapted to prevent GaN HEMTs from an over-voltage breakdown risk. In [6], the
drain-source voltage is sensed similar to the desaturation technique which has similar
disadvantages: increased output capacitance and relatively hard identifiable threshold
levels due to temperature dependency. In [33]], a discrete protection circuit similar to
[6] is proposed for GaN HEMTs with specific dual-gate pads. The dual-gate pads are
utilized for the gate driver circuit and soft turn-off circuit separately for the relaxation

of space limitations on PCB design.

Another technique is sensing the voltage on the PCB layout inductance induced by
high dI/dt of the SC current. It is capable of detecting SC fault faster than the
desaturation method and as a result, the maximum fault current is reduced by almost
20% [34]]. This method is applied in [35] by the authors on a simple prototype and it
is capable of detecting the fault in a couple of dozen nanoseconds. However, sensing
the voltage across an inductance arises the suspicion of increased layout parasitics
and sensing the voltage across a common source inductance like in [30] is criticized

for deteriorating the layout parasitics, [6].

Moreover, few publications are focusing on the SC faults for parallel connected de-
vices. In [36], the effect of parameters such as gate resistance and common source
inductance over current sharing of parallel-connected IGBTs are discussed for hard
switching fault (HSF) and fault under load (FUL). In [37], the gate oscillation of
parallel-connected Si and SiC MOSFETs during the turn-off under an SC fault is
investigated. It is pointed that the gate oscillation between parallel-connected tran-
sistors could reshape the unbalance of current sharing or even cause a false turn-on.
This might be a concern for parallel-connected GaN HEMTs unless a soft turn-off is

applied to remove SC fault.
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In this thesis, a similar method to [35]], sensing the voltage across by layout inductance
is applied on a more developed half-bridge design where transistor paralleling is also

applied for high-power applications. The design is discussed in detail in Chapter /4]

Even though it is possible to construct many different topologies with the half-bridge
board, an example design of a bi-directional DC/DC converter application is per-
formed where the maximization of power density is aimed. The bi-directional DC/DC
converters are widely used as an interface for energy storage systems like batteries for
applications such as telecom, automotive, and space [38, 39]. Based on the require-
ment of the application, the bi-directional DC/DC converter can be selected as an
isolated or non-isolated topology. Unless the galvanic isolation is a must for the oper-
ation, the non-isolated topologies are more advantageous in terms of simplicity, cost,

and the number of components [38, 40].

Further, today’s trend with increasing demand is having compact, lightweight, small-
sized power converters that give no option but increasing the switching frequency
[41]]. However, the increased switching frequency results in higher switching losses,
reduced efficiency [41], and more importantly increased cooling component size. In
order to overcome these problems, zero voltage switching (ZVS) turns into a must for

bi-directional DC/DC converters.

The most common non-isolated bi-directional DC/DC converter is the buck/boost
type converter with synchronous (synch.) switching. The high efficiency and simple
structure of this topology [42] draw the attention. However, the most limiting factor
of the synchronous buck/boost converter is the reverse recovery losses of the synch.
switch’s body diode especially for higher voltage applications. For example, synch.
switches are hardly found in applications with 200 V and higher voltage ratings since
the reverse recovery causes much more losses for higher voltage ratings [43]]. The
problem of reverse recovery is the stepped-up switching current of the main switch
and also synch. switch and electromagnetic interference (EMI) caused by a sharp

increase of reverse recovery current [41}143] 44].

In order to deal with the reverse recovery phenomenon, ZVS can be implemented as
it was required for high-frequency applications where compactness of the converter

is aimed. The ideal switching operation is: all switches’ body diodes conduct prior to
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turn-on of the switches’ channels, and all switches turn off with inductive load instead
of capacitive load [43]]. Fortunately, GaN HEMTs are now available on the market
and they do not suffer from reverse recovery. However, the increase in switching
frequency is still advantageous for compactness, so ZVS is required even for GaN

HEMT:s to reduce cooling component size.

There are three main methods for achieving ZVS on a bi-directional DC/DC con-
verter. Adding extra active components for having resonant tanks, utilizing quasi or
multi resonant converter at the cost of high peak voltage stress over switches, and
lastly, lowering the inductance so that the inductor current can flow in both direction
in a switching cycle and charges/discharges output capacitance of switches [38]]. The
last method is also called the quasi-square wave (QSW) ZVS method. In this thesis,
the ZVS is achieved with the QSW ZVS method.

In the literature, achieving soft switching with low inductance is well discussed with
pros and cons. Firstly, having low inductance results in increased current ripple,
i.e. at least twice the average current, which causes much more conduction losses
[38, 139, 144, 45]. A more circumspect solution would be preferring critical conduc-
tion mode (CrCM) switching where the main switch is turned on when the inductor
current crosses the zero. The main disadvantage of the CrCM is the requirement of a
long resonant period which limits the increase in switching frequency. Nevertheless,
a coupled inductor design would help to increase resonant current so that the resonant
period shortens. A well-prepared design where coupled inductors are used for CrCM
switching with GaN HEMTs is presented in [39] for 1.2 kW application at 1 MHz
switching frequency. Moreover, it is still possible to apply quasi-square wave (QSW)
ZVS at the cost of high current ripple [43]]. [45] utilizes QSW ZVS; in other words,
zero-voltage resonant-transition (ZVRT), for a GaN HEMT based 25 W converter ap-
plication at 3 MHz switching frequency. Additionally, even though it is a different
topology aiming DC to AC conversion, the finalist applications of the Google Lit-
tle Box challenge were using dual-buck H-bridge topology where ZVS is similarly

achieved by allowing negative valley current [46]].

In this thesis, a 5.4 kW bi-directional DC/DC converter with QSW ZVS is designed
with GaN-based half-bridge prototypes. The converter utilizes two half-bridges to
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cancel out inductor current ripple so that output voltage ripple and capacitor ESR

losses [45]] would be reduced.

1.2 Outline of Thesis and Contributions

Chapter 2| proposes a simple method to characterize the gate charge for soft switching
applications. The characterized gate charge is compared with the charge reported in
the datasheet and with the exact value derived by thermal experiments. It is shown
that the gate charge deviates from datasheet values under a soft-switching situation.
Furthermore, the output capacitance of a GaN HEMT is characterized and compared
with datasheet value. Five different samples have been measured by the proposed

method and the effect of output capacitance on switching losses is discussed.

In Chapter [3] a hybrid model has been proposed for the investigation of steady-state
behavior and the switching transients of e-mode GaN power FETs. The state trajec-
tories of the device during the turn-on and turn-off periods are obtained. The active
turn-on and passive turn-on characteristics of the device are investigated on a double
pulse test circuit. The effect of varying device capacitances and parasitic inductances
on these trajectories and their possible outcomes are studied. In addition, the effect
of the temperature and circuit parameters on the turn-on and turn-off characteristics

are investigated.

Chapter [ points out the importance of careful layout design for the power loop and
the gate loop. Additionally, the layout design requirements for parallel-connected
transistors are discussed. A practical example is given where the optimization of
layout parasitics is performed using finite-element-analysis tools. Moreover, a novel
short-circuit (SC) protection method is proposed and experimentally verified. The
proposed ultra-fast SC protection technique is implemented on an industrial level
half-bridge design where transistor paralleling is applied. Lastly, thermal design is
performed to obtain maximum power density on the same half-bridge board. The

designed half-bridge boards can be adapted to a different type of applications easily.

In Chapter[5] a bi-directional, zero-voltage resonant-transition (ZVRT) based DC/DC

converter is implemented with designed half-bridge boards. The DC/DC converter
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pushes the limits of GaN HEMTs with 400 V input voltage level where the switching
frequency goes up to 450 kHz. The total power rating is around 5.4 kW and the
power density is measured as 5.24 kW/I. Moreover, high ripple current introduced by
the nature of quasi-square wave zero voltage switching is managed by interleaving.
Careful magnetic design has been performed to overcome losses on filter inductors

caused by high ripple and high frequency.

Finally, Chapter [6] explains the outcome of each chapter and gives the conclusion.
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CHAPTER 2

GATE CHARGE AND OUTPUT CAPACITANCE CHARACTERIZATION

Being a novel device, Gallium-Nitride (GaN) High Electron Mobility Transistors
(HEMTsS) are subject to many types of tests to understand the nature of these devices
more clearly. Even though manufacturers are publishing characteristics of a device,
the data is valid only for certain conditions. Therefore, it might be necessary to char-
acterize the device for sophisticated designs where the data-sheets do not provide all

information.

In this chapter, the characterization of gate charge and output capacitance of GaN
HEMT are studied. The datasheet provided gate charge value is valid only for hard
switching cases and it might deviate from the actual one for soft or quasi-soft switch-
ing applications. Besides the gate charge, output capacitance is often characterized
by impedance matching. Implementation of an alternative solution is given where
output capacitance of a GaN HEMT is measured with a method based on nonlinear
resonance [16]]. These two characterization techniques are applied on a GaN HEMT,

GS66508T (650V, 30A) device of GaN Systems.

2.1 Gate Charge Characterization

There are losses on a switching device caused by the conduction or the switching.
Most of the time switching losses are calculated for drain-source current and voltage
waveforms. In order to clear off these switching losses, soft switching topologies are
used. However, for GaN HEMTs, the frequency of switching can rise up to several
dozens of MHz range for a low power soft switching application and it can go beyond

100 MHz for Class type amplifier applications [[11]. In this case, the losses on the
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Figure 2.1: Push-pull type gate driver connected to GaN HEMT

gate might also be effective because of the increased switching frequency. The gate
loss of a GaN HEMT can be estimated by using gate charge ((),) if the gate loop is
modeled with a voltage supply, path resistance, and gate capacitance as given in Fig.
[2.1] Instead of using the gate charge in the datasheet, the gate charge can be extracted
by the integration of small-signal capacitance over the gate voltage as shown in (2.2)).
For this purpose, the small-signal capacitance is measured at I MHz by an impedance
analyzer E4990A as presented in Fig. 2.2] For a hard-gating (push-pull) type gate
driver operation, total gate loss (F) is the sum of the power losses on gate driver
(FPap), on external gate resistance (Pr.¢) and on internal gate resistance (FPrg) as
given in (2.3). While the losses on the gate driver and external gate resistance heat up
the ambient, the power loss on internal gate resistance heats up the transistor directly.
In order to find internal gate power loss of the transistor, a thermal analysis has been

accomplished and the results of three methods are compared for the total loss.

Pe = Qc(Von — Vorr) fsw (2.1)
Von

Qa =/ Crss(v)dv (2.2)
VorFr

Po = FPap + Prest + Prr (2.3)
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Figure 2.2: Input capacitance of GS66508T over gate-source voltage

2.1.1 Extracting Gate Loss

In order to find the gate loss of the transistor, it is switched on and off at high fre-
quency with 0€2 external gate resistance by using a gate-driver integrated circuit (IC),
LMG1020 [47], while keeping drain-source as short-circuited to have a soft-switching
situation. Since there is no external gate resistance, the gate loop is highly suscepti-
ble to parasitic inductance. Therefore, the gate driver IC and the transistor should be
placed as close as possible as shown in Fig. [2.3] where only two lossy components
exist in the middle region: the transistor and the gate driver IC. This region is sepa-
rated from the outer part of the PCB with tiny gaps to eliminate heat leakage towards
outside. It is necessary to identify the losses on each component to find actual gate
loss in the transistor. For this purpose, the two-port thermal network given in Fig.[2.4]
should be identified.

In order to identify the two-port network, each power loss sources are activated one
by one and for each case, the temperatures of transistor and gate driver noted by a
high-resolution thermal camera, InfraScope’™ 2D MWIR-512 as presented in Fig.
[2.5] The goal is to characterize the power losses of each component when their tem-

perature is recorded simultaneously. For this purpose, in the first step, the gate driver
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Figure 2.4: Thermal Network on the gate loss characterization PCB
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Figure 2.5: InfraScope 2D MWIR-512 thermal camera and gate loss characterization

PCB connection

output is kept in the low state and the transistor is reverse biased to create some losses
on the transistor. Then, the case temperature of the gate driver IC and the transistor is
recorded as in Fig. 2.6] (). In the second step, the gate driver output; in other words,
gate-source terminals of the transistor are shorted. Then, the case temperature of the
gate driver IC and the transistor is recorded again, Fig. [2.6] (b). Based on the results,
thermal network matrix is characterized as given in (2.4) where Ry; is 174 °C/W,
Ry2is 120 °C' /W, Rgy is 120 °C/W and Rgs is 162 °C'/TV. With this characterized
two-port network it is possible to estimate power losses of each component using

(2.5) if the temperature is known for both the transistor and the gate driver.

Ty — Tom Ry R P,

t b _ 11 12 « t (24)
ng - Tamb R21 R22 Pgd
P, G G Ty — Tom

t _ 11 12 * t b (25)
Pgd G21 G22 ng - Tamb

Having characterized the two-port network of thermal resistances, the transistor is
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Figure 2.6: Heat distribution over PCB when individual losses are applied on GaN

HEMT and gate driver

switched between 0 and 5 V drive levels with a high-frequency PWM signal where
an example waveform is illustrated for 5 MHz in Fig. 2.7} As a result of switching,
the losses are created on the transistor and the gate driver IC. These losses are char-
acterized by measuring the temperatures and they are given in Fig. 2.8 with respect

to the switching frequency.

2.1.2 Comparison and Discussion

In this study, three different methods are proposed to estimate transistor gate loss.
First method is to use (2.1)) with the measured gate charge given in Fig.[2.2] In the sec-
ond method, the gate loss is identified by a thermal calibration. The last method cal-
culates gate power loss using (2.1)) with the datasheet provided gate charge value. The
results of these three methods for 5 MHz switching frequency with 0-6 V drive levels
and corresponding gate charges are presented in Table[2.1] Since the thermal calibra-
tion method is verified for different switching frequencies with different transistors,
it is considered as the most accurate method. Taking this method as the reference, the
first method deviates 4.9% which is almost three times lower than the deviation of
the third method. It is because the gate charge (()) given in the datasheet is charac-
terized for hard switching cases where Vg is charged up to 400 V [4]]. Clearly, the

equivalent gate charge for a soft-switching case is not identical to the hard switching.

Moreover, even though the second method, i.e. thermal calibration, is the most accu-

rate technique, considering the simplicity, the first method is the most preferable way
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Figure 2.8: Power losses and resulting temperatures of the transistor and gate driver
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Table 2.1: Comparison of three different gate loss estimation method

First method Second method | Third method
Charge extraction Impedance analyzer | Thermal test Datasheet
Gate charge (Q¢) 4.66 nC 4.9 nC 6.1 nC
Gate loss (Pz) @ 5 MHz 140 mW 147 mW 183 mW
Percent deviation 4.9% 0% 24.5%

to estimate gate loss of a GaN HEMT under soft-switching condition. The results
also show that only one-third of total gate loss heats up directly the transistor while
the remaining part dissipates on the gate driver and heats up the gate driver IC and

ambient.

2.2 Output Capacitance Characterization

Output capacitance is a measure of transition speed or switching losses for a tran-
sistor. Even though it is not placed in the transistor intentionally, the metal contacts
of drain, source and gate terminals and the electric field between them create a par-
asitic capacitance which slows down the transition. Since this capacitance does not
stay constant with varying voltage, it is important to characterize output capacitance

(C,ss) for estimating switching losses.

Manufacturers provide the required data and plots regarding C,ss by implementing
the Sawyer-Tower electrical measurement method [14, [15)]. A high amplitude sinu-
soidal voltage is applied to the device and a reference capacitor is connected in series
with the device. It is aimed to have a reference capacitor such that the device and
the capacitor have the same charges. Therefore, the selection of a suitable reference
capacitor is essential. However, nonlinear change of the C,,5 overvoltage cannot be
met by the reference capacitor since its capacitance also varies with the temperature
and voltage. In this section, a new C,,s measurement technique is based on the res-
onance of a series-connected inductor with the output capacitance, which is applied
successfully in [16], is implemented for characterization of C,;s of GS66508T GaN
HEMT.
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Figure 2.9: Output capacitance characterization circuit and illustrative waveform

2.2.1 Theory of Output Capacitance Characterization

Instead of using an external high voltage supply, the output capacitor (Cpgss) is
charged by resonating an inductor that is connected in series with the device as shown
in Fig. (a). A small DC voltage (<1V) supply feeds the inductor current when the
device is turned on. Whenever the device is turned-off, inductor current charges the
output capacitance which can reach high voltage easily as illustrated in Fig. [2.9] (b).
By measuring the voltage on the device, the output capacitance can be characterized

by using circuit parameters.

Inductor current formula is given in where I, is the peak current that inductor
reached when it was charged. This equation can be turned into (2.8) by using (2.7)

which is valid where Vo << V.

t
Ity =1,+ l/ Vi (t)dt (2.6)
L J,,
Vi(t) = Vpe — Ve(t) = =Ve(t) (2.7)
AV (t) 1 /t
C Vi =1,+ — —Ve(t)dt 2.8
0ss(Ve) il t7 5 o(t) (2.83)
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By manipulating the Lenz’s Law (2.9) using (2.7), the flux on the inductor can be
linked with the output capacitor voltage. The differential form in (2.9)) can be replaced
by an integration as given in (2.10) where total flux linkage (W (¢,)) equals to LI,. As

a result, (2.8) turns into output capacitance equation (2.11)) by using (2.10).

dv
Ve(t) = ’ (2.9)
tp
LI, = / Ve (t) (2.10)
to
Vo) — [T Ve(t)dt
Coss(Ve) = iy Vo) = J,, Ve® (2.11)

ave(t)
L=5

2.2.2 Experimental Results of Output Capacitance Characterization

In order to verify the theory, a PCB is designed for output capacitance characterization
as presented in Fig. [2.10] An inductor, 74437529203151 [48]], with 150 ¢H induc-
tance is connected in series with GS66508T GaN HEMT. The inductance is charged
for 195 s under 530 mV DC bias. Turning-off the transistor, drain-to-source voltage

is charged by resonance up to 550 V as shown in Fig. 2.11]

The tests are conducted for 5 different samples and the characterized capacitances are
given in Fig. [2.12] The results match with the datasheet information, [4], where the

differences are observed sample to sample.

The output capacitance of the device is charged and discharged in each cycle. The
energy stored on the output capacitance creates power loss for hard switching applica-
tions. This energy can be calculated by (2.12)). The stored energy (Epgs) is calculated
using Coss vs Vpg plots for five samples and the datasheet as given in Fig. In
addition, the reported Fpsgs as 8 uJ in the datasheet for 400 V is also marked on the
figure [2.13] The integrated energy of the datasheet waveform deviates from samples
as voltage gets higher. Moreover, the reported energy for 400 V in the datasheet does

not match with the integrated energy of the datasheet capacitance waveform. Con-
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Figure 2.11: Experimental results of output capacitance characterization tests
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Figure 2.12: Output capacitances

trary to the integration of datasheet waveform, extracted energies of the samples have

a good match with the reported value.

Vbs
Eoss(V) = / VCoss(V)AV (2.12)
0

Experimental results show that this method is a fast and easy way to characterize the
output capacitance. Nonmandatory high voltage power supply and reference capac-
itance selection are advantages of this technique. Moreover, it is possible to detect
if the transistor experiences the same capacitance during charging and discharging.
Even though the charging and discharging curves are symmetrical for GS66508T,
some transistors have asymmetric voltage curves which cause another loss mecha-
nism as reported in [[16]]. That asymmetry cannot be revealed by the Sawyer-Tower

method.

In summary, this chapter focuses on the characterization of gate charge and output
capacitance. In the first part, gate loss is characterized by three different methods
and compared with each other. The results show that the datasheet provided gate
charge is only valid for the hard-switching case and deviates from the actual value

with 25% error. In the second part, the output capacitance and the stored energy
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CHAPTER 3

SWITCHING CHARACTERISTICS

Investigation of switching behavior of Gallium Nitride (GaN) power Field Effect
Transistors (FETs) is important for several reasons. Initially, the sharp change in
di/dt and dv/dt of GaN HEMTSs make them susceptible to parasitic components.
Secondly, e-mode GaNs are able to conduct in the reverse direction without an intrin-
sic body diode [17]. Though their resistive behavior in forward conduction mode like
MOSFETs, they act differently in reverse conduction mode since the source-drain
voltage depends on the gate-source bias level. As a result, both turn-on and turn-off
characteristics are dependent on applied gate-source voltage. In order to inhibit an
unintended turn-on during dead time, a negative gate bias is applied in half-bridges
[9] which causes much higher dead-time losses. Moreover, studying the switching
characteristics of GaN HEMTs is also important to understand the loss model sepa-
rately for forward and reverse conduction modes because they are not the same as in
Si MOSFETs. While estimating the switch losses, the dead-time period and power
dissipation in that period could be ignored for St MOSFETSs but this may have a sig-

nificant effect on the efficiency of e-mode GaN applications [9].

Switching characteristics of GaN HEMTs depend on several factors such as layout in-
ductance on the gate loop (L,) and the power loop (L, ), operating DC voltage (Vp¢)
because it changes the output capacitance (C,s; ), junction temperature (7}), in-package
inductances of transistor (Lg;,, Lgin), applied gate voltage levels (Von, Vorr) and

turn-on & turn-off resistances (R, Rof¢).
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Figure 3.1: GaN Package Model [8]

3.1 Modelling GaN HEMTs

In this study, a hybrid model is proposed as shown in Fig. 3.1} In this model, the
channel characteristic is modeled by a dependent current source, which varies with
gate-source voltage, drain-source voltage, and temperature. The blue branch in Fig.
indicates the device channel where its current and voltage equals to /;5 and V4 in
steady-state, respectively. The analysis during the switching transients will be located
onto these steady-state characteristics to show the regions that device operates during
these transient periods as presented in Section [3.2] Moreover, the Kelvin source pin
(SS) is included in the model to analyze the switching behavior clearly. Since the
145 current flows through the source pin and since GaN FETs are able to switch fast,
which results in a high di/dt ratio, the gate-source voltage is distorted because of the
source parasitic inductance, in other words, common source inductance [2]. Thus,

using the Kelvin source pin increases the stability reducing channel to gate feedback.

The equations used for steady-state models are shown in (3.1]) and (3.2)) for forward
conduction and reverse conduction modes, respectively. These equations correspond
to the I, — Vs curves of the device and the dynamic R4s_,,, derived from the man-

ufacturer’s models. The logarithmic multiplier of the equations represents the trans-
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conductance of the device where V}j, is the threshold voltage. The fractional multiplier
represents the region in which the device is operating; i.e., active region or ohmic re-
gion. Using this model, both the steady-state and transient behavior of the channel is

obtained.

Vas=Vin Vd;
lys = Ki(T)In(l+¢e X2 - 3.1
d (T Inf )1+max(K4+K5(Vgs+K9)7K7)Vds G-1)
Vea—Vin V.
Iy = —K(T)In(1+ ¢ ) - (3.2)

1 4+ max(Ky + K5 (Vya + Ko), K7)Via

To show the accuracy of the steady-state models, I;; vs Vs characteristics of the
selected device (GS66508T from GaN Systems) with varying V,, voltage is obtained
in both forward and reverse conduction regions at 25°C, and plotted side-by-side with
the actual characteristics given in the datasheet of the selected device [5] in Fig. [3.2]
and in Fig. [3.3][8]. As shown in the figures, the reverse conduction behavior is highly
dependent on the applied gate voltage and shows a different behavior at negative gate
voltage. In freewheeling modes, this should make no difference since the applied
gate voltage is positive. However, during dead-time periods, a negative gate voltage
increases the reverse conduction loss, which makes the optimization of the negative

gate voltage and dead-time duration very critical for high-frequency applications.

Secondly, the steady-state behavior of the GaN FETs is dependent greatly on the
temperature, so its performance is affected by the temperature significantly as given
in Fig. 3.4l The trans-conductance of the GaN transistor is nearly halved for every
75°C increase in junction temperature. Therefore, thermal analysis is required to

investigate the switching behavior more precisely.

33



90 %

T)=25°C
80
6V
70
5v
60
50 4v
< <
2 3
£ 40
3v
30
20
10 2V
0
Vos¥) 0 1 2 o ® 4 5
(a) Analytical Model (b) Manufacturer Datasheet [J5]]

Figure 3.2: Forward conduction characteristics for different V,, voltages at 25°C of
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Figure 3.3: Reverse conduction characteristics for different V,, voltages at 25°C of

junction temperature [8]]
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Figure 3.4: Forward conduction characteristics for different junction temperatures at

6V of V, voltage [8]

Thirdly, the voltage-dependent parasitic capacitances are modeled using curve fitting
obtained from datasheet [5] and [9]]. The resultant curves are given in Fig. [3.5 and
Fig. 3.6l The manufacturer provides the curve for parasitic capacitances with respect
to the drain-source voltage and it is seen that C;gg is constant over Vg voltage. How-
ever, the Cgg changes significantly with varying gate-source voltage, and the model
should be constructed by identifying the gate charge. Therefore, in order to model the
dynamic behavior accurately, C'rss vs V, curve is obtained from the reference graph

given in [9]].

3.2 Switching Behavior of GaN HEMTs

For a better understanding of the switching behavior of enhancement mode GaNs, the
turn-on and turn-off behavior of the selected device is investigated with a DPT circuit
as shown in Fig. [3.7]on MATLAB / Simulink platform. The switching behavior
of e-mode GaNs are studied step-by-step using three models: the simplest model
with constant capacitances and without parasitic inductances, the model with variable
capacitances but without parasitic inductances, the most comprehensive model with

variable capacitances and with parasitic inductances.
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The further simulation results are given for the ratings shown in Table [3.1] These

ratings are selected so that comparable results with datasheet could be obtained.

3.2.1 Model 1: The simplest model with constant capacitances and without

parasitic inductances

For simplicity, the control switch is going to be labeled as “Bottom Switch” and the
synchronous switch is going to be labeled as “Top Switch” from now on, in the DPT
circuit. For Model 1 described above, turn-on and turn-off characteristics of the top

and bottom switches are obtained against time and can be seen in Fig. [3.§]

The drain-source current and the channel current is plotted together to clearly show
the device characteristics. Since the inductances are not included in this model, the
channel voltage is equal to the drain-source voltage in either steady-state or transient.
However, since the capacitors are charged or discharged in transient periods, the chan-
nel current is different from the drain-source current and drain-source current does
not reflect the channel characteristics completely. As shown in Model 1, Fig. [3.8|(d),
when the bottom switch is being turned on, the drain-source current and channel
current make an overshoot with different amplitudes. Since the top switch stops con-
ducting, Coss(= Cyq + Cys) of the top switch requires to be charged which results
in a positive current flow through the top switch. When the drain-source voltage of

the top switch increases, the drain-source voltage of the bottom switch decreases, so
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Table 3.1: Simulation parameters for switching characteristics

Operating voltage (V) 400 V
Internal gate resistance ([2;y,) 1.50Q
Load current (I7,04q) 20 A

Internal Drain Inductance (Lg,,) | 0.9 nH

Internal Source Inductance (L,;,) | 0.9 nH

Gate loop inductance (L g;y,) 3.0nH

Power Loop Inductance (L) 7 nH

Turn-on gate resistance (R,,,) 10 ©

Turn-off gate resistance (R,fy) 10

On-state gate voltage (Von) 6V

Off-state gate voltage (Vorr) 3V

Junction temperature (77) 125°C

Dead time (¢4eqq) 20 ns

the Cpgg of the bottom switch discharges, which results in an extra overshoot in the
channel of the bottom switch. Thus, even though the channel of the bottom switch is
activated to discharge the Cpgg of the bottom switch, only the top switch effect on
the drain-source current is observed. One should note that the main characteristics
observed in Model 1 are important to understand GaN behavior because even though
these characteristics exist in complicated models, it might be hard to catch them with

the presence of oscillations due to parasitic inductances and varying capacitances.

3.2.2 Model 2: The model with variable capacitances but without parasitic in-

ductances

In this step, the capacitance values, which were kept constant previously, are treated
as variable capacitances using the capacitance models presented in the modeling sec-
tion. As shown in Figure [3.5] and [3.6] the capacitances change with respect to the
applied drain-source voltage and gate-source voltage. The turn-on and turn-off char-

acteristics of the top and the bottom switches are obtained against time and can be
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seen in Fig.[3.9

In Model 2, again the drain-source voltage is directly equal to the channel voltage as
expected. However, in this case, it is observed that the peak of the overshoot in the
channel current and drain-source current of bottom switch increased because Cpsg
is greater for lower drain-source voltages, which results in higher current flow under
similar voltage change in time. Therefore, in order to estimate the overshoot ampli-
tude correctly, the parasitic capacitances should be modeled properly. Moreover, for
all transient periods given in Figure [3.9] it is observed that the voltage changes are

smoother, which makes the model more realistic.
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Figure 3.9: Switching transients obtained using Model 2 [8]
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3.2.3 Model 3: The most comprehensive model with variable capacitances and

with parasitic inductances

Finally, to see the effect of the oscillations created by the LC resonance paths, the
parasitic inductances are added to the model, which are caused by packaging, bus
bar, conducting parts on the DC side and Capacitor ESLs. In Model 3, in which all
the parasitic effects are included, as shown in Fig. the oscillations started to
emerge due to energy transfer between parasitic capacitances and inductors. In ad-
dition, a large dip is observed during the turn-on transient of the bottom switch due
to the voltage induced on the power loop inductance by the switching current. Even
though loop inductance is not related to the transistor type, due to the fast switching
capability of GaN FETs, the voltage drop increases relatively in comparison to other

types of semiconductors. Moreover, in Fig. [3.10] it is observed the oscillation damps
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Figure 3.10: Switching transients obtained using Model 3 [§]]
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Figure 3.11: State-trajectories obtained for different models [8]

in time. The damping duration of the oscillation is studied in [49] and it is shown
that the damping duration is dependent on the Cygg, loop inductance, and drain/-
source parasitic inductances and trans-conductance. Since the increasing temperature
reduces the trans-conductance, the oscillation damps faster as junction temperature

gets higher as stated in [49].

3.2.4 State Trajectories

In order to show these transients better, the I.,, V., paths, which the top and the
bottom switches follow during turn-on and turn-off periods, are also obtained as state
trajectories and given in Fig. [3.T1] in Fig. 3.12] in Fig. 3.13] These trajectories are

plotted on the device steady state current-voltage characteristic as given in Fig. [3.2]
and in Fig. [3.3]

When we look at the trajectory for the turn-on period of the Bottom Switch, Fig.

3.11J(d), it is easy to see the Miller Plateau where the voltage drops and current stays
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constant ideally. The importance of using the Kelvin source pin can be deduced here.
When the current changes, a voltage is created on the source parasitic inductance
as described earlier. Therefore, if the Kelvin Source pin is not used, huge vertical
oscillations would be observed on the state-trajectories due to the oscillations on gate-
source voltage. However, now the channel seems very stable though the high di/dt
ratio of the channel. Moreover, it is observed that the main channel behavior is in two
directions; that is, in general, the channel state moves either horizontally or vertically.
The horizontal movement of the channel state for the first quadrant, i.e. forward
conduction, means the channel voltage changes while the gate-source voltage and
channel current stay constant. However, vertical movement of the channel state in
the first quadrant means the channel current and gate-source voltage varies while
channel voltage stays constant. On the other hand, for the third quadrant, i.e. reverse
conduction, when the channel state moves horizontally, the channel voltage and gate-
source voltage change while the channel current does not vary. Conversely, vertical
movement of the channel state means the channel current varies while the channel
voltage and gate-source voltage stay constant. The third quadrant behavior of the
GaN FETs is unique because the channel is able to conduct in the reverse direction

with any gate-source voltage.

Furthermore, focusing on the trajectories given in Fig. [3.11)fa)), the channel state
moves first vertically and then horizontally after conduction starts in channel. The
conduction starts because the Bottom Switch is being turned off and dead time be-
gins. Therefore, the channel is activated even though the gate-source The voltage of
the Top Switch is not changed yet. Then, changing the gate-source voltage from -3V
to 6V do not affect the channel current but it only decreases the reverse conduction
losses. In order to simplify the concept, the rise of the channel current can be called
as active turn-on and increasing the gate-source voltage can be called as passive
turn-on because it changes nothing for channel current but only decreases the losses.
Similarly, in Fig. @@, the channel state first moves in horizontal direction and
then it moves vertically before the current falls to zero. Due to the safety consid-
erations, before firing the bottom switch, the top switch gate-source voltage should
be decreased; however, the channel current of the top switch is not affected by the

change in gate-source voltage. The channel current falls to zero when the bottom
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switch is fired and it starts conducting. Therefore, reducing the gate-source voltage
can be called as passive turn-off and the fall in the current can be called as active
turn-off. Even though this unique behavior of the GaN FETs is discussed in the lit-
erature, having these definitions make the concept more understandable. In IGBTSs
or MOSFETs, current flows through the anti-parallel diode or body diode, respec-
tively, during the reverse conduction. Therefore, the channel is not turned on or off.
However, in GaN HEMTs, since body diode or anti-parallel diode does not exist, the

reverse current flows through the device channel always.

In Fig. [3.12] the channel state trajectories are given for Model 3 at different junction
temperatures. It is observed in @, (]E[) and , the channel voltage and gate-source
voltage are high in amplitude during transition at high junction temperatures due to
the low trans-conductance. In Fig. 3.12)(d), it is seen that the temperature increases
the stability and reduces the current rise and voltage fall speed. A horizontal dip is

observed due to the voltage created on the loop inductance when the current rises
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Figure 3.12: State-trajectories obtained for different junction temperatures using

Model 3 [[8]]
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immediately. However, for the higher junction temperatures, the decrease in the volt-
age is small because of the reduced switching speed of the GaN FET. Similarly, for
the rest of the transition, the channel current makes the maximum overshoot for the

lowest junction temperature as expected for the same reason.

In Fig. [3.13] it is observed that the gate-source voltage is significantly affected by
the channel current during the transition. In @), it is seen that the gate-source volt-
age decreases dramatically in transient period for high channel current because when
the load current commutes from the bottom switch to top switch the load current
discharges the gate-source capacitance instantaneously so as to reach the right con-
duction state before the gate-source voltage is set to high. In addition, as shown in
(d), the channel voltage drops equally for all current ratings as expected because the

load current does not change the GaN FETs transition speed.
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Figure 3.13: State-trajectories obtained for different load currents using Model 3 [8]]
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3.2.5 Effect of Gate Resistances

Lastly, the effect of the turn-on and turn-off resistances are investigated as given in
Fig. [3.14] The turn-on and turn-off speed of the GaN FET is related to how fast
the gate-source capacitance is being charged or discharged. With low gate driver
resistances, the gate-source voltage changes rapidly. Therefore, as resistances get
higher, the switching speed decreases, so the transition takes longer. However, this is
only valid for active turn-on or active turn-off as presented in (b) and (d). Contrary
to these cases, gate resistances do not affect the transient speed for the passive turn-
on and the passive turn-off as shown in Fig. [3.14] (a) and (c). It only affects the
delay time for the gate-source voltage to reach the Miller Plateau level as shown in
(c). Additionally, due to the reduced switching speed, the voltage drop caused by the
loop inductance decreases for high gate driver resistances but the switching losses are

increased as well.

To sum up, switching behavior of GaN HEMTs depends both on device parame-
ters and circuit parameters. Junction temperature is an important parameter slowing
down the transient speed and increasing the on-state resistance. Moreover, in a proper
model of the transistor, variable parasitic capacitance has to be included for accuracy.
For maximizing accuracy and observing the effects of circuit parameters, inductance
models are also required to be added. Additionally, key terms regarding turn-on and
turn-off are defined in this chapter. An active turn-on and turn-off define the change in
gate state prior to switching transient of the device channel. Similarly, passive turn-on

and turn-off mean the transient on the channel happens before gate state change.
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CHAPTER 4

SHORT-CIRCUIT PROTECTED HALF-BRIDGE DESIGN AND LAYOUT
OPTIMIZATION FOR GAN HEMT TRANSISTORS

A generic half-bridge consists of two transistors, their gate driver circuits, and by-
pass capacitors for filtering high-frequency oscillations. In this chapter, a half-bridge
board design that can be used for different applications is proposed. The proposed
half-bridge board consists of two paralleled half-bridges, their gate driver circuits in-
cluding a gate driver integrated circuit (IC), and an isolated converter IC, an ultra-fast
shoot-through type short circuit protection mechanism as presented in Fig. .1l A

three-dimensional view of this design can be seen in Fig. 4.2]

A half-bridge design includes several critical steps such as optimized layout design
for both the power loop & the gate loop and thermal design. On top of these points,
layout considerations for parallel-connected transistors and short circuit protection

are also investigated in this chapter.

4.1 Layout Design

Most of the common converters include at least one half-bridge for regulating output
voltage and current. Switch-mode power supplies and voltage source inverters are ex-
amples for those converters. The output ratings are regulated by switching transistors
with a PWM signal. Switching a transistor means changing the path of the current
either by starting flow or stopping it in a short amount of time. This sharp rise or fall
in current makes circuit sensitive for layout parasitics, especially for layout induc-
tances. Considering the faster switching capability of GaN HEMTs with respect to

other types of transistors, layout optimization is a must for safe operation.

49



r-—l---Gnp(az)
LV,
: : H Voo(az) Vee RDD(Ql) a a
: + on
1L : : Viso Gate V, GT | Q16 || a3
T 1 GND(Q1) Driver Rus b b
I ic Vo
: : V GND(Q1) GND(Q1
e Vee [ Veriay)
Isolated oo
Converter l L bepass
—F--- GND(Q2)
V
Voo(@2) bD(Q2) a .
L Gate AN GBJ| G ||
T # GND(@2) Driver [ES. .
IC AAA%
GND(Q2) GND(Q2)
Vee(a2) v
EE(Q2)
Isolated o)
Converter
-O

Short Circuit
Protection

Figure 4.1: Circuit schematic of proposed half-bridge design

Layout inductances should be minimized for the power loop and the gate loop as will
be discussed in the following sections. For parallel-connected transistors, not only
inductance minimization is required but also distributing inductance as even among
parallel-connected transistors is required for guaranteeing simultaneous switching.
For analyzing layout parasitics, ANSYS Q3D Extractor and ANSYS Maxwell 3D

finite element analysis (FEA) tools are used.

4.1.1 Power Loop Design

The power loop is a critical current path in which both of the transistors play a role
during the switching. An illustration of the power loop is given in Fig. .3] As seen
on that figure, the inductive load is charged when Q2 is ON and, it free-wheels on
QI when Q2 is OFF. At the moment when Q2 is being turned-off, the load current
commutates from Q2 to Q1 reducing the amount of current on i.e. power loop induc-
tance (L,). L, is an equivalent value of all the inductances distributed on the power
loop. The decreasing current on L, induces a negative voltage on the power loop

inductance and since Q1 is being turned-on, drain to source voltage on Q2 rises up to
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Figure 4.2: Three dimensional view of the half-bridge board
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Figure 4.3: Definition of the power loop

a level higher than V¢ as given in (4.1)). Therefore, Q2 must withstand not only with
the DC link voltage but also additional induced voltage as well. Therefore, power
loop inductance plays a significant role in stresses over transistors. Especially for
GaN HEMTs, a non-optimized power loop design could lead to failure of operation

easily because of the current transition speed of GaN HEMTs extend up to 10 A/ns.

dlp,
Podt

Vbs@2) = Ve — L (4.1

After an overshoot, drain-to-source voltage comes to a steady-state level, i.e. supply
voltage. However, before reaching the steady-state, oscillations emerge on Vpg(qgo) at
the resonance frequency as described in (4.2)). Considering the relatively low level of
output capacitance (~200-300 pF) and power loop inductance(~0.5-3 nH), oscillations
frequency is around 100 - 400 MHz. This high frequency of oscillation and sharp rise
or fall in power loop current should be counterbalanced with a high-frequency bypass
capacitor. As shown in Fig. [4.3] bypass capacitors are also a member of the power
loop and it should be placed close enough to manage oscillations. The Self-impedance
of the bypass capacitor is also critical. Ceramic capacitors are preferred due to low

impedance at the oscillation frequency range. Multiple numbers of bypass capacitors
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should be connected to obtain a low impedance.

1

fOSC =
27/ LpCOSS

4.2)

Since the placement of bypass capacitors affect the power loop inductance directly,
their placement should be optimized to obtain minimum power loop inductance. For
this purpose, a case study approach has been performed for a power loop inductance
minimization of a half-bridge including two GaN HEMTs and six high-frequency by-
pass capacitors. For GaN HEMTs, GS66508T transistors are used from GaN Systems
and C4532X7T2J224M200KC from TDK Corporation is used for bypass capacitors.

As presented in Fig. there are three different designs in which the bypass ca-
pacitors are placed differently. Also in Fig. 4.4] current paths are illustrated for each
design on a four-layer printed circuit board (PCB) design. In Design 1, bypass ca-
pacitors are placed on the same layer with GaN HEMTs, so they can be connected
directly. The returning current path is placed just underneath the GaN HEMTs for
minimizing the loop area. Design 2 is suggested by the transistor manufacturer [S0]
and the capacitors are placed on the bottom layer. It is aimed to separate the power
loop into two closed small loops so that inductance can be minimized. Lastly, in De-
sign 3, similar to Design 1 capacitors are kept on the same layer with GaN HEMTs

but two of them are moved next to the transistors.

All configurations are investigated with ANSYS Q3D Extractor tool and the power
loop inductance value is given for each design in Table As expected Design 1
and Design 2 give close results around 5 nH. However, Design 3 has the lowest power
loop inductance as 3 nH. It is a result of the maximum utilization of bypass capaci-
tors. In the first two designs, the capacitors which are far away from the transistors
cannot be utilized well enough due to high path impedance between those capacitors
and transistors. In the last design, the farthest capacitors are placed close to half-
bridge and they also contribute actively. As a result, effective layout inductance gets

decreased.
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Figure 4.4: Options for high-frequency bypass capacitor placement and power loop

current paths for each design in exaggerated view
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Table 4.1: Power loop inductance values for different designs

Design 1 | 5.00 nH
Design 2 | 5.06 nH
Design 3 | 2.98 nH

Positive 1y
Gate Loop 1 o l

Negative
Gate Loop

Figure 4.5: Definition of gate loops

4.1.2 Gate Loop Design

Similar to the power loop layout inductance, the gate loop layout inductance should
be minimized to obtain the best switching performance. Whenever the gate driver IC
changes its state, input capacitance of GaN HEMT (Cgs = Cys + Cyq) should be
charged or discharged. Non-optimized layout design for the charging or discharging
current path could increase the delay time for turn-on or turn-off. Moreover, high-
frequency oscillations on gate-source terminals result in high-amplitude oscillations
on channel current due to oscillating trans-conductance as discussed in detail in Chap-
ter 3] This high oscillation on channel current radiates around the room which can
couple with other digital or analog signals easily. Due to the high transition speed of

GaN HEMTs, the frequency of this EMI noise is higher which increases the risk of

system-level failure.
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Furthermore, an optimization of the gate loop inductance is not only critical for the
system but it is also critical for the safety of the transistor itself. As shown in Fig.
during a turn-off, output capacitance of transistor (Cpgss) is charged within a
couple of nanoseconds. It is reported in [S0], the charging speed could be as high
as 60 V/ns or 60 kV/us. This fast transition leads to current flow through package
capacitances of transistors. Here, the Miller Capacitance (Cy4) plays a significant role
by constructing a feedback path from the power loop to the gate loop. The current
coming through the Miller Capacitance can flow through either Cy; or negative gate
loop as illustrated in Fig. .5] Ideally, the whole current should follow the negative
gate loop path and it should not charge C,; when C, is supposed to stay at a low
state. However, due to the impedance of the path, some amount of current flows
through C,, and charges the capacitance. Since the other transistor on half-bridge
is ON state at that moment, if the voltage on Cys exceeds the threshold level, the
channel gets activated which causes a short circuit failure. This failure is called a
false turn-on in literature [9]. From now on, it is the question of how much impedance
should a designer provide on the gate loop and the answer is as minimum as possible.
Therefore, the gate driver should be placed close to GaN HEMTs, and high-frequency

bypass capacitors should be connected to obtain a low impedance on the loop.

In the design of the gate loop layout, there are fewer actions to take in comparison to
the power loop design. Because of the space limitations, it is not possible to place the
multiple numbers of bypass capacitors or arrange their position for the best design.
The actions are limited by placing gate resistances and bypass capacitors close to the
transistor, using wide copper fields for carrying current and directing the loop current
to return back to the source from the underneath of the incoming current. The opti-
mum gate design can be obtained as long as these three rules-of-thumb are followed.
The transistor manufacturer also recommends these actions [50] and the PCB view of
this design can be seen in Fig. For this design, the layout inductances are 0.88 nH

and 0.93 nH for positive and negative gate loops, respectively.
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Figure 4.6: Printed circuit board design of gate loop and current paths for positive

(pink) and negative (green) gate loops

GaN Enhancement-mode
Gate Drivers HEMT Half Bridge

Figure 4.7: Parasitic inductances for parallel connected transistors operation [23]]
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Effects of Parasitics

Parameter Description Effect Priority Design Rules

LriLe2 Commutation Loop | Increase Vds spike during .

Lpi4 Inductance P3 of Switching off High Smaller the better
LDR1-] DR8 Increase Vgs ringing and Medium | Smaller the better
overshoot
Gate drive loop 1. Increase Vgs ringing and
LGi-Les inductance overshoot, Medium
Lsi-Ls4 2. susceptible to gate

oscillation if very unbalanced|
1.Feedback di/dt to Vgs,

Mutual Inductance oo Smaller the better,
MI1-4 between power loo 2. Slowdown switching Extremely as equal as possible
P P 3. potentially cause gate High q p
and gate loop oscillation for paralleled
devices
1. Feedback the difference of]

. di/dt to Vs,

Laosi6 Quasi-common source 2. Balance current sharing Extremely

inductance High

3. Potentially cause gate
oscillation

Figure 4.8: Effects of and design rules for parasitic inductances [23]]

4.1.3 Design Optimization for Parallel Connected Transistors

Transistor paralleling is challenging because its hard to get the same losses on the
parallel-connected transistor. However, it is possible if the semiconductor is suitable
for paralleling. The transistor channel resistance should have a positive thermal co-
efficient (PTC) to get a natural balance. In the case of the uneven loss distribution,
one of the transistors heats up much more resulting in increased channel resistance.
Therefore, the current will start flow through the transistor with lower channel re-
sistance and then it will heat up much more. Therefore, the transistors will get in a
thermal balance in the final situation. Fortunately, GaN HEMTs are PTC type tran-
sistors as shown in Fig. [3.4] Thus, GaN HEMTs are naturally suitable for parallel

operation with necessary layout design considerations.

Even though the same rules apply for the layout design of parallel-connected tran-
sistors, there are more restrictions such as distributing the layout inductance as even
among parallel transistors. It is important to have a simultaneous switching transi-

tion between parallel devices. It is always assumed that the current is shared equally
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among parallel-connected transistors but it would not be the case if there is a dif-
ference in design. A mismatch can lead to increased switching loss on one of the

transistors and it can lead to a thermal run away.

The design rules of parallel-connected transistors is well-studied in [23]] and the in-
ductance map and effect of parasitics are given in |4.7| and in 4.8| respectively. As
shown in [4.8] commutation loop inductance; in other words, power loop inductance
has a high priority and it should be kept small. Similarly, the gate loop inductances
should also be kept small. However, it is not enough to keep the mutual coupling
and quasi-common source inductances small. They also need to be equal for parallel-
connected transistors. These two inductances show similar effect and they basically
oppose the gate driver during the switching and slow down the transition. As a re-
sult, these inductances need to be distributed equally. Fortunately, it is not the only
action a designer can take. Having separate gate resistors (Rq, ..Ra, ,.[ts, s.Rs, ,)
for each transistor is critical to slow down or speed up the transition of any desired

transistor. This also helps to compensate for in-package differences.

The designed half-bridge board is a result of the same design algorithm and its gate
circuit is presented in Fig. 4.9] In[.9|(a), the gate resistors are placed such that gate
and source terminals of transistors are directly connected. This configuration leads to
feedback from one transistor to another one during the transient. In order to eliminate
this feedback, the gate driver resistances can be distributed so that enough damping
components can be obtained on the feedback loop. Moreover, distributed gate resis-
tors enable to control the transition speed of each transistor separately. Actual values
of R,, and R,,,, are 18 2 and 1 €); therefore, turn-on resistance is 20 €2 and turn-off

resistance is 2 ).

In the light of these layout considerations, two transistors are paralleled to increase
current handling capability to 60 Ampéres. Paralleling two GS66508T (650V/30A)
transistors is more advantageous than using a single GS66516T (650V/60A) transis-
tor because of the cost and thermal considerations. Having four different transistors
increases the contact area of heat sink resulting in a better cooling performance as

will be discussed in Section 4.3]in detail.

Layout analysis is performed on ANSYS Q3D for parallel-connected transistors in the
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Figure 4.9: Gate resistor placement for parallel transistor operation

Table 4.2: Layout inductances for parallel connected transistors

Left Transistor | Right Transistor | Difference
Power Loop Ind. 0.87 nH -
Positive Gate Loop Ind. 4.14 nH 4.23 nH 2.1%
Negative Gate Loop Ind. 3.88 nH 4.04 nH 4%
Mutual Ind. 0.114 nH 0.117 nH 2.5%

actual design and the results are given in Table[.2] A very low power loop inductance
as 0.87 nH is obtained. More important than the decreased power loop inductance,
gate loop inductances and mutual inductances between the power loop and the gate
loops differ less than 5% for parallel-connected transistors. Note that gate loop in-
ductances are higher for the parallel connected case because, in this configuration,
the minimization is sacrificed for obtaining equal inductances. However, the parasitic
loop inductances which are given in Table are not that harmful as shown in the

experimental results.

In Fig. .10} turn-on and turn-off waveforms are given for parallel-connected transis-
tors. The right and left switch turn-on and turn-off simultaneously, which is a clear
indicator of even distributed layout parasitics. Lastly, double pulse test (DPT) results
are presented in Fig. 4.26] Transistors are switched with 20 (2 and 2 €2 turn-on and
turn-off gate resistances, respectively. Whenever the control switch is turned on, the
gate-source voltage of the synchronous switch is charged via Miller capacitance as

presented in Fig. 4.5] As shown in Fig. 4.26] the gate-source voltage is charged up to
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Figure 4.10: Turn-on and turn-off waveforms of parallel connected switches
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-2.2 V which stays lower than the threshold level, 1.7 V. This is a result of optimized

and decoupled power loop and gate loop layouts.

4.2 Short Circuit Protection

GaN HEMTs are extremely susceptible to circuit noise due to their low threshold
levels [51]]. This sensitivity requires a very careful layout design in order to eliminate
the risk of false turn-on, [9], which can trigger a short circuit (SC) fault. In order to
maintain safe operation, a fast and reliable SC detection method is necessary. The
protection technique should be capable of detecting the fault and ceasing it in less

than 500 ns if the DC bus voltage is higher than 350V [28]].

In this design, the protection method, sensing the voltage across by layout induc-
tance, proposed in [35] for single GaN HEMT half-bridge configuration, is applied
on a more developed half-bridge design where transistor paralleling is also applied
for high-power applications. A hard switching fault (HSF) type SC fault can dam-
age the multiple numbers of GaN HEMTs for a parallel-connected structure which
increases the cost of failure. In order to implement this SC protection, the power loop
inductance and the SC current sensing coupling inductance are characterized using
a finite element analysis (FEA) tool. Also, a soft turn-off mechanism is employed
to eliminate any risk of over-voltage breakdown when SC current is ceased. Exper-
imental results show that this method does not deteriorate the layout inductance and
it is capable of detecting HSF type SC fault in less than 40 ns. GaN HEMTs are

completely turned off in less than 250 ns which ensures the safety of operation.

4.2.1 Theory of Operation

When a shoot-through type SC occurs, the bypass capacitors discharge through the
transistors on the half-bridge. The stored energy on those capacitors leads SC current
to reach harmful levels just in 100 ns to 200 ns. This energy transfer happens based on
the components and circuit characteristics such as bus capacitance and impedance of
the current path, i.e. the PCB layout. The inductance of this path is called the power

loop inductance. Even though a minimized power loop inductance results in a sharp
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Figure 4.11: Circuit schematic of half-bridge

increase in SC current, it should be minimized for the normal switching operation.

4.2.2 Sensing SC Fault

As shown in Fig. the power loop is a closed current path which can be consid-
ered as tip to tip connected small layout portions. Note that, whenever an SC happens,
all current flows through those portions as well. Since the change in current induces
a voltage on an inductance, a portion of the PCB layout can be used as a trigger for a
short-circuit protection (SCP) mechanism as illustrated in Fig. .12 without increas-

ing the power loop inductance.

However, the circuit dynamics of an SC fault is more complex due to mutual cou-
plings and the second-order effects. Fig. shows how a SC current induces the
sensing voltage, Vi.,s.. The power loop bus capacitor (C'gyg) and GaN HEMTsS are
segregated from DC supply with large connection inductances (Lcon) which do not
allow a sharp rise on the current drawn from the voltage source. Therefore, SC cur-
rent is mainly supplied by the energy stored on the power loop bus capacitor. SC
fault occurs when a switch gets conductive while it is supposed to be OFF. An illus-
tration of this situation is given in Fig. #.12] where the low side switch is turned-on

unintentionally. The rise of SC current depends on how fast the transistor gets fully
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Figure 4.12: Dynamics of SC fault sense circuit

conductive, the path inductances, and series resistances. When the input capacitance
(Css) of a transistor is charged, the trans-conductance (g,,) of the channel increases
until it reaches the saturation. Simply ignoring the gate loop inductance, the charging
speed of input capacitance depends on turn-on resistor (R,,,) and input capacitance
(Cyss) as given in (4.3)). The gate voltage of the transistor is charged from OFF level
(Viow) to the ON level (Vi;4,). The OFF level is set below 0 V to eliminate a false
turn-on risk [9]. With the increasing voltage of input capacitance, the transistor oper-
ating point moves from cut-off to saturation region. The relation between gate-source
voltage, drain-source voltage and drain current (trans-conductance) is characterized

by the manufacturer [52] as in {.4)).

—t

‘/;]s(t) = (th‘gh - WOw)(l - eRO"Cis‘S) + Viow (43)

Vas=Vin Vds

1 = K1(T)In(1 K
d 1( )Il( +e ? )1+InaX(K3+K4(‘/gs+K5)7K6)V:15

4.4)

When the gate-source voltage exceeds the threshold level of the transistor, the current
starts to rise and then circuit dynamics gain importance. One of the key components
of the current path is the power loop inductance (Lp), which is shown in two parts

as Lpy and Lp in Fig. .12 Lp, represents the portion of the power loop where the
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SC fault sense loop is connected across and L p; is the rest portion of the power loop.
However, power loop inductance is not equal to the sum of these two inductances due
to mutual coupling between them (Mp). The equivalent inductance of two series-
connected inductors, Lp; and L py, can be expressed as in (@.5)). The actual value of

Lp can be found by finite-element-analysis (FEA) simulation.

Lp = Lp1+ Lps —2Mp 4.5)

In order to identify the parameters affecting SC current, the circuit KVL equation has
to be solved. The voltage on the bottom side switch can be expressed as in (4.6).
It can be considered that the SC current splits into two parts inside the transistor
between the output capacitor C,s and transistor channel /., as given in (4.7). The
voltage on the drain-source terminal can also be expressed as in (4.8]). The equation
(4.6) can be expressed as in (4.9) by using and (4.§). Since C; is a capacitance
in the range of pFs, the terms with C,ss can be simply ignored, which means the
current passing through output capacitance is much lower than the channel current.
Therefore, (4.9) can be simplified as (@.10). The second-order differential equation
of SC current can be formulated as in (4.TT]) by taking time derivative of (#.10). Even
though nonlinear trans-conductance and its time derivative makes that differential
equation hard to solve, it shows that SC current depends on the on-state resistance of
high side switch (R4s_on), the trans-conductance of low side switch (g,,,), power loop
inductance (L,), bus capacitance (Cy,s) and charging speed of gate-source voltage
(Vys). In other words, SC current depends on gate charging resistance ([2,,) and input
capacitance (Cjs) as derived in (4.12)). Note that Lg.,s. does not carry the SC current

because it is relatively high in comparison to the power loop inductance.

1 t .
‘/ds(t) - VDC - Ob / Isc<t>dt - ijsc(t) - Rds—onlsc (46)
us Jt,
[ch = Isc - CossVds (t) (47)
‘/ds(t) = gm]ch (48)
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1
Cbus

t
/ Isc(t)dt + ]sc(gm(‘/gs) + Rds—on) + Isc(t)Lp - VDC (410)
to

Loe() Ly + Lo () (gm (Vys) + Ras—on) + Lse(t) (Vs () Gon(Vys) + c )=0 (4.11)
: Vhigh - ‘/low ﬁ

= — ontiss 4_12

VvQS(t) RonCl’ss ‘ ( )

The SC current induces a voltage on the sense loop because it is coupled to the power
loop as shown in Fig.[4.12] Mg;_, are the coupling inductances between Lp;_o and
Lgense. Similar to equivalent power loop inductance the mutual inductance between
Lp and Lg.,s. can be expressed as Mpg which equals to the difference of two mu-
tual couplings as given in (4.13). This mutual coupling can be characterized by FEA
software. Rather than self inductances, mutual coupling induces the voltage on sense
loop under an SC fault. Therefore, it is not necessary to have a large power loop
inductance to obtain detectable levels of the induced voltage. Low power loop induc-
tance can be utilized as long as the mutual coupling between the power loop and the

sense loop is enough.

Mps = Mgy — Mgy (4.13)

4.2.3 Evaluating and Removing SC Fault

The induced voltage on the sense loop due to SC current can be processed to detect SC
faults. For this purpose, firstly, the sensed voltage, V..., 1s filtered through a low-
pass filter and it is compared with a reference level, V,.¢, to detect SC fault as given

in Fig. Whenever an SC fault is detected, a high-frequency micro-controller
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Figure 4.13: Short circuit protection mechanism

Figure 4.14: Gate driver circuit schematic of parallel connected transistors (red com-

ponents exist only for low side transistors for soft turn-off (STO))

(uC) is triggered to protect the circuit. The uC activates the soft turn-off mechanism
(STO) in order to diminish gate-source voltages of transistors. STO signal is applied
to the base of a Bipolar Junction Transistor (BJT) which is connected between gate
and source terminals of parallel-connected transistors as shown in Fig. #.14] Base
resistor, Ry, allows controlling discharge time of stored gate charge. Therefore, the
turn-off speed of GaN HEMTs can be controlled. After the soft turn-off process is
completed, the gate driver integrated circuit (IC) is disabled which results in complete

turn-off.

A direct hard turn-off poses a great risk of over-voltage breakdown. Although hard
turn-off (HTO) stops SC current immediately, it causes a voltage induction on power

loop inductance as happened in the regular switching operation. Since the SC current
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reaches extremely high levels, applying HTO causes high voltage induction which can
go beyond the voltage rating of transistor easily. Therefore, a soft turn-off mechanism
must be used and a BJT is used for this purpose in this design. As given in Fig. i.14]
a Schottky diode is connected in series with BJT since the negative drive level of

gate-source terminals could bias the NPN type BJT in the reverse direction.

As shown in Fig. d.14] a single BJT is used to ensure that parallel-connected transis-
tors will be turned off simultaneously. Otherwise, SC current might have to be carried
by only one of them. Note that, SCP mechanism components and soft turn-off BJT are
placed on the low side of half-bridge because switching node has a varying voltage
level. The rapid voltage transitions on the switching node could risk the common-
mode transition immunity (CMT]I) ratings of isolated components and therefore, the

digital signals might change their states unpredictably.

4.2.4 SC Protection Design Integrated to a Half-Bridge

A prototype of the parallel switch half-bridge board with short circuit protection is
presented in Fig. In this design, GS66508T GaN HEMTs (650 V, 30 A) are
used as the device under test (DUT). The PCB is designed in a similar manner to
the manufacturer’s evaluation board [53]. Even though this half-bridge is designed
for a 4 kW bidirectional DC/DC converter operation, it can be used for different
purposes. The multiple numbers of this half-bridge can be used to have different
types of DC/DC converter or an inverter. The dimensions of the half-bridge board are

90 mm (L), 40 mm (H), and 30 mm (W) with heat-sink and fan.

4.2.5 SC Protection Integrated Layout Design

A proper power loop layout design is critical for safe operation, especially for GaN
HEMTs considering their rapid switching transition. Additionally, it is important to
estimate the induced voltage on the loop portions under SC fault for accurate detec-
tion. For this purpose, the Finite Element Analysis (FEA) tool is required to solve
and analyze the complex geometry of the PCB layout. In this design, the ANSYS
Maxwell 3D tool is used for identifying PCB characteristics.
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First of all, a basic representation of the PCB layout is shown in Fig. @.15] The
current return path is placed underneath of top copper layer so that the power loop
inductance could be minimized. Also, the induced voltage on a portion of the return
path is sensed, which is defined as the sense loop. Moreover, a simplified geometry
of these two loops can be modeled as given in Fig. #.16] The current, which flows
through the power loop, induces a voltage on the sense loop with a coupling factor
of Mpg, as presented in (4.14)). In order to identify the coupling factor, the change
rate of power loop current is used as a control variable. According to Ampére’s law
#@.16)) in quasi-static form, the current density, (4.13)), creates a magnetic field (é)
which passes through the sense loop. The total flux linkage can be calculated based
on Gauss’s Law of Magnetism as in (4.17)). The time derivative of total flux linkage
within the loop area induces a voltage which is a result of Lenz’s Law of Induction,
(4.18).

Digc
=M 4.14
€ PS ot ( )
isc(t) = / J.dS (4.15)
S
uojfé.df:/f.dS* (4.16)
l S
U = /é.d/f 4.17)
v
_ 9% 4.1
£ > (4.18)

Similar to the simplified model, the sensed voltage on the PCB can be calculated by
estimating the total flux linkage in the sense loop as shown in Fig. For this
purpose, the magnetic field density vectors (5) passing through the sense loop and
created by power loop current for 100 A are solved with an FEA software and shown
in Fig. According to FEA results, the power loop current induces voltage with
a mutual coupling factor, Mpg, of 0.18 nH. Also, the self-inductance of the power
loop layout is 0.85 nH. The FEA results show that the power loop inductance is not

necessarily increased to obtain an evaluable sense voltage level.
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Figure 4.15: A symbolic view of PCB layout for power loop and sense loop
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Figure 4.17: Layout view for power loop and sense loop where layer orders are given

from top layer (Layer 1) to bottom layer (Layer 4)
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Figure 4.18: Magnetic field density vectors passing through sense loop created by

100 A power loop current

4.2.6 Filter Design

The induced voltage waveform has to be filtered to eliminate any mis-trig signal
caused by regular switching. The main difference of induced voltages for regular
switching and SC fault is the oscillation frequency. According to simulation results,
the transistor current continues to increase for a while under an SC fault whereas
for normal operation, the current reaches the peak and then decreases as shown in
Fig. .19 Moreover, the shaded areas under induced voltages show the integration
fields. On the one hand, the integration adds up steadily for the SC fault case. On
the other hand, the induced voltage oscillates between positive and negative sides for
normal switching, so it does not add up invariably. Therefore, a low pass filter that
accumulates the induced voltage would satisfy the required filtering characteristics.
For this purpose, an R-C filter is used as presented in Fig. 4.13] The KVL equation
for an R-C filter (4.19) can be transformed and the voltage on the capacitor, Vyitters

can be expressed as in (4.20) where the integration of induced voltage is obtained.

v ilter i
Usense (t) = Viter(t) + Of%()}%f (4.19)
1 t
Ufilter(t) = m\/ (Usense(t) - ’Ufilter(t»dt (420)
0
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Figure 4.19: Comparison of power loop currents (/1) and induced voltages (Vsense)

for short circuit fault and normal switching

The FFT results of induced voltage (Ve,s.) for short-circuit fault and normal switch-
ing are given in Fig. 4.20| based on simulation results. The normal switching domi-
nates on the FFT plot as frequency increases due to high-frequency oscillations. How-
ever, for the low-frequency range (< 25 MHz), the amplitude is much higher for SC
fault, so it is the frequency range to be passed by the filter. Three different filter op-
tions are compared in Fig. It is possible to change the location of the cutoff
frequency by changing either Ry or Cy. As given in Fig. #.21] all R-C filter options
are strongly attenuate for frequencies higher than 25 MHz. 10f2 - 1nF combination
could be the best option for having a comparable voltage level but in comparison to
simulation, the actual waveform should have more oscillations in real experiments
due to the parasitic effect which cannot be perfectly modeled in a simulation environ-
ment. Therefore, 10€2 - InF might not be enough to attenuate all those oscillations.
Also, 3012 - 1nF would be a very tight filter to have a voltage at a comparable level,
so noise in the system can easily cause a mis-trig. Therefore, it is a good choice to
have a filter around 2052 - 1nF, and the following experiments are conducted with a

filter with 18¢2 - 1nF component ratings.
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Figure 4.20: FFT plots of induced voltage (Viense) for short circuit fault and normal
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Figure 4.21: Magnitude plot of three different low-pass R-C filters

4.2.77 Component Selection

As shown in Fig #.13] a comparator is required to have a digital trig. For this pur-

pose, a fast comparator TLV3501 with 4.5 ns delay is used. Also, a digital isolator
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Figure 4.22: Experimental setup for SC protection test including a DSP board, a
control board, a mother board and the half-bridge board

is required to transfer the signal from the power side to the signal side or vice versa.
The digital isolator should also be able to stand with high common-mode interference.
Therefore, ISO7721 with 11 ns propagation delay and 85 k£V'/;1.s common-mode tran-

sient immunity is selected.

Moreover, to safely turn-off GaN HEMTs, a Bipolar Junction Transistor (BJT) is
implemented to clamp gate-source voltage. ZXTN19020DFF with a static forward
current transfer ratio of 450 is utilized and a 1 k{2 base resistor is used to adjust

clamping duration.

4.2.8 Experimental Results

The half-bridge board is tested in a configuration as given in Fig.[4.22] A digital signal
processor, TMS320F28379D, with 200 MHz clock speed is used for generating PWM
signals and for applying short-circuit protection. Experiments are organized to show
the capability of the SC protection mechanism and the regular switching performance

of the half-bridge board.
As shown in Fig. #.23] SC fault is detected just in 40 ns and the transistors are com-
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pletely turned off in less than 250 ns with soft turn-off in an SC fault case described in
Fig.[4.12] The time intervals are measured experimentally with a LeCroy Waverunner
44-Xi (400 MHz, 5 GSa/s) oscilloscope. The induced voltage (V sense) under SC fault
increased up to 1.2 V. Therefore, SC current increased with a slope of 6.7 A/ns as
maximum. The measurement of SC current requires a high-bandwidth current mea-
surement technique. In [54], different options for measurement of switching current
of GaN transistors are compared. The most suitable technique is to utilize a shunt
resistor with ultra-high bandwidth (2 GHz). However, even this method adds several
nH parasitic inductances into the power loop inductance [54]. Considering the power
loop inductance of proposed design, 0.85 nH, a high-bandwidth shunt resistor could
increase power loop inductance more than 100%. Therefore, the SC current is not
shown experimentally in Fig. #.23] because it cannot be measured without changing
the layout inductance. A worse power loop design would harm or completely change

or invalidate the performance of the SC protection mechanism.

In Fig.[4.23] time steps of an SC fault are shown in detail. When an SC fault starts with
an unexpected turn-on of a transistor, drain-to-source voltage (V) waveform shows
a voltage drop because of the drawn high current from the power loop bus capacitors.
The high rise of the SC current induces a voltage (V.,s.). Filtered form of the in-
duced voltage (V fiyer) exceeds the reference level (V,..r) and as a result, comparator
output (Veomp) changes its state to low, which is the moment of SC fault detection
(t1 + t2). Then, this signal is transferred to DSP with the digital isolator. DSP first
sets soft-turn off command, so gate-to-source voltage (V) starts discharging. After
250 ns from SC fault start, (V) is totally clamped to a level below threshold voltage
which means SC fault is removed. Then, DSP waits for a programmable awaiting
duration and disables gate drivers, so gate driving level goes to low state. The delay
intervals in SC timing waveform are affected by several factors positively or nega-
tively as given in Table In order to minimize short-circuit, protection duration, a
fast comparator IC and a fast digital isolator IC are required. Even though the total SC
protection duration is dominated by the soft turn-off period, the SC current decreases
gradually with time and soft turn-off is a must for safe operation. A comparison re-
sult is shown in Fig.[4.24] For a hard turn-off situation, the voltage on GaN HEMTs

increases up to 105 V under 50 V¢ input which clearly indicates the risk for a higher
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Figure 4.23: Unexpected turn-on of a GaN HEMT starts SC fault: Timing waveform
of SC protection mechanism under 400 V bus voltage where V4, and V 4, are the gate-
source and drain-source voltage of bottom switch, V... is the induced voltage on
PCB layout, V g, 1s the low-pass filtered form of V.,,sc, V,ef 1s the threshold level

of SC signal and V., is the scaled output of comparator IC.

level of input voltages. On the contrary, when a soft turn-off is applied, the voltage on
GaN HEMTs does not increase more than the bus voltage and it ensures a transition

in safe-operating-area limits.

Furthermore, the waveforms of induced voltage (Vsense) and its filtered form (Vigye,)
during an SC fault are measured under different bus voltage levels and given in Fig.
All bus voltage levels result in the same amount of voltage induction because the
transistor current gets in saturation for all voltage levels which means the same trans-
conductance for all voltage levels. These results also highlight the SC fault detection
range. The SC fault can be detected as long as the bus voltage is high enough to bring

transistors in saturation.
Besides SC fault results, double pulse test (DPT) results are presented in Fig. 4.26]
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Figure 4.24: Bottom side transistor drain-source voltages for hard and soft turn-off

situations under 50 V DC bus voltage SC test
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Figure 4.25: Induced voltage (Vie,s) and filtered waveforms (Vyjje,) for SC fault

under varying DC bias levels
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Table 4.3: Delays and Related Factors During SC Fault

Time Interval || (ns) || Prolonging Factors || Expediting Factors
ty 35 Loop Inductance
Filter Components || Bus Capacitance
ty 5 Comparator Delay -
Detection 40 - -
t3 11 Isolator Delay -
ty 37 Interrupt Latency DSP Clock Speed
ts 11 Isolator Delay -
Turn-off Start || 99 - -
tg 151 Base Resistor BJT Gain
Total 250 - =
t7 390 Programmable awaiting duration

for 400 V and 40 A to show normal switching performance and clarify the differences
between SC fault and normal switching. Transistors are switched with 20 €2 and 2 2
turn-on and turn-off gate resistances causing 22.8 £V /us and 40.7 kV/us average
transition speed, respectively. Whenever the control switch is turned on, the gate-
source voltage of the synchronous switch is charged via Miller capacitance. As shown
in Fig.[4.26] the gate-source voltage is charged up to -1.8 V which stays lower than the
threshold level, 1.7 V. This is a result of optimized and decoupled power loop and gate
loop layouts. It also shows that the protection method does not deteriorate the layout
design. For the same switching moments, the induced voltage (V.,s.) and filtered
waveform (V) are also shown in Fig. As expected, Vepse 1S much noisier in
comparison to the simulation result. Nevertheless, the filter is able to attenuate those
high-frequency oscillations and V., never exceeds the reference level and does not
cause a false trigger. In addition, the V;;., waveforms are presented in Fig. for

different DC bias levels and loading conditions. In all situations, the V., does not
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reach and exceed the reference level.

In order to see the noise immunity better, the FFT results are given in Fig.[4.28 where
FFT results of induced voltage (Viens.) and its filtered form (V) are compared for
normal switching and under SC fault. As explained in Section 4.2.6] normal switch-
ing carries more high-frequency components but SC fault dominates for frequencies
lower than 25 MHz in experimental results as well. These results also validate filter

design.
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Figure 4.26: Double Pulse Test (DPT) waveforms: applied pulses to the gate-source
terminals of control & synchronous switches, the load current & voltage waveforms

and induced voltage (Vseps.) and its filtered form (V fizze,)
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Figure 4.27: Filtered waveforms of induced voltage (Vyjer) for DPT under varying

DC bias levels and loading conditions
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Figure 4.28: Comparison of FFT plots of induced voltage (V.,s) and its filtered

form (V f;ite,) under SC fault and for normal switching conditions
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4.2.9 Discussions

SC protection methods in literature and their performance are compared in Table
Those different sense techniques are shown in Fig. [4.29] as if they are applied on
a parallel connection configuration. The small layout parasitic inductances are also
placed on the figure. The SC fault is sensed with different methods such as drain-to-
source voltage (Vpg) sense, bus voltage (Vzys) sense, induced voltage sense across
the common source inductance (CSI) or layout inductance. The STO activation, i.e.
gate clamping, the delay is taken as a common measure of different studies. STO
activation period is an important measure since it determines the duration of uncon-
trolled SC current rise. Even though the device type differs, all listed solutions in
Table [4.4] are applicable to other types of devices except [30] as sensing the induced

voltage across CSI requires a Kelvin source pin.

All of the reported studies are able to get SC current under control in less than 500 ns
which is the critical limit for GaN HEMTs with 350 V or more DC bus voltage [28]].
First six solutions in Table 4.4 are able to activate STO in less than 100 ns with
30 ns deviation as maximum. The proposed SC protection mechanism in this paper is
designed and verified for parallel-connected GaN HEMTsS and it starts STO in 99 ns

and fault is removed completely in 250 ns in total.

The sensing methods other than the method proposed in this paper (3 in Fig. [4.29)
might not be easily adapted to parallel configuration for several reasons. Firstly, the
layout design considerations of parallel-connected transistors are different from sin-
gle bridge design. Even though both designs aim to minimize gate loop and power
loop inductances, it is required to distribute the layout inductances equally among
parallel-connected transistors [23]]. This requirement is critical to turn-on and turn-off
the parallel-connected transistors at the same time. Therefore, the protection meth-
ods, which can follow only either one device or one bridge like options 1, 2, and 5 in
Fig.[4.29] are inconvenient as they can cause asymmetry between parallel-connected
transistors, which can make the switching speeds of parallel transistors dissimilar.
These solutions can be adapted to the parallel configuration by increasing the num-
ber of sense points; however, this will increase the application cost and make the

implementation difficult.
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Table 4.4: SC fault response time of different protection methods applied on different

device types and connections

Study STO activ. Sense Device Conn.

Hou et al. [33]] 70 ns Vbs (1) GaN HEMT | Single
Sun et al. [30]] 80 ns CSI (2) SiC Single
Alemdar et al. [35] 80 ns Layout (3) | GaN HEMT | Single
Hou et al. [6] 85 ns Vps (1) GaN HEMT | Single
Awwad et al. [34]] 90 ns Layout (3) SiC Single
This work 99 ns Layout (3) | GaN HEMT | Parallel
Lyu et al. [28] 200 ns* Veus** (4) | GaN HEMT | Single
Wang et al. [32]] 224 ns Veus™** (5) GaN GIT Single

(*) STO activation period is measured by author using the waveforms presented in
the paper

(**) Bus voltage is measured from positive terminal to negative terminal of power
loop bus capacitor

(***) Bus voltage is measured from the drain of the high side switch to the source of

the low side switch on a half-bridge

Secondly, the space limitations on the PCB lead designers to utilize different solu-
tions even for single bridge configuration. An example is utilizing dual-gate pads
separately for gate driving and soft turn-off as discussed in Chapter [I] Thus, the par-
allel connection of transistors complicates space limitations especially considering

the strict layout design rules of parallel configuration.

Thirdly, it is not possible to obtain gate loop inductances as low as in single half-
bridge design for parallel configuration. It is possible to place the gate driver IC just
next to the transistor in a single configuration. However, due to symmetry consid-
erations the gate driver IC cannot be placed next to a transistor. As a result, high

gate loop inductance leads to higher oscillations on gate-source voltage, so on trans-
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Figure 4.29: Different sense techniques to detect SC fault

conductance and transistor current as well. These oscillations require a tighter filter

and long settling time.

Considering all these constraints, only bus voltage measurement technique across the
bus capacitors other than the layout method can be adapted to the parallel configura-
tion but it might not be easy to adjust reference levels for a different level of input
voltages and according to Table [d.4] sensing bus voltage is the slowest technique. As
a result, the layout based detection techniques are the most suitable methods to sense

SC fault for parallel configurations.

4.3 Thermal Design

A proper power electronics design must include a thermal design for long period op-
erations. The small size of the device package of GaN HEMTs makes it vulnerable
to thermal loading. As the size gets smaller, it is hard to remove the heat. Therefore,

thermal components should be selected with the device accordingly. Thermal com-
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ponents include heat-sink, fan, thermal interface material which fills the gap between
heat-sink and device. The Cauer thermal network is illustrated in Fig. {.30] for a
single device where I?;_¢ stands for the junction to case thermal resistance, Ry 18
the thermal resistance of thermal interface material and Rygg_ 4 stands for heat-sink

to ambient thermal resistance.

As mentioned in Section[4.1.3] use of parallel-connected two GaN HEMTs is advan-
tageous than using a single device with a double current rating because of the wider
contact area with the heat-sink. In the case of a single device, the heat is concen-
trated on a specific region of heat-sink but for parallel devices, the heat sources are

separated.

The junction-to-case thermal resistance of the device is given as 0.5 °C/W in [4]. The
total power loss of the transistors is calculated as 18 W using simulation results. The
ambient temperature is assumed as 40 °C with some margin and the aimed junction
temperature is 140 °C. Based on these starting points, the required total thermal resis-
tance is found in (¢.21)) as 5.5 °C/W. Therefore, the total thermal resistance of Ry,

and Ry s 4 should not exceed 5.5 °C/W to operate at 140 °C of junction temperature.

(4.21)

A thermal interface material (TIM), A10092-01 [55]], with 0.25 in?°C /W thermal re-
sistance per inch square (aryys) 1s selected for this operation. The equivalent contact

area should be taken into account to find the actual thermal resistance of TIM. In this

84



case, it is the total cooling surface area of the transistors. The edges for this area is
given as 0.257 inches and 0.122 inches in [4], so the cooling area is 0.125 in? in total.
However, since the thermal conductivity of TIM is much greater in X and Y direc-
tions than Z direction, the effective contact area is larger and each edge is multiplied
with 1.5 in calculations. As a result, TIM has a thermal resistance of 3.5 °C/W based
on (@.22). Thus, a heat-sink with 2 °C/W is required. Considering the size of the
PCB (90 mm (L), 40 mm (H)), it is not possible to have a heat-sink with the desired
resistance for natural cooling. Therefore, a heat-sink and a suitable fan should be

selected.

1

Rriv = aTIM—A w152 (4.22)
total .

A low-profile forged heat-sink, APF40-40-10CB [56]], is selected with 2.5 °C/W ther-
mal resistance at 200 LFM airflow where it causes 0.043 inch-water pressure drop.
Therefore a fan should be picked which creates 200 LFM airflow under 0.043 inch-
water pressure drop. OD3510-05MB [57]] fan is selected and it is able to create 4.9
CFM or 285 LFM airflow under 0.04 inch-water pressure drop. Therefore, since the
airflow is increased 42%, the thermal resistance of heat-sink will be lower. The heat-
sink APF40-40-13CB [56] with 2.0 °C/W at 200 LFM can be a second option for

certain limitations.

The heat-sink and fan are connected to PCB by screws as presented in Fig.
For this purpose, heat-sink is drilled in each corner aligned with the fan and they are
tightly mounted on the PCB to have good contact between transistors and heat-sink.
A loose contact might result in increased contact resistance and might cause a thermal

run-away up.

In order to verify the thermal design, a controlled loss is applied to transistors and
temperature variation on the heat-sink is followed by a thermal camera, FLIR ES5 [58]].
During these tests, all four transistors on the half-bridge are turned-on and continuous
DC current flows through the transistors. The voltage on the transistors is measured
to estimate power loss accurately. The voltage and power losses are shown in Fig.
4.32] During the tests, the current is increased up to 16 A and 16.6 W power loss is

applied as the maximum which is equal to the estimated maximum loss in the actual
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Figure 4.31: Connection of heat-sink and fan on PCB

circuit.

In order to match the power loss with the junction temperature, the temperature on
the heat-sink is measured to calculate actual thermal resistance of it. Knowing the
thermal resistances of all components (heat-sink, TIM, and junction-to-case), it is
possible to estimate junction temperature under applied power losses. The estimated
junction temperature is shown in Fig. [#.33|and it reaches to 133 °C’' maximum. Note
that during the tests, the mounted heat-sink is APF40-40-06CB [56]], which has 28%
higher thermal resistance than the one that will be used. Additionally, the connected
fan, OD3510-05LLB [57], is less powerful than the one that will be used. In short,
thermal performance is verified with even less effectual heat-sink and fan. With those
thermal results, the size of the half-bridge PCB is finalized as 90 mm length, 40 mm
height, and 30 mm width.

As a conclusion, a prototype half-bridge design with GaN HEMTs is discussed in
this chapter. The design of a half-bridge includes layout design, short-circuit protec-

tion integration, and thermal design. In the first place, the layout optimization for the
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power loop and the gate loop is discussed. Different design options are compared by
FEA software. Then, the layout considerations for parallel-connected devices are de-
scribed. A minimization of layout inductances is not enough for parallel devices, even
distribution of parasitic inductances is also required. Experimental results show that

a minimized and symmetric layout design is obtained on the proposed half-bridge.

Afterward, the implementation of short-circuit protection is given. The short-circuit
protection has to be fast enough to inhibit a fault before device breakdown. The
proposed method utilizes sensing the induced voltage on the layout. This method is
able to detect SC fault in 40 ns and current is taken under control in less than 100 ns.
Moreover, a unique piece of the SC method is that it is the first time an SC protection
method is applied to parallel-connected GaN HEMTs. The proposed solutions in the
literature are compared for parallel switch operation and the advantages of the layout

method are presented.

Lastly, the thermal design of the half-bridge board is given with all details and ex-
perimental results. The selection of thermal interface material, heat sink, and the fan
is discussed. The experimental results highlight that the half-bridge board is able to
stand with at least 16 W of losses on GaN HEMTs.

88



CHAPTER 5

BI-DIRECTIONAL DC/DC CONVERTER DESIGN

The bi-directional DC/DC converters are used to construct an interface to energy
storage systems. Especially, the increase in the usage of renewable energy sources
requires energy storage systems like batteries where bi-directional power flow is re-
quired [40]. The buck/boost type bi-directional DC/DC converters are also used for
onboard chargers and between the battery and the inverter bus of electric vehicles
[39] 159], electric scooters or electric wheelchairs, and telecom energy systems [60]].
In this chapter, a design example of a bi-directional DC/DC converter with the pro-

posed half-bridges in Chapter @]is performed and discussed.

5.1 Design Specifications for Bi-Directional DC/DC Converter

Bi-directional DC/DC converters are used for interconnecting two DC terminals where
power flow capability is required in both ways. These converters are preferred to be in
low volume for high power density applications such as the regulator which connects
the battery and motor driver input in an electric vehicle. Fig. [5.1] shows the mind
map of a design protocol where "High Power Density" is taken as design input. The
converter size is mostly dominated by passive components [61] which can be reduced
by increasing switching frequency. However, the high switching frequency results in
high switching losses on switching components, especially for high power applica-
tions. Soft switching is a method to eliminate switching losses and can be applied to a
Buck / Boost type DC/DC converter easily by quasi-square wave zero voltage switch-
ing (QSW ZVS). Even though QSW ZVS is an easy way to achieve soft switching,

it suffers from high current ripple on inductors which mainly increases the stress on
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Figure 5.1: Logic diagram of the design of a bi-directional non-isolated DC/DC con-

verter

output filter capacitor and on transistors by causing high conduction losses. Thanks
to device paralleling, conduction losses can be shared among parallel-connected tran-
sistors and it reduces the conduction loss per switch. Moreover, soft-switching makes
device paralleling easy by smoothing switching transitions. The stress on the out-
put filter capacitors can be handled by interleaving half-bridges which significantly
shrinks the ripple current flowing through filter capacitors. As a result, the passive

components in small size can be used to filter output voltage.

In the lights of these design steps, a bi-directional DC/DC converter scheme is pre-
sented in Fig.[5.2) where two ports are denoted as A and B. The power flow from A to

B gives the buck operation whereas B to A gives the boost operation.

5.1.1 Achieving Soft-switching by Quasi-square Wave Zero Voltage Switching

Quasi-square wave zero voltage switching (QSW ZVS) is an easy way to achieve
zero voltage soft switching (ZVS) in buck/boost type DC/DC converters since it does
not require any extra component. The ZVS is accomplished by inductive switching

instead of capacitive switching. In capacitive switching, the transistor which is sup-
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Figure 5.2: Bi-directional DC/DC converter scheme where A and B ports can be

configured as input or output

posed to be turned on in the next cycle stays as charged to the DC link voltage level
while it is OFF. Therefore, whenever it gets in conduction, the voltage on the output
capacitance of the transistor has to be discharged which causes the switching energy
dissipation and overshoot on transistor current. However, in inductive switching, the
voltage on the output capacitor of the transistor is discharged in dead-time by the load
current and the transistor gets in conduction with zero voltage on itself. As a result,

the energy is not dissipated during the switching transition.

An example is illustrated in Fig. [5.3] on a buck converter where the inductor current
ripple is more than twice of output current; therefore, it goes below zero. Four mo-
ments are marked on inductor current in Fig. [5.4] where (1) is the charging moment,
(2) is the moment when () turns off and () g turns on, (3) is the discharging moment

and lastly (4) is the moment when () g turns off and ()1 turns on.

As shown in Fig[5.4{{a), the inductor is charged with the current flowing through the
channel of the high side switch. At the moment (2), high side transistor (()7) turns-
off and () turns on after a certain dead-time where both of the switches are OFF.
During this dead time, the inductor current splits up into two where one part of the
inductor current charges the output capacitance (Cpgg) of high side switch and other
pats discharges the (Cpgg) of the low side switch. Then, low side switch is turned-on

and inductor current starts freewheeling through the channel of the low side switch
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(4)

Figure 5.3: Sample moments of quasi-square wave zero voltage switching showing

switching characteristic for buck mode operation

as given in Fig[5.4][c). In comparison to continuous conduction mode, the inductor
current goes below zero in quasi-square wave zero voltage switching. Therefore,
when the low side switch is turned-off as presented in Fig[5.4{({d)), the inductor current
charges the (Cpggs) of low side switch and discharges the (Cpgg) of high side switch
in the dead-time. Even though soft-switching can be achieved easily by QSW ZVS,
the inductor current ripple needs to be at least twice of average output current which

requires a careful inductor design for high-frequency high-power applications.

Since the inductor current charges and discharges the output capacitance of GaN
HEMTs, the required dead time and negative current can be calculated. Since a paral-
lel switching operation is applied in this design, the resonant current has to charge or
discharge the output capacitances of both transistor in parallel-connection. Therefore,
the total output capacitance needs to be considered as double of the output capacitance
of a single transistor for high side and low side. The actual value of the output ca-
pacitance is characterized in Chapter 2] According to the experimental results, the
equivalent output capacitance of the device at 0 to 400 V or vice versa transition can
be calculated by using the energy as described in (5.1). The output capacitance is
found as 108 pF which is given as 100 pF in the datasheet [4].

1
Eoss = §Oossvd20 (51)

The inductor current which flows in a negative direction at that moment charges two
GaN HEMTs and discharges two GaN HEMTs as presented in Fig. [5.5] According

to the principle of conservation of charge, the required current or duration can be cal-
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Figure 5.4: Steps of quasi-square wave zero voltage switching defined in Fig. for

buck mode operation

culated as shown in (5.2). For a configuration that operates under 400V DC bias and
where 4 A of negative current flows, a dead time of 43 ns is required as a minimum to
achieve zero voltage switching. Considering the gate charge and discharge duration,

100 ns of dead time would be suitable and safe for this design.

tdeadjL,neg - 40085‘/;ic (52)

The parallel-connected bridge structure is tested on a simulation platform with 100 ns
of a dead-time period. The results show that, high side switch, i.e. the control switch

for buck mode, turns-on with zero voltage switching as shown in Fig. [5.6]
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Figure 5.5: Achieving soft switching at turn-on with parallel connected devices

5.1.2 Interleaving

As discussed before, quasi-square wave zero voltage switching suffers from high cur-
rent ripple. Behind the thermal stresses caused by the current ripple, it causes output
voltage swing as well unless the filter capacitors are capable of filtering. Instead of
applying all current ripple to the output filter capacitors, interleaving the multiple
numbers of bridges could decrease or eliminate the ripple. Moreover, the thermal

stress per bridge decreases as well for the same operating point.

The nominal operating conditions are given in Table [5.I] Based on these operating
conditions, the number of the interleaved bridge is selected with theoretical and prac-
tical reasons. Theoretically, the number of interleaved bridges is evaluated and com-
pared as shown in Table[5.2] Since buck and boost modes operate with almost com-
plementary duty cycles, minimum ripple is obtained for the same number of bridges.
Interleaving three bridges is the most suitable option for buck and boost modes in
terms of ripple cancellation. Moreover, the transferred power per bridge decreases
with an increasing number of bridges. That ratio could have been kept constant by tak-
ing the chance of increased output power. However, the available electrical loads and
power supply limitations are the practical reasons for keeping output power constant.
By keeping the output power constant, the increased number of bridges decreases the

utilization of filter inductors and switches. As a result, interleaving two bridge seems
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Figure 5.6: Simulation results showing zero voltage switching for high side switch at

turn-on

Table 5.1: Nominal operating conditions for buck and boost modes

Buck Mode | Boost Mode
Input Voltage 400 V 270 V
Output Voltage 270V 400 V
Duty Cycle 0.675 0.323
Output Current 20 A 135A
Output Power 5.4 kW
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Table 5.2: Comparison of the effects of interleaved bridge number

Buck Mode | Boost Mode

Number of bridges AAI—;ZP kW/bridge AI—iL Color Code
1 54 24 Best
2 0.515 0.521 2.7 2.8 Better
3 0.037 0.045 1.8 3.2 Not Bad
4 0.235 0.228
5 0.21 0.209

Table 5.3: Inductor specifications obtained by simulation results

Inductance 6.8 uH

Frequency 450 kHz

Average Current 10 A

Ripple Current | 28 A,

to be the most advantageous case for handling the ripple while maximizing the power

density.

5.1.3 Inductor Design

The inductor design is one of the most critical steps for the QSW ZVS converter
because the increased current ripple can saturate the magnetic core or cause lots of
heat dissipation on the inductor. The total inductor loss can be estimated by summing
winding losses and core losses as shown in (5.3). Nevertheless, the winding losses
can be split into two parts as the DC losses and AC losses. For an inductor with the

multiple numbers of layers and thick wires, AC loss dominates due to the eddy effects.
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Therefore, the thickness of the wire should be selected by taking the skin depth into
account. In this design, aimed switching frequency is 450 kHz and inductor should
carry 10 Amps on average with 28 Amps peak-to-peak ripple as given in Table [5.3]
The skin depth for 450 kHz is 97.2 um, so a Litz wire needs to be used to handle the
ripple. A Litz wire with 400 strands of 80 pm of thickness is chosen.

Pyg =P, + P. (5.3)

Off the shelf magnetic gapped E cores on the shelf are not suitable for this application.
Therefore, a gapless E core is used and the air gap is adjusted with a few piece of
isolation papers as shown in Fig. Basically ignoring the reluctance of E core,
the total reluctance of the flux path can be formulated as given in (5.4). The turn
number can be written down with the calculated reluctance and desired inductance
as presented in (5.5). With the turn number and reluctance, the flux density can be
calculated as given in (5.6) and to check if the magnetic core saturates (5.5).

Moreover, the AC flux density (B,.) is required to estimate core loss as well.

R=—I (5.4)

N ~VLx¥R (5.5)
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o NIavgﬂo

B 5.6

d ST (5.6)

B, = Motk 5.7)
4L gap

Bpeak - Bdc + Bac (58)

Another important measure for the inductor is the power loss caused by the current.
For this purpose, DC resistance of the winding and AC resistance should be calcu-
lated. The total copper area of Litz wire is 2 mm?. Therefore, the resistance of the
wire can be found as given in (5.9) where MLT stands for mean length of a turn.
More importantly, the AC resistance should be determined with respect to DC resis-
tance using Dowell curves. The winding layer has to be kept as small as possible.
Therefore, for the first core selection step, AC resistance is taken as 1.5 times of DC

resistance.

Ry, = % (5.9)
Pae = I}, Rac (5.10)
Pae = I} Rac (5.11)

P.ore = Pyy(Buc, f)Ve (5.12)

As a result, power losses of a magnetic core can be calculated as shown in (5.10),
(5.11) and (5.12). Core loss is calculated with the given specific power loss in the
magnetic core datasheet. The specific power constant changes with respect to AC
magnetic flux density and frequency. The total power loss is compared for dif-

ferent magnetic cores and presented in Fig. [5.8] Even though, the magnetic core
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Figure 5.8: Loss comparison of different magnetic cores

E32/6/20/R-3F4 [62] seems advantageous in terms of power losses, its fill factor is
higher than others as shown in Fig.[5.9] The magnetic core E38/8/25-3F36 [63]] has
less than 20% fill factor and suitable for paralleling two Litz wires so that the wind-
ing loss could be halved. The final loss of E38/8/25-3F36 can be reduced down to
8.5 W. Also, its dimensions are slightly higher than E32/6/20/R-3F which gives a

larger cooling surface area.

The wounded magnetic core is shown in Fig.[5.10[a) where two E cores will be placed

on top of each other and wires will be paralleled. The final view of the inductor is

presented in Fig. [5.10{(b).

5.1.4 Filter Capacitor Selection

On the one hand, interleaving half-bridges reduce the current ripple for the output
capacitor. On the other hand, the frequency of filter capacitor current increases as
much as switching frequency times the number of interleaved bridges. Therefore, for
two interleaved bridges, the filter capacitor carries the current with double switching

frequency. The simulation result presented in Fig. [5.11] shows the inductor currents
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Figure 5.10: View of inductor
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Figure 5.11: Interleaved inductor currents and output current

and the output current for rated buck mode operation. According to the simulation
results, the amplitude of the ripple current is almost halved and the frequency is the
double of switching frequency, 900 kHz. For 1% output voltage ripple, the filter ca-
pacitor should be higher than 690 nF according to (5.13). This calculation is valid
only for an ideal capacitor and ideal connections which is not the case for a practi-
cal application. Ideally, the output voltage does not swing more than calculated as
long as the ripple on the output current passes through the filter capacitor. However,
capacitors are not ideal and have parasitic inductances and resistances. Therefore,
the frequency response of the filter capacitor gets important since it should carry a
considerably high amplitude of ripple current at 900 kHz. Moreover, the dissipation

factor has to be low enough to keep capacitors thermally safe.

AT

The RMS of the current to be carried by the capacitors is 7.8 A at 900 kHz. In order
to filter out this current, two surface mount design (SMD) film capacitors, LDEPH32
20K A5NOO [64], and one through-hole (TH) film capacitor, BFC238320684 [63]], are
used. Fig.[5.12] and Fig. [5.13] shows the current-carrying capability of SMD and TH
film capacitors, respectively. The total capacitance is 1120 nF and the current range

goes up to 23 A which is higher than the required values. Both capacitors are rated as
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Figure 5.12: Maximum current carrying capability of SMD film capacitor,
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5.2 Experiments and Results

The bi-directional DC/DC converter is physically implemented and tested under full
load for both buck and boost modes with the presented experimental setup in Fig.
[5.14] During the experiments, all waveforms are recorded by a digital oscilloscope,
LeCroy Waverunner 44xi, and the current waveforms are measured by a current
probe, TCP305A. Resistive banks are connected in parallel as load. Input and output

powers are measured by watt-meters.

The converter is able to operate at full load and it does not require any extra cooling to
overcome thermal loading as will be discussed in Section[5.2.1} Converter dimensions
are 7.5 cm, 11 cm, 12.5 cm as shown in Fig. which results in 5.24 kW/[ power
density at full load.

The experiments are organized as the following. Section[5.2.1] gives the thermal tests
where a different level of thermal stresses are applied to inductors and heat sinks of
GaN HEMTs. In Section [5.2.2] and Section [5.2.3] the operation tests are performed

for buck mode and boost mode under different loading conditions.
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5.2.1 Thermal Tests

The thermal resistance of the magnetic core of the inductors is not presented clearly
in the datasheet. Therefore, the thermal design has to be verified before applying full
load. The thermal stresses of the inductors are dominated by the AC winding losses
and the core losses which both are got affected by the switching frequency. In order
to see the effect of switching frequency, the rated ripple amplitude of the current is

applied to the inductors to see the cooling performance.

Thermal measurement points are shown in Fig. [5.16] In each rectangle, the hottest
point is recorded for each switching frequency. The input voltage and duty cycle are
adjusted so that always the same current flows through the inductors with different
frequencies. The operating frequency is changed from 150 kHz to 450 kHz with
50 kHz steps and the current waveform recorded by the oscilloscope is shown in
Fig.[5.17]for the minimum and the maximum frequencies. The resulting temperatures
are shown in Fig. [5.18] where the maximum temperature increases up to 122 °C at

windings and the ambient temperature is 25 °C. Note that, in this study, all thermal
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Figure 5.16: Thermal measurement points over the inductors

results are measured after 30 minutes of operation.

Moreover, it is important to see the effects of the current ripple and average sepa-
rately to figure out the main reason behind the heating of passive components or GaN
HEMTs. For this purpose, two test sets are performed. On the one hand, the av-
erage current of the inductor current is changed while the ripple magnitude of the
current stays as the same and on the other hand, the average of the inductor current is
kept constant while the ripple changes. The results of these two experiment sets are
shown below in Fig.[5.19]and Fig.[5.20] The temperature is recorded for five different
components, the inductor winding and the core, heat sink of GaN HEMTs and in-
put capacitors. These components are the ones subject to heating in the experiments.
Fig. [5.19] shows that the effect of the change in the average current is limited and
does not affect the temperatures of the components much more. However, the current

ripple is decisive over the heating as given in Fig.

In order to guarantee safe operation for passive components under full load, a fan is
placed, without reducing the power density, to overcome any harmful heating. This
configuration is presented in Fig.[5.21] Table [5.4] gives how the fan affects the tem-

peratures of the components. As expected, it significantly reduces the temperature of
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Figure 5.17: Applied currents on the inductors for thermal tests
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ponents

the inductor and SMD input capacitors which are on the same side of the PCB. Its
effect on the film input capacitor and GaN HEMT heat sink is limited since they are
on different sides of the PCB.

Lastly, another important point is to estimate the junction temperature of GaN HEMTs
for different operating points of the bi-directional converter. The important thing is
to scale losses with respect to the inductor current. Note that, as a result of ZVS
switching the voltage level does not affect the losses. As discussed before, the ripple
current is more dominant on the losses rather than the average. However, the actual
loss source is the total effective value of the current on the inductor. Based on the
experimental results, it is deduced that the power losses of the GaN HEMTs on a

half-bridge are proportional to the square sum of average current and ripple current

as given in (5.14).

]L—PP>2

— 5.14
/3 .14)

Pbridge X [ifDC + (

Now, it is possible to scale the temperature rise on the heat sink based on a reference
measurement. The heat sink temperature is recorded as 43 °C under 5.8 A average

and 20 A,, ripple current. The final formula is given in (5.15)) where the temperature
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Table 5.4: Effect of the fan for the operation with 3 A average and 28.3 A ripple

current over the inductor at 25 °C of ambient temperature

Without fan | With fan

Winding 131 °C 86 °C

Magnetic core 119 °C 79 °C

SMD input capacitor 112 °C 60 °C

Film input capacitor 49.5 °C 44 °C

GaN HEMT heat sink 59 °C 57.5 °C

of the heat sink is found for an operating point using a reference measurement.

II%chfop + (ILi\P/giop)Z
THS—OP = <THS_7’ef o Tamb) 2 IL_ppP—ref\2
I} _perep + (F=57)

+ Tams (5.15)

Lastly, the junction temperature can be estimated with the same method. For this pur-
pose, the losses extracted from the simulation results are taken as the reference. Based
on the simulation results, the losses of the GaN HEMTs over a half-bridge are 18.7 W
where the average and ripple current of the inductors are 20 A and 27.5 A,,,, respec-
tively. The thermal design of the half-bridge boards was discussed in Section in
detail. The resulting equation is presented in (5.16). The estimated temperatures will

be compared with the actual measurements in the following steps.

In_pr_o
[%—DC—op + (%)2

‘[ — —Tre
I%—DC—Tef +( . Iz}% f)2

ZZ“’j—op = Pref Rj—hs + THS’—op (516)

5.2.2 Buck Mode

In buck mode tests, the input voltage is set to 400 V, and the applied duty cycle is

kept constant to have the same output voltage. Note that, since this converter applies
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Figure 5.22: Inductor current for 15% load and full load of buck operation

synchronous switching, there is no discontinuous conduction mode operation for any
load, so the volt-second balance equation is always the same as presented in (5.17)).

Therefore, the input to output gain is always the same as well as given in (5.18]).

(Vin = Vour) D 4+ (=Vou)(1 = D) =0 (5.17)
V;ut o
T D (5.18)

During the tests, the load is increased by 15% in each step. Measured inductor cur-
rent waveform is presented in Fig. for the minimum and maximum loading con-
ditions. In each step, the critical temperature points are recorded so that the thermal
performance could be verified under rated operating conditions. The change in the
temperature is shown in Fig. for a varying load current range. The estimated
heat sink and junction temperature are also plotted. As shown, there is a good match
between the estimated and actual heat sink temperatures. Moreover, it is estimated

that the junction temperature rises up to 131 °C under full load.

The output voltage ripple is measured and shown in Fig. [5.24] for full load condition.
Nevertheless, the output voltage ripple gets affected by the duty cycle, frequency, and
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conditions of buck mode operation

input voltage. Since these three parameters are the same for all load range, the output
voltage ripple is constant over the load current. According to the experimental results,

the output voltage ripple swings as 2.3 V which is less than 1% of the output voltage.

Finally, the efficiency curve is obtained for the buck mode operation and presented
in Fig. [5.25] The results show that 97.7% efficiency is reached for the full load and
97.9% efficiency is obtained as the peak. Note that, the efficiency curve is obtained
based on the electrical measurements and subject to an error margin of measurement

tools. A better efficiency curve would be obtained with a calorimeter [66]].

5.2.3 Boost Mode

In the boost mode tests, the output voltage is set to 400 V, and the input voltage is
kept constant at 270 V. Again due to synchronous switching, the converter does not
operate in discontinuous conduction mode. Therefore, the volt-second equation of

the converter turns into (5.19)), so the gain is as in (5.20).

V;nD + (V;n - ‘/out)(l - D) =0 (519)
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Figure [5.26] gives the inductor currents for full load and 15% load. During the tests,
the load is increased by 15% steps. Under full load condition, the estimated junction
temperature goes up to 137 °C as shown in Fig. Considering the maximum
junction temperature of GaN HEMTs is 150 °C, the temperature limit of the GaN
HEMT is almost achieved. In order to estimate junction temperature, equations (5.15])
and are used with calibrating according to the simulation results of boost mode.
Simulation results give 19.1 W total loss for GaN HEMTs on a half-bridge under full
load condition, 400 V, 5.4 kW output in boost configuration.

Moreover, in Fig. [5.28] the thermal view of the converter under full load is presented
for boost mode. Image A shows the temperature increase on the PCB trace which is
connected to the drain of the high side switch. The heat sink temperatures are shown
on image B where one of the half-bridge heats up much more than others due to hot
airflow caused by cool half-bridge. Lastly, thermal views of the inductors are shown

in image C.

In the boost mode, experimental results show that the output voltage swings with 3.9

peak to peak amplitude under full load. Therefore, the output ripple is less than 1%
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as shown in Fig.[5.29] The voltage ripple is not affected by the load current since the

duty cycle is kept constant for the whole load range.

Lastly, the efficiency of the converter is measured as 98.7% at full load in the boost

mode. The efficiency curve of the converter is given in Fig. [5.30}
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In conclusion, this chapter gives an example design with the proposed half-bridge
boards. A bi-directional DC/DC converter application is selected where the power
rating goes up to 5.4 kW and switching frequency is 450 kHz. The converter utilizes
a quasi-square wave zero voltage switching to eliminate switching losses. As a re-
quirement of QSW ZVS, the filter inductance is kept low so that the inductor current
can flow in both directions in a switching cycle. Therefore, an inductor design is per-
formed where the ripple current is set as 28 A in magnitude with 450 kHz frequency.
Moreover, interleaving is applied to cancel ripple current and reduce the stress over
output capacitors. The converter is tested in buck and boost configurations under
rated power. Thermal results are presented and an efficiency curve is obtained for a
wide range of output power. The converter is able to operate at 97.7% and 98.7% effi-
ciencies under full load in buck and boost modes, respectively. As a result, 5.24 kW/[

or 85.9 W/in? of power density is achieved.
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CHAPTER 6

CONCLUSIONS

In this thesis, the GaN HEMTs are studied in a perspective from component to system
level. The device parameters are characterized and their effects are investigated on the
switching performance. Then, using the characterized device, a half-bridge prototype
is designed where device paralleling is applied which requires layout optimization.
Additionally, shoot-through type short circuit protection is implemented on the same
half-bridge board to increase reliability. Lastly, the designed half-bridges are used in

a bi-directional DC/DC converter application to maximize power density.

6.1 Outcomes and Discussions

Firstly, gate charge of a GaN HEMT is characterized by the soft-switching transition.
The gate charge might cause unexpected amount of losses for very high-frequency
applications like class amplifiers. For this purpose, the gate loss needs to be character-
ized. This study utilizes three different gate charge values for the loss estimation: the
datasheet provided gate charge (6.1 nC), the measured gate charge by the impedance
analyzer (4.7 nC), and the gate charge extracted from thermal tests (4.9 nC). Accord-
ing to the experimental results, the gate charge given by the manufacturer deviates
more than 25% from the actual gate charge for a soft switching application. A more
accurate and easy way is to use an impedance analyzer to reduce the error margin
below 5% whereas the actual charge can be figured out by thermal tests. The main
reason for the error in manufacturer record is that the gate charge is measured under

a hard-switching case.
Another important parameter of GaN HEMTs is the output capacitance, which plays a
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significant role over switching losses and switching transitions. A non-linear resonance-
based characterization method is utilized and experimentally verified. For this pur-
pose, a printed circuit board is designed where GS66508T GaN HEMT is connected
in series with a 150 pH inductance. The drain-source voltage of the transistor is
charged up to 550 V and the waveform is recorded by the oscilloscope. The extracted
capacitance curve complies with the datasheet curve and the stored energy is in a good
match with manufacturer value. This method, without requiring any specific source
or tool, is a simple way to characterize the output capacitance of a device that varies

with respect to the bias voltage.

Having characterized device parameters, it is important to see how they affect the
switching performance of the device. Understanding the effect of the parasitics on
turn-on and turn-off characteristics of GaN are important to understand GaN behav-
ior and safe operation. For this purpose, a GaN device, GS66508B, is modeled and
the model is verified by comparing simulation results with the datasheet parameters.
Then, the channel current and channel voltage, which represent device characteristics
better, are investigated on a double pulse test circuit using an accurately modeled GaN
device. The simulation results belonging to channel current and voltage waveforms
are presented as state-trajectories on the steady-state I3 — V45 graph to discuss char-
acteristics better. Moreover, in order to emphasize and express the unique conduction
characteristics of GaN better, important definitions, active/passive turn-on/off, are ex-

plained.

Furthermore, the effects of the temperature on the channel trans-conductance and os-
cillations are studied on state-trajectory plots. It is shown that increasing operation
temperature reduces trans-conductance significantly, so the overshoots and damping
time of oscillation are decreased for high junction temperature of the device. Ad-
ditionally, the state-trajectories are shared for different load ratings and it is shown
that the transient gate-source voltage is affected by the current whereas the switching
speed is not changed as expected. Lastly, the channel voltage and channel current
transitions are given on the time axis for different turn-on and turn-off resistances.
High gate-driver resistances make the switching period longer, so since the current

changes slowly, the overshoots in current and voltage drops decrease.
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Even though GaN HEMTs are very attractive devices with their characteristics, the
maximum utilization can only be reached with optimized layout design. Non-optimized
layout design can easily deteriorate or even block the operation. Therefore, the im-
portant points for optimization of the power loop and the gate loop design are in-
vestigated and verified by finite-element-analysis results. Three different power loop
designs are compared where one of them is the design proposed by the manufac-
turer. According to FEA results, maximum utilization of bypass capacitors is very
important and the power loop inductance can be reduced by 40%. Moreover, the uti-
lization of parallel devices requires much more attention to the layout design. An
example design is performed and it is experimentally shown that parallel-connected
GaN HEMTS turn-on and turn-off simultaneously based on V,, and V;, waveform
records. However, though the layout is optimized, GaN HEMTs can get affected by
noise sources and can be turned on unintentionally. The short-circuit current reaches
harmful levels within hundreds of nanoseconds. Therefore, a short-circuit protection
method based on sensing voltage across the layout inductance is applied on a parallel
switch half-bridge. The implementation of a short-circuit protection technique on a
parallel configuration is different from a single bridge configuration due to symmet-
ric layout design constraints. Reported SC protection methods in the literature are
evaluated and compared for parallel configuration. The proposed layout based SC
protection method is advantageous for parallel configuration because the sense cir-
cuit does not have to be placed close to a transistor or a half-bridge which relaxes the

space limitations and increases the flexibility for symmetric layout design.

Experimental results show that the short circuit protection mechanism is able to detect
the fault in 40 ns. After detecting the fault, a soft turn-off process is initiated within
100 ns to keep transistors in the safe-operating-area. Short circuit fault is completely
removed in 250 ns as a final step. Moreover, experimental results also show that the
proposed method does not deteriorate the power loop or the gate loop layouts. As
a result of optimized layout design, the gate voltage is not distorted by the miller

capacitance which could have initiated a short-circuit fault easily.

The proposed board can be adapted to many applications with increased current ca-
pability by paralleling and with its short-circuit protection ability. In this thesis, de-

signed half-bridge boards are used in a bi-directional DC/DC converter application
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where 5.24 kW/I or 85.9 W/in? of power density is achieved under full load. In order
to reduce the size of passive components, the switching frequency is increased up to
450 kHz. The switching losses are eliminated by zero voltage switching obtained by
quasi-square wave zero voltage switching. The high ripple of the inductor is canceled
by interleaving two half-bridges. As a result, a very dense converter design is reached
where the 20 A at 270 V is available as output in the buck mode. Similarly, the con-
verter is able to supply up to 5.4 kW with 400 V output voltage in the boost mode.
The design is verified with thermal tests. The estimated junction temperature of GaN
HEMT rises up to 137 °C where the temperature over passive components does not
exceed 100 °C. Lastly, 97.7% efficiency and 98.7% efficiency are obtained under full

load conditions for the buck mode and the boost mode, respectively.

Moreover, the proposed converter and the non-isolated DC/DC converters in the lit-
erature are compared in Fig. [6.1] The presented converters include bi-directional
converters with and uni-directional buck or boost converters with soft-switching. The
detailed specs of the converters are presented in Table [6.1 Si based MOSFET is
the most common semiconductor used in these converters; however, SiC and GaN

switches have an increasing trend in the last years. On the one hand, it is clearly seen
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Figure 6.1: Comparison of DC/DC converters proposed in the literature
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Table 6.1: Specs of the given converters on Fig.

Study P, fsw Topology Device

A | Pavlovskyetal. [42] | 14kW | 66 kHz MBB* Si MOSFET
B | Rodriguez et al. [67] 10 kW 20 kHz Boost SiCFET
C | Stevanovic et al. [68] | 3.05 kW | 64 kHz Boost SiCFET
D | Konjedic et al. [41]] 1 kW 100 kHz | Buck & Boost | Si MOSFET
E Sinha et al. [69]] 600 W | 20 kHz Buck Si MOSFET
F Yang et al. [40] 200 W 50 kHz MBB Si MOSFET
G Das et al. [38]] 200 W 66 kHz MBB Si MOSFET
H | Ahmadi et al. [70] 200 W | 100 kHz MBB SiIGBT

I Chen et al. [44] 115W | 100 kHz MBB Si MOSFET
J Veerachary [71]] 75 W | 100 kHz | Modified Buck | St MOSFET
K Mao et al. [43] 96 W | 300 kHz MBB Si MOSFET
L Pajnic et al. [[72] 60 W 750 kHz MBB GaN

M Huang et al. [39] 1.2kW | 1 MHz MBB GaN

N Lee et al. [73] 20W 3 MHz Buck GaN

Z This study 54kW | 450 kHz | Buck & Boost GaN

(*) Modified Buck & Boost topology

that MOSFET or IGBT based converters do not go beyond a certain level of switching
frequency. On the other hand, GaN switches are preferred for lower power applica-
tions in general. It is seen that SiCFETs take the place of Si MOSFETs in recent
years, leading improvement in power density. Furthermore, in Fig. [6.1] color con-
tours are plotted where the color gets darker for increasing output power and switch-
ing frequency multiplication. Converters evidently position closer to an axis which is
either output power axis or switching frequency axis. This fact is due to implementa-
tion hardness of increasing output power and switching frequency at the same time.
These two parameters are hardly increased together for a couple of reasons. Firstly,
the device has certain limitations in terms of switching speed and conduction losses.
The figure-of-merit of the device (Q), * Rqs—op) is the limiting factor and apparently,

this limit can only be exceeded by using a different device. Secondly, many off the
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shelf passive components are not satisfactory for high power, high-frequency applica-
tions. For example, the inductors are not available for that region because increasing
current requires longer air-gap or larger core volume. This results in higher winding
or core losses on the inductor. Similarly, off-the-shelf capacitors cannot respond to
the demands of increasing power and switching frequency at the same time. This
is because of their internal resistance and frequency responses. Related to the sec-
ond reason, another limit is cooling. The natural cooling or air cooling would not be
enough to cool down both transistors and passive components for a high frequency,
high power application. Liquid cooling is an option to exceed the limits but this is not
a reasonable option unless a liquid reservoir is already available in the system. The
proposed converter design utilizes the advantage of low on-state resistance of GaN
HEMTs rather than increasing the switching frequency. Therefore, the proposed con-

verter is closer to the power axis in Fig.

6.2 Areas for Improvement

Due to GaN HEMTs being new in the industry, the following years will bring signif-
icant improvements in power electronics technology changing our daily life. It can
be expected to have smaller and lighter charge units, electric vehicles with improved
ranges, smaller photovoltaic inverters for home usage, and many different types of
power converters. Therefore, it can be expected for GaN HEMTs to stay as a hot
topic in academia for the following years as well. This study is a part of this journey
by covering both characterization and application sides of GaN HEMTs. Neverthe-
less, there is a wide research space regarding this thesis’ topic and GaN HEMTs in

general:

1. Characterization of device parameters: The main intention behind GaN
HEMTSs’ usage is to increase efficiency and power density. Therefore, the
maximization of switching frequency should be aimed. However, increased
switching frequency makes soft-switching compulsory. As a result, the fol-
lowing parameters should be evaluated with respect to the frequency and the

switching method:
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¢ Input charge and capacitance of the device are key elements defining
device figure-of-merit. Low input capacitance is a must for high switch-
ing frequencies (>10 MHz). Even though the input capacitance is assumed
to be irrelevant to switching frequency, the relation between input charge
and frequency has to be investigated further. More importantly, the re-
sults highlight the differences in the gate charge between hard-switching
(6.1 nC) and soft-switching (5.0 nC). Therefore, the effect of switching
speed on the gate charge could be analyzed. The tight dead-time adjust-

ment also requires accurate estimation of input capacitance.

e Output capacitance is the main reason for switching losses. Even though
soft-switching topologies eliminate these losses, hard switching topolo-
gies are mainly preferred for the sake of easiness. The mechanism behind
the output losses is now being studied by researchers and there is still
more space for investigation of the relation between the output losses and
frequency, voltage bias, switching topology, device paralleling, switching

speed, etc..

e Threshold level which is very low for GaN HEMTs makes the GaN
HEMTs susceptible to circuit noises. It is worth investigating how the
threshold level is affected by junction temperature, the gate bias level,

frequency, or the switching topology.

e On-state resistance of the GaN HEMTs is low in comparison to other de-
vices. However, it increases with increasing temperature and the amount
of the increase varies from device to device. Since the conduction losses
and final operating temperature are directly related to on-state resistance,
it has to be analyzed further. The dependence on temperature, voltage

bias, and gate bias are among the important factors.

2. Switching performance: The understanding of switching behavior and perfor-
mance of GaN HEMTs is critical since either it can maximize the performance
or it can cause circuit failure. The fault mechanisms experienced during the
switching period has to be studied and understood. The false turn-on mecha-
nism and preventive solutions are very important to satisfy reliability require-

ments. The effects of temperature, voltage bias, frequency, gate resistances, and
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feedback mechanisms can be studied. The problems regarding these parameters
can be solved by different gate driver topologies. Moreover, the layout param-
eters, parasitic inductances, and capacitances, the packaging technologies can

be studied to see their effects more clearly.

. Layout design: The small package size of GaN HEMTs leads to a great shrink
in converter sizes. Therefore, the space on the printed circuit board (PCB)
has to be used wisely. Reducing the number of components is possible with
the optimization of layout designs. For example, less number of power loop
bypass capacitors can be used if the power loop inductance decreases. An in-
teresting study topic would be the investigation of the effect of different PCB
manufacturing techniques on the power loop and the gate loop. Further, gate
driver topologies that do not require an isolated power supply can be an ef-
fective solution to have compact designs. Moreover, device paralleling is a
challenging point especially for a large number of parallel transistors. The
simultaneous switching of parallel-connected transistors is a must and it gets
harder with the increasing number of transistors. Therefore, the gate loop de-
sign needs to be improved for an increased number of parallel-connected tran-
sistors. Lastly, monolithic GaN power transistors reduce the stress of layout
design significantly, so high switching speeds could be achieved with this type
of GaN switches.

. Reliability: Since the manufacturing technologies of GaN HEMTs are not ma-
ture yet, a significant variation on the device parameters can be observed. The
variation of the device parameters with respect to temperature, time, voltage
bias or ambient conditions, etc. can be a comprehensive research topic in terms

of device reliability.

e Thermal effects can influence the operation vitally. Device losses, switch-
ing speed, etc. are related to the device temperature. Each device gets af-
fected differently from temperature. The variation of the parameters with
temperature has to be minimized by the manufacturer. Also, the designer
should be aware of varying parameters with respect to temperature. There-
fore, a characterization and reliability study can illuminate the nature of

the device.
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e Voltage bias changes the on-state resistance of the GaN HEMTs which
is known as the current collapse phenomenon. An understanding of how
much device resistance deviates under voltage can be tested. Moreover, it
is worth studying the effect of the current collapse on stability. On top of
increased conduction losses, the device’s switching performance can be

investigated by taking the current collapse into account.

e Short circuit (SC) ruggedness of GaN HEMTs is lower than other types
of transistors. The mechanisms causing short circuit have to be identified
clearly to inhibit the risk of SC. Moreover, fast and reliable protection
methods are required. The protection method, proposed in this thesis, is
effective against shoot-through type SC faults. Moreover, it is required to
investigate the performances of different protection methods for parallel-
connected devices. Also, it is worth to study how the protection methods
give the result for multiple numbers of parallel-connected transistors. Fur-
ther, the SC protection mechanism can be improved so that fault-under-
load could also be detected. An important improvement would be reduc-
ing the required space for SC protection. Instead of turning-off transistors
with a digital signal processor (DSP), an analog implementation might
reduce the cost by removing the requirement of a DSP with high clock

speed.

5. Topologies: Various power converter topologies have been proposed and tested
already in the literature. It is potentially a valuable research area to investi-
gate how the classical topologies act with GaN HEMTs. It is important to
see their efficiency performance, volume minimization, and cost considerations
with GaN HEMTs. However, a more valuable study would be to reintroduce
the previous topologies evaluated as less feasible with former semiconductor
devices. Unfeasible converter topologies would be advantageous with GaN

HEMT semiconductors.

e Passive components are the limiting factors of today’s power convert-
ers. The potential frequency and power range of GaN HEMTs are hardly
assisted by the inductors and capacitors on the shelf. Design and manufac-

turing of magnetic cores, winding topologies, and wires get challenging if
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the frequency and the power increase together. Different winding topolo-
gies with coupled or non coupled magnetic cores can be proposed. The
quasi-square wave zero voltage switching Buck/Boost topology also can
be improved significantly with a coupled inductor design. Moreover, the
capacitors are limited as well for the high voltage range if the switching
frequency is also high. Evaluation of the capacitors on the market is im-

portant before assigning operating conditions of any topology.

e Multilevel topologies draw huge attention for GaN-based applications.
Since the maximum voltage is limited for GaN HEMTs, multilevel topolo-
gies might be a solution to reach higher voltage levels. Moreover, the
rapid dV//dt change of GaN HEMTs is a concern for motor drive applica-
tions due to the isolation safety of motor winding. A multi-level inverter

solution would be helpful to reduce dV/dt stress.

e Cooling components also plays a significant role in the power density
of the converter. GaN HEMTSs’ small cooling surface area requires good
contact with heat sinks. There are different types of thermal interface ma-
terials and heat sinks. Whichever thermal interface material is used, the
heat sink has to be connected to the printed circuit board closely which
reduces the space utilization on the PCB. A custom design heat sink so-
lution would help to improve the compactness of the converters. Natural
cooling is also a trend for increasing the long term reliability of convert-
ers. Therefore, topology selection and proper thermal design are critically

important for power density and reliability.

In summary, there are many potential research fields regarding GaN HEMTs from
the characterization of the device to end-product converters. Therefore, GaN HEMTs

will be occupying power electronics in academia and industry for long years.
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APPENDIX A

SUPPLEMENTARY DOCUMENTS

All documents supposed to be placed in this chapter are shared on the following link:
https://github.com/furkankarakaya/GaN-Studies/tree/master/Thesis/Appendix

The following documents can be found on that webpage:

Personal background

Academic papers

Simulation files for Chapter 3|

Simulation files of Buck and Boost converters

PCB view and documents for:

1. Gate charge characterization board

2. Output capacitance characterization board
3. Control board

4. Converter board

5. Half-bridge board
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Figure A.1: You can access the appendix documents via this QR code
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