7942

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

An Accurate Datasheet-Based Full-Characteristics
Analytical Model of GaN HEMT's for
Deadtime Optimization

Zhiyuan Qi
Kangping Wang

, Student Member, IEEE, Yunqing Pei
, Member, IEEE, Mengyu Zhu
Qingshou Yang

Abstract—The gallium nitride high electron mobility transistors
(GaN HEMTs) are a superior candidate for the new-generation
power electronics systems with higher efficiency and power density.
However, due to the unique reverse characteristics, the reverse
voltage drop of GaN HEMTs is much higher than that of diode. The
deadtime loss in GaN-based bridge converters will be comparable
to switching losses if the deadtime is not optimized. To optimize
the deadtime for higher efficiency, this article proposes an accu-
rate analytical model of GaN HEMTs, including circuit’s parasitic
inductances, the nonlinear capacitances, the unique reverse char-
acteristics, etc. Taking a GaN-based synchronous buck converter
as the example, the proposed model is realized, which fully uses the
datasheet to avoid additional experiments. In order to accurately
measure the switching current for validation, a novel parasitics-
based current measurement method is proposed. The proposed
model is verified by simulation in LTspice and experiment, and
good agreement is shown. Based on the accurate analytical model,
the deadtime is optimized for different load currents to improve
the efficiency within the full load range. Compared with the fixed
deadtime of 15 ns, the increase of efficiency can be up to 8 %. This
work will promote the high-frequency application of GaN HEMTs.

Index Terms—Analytical model, deadtime optimization, gallium
nitride high electron mobility transistors (GaN HEMTs),
parasitics-based current measurement.

I. INTRODUCTION

T IS well acknowledged that high efficiency and high power
density are two key drivers and metrics for the advancement
of power conversion technologies. For the silicon (Si) power
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devices have developed to its theoretical limit, it is difficult
and almost impossible to further improve the power density
and efficiency by using Si devices [1]-[3]. The emergence of
gallium nitride high electron mobility transistors (GaN HEMTs),
as the representative of wide bandgap power devices, can break
through the bottleneck [4]. Compared with Si and silicon carbide
(SiC) materials, GaN material has higher electron mobility,
higher saturated electron velocity, and higher electric breakdown
field [5], as shown in Fig. 1. Due to these material superiorities,
GaN devices can achieve smaller ON-state resistance and smaller
gate charge than Si and SiC counterparts with comparable
voltage and current capabilities, which means better conduction
and switching performance. Therefore, GaN devices are more
suitable for high frequency applications. By using GaN HEMTs,
the switching frequency can be pushed up to multi megahertz
easily, which is good for the increase of power density.

However, on the one hand, when operating at such high
switching frequency, the switching losses start to dominate
the overall losses and become the limiting factor to further
increase switching frequency [1], [6]. On the other hand, GaN
HEMTSs have unique reverse characteristics, which make the
reverse voltage drop of GaN HEMTs much higher than that of
diode. The deadtime loss in GaN-based bridge converters will be
comparable to switching losses if the deadtime is not optimized.
To have a deep insight into the switching process and optimize
the deadtime for higher efficiency, an accurate model of GaN
HEMTs is highly required.

Basically, there are three types of models, i.e., physics-based
model, behavior model, and analytical model [7]- [12]. The
physical model can achieve very close simulation results to
experimental results, but it is very time-consuming and needs
many parameters related to device fabrication [7], [9], [13], [14].
The widely used model is the behavior model because it has good
tradeoff between the accuracy and the simulation time. However,
itis not suitable for massive data processing [9], [13]. Relatively,
the analytical model is the fastest and suitable for data process-
ing, but the major challenge to improve the accuracy should
be addressed. This article will focus on proposing an accurate
and rapid analytical model for GaN HEMTs. So far, there have
been some analytical models of GaN HEMTs presented [3],
[6], [15]-[17], but most of them are modified from the models
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of MOSFETs [12], [13], [18]-[31], which are not suitable for
GaN HEMTs. In order to realize an accurate analytical model
of GaN HEMTs, circuit’s parasitic inductances, the nonlinear
capacitances, and the unique reverse characteristics of GaN
HEMTSs should be considered [9].

However, in the existing analytical models of GaN HEMTs,
the nonlinear capacitances are usually achieved directly from
datasheet, which cannot reflect the real nonlinearity of the para-
sitic capacitances. It is because of the gate-to-source capacitance
of GaN HEMTs being strongly affected by gate-to-source volt-
age, but the nonlinear capacitances in datasheet are with regard
to drain-to-source voltage. In order to achieve the nonlinearity of
gate-to-source capacitance with regard to gate-to-source voltage,
some additional experiments are conventionally needed [32],
which is not expected for engineers and designers. To avoid
additional experiments, the datasheet needs to be fully used.
Besides the curve of nonlinear capacitances in datasheet, the
curve of gate charge can also be used, and then some derivations
are required. For simplification, a Schottky diode is usually
used to replace the synchronous switch in the existing analytical
models of GaN HEMTs [3], [6]. But actually, GaN HEMTs
have unique reverse characteristics as mentioned above. When
operating reversely, GaN HEMTs are controlled by gate-to-drain
voltage instead of gate-to-source voltage. However, the driving
signal is usually applied between gate terminal and source
terminal. During the deadtime, GaN HEMTSs operate at weak
active region, resulting in a higher reverse voltage drop than the
voltage drop of diode. The power losses during deadtime can
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be comparable to switching losses if the deadtime is not opti-
mized. Therefore, the deadtime needs to be optimized for higher
efficiency by considering the unique reverse characteristics of
GaN HEMTs. Besides, either a constant transconductance or
only the transfer characteristics in datasheet is conventionally
used to model the /-V characteristics of GaN HEMTs, affecting
the accurate prediction of the switching process. To improve
the accuracy, both the transfer characteristics and the output
characteristics need to be used to model the /-V characteristics.

According to the above analysis, this article will fully use the
datasheet to model the I-V characteristics and C-V characteristics
of GaN HEMTs without any additional experiments, and further
propose an accurate analytical model of GaN HEMTs, includ-
ing circuit’s parasitic inductances, the nonlinear capacitances,
the unique reverse characteristics, etc. Based on the proposed
model, the deadtime will be optimized to improve efficiency by
revealing the impact of deadtime on power losses. The rest of
this article is organized as follows. In Section II, the device-level
modeling process of GaN HEMTs is described in detail. Based
on the device-level model, detailed circuit-level model is built
in Section III, the switching process is discussed in depth by
dividing it into four phases. In Section IV, a parasitics-based
current measurement method is proposed, and the verification
of the proposed model is carried out by simulation and experi-
ment. Then, based on the presented model, the power losses are
decomposed. In Section V, in order to improve the efficiency,
the deadtime is optimized for different load currents. Finally, in
Section VI, the conclusion and the next working plan are given
out.

II. DEVICE-LEVEL MODELING OF GAN HEMTS

The modeling process in this article is divided into two steps,
i.e., the device-level model of GaN HEMTsS and the circuit-level
model. In this section, the device-level model of GaN HEMTs is
presented in detail. Fig. 2 shows the schematic of GaN HEMTSs’
device-level model. It can be seen that there are no differences
between the model of GaN HEMTs and Si MOSFET from the as-
pect of the schematic. In the model, there are three nonlinear ca-
pacitances, i.e., gate-source capacitance Cgs(vas), gate-drain
capacitance Cgp(vgp), drain-source capacitance Cpg(vps),
and a voltage-controlled current source i, (vg, vp, vs) repre-
senting channel current. But, the I-V characteristics and C-V
characteristics of GaN HEMTs are quite different from Si MOS-
FETs, which will be carefully modeled below. The GaN HEMTs
EPC2015C is taken as the example to demonstrate the modeling
process. The technique of extracting image data and curve fitting
is used to fully extract the information of datasheet, and some
derivations are carried out to achieve the accurate analytical
model of GaN HEMTs without any additional experimental
measurements.

A. Modeling of GaN HEMTs’ I-V Characteristics

As mentioned above, the reverse characteristics of GaN
HEMTs are unique, which means different /-V characteristics
from power MOSFETs. For power MOSFETs, as long as the value
of the gate-to-source voltage is higher than threshold voltage,
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Fig. 3. Fitted curves of EPC2015C’s I-V characteristics (solid line: curves

from datasheet, dash line: fitted curves). (a) Transfer characteristics. (b) Output
characteristics.

the channel will conduct current no matter the drain-to-source
voltage is positive or negative. For the GaN HEMTs, it has a
symmetrical structure, which can be regarded as a parallel-pair
of two power MOSFETS in opposite directions [33]. When drain-
to-source voltage is positive, the channel current is controlled
by gate-to-source voltage; but when drain-to-source voltage
is negative, the channel current is controlled by gate-to-drain
voltage. This results in the unique reverse characteristics of GaN
HEMTs, which has great influence on the power loss during
deadtime between top switch and bottom switch in half-bridge
circuit.

The same as power MOSFETs, the operation of GaN HEMTs
can also be divided into three regions under the positive drain-
to-source voltage or negative drain-to-source voltage, i.e., cutoff
region, active region, and ohmic region. Conventionally, the
cutoff region is treated as an ideal OFF-state without any current
flowing through, and the ohmic region is treated as the absolute
ON-state without voltage drop across drain and source terminals.
Besides, a constant transconductance is often used to describe
the dependence of channel current on gate-to-source voltage in
active region. In this article, no assumption for simplification is
made, the output characteristics and transfer characteristics are
both used into the modeling of the /-V characteristics.

The I-V characteristics reflecting the steady behavior of GaN
HEMTs can be described by (1) as follows:

J1 (vas) , if vpg > vas — vin >0
or vps > 0 > vgs — Vth
f2 (vas,vps), if vas — ven > vpg > 0
—f3(vep), if —wvps > vagp — ven >0
or —wvps > 0> vap — Vin
—fa (vep, —vps) , if vgp — Ve > —vps > 0

ey

Tch =

where vgs, vgp, Ups, and vy, are the gate-to-source volt-
age, gate-to-drain voltage, drain-to-source voltage, and thresh-
old voltage, respectively. f1(vgs), f2(vas, vps), f3(vgp), and
fa(vap, —vpg) are the functions of channel current in different
regions.

With regard to the function fi(vgs), since vps > vas —
vgn > 0orvpsg > 0 > vas — vgn, it means that the GaN HEMTs
operate in forward active region or forward cutoff region. Hence,
the transfer characteristics curve is used to obtain fi(vgg).
The transfer characteristics curve can be well fitted by using
linear-interpolant method, as shown in Fig. 3(a), and the obtained
fitting function is f1(vgs). When vgs — vg, > vps > 0, GaN
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Fig. 4. (a) Fitted curves of Ciss, Coss, and Crss versus vps (solid line:
curves from datasheet, dash line: fitted curves). (b) Derived curves of Cgs, Cps,
and Cgp Versus vps.

HEMTs fully conduct and locate in the forward ohmic region,
the output characteristics curve is used to obtain fo(vgs, vps)-
By using linear lowess fitting method with a span of 1%, the
output characteristics curve is well fitted, as shown in Fig. 3(b),
and the obtained fitting function is f2(vgs,vps). As afore-
mentioned, GaN HEMTs have symmetrical structure, and thus
symmetrical working characteristics. Therefore, f3(vgp) and
fa(vap, —vps) can be achieved just by changing vgs and vpg
in f1(vgs) and fa(vas, vps) to vgp and—vps.

B. Modeling of GaN HEMTs’ C-V Characteristics

An accurate modeling of C-V characteristics can precisely
describe the dynamic behavior of GaN HEMTs, thus can achieve
a precise description of the switching process. Generally, the
datasheet just gives out the curves of input capacitance Cisg,
output capacitance Cpss, and reverse capacitance Crgg with
regard to vpg, which can be obtained by curve fitting, as shown
in Fig. 4(a). By using (2)—(4), the curves of Cgg , Cap, and Cpg
with regard to vpg are achieved, as shown in Fig. 4(b). It can be
seen that the derived Cgg is almost constant versus vpg, that is
why it is usually treated as a constant in conventional analytical
models [6], [12], [13], [22], [26], [27], [32]. However, the fact is
that the three interelectrode capacitances are just related to their
respective applied voltage. For example, Cgg is related to vgg
strongly [7], [19], [34]-[41], Ccop and Cpg are actually related to
vap and vpg, respectively. What is more, as the structure of GaN
HEMTs is symmetrical, so the three nonlinear capacitances are
also symmetrical with regard to their respective voltage. In order
to achieve accurate model of C-V characteristics, the datasheet
needs to be fully used, and some derivations are necessary.

Ciss = Cas + Cap 2
Crss = Cap 3)
Coss = Cps + Cap 4)

With regard to the nonlinear capacitance Cpg (vps), it can be
obtained by simply subtracting (3) from (4). For the nonlinear
capacitance Cgp (vgp), as the measurement of C-V curves
in datasheet is under the condition of vgg = 0 V [42], so
vps = vpa, thus Cap (vap) can also be obtained. For the
nonlinear capacitance Cgs (vgs), it cannot be obtained directly
from the C-V curves in datasheet. Therefore, this article also
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uses the Qg-vas curve in datasheet into the derivation of vgg-
dependent Cggs. It should be noted that the curve of Qg-vgs
reflects the turn-ON process of GaN HEMTs. With the driving
current flowing into the gate terminal of GaN HEMTs, Cgg
charges and Cgp discharges, thus the gate-to-source voltage
rises. There is no current flowing through the channel until vgg is
higher than threshold voltage vyy,, then the channel current rises
continuously until the current of output inductor. During this
current-increasing period, vpg remains to be 20 V, Cas(vas)
during this range can be obtained from (5). Then, it starts to
enter the voltage-decreasing stage when vgg remains constant,
which is so-called Miller platform. During this stage, Cag keeps
constant. After that, when vpg drops to smaller than vgg_ vy,
GaN HEMTs fully conducts and locates in ohmic zone, and
Cas(vas) can be calculated by using (6). Based on the above
method, the curve of Cqg_vgsg is obtained as shown in Fig. 5. It
can be seen that there is a sudden change at the Miller platform
voltage vy,1, which exactly verifies why Cggs cannot be treated as
a constant. Through the above process, an accurate device-level
model of GaN HEMTs is built.

dQc _ dQgs , dQep _ dQcs dQap
dUGS dUGS dUGS dUGS d (Uc;D + 20)
dQas dQap
— = 2 -
dvas | dvap Cas (vas) + Cap (20 — vas)
®)
dQc¢ _ dQgs |, d@cp
dvgs  dvgs  dvgs
dQas  dQap
~ =C, C . (6
dvos T dvan as (vas) + Cep (vep) . (6)

III. CIRCUIT-LEVEL MODELING OF GAN HEMTS BASED ON A
SYNCHRONOUS BUCK CONVERTER

Based on the built device-level model of GaN HEMTs, this
section takes a GaN-based synchronous buck converter as the
example to derive the circuit-level model. The specifications of
the synchronous buck converter are shown in Table 1. In order
to describe the switching behavior of GaN HEMTs as actually
as possible, the decoupling capacitors Cj, and almost all the
related parasitic inductances are considered into circuit-level
model. Vg4, represents the voltage of the input filter capacitors,
which is almost constant. Fig. 6 (a) shows the schematic of the
synchronous buck converter with main parasitic inductances,
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TABLE I
SPECIFICATIONS OF THE SYNCHRONOUS BUCK CONVERTER

Input Voltage 12V
Output Voltage 33V
Output Current 10 A
Switching Frequency 1 MHz
Switching Device EPC2015C
Output inductance luH
Lin Lpy Lsi Lo
—>
I
Lo Lpy
+ + L +
V== Ciu ==v;y @2 Co == Vou Ro []lfo
! Driver O, -
Ls
(a)
Lin Lioop=2Ls
—{oe0L
Iin Lai Cepi i
Rai 0110 G I Ipsi D
Lo L
ic A Va1 +
Cast = Vst feni(Vosts Vos1) <> Vpsi Cpsi
. T T
@ s,
Lo+ + Ls
Vie - Vin == Cin I
D
Le CGDZ ins2y 1
rﬂsm) G D,
) + ||
G2 " VG2 +
Cas vesa len2(Vas2, Vbs2) <>VDSz Cpsa
@ T T
$
L
Fig. 6. (a) Schematic of synchronous buck converter with main parasitic

inductances. (b) Schematic of the obtained circuit-level model.

including Li,, Lg1, Lp1, Lsi, Lg2, Lp2, and Lgs. By substi-
tuting the device model of GaN HEMTs into the circuit, the
circuit-level model can be obtained as shown in Fig. 6(b). The
power loop inductance Liyp is the sum of Lpy, Ls1, Lpz, and
Lgo. Inthe model, Lg; and Lgo are replaced by Lg, which is about
80 pH [43]. Considering the actual current of load inductor in
synchronous buck converter, the current of load inductor Iy, is
modeled as a current source with triangle waveform as shown
in Fig. 7.

Then, based on the Kirchhoff voltage law and Kirchhoff
current law, the voltage equations and current equations of both
the power loop and two driving loops can be derived for the
circuit-level model, as listed in (7)—(16). The variables used in
the model are defined in Table II. There are ten state variables
and ten equations in the model, so the unique solution exists.
However, since the interelectrode capacitances are nonlinear
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Fig. 7. Current waveform of load inductor.
TABLE II
DEFINITIONS OF CIRCUIT PARAMETERS IN PROPOSED MODEL
Drain current of bottom .
DC bus voltage Ve switch ips2
Channel current of to .
Voltage across Ciy Vin switch P Tchi
Top switch’s driving v Channel current of ;
voltage at bottom switch ch2
Bottom switch’s v Parasitic inductance I
driving voltage @ from Vyc to Ciy "
Gate-to-source voltage v Gate resistance of top R
of top switch sl switch al
Gate-to-drain voltage Gate resistance of
. Vb1 . Ra»
of top switch bottom switch
Drain-to-source N Parasitic inductance of I
voltage of top switch bst top switch’s driving loop al
Parasitic inductance of
Gate-to-source voltage Ve bottom switch’s drivin L
of bottom switch as2 & @
loop
Gate-to-drain voltage . Common source I
of bottom switch ab2 inductance S
Drain-to-source Parasitic inductance of
voltage of bottom VDs2 ower loo Lioop
switch P P
Driving current of top . Parasitic resistance of
. IG1 Rloop
switch power loop
Driving current of ; Current of the output I
bottom switch @ inductance L
Drai f . .
rain cutrent of top ips Current through Li, iin

switch

about their respective applied voltage, the algebraic solution
cannot be obtained. The iteration calculation method is required
to solve the proposed analytical model. What is more, solving
the power electronics problems is often a stiff problem, so the
odel5s function in MATLAB is employed to solve the stiff

model.

Va1 = vas1 + Raiict + (Lai + Ls) % + Lg dz;];681
@)
i1 = Cast - dvdim + Cap1 - dv(;;tm
= Crss1 - d“(ftSl ~ Cepr - d”(ﬁSl ©
inst = i + Chsy - dv(iSl — Cap: - dvccl;tDl
=icn1 + Cossi - U;tSl —Cap1 - dUiSI )
Vin = Ups1 + vps2 + Rioopinst + Ls (d;(;vl n d;ctm)
D (10)
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Fig. 8.  Schematic of main waveforms during a switching period.
. dig dips
Va2 = vasz2 + Raziae + (La2 + Ls) T: + Ls%
(11)
. dvgse dvps2
=C . — . 12
1G2 1521 gy ap2* — (12)
. . dvps2 dvgse
= deno + C . —C 13
ips2 = fch2 + Coss2 m @D at (13)
Iy, = ips1 — ips2 (14)
diin
Ve ¢ — Uin Lini 15
de = Vin + m (15)
. . dvin
iin = ips1 + Cin (16)

dt -

For ease of solving the proposed model, (7)—(16) are rear-
ranged into the form of (17) as follows:

— = AX+B

I 17

where X = [vas1 i1 Vas2 iG2 VDSt VDs2 DSt iDS2 fin Vinl', A
and B are given in the Appendix.

In order to calculate the proposed analytical model, the initial
state should be set carefully. As the synchronous buck converter
is taken as the example in this article, so this article sets the
ON state of bottom switch as the initial state which can help
to improve the accuracy of calculation. At the initial state,
the bottom switch Q- fully conducts the current from source
terminal to drain terminal, and vpgo is negative. At this time,
icho 18 actually controlled by vgps. Then, as shown in Fig. 8,
this article divides a full switching period into four phases for
calculation, i.e., the deadtime phase before top switch turning ON
(from #; to t2), the top switch turning-ON and conducting phase
(from 75 to t3), top switch turning-OFF phase (from 3 to 7y),
and the bottom switch turning-ON and conducting phase (from
t4 to t5). According to the calculation process shown in Fig. 9,
the four subprocesses are calculated in turn, during which each
phase starts at the end state of the previous phase.
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A. Phase I: Deadtime Phase Before Top Switch Turning on

The arrival of bottom switch’s turn-OFF signal at #; indicates
the start of this phase. And vggo decreases as Vo drops from 5
to 0 V. At the beginning, Q- is still fully ON, —vpgs is negligible,
S0 VG D2 18 approximately equal to vgse, and decreases with the
decrease of vage, so does —igch2. Due to the presence of parasitic
inductance, ipgs does not change immediately, the difference
iche — ipge Will charge Coggo reversely to increase —vpga. The
decrease of vgps and the increase of —vpgs will result in the
relationship vaps — vin < = —Vpse, Which means Qs starts to
operate at the active region. When vggs drops to almost zero,
vgp2 i equal to —vpge, and —vpgs does not increase any more.
This process will last till the turn-ON signal of top switch arrives.
During this process from # to to, the value of —vpgs is related to
the channel current, and is usually much higher than the voltage
drop of diode. For the GaN HEMTs EPC2015C operating at 10
A, the value of —vpgo is about 2.16 V. It will bring a large power
loss during this phase, which is called the deadtime loss before
top switch turns ON. Therefore, the deadtime 74; = fo — #; needs
to be carefully optimized.

B. Phase II: Top Switch Turning-on and Conducting Phase

At the time 7o, the turn-ON signal of top switch Q1 comes,
and this stage starts. Due to the excitation of driving voltage
Va1 jumping from 0 to 5 V, vgg; will increase. When vggy
increases to higher than vy, the channel of Q; is turned ON
and starts to conducts current. As vggy Increases, icn1 increases.
Because of the presence of parasitic inductance, ipg; does not
change immediately. The current difference ic,; — ipg1 will
discharge Cpssi, which leads to the decrease of vpg; and
further the increase of ipg. Then, —ipgo will decrease due to
the relationship of —ipgs = — (ipg1 — I1.). The decrease of
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the —ipgo causes the difference ipgo — icn2, Which discharges
Coss2 reversely. Then, —vpgs and vgpso decrease, and —icpe
decreases accordingly. With the further increase of vgg1, when
it increases to a value that makes the current ipg; reach to I, it
means that I1, is completely commutated from Q- to Q1. But the
increase of ipg; still continues, and the difference ipg; — I, will
charge Cpgso to increase vpge. Meanwhile, as vgg increases,
vps1 decreases due to the discharge of Cogsi by ichi — ipsi-
When vpg; is close to zero, the top switch Qq is fully turned
ON. After that, the parasitic inductance of power loop Liyep, Will
resonate with Coggo to result in the current oscillation of Q1 and
voltage oscillation of Q. With the arrival of turn-OFF signal of
Q; at t3, this phase ends.

C. Phase I1I: Top Switch Turning-off Phase

This phase starts with the arrival of top switch’s turn-OFF
signal at t3, and vgg starts to fall down. With the decrease of
vasis ien1 decreases. Due to the presence of parasitic inductance,
ips1 does not change immediately, the difference ipg1 — icn1 Will
charge Cpggsy to increase vpgi. Then, a voltage across parasitic
inductance is caused to reduce ipgi, thus a reverse current
through bottom switch —ipgs increases due to the relationship
—ips2 = —(ipg1 — I1,). Generally, the turn-ON signal of Q5 is not
applied before Q7 is completely turned OFF. Therefore, —ipgo
is used to discharge Cpgse, which reduces vpge. For O, it will
turn into the active region from ohmic region when vgg1 — vin <
= vps1, and the channel will be turned OFF when vggy < vip. For
02, vpso will reduce to zero and then increase reversely. Since
vase 1S zero, vgpe is approximately to —vpga, it increases with
the reverse charge of Cogse. When vaps > = vy, the channel
of Oy is turned ON. The reverse charging process will continue
until vgpo reaches to an enough high value so that the current
—ipg2 can absolutely flow through the channel. Accordingly,
the source-to-drain voltage —vpgo does not increase any more.
As Q- is operating at the weak active region, —vpgs is usually
much higher than the voltage drop of diode. When the turn-ON
signal of Q2> comes at #4, this phase ends. The duration of this
phase 74 — t3 is another deadtime 742, which also needs to be
carefully optimized.

D. Phase IV: Bottom Switch Turning-on and Conducting
Phase

When the turn-ON signal of Q. arrives at #4, the turn-ON
process of Qs starts. With the increase of vgs2, vap2 = vase +
vsp2 increases, then i.,o increases, which will be larger than
—ipg2. The extra current will discharge Coggs reversely to
leading Q2 from active region into ohmic region. When —vpgs is
close to zero, Q5 is fully turned ON. Then the parasitic inductance
of power loop Lioop Will resonate with Cogsi to cause the
oscillation of waveform. This phase ends with the arrival of
bottom switch’s turn-OFF signal at 5.

Through the calculation process shown in Fig. 9, the proposed
model can be calculated accurately by using MATLAB, thus
the switching waveforms during a full switching period can be
obtained.
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Fig. 10.

Simulation model in Ansys Q3D Extractor.

TABLE III
EXTRACTION OF THE CIRCUIT’S PARASITIC INDUCTANCES

Parasitic inductance (nH)

Power 1oop Lioop 1.76
Top driving loop Lgi 3.98
Bottom driving loop Lg, 341
Vae-to-C;, inductance Ly, 1.33

IV. VERIFICATION AND DISCUSSIONS OF THE PROPOSED
ANALYTICAL MODEL

In this section, the proposed analytical model of GaN HEMTs
will be verified. Before this, the parasitic inductances need to
be extracted for simulating the actual circuit. Therefore, Ansys
Q3D Extractor was utilized to extract the parasitic inductances.
In order to achieve accurate parasitic inductances, the simulation
model was obtained by first exporting the actual layout of
printed circuit board (PCB) in Altium Designer to the specific
format of ODB++, and then using Ansys SIwave to convert
the ODB-++ files to the files readable by Q3D Extractor, as
shown in Fig. 10. The simulation frequency was set to 100
MHz representing high frequency oscillation, then the parasitic
inductances were extracted as listed in Table III. As mentioned
above, the common source inductance Lg of EPC2015C is about
80 pH. The decoupling capacitor C;,, is 0.3 uF, consisting of three
0.1 uF ceramic capacitors in parallel. With the extracted parasitic
inductances, the switching process during a full switching period
can be accurately calculated by using the proposed analytical
model.

A. Simulation Verification by LTspice

LTspice is widely used for the simulation of power electronics
circuits, the behavior model used in LTspice can achieve very
close results to experiment. Hence, the simulation verification
by LTspice was firstly carried out, in which the device model
of EPC2015C is provided by manufacturer. The load current is
5 A, and the deadtimes 747 and f4o are both set to 30 ns. The
simulation results by the proposed model are compared with
the simulation results by LTspice in Fig. 11. We can see that
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Fig. 11.  Switching waveforms comparison between the proposed model and

LTspice at the load current of 5 A (solid line: proposed model, dotted line:
LTspice). (a) Phase I and phase II. (b) Phase III and phase IV.
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Fig. 13.  Designed sensing trace for current measurement in PCB.

the simulation waveforms by the proposed model are consistent
with the simulation waveforms by LTspice.

B. Parasitics-Based Current Measurement Method

In order to measure the switching currents accurately in
experimental verification, a novel high-bandwidth current mea-
surement method based on the parasitics of PCB’s trace was
proposed. As shown in Figs. 12 and 13, the trace from the source
terminal of Q- to the ground terminal of decoupling capacitors
was used as the sensing trace, whose parasitic inductance is
Lsense, and parasitic resistance is Rgense. The mutual inductance
between the sensing trace and the rest trace in power loop is M.
The current through the sensing trace is the ipg;, and it exists
the following relationship between ipg; and the voltage across
the sensing trace Vsense-
dipsy

M) 1 (18)

Usense = Rsense iDSl + (Lsense -
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Fig. 14. Extracted parasitics of sensing trace by Ansys Q3D Extractor.

The key is to derive the switching current ipg; and ipge from
the measured vgepge in . As we know, a periodic function can
be represented by an infinite series of sine and cosine functions,
which is the so-called Fourier series. Hence, ipg; can be written
as

tps1 = Io + Z Iisin (kwt + ¢y)

(19)
k=1
where w = 27 f and fis the switching frequency.
By using (18), vgense can be written as
Usense — ROIO + Z Rk[k sin (k‘wt —+ ka)
k=1
+ Z kw Ly I, cos (kwt + @)
k=1
[o¢]
= Roly + Z ZpIpsin (kwt + ¢ +¢,)  (20)
k=1
where Rk = Rsense(kf), Lk - Lsense(kf) - M(kf)’ Zk -
\/ Ri? + (kwLy)? and @, = atan(%).

From (19) and (20), ips; can be derived from the measured
Vsense, and thus ipgo = It, — ipg1 can be obtained. In order
to obtain the frequency-dependent Ry and Ly, the frequency
characteristics of Lgenses Rsense, and M were extracted by using
Ansys Q3D Extractor, as shown in Fig. 14. The proposed current
measurement method was verified by simulation in LTspice.
From Fig. 15, we can see that it shows good agreement between
the derived current and the current by simulation. Benefitting
from the consideration of the frequency characteristics of sens-
ing trace, the proposed parasitics-based current measurement
can realize very high bandwidth, which is very suitable for the
measurement of high frequency switching current.

C. Experimental Verification

In order to verify the proposed analytical model of GaN
HEMTs, an experimental protype of 12-3.3 V synchronous buck
converter based on EPC2015C was built, as shown in Fig. 16.
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Fig. 15.  Verification of the proposed parasitics-based current measurement
method by LTspice.
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Fig. 16. (a) Experiment setup for validating the proposed analytical model.
(b) 12-3.3 V synchronous buck converter.
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Fig. 17. Measured waveforms at different load current. (a) 2A. (b) 10A.

The converter operates at the switching frequency of 1 MHz.
The PWM signals for gate driver LM5113 are generated by DSP
TMS320F28335, the deadtimes 741 and 74> are both set to about
30 ns. The 1-GHz high-bandwidth oscilloscope MSO64 6-BW-
1000A and passive voltage probe TPP1000 from Tektronix were
used to accurately measure the switching waveforms.

Through the experiment, the waveforms of vps1, vps2, and
Vsense at the load current of 2 and 10 A were measured, as
shown in Fig. 17. Based on the proposed current measurement
method, ipg; and ipge were derived from the measured veepse.
Then, the experimental waveforms of vpsi, Vps2, ipsi, and
ipse were replotted in Figs. 18 and 19 to be compared with
the switching waveforms by the proposed model. Benefitting
from the consideration of the nonlinear capacitances and the
unique reverse characteristics of GaN HEMTs, and almost all
the parasitic inductances of circuit into the proposed analytical
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Fig. 18.  Switching waveforms comparison between the proposed model and
experiment at the load current of 2 A (solid line: proposed model, dotted line:
experiment). (a) Phase I and II. (b) Phase III and IV.
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Fig. 19.  Switching waveforms comparison between the proposed model and
experiment at the load current of 10 A (solid line: proposed model, dotted line:
experiment). (a) Phase I and IIL. (b) Phase IIT and IV.

model, the simulation results during the full switching period
show good agreement with the experimental results. The error
between the simulation results and experimental results can be
attributed to the following two reasons. First, the experimental
results are highly related to the designed measuring points, the
complicated parasitics in actual circuit can have great influence
on the measurement results. Second, the temperature effect
was not considered in the proposed analytical model, while the
junction temperature has serious and complex influence on the
operation of switching devices. Nevertheless, the accuracy of the
proposed analytical model of GaN HEMTs was verified, thus
we can have accurate evaluation of the power losses.

D. Decomposition of Power Losses Based on the Proposed
Analytical Model

Conventionally, the power losses of switching devices are
calculated by integrating the product of drain-to-source voltage
and drain current, as shown in (21). It is not quite exact due to
the presence of the output capacitance. It is more accurate by
using (22) to calculate the power losses of switching devices.
As the channel current is usually unmeasurable, so (21) is still
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Fig. 20.  Derived channel currents by the proposed model at the load current
of 15 A. (a) Phase I and II. (b) Phase III and IV.
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Fig. 21.  Decomposition of power losses related to GaN HEMTs.

widely used for calculation power losses of switching devices.

Plows = / - / ins - vpsdt 1)

Puws =1+ [ i omsdt @2

In this article, the channel current can be calculated accurately,
as shown in Fig. 20, so the power losses of switching devices can
be accurately evaluated by using (22). Based on the proposed
model, power losses of top switch and bottom switch are calcu-
lated at the load current of 10 A, including the turn-ON loss of
top switch Pyy,1, conduction loss of top switch P.opn1, turn-OFF
loss of top switch Py, turn-ON loss of bottom switch Py,
conduction loss of bottom switch P2, turn-OFF loss of bottom
switch P, deadtime loss before top switch turning ON Pqq,
and the deadtime loss after top switch turning OFF Pgo. Then,
the calculated power losses are plotted in Fig. 21, which shows
that the deadtime losses Pq1 and Pgs are 0.2361 and 0.2686 W,
respectively, accounting for significant proportions of the total
power loss (19% and 22%, respectively). Therefore, it is very
necessary to optimize the deadtimes to reduce deadtime losses
and improve efficiency.
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Fig. 22.  Effects of deadtime 41 and 42 on power losses at the load current
of 10 A. a) The effects of deadtime z41. (b) The effects of deadtime z45.

V. OPTIMIZATION OF DEADTIME

As mentioned above, due to the large reverse voltage of
GaN HEMTs, the power losses during deadtime can account
for significant proportions in the total power loss. It is very
important to optimize the deadtime for higher efficiency. The
two aforementioned deadtimes 74; and 742 can not only affect
the deadtime losses, but also affect the other losses. Moreover,
different load currents can have great impact on the selection
of the deadtime because different load currents make different
voltage changing rate during the switching transient. If the
deadtime is too large, it can cause significant power loss during
deadtime. If the deadtime is too short, it may cause short-through
between top switch and bottom switch, which can also result in
large power loss. Therefore, based on the proposed model, this
section focuses on the optimization of the deadtime with the
consideration of the load current’s effect.

It can be easily understood that the deadtime #4; only affects
P41, Pon1, and Pogo, while 745 only affects Pyo, Pos1, and Popo.
Fig. 22 shows the effects of 741 and 742 on power losses at the load
current of 10 A. From Fig. 22(a), we can see that Pq; increases
as fqy increases while P, and P.g2 have an oscillation with
the increase of #41. The frequency of the oscillation is related to
the resonance between parasitic inductance Ly, and the output
capacitance of GaN HEMTs Cpgs. Overall, the effect of 741 on
Piotalls 1.€., the sum of Py1, Pon1, and Pygo, is mainly decided
by P41, and in direct proportion to 7q;. However, if the load
current /o is smaller than a value j;,y,5¢, as shown in (23), Iy, will
have negative value and flow through Q; reversely to discharge
Coss1, which reduces vpgy before Q1 is turned ON, so Py, 18
reduced. With the increase of 741, Pon1 gets smaller, so does
Piotarn- When vpgp reduces to zero, the ZVS of Q1 is achieved,
and the continuous increase of 74; will charge Cogg reversely
to increase —vpsi, SO Pon1 and Pigiayy are increased, the 741
when vpg1 is zero is the optimal, as shown in Fig. 23(a). From
Figs. 22(b) and 23(b), we can see that with the increase of z42,
P42 does not change at the beginning until a value after which
it increases almost linearly. With regard to P2, it decreases
at beginning until a value after which it starts to increase, and
then turns to flat. There is an optimal deadtime of 745 to realize
minimum P,,o. It can be explained as follows. If 745 is too
small, the turn-ON signal of bottom switch will arrive before top
switch is turned OFF. Since vpgy i still positive, a large channel
current will be caused, which increases P,>. With the increase
of 142, vps2 is smaller when the turn-ON signal of bottom switch
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Fig. 23.  Effects of deadtime 741 and t42 on power losses at the load current
of 1 A. (a) The effects of deadtime z41. (b) The effects of deadtime z45.
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Fig. 24.  Curve of optimal deadtime 7,q1 and t,q2 versus load current /.
(@) toa1 vs. [o. (b) fod2 vs. lo.

comes, S0 Pyy,2 is smaller. If vpgs is zero when the turn-ON signal
of bottom switch comes, P2 is smallest. The value of 745 is
optimal. If we increase #4o further, vpgo will turn to negative
before the turn-ON signal comes, P,,o will increase slightly.
When —vpgs is high enough to make /1, flow through the channel
absolutely, the continuous increase of 742 will no longer increase
Pono. As for Pog, it is not affected by z42. The result is that
there is an optimal 742 to make the sum of P2, Pog1, and Py
minimum.

Vac (1 — D) DT

~1.2A.
Lo

(23)

Dimic =

According to the above analysis, 7q; should be as short as
possible if /o is higher than /y;,,;¢ . In this article, #4; is set to 3 ns
if I is higher than fj,i¢. Butif I is lower than ¢, there is an
optimal #4;. The effect of 74; under different load currents below
Limit 1s investigated, the optimal values of 747 under different
currents below Ij;,;¢ are obtained as shown in Fig. 24(a). The
smaller /o makes larger negative peak of I, to accelerate the
discharge of Cpsgi, so the required optimal deadtime f,q; is
smaller. As for 742, the optimal value exists within full load range,
so the effect of t4o under different load currents is also inves-
gated, the optimal values of #4o under different load currents are
obtained in Fig. 24(b). Since larger /o charges or discharges the
output capacitance faster, the optimal deadtime #,42 is smaller
with the increase of Io. Then, the comparison between the
optimized deadtime and the fixed deadtime is conducted, 741
and t40 are both fixed to 5, 10, and 15 ns, respectively. As shown
in Fig. 25, through the optimization control of #4; and #42 under
different load currents, the efficiency within full load range can
be improved obviously. Compared with the fixed deadtime of
15 ns, the increase of efficiency can be up to 8%.
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VI. CONCLUSION

In order to optimize the deadtime for higher efficiency, this
article proposes an accurate analytical model of GaN HEMTs,
including circuit’s parasitic inductances, the nonlinear capac-
itances, the unique reverse characteristics, etc. The proposed
analytical model fully uses the datasheet to avoid additional
experiments. A 12-3.3 V synchronous buck converter based
on EPC2015C is taken as the example to build the analytical
model. The proposed model is first verified by simulation in
LTspice. For experimental verification, a novel parasitics-based
current measurement method is proposed, which is verified by
simulation in LTspice. Then, the proposed analytical model of
GaN HEMTs is verified by experiments, and good agreement
is demonstrated. Based on the accurate analytical model, the
deadtimes are optimized for different load currents to improve
the efficiency within the full load range. Compared with the fixed
deadtime of 15 ns, the increase of efficiency can be up to 8%. In
the future work, on the basis of the proposed analytical model
of GaN HEMTs in this article, we will investigate the effects
of circuit’s parasitic inductances and driving resistances on the
switching losses and voltage overshoot, to provide guidance for
engineers to optimize the circuit’s parameters.

APPENDIX

As mentioned in Section III, the circuit-level model is written
into the form of the state-space equation

X ax+m

dt (Aab)

. . . . . T
where X = [vgs1 iq1 vasz ig2 VDs1 VDs2 iDS1 iDS2 fin Vinl' -
According to (7)—(16)

0 ay 00 0 Oax 00 O
as a4 as ag ay ag ag 00 aio
0 0 0 a1 0 0 a2 00 0
a1z a14 ais aie a7 aig aig 00 agg
0 a1 0 0 0 0 ag9 00 0
A= 0 0 0 a3 0 0 agy 00 0 (A2)
ags 26 Q27 G2g a29 azo az1 00 asz
ass az4 azs aze azy asg azg 0 0 ag
0O 0 0 0 O 0 0 00 ag
0 0 0 0 0 0 49 0 43 0
B=[biby bybaibs bgbr bgbg0]" (A3)
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where
= Coss1 ! (Ad)
Cissi - Cosst — Capt
C
a GD1 i (A5)

~ Cissi - Coss1 — Capi
as =
- [(LGQ + LS) Lloop - LS2:|
(Lgi + Ls) (Lg2 + Ls) Lioop — Ls® (La1 + Lga + 2Ls)

(A6)
ay = Rgias3 (A7)
as = a3
(La1 + Ls) (Laa + Ls) Licop — Ls® (Lg1 + Laa + 2Ls)
(A8)
ag — RG2 as (A9)

a7 = asg
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