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Abstract—Accurate gate capacitance model is essentially im-
portant for switching transient analytical modeling of gallium
nitride (GaN) high-electron-mobility transistor. In this article, by
analyzing the charging of p-GaN/AlGaN/GaN gate structure, a
dynamic gate capacitance CG(VDS, VGS) model considering its
dependence on both VDS and VGS is proposed, which has been
validated by CG measurement results with varying VDS and VGS.
It has been identified in this article that the conventional static CG

model without considering its dependence on VGS during switch-
ing could result in a lower CG and underestimated Miller effect,
resulting in discrepancy from the measured switching transient.
By comparison, the implementation of the dynamic CG(VDS, VGS)
characteristics in the switching analytical model yields improved
accuracy, by considering the two-dimensional electron gas accu-
mulation and its impact on dynamic CGD and Miller effect during
switching transient. The switching transient analysis and dynamic
gate capacitance CG(VDS, VGS) characteristics are valuable for
future high-frequency GaN-based power converter design.

Index Terms—Capacitance-voltage, double pulse test, p-GaN
gate high-electron-mobility transistors (HEMTs), switching tran-
sient modeling.

I. INTRODUCTION

GALLIUM nitride (GaN) high-electron-mobility transis-
tors (HEMTs) enable high-power-density and high-

efficiency power converters, owing to the high switching fre-
quency and low power losses [1], [2]. However, severe switching
oscillations could occur due to the high switching speed of GaN
HEMTs, resulting in overshoots of current and voltage as well
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Fig. 1. Schematic CGD during turn-ON transient showing the difference
between considering static CGD(VDS) and dynamic CGD(VDS, VGS) char-
acteristics, respectively. VG-ON and VG-OFF are gate driver voltage supply
at ON-state and OFF-state, respectively. VTH is the threshold voltage of GaN
HEMT.

as false turn-ON [3]. An accurate switching transient analytical
model can provide in-depth understanding of the switching
process and is essential for accurate calculation of switching
transient waveforms [4], [5], [6], and thus, is particularly impor-
tant for high-frequency GaN-based converter design.

A switching transient analytical model with junction capac-
itance as a function of VDS [C(VDS)] has been proposed for
p-GaN gate HEMTs [7], [8], [9], [10]. On the other hand, it has
been found that merely implementing the static CGD(VDS) dur-
ing switching transient could result in prolonged rising/falling
time in SiC MOSFETs, whereas modified dynamic CGD(VDS)
characteristics during switching by considering the turn-ON

of gate channel could yield more accurate switching transient
model [11]. It is noteworthy that static CGD(VDS) characteristics
measured at a constant VGS at OFF-state (VG-OFF) are commonly
used in conventional switching transient analytical modeling,
whereas dynamic CGD(VDS, VGS) particularly considering the
influence of varying VGS on CGD during switching should be
implemented to ensure accurate switching transient modeling
(see Fig. 1).

In p-GaN gate HEMT, it is proposed that the gate capaci-
tances CGS and CGD at ON-state can be obtained by multiplying
a correction function by the capacitance values at OFF-state
[12]. Therefore, implementing dynamic gate capacitance dur-
ing switching transient would be valuable to realize accurate
switching transient calculation, yet the detailed analysis of gate
capacitance and quantitative CG(VDS, VGS) modeling in p-GaN
gate HEMTs are still lacking.

In this article, with detailed analysis of charge storage in the
p-GaN/AlGaN/GaN gate structure, the dynamic CG model by
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Fig. 2. DPT board for switching transient characterizations of GaN HEMTs.

Fig. 3. Equivalent circuit of DPT circuit during switching transient. Power
loop includes MLCCs, PCB, CVR, SW1, and SW2. Drive loop includes gate
driver and SW2.

considering its dependence on both VDS and VGS (CG(VDS,
VGS)) during switching transient is developed and validated
by measured CG characteristics with varying VDS and VGS.
The calculated switching transients by implementing the pro-
posed dynamic CG(VGS, VDS) model and the conventional static
CG(VDS) model as in the state-of-the-art prior works have been
compared and analyzed. The proposed dynamic CG model is
implemented in switching transient analytical model, which
yields improved accuracy compared with the conventional static
CG model. The impact of the two-dimensional electron gas
(2DEG) accumulation and its impact on dynamic CG and Miller
effect during switching transient are also analyzed and revealed.

II. SWITCHING TRANSIENT MODELING

The switching transient of GaN HEMTs are characterized
using a custom-designed double pulse tester (DPT) [13] (see
Fig. 2). Fig. 3 shows the equivalent circuit of the DPT during
switching transient, in which the main components are modeled
as follows.

1) The GaN HEMT is modeled according to its measured
current-voltage and capacitance-voltage characteristics, which
will be discussed in detail in Section III.

2) The current viewing resistor (CVR) SSDN-10 is modeled
by a resistor and inductor in series [14].

3) The load inductor is modeled by a constant current source
with its parasitic capacitance considered into CD.

Fig. 4. Schematic of a p-GaN gate HEMT, where Cg is the capacitance
between gate and 2DEG channel per unit area, L is gate length, RS1 and RD1

are access region resistances, and RS2 and RD2 are contact resistances.

4) The gate driver is modeled by a switching resistor RSW to
which a step voltage is applied.

5) The multilayer ceramic chip capacitors (MLCCs), acting as
decoupling capacitors, are modeled by capacitance, resistance
and inductance in series. The parasitic parameters of the printed
circuit board (PCB) are derived by Ansys simulations.

Based on Kirchhoff’s current law (KCL) and Kirchhoff’s
voltage law (KVL), the equivalent circuit can be described by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

VG = vGS + LG
diG
dt +RGiG

Vin = vDS + vD + Lloop · diD
dt +Rloop · iD −RT · iL

iD = CD
dvD

dt + idiode + iL

iD = CDS
dvDS
dt − CGD

dvGD
dt + iCH

iG = CGS
dvGS
dt + CGD

dvGD
dt

(1)

where Lloop is the sum of the package inductance of GaN HEMT
at drain (LD), parasitic inductance of current shunt (Lshunt),
MLCCs (LMLCC) and PCB (LB and LT). Additionally, Rloop is
the sum of the parasitic resistances of MLCCs (RMLCC) as well
as PCB (RB and RT). RG is the sum of the switching resistance
(RSW) and internal gate resistance (RG-INI) of GaN HEMT.
Accordingly, state equations at turn-ON/OFF transient and their
time-domain solutions can be determined by iterative methods,
which can be used for switching transient modeling [7].

The voltage waveforms of GaN HEMT are captured by a
voltage probe connecting to an oscilloscope channel with a band-
width of 500 MHz. The current waveforms of GaN HEMT are
captured by CVR with a bandwidth of 1.6 GHz connecting to an
oscilloscope channel with a bandwidth of 1 GHz, which yields an
equivalent bandwidth of ∼850 MHz for current measurements.

III. GAN HEMT MODELING WITH DYNAMIC GATE

CAPACITANCE

A. Current-Voltage Characteristics

Device under test in this article is a 650 V commercial p-GaN
gate HEMT with threshold voltage (VTH) of ∼1.7 V. Schematic
of the p-GaN gate HEMT is shown in Fig. 4, in which S′

and D′ represent the source-side and drain-side gate edges,
respectively. Current-voltage characteristics of GaN HEMT are
modeled based on piecewise linear model [15], in which the
channel current ID(VDS, VGS) characteristics in linear and satu-
ration regions are represented by a VGS-dependent resistor and
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VGS-controlled current source, respectively, which are described
by⎧⎨
⎩

ID = μCg
W
L VGT [VDS − (RS +RD)ID]

ID−SAT= μCg
W
L VTH

[√
V 2

TH + (VGT −RSID−SAT)− VL

]
(2)

where μ is electron mobility in 2DEG, W is gate width, VGT =
VGS′ − VTH, RS = RS1 + RS2, RD = RD1 + RD2, VL = FS·L,
and FS is saturation electric field.

Based on (2), a behavior model of current-voltage character-
istics can be expressed by{

IDS = SON(VGS) · VDS

ID−SDT = ID−SAT(VGS)
(3)

where SON(VGS) represents the conductance of GaN HEMT in
linear region, and ID-SAT(VGS) represents the current in satu-
ration region. SON(VGS) and ID-SAT(VGS) could be extracted
from output and transfer characteristics.

B. Dynamic Gate Capacitance Model

Modeling the influence of VDS and VGS on CGS and CGD

during switching transient (i.e., dynamic gate capacitance) is
particularly important for accurate switching transient analysis.
However, it is challenging to distinguish and separately extract
CGD and CGS when the 2DEG channel is formed. On the other
hand, Meyer capacitance model, considering the impact of VDS

on the non-uniform charge distribution along the channel and
gate capacitance, has been implemented to distinguish CGS and
CGD in Si MOSFET for logic applications [16].

In the p-GaN gate HEMT (see Fig. 4), the potential at a certain
point x along 2DEG channel isϕ(x). The electron density n2DEG

at x could be described by

n2DEG = Cg(ϕG − ϕ(x)− VTH). (4)

Gate-to-channel charge QG is given by

QG = W

∫ L

0

n
2DEG

dx. (5)

Based on linear velocity-field relation, the drain current ID is

ID = μWn2DEG
dϕ(x)

dx
. (6)

From (4) and (6), ID could be expressed as

ID = μCg
W

L

(
VGTVD′S′ − 1

2
V 2
D′S′

)
(7)

Based on (5), QG can be represented by integration of ϕ(x)

QG = W

∫ VD′S′

0

n
2DEG

dx

dϕ (x)
dϕ (x)

= CG

V 2
GT − VGTVD′S′ + V 2

D′S′
/
3

VGT − VD′S′/2
(8)

where n2DEG can be derived from (4), dx/dϕ(x) can be obtained
from (6) and (7), CG is equal to CgWL

Fig. 5. Schematic CG-VDS characteristic for p-GaN gate HEMT, where
Vpinch-off is the value of VDS when the drain-side gate edge is pinched-OFF
(i.e., VD′S ′ equals to VGT).

Accordingly, CGD and CGS could be expressed as

CGD =
∂QG

∂VGD′
· ∂VGD′

∂VGD

=
2

3
CG

(
1− VGT

2

(2VGT − VD′S′)2

)
·
(
1 +RD

∂ID
∂VGD

)
(9)

CGS =
∂QG

∂VGS′
· ∂VGS′

∂VGS

=
2

3
CG

(
1− (VGT − VD′S′)2

(2VGT − VD′S′)2

)
·
(
1−RS

∂ID
∂VGS

)
.

(10)

�QG/�VGD′ and �VGD′ /�VGD are denoted by part A and part
B as follows:⎧⎪⎨

⎪⎩
PartA = ∂QG

∂VGD′ =
2
3CG

(
1− VGT

2

(2VGT−VD′S′ )
2

)
PartB = ∂VGD′

∂VGD
=
(
1 +RD

∂ID
∂VGD

) . (11)

�QG/�VGS′ and �VGS′ /�VGS are denoted by part C and part D
as follows:⎧⎪⎨

⎪⎩
PartC = ∂QG

∂VGS′
= 2

3CG

(
1− (VGT−VD′S′ )

2

(2VGT−VD′S′ )
2

)
PartD = ∂VGS′

∂VGS
=
(
1−RS

∂ID
∂VGS

) . (12)

Note that in linear region (VD′S ′ ≤ VGT), CGD and CGS could
be expressed as (9) and (10). In saturation region (VD′S ′ ≥VGT),
part A and part C maintain constant.

According to (9) and (10), the schematic CG-VDS curves as
shown in Fig. 5 are analyzed and discussed as follows.

1) At VDS of 0 V, part A and part C are equal to 1/2·CG,
whereas part B and part D are equal to 1, according to (9)
and (10). In this case, k(VDS) is 0.5.

2) As VD′S ′ is approaching VGT, part A is approaching zero,
according to (9). At relatively high VDS at OFF-state or
during switching, the majority of high VDS could drop
across the gate-to-drain access region in high-voltage p-
GaN gate HEMT, yielding a smaller VD′S′ than VDS. In a
special case, when VD′S ′ is equal to VGT, D′ is pinched-OFF

and n2DEG at D′ is zero, as shown in Fig. 6. In this
case, this specific value of VDS is denoted as Vpinch-off

in Fig. 5. In practice, field plates that are commonly



2142 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

Fig. 6. Schematic of p-GaN gate HEMT in saturation region showing that D′
is pinched-OFF.

used in GaN HEMTs [17] can spread out potential along
the gate-to-drain access region (see Fig. 6). For part B,
when p-GaN gate HEMT is operating in saturation region
with a relatively large VDS, �ID/�VGD equals to zero.
Consequently, when VDS reaches Vpinch-off, k1(VDS) is
approximately equal to zero in Fig. 5.

3) In (10), as VD′S′ reaches VGT, part C increases to 2/3·CG.
In part D, RS includes contact resistance at source ter-
minal and gate-to-source access region resistance. RS is
estimated to constitute ∼5% of the total Ron [18], [19].
Moreover, according to the electrical characteristics of the
GaN HEMT used in this work [20], RON multiplied by
�iD/�VGS (i.e., Part D) is varying from 0.9 to 1.0. As a
result, k2(VDS) is approximately 2/3 at VDS of Vpinch-off,
as shown in Fig. 5.

The dependence of CGS and CGD on VDS can be expressed
by k(VDS)·CG behavior model. In addition to the dependence
of CGS and CGD on VDS, CG in (9) and (10), which is the
capacitance of metal/p-GaN/AlGaN/GaN gate structure, also
varies with gate bias VG. This relationship between CG and
gate voltage bias is extracted as CG(VGS), which is responsible
for the dispersion among CG-VDS curves with various VGS as
in Fig. 5.

Considering the dependence of CG on VDS (k(VDS)) as well
as the dependence of CG on gate bias (CG(VGS)), the proposed
dynamic capacitance model is given by[

CGD(VDS, VGS)
CGS(VDS, VGS)

]
=

[
CGD0

CGS0

]
+

[
k1(VDS) · CG(VGS)
k2(VDS) · CG(VGS)

]
(13)

where CGD0 and CGS0 are capacitances between electrode met-
als, as shown in Fig. 4.

C. Validation of the Dynamic Capacitance Model

Fig. 7(a) shows the measured CGS-VDS and CGD-VDS char-
acteristics of p-GaN gate HEMT, which are in qualitative agree-
ment with the trend of the theoretical CGS-VDS and CGD-VDS

behaviors as in Fig. 5. Consistent with the nonuniform charging
of QG at nonzero VDS, the dependence of CGS and CGD on
VDS could also be illustrated by the evolvement of the depletion
region at the gate edges, as shown in Fig. 7(b). With increased
VDS, edge capacitance at drain side CGD decreases as depletion
region extends toward drain side, whereas CGS rises. Such
dependence of CG on VDS is modeled by k(VDS) as in (13).
Moreover, there is VGS–induced dispersion among CG-VDS

Fig. 7. (a) Measured CG-VDS characteristics with varying VGS. (b) Illus-
tration of the depletion region capacitances at source-side and drain-side at
OFF-state with VDS > 0 V.

Fig. 8. (a) Measured Ciss-VGS characteristics at VDS = 0 V. (b) Schematic
of Schottky metal/p-GaN/AlGaN/GaN gate structure in p-GaN gate HEMT.

curves, as the increased VGS leads to accumulated 2DEG and
increased CG.

In the measured Ciss-VGS characteristics [see Fig. 8(a)],
there is a rising slope corresponding to the formation of 2DEG
channel, whereas Ciss decreases with further increased VGS. As
shown in Fig. 8(b), Ciss of the metal/p-GaN/AlGaN/GaN gate
stack consists of the capacitances corresponding to metal/p-
GaN Schottky junction (C1) and p-GaN/AlGaN/GaN hetero-
junction (C2) in series. When VGS is relatively low (i.e.,
< VTH), the increasing VGS induces accumulated electrons
in the 2DEG channel, and increased C2. After the turn-
ON of 2DEG channel, further increased VGS leads to deple-
tion region extension in the reversely biased Schottky junc-
tion at metal/p-GaN, and consequently decreased C1. The
dependence of Ciss on VGS is modeled by CG(VGS) in
(13).

The calculated CG-VDS curves using the abovementioned
dynamic CG model agree well with the measurement results,
as shown in Fig. 9. In particular, the calculated CG-VDS curves
featuring dynamic CG model during switching transient exhibit
distinction from that calculated with the conventional static CG

model (i.e., without considering the dependence of CG on VGS),
as shown in Fig. 10. It suggests that it is essentially important
to consider and implement dynamic CG model for accurate
switching transient modeling.

IV. IMPLEMENTATION OF THE ANALYTICAL MODEL

Based on the equivalent circuit as shown in Fig. 3, state
equations are determined, and iterative method is employed
to derive the time-domain switching waveforms. Furthermore,
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Fig. 9. Measured and calculated (a) CGS-VDS and (b) CGD-VDS curves with
varying VGS.

Fig. 10. (a) CGS and (b) CGD calculated by the proposed dynamic CG model
across a range of VGS at OFF-state as well as ON-state. CG-VDS curve at VGS

of 0 V corresponds to the conventional static CG(VDS) characteristics.

conventional static CG model and the proposed dynamic CG

model are implemented in the switching transient analysis,
respectively.

With conventional static CG model extracted at VGS of 0 V, the
calculated vDS decreases more significantly than the measured
switching waveform, as shown in Fig. 11. Moreover, peak value
of the calculated iD (iD_PK) is higher than the measured wave-
form. With dynamic CG implemented by considering increased
CGD at ON-state, the calculated vDS waveform shows better
agreement with the measured turn-ON waveform. Compared
with the calculated waveforms using the conventional static
CG model, implementing the proposed dynamic CG model in
this article can suppress the error ratio (i.e., difference between
the measured and calculated values divided by the measured
value) of falling-time (during which, the value decreases from
90% to 10%) (tF) of vDS during turn-ON by ∼30%, and that
of iD_PK during turn-ON by ∼10%, as given in Table I. When
vGS approaches VTH and vDS starts decreasing, clear difference
of CGD between static and dynamic CG model is shown in
Fig. 10(b), which could illustrate those improvements on switch-
ing transient calculated at turn-ON. CG of GaN HEMT is lower
when switching from higher VDS, resulting in higher frequency

Fig. 11. Measured and calculated switching transient waveforms of turn-ON
transient with varying VDS of (a) 200 V and (b) 400 V, respectively.

TABLE I
COMPARISON OF WAVEFORMS DURING TURN-ON CALCULATED WITH STATIC

AND DYNAMIC CG CHARACTERISTICS

of resonance at higher VDS of 400 V. In practice, the accuracy
of the measured frequency of resonance is slightly reduced at
VDS of 400 V. It is practically inevitable that the measurement
range of the probe would slightly reduce at higher frequency.
On the other hand, when switching under higher VDS condition,
the waveforms usually have wider voltage/current range, while
the resolution of the measured voltage/current could be limited
by the oscilloscope [21].

In particular, Fig. 12 shows the switching transient waveforms
calculated with static CG and dynamic CG models at switching
from VDS of 200 V, respectively. The turn-ON process herein can
be divided into four stages.

1) Stage I corresponds to the charging process of Ciss with
high vDS and low vGS. In this case, implementing dynamic
CG and static CG models yield insignificant distinctions
in the waveforms, as shown in Fig. 12.

2) In stage II, compared with the measured waveforms, vDS

waveforms calculated with static CG model decrease faster
and iD waveforms rise faster. Miller effect takes place in
this stage with vGS clamped at a value that is slightly higher
than VTH. With the proposed dynamic CG model, the
higher calculated CGD can result in wider Miller plateau
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Fig. 12. Detailed analysis of switching transient at turn-ON calculated with
(a) static and (b) dynamic CG characteristics. tⅠ, tⅡ, and tⅢ are durations of
stages Ⅰ, Ⅱ, and Ⅲ, respectively.

[see Fig. 10(b)], reduced dvDS/dt and diD/dt, yielding
better agreement with the measured waveforms.

3) In stage III, Miller effect still exists, while vGS and iCH can
reach their peak values. Because of the evident distinction
between static CG and dynamic CG curves particularly at
VGS larger than VTH (e.g., > 2 V) as shown in Fig. 10,
the switching waveforms calculated with the static and
dynamic CG models exhibit significant distinction, as
shown in Fig. 12. In particular, with the dynamic model,
iD_PK is reduced and tIII (time of duration in stageⅢ) is
increased as a result of the extended Miller plateau with
higher calculated CGD, yielding a better agreement with
the measured turn-ON waveforms [see Fig. 11(a)]. More-
over, unlike that of static CG model, there is a hump in vDS

waveform [see Fig. 11(a)] calculated with dynamic CG

model in stage III with prolonged tIII, which is consistent
with the measured switching waveforms [see Fig. 11(a)].

4) In stage Ⅳ, Ciss is charged at low vDS and high vGS.
Similar with that in stage I, implementing dynamic CG

model yields lower dvGS/dt, compared with that using
static model, as shown in Fig. 12(b).

In addition to the measurements and modeling with ID of
20 A, switching transient measurements and modeling with
ID of 10 and 15 A have also been carried out, respectively.
Compared with the conventional static CG model, the pro-
posed dynamic CG model can yield lower iD_PK and bet-
ter agreement with the measured switching waveforms with
switching current of 10 and 15 A (see Fig. 13). When vGS is
clamped at Miller plateau voltage during switching transients,
the higher CGD calculated with the proposed dynamic CG

model can lead to wider Miller plateau, lower dvDS/dt and
diD/dt, leading to better agreement with the measured switching
waveforms.

Fig. 13. Measured and calculated switching transient waveforms of turn-ON
transient with varying ID of (a) 10 A and (b) 15 A, respectively.

Fig. 14. Measured and calculated switching transient waveforms of turn-OFF
transient with varying VDS of (a) 200 V and (b) 400 V, respectively.

The GaN HEMT undergoes low vDS and high vGS before
turning-OFF. In this case, the distinction between dynamic CG

and static CG is significant, as shown in Fig. 10. And thus, the
dependence of CG on VGS (or the dynamic CG model) should
be considered. Compared with the conventional static CG model
extracted at VGS of 0 V, implementing the dynamic CG model
can yield better agreement with the measured switching wave-
forms at turn-OFF, as shown in Fig. 14. However, the increase
of CGD in Fig. 10 leads to a distinction between the switching
waveforms calculated with static CG and dynamic CG. As shown
in Table II, implementing the proposed dynamic CG model can
deliver ∼30% improvement in the accuracy of the rising-time
(during which, the value increases from 10% to 90%) (tR) of
vDS, and ∼10% improvement in that of the peak value of iD
(iD_PK).

Fig. 15 shows the switching transient waveforms calculated
with static CG and dynamic CG models during turn-OFF transient
with VDS of 400 V. Similar with the turn-ON process, the turn-OFF

process can be primarily divided into four stages.
1) Stage I corresponds to the discharging process of Ciss

with low vDS and high vGS. In this case, implementing
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TABLE II
COMPARISON OF WAVEFORMS DURING TURN-OFF CALCULATED WITH STATIC

AND DYNAMIC CG MODEL

Fig. 15. Detailed analysis of switching transient at turn-OFF calculated with
(a) static and (b) dynamic CG characteristics. tⅠ, tⅡ, and tⅢ are durations of
stages Ⅰ, Ⅱ, and Ⅲ, respectively.

dynamic CG and static CG models can yield significant
distinctions in the waveforms (see Fig. 15). In particular,
with the dynamic model, the time of duration in stage I
(tI) is increased as a result of the larger Ciss, as shown
in Fig. 15. Consequently, the calculated vGS waveforms
with the dynamic CG model can deliver reduced dvGS/dt
during Ciss discharging, which is more consistent with the
measured waveforms.

2) In stage II, power loop and drive loop in Fig. 3 are cou-
pled and vGS is clamped. Additionally, there is resonance
between CD, CDS, and Lloop. In the calculated switching
waveforms with dynamic CG characteristics, there is a
hump in iD waveforms [see Fig. 14(b)], which is consis-
tent with the measured switching waveforms. However,
such feature as in the measured waveforms is absent

Fig. 16. Measured and calculated switching transient waveforms of turn-OFF
transient with varying ID of (a) 10 A and (b) 15 A, respectively.

in the calculated switching transient with conventional
static CG.

3) Stage III can be generally categorized into two cases [7]:
i) If iCH drops to 0 A, while vD has not yet decreased to
the reverse conduction voltage drop of SW1 in Fig. 3, the
power loop would decouple with the drive loop initially.
This case corresponds to the waveforms calculated with
static CG characteristics [see Fig. 15(a)]. ii) Alternatively,
when CDS decouples with Lloop initially, it corresponds
to the waveforms calculated with dynamic CG charac-
teristics [see Fig. 15(b)]. It is found that the waveforms
in case ii) agree well with the measured waveforms, as
shown in Fig. 14(b). In other words, switching waveforms
calculated with conventional static CG model could result
in error in the turn-OFF transient.

4) In stageⅣ, Ciss is discharged at high vDS and low vGS. In
this case, implementing dynamic CG and static CG models
yield insignificant distinctions in the waveforms, as shown
in Fig. 15.

As shown in Fig. 16, the deviation of the calculated wave-
forms with the conventional static CG model from the measured
waveforms is possibly attributed to the underestimated CG in
the conventional static CG model during switching transient. By
implementing the proposed dynamic CG model, the dependence
of dynamic CG on VGS and VDS has been taken into consider-
ation. And thus, the discharging process of larger Ciss with low
vDS and high vGS can lead to lower dvDS/dt and iD_PK with the
proposed dynamic CG model. Therefore, the proposed model
with dynamic CG can yield better agreement with the measured
switching waveforms during turn-ON/OFF transient with varying
switching current.

The gate charge (QG) is a critical parameter that could
influence the switching transients, which primarily includes
gate-to-source charge (QGS) and gate-to-drain charge (QGD). In
particular, the switching transients are associated with charging
and discharging of the CGD. When CGS is charged until Miller
plateau is reached, VGS can be clamped at a value slightly higher
than VTH with CGS completely charged, and CGD is charged by
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Fig. 17. Measured switching loss components with VDS of 200 V and
ID of 20 A. Turn-ON switching loss (Eturn_ON) and turn-OFF switching
loss (Eturn_off) primarily include OFF-to-ON overlap loss (Eon_overlap),
OFF-to-ON ringing loss (Eon_ringing), ON-to-OFF overlap loss (Eoff_overlap),
ON-to-OFF ringing loss (Eoff_ringing), respectively.

Fig. 18. Schematic diagram of the DC–DC buck converter.

iG. Different from the conventional model with static CG, the
proposed dynamic CG model exhibits wider Miller plateau in
stages II and III (see Fig. 12) by considering the influence of VGS

on CG, yielding a better agreement with the measured turn-ON

waveforms in Fig. 11(a). The calculated QG values at turn-ON

transient with conventional static CG model and the proposed
dynamic CG model are 7.35 and 7.80 nC, respectively. Similarly,
the calculated QG values at turn-OFF transient [see Fig. 14(a)]
with conventional static CG model and the proposed dynamic
CG model are 5.12 and 5.16 nC, respectively. In summary,
unlike the conventional static CG model in which QG could
be underestimated, the proposed dynamic CG model can yield
larger QG by considering the influence of VGS on CG during
switching transients.

As shown in Fig. 17, from the measured switching transients
with VDS of 200 V and ID of 20 A, the turn-ON switching loss
(Eturn_on) and turn-OFF switching loss (Eturn_off) are extracted
to be 22.5 and 12.3 μJ, respectively. Compared with the conven-
tional static CG model yielding Eturn_on of 16.8μJ and Eturn_off

of 7.5 μJ, implementing the proposed dynamic CG model in this
article can deliver Eturn_on of 17.2 μJ and Eturn_off of 13.9 μJ,
suppressing the error ratio by ∼26% for Eturn_off and by ∼2%
for Eturn_on, respectively.

As shown in Fig. 18, the proposed dynamic CG model is
implemented and validated in a dc–dc buck converter. The
converter operates at an input voltage of 180 V, an output voltage
of 80 V, and an output current of 7 A with a switching frequency
of 1 MHz. As shown in Fig. 18, the capacitor (Cin) is precharged
by the dc power supply voltage (Vin) before turning ON the
high-side GaN HEMT (SW1). After the SW1 is turned ON with
the low-side GaN HEMT (SW2) at OFF-state, load inductance (L)
is charged by Vin and current flowing through the L increases
linearly. Then the SW1 is turned OFF and SW2 is turned ON

to operate in reverse conduction mode. When SW1 is turned

Fig. 19. Measured and calculated switching transient waveforms of the low-
side GaN HEMT (SW2) operates in DC–DC buck converter at (a) turn-ON and
(b) turn-OFF.

ON again with SW2 at OFF-state, the current continues to flow
through SW1.

The switching transient behaviors of SW2 have been mea-
sured and calculated by implementing the conventional static CG

and proposed dynamic CG models, respectively (see Fig. 19).
During turn-ON transient [see Fig. 19(a)], the calculated iD
waveform with proposed dynamic CG model shows better
agreement with the measured waveform. Fig. 19(b) shows the
measured and calculated switching transient waveforms during
turn-OFF transient by implementing the static CG and dynamic
CG models, respectively. Compared with the conventional static
CG model, the proposed dynamic CG model with larger Ciss can
yield lower dvDS/dt and diD/dt, leading to better agreement with
the measured switching transients. In summary, compared with
the conventional static CG model, in addition to the enhanced
accuracy in the DPTs, the proposed dynamic CG model can yield
more accurate switching transient calculation in dc–dc converter
as well.

V. CONCLUSION

In this article, the dynamic CG model by considering its de-
pendence on both VDS and VGS (CG(VDS, VGS)) during switch-
ing transient has been established, according to the gate charge
storage of p-GaN gate HEMT. The proposed dynamic CG(VDS,
VGS) model has been validated by CG measurement results with
varying VDS and VGS. By analyzing the impact of 2DEG accu-
mulation on CGD during switching, the dynamic CG(VDS, VGS)
model yields more accurate CGD that agrees well with that in the
measured switching transient. Compared with the conventional
static CG characteristics that neglect the dependence of CG on
varying VGS during switching, the switching analytical model
implementing the dynamic CG(VDS, VGS) characteristics can
deliver better accuracy in the switching transient calculation.
The modeling approach and the dynamic CG(VDS, VGS) model
specifically for high-speed GaN HEMT are valuable for accurate
switching transient analysis and high-frequency power converter
design.
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