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Abstract: In this work, we present an analytical model of dynamic power losses for enhancement-mode
AlGaN/GaN high-electron-mobility transistor power devices (eGaN HEMTs). To build this new model, the
dynamic on-resistance (Rason) is first accurately extracted by our extraction circuit based on a double-diode
isolation (DDI) method for a high operating frequency up to 1 MHz and a large drain voltage up to 600 V, thus
the unique problem of an increase in the dynamic Rdson is presented. Then the impact of the current operation
mode on the on/off transition time is evaluated by a dual-pulse-current-mode test (DPCT) which including a
discontinuous conduction mode (DCM) and a continuous conduction mode (CCM), thus the transition time is
revised for different current mode. Afterward the discrepancy between the drain current and the real channel
current is qualitative investigated by an external shunt capacitance (ESC) method, thus the losses due to device
parasitic capacitance are also taken into account. After these improvements, the dynamic model will be more
compatible for eGaN HEMTs. Finally, the dynamic power losses calculated by this model are verified to be in
good agreement with experimental results. Based on this model, we propose a superior solution with quasi-
resonant mode (QRM) to achieve lossless switching and accelerate switching speed.

Keywords: AlIGaN/GaN HEMT device; CCM; DCM; dynamic on-resistance; dynamic power loss

1. Introduction

Enhancement-mode AlGaN/GaN high electron mobility transistor power devices (eGaN
HEMTs) are the most promising candidates for next-generation power devices. In such devices, III-
V materials have several merits due to their wide bandgap energy, high critical breakdown electric
field, high electron mobility and capability [1,2], and polarization effect [3]. Because of these
advantages, a high-frequency (high-fs) converter operating in the range of 1-5 MHz based on eGaN
HEMTs can be readily realized. Although high-fs operation can help reduce converter size, it will
generate more challenges with respect to dynamic power loss. Thus, building an analytical dynamic
power loss model for an eGaN-based high- fs switch becomes important for prototype application
circuit design.

Recently, some state-of-the-art dynamic power loss models for eGaN HEMTs have been
proposed. Wang et al. developed two analytical loss models based on detailed parasitic parameters
for high-voltage and low-voltage GaN eHEMTs [4,5]. In these models, the gate charge (Qz) and output
charge (Qoss) instead of the voltage-dependent capacitance were used to improve the nonlinear
characteristics. Shen et al. fully accounted for the effects of parasitic parameters and transconductance
[6]. Hou et al. and Guacci et al. investigated the losses caused by output capacitance in a hard switch
and soft switch, respectively [7,8]. However, these models did take into account the impact on device
loss from some aspects instead of fully evaluated, the results accuracy is affected.

Chen et al. presented a complete analytical loss model for low-voltage eGaN HEMTs, which a
piecewise model was employed [9]. Piecewise models are also usually used to evaluate the dynamic
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power losses for Si- and SiC-based metal-oxide-semiconductor field-effect transistors (MOSFETs)
[10-15]. These models are carefully considered and allow accurate evaluation of device power losses.
However, these models did not take into account the exclusive dynamic physical characteristics of
eGaN HEMTs, such as a strong defect trapping-effect, increased dynamic on-resistance (Rason), and
no reverse body diode. Therefore, these analytical models need to be modified for eGaN HEMTs. In
addition, the effect of current operation mode on device transition time and loss is not considered in
all known device loss models.

To improve the dynamic power loss model of eGaN HEMTs, we propose three experimental
methods according to the practical application of devices in high-fs circuits, such as a double-diode
isolation (DDI) method, a dual-pulse-current-mode test (DPCT) method, and an external shunt
capacitance (ESC) method. Then, the dynamic Rason is accurately extracted in a high operating
frequency (fs) up to 1 MHz and a high drain voltage up to 600 V; the effect of current operation mode
on transition time is revealed for the first time and thus the loss of the device is affected; and the real
channel current (Ich) is qualitative modified compared to the drain current (larain) we can directly test
in device drain side. Afterward the dynamic power loss of eGaN HEMTs is carefully described by a
modified 12-segment piecewise model. Finally, we propose a quasi-resonant mode (QRM) with a low
off-state drain voltage (Vas_off), zero turn-on current, and a relatively large on-state peak current for a
lossless design and fast transit speed in power switches.

2. Background And Methodology

2.1. A. Parameters and Traditional Power Loss Model

Vs : gate voltage.

Vi1 : gate voltage in high level.

Vi 1 : gate voltage in low level.

Vow : Miller gate voltages during the turn-on transition.
Vor : Miller gate voltages during the turn-off transition.
Vi : threshold voltage.

tO

" : total turn-on time during the turn-on transition.

' . turn-on delay time.

L : turn-on current rise time.

‘. turn-on voltage fall time.

bor : turn-on Miller rise time.

o : turn-on gate voltage rise remaining time.

“ . total turn-off time during the turn-off transition.
. turn-oft delay time.

b . Miller fall time.

b : voltage rise time.

4

9 . current fall time.

I, :voltage continuous rise time.

: gate-source charge.
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¢ : gate-drain charge.

: overcharge gate charge.

o R

: total gate charge, equal to the sum of Qgs, Qgd, and Qod.

I .

& . drain-source current.
I, . L

sta . gtart drain-source current at turn-on transition.
I

Pk : peak drain-source current during on-state.

BN

: drain-source voltage.

In the piecewise model, the operating sequence of the device is shown in Figure 1. In particular,
the device is usually connected to a choke or a transformer in power switches, thus the value of I
indicate the current mode of device. (Isn==0) denotes the device operate in discontinuous conduction
mode (DCM), while (Is.>0) denotes the device operate in continuous conduction mode (CCM).

A traditional calculation formula for high-fs power losses of device is given by [16]

1 1
b= 2 LV, (@, + log )+ 2 Coss Vd,yzfs + Krh]dsonirmszdxon +0, Vgx-/:v (1)

where lisonrms is the on-state drain-source current in root-mean-square (RMS) value, K is the
temperature coefficients related to Rason. The first term in Eq. (1) occurs in the crossing area of Lis and
the Vs, while the second term is the output capacitor energy dissipated in the device during the turn-
on transition. Then, the third and fourth terms are the conductive loss and driving loss, respectively.
Equation (1) is approximate, as it does not take into account the problem of a dynamic Rasonincrease,

the impact of Idrain On the transition time, and the discrepancy between Idnin and the real channel
current.
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Figure 1. Piecewise timing diagram of the power switching devices.

2.2. B. Experimental Circuit and Method

A switching circuit with a floating buck-boost topology is employed to analyze the switching
processes, as shown in Figure 1a. In this circuit, an HEMT device is used and shown with a simple
three-capacitor model that includes the parasitic capacitors Cg, Cga and Cas. The pulse width
modulation (PWM) is produced by a pulse generator (81150A, Keysight Inc.) with a maximum PWM
of 120 MHz, and is amplified by a gate driver (SI8271GB), which has a 1.8 A peak source current and
a 4.0 A peak sink current, D1 is selected as a SiC diode (C3D10065E) rated at 15 A / 650 V, which is
used to reduce the reverse recovery problem. The parasitic resistor and parasitic inductor are ignored
to simply study the important role of the parasitic capacitors at a relatively high-fs that is smaller than
30 MHz. Then, various voltages and PWM in DCM and CCM are applied to elucidate the switching
processes and the production of dynamic power losses.

Figure 1b shows our novel dynamic Ruason extraction circuit [17]. In this design, the model of the
gate driver is S5I8271GB, and D1 and D2 (1 A/1k V UF4007) are used in series to isolate the high off-

d0i:10.20944/preprints202307.0804.v1
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state voltage of the eGaN HEMTs. Then, the dynamic Rason of the eGaN HEMTs can be easily
extracted. Diodes in series make it possible to test the real-time forward voltage drop (Vr) of Dzin a
low-voltage range and then to precisely estimate Vr of D1 in the same forward current. In addition,
diodes in series will reduce the parasitic capacitor by half, which is very helpful to the high-fs
response of the extraction circuit. We call this method a DDI method. Moreover, ZD: and Ds are
freewheeling diodes and ZD: is also a positive clamping diode. These two diodes are a general 5 V
Zener ZD1 and a general small signal diode Ds (1N4148) with 75 V/150 mA. All of the functional
diodes including D1, D2, ZD1 and Ds are specially selected with a very low parasitic capacitance, which
will improve the high-fs response of the extraction circuit to several MHz. I1 is a constant-current
source of only several mA, so it cannot produce a temperature problem and an extra self-heating
effect. I consists of a constant-current diode, which is actually a junction field transistor with a gate-
source short connection. Therefore, I1 can achieve an excellent constant current over a wide operating
voltage range. Rt provides a minimum load for I1 and suppresses the voltage spike at point B. An
isolated low-voltage probe (P2221 from Keysight Inc.) with a 1:1 attenuation can be used to test Vr of
D2 and the voltage at point B. The low-voltage probe with a 1:1 attenuation will not amplify the
background noise and operate in a low-voltage range, so it can obtain an improved test accuracy.

We build the above switching circuit and extraction circuit with one printed circuit board (PCB),
as shown in Figure 1c.

dson

Heatsink  gxtraction

Figure 2. Lumped equivalent switching circuit with a floating buck-boost topology (a), and a
photograph of the assembled printed circuit board (b).

2.3. C. Qualitative Method to Discover the Channel Behavior

Since we cannot perform the measurements inside the HEMT device directly, we propose a new
evaluation method by employing an extended parallel capacitor Css', as shown in Figure 3. In this
lumped circuit, the intrinsic capacitor Cus is assumed to not exist, and the extended capacitor Cas'
outside the device is assumed to be the intrinsic capacitor. Therefore, the channel current (Ichannet) and
Lirain can be measured directly and separately by an oscilloscope and current probes. Although an
extra parallel capacitor will lead to an increase in the measured Idrin and Ichamnel, this qualitative
method can be used to assess the difference between these two currents, and thereby, the cause of the
discrepancy can be located. After understanding this reason, the resulting loss effect on the eGaN
HEMT device can be further quantified by an analytical method. In the analytical method, the
additional Cus' is no longer required, therefore, the Cus' does not materially affect the device losses.
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Simulative Device :

channel drain |

Figure 3. The lumped simulation circuit with an extra parasitic capacitor.

3. Extraction of the Dynamic Rason

It is well known that a high Vst will cause surface- and buffer-related trapping processes,
which will lead to a larger dynamic Rason compared to the direct current (DC) Rason (Rason_pc) [18,19].
Figure 4 illustrates the mechanism of the increase in the dynamic Rason induced by the trapping effect.
The high electric field helps the electrons escape from the GaN well, and then these electrons are
captured by traps or some of the surface states that are activated by a high electric field. When
removing the electric field, these trapped electrons cannot be released to the well instantaneously.
The reason for the slow return of electrons is that the trapping time of electrons in the off-state is on
the order of ns, whereas the detrapping time of electrons in the on-state is on the order of second
[20,21]. Thus, trapped electrons accumulate and worsen the device performance at a high f.
Meanwhile, electrons migrate from the gate to the gate-drain side adjacent surface to form a virtue
gate; hence, the number of electrons in the access region decreases. The decreasing number of
electrons in the drift region will result in a large dynamic Rason [22,23].

Surface States )
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Figure 4. Mechanism for the dynamic Rdson.

In the circuit of Figure 1b, the current I flows partly through Rt and partly through the HEMT
device, and the voltage of point B (Vs) can be tested by the voltage probe P2221 directly. Then, the
dynamic Rason can be calculated by

Rdson = (VB _2VF7D2)/(7dmin _II +VB /R) (2)

where Vs , Vr_p2 , Larain Ip> , and T are the average voltages of point B and D2, the average
currents through a resistive load and Dz, and the current of the constant-current supply, respectively.
Lirain, the voltage of point A (Vdrain) and Ve_pz of D2are tested by a current probe (TCP0020), a high-
voltage differential probe (THDP0200), and a low-voltage differential probe with a 1:1 attenuation
(TIVHO02) and displayed on an oscilloscope (MDO3104). Finally, the calculated dynamic Rason is
normalized by Rason_bc, which is 200 M from an eGaN HEMT (GS66502B from GaN Systems Inc.)
[24].

Figure 5b—f show the results of the dynamic Rason of the eGaN HEMT for various Vas_ot, fs, duty
cycles, Lirain and operating temperatures, which are extracted in the on-state by taking average values
in the stable region marked in Figure 5a,b shows that the dynamic Rason increases as Vdrain increases,
under the conditions of an 80% duty cycle and an fs of 100 kHz, so the dynamic Rason is voltage-
dependent. Figure 5c,d show the dynamic Rason increases as fs increases and duty cycle decreases,
respectively for a 500 V Vrain condition, so the dynamic Rason is also time-dependent. Considering that
the dynamic Ruason is not only affected by the trapping effect, we further test the relationship between
the dynamic Rason and lirain and temperature, as shown in Figure 5e,f, respectively. These two tests
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will help us isolate the trapping effect caused by the increase in the dynamic Ruson in a particular
complex test condition.
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Figure 5. Dynamic Rdson extraction waveforms at various fs (a) and the dynamic Rason normalized by
Rason_pc for various Vus_off (b), fs (c), duty cycles (d), larain () and temperatures (f).

In conclusion, the trend of the results of the extracted dynamic Rason of the eGaN HEMT is
consistent with the mechanism of the trapping-effect-induced increase in the dynamic Rason. From
Figure 6, we can obtain the real conduction resistance of the eGaN HEMT device under a certain
working condition, and then the conduction loss can be corrected.

4. Discussion on the Effect of the Drain Current by a Double-Mode Test Technique

Base on the test circuit in Figure 1, a new double-mode test technique which including a DCM
and a CCM is proposed. Then, the tested waveforms during the turn-on and turn-off transitions for
various voltage and PWM conditions are illustrated in the Figure 6. To ensure that the switching
circuit operates in open-loop CCM and DCM, Vsuik is set to 400 V, and the Vioad is set to 80 V in DCM
and 20 V in CCM, so the Vas_off values of the devices in the two modes are different.
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Figure 6. Experimental waveforms of the HEMT device during the turn-on transitions in 400 V DCM
with a VLoad of 80 V (a) and 400 V CCM with a Viead of 20 V (b) and during turn-off transitions in 400
V DCM with a Viead of 80 V (c) and 400 V CCM with a Viead of 20 V (d).
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The current Lirin in DCM exhibits only one resonant waveform when the drain voltage decreases,
as shown in Figure 6a, while lirin in CCM has an extra linear increase before the resonant waveform
occurs, as shown in Figure 5b. The corresponding voltage fall time is approximately 14 ns in Figure
6(a) and is approximately 42 ns in Figure 6b, so that the extra linear increase in the current will
increase the turn-on time and cause a high dynamic power loss. This linear increase in the current is
caused by the high start current and the linear conduction of the eGaN HEM at this time. This means
that DCM is a better operating mode for reducing the turn-on time.

In addition, the rise time of the drain voltage during the turn-off transition, which is
approximately 10 ns, as shown in Figure 6d, is faster than that of approximately 30 ns in Figure 6c.
This is because ldrain in Figure 6d is higher than that in Figure 6¢c, and the rise time of the drain voltage
during the turn-off transition mainly depends on the charge time of Coss. Moreover, the peak current
in DCM during the turn-off transition will be higher than that in CCM under the same output power
conditions. This means that DCM is a better operating mode for reducing the turn-off time.

In conclusion, the drain current will significantly affect the turn-on and turn-off times, and DCM
is better than CCM for reducing the crossover power losses.

5. Investigation on the Real Channel Current

According to the qualitative method in Figure 2, we can study the discrepancy between ldrain and
Lehannet. Figure 7a shows the tested Iarain, Ichannel, Varain and Vasive values of the AIGaN/GaN HEMT in the
turn-on transition for a Vs_ot of 500V, an fs of 100 kHz, and a duty cycle of 16.5%. It is shown that
Lhannel is larger than larin while the drain voltage decreases. The current path in this time interval is
shown in Figure 7b, where the channel current partially results from the discharging current of the
parasitic output capacitor.
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Figure 7. Experimental results during the turn-on transition in 500 V CCM (a) and a schematic
diagram of the corresponding current path (b) and the experimental results during the turn-off
transition in 500 V. CCM and a schematic diagram of corresponding current path (d).

Figure 7c shows the tested larain, Ichannel, Vrain and Varive values of the AlIGaN/GaN HEMT during
the turn-off transition for a Vas_ott of 500 V, an fs of 100 kHz, and a duty cycle of 16.5%. It is shown that
Lhannel is smaller than larain while the drain voltage increases. The current path in this time interval is
shown in Figure 7d where the channel current is partially diverted to the branch of output capacitor.


https://doi.org/10.20944/preprints202307.0804.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 July 2023 do0i:10.20944/preprints202307.0804.v1

In conclusion, Ichannel is not exactly equal to Idrin, and unfortunately, Lhannel cannot be tested
directly. However, with the above test results and the current path analysis, we can acquire the reason
for the discrepancy between Ichannel and larain 5O that the real Ichannel value can be obtained by a test of
Lirain and an analytical method, and the power losses of eGaN HEMTs can be correctly evaluated.

6. Modeling of Switching Power Losses

Figure 8 shows a detailed timing diagram of the switching period [25] for eGaN HEMTs in DCM
or CCM. The operating period of the power devices can be divided into 12-time intervals from toto
tizaccording to the status of the drain voltage and Idin in the off-state, on-state, turn-on transition,
and turn-off transition. To investigate the detailed dynamic power loss, we reclassify the 12-time
intervals into the following four stages (S1-S4) according to their different contributions to the
dynamic power loss.
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Figure 8. Timing diagram of the GaN HEMT devices.

6.1. A. Stage 1(51) — Off-state with a High Vs

During the to—ti, ti—tutime intervals and the time of the off-state, the device sustains a high Vas.
Thus, the voltage-dependent leakage current (Ii) will lead to an off-state power loss (Potf). We can no
longer ignore this power loss, especially at a very high drain voltage and a very high frequency. In
general, the to—t1 and tio—tutime intervals can be neglected in comparison with the off-state time, so
Pott can be written as

Pajf :IlkV:is [tto—zl 'J'_tt”—tlz +(1_D)T]fs ~ IlkV:is (I_D) (3)

where T and D are the period and duty cycle, respectively. In addition, eGaN HEMTs have no reverse
recovery problem because the 2DEG in the channel is naturally formed by the polarization effect.
This will reduce the power loss and mitigate the electromagnetic interference (EMI) problem which
is produced by the reverse recovery caused by ringing.

6.2. B. Stage 2(S2) — On-state in Saturation Region

During the ts«—t7 time intervals, the device is in the on-state. The RMS value of the drain current
(Iarain_rms) can be written as

1/f;
Id:ainirm.y = f; I 1 drainz (t) dt (4)
0

To take the problem of the increase in the dynamic Ruason into account, the traditional conductive
power loss (Peon) can be modified by

Pcon = IdrainirmSQRdsoniDC kdv kdf kdd kthiR cu (5)
ko ke ky ko o
where &, d, , @and "-" are the dynamic coefficients of Rason related to the voltage, fs, the duty

cycle, the current and the temperature, respectively.

6.3. C. Stage 3(S3) — Turn-on Transition
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During the ti—ts time interval, the device is in turn-on transition. In the ti—t2 time interval, ldrain
increases while Varin decreases slightly in CCM, but this time interval does not exist in DCM,; in the
to—t3 time interval, Vdrin decreases and leads to a resonant Idarin; in the ts—t4 time intervals, Vdrain
decreases to very low voltage, and the device starts to operate in an ohmic conducting state. These
crossovers of Vdrin and Idrain will cause power losses during the turn-on transition (Prum_on):

1
Rumi on = J. Vd.v (t)Idrain (t) fv dt + 5 Cnss Vd.vz fv (6)

1y

1) Inthe ti—t2 time interval, larin increases almost linearly from O to the IS’“ at t2, similar to a Si-based
MOSEFET [26-27], while Varin decreases slightly from Vas to Vrdue to the result of the parasitic
inductance voltage drop caused by a high di/dt in the circuit. At t2, the current of the
freewheeling diode D1 decreases to zero. In this time interval, the gate voltage of the device
slightly exceeds Vu, so the device is operating in a linear region. Meanwhile, the trapping effect
for a high electric field will also lead to a large dynamic Rason in the linear region (Rum_on_cr),
similar to that in the on-state, as well as an extra gate lag. Thus, the coefficients of the dynamic
Rason should be the same as those in Figure 4. Assuming that the heatsink is large enough and
the self-heating effect is ignored, the ti-t time interval, V: and the power losses in this time
interval (Ptum_on_cr) can be written by

Rmm R AVdS ~ kdvkdfkddkfhichuLL{[[ﬁGatc (7)
o Alchannel We// 7Gate/us Cgs (VdriveiH - Vth)
C.R, ,i,.+L.i
tl —t2 — gs” g _on’sta s Atagm klag (8)
[VdriveiH - O’S(er + I/zh )]gm
i i

V‘ =V. - L sta —R ) ) sta 9

r ds s tl —tz turn _on _cr 2 ( )

l.

Rum_on_cr :ElstaV;(tl _ZZ)-f; (10)

where, Lei_Gate and Weit_cae are the effective channel length and width, respectively. Ls is the source
inductor which is in series with and between the source terminal and the ground. The coefficient of
the gate lag (kng) is a fitting parameter, which can be obtained by measuring the turn-on delay for
various Vus_ofr, fs and duty cycles.

2) In the t>—ts3 t.ime interval, the HEMT device takes over the total inductive load current, and Vas
decreases to a boundary voltage of (Vmr-Vi) at ts due to the discharging of Coss. The stray
inductors in series around the circuit are resonant with Coss and the stray capacitors (Cstray) in
this time interval. The current path through the device is illustrated in Figure 5b. It is assumed
here that Vg and ista remain unchanged, and the reverse recovery of the D1 is zero. In addition,
the current in this time interval is usually large enough; and hence, the charging time of Coss can
be ignored. Moreover, voltage-dependent Coss is not suitable for calculating power losses in this
time interval because Vudrin is always changing. Therefore, Qgd is used to replace Coss, and then
the time interval of t2-t3 can be written as

Qi O

C = = =& 11
VANV V-V, 4V, ()

mr

diRgion + Cstray(Vr - er + Vth ) / gm 12
t,—t, = ; ; (12)

drive _H mr

Then, the power losses in this time interval (Pwm_on_vf) can be written by [28]:
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To, ~0.5( A— _Vﬂ’) (13)
turn _on _cr Rd.von
1
Ptum on_vf 2( sta +I"f )(V V +Vth)(t )f
| (14)
+EC§‘tray[V2 _(Vt _er +Vth)2 ]f;

vf

where is the average channel current during the t>—t3 time interval.

3) During the ts—ts time interval, the HEMT device operates in an ohmic conducting state. Then,
Vdrain continues to decrease until it reaches a low on-voltage (Von) from(Vmr-Vin). Assuming that
ista and the Miller voltage Vmr do not change, then the ts-ts time interval, Vonr and the power
losses in this time interval (Ptum_on_mr) can be written by [29]:

R
=ty = —ZeiRe o (15)
Vdrive H _er
I/an r lstaRdsank kdf kdd kth Rk (16)
Ptum_on_mt =7k (V Van r)(t )f
17)
+= 2 Catra) [(V - V;h - I/:mir)2 - I/wzirz ]f;
From the above analysis, Equation (6) can be modified by
tum on (measured) tum on_cr +Ptum70n7vf +Ptum70n7mr (18)

Notice that in this stage, is is a tested drain current instead of a real channel current and they
are actually different in the t>—t3 time interval, as shown in Figure 5a. However, Ichannel is the real factor
that results in the power losses in this stage, and the real Lannel is the combined current of lirain and
the discharging current of Coss:

I channel — I drain +1 Cds +1 Cgd ~1 drain +1 Cds (19)
Thus, Equation (18) can be finally modified by [12]
])turnioniact = turn_on_mea + Rumionidis (20)
where
1
Ptuminnidis =7 2 mv ds_off f (21)
Thus,
turn_on _act = RurrL on_cr + RurrL on _vf
e (22)
+ Pturn on_mr oss dsf fs

6.4. D. Stage 4(54) — Turn-off Transition

During the t—ti1 time intervals, the device is in a turn-off transition. In the tr-tstime intervals, the
drain voltage increases while ldrin stays almost constant; in the ts—to time intervals, the drain voltage
continuously increases while lirin decreases slightly; in the to—ti time intervals, lanin decreases while
the drain voltage stays almost constant. Finally, larin decreases to zero, and the drain voltage becomes
resonant in the tio—ti: time intervals. These crossovers of Vrin and larain will cause power losses during
the turn-off transition (Pturm_off):

P oy = [ Vi ®L,, 0t 23)

7=t
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4) In the tr—ts time interval, the observations are very similar to those in the ts—ts time interval. The
HEMT device goes into a linear region from an ohmic conducting state. Vdrain increases to a

boundary voltage of V=V, . Assuming that the peak current is unchanged, and V,, =V,

then the tr-ts time interval, Vont and the power losses in this time interval (Pwum_on_mf) can be

written by:

4 = diRg,Oﬁ' 24
t7 ts - me - Vvdriwg L ( )
I/on7 = I Pk Rdmnkdvkw"kddkzukcu (25)

1.
Pnunioﬁ'fmf = E Lok 6 -4 )(me V- chmif )/ (26)

5) In the ts-to time interval, the observations are very similar to those in the t>—ts time intervals.
Virain continues to increase faster towards the off-state Vas_ot, while ldrain decreases slightly to i-.
This current drop is caused by a charging shunt to other peripheral devices [25], and the current
path through the device is illustrated in Figure 5d. Assuming that the Miller voltage (Vi)
remains unchanged and that the current-dependent charging time of Coss can no longer be
ignored, we have:

o~ diRgiojf + C:rray (Vds - me' + I/th ) / (2gm)

8 9

me - VdriveiL (27)
C. .V,=V., +7V,
n (Js.\'( ds . mf th)
lpk
. . dVS . Vds B me + Vth
lr = lpk - Cstray dld = lpk - Cstray T (28)
L+,

Rumio/ffivr = 2 (I/ds + er _I/th )(tX _t9)f; (29)

6) In the to—tio time interval, the observations are similar to those in the ti—t time interval. ldrain
decreases from ir to a low value because the current begins to divert from the HEMT device to
D1. In this time interval, the drain voltage is in a state of resonance, while Vg decreases to (Vimr-
Vi) and the device channel current reaches zero at tio [30]. Then, the to-ti0 time interval and the
power losses at this time interval (Pum_ott «f) can be written by:
(Cgngioj/' +L.g,)i (30)
(0.5, + V) =Viie 1180

Lst

t‘) 10

2

l.
Pruqu[fﬁcf = _ll‘l/dsioﬁr (t9 - th )f; + (31)

ray i)‘
2 2

7) During the tio—tu time interval, the device is turned off but Varin ringing occurs due to the
resonance between Coss and Lstray. These fluctuations of the drain voltage will lead to a slight
power loss which depends on the ringing peak voltage (Vaspk). Assuming that the reverse

recovery of D1 is zero, we have:
-2

L, i’ 2 L,
U e A AN (32)
F -] CoVi Vi i

turn_off _vx NE ms( ds_pk ~ Vds_of )f; (33)
From the above analysis, Equation (23) can be modified by
Plurniaff (measured) = Rurniaffimf + Rurniaffivr + Plum7 off _cf + Plum7 off _wx (34)

instead of real channel currents and they are actually different in the ts—to time interval, as shown
in Figure 5c. However, Icamne is the real factor that results in the power losses in this stage, and the
real Lehanne is the diverted current of lirain and the charging current of Coss:

1 I, .. —1 l.,~1,. -1

channel — Ldrain drain Cds (35)

Therefore, Equation (34) can be finally modified as [12]:

Ccds ~ “Cgd
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B plactua)=F, - - (measured)—P, - (charge) (36)
where
Ptumiaﬁ"ichar = % Coss deiq[fzf; (37)
Thus,
wm o _act = L o mr t Fum o v B o _cr
i 2 (38)
+ Ptum7 off wx E Co.vs Vdsizsz fs
Finally, the total power loss (Ptotat) should be described with the sum of Equations (3)—(38):
B :B;;f +F, +ft)umioniaa‘ +K tum_off_act (39)

In particular, the effects of ILchannet and ldrain 0N Protal can finally cancel out for a hard switch.

However, in a soft switch application such as a zero-voltage switch (ZVS), ~“"-"-4 ig zero; hence,

R . . . . .
wm_of < can no longer cancel out. This correction becomes very meaningful to the universality of the

dynamic power loss model for eGaN HEMTs.

As can be seen, Puwit in Equation (39) is very different from that in Equation (1). Equation (39)
has no power loss of reverse recovery, but it takes the trapping-effect-induced dynamic Rason and the
impacts of the lirain and the real Ichannel into account.

7. Model Verification by Experiments

To verify our dynamic power loss model, we adopt a floating buck-boost power converter with
a light-emitting diodes (LEDs) operating in DCM and CCMs. To maintain the operation mode and
the output current (Io) in an open-loop control system, some key parameters are adjusted (such as L1)
or tested (such as the output voltage Vo, peak operating current Ipx, and the output power Po) in the

circuit, as shown in Figure 8, for an input voltage (Vsui) of 400 V, a duty cycle of 10%, and various fs
and Lo values.

—=— Iy for both DCM and CCM

—=— Ins for both DCM and CCM
8
4
160 e

—=—V, for DCM

S1op——Vfrcem ..
=° 80

I (A)

40
280

—— P, for DCM
< 210 —— P, for CCM
o 140

70

(a) (b)

Figure 9. The relationship between Io and Vo, Po, and Ipk (a) and the relationship between I. and
inductance of L1 for various fs (b) in an open-loop controlled floating buck-boost power converter.

The power losses are then tested by a power analyzer (PW6001-03 from HIOKI Inc.). Figure 10a—
c reveal that the analytical results of the total dynamic power losses by the proposed model are in
good agreement with experimental results both in CCM and DCMs, even for various L, fs and Vsuik
values. The experimental results are slightly different from the analytical results, which may be
because of the measurement accuracy of the power meter reduced at a high f..
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Figure 10. Comparison of the total dynamic power losses from the analytical and experimental results
both in CCM and DCMs and for various Io (a), fs (b) and Vsux (c).

Figure 11a shows the relationship between the total dynamic power losses and L, in CCM and
DCMs. In the case of a small Lo, the switching loss is dominant, while in the case of a large I, the
conduction loss is dominant. In addition, the dynamic power loss increases faster with the increase
in Io in DCM than in CCM, indicating that DCM is not suitable for high current conditions.

Figure 11b shows the switching loss during the turn-on and turn-off transitions in CCM and
DCM. The results reveal that the switching loss is lower in DCM than in CCM during the turn-on
transition but larger during the turn-off transition when Io is larger than 1.25 A. This means that
DCM is more suitable for a relatively small lo. In this case, from Figures 10b and Figure 11a, 1.25 A
is a moderate output current that is acceptable.

—=—Turn-on-DCM - == Turn-on-CCM /|
—+—Turn-off-DCM — 4~ Tum-off-CCM
(@)

e o | 2
.

—achz! -
=

—=—10K-DCM - = 10K-CCM
—e—50K-DCM - e 50K-CCM
4 100K-DCM -~ 4 100K-CCM

(b) -

=)

-3

Switching Loss (W)
o =2 N W A 00O N 0 ©
D
kN
\
N
n
Total Power Loss (W)
~ o

0 ; . . .
00 05 10 15 20 25 00 05 10 15 20 25
Output Current (A) Output Current (A)

Figure 11. Experimental total dynamic power losses (a) and switching losses (b) as a function of the
output current in DCM and CCM

To restrain the peak current and obtain a high operating efficiency, the QRM is then proposed.
The reason is that QRM works at the DCM boundary, where Varin will decrease to a minimum value
at the beginning of the turn-on transition while lirin decreases to zero. In addition, the peak on-state
current in DCM is usually larger than that in CCM, and the current will be at a controllable high level,
so the turn-off time is fast in QRM. Therefore, QRM is more suitable for achieving a lossless switch
and even for reducing the turn-off transition time.

8. Conclusions

An improved 12-time-interval piecewise dynamic power loss model for eGaN HEMTs is
developed by specially quantifying the effects of the increase in the dynamic Ruson, the impact of ldrain
on the turn-on and turn-off times, and the real Ichannel, good agreement with some experimental results
is verified.

In this work, three new methods or techniques are proposed, which are DDI method, double-
mode test technique and qualitative, respectively. Then, the dynamic Rason is obtained by our new
extraction circuit at a high operating fs up to 1 MHz and high drain voltage up to 600 V, and the drain
current is found to significantly affect the turn-on and turn-off times by a switching circuit operating
in DCM and CCM, and the real channel current is accurately calculated to distinguish it from the
measured drain current. All of these parameters are included into the power loss model.
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Moreover, the QRM has a low Vasoff, zero turn-on current, and relatively large peak current.
Therefore, on the basis of the model, we propose the QRM to obtain a high efficiency and decrease
the turn-off switching time for the application of eGaN HEMTs.
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