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ABSTRACT GaN high-electron-mobility transistor (HEMT) has superior features of wide band gap, high
electron mobility and very high electric field strength due to its material advantages. By using the GaN
HEMT, switching frequency can be enhanced up to megahertz with extremely high efficiency. Unfortunately,
GaN HEMTs accomplished by undesirable switching oscillations and voltage spikes due to extremely fast
switching frequencies with very high dv

/
dt , di

/
dt and parasitic parameters. In this paper, RLC equivalent

circuit models are developed for turn on and turn off conditions, including all parasitic components.
In addition, the relative effect of each parasitic parameter is analyzed and estimated. Moreover, simple
mathematical model is developed for theoretical analysis of switching oscillation phenomenon and, for
guidance of snubber or damping circuit design. To validate these simple equivalent circuit models, both
circuit simulation and experimental measurements are employed.

INDEX TERMS GaN HEMT, RLC equivalent circuit model, parasitic components, snubber circuit,
switching oscillations, switching loss reduction.

I. INTRODUCTION
In order to obtain greater performance power conversion,
wide band gap semiconductor devices such as silicon car-
bide (SiC) and gallium nitride (GaN) have emerged as a
possible substitute for silicon, providing very high junc-
tion working temperature, reduced specific on-resistance and
fast switching-speed capabilities [1]. Among these advan-
tages, the very fast switching performance acting a major
part in lowering switching losses, cutting down on phase
leg dead time and enhancing switching frequency. These
are all advantageous for high-power quality, very high den-
sity, and ultra-high efficiency [2]. GaN transistors, operating
as high electron mobility transistors (HEMTs), demon-
strate superior characteristics compared to silicon devices.
They boast a critical electric field strength of 3.3 MV/cm,
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a higher band gap of 3.39 eV, and greater electron mobil-
ity at 1500 cm2/(V.s). In contrast, silicon devices exhibit
values of 1.12 eV, 0.23 MV/cm, and 1400 cm2/V.s for
critical electric field strength, band gap, and electron mobil-
ity, respectively [3]. The distinctive material properties of
the GaN transistor render it exceptionally well-suited for
operating at higher frequencies. With dv

/
dt> 100v/ns, GaN

switches faster than Si/SiC MOSFETs. Compared to the
most advanced SiC MOSFET, GaN has 4× faster turn-on
and ∼ 2× faster turn-off time with same RDS(on) value [1],
[4]. With these unique attributes, GaN is able to satisfy
the requirements of high temperature, very high frequency
and ultra-high power for variety of industrial applications,
including deep well drilling, automotive and aerospace [5],
[6]. In addition, GaN-based devices can function in very
low temperatures conditions, these devices are important
for super conduction and quantum computing applications.
GaN can effectively overcome carrier freeze-out issues due
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to its polarization-induced doping, in contrast to other tech-
nologies, including doped silicon, which are significantly
impacted by this problem [7]. GaN has already been widely
adopted in fast chargers, data centers, wireless charging and
electric transportation due to its physical superiority over
Si and SiC for power applications [8]. Improvements in
these applications might include enhancing the switching
frequency to several megahertz, significantly reducing the
volume or further enhancement in efficiency. Higher conver-
sion efficiency and power density along with reduction in
system weight and volume are made possible with higher
switching frequency which minimize the size of passive
components in power system. GaN technology is still in its
infancy and far from reaching its theoretical potential, and
its rate of advancement has been and will continue to be
rapid [9].

However, due to high dv/dt, di/dt and circuit parasitic
elements in high frequency power converters, GaN HEMT
produce severe oscillations and voltage spikes during turn-off
and turn-on. Not only these oscillation and spikes damage the
HEMT and increasing switching losses but also they result
in significant electromagnetic interference [10]. In order to
avoid gate spikes go beyond from the maximum rating or
threshold under Miller effect due to blending of high di

/
dt

and dv
/
dt with low CISS and VG(th), it is necessary to reduce

these oscillations and voltage spikes for safe operation [11].
Very fast switching frequency of power switches, high

di
/
dt, dv

/
dt and circuit parasitic parameters are major causes

of switching oscillation phenomena. An empirical analysis,
how the parasitic factors affect the oscillation phenomena
was reported in [12] and [13]. By varying the values of these
parameters, their effect on the switching waveforms was also
noticed. In [14], SiC JFET-based inverters using several kinds
of diodes were observed, and provided a method to stop oscil-
lation by slowing down JFET switching rate. In [15], it was
concluded that SiC MOSFET’s gate path limits its switch-
ing speed, and explained related design requirements. How
to calculate the analytical formula for SiC Schottky barrier
diodes, which includes the loop inductance, diode resistance
and diode capacitance, is presented in [16]. In [17], a para-
metric research is conducted identical to empirical analysis
in [12], to examine the impact of the parasitic components.
All of these empirical investigations usually concur that the
oscillations are caused by high di

/
dt and dv

/
dt during a SiC

MOSFET’s switching transient when coupling with parasitic
components in circuit. This coupling effect is more signifi-
cant in GaN HEMTs due to higher switching speed than SiC
MOSFETs with dv

/
dt> 100v/ns and 4× faster turn-on and

∼ 2× faster turn-off time than state of the art SiC MOSFET
with equivalent RDS(on) [18]. Therefore, a simple analytical
model for GaN HEMTs becomes more essential due to its
higher potential for generation of excessive oscillations and
voltage spikes that can quantitatively describe oscillation
phenomena and offer theoretical guidance for suppressing the
current or voltage oscillations [19], [20].

Various modeling approaches for GaN-HEMTs are avail-
able in the literature, and are classified into five categories:
behavioral models, semiphysics-based models, physics-
based models, numerical and mathematical models [21].
The physics-based models involve solving semiconductor
physics equations in order to obtain the electrical behav-
ior of GaN-HEMTs [22]. However, these models are not
suitable for power electronics simulation because of the
complex parameter extraction and long computational time.
Semiphysics-based models are partly based on behavioral
equations and partly on semiconductor physics [23]. The
models are accurate and fast but some of their empiri-
cal parameters lack physical meaning. Numerical modeling
requires detailed information regarding internal structure,
device geometry, and material properties. The accuracy of
numerical models is very good but complexity is very high
and computation is very intensive [24]. The major advan-
tage of behavioral models is their computational efficiency.
However, when the operating conditions are changing, the
accuracy of behavioral models is quite low [25]. A pop-
ular modeling approach is mathematical that is valuable
for optimize device performance and explore novel designs.
Mathematical models can be generalized across different
devices, materials, and operating conditions. This versatility
allows for broader applicability compared to some empirical
models that might be more specific to certain technology
nodes or manufacturing processes. In [26] and [27], existing
physics based models of GaN HEMT have intricate mathe-
matical formulations and hence computational efficiency is
compromised. The Advanced Spice Model for High Elec-
tron Mobility Transistor (ASM-HEMT) is a surface potential
based physical compact model for GaN HEMTs [28]. It is
completely analytical and hence computationally efficient.
The surface potential core is derived considering the first two
energy subbands [29].

For these emerging SiC or GaN-based devices, there are
a few studies has been conducted, and the majority of them
are modification of Si device model with particular changes.
In contrast, the behavior-level simulation modeling for Si
MOSFET is mature [30]. Traditionally, phase node of dc-dc
buck converters employing siliconMOSFETs has been inves-
tigated for the study of oscillation phenomena [31]. It is
observed that the ringing’s intensity depends on the switching
speed of MOSFET, as well as stray inductances of PCB
layout andMOSFET packaging [32]. The addition of Ls in the
circuit reduces the spurious gate voltage and the contributions
of Cgd (dv

/
dt) and LS (di

/
dt) determine spurious trigger-

ing pulse caused by non-operating switch gate impedance
according to [33]. Therefore, it can be summarized that the
maximum DC voltage across the source and drain terminals,
as well as the corresponding characteristics of the switching
device, power loop parasitic inductances and gate loop par-
asitic components all of these influence the peak magnitude
of voltage spikes [34]. It is also concluded that oscillations
can be reduced by improving PCB layout and optimizing
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gate resistance of MOSFET. In [35], a technique for reduc-
ing phase node ringing by optimizing the low-side silicon
MOSFETs gate resistance is presented, and analytical for-
mulas based on parasitic components are derived. This idea
of designing simple equivalent circuits for turn-on oscillation
is also satisfying and applicable to HEMTs if it is unsure
whether optimizing gate resistance can effectively suppress
ringing. In [36] and [37], it is stated that power MOSFETs
have their own gate charge controlled to reduce overshoot and
turn-off oscillations, and active gate drives to limit high di/dt
and dv/dt in power switches is also presented. However, both
strategies enhance the complexity of the circuit in terms of
control and sensing. Alternatively in [38], RC snubber circuit
is employed in buck converters to reduce ringing during the
switching transient. In [39], the modeling based analysis of
SiC MOSFET is performed without precise consideration of
parasitic elements for turn-on and turn-off condition. How-
ever, all these researches didn’t offer any analytical approach
for constructing damping circuit except empirical methods
based on trial and error. However, still there is lack of simple
analytical models, which can quantitatively explain the oscil-
lation phenomenon and provide the theoretical guidelines for
suppressing the voltage or current oscillations.

In this paper, we have proposed two simple RLC equiv-
alent circuit models for GaN HEMT’s turn-on and turn-off
switching mechanism. The research presented in our paper
focuses on the 650V, 30A GaN HEMT in the TO-220 pack-
age, developed by Infineon. This device exhibits a turn-on
time of less than 5 ns, which is typically 10 times faster than
comparable Si MOSFETs. Furthermore, its turn-off times are
10 to 20 times less than those of comparable Si MOSFETs.
These models are used to undertake an insightful analysis
of the switching oscillations that provides a novel and com-
prehensive explanation for inherent damping of GaN HEMT
by its slew times. Moreover, the analysis of RLC equivalent
circuit models offers a mathematical solution that provides
guidance how to reduce oscillations. Moreover, based on fre-
quency domain analysis and developed mathematical model,
a guideline for selecting the components of snubber circuits
is also provided. The turn-off and turn-on equivalent circuit
models are finally verified by both Cadence Spectre simulator
transient simulation and experiment. In both cases, a rea-
sonable agreement is observed. Furthermore, experimental
results show that we designed a suitable and efficient RC
snubber circuit based on theoretical analysis to reduce the
switching oscillations without effecting GaN HEMT switch-
ing speed.

In section II, we have presented basic inductive switching
circuit with all capacitive and inductive parasitic parameters
of GaN HEMT. In section III, we have presented equivalent
circuit model of GaN with the derivation of simple mathe-
matical formulas and parasitic elements values for turn-off
and turn-on condition. Section IV presents the analysis and
discussion with derivation of condition for turn-on and turn-
off oscillation damping, and design of proper RC snubber
circuit for turn-off and turn-on. Section V presents the

experimental verification of theoretical analysis and proposed
snubber circuit. Section VI provides the conclusion of this
paper.

II. BASIC INDUCTIVE SWITCHING CIRCUIT OF GAN HEMT
Fig. 1 presents the fundamental switching power-pole that
has three branches: a free-wheeling GaN Schottky diode,
an inductor and a GaN HEMT active switch.

FIGURE 1. Inductive load switching circuit with all parasitic components.

Usually, the inductor ‘L’ is selected large enough to allow
current to be considered constant during switching cycle.
This steady current is followed through either by diode or
by GaN HEMT, or by both. When GaN HEMT is in on-
state, VDS is almost 0 and the inductor current flows via GaN
HEMT. GaN HEMT is fully on at this stage and diode is
reverse-biased. The switch no longer carries current when
GaN HEMT is turned off but the diode remains forward
biased. When the switch is off, the current will flow through
the inductor-diode loop and voltage VDS is equivalent to dc
power supply VDC. The current switches between HEMT
and freewheeling diode during the switching transitions.
However, we must take into account the non-ideal para-
sitic components that really present in switching circuit as
depicted in Fig. 1. The non-ideal parasitic components are
indicated in blue, freewheeling diode junction capacitance Cj,
drain–source capacitance CDS, gate–source capacitance CGS,
gate–drain capacitance CGD, gate inductance LG, switch-
ing loop inductance Lloop, common source inductance LS
(inductance shared by gate driver loop and drain-to-source
power current route), drain inductance LD, which occurs
between loading inductor and drain, having a great role in
switching oscillations, and interior gate resistance RG. The
switching loop inductance (Lloop) represents circuit loop total
parasitic inductance. Diode junction capacitance discharging
and charging processes will reform the HEMT drain current.
HEMT capacitances CGS,CDS and CGD are non-linear in
nature, voltage-dependent and device datasheet is used to
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obtain their values. The parasitic inductances in the circuit
which are mostly only a few nanohenries, are significantly
smaller than the load inductor L, which is normally between
tens of microhenries and several millihenries. Consequently,
in this study, ‘L’ can be modeled without considering its par-
asitic resistance as a continuous current source. The HEMT
internal parasitic inductances LS, LG, and LD are obtained
from the device package. Usually, two techniques are used
for the extraction of these parasitic inductances. One method
is to model and calculate packaging parasitic from device
shape using finite-element analysis (FEA) simulation, such as
ANSOFT Q3D Extractor [33]. In 2nd method, vector network
analyzer is used in a measurement-based method for studying
frequency-domain impedance [40].

There are two most general types for the packaging of
GaN HEMT: TO-type and SMD-type. TO-type packages
typically offer better thermal performance compared to SMD-
type packages. The metal can provide better heat dissipation,
which is crucial for high-power applications like switching
oscillators. TO-type structures also have capacity to handle
higher power due to their larger size and better thermal
management. This can be beneficial in applications where
high power levels are required. Furthermore, TO-type pack-
ages, being enclosed in a metal can, provide better shielding
against electromagnetic interference. This can be advanta-
geous in applications where minimizing EMI is critical,
such as in sensitive electronic systems. In addition, these
packages are generally more mechanically stable and robust
compared to SMD-type packages. This can be important in
environments with vibrations or mechanical stress. On the
other hand, SMD-type packages are typically smaller and
lighter than TO-type packages. If space and weight are crit-
ical factors then SMD-type structures might be preferred.
SMD-type packages are often more cost-effective for mass
production due to their smaller size and simplified manu-
facturing processes. If cost is a significant factor and the
application requirements allow for it, SMD-type structures
might be a more economical choice. Furthermore, SMD-type
devices are designed for surface mounting directly onto the
PCB (Printed Circuit Board), simplifying the assembly pro-
cess [41]. TO-type packagesmay require additional mounting
considerations. It is clear from this brief comparison, the
choice between TO-type and SMD-type structures for GaN
HEMT for switching oscillation mitigation depends on the
specific requirements of the application, including power lev-
els, thermal considerations, EMI sensitivity, size constraints,
and cost considerations. In this paper, we have no concerned
with the size, weight, cost and, mounting and assembly.
Therefore, we select TO-type structure for switching oscil-
lations mitigation.

There are two basic types of GaN models structures: Verti-
cal GaN-on-GaN Model (like Infineon’s GaN Products) and
Lateral Structure (as in GaN Systems’ GS66508B). Under-
standing the structural distinctions between these two types
of GaN devices is essential for accurate analysis, especially
in applications where efficiency, size, and power handling

FIGURE 2. GaN HEMT simplified physical view with package (a) Parasitic
Capacitances (b) Parasitic inductances and internal gate resistance.

capabilities are critical factors. Each type has its unique
advantages, making them suitable for different applications in
the semiconductor and electronics industries. In vertical GaN
devices, the current flows vertically through the device. This
design allows for higher voltage operation and better thermal
performance. Vertical GaN-on-GaN models are often used in
high-power applications due to their ability to handle higher
currents and voltages efficiently. The structure typically has a
GaN layer grown on top of another GaN substrate, which can
enhance device performance. Lateral structural GaN devices,
on the other hand, have a current flow that is parallel to
the substrate. These devices are typically easier to manu-
facture and are more common in lower power applications.
The GS66508B is a good example of a lateral GaN device,
showcasing the efficiency and compactness typical of this
design. Lateral structures are often used in applications like
power supplies, adapters, and other scenarios where space
and efficiency are critical.

GaN HEMTs’ drain-source capacitance CDS, which exists
between drain and source behaves as a resonance circuit with
load inductor L, is a substantial contributor to overshoot cur-
rent and ringing when switch is being turn-on. Besides this,
common source inductance and drain inductance also have a
significant impact on the switching behavior by overshoot-
ing current during turn-on transition and slowing down the
transition during turn-off. Additionally, due to same ground,
common source inductance couples with gate driver circuit.
With the increase in common source inductance (LS ), the
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effective gate driver current and voltage are dramatically
decreased and become major cause of decrease in switch-
ing rate and enhancement in switching losses. Therefore, its
impact must be minimized. It can be minimized by posi-
tioning gate driver as near to GaN HEMT as feasible, and
selecting suitable gate resistor value. The GaN HEMT wave-
form’s parasitic di/dt voltage bump represents the effect of
inductance on switching transition. For turn on, gate drive
current can be calculated by:

IG =
Vdrive − VGS − VLS

RG
=
Vdrive − VGS − LS

diDS
dt

RG
(1)

where Vdrive is gate drive voltage, VLs is the effective volt-
age across LS during device current commutation, which is
equivalent to LS(diDS

/
dt), VGS is gate to source voltage of

HEMT and RG is effective gate resistance.
The high frequency loop inductance (Lloop), which is

device commutation loop inductance, has two primary detri-
mental impacts on switch during turn-off: slowing of transi-
tion process and increase in voltage across source and drain.
When a device is turned on, the loop inductance lowers the
VDS of the device that cuts down turn-on losses. The loop
inductance will increase circuit losses because the overall
result of two adverse impacts and one favorable effect is
adverse. The drain-to-source voltage spike, which is caused
by high frequency loop inductance, is another significant
disadvantage, given by:

VLLOOP = LLOOP

(
diDS
dt

)
(2)

As a conclusion, these parasitic components are major cause
of undesirable resonance in switching circuit that is reflected
as switching oscillations. This ringing and oscillations prob-
lem due to these parasitic components becomes much more
obvious in GaN devices due to its rapid switching capability.
The effect of parasitic inductances on switching ringing at
different frequencies is shown in Fig. 3.
It is also worth noting that simulating accuracy of Cj and

dynamic Rds(on) is also crucial for accurately predicting the
device’s behavior under dynamic conditions for predicting
HEMT model. Rds(on) refers to the on-state resistance of a
transistor, and its dynamic nature is often associated with
changes in operating conditions such as frequency, temper-
ature, and bias. In the context of HEMT models, dynamic
Rds(on) has impacts on switching performance (turn on and
off time), rise and fall time, power dissipation (especially
during switching events), transconductance and output con-
ductance. It is worth noting that the specific impact will
depend on the application and the details of the HEMT
model being used. In the context of oscillation mitigation
analysis, dynamic Rds(on) variations affect the impedance
matching and phase relationships in the circuit, potentially
influencing the suppression of oscillations. It is important
to consider the impact of dynamic Rds(on) for the stability
of the circuit. On the other hand, junction capacitance Cj
is also vital for accurately predicting the device’s behavior

FIGURE 3. Effect of parasitic inductances on switching oscillations at
different frequencies (a) Effect of common source inductance (LS ) on
drain-source voltage ringing (b) effect of drain inductance (LD) on
drain-source voltage ringing.

under dynamic conditions. In the context of HEMT models,
Cj has impacts on dynamic behavior of HEMTs, especially
in transient conditions, and this becomes important in appli-
cations where the device experiences rapid changes in bias or
signal conditions. Furthermore, Cj variations can influence
the stability, resonant frequency oscillation frequency, input
and output impedance of the HEMT andHEMT based circuit.
The junction capacitance is also one of the factors that needs
to be carefully considered.

For the inductive load switching circuit, we treated GaN
HEMT as an ideal switch and all the rest parasitics are
taken as external elements. The proposed RLC equivalent
circuits are developed for fully turn-on and turn-off condi-
tions. Although, Rds(on) and Cj have great impact on HEMT
transition behavior and oscillation mitigation analysis but in
spite of that they can be approximated to be constant when
the device is fully turn–on and turn-off. In our forthcom-
ing research, we aim to introduce an advanced GaN-HEMT
model that incorporates dynamic RDS(on) and Cj parameters.

III. EQUIVALENT CIRCUIT MODELS OF GAN HEMT
In this section, a circuit modelling analysis is carried out
to acquire understanding of the switching oscillations. The
analysis is divided into turn-on and turn-off switching pro-
cedures, and based on inductive load switching circuit. It is
important to notice that the proposed equivalent circuit model
is based on assumption that the switch is fully on and off.
Meanwhile, HEMT parasitic capacitors are nonlinear and
voltage dependent. In light of this, the capacitance values
employed in the computation for the turn-on procedure are
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obtained when VDS is almost zero while the capacitance
values for turn-off procedure are recorded when VDS reaches
the value of dc supply voltage.

A. TRUN-ON EQUIVALENT CIRCUIT
All the parasitic components are viewed as external compo-
nents and the HEMT is considered as an ideal switch. The
ideal switch is switched-on during the turn-on procedure.
When the switch is completely on, CDS is bypassed, CGD and
CGS are in parallel, and then these two are joined in series with
RG1–LG–RG. When freewheeling diode is reverse-biased and
has voltage equal to blocking voltage then CJ is charged.
Furthermore, when the switch is fully-on, turn-on-resistance
RDS(ON) is noticeable, and cannot be ignored.

L ′
loop = Lloop + LD (3)

Ciss = CGS + CGD (4)

R′

G = RG + RG,ext (5)

In Fig. 4(a), initial turn-on circuit is presented. In Fig. (4b),
turn-on circuit is presented in more simplified form.

V(t) is step function and acts as an ideal voltage source.
Due to presence of capacitors and inductors, the turn-on
circuit’s step response will produce oscillations and ring-
ing which are represented as turn-on switching oscillations.
The equivalent circuit is being developed with the intention
of simulating VDS oscillation during turn-off and turn-on.
By considering the switch to be a resistor, we approximated
the value of equivalent resistor voltage is VDS for turn-
on. In the equivalent circuit model of a GaN HEMT, under
certain conditions, the capacitance and inductance elements
can be approximated as resistors. This typically occurs at
high frequencies where the reactive components become less
significant compared to the resistive components. In high-
frequency applications, the parasitic capacitances (such as
gate-source capacitance, gate-drain capacitance) and para-
sitic inductances (such as lead inductances) can be treated
as resistive elements due to their relatively higher impedance
at those frequencies. This simplification helps in analyzing
and designing high-frequency circuits. Therefore, in fig. 4(b),
the part below Node 1 is approximated as a damping resistor.
It is expected that the gate branch only provides a resistive
contribution when the switch is fully on.

Thus, below the Node 1, gate branch impedance is:

XG = R′

G+jωON.LG +
1

jωON.Ciss
(6)

where ωON is resonance frequency for turn-on state. When
analyzing the resonance frequency of GaN HEMT for turn-
on process, the gate-to-drain (Cgd) and gate-to-source (Cgs)
capacitances are often ignored for simplification in certain
contexts. The reasons for this simplification are related to the
specific characteristics of HEMTs and the operating condi-
tions in which they are typically used. Furthermore, the gate
inductance in HEMTs is also usually quite small compared to
other parasitic elements. As a result, its impact on the overall

FIGURE 4. Inductive load switching turn-on circuit (a) initial turn-on
circuit (b) simplified turn-on circuit.

resonance frequency is minimal, and it can be neglected
in many cases for the sake of simplicity and practicality.
Therefore, to facilitate circuit analysis and design, we use
simplified models that capture the essential characteristics of
the device without including all the parasitic elements. The
simplified model helps in obtaining a more manageable and
analytically tractablemodel for circuit simulations and design
calculations. So, the resonance frequency for turn on can be
estimated as:

ωON ≈
1√(

L′

loop + LS

)
CJ

(7)
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FIGURE 5. RLC equivalent circuit model for turn-on.

Consequently, the overall impedance below Node 1 is

XT1 =
XG·jωON.LS

XG+jωON.LS
(8)

The part below Node 1 is estimated as a resistor. Accord-
ingly, the equivalent damping resistance for the turn-on
process depends on the current ratio that flows through R′

G
and the total current flows into the node, which can be
expressed by

Req(ON ) =

(
R′
G

|XT1|
|XG|

)
·
|XT1|
|XG|

= R′
G

|XT1|2

|XG|
2

= R′
G

∣∣∣ XG·jωON.LS
XG+jωON.LS

∣∣∣2
|XG|

2 = R′
G

|XG·jωON.LS|
2

|XG|
2
|XG+jωON.LS|

2

= R′
G

(∣∣∣∣ jωON .LS
XG + jω.LS

∣∣∣∣)2

By substituting the value of XG;

Req(ON ) = R′
G

(jωONLS )2

(R′
G)

2
+(ωON .LG + ωON .LS −

1
ωON .Ciss

)
2

(9)

Then, equivalent resistance for turn-on state can be estimated
as:

Req1 = Req(ON) + RDS(ON) (10)

Finally, a simple series RLC second-order circuit is devel-
oped that simulates an inductive load switching turn-on
equivalent circuit model, presented in Fig. 5. The step func-
tion v(t) varies from 0 V to VDC . During the switching
operation, energy will be transferred between inductor and
capacitor. The energy exchange process will be accompanied
by voltage or current ringing in the second-order circuit.
Eventually, all of the energy will be dissipated in corre-
sponding resistor after certain period of time and ending the
oscillations. This is the whole procedure for turn-on switch-
ing oscillations.

The values of these three components (resistor, inductor
and capacitor) for this second-order equivalent circuit model
may be either taken from the datasheet or computed using

the given equations. Using Cadence Spectre Simulator tran-
sient simulation, the developed turn-on equivalent circuit
is compared with original inductive load switching circuit.
Infineon GaN power HEMT GS66508B in TO-220 package
and Infineon GaN Schottky diode IDW30C65D1XKSA1 are
employed for simulation in order to be incompatible with
experimental verification in section V, and 400 V is used as
DC bus voltage.

As earlier mentioned that switching loop inductance (Lloop)
plays a vital part in turn-on oscillation. The common value of
Lloop for single-switch double pulse test is in range of tens
to few hundreds of nanohenries (300 nH utilised in [42]).
In this paper, Lloop is set to be 256.4 nH, and this spe-
cific value is derived from experimental measurement of
turn-off oscillation frequency as discussed in section V.When
the source-drain voltage is ∼0 V, the values for Ciss, Coss,
and Crss are taken from the HEMT datasheet. Then, para-
sitic capacitances are estimated as CGD = 70 pF, CGS =

228 pF, and CDS = 527 pF. The junction capacitance of a
free-wheeling diode isCJ = 40 pF at a reverse-biased voltage
of 400 V. The parasitic inductances for this GaN HEMT’s
TO-220 packaging are gotten from an GaN System-provided
SPICE model, LG = 2.87 nH, LD = 1.89 nH and LS =

0.57 nH. All these parameters are listed in Table 1.

TABLE 1. Parameters for turn-on equivalent circuit model.

With all the derived equations and parameters, Req1 comes
to be 0.2867 �. The RLC turn-on equivalent circuit model
and the inductive load switching are compared in terms
of source-drain voltage turn-on oscillations with the help
of Cadence Spectre Simulator transient simulation. Table 2
shows numerical comparison and corresponding waveforms
are displayed in Fig. 6. It is significant to note that comparison
of differences are made with their corresponding absolute
values.

In Fig. 6, the HEMT source- drain voltage turn-on oscil-
lations for RLC equivalent circuit model and inductive load
switching is compared with the help of Cadence Spectre
Simulator transient simulation. The two circuits’ switching
transients start at same time but oscillations in equivalent cir-
cuit start sooner than inductive load switching circuit because
inductive load circuit takes some time to turn on while the
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FIGURE 6. Turn-on oscillations and ringing comparison for drain source
voltage (VDS ) between the inductive load switching Cadence Spectre
Simulator transient simulation and estimation of turn-on RLC equivalent
circuit model. Red and black lines curve for RLC turn-on equivalent circuit
model voltage and drain source voltage (VDS ) of inductive load switching,
respectively.

TABLE 2. Numerical comparison between RLC turn-on equivalent circuit
model and inductive load switching.

oscillations begin immediately as the step voltage powers the
equivalent model. The switching oscillations become more
severe and their curves coincided with the turn-on equivalent
model oscillations curves as we shorten the device’s turn-on
switching period. It can also be noticed from Fig. 6, while
the amplitudes are within a 23% error range, the switching
oscillations frequencies from transient simulation of Cadence
Spectre Simulator for inductive load switching and oscillation
of RLC turn-on equivalent circuit coincide each other with
error of 3.12%. This strong agreement between these two
approaches demonstrates that RLC turn-on equivalent circuit
is simple but reasonably efficient and accurate oscillations
modelling tool.

B. TRUN-OFF EQUIVALENT CIRCUIT
The turn-off equivalent circuit model is also developed, same
as turn-on switching. The switch is switched off during
the turn-off procedure. In this case, CDS is charged after
switch is fully turn-off. The junction capacitance CJ of free-
wheeling diode is bypassed and diode is forward biassed.

For simplicity, as in turn-on case

L ′
loop = Lloop + LD (11)

R′
G = RG + RG,ext (12)

In Fig. 7(a), initial turn-off circuit is presented. The follow-
ing formulas may be used to convert the delta connection to
a star connection, as illustrated in Fig. 7(b), in order to create
a circuit design that is comparable to the turn-on circuit

XCG =
XCGS .XCGD

XCGS + XCGD + XCDS
(13)

XCD =
XCDS .XCGD

XCGS + XCGD + XCDS
(14)

XCS =
XCDS .XCGS

XCGS + XCGD + XCDS
(15)

where XCi=(1
/
ωOFFCi), i = DS, GD, G, GS, S, D. And

ωOFF is resonance frequency for turn-off. In the context of
GaN HEMTs, the gate capacitance (CG) is often ignored
when discussing the resonance frequency. Because the gate
capacitance in GaN HEMTs is typically much smaller com-
pared to the capacitances associated with other parts of the
device, such as the parasitic capacitance between the source
and drain. The primary capacitances that affect the resonance
frequency are the parasitic capacitances associated with the
source, drain, and other interconnections. These parasitic
capacitances are usually much larger than the gate capaci-
tance. The contribution of gate capacitance to the resonance
frequency is often considered negligible in comparison to
other capacitances. Therefore, for simplification and practical
reasons, the gate capacitance can be ignored when analyzing
the resonance frequency of HEMTs in certain contexts. Fur-
thermore, the gate inductance (LG) in HEMTs is also usually
quite small compared to other parasitic elements. As a result,
its impact on the overall resonance frequency is minimal, and
it can be neglected in many cases for the sake of simplicity
and practicality. So, the resonance frequency for turn on can
be estimated as:

ωOFF ≈
1√(

L ′
loop + LS

)
(CGD + CDS)

(16)

Now simplified turn-off circuits are attained which are
identical to turn on circuit, therefore, the similar simplifi-
cation rules can be utilized. Below Node 2, the gate branch
impedance is

XG = R′
G + jωOFFLG +

1
jωOFFCG

(17)

The source branch impedance is

XS = jωOFF .LS +
1

jωOFF .CS
(18)

As a result, total impedance below Node 2 is

XT2 =
XG.XS
XG + XS

(19)
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FIGURE 7. Inductive load switching turn-off circuit (a) initial turn-off
circuit (b) simplified turn-off circuits.

The ratio of current flowing via RG to total current flowing
into node determines equivalent damping resistance for turn-
off procedure.

Req2 =

(
R′
G

|XT2|
|XG|

)
.
|XT2|
|XG|

= R′
G

|XT2|2

|XG|
2

= R′
G

∣∣∣ XG.XS
XG+XS

∣∣∣2
|XG|

2 = R′
G

|XG·XS |2

|XG|
2
|XG + XS |2

Req2 = R′
G

(∣∣∣∣ XS
XG + XS

∣∣∣∣)2

By substituting the values of XGandXS;

= R′
G

∣∣∣jωOFF .LS +
1

jωOFF .CS

∣∣∣2∣∣∣R′
G + jωOFFLG +

1
jωOFFCG

+ jωOFF .LS +
1

jωOFF .CS

∣∣∣2

FIGURE 8. RLC equivalent circuit model for turn on.

Req2

= R′
G

(
ωOFF .LS−

1
ωOFF .CS

)2
(
R′
G

)2
+

(
ωOFF .LG+ωOFF .LS−

1
ωOFF .CG

−
1

ωOFF .CS

)2
(20)

TABLE 3. Parameters for Turn-oFF equivalent circuit model.

Accordingly, inductive load switching turn-off equivalent
circuit model is presented in Fig. 8. Similarly to the turn-on
equivalent model, a simple second-order equivalent circuit
model for turn-off is also developed. A step voltage v(t)
switches from VDC to 0 V to turn off the HEMT. The energy
transfer between the inductor and the capacitor will continue
until it dissipates through equivalent resistor. Ciss, Coss, and
Crss values are attained from datasheet when VDS is ∼400 V.
From these values, the parasitic capacitances are estimated as,
CGD = 2 pF, CGS = 258 pF and CDS = 63 pF. The parasitic
inductances for turn-off switching condition are different
from turn on with LG = 3.12 nH, LD = 1.62 nH, and LS =

0.89 nH [43]. The maximum DC voltage across the source
and drain terminals, the power loop parasitic inductances, the
gate loop parasitic components and the equivalent switching
device characteristics are the parameters that contribute to the
peak magnitude of voltage spikes. Therefore, the parasitic
inductances values should be taken separately for turn on
and turn off conditions. With all the derived equations and
parameters, turn-off equivalent resistance is estimated to be
Req2 = 0.1463 �. All these parameters are listed in Table 3.
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FIGURE 9. Turn-off oscillations and ringing comparison for drain source
voltage (VDS ) between the inductive load switching Cadence Spectre
Simulator transient simulation and estimation of turn-off RLC equivalent
circuit model. Red line curve for RLC equivalent circuit model voltage
while black line curve for inductive load switching drain-source
voltage (VDS ).

TABLE 4. Numerical comparison between RLC turn-oFF equivalent circuit
Model and inductive load switching.

The RLC turn-off equivalent circuit model and inductive load
switching Cadence Spectre Simulator transient simulation
are also compared in terms of drain-source voltage turn-
off oscillations. The resultant waveforms are presented in
Fig. 9, and Table 4 gives numerical comparison. It’s worth
mentioning that comparison of differences are made with
their corresponding absolute values.

In Fig. 9, the right vertical axis is for source-drain volt-
age oscillation from turn-off RLC equivalent circuit model,
while the left vertical axis is for Cadence Spectre Simulator
transient simulation. In the same manner as in turn-on, both
circuits’ switching transients start at simultaneously. It is
clear from turn-off comparable model waveforms that the
oscillation and ringing start immediately after step function
is powered off. The oscillation can be dampened during the
time that the HEMT is taking to switch off, the process
known as intrinsic damping from slew time. It follows that
if components in the inductive switching circuit switch faster

then turn-off switching oscillations will likewise be severer
and similar to the equivalent model oscillations curves. It is
noted that there is good agreement between the frequency
estimates using the simple RLC model and the simulation
using the Cadence Spectre Simulator, with an inaccuracy
of 0.78 percent. However, the oscillations amplitudes from
these two methodologies show a significant disparity at first
but will better match as it progresses. The approximations
which are used to simplify the equivalent circuit model
may be the cause of initial discrepancies. Another potential
reason for the discrepancy is utilization of nominal values
of parasitic capacitance from GaN HEMT datasheet, even
though there may be some variance from device to device.
More significantly, during the initial period, the turn-off
oscillation becomes more severe because variations in the
voltage-dependent parasitic capacitances is considerable in
that duration. But in designed equivalent circuit model, these
parasitic capacitances have been considered constant. It can
be observed that these two curves match significantly better
when ringing or oscillation is not considerable since the
capacitances remain virtually constant when voltage variation
is not significant.

IV. ANALYSIS AND DISCUSSION
As we earlier mentioned that the dv/dt has been increased
from 3V/ns for silicon IGBTs to 50V/ns and 100V/ns for SiC
MOSFETs and GaNHEMT respectively; therefore, the oscil-
lations can be even more pronounced for GaN devices [1],
[4]. It is generally believed that the oscillation phenomenon
is triggered by the high di/dt and dv/dt during switching
transients coupled with the external parasitic elements. It is
worth pointing out that the RC snubber is not the only way of
suppressing switching oscillation. In general, the switching
oscillation damping techniques are divided into three cate-
gories: circuit modification (adding RC snubber circuit or
ferrite bead), reduction of di/dt (reducing gate driver switch-
ing speed) and novel gate driver design (adding an external
gate resistor). Adding external elements modifies the circuit,
and the oscillation can be damped with the circuit modifica-
tion. RC snubber has its own drawbacks, such as additional
power losses but offer more effective damping solution than
the gate driver slow down or extra gate resistor approach [44].
Our insightful analysis of the switching oscillations pro-

vides a new intuitive explanation about the non-mitigated
oscillations. According to our analysis, the slew times of the
GaN HEMT provides intrinsic damping due to which initial
non-mitigated oscillation are not large as much as expected.
But we also provide a complete and versatile guidance for the
selection of optimal snubber components for themitigation of
these oscillation and validation of the RLCmodel. The design
guidelines are summarized based on the circuit modeling
analysis by considering the concept of higher-order circuit.
Moreover, this approach can be employed in more compli-
cated applications and as a design guideline for switching
circuits because it is easier to adapt for various HEMT struc-
tures and fabrication processes with some modifications.
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Modeling analysis of GaN HEMT for switching oscil-
lations under low currents involves several complexities.
Modeling under low level currents required a good small
signal model due to non-linear nature of GaN devices.
Small-signal modeling involves linearizing the device charac-
teristics around a bias point, but capturing the behavior under
low currents can be challenging. Parasitic elements, such
as capacitances and inductances, and gate lag and trapping
phenomena has more significant impact on the performance
of GaN HEMTs at low currents. Therefore, the accurate
modeling of these parameters also becomes more crucial
for understanding the switching behavior and optimizing
circuit performance. Furthermore, for accurate modeling,
temperature effects becomes more crucial under low current
conditions where self-heating becomes more pronounced.
In addition, material dispersion and interaction between the
device and its surroundings are also become more important
for predicting the switching behavior under low currents
across a wide frequency range. Moreover, noise considera-
tions and, gate and drain current dynamics are also have a
pronounced impact on the overall performance of the device.
Therefore, for the simplicity of proposed model, we perform
the analysis up to 4A.

A. TURN-ON OSCILLATION DAMPING
In figure 3, resistor, capacitor and inductor are connected in
series with step voltage in second-order turn-on equivalent
circuit model. The second-order circuit differential equation
is attained by using Kirchhoff’s voltage law (KVL),

d2i(t)
dt2

+ 2α
di(t)
dt

+ ω0i(t) = 0 (21)

whereω0 is resonance frequency while α is called attenuation
or neper frequency, which indicates how quickly the tran-
sient response will vanish. These two frequencies for turn-on
equivalent circuit model are given as:

α =
Req1
2L ′

loop
(22)

ω0 =
1√

L ′
loopCJ

(23)

The ratio of α and ω0 is known as damping factor (ζ ).
Additionally, value of damping factor determines the kind
of transient that the circuit will experience. These are: over-
damped (ζ > 1), critically damped (ζ = 1) and underdamped
(ζ < 1).

ζ =
α

ω0
=
Req1
2

√
CJ
L ′
loop

(24)

When α > ω0 i.e ζ > 1, α = ω0 i.e ζ = 1 and α < ω0
i.e ζ < 1, the roots are real (overdamped), equal (critical
damped) and complex (underdamped) respectively.

FIGURE 10. Turn-on RLC equivalent circuit with RC snubber.

The turn-on RLC equivalent circuit model’s characteristic
equation is written as:

s2 +
Req1
L ′
loop

s+
1

L ′
loopCJ

= 0 (25)

There are three cases for the characteristic equation’s roots
which are: 1) for underdamped condition, characteristic
equation discriminant, 1 < 0 (equivalently ζ< 1), vt (t) =

e−αt (A1 cosωd t + A2 sinωd t); 2) For critically damped con-
dition,1 = 0 (equivalently ζ = 1), vt (t) = e−αt (A1t + A2);
and 3) for overdamped condition 1 > 0 (equivalently ζ> 1),
), vt (t) = A1es1t + A2es2t , where vt (t) is the second-order
circuit transient response. The starting current and voltage
levels in circuit for transient as well as predicted value to
which they will settle after an indefinite period of time serve
as the boundary conditions that define the coefficients A1
and A2. The characteristic equation for the underdamped
case has complex conjugate roots that causes the inverse
Laplace transform to insert sinusoidal terms—exactly the
oscillations—into system. The switching circuit is under-
damped practically speaking.

According to above description, if we are able to shift
the circuit from an underdamped condition to overdamped
or critically damped condition, we can suppress oscillations.
When just second-order circuit is involved, circuit operation
region can be shifted from under damped to critical damped
condition, simply, by increasing equivalent resistance Req1
that is attained by increasing gate resistance. However, result-
ing in undesirable increment in switching times due to which
a very huge increment in switching losses.

In this article, we transformed second order circuit into a
higher order circuit by adding RC snubber circuit. Basically,
this is the purpose of addition of RC snubber circuit. The
equivalent model that has been presented in Fig. 10 is a third-
order circuit, as a result of the addition of snubber.

By choosing the appropriate values forCsnub and Rsnub, the
equivalent circuit with an RC snubber were converted from an
underdamped condition to overdamped or critically damped.
Equivalent circuit characteristic equation with snubber (3rd
order circuit) are determined using initial condition and basic
frequency domain analysis. By putting the discriminant is
equal to zero for this cubic function, multiple roots are
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attained from this function and all of which are real. After
omitting the sinusoidal terms, the frequency domain charac-
teristic equation’s inverse Laplace transform only contains
the exponential terms. Accordingly, the switching oscillations
are also eliminated. Hence, the damping approach is: 1) select
any one component, Rsnub or Csnub as the initial element;
2) To determine relationship between Rsnub or Csnub by
putting discriminant, 1 = 0; and 3) correspondingly other
component value are estimated.

Cadence Spectre Simulator simulation is used to verify
the idea. Starting with a constant value of Cs and resistance
values ranging from 1 � to 20 �, the effects of each com-
ponent were examined to determine the best resistance and
capacitance values. In Fig. 11(a), waveforms show the impact
of variation of resistance value on damping. Reduced initial
overshoot maximum could result in a shorter overall duration
of the resonant oscillations. In next step, capacitance Cs was
varying from 1 nF to 10 nF while keeping the resistance value
constant. This had an impact on the first overshoot’s maxi-
mum value and also altered the resonant frequency, resonant
frequency decreases as capacitance value increases, as shown
in the waveforms of Fig. 11(b).

FIGURE 11. Drain-source voltage (VDS ) waveforms of GaN HEMT for
various snubber values: a) varying Rs, while Cs = constant = 1 nF and b)
varying Cs, while Rs = constant = 10�.

By using the relation 1 = 0, the snubber resistor value
is estimated, Rsnub= 17.326� or Rsnub= 10.99�. Either of
the two snubber resistor values can be employed, as the
cubic function possesses real roots for each of these values.
Rsnub= 10.99� is chosen for simulation, and corresponding
waveforms are presented in Fig. 12.
It is depicted from waveforms of Fig. 12, the first voltage

overshoot is significantly reduced with snubber circuit, and

FIGURE 12. Cadence Spectre Simulator transient simulation GaN HEMT
turn-off drain source voltage (VDS ) oscillations with and without RC
snubber. Red line curve for RLC equivalent circuit model voltage and
black line curve for inductive load switching drain-source voltage (VDS ).

the damping of the resonant oscillations and the number
of oscillations are also improved. According to the simula-
tion findings, the proposed snubber circuit have eliminated
oscillations by reducing peak voltage overshoot upto 22.80%
(from 468.75 V to 453.13 V) and the overall number of
oscillations. This proves efficacy of the proposed approach.
This theoretical analysis also provides us ability to control the
damping system.

B. TURN-OFF OSCILLATION DAMPING
Similar to the turn-on equivalent circuit model, the turn-off
equivalent circuit model is also a series second-order circuit.
As a result, characteristic equations for turn-on and turn-off
equivalent circuit models are same. The turn-off equivalent
circuit with RC snubber is shown in Fig. 13.

FIGURE 13. Turn-off RLC equivalent circuit with RC snubber.

Turn-off equivalent model also becomes a third-order cir-
cuit by including the snubber. Therefore, similar principles
are utilized for turn-off oscillation damping as for turn-on.
The initial element is selected as capacitor with value 2.2 nF
and then value of snubber resistor achieved Rsnub = 20.644�

55562 VOLUME 12, 2024



M. Faizan et al.: Mathematical Model-Based Analysis and Mitigation of GaN Switching Oscillations

FIGURE 14. Cadence Spectre Simulator transient simulation GaN HEMT
turn-off drain source voltage (VDS ) oscillations with and without RC
snubber. Red line curve for RLC equivalent circuit model voltage and
black line curve for inductive load switching drain-source voltage (VDS ).

or Rsnub = 11.204�. Rsnub = 11.204� is utilized in simula-
tion and the resulting waveforms are presented in Fig. 14.
The predicted equivalent capacitance in turn-off equivalent

circuit model is greater than turn-on case because turn-off
oscillation is commonly noticeable and severe. According to
the simulation findings, the proposed snubber circuit have
eliminated oscillations by reducing peak voltage overshoot
up to 29.57 % and the overall number of oscillations.

V. EXPERIMENTAL VERIFICATION
In this section, experimental verification is conducted to
validate theoretical analysis. This is accomplished by using
an inductive load switching test with test fixture setup
from infenon. Infineon GaN power HEMT GS66508B
in TO-220 package and Infineon GaN Schottky diode
IDW30C65D1XKSA1 are utilized in the double pulse test
experiment. 400 V is taken as the dc bus voltage. For snubber
circuit, the capacitor of 2.2 nF is chosen as the starting
component. In the simulation, two different snubber resistor
values are used for turn-off and turn-on, as demonstrated in
sectionVI. The turn-off and turn-on phases of switching oper-
ation are actually monitored during same switching cycle.
It is important to take into account that the values obtained
from computation are critical values and the corresponding
oscillations are also in critically damped condition at a partic-
ular point. Both turn-off and turn-on ringing could potentially
be converted to an over-damped condition by choosing the
appropriate value of snubber components. In experiment,
Rsnub is selected 11.024� for turn-off, and over-damped con-
dition for turn-on oscillation is also achieved for this value.
Figs. 15 represents the waveforms comparison for the RLC
turn-on equivalent circuit model and inductive load switching
in terms of source-drain voltage turn on oscillations on the
basis of experimental verification.

FIGURE 15. Turn-on oscillations and ringing comparison for drain source
voltage (VDS ) between the inductive load switching and turn-on RLC
equivalent circuit model. Red and black lines curve for RLC turn-on
equivalent circuit model voltage and drain source voltage (VDS ) of
inductive load switching, respectively.

FIGURE 16. Turn-off oscillations and ringing comparison for drain source
voltage (VDS ) between the inductive load switching and turn-off RLC
equivalent circuit model. Red line curve for RLC equivalent circuit model
voltage while black line curve for inductive load switching drain-source
voltage (VDS ).

Figs. 16 represents the waveforms comparison for the RLC
turn-off equivalent circuit model and inductive load switching
in terms of source-drain voltage turn on oscillations on the
basis of experimental verification Figs. 17 and 18 repre-
sent the waveform for turn-on and turn-off for the inductive
load switching without and with RC snubber, respectively.
In Fig. 17(a), waveforms for inductive load switching for
turn-on without snubber are presented. The RC snubber is
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employed to dampen the oscillation and waveforms are pre-
sented in Fig. 17(b). Because the oscillations are relatively
very small in the beginning, therefore, the turn-on damping
effect is not immediately obvious but that is consistent with
transient simulation results from Cadence Spectre Simulator.

FIGURE 17. Measured turn-on inductive load switching waveforms, blue
line: gate-source voltage (V GS ), green line: drain current (ID) and red line:
drain-source voltage (V DS ) (a) without snubber (b) with snubeer.

However, the waveform of drain current shows that the
current oscillations becomes more moderate with the addi-
tion of snubber. Similarly in Fig. 18(a), turn-off inductive
load switching is presented. Fig. 18(b) illustrates the switch-
ing waveforms that exhibit the impact of the RC snubber.
In table 5, turn-off source-drain voltage ringing and oscilla-
tion damping effect is shown. The results of the experiment
demonstrate that the snubber circuit’s dampening effect can
eliminate the oscillations with 26.47% decrement in over-
shoot voltage peak and number of oscillations. The drain
current and source-drain voltage waveforms are extremely
smooth and the neper frequency is also reduced when the
snubber circuit is included.

Fig. 18(a) shows turn-off oscillation frequency of
49.13 MHz. From this oscillation frequency value, the loop
inductance Lloop, which is utilized for the computation in
section IV, may be calculated as 256.4 nH using turn-off
resonance frequency equation (12).
Fig. 19 presents the source-drain voltage waveforms for

design with different loop inductances and show its effect on
voltage overshoot.

Fig. 19’s waveforms reveal that, with the four time reduc-
tion in loop inductance, the overshoot voltage also reduce four

FIGURE 18. Measured turn-off inductive load switching waveforms blue
line: gate-source voltage (V GS ), green line: drain current (ID) and red line:
drain-source voltage (V DS ) (a) without snubber (b) with snuber.

FIGURE 19. Effect of different loop inductances on switching oscillations.

times. Consequently, if advance packing of GaN eliminates
or reduced this critical inductance then oscillations can be
significantly reduced.

Fig. 20 presents the variations in source-drain voltage
(VDS ) oscillations with varying loop inductances at different
frequencies.

Fig. 20 indicates that loop inductance is less effected by
change in frequency as compared to common source induc-
tance because it is inductance of whole circuit not only the
switching components. Consequently, the overshot voltage
and switching oscillations are less effected with variation in
loop inductance due to change in frequency. Table 5 gives the
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FIGURE 20. Effect of loop inductance on switching oscillations at
different frequencies.

FIGURE 21. Switching energy comparison for two approaches with
experimental and simulation results.

TABLE 5. Numerical comparison between RLC turn-on equivalent circuit
model and inductive load switching.

numerical comparison between RLC turn-on circuit model
and inductive load switching on the basis of experimental
results.

Table 6 gives the numerical comparison between turn-off
equivalent circuit model and inductive load switching on the
basis of experimental results.

The switching energy also strongly depends upon the
switching oscillation and spike. The switching energy can
be defined and computed using the switching waveforms.
The energies consumed on the switch during turn-off and
turn-on transitions of switch are referred to as the turn-off
energy (EOFF) and turn-on energy (EON), respectively. The
computation of EON and EOFF based on the suggested RLC
model waveforms for VDS and IDS in Figs. 17 and 18. Fig. 21

TABLE 6. Numerical comparison between RLC turn-oFF equivalent circuit
model and inductive load switching.

shows that the resulting waveforms of proposed RLC model
match well with inductive load switching waveform. The
turn-on energy is consistently higher than turn-off energy,
which is result of excessive current oscillations and spikes.

Additionally, comparison of experimental and theoretical
results is provided as evidence for the proposed RLC model.
With a suitable agreement of 7.68%, the turn-off switch-
ing oscillation frequency in inductive load switching test is
49.13 MHz and it is comparable with 48.45 MHz which is
gotten from RLC equivalent circuit model by using Cadence
Spectre Simulator transient simulation. Since the effect of
parasitic loop resistance was not taken into account in our
simulation, there is a greater disparity between the oscilla-
tion amplitudes and the neper frequency between the RLC
modeling simulation and experiment due to this exclusion
of loop resistance. Another, more significant factor is that
the values of parasitic capacitances in the RLC circuit model
is taken as constant throughout switching process while the
voltage-dependent parasitic capacitances change along with
the oscillations. The double pulse test experiment demon-
strates the effectiveness of the advised simple RLC equivalent
circuit models in choosing the best snubber elements values
as well as the validity of RLC models. This approach can be
employed in more complicated applications and as a design
guideline for switching circuits.

VI. CONCLUSION
GaN HEMTs provides a huge opportunity for high density
and very high frequency power electronics designs. How-
ever, this potential is severely constrained by the switching
oscillation phenomena related to the ultrafast switching prop-
erties of GaN HEMTs. Still, deficiencies exist in terms of
comprehensive and simple analytical models that can quanti-
tatively illustrate oscillation phenomena and offer theoretical
guidance for suppressing of current or voltage oscillations.
In this paper, we proposed two simple RLC equivalent circuit
models for turn-off and turn-on of GaN HEMT respectively.
The theoretical analysis of switching oscillation phenomenon
and design guidelines for damping or snubber circuit are
also presented using simple mathematical approach. A strong
agreement is achived between the switching oscillation
frequencies from transient simulation of Cadence Spectre
Simulator for inductive load switching and oscillation of RLC
turn-on equivalent circuit with an error of only 3.12%. These
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simple equivalent circuit models are verified using both simu-
lation and experimental techniques. In summary, an insightful
analysis of the switching oscillation is performed at turn-on
and turn-of, which presents a new and intuitive explanation
that the slew times of the GaN HEMT provides intrinsic
damping. A complete and versatile guidance for the selection
of optimal snubber components as well as the validation
of RLC model is provided. Moreover, this approach can be
employed in more complicated applications and as a design
guideline for switching circuits because it is easier to adapt
for various HEMT structures and fabrication processes with
some modifications.

APPENDIX
The double pulse test for a Gallium Nitride (GaN) High Elec-
tronMobility Transistor (HEMT) is amethod used to evaluate
the switching performance and dynamic characteristics of
the transistor. Specifications of double pulse test applied in
our research for experimental verification are: device under
test (DUT) GaN power HEMT GS66508B in To-220 pack-
age, text fixture setup from Infineon, Infineon GaN Schottky
diode IDW30C65D1XKSA1, starting value of Csnub = 2.2 uF
and Rsnub = 11.024 �. The key components are: Pulse gen-
erator, load inductor, DC supply, gate driver, oscilloscope,
current and voltage probes, Device under test (DUT) board,
GaN power HEMT, GaN Schottky diode, Csnub, Rsnub, resis-
tor, capacitor and inductor. Themajor steps applied for double
pulse test are: (1) Inductive load switching turn-on and turm-
off (2) RLC Model circuit turn-on and turn-off (3) RLC
model circuit turn-on and turn-off for the selection of snubber
components (4) RLC model circuit turn-on and turn-off with
snubber (5) Observe the effect of different loop inductances.
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