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Abstract—Benefited from the fast switching speed, Gallium ni-
tride (GaN) high electron mobility transistors (HEMTs) have been
widely used in high switching frequency converters. However,
due to the significant correlation between the turn-OFF time and
operating conditions (more than 20 times difference of the turn-
OFF time between the high load current and small load current
for GaN HEMTs), using a fixed dead time will introduce extra
dead-time (DT) losses in inverters where the output voltage and
current are constantly varying. Therefore, this article proposes a
high-efficiency adaptive method to dynamically adjust the GaN-
inverter DT with operating conditions. An improved transient
model including the parasitic inductance and output voltage with
bidirectional solution flow has been proposed for GaN HEMTs to
increase the accuracy of DT adjustment. Based on this model, the
dynamic DT adjustment can be realized without extra sensors for
GaN-inverters. Using the dynamic DT adjustment, the experimen-
tal results show a peak efficiency of 98.25% in a 1200 W inverter
with triangular current mode modulation. Compared with using
the fixed DT, the dynamic DT method can reduce the power loss by
26.7% under full load and 49.14 % under light load.

Index Terms—Dead-time (DT) adjustment, gallium nitride high
electron mobility transistor (GaN HEMT), single-phase inverter,
transient model.

1. INTRODUCTION

ITH the motivation towards higher power density, the
W wide bandgap devices have been widely used in both
academic research and industrial application [1]. Among them,
GaN HEMTs have the advantages of ultralow gate charge, low
output capacitor, and no reverse recovery loss, which make
them excellent candidates for high-frequency applications where
the switching loss is dominant. Many research articles have
proposed high-frequency applications based on GaN HEMTs
[2]-[4]. Qiu et al. [2] proposed a 600 kHz 190 W LLC resonant
converter with an efficiency of 96%. A 1 kW 2 MHz online UPS
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is demonstrated in [3] achieving the 95.2% peak efficiency. In
[4], a 1 MHz multi-CLLC bidirectional resonant converter was
shown to achieve 94.3% peak efficiency.

As the switching frequency increases to the megahertz level,
the dead-time (DT) loss which has been ignored in traditional
low-frequency applications becomes significant in GaN-based
converters. LaBella et al. [5] and [6] analyzed the DT loss for
the GaN-based converter and acquired the optimal DT by exper-
iment. Because the reverse conduction voltage of GaN HEMTs
is much higher than Si MOSFET, setting too long DT will generate
higher reverse conduction loss in GaN-based converters. Oppo-
sitely, short-circuit will happen when the DT is insufficient. As
for the loss introduced by the short-circuit, it is estimated by the
energy used to charge/discharge the output capacitance in [5].
However, during the short-circuit, worse “cross-talk” has been
observed, which may induce the false turn-ON with huge extra
loss. Hence, the effect of insufficient DT is much more serious
than mentioned in the previous literature.

As analyzed above, both the redundant and insufficient DT
will induce extra DT loss. Thus, using the optimal DT adaptive
to the turn-OFF time can benefit to high efficiency. However,
the turn-OFF time of GaN HEMTs strongly depends on the
operating condition, such as topologies, output current (/,,), input
voltage (V;), and output voltage (V,). As presented in [7], the
turn-OFF time of GaN HEMTs will drop from hundreds to several
nanoseconds as the turn-OFF current (/) rise from 1 A to the
rated current. Hence, the optimal DT is matched to the specific
operating condition. To minimizing the DT loss, the DT needs
to be adjusted dynamically.

In [8]-[21], the high-speed values, such as the drain-source
voltage vqs (or dvyy/dt) and gate-source voltage v, are sensed
and processed by the analog circuit to guide the DT adjust-
ment. Chen et al. [8]-[13] proposed the dynamic DT adjust-
ment methods based on the body diode conduction detection
(DDCD), where the detectors need to withstand the maximum
supply voltage in the power converter. To simplify the detector,
Grezaud et al. [14] proposed a method based on the detection
of the cross-talk voltage on v, which is induced by dvqs/dt.
However, only sense dvys/dt, the method will induce extra loss
when vq rises to the turn-OFF voltage (V,g) before v falls
below the threshold voltage (Viy,). Zhang et al. [15] used both v
and vqs signal, so the DT can be adjusted appropriately whether
Vgs rises to Vo first or v falls below Vyy, first. The most practical
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and widely used methods for the DT control of LLC synchronous
rectification are based on DDCD too [16]-[18]. As mentioned
in Fu et al. [19]-[21], the parasitic inductance will make the
turn-OFF signal arrive early, so they proposed improved methods
to reduce the effect of the parasitic inductance.

Although the methods based on high-speed values can provide
high accuracy and response speed, these methods need com-
plex detection-related circuits because of the nanoseconds-level
switching speed of GaN HEMTs and the effect of parasitic
inductance. Besides, for inverters, both the upper-side and the
lower-sides transistors may work as the active transistor. If using
the midpoint voltage for the DT adjustment of both the upper
and lower, a high voltage auxiliary power supply is needed
to generate the comparison voltage used for DDCD. If using
two detectors for the upper and lower, respectively, additional
galvanic isolation devices are required. These additional circuits
used to sense or process the high-speed values will increase the
system volume and cost, and reduce the power density.

Yousefzadeh et al.[22] and [23] proposed the strategies of
dynamic DT control for dc/dc converters based on maximum
efficiency point tracking (MEPT), where the DT is continuously
adjusted in a loop to meet the maximum efficiency point. Be-
cause the MEPT-based methods only need to detect V,, which is
sensed for the closed-loop dc voltage regulation, these methods
can be called sensor-less methods. However, these strategies
have the drawback of slow transient response. For inverters
where V,, is continuously changing, the DT loss is still obvious,
especially in high-frequency applications.

Another kind of method is using a mathematic model to
calculate the DT based on the low-speed value such as V;, and I
[24]-[33]. Accordingly, the accuracy of the mathematic model
will directly affect the DT adjustment. Hayama et al. [24] and
[25] calculated the DT through the expression (2 * V; % Cogs /
I,g), where Cogs is the output capacitance. This expression is
simple and easy to realize but inaccurate. Han et al. [26] and
[27] proposed more accurate analytical models based on the
detailed analysis of the switching transient. Teng et al. [28] has
improved the previous works [29] and proposed a segmented
analytical model for the phase-shift full-bridge converters.

However, to acquire the analytical expression for the desire
DT, Hayama et al. [24]-[29] have to ignore the parasitic in-
ductance, the nonlinearity of the junction capacitance, and the
coupling effect of the power loop and gate loop, which will
reduce the accuracy at large .. Besides, the current of the
output filter inductance (/1) is regarded as constant during the
turn-OFF process, which will reduce the accuracy at light /..
Compared with the analytical DT model, the transient model
based on numerical solution shows higher accuracy [30]-[33].
Ahmed et al. [30] proposed the transient model to evaluate the
switching loss of SiC devices, and Zhang et al. [31] and [32]
improved it for GaN HEMTs for the DT calculation. Xie et
al. [33] proposed an improved transient model to analyzed the
ultralow turn-OFF losses phenomenon of SiC MOSFETs. However,
in [31], the parasitic inductance is ignored. In [30], [32], and [33],
I, is handled as a constant current source during the turn-OFF
process like the analytical methods. For inverters, the transistors
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may work in the Buck or Boost condition, where V,, and the
output filter inductance also have significant effects on the DT.
Besides, the previous transient models used the unidirectional
solution flow. However, the parasitic inductance will induce
oscillation in vgs. When v, resonates above Vi), again, the
false turn-ON happens and the desired DT will increase. The
unidirectional solution flow cannot reflect the false turn-ON,
which may cause an insufficient DT. Therefore, the previous
transient models need to be improved to increase the accuracy
of DT calculation for inverters.

Even though the optimal DT can be calculated from the mathe-
matic models, how to apply it to practical applications is impor-
tant, especially in inverters where /7, and V,, are continuously
varying. In these mathematic models, /g is used to calculate
the DT. However, when I,¢ is acquired by directly detect I, the
detection delay caused by the propagation delay and response
time of the current sensor will induce error in the DT adjustment
because of the current ripple of /7. A parasitics-based current
measurement method is proposed in [32], where I, is directly
detected by the sense resistor. This strategy can cancel the effect
of the parasitic inductance of the sense resistor, but cannot cancel
the effect of detection delay. Recently, more and more MHz-level
GaN converters with ultra-small filter inductance have been
proposed for high power density [34]-[36]. For these converters,
it is hard to accurately detect /g every switching cycle and the
error caused by the detection delay is more serious. Zhang et al.
[31] proposed a strategy based on the zero-cross point detection
of I7,, which can reduce the error caused by the detection delay.
However, this strategy is specific for the converters under trian-
gular current mode modulation [37] (TCM), which requires I, to
cross 0 A every switching cycle. Therefore, a more accurate and
effective DT adjustment strategy is needed for high-frequency
GaN inverters with small filter inductance.

This article designs to proposed a high-efficiency dynamic
DT adjustment method for high-frequency GaN-based inverters.
Due to the complex detector of the high-speed value based
methods and low response speed of the MEPT-based methods,
the proposed method is based on the mathematic model, where
the DT is calculated from the low-speed signals which are
usually detected for the closed-loop regulation of the inverter.
The rest of this article is organized as follows. In Section II,
an improved transient model is proposed to acquire more ac-
curate DT. Using the proposed model, the effect of the gate
driver, output parameters, and parasitic inductance on the DT
is analyzed. According to the results, some parameters ignored
by the previous literature also influence the DT significantly.
Besides, a short-circuit mode is added in the transient model
to analyze the “cross-talk” caused by the insufficient DT short-
circuit. In Section I11, the specific control strategy for GaN-based
single-phase inverters is proposed, where an equivalent method
is proposed to implement the proposed model under the bipolar
modulation. By detecting the output current, this method can
be implemented in both high and small inductance current
ripple applications. In Section IV, a 1.2 kW GaN HEMTs based
inverter is built to verify the feasibility and effectiveness of the
proposed dynamic DT control. Finally, Section V concludes this
article.



ZHANG et al.: HIGH-EFFICIENCY DYNAMIC INVERTER DEAD-TIME ADJUSTMENT METHOD

2669

Miller plateau Miller plateau

Ves2 v e
&h

Vi +
Ly! gu)

Viu

\

l'k’l

I

ichi i ichi ¥
—_d’\ MELS

hy I Lolstyls 1 fh %) [ 1

Fig. 1.
final condition 2.

Fig. 2.
(d) t2.2 —t3.2: Coss charging period. (e) t3 —t: parasitic resonating period.

II. PROPOSED TRANSIENT MODEL FOR DT OPTIMIZATION
A. Turn-Off Transient Model for GaN HEMTs

To canceling the complex detectors, a mathematical model
is needed to calculate the optimal DT from the low-speed
value, such as the output voltage V,, and turn-OFF current Ig.
Since the optimal DT is mainly dependent on the turn-OFF
time of the device, precisely describing the turn-OFF process
of the devices is the key to accurately obtain the optimal DT.
Because the analytical models [24]-[29] cannot reflect the par-
asitic inductance, the nonlinearity of the junction capacitance,
and the coupling effect of the power loop and gate loop, this
article uses the transient model [30]-[33] for the DT calcula-
tion. However, the previous transient models are established
based on the typical dual-pulse test (DPT) circuit with the
unidirectional solution flow. Therefore, an improved turn-OFF
transient model is established in this article for higher calculation
accuracy.

(©) (d)

(a) Equivalent circuit for the buck condition. (b) Equivalent circuit for the boost condition. (c) Waveforms for the final condition 1. (d) Waveforms for the

Turn-OFF transients of GaN HEMTs. (a) 7y — t;: gate delay period. (b) 17 — t2. 1 or t2 p: voltage rising period. (c) t2. 7 — t3. 1: current falling period.

The transient model is based on the schematic and simplified
transient waveforms depicted in Fig. 1. In inverters, the transis-
tors may work in the buck or boost condition shown in Fig. 1(a)
and (b), which are decided by the operation condition. The GaN
HEMTs Q; and Qg are represented by an ideal HEMT with
the gate-source capacitance, gate-drain capacitance, and drain-
source capacitance (Cgs, Cyq, and Cys). As claimedin [38], when
charged and discharged, the nonlinear junction capacitor of GaN
HEMTs consumes energy. Therefore, an equivalent resistor R;
in series with Cys is used to represent the capacitors-related loss
as shown in Fig. 1(a) and (b). The gate stray inductance, drain
stray inductance, source stray inductance, and the common-
source inductance are represented as Ly, Lg, L, and Lgg in
the equivalent circuit. For a particular circuit, the parasitic
inductance can be extracted by Q3D simulation. Take the Buck
condition as an example, the equivalent circuits for each mode
are presented in Fig. 2. The details of transient modes for the
active transistor Q; are as follows.
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1) Mode 0 (Before ty): Conduction State: The gate driver
voltage V,; is still the turn-ON gate drive voltage Vg, and Q7 is
conducting. The inductance current i 7, flows through the channel
of O, and the drain-source voltage of Q ; (vqs 1) 18 i1, * Ron, Where
R,y is the ON-resistance of Q ;. The current of the filter inductor
(Ly) at tg is defined as the turn-OFF current /.

2) Model (ty — t1): Gate Delay Period: At ty, V41 goes to
the turn-OFF voltage V. During this period, Q; is still ON
conduction, and Qy is blocked. Therefore, Q; is regarded as a
resistance R,,,, and Q2 is regarded as the output capacitor C,, ss 2.
Although the gate-changing current i,; induces the inductive
voltage in the common inductor L, its effect on the power
loop is ignorable. Therefore, to accelerate the solving speed,
Lss7 can be moved into the gate loop to decouple the power and
gate. Based on the equivalent circuit as shown in Fig. 2(a), (1)
and (2) are derived to express the gate—source voltage (Vg 1),
and the gate current (i47) of Q;

. di
Vgs1 = Vgl - Zgll'%gl - (Lgl + Lssl) Tg; (1)
) AV g dv
ig1 = Camt =2 + Cyn =2 &)

The state equations T1, which is shown in the appendix, are
derived to solve the gate delay period in MATLAB with the
initial conditions: vys; = Vg5, and iy; = 0. The gate delay period
ends when v, falls to (Vyy, + Iog / gim), where g, is the trans-
conductance and Vyy, is the threshold voltage. It’s worth noting
that g, is a variate influenced by v4,, which can be calculated
from the i3_v4s curve on the datasheet.

3) Mode 2 (t; — t2): Voltage Rising Period: After vy falls
below (Vin + i, / gm), The channel of Q; can be regarded as
a current source controlled by v,,;. As the channel current of
Q7 (ich) decreases, iz, flows into the output junction capacitors
of Q; and Q,, which results in the rise of v451. Meanwhile, the
commutation of the drain current of Q; and Q2 generates the
inductive voltage in the parasitic inductors. Therefore, the gate
loop and power loop are coupled, and the equivalent circuit is
derived as Fig. 2(b). Equations (3)—(8) are derived to describe
the voltage rising period, where i4; is the drain current of Q;,
ico1 1s the charge current of Cgg1, Veoo 1S the voltage drop of
Cas2, iz, is the current of filter inductance, L,1 = Lg1 + Lgs1 +
Ly, and Lo = Lga + Lgso + Ly

digy . dig
V;L_Vozvdsl"_Lplﬁ"rlLRL"_Lfﬂ (3)
. dvdsl dicol
col — C. s -, Rci Y 4
leol ds1 < 7 o ) 4)
diqq dig,
Vi = Vas1 + Veoz + (Lpl + LpQ)W - p2ﬁ
+ Reig (ia1 —ir) (%)
dvcoQ 1 . 1 .
02 _ . 6
dt COSS2 it COSSZ ' ( )
. di di
Vgs1 = Vgl - Zgl]%gl - (Lgl + Lssl)Tg; - Lssl%
(7
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dvdsl _ dvgsl
dt at )’
(®)

The state equations T2, which is shown in the appendix,
are derived from (2)-(8) to solve the voltage rising period in
MATLAB. The initial conditions are listed as the following:
Vast =i * Ronsiq1r = Lo lco1 = 0; Veo2 = (Vz —ip * Ron); i, =
Iofr; vgs1 and 14y are the final values of the gate delay period. As
proposed in [8], the voltage rising period will enter two different
modes depending on which of the following final conditions is
met first: The final condition 1 (2, ;): The voltage drop of Cqs2
and R.;2 (vqs2), which is calculated by v o2 + Rei2 * (igs - L),
falls below the reverse conduction voltage of GaN HEMTs (V)
which is calculated by (- Vin, + Vg + Ron*(ig1 - iz)); The final
condition 2 (#3.2): vgg1 falls below Viy,.

4) Mode 3.1 (t2.1 —t3.1): Current Falling Period for the Final
Condition 1: After vqso falls below V..., Q2 conducts reversely.
Therefore, Q» can be regarded as a voltage source V' in series
with Ry, as shown in Fig. 2(d), where Vg is (- Vi, + V). Since
Vgs1 has not fallen below Viy,, Q; is still the controlled current
source. Based on the equivalent circuit, (9) is derived to replace

&)

1q1 = gm(Ugsl - Vth) + ico1 + ngl <

di . .
‘/;- = Vgs1 + (Lpl —+ Lpg)ﬁ + VR + Ron(zdl - ZL)

dir,
D2 ar

The state equations T3, which is shown in the appendix, are
derived from (2)—(4), and (6)—(9) to solve the current falling
period. the initial conditions vgg1, ig1, Vdst, id1s icot, and iy, are
the final value of the voltage rising period. After v falls below
Vin, Q1 is fully turned OFF, and this period ends.

5) Mode 3.2 (tg 0 —t3.2): Coss Charging Period for the Final
Condition 2: After vy, falls below Vi, the channel of O
has been fully blocked and the equivalent circuit is shown in
Fig. 2(d). In the previous model, the discussed circuit is the
typical DPT circuit, and Ly is regarded as a constant current
source, so the C,4s charging period tends to infinity when /I g
tends to 0. In practice, as (V; - V,, - vgs1) isimplemented on Ly, if,
rises and discharges the output capacitance. Whether v, can be
discharged to V... depends on V;, V,, Ly, and iy,. To acquire more
accurate results, V, and Ly are added to the proposed model.
Based on the equivalent circuit, the C,¢s charging period can be
described as T2 by setting g,,, to 0. This period ends when v, »
falls below V. to force Q2 to conduct reversely.

6) Mode 4 (ts.; orts. o —): Parasitic Resonating Period: Before
this period, Q; has been fully turned OFF and Q» conducted re-
versely. As shown in Fig. 2(e), the junction capacitance resonates
with the parasitic inductance in this period, which will generate
an overshoot on vqg;. During this process, the energy stored in
the parasitic inductance dissipates in the resistance of the power
loop. According to the equivalent circuit, the parasitic resonating
period can be described as T3 by setting g, to 0.

Through the above process, the state equations for the Buck
condition have been established. The state equations for the
Boost condition are similar to the Buck, which can be acquired

- L C))
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| Set timer =1e-11s; T =0; |
A

Load Coss, Ciss, Crosy gm CUrves
and the intial conditions

Solve T1

Vos1 <= VartILo/gm?

Load the initial : igz, vgos, Vass,
da1, ico1, Veo2, iL

I update Cyz, Cosz, Cgars Coss2 |

Solve T2

Load the initial: g7, gz, Vag,
idl, ital, iL

N2
I update Cyz, Cosz, Cgars Coss2 I

Solve T3

Fig. 3. Solution flow chart in MATLAB.
through replacing (5)
did1 , diL
Vo =vas1 + Lp1 —— R Ly—. 10
Vas1 + Lp1 7 +irLRr + o (10)

For GaN HEMTs, the junction capacitance and g,,, are non-
linear, so these state equations are nonlinear. Therefore, they
are numerically solved in a loop within an interval that is short
enough to regard them as linear. Fig. 3 illustrates the solution
flow in MATLAB. At the first, the curves of Cqs-vas, Cga-Vas,
Cgs-Vds, and g,,-Vgs are loaded into the program. After one
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Junys

(a)
Fig. 4. (a) Schematic of the DPT circuit. (b) Prototype of DPT circuit.

TABLE 1
PARASITIC PARAMENTS OF DPT CIRCUIT

Part. Value Part. Value
0, 0> GS66516T Gate driver Si8271
Vpe 400V Ven 6V
Vai -3V Vi 1.5V
Rison 0.025Q R.; 0.6Q
Ry + Ry (2+0.34)Q R, 0.016Q2
Lo+ Ly, (3.7+3.1)nH L, 3.1nH
Ly, 1.7nH L + Lygin (0.03+0.15)nH
v, ov Ly 150uH

interval, Cqs, Cga, Cgs, and g,,, are updated based on the final
conditions. Compared with the previous works, the solution
process is improved as follows: v is oscillating during the turn-
OFF process because of the parasitic inductance. The resonance
will introduce the false turn-ON when vg¢ resonates above Viy,.
The previous transient models cannot reflect the false turn-ON
because the solution flow is unidirectional. In the proposed
model, the solution flow from the C,s charging period to the
voltage rising period and the parasitic resonating period to the
current falling period are bidirectional. When vgg; resonates
above Vyy,, the solving process returns to the previous mode to
reflect the false turn-ON. When V, > 0.5%xVp, vgs1 cannot rise
above Vpo when I,g is not enough. Therefore, an upper limit
of the solution time 7y,,x is set to avoid the program falling
into an infinite loop. After Q» conducts reversely, the negative
voltage (Vpc - vas1 -V,) is applied on the filter inductor, which
will force iy, to decline. When i, falls to 0, Q2 stops conducting
reversely, and vyq begins toresonate with Lyagain. Toreflect this
phenomenon, when iy, falls below 0 in the parasitic resonance
period, the solution flow returns to the C,ss charge period in the
proposed model.

A DPT circuit as shown in Fig. 4 is established to verify
the proposed model. The GaN HEMTs are driven by Si8271
from Silicon Laboratories. The drain current i, is measured
by a 10 m{2 shunt SSDN-10 from T&M Research Products.
The waveforms are recorded by a 1GHz Lecroy oscilloscope
with PPO18 passive probes. The related paraments of the DPT
circuit are given in Table I, where the parasitic parameters are ex-
tracted by Q3D simulation. The internal gate resistance (R gy, =
0.34 Q) is read from the datasheet. The internal common-source
inductance (Lss;,, = 0.15 nH), and the internal gate inductance
(Lgin = 3.1 nH) is read from the Ltspice model provided by the
manufacturer.
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Fig.5. T,; acquired by the experiment, proposed model, and analytical model
in [7] with different I, .

The time taken for v4s1 torise from the on-voltage to Vpc (T)
can be directly read from the results of DPT, which correspond-
ing to (t; to to 1) or (t; to t3.2) in the proposed transient model.
To verify the proposed model, T,; acquired by the experiment
and the transient model are shown in Fig. 5. Besides, the results
calculated by the analytical model as (11) [26] are also listed for
comparison

Tri :(2Qoss E)/DC _Rgcissv;thgmln((‘/th +Ioﬁ‘/gm)/‘/th)) /IOH~

Y

As we can see from Fig. 5, the analytical model can fit well
with the experiment in the middle section. However, as I,g
increases or decreases, the difference between the analytical
model and experiment increases. As for the proposed transient
model, because it can reflect the resonance process between the
junction capacitors and Ly, T'; acquired by the proposed model
can fit well with the experiment at small I,g. At large I, the
effect of the power loop on the gate loop gets considerable.
Larger I,g will lead to higher charge current through C.q and
higher induced voltage on L, both of which will slow down
the falling speed of vg. Since the proposed model includes
the parasitic inductors and junction capacitors, it can reflect the
coupling effect between the power loop and gate loop. Therefore,
T,; acquired by the proposed model is more accurate at large /..
Further more, the experiment and simulation waves of vqs and
iqs at40 A and 2 A I,g are compared in Figs. 6 and 7. Since the
transient model can reflect the effect of the parasitic inductance,
as the results show, the proposed model can fit well with the
experiment waveforms at both large and small currents, which
means this model can acquire the relatively accurate DT under
the influence of parasitic inductance.

The optimal DT used after the active transistor Q; is turned
OFF (ODT,) is (3.1 or t3.0 — tg — t5 + t4), Where (3.1 or t3.0 — 1)
can be directly acquired from the proposed turn-OFF transient
model and (5 — #4) is the turn-ON gate delay period of Q2. After
tg.1 Or tg 2, Q7 has been fully turned OFF, and then Qy is turned
ON at #;. Since Q» conducts reversely, v4s2 only falls from the
reverse conducting voltage to the ON-voltage, and i 42 is almost
unchanged. Therefore, the effect of the power loop on the gate
loop can be ignored and the turn-ON gate delay period of Q2 can
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Fig. 6. Experiment and simulation waveforms at 40 A I,g.
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Fig. 7. Experimental and simulation waveforms at 2 A I,g.

be regarded as the charging process for the input capacitance of
02 (Ciss2). Equations (12) and (13) are derived to described this
period with the initial condition: vggo = V¢ and igo = 0. This
period ends when vy rises to Vi, to turn-ON the channel of O

. di
Vgs2 = %h - ZgQRQQ - (LQZ + LSSQ)Tg: (12)
. dvgs
ig2 = Cissa =" (13)

As for the optimal DT used after the freewheeling transistor
Q> is turned OFF (ODTY), it is equal to the turn-OFF time of Q5
minus the turn-ON gate delay time of Q;. Ignoring the effect of
the power loop on the gate loop, the turn-OFF process of Q2 can
be described by (13) and (14) with the initial condition: vgg =
Vgn and iy = 0. This period ends when vggo falls to Viy,. The
turn-ON gate delay period of Q; is similar to Q», which can be
calculated by (12) and (13). Since these two periods are hardly
affected by v;, v, and i, a constant DT can be used for ODTy
digo

Vgs2 = Vgl - ig2Rg2 - (Lg2 + Lss2)7~

7 (14)
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As mentioned above, the proposed turn-OFF transient model
can not only provide a more accurate optimal DT but also simu-
late the turn-OFF transient waveforms well. Hence, the proposed
model can be used instead of DPT to analyze the effects of circuit
parameters on the turn-OFF process and optimal DT, which can
save the designer lots of work. Because of the introduction of
the buck and boost operating condition, it is easy to apply the
proposed model to converters constructed by the half-bridge
structure.

B. Analysis About the Effects of the Circuit Parameters on DT

In the previous studies for the DT optimization, the effects
of I, and V,; have been considered in particular. However, little
work has analyzed the effects of other circuit parameters such
as the gate parameters (R, and V), the output parameters (V,
and Ly), and the stray inductance (L, Ly, and L,). Thanks to its
good fit to the turn-OFF transient waveform, the proposed model
can be used to analyze the effect of these parameters intuitively.
The following section will take ODT, as an example to analyze
the effects of these circuit parameters. Except for the parameter
being discussed, the others are the same as Table 1.

First, the effects of the gate parameters are analyzed. Fig. 8(a)
and (b) shows ODT with different R, and V. At large Iog,
the effect of the gate parameters is obvious. Increase the gate
drive speed (decrease R, and V) can significantly decrease
ODT. This is because using more negative Vg or smaller R,
can provide higher -iy, which can accelerate the decrease of
Vgs. Since the channel current i, decreases as vy decreases,
using more negative Vg or smaller R, can make the current
flows into two C, s more quickly, which can accelerate the rise
of vqs. However, as I,g decrease, the effect of gate parameters
gets smaller. When I,g is smaller than 3 A, the effect of gate
parameters on ODT is ignorable. To explain this phenomenon,
the waveform of i4;, vgs1, and ic1 at 3 A I,g with a low-speed
gate driver (R, = 10 Q, V,; = 0 V) and high-speed gate driver
(Rg = 2%, Vg = =3 V) simulated by the proposed model
are shown in Fig. 9. As analyzed above, the gate paraments
affect the rising speed of v4s through i.,. As i, declines, the
current used to charge Coss1 and Coggo increases, which can be
expressed as (i, —i.,7)- When the device is turned OFF at a small
I,g, although increasing the gate drive speed will accelerate
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Fig. 9. Simulation waveforms at Iog = 3 A with high-speed gate driver
(Rg =2 Q and Vg = —3 V) and low-speed gate driver (R, = 10 Q and
Vg =0V).

Valley switching regio
s

Fig. 10.  (a) ODT with varying V,, at different /o¢. (b) ODT with varying Ly
at 300 V V,.

the decline speed of i1, it takes a long time for i, to charge
the output capacitance to Vpc even if i.y falls to 0. Since the
C,ss charging period dominates ODT at small I,g, the effect
of vg¢ becomes negligible. Therefore, enhancing the gate driver
capability cannot effectively reduce the needed DT at small /.
For converters that may operate at the small current region, the
problem of DT cannot be solved by adjusting the gate drive
speed.

Besides, V,; will affect the reverse conduct voltage V... Using
more negative Vg will lead to more negative V.., and then
affect the turn-OFF voltage of the active transistors which can
be expressed as (V; — V.,.). For devices used in high-voltage
applications, such as 650V GS66516T, compared with V;, V.,
is ignorable, so this effect is ignorable too.

As for the output paraments, ODT at different V,, is shown
in Fig. 10(a). Unlike the gate parameters, V, makes difference
at small I,g, but has little effect at large I,g. At large Iog,
iz, can be regarded as a constant current source, so the effect
of output parameters can be ignored. However, at small I g,
the fluctuation of i;, cannot be ignored. Because i, falls to 0
very quickly, the Coss charging period can be approximate to
the resonance process between Ly, Coss, and V,,. Therefore, V,,
affects the turn-OFF time significantly at small /,g. As we can
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Fig. 11.  Simulation waveforms of vqs1 and iy, at 300 V V,, / 0.5A I, / 40 uH
Ly acquired the proposed model and the previous model.

see from Fig. 10(a), ODT increases as V,, rises. Then, when V,,
rises above 0.5%V, and I,g is below a critical value (called the
critical I, in this article) shown as the valley-switching region
inFig. 10(a), ODT trends to infinite because v 45 ; cannot resonate
to (Vpc + Vie). Fig. 11 shows the simulated waveforms in the
valley-switching region. Using the improved circuit structure
and solution flow, the proposed model can reflect the valley
switching phenomenon, and then the time when v44; reaches
the peak value (Tyaliey) can be used as ODT to minimize the
switching loss. The simulation results acquired by the previous
transient models are also shown in Fig. 11. Since 77, is regarded
as constant during the turn-OFF process, the simulated vqs; can
still be charged to (Vpc + V,.). As shown in Fig. 11, the
previous models can not reflect the valley switching, and the
calculated dead-time (ODTP) is much longer, which will induce
extra losses compared with using Tyajiey -

Besides V,,, Ly affects the critical I,¢ too. Fig. 10(b) shows
ODT with different Ly at 300 V V,. As Ly increases, the critical
I, decreases. Fig. 12 shows the waveforms of vq4; and iz, near
the boundary of the valley-switching region. After Q» conduct
reversely, (-V; -V,) is applied on Ly, so I, begins to decrease.
When i, falls to 0 A (shown as 7. in Fig. 12), Q2 stops reversely
conducting, so v4s1 begins to resonate with Ly again. Since vggo
rises from the reverse conduction voltage, turning ON Q, after
t. will generate extra switching loss. Therefore, using too long
DT not only will cause a huge reverse conduction loss at high
I,g, but also may introduce the extra switching loss at small
Iog. Since Iy, drops faster with a smaller Ly, the time between
ts.2 to t. gets shorter in the applications with smaller L. In
these applications, an accurate DT model can help to ensure the
zero-voltage turn-ON of Q.

Finally, the effects of the stray inductance are analyzed.
Fig. 13(a) and (b) show ODT with different L, and L,, both
of which increase ODT at large I,g. Although their effects on
ODT are slight, L, and L,, affect the overshoot of vgs and vqs
significantly. Fig. 14 (a) and (b) shows the overshoot of vgs and
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vgs with different Ly and L,. As L, and L, increase, the huge
overshoot generates, which would damage the device. Fig. 14
shows ODT with different L,s. Using bidirectional solution
flow, the proposed model can better reflect the effect of the
Vgs oscillation on the optimal DT. As L, and I,¢ increase into
a certain area as the false turn-ON area in Fig. 14(b), ODT
increases sharply. This is because L, will induce serious v,
oscillation at large /¢, which would cause the false turn-ON of
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Fig. 16.  Equivalent circuit of the short-circuit. (a) Happening before vgs1 falls
below Viy,. (b) Happening in the Coss charge period.

Q7. Compared with L, and L,, the effect of L, is much more
serious. When I, is 40 A, only 0.9 nH L, will induce a severe
false turn-ON. As the simulation results show, the effect of the
stray inductance gets more serious as I, increases. Therefore,
for converters operating under heavy load, the stray inductance
should be designed carefully.

As analyzed above, besides I,g and V;, other circuit para-
ments, such as V, and L, also have significant influences on the
optimal DT. Including these paraments, the proposed model can
offer more accurate results. Besides, this model can be used to
evaluate the overshoot of vqs, and the oscillation of vgs, which
are related to the safe operation of the devices.

C. Cross-Talk Induced By Insufficient DT Short Circuit

The effect of DT on switching loss has been detailly ana-
lyzed in the previous literature. Compared with Si MOSFETs,
GaN HEMTs have higher voltage drop when conduct reversely.
Hence, GaN-based converters suffer higher reverse conduction
loss in the redundant DT. With an insufficient DT, short-circuit
will happens even if there is no overlap between the driver signals
of the active and freewheeling transistors. The DT short-circuit
can be divided into two categories according to when it occurs.
For the short-circuit happening before vgg; falls below Viy,, the
equivalent circuit is depicted in Fig. 16(a). Since the channel
of Qy is still on, V; is directly connected by the channel of
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Q; and Qp. Therefore, a huge impulse current flows through
Q; and Qg, which will generate luge loss and damage the
device. The short-circuit happening before vg; falls below Vi,
must be avoided because of the destructive impulse current.
For the short-circuit happening in the Cogs charge period (Cogs
short-circuit), the equivalent circuit is depicted in Fig. 16(b).
During this process, V; charges C,ss; through the channel of
Q2, and C,4s2 discharges through the channel of Qp. In the
previous literature, the loss generated by the C,ss short-circuit
is evaluated by the energy stored in Coss. However, as Cogs1 18
charged through the channel of Q o, dvgs1 / dt and i 45 rise sharply.
dvas1 / dt and i4; influence the gate loop of Q; through Cyq and
L., which is known as the “cross-talk” in the traditional hard
switching process. When the “cross-talk” is serious enough, a
false turn-ON will happen in Q7 and generate extra losses. Using
the proposed model, the effect of the “cross-talk” is further
analyzed below.

To use the proposed model, the transient model of the C,s
short-circuit period is established. To accelerate the solving
speed, the turn-ON transient of Q» is ignored. Since i42 iS very
high during the short-circuit, O, cannot be regarded as a resistor
but a current source controlled by v4,2 according to the “Ipg
versus Vpg Characteristic” curve in the datasheet. Base on the
equivalent circuit in Fig. 16(b), (15) and (16) are derived to
describe the transient process during the C,s, short-circuit. To
solve this period in MATLAB, the state equations T4, which is
shown in the Appendix, is derived from (2)—(5), (8), (9), (15),
and (16)

dvey ) . .
COSSQWQ =1ld1 — L — ZQ2(vd52) (15)
di di
‘/i = Uds1 T Vco2 + (Lpl + LpQ) j;l - Ldeiff
+ RciZCOSSQ @~ (16)
dt

First, the turn-OFF transient is solved as the flow chartin Fig. 3.
When the DT ends, the process enters the C,4s short-circuit
period, and T4 is solved in the same loop. The C, s, short-circuit
period ends when v4so falls below 0. The following period is the
current fall or parasitic resonance period depending on whether
Vgs1 has fallen below Vyy,. Itis noteworthy that Vz in T3 becomes
0V because Q¢ has been turned ON. Fig. 17 shows the simulation
waveforms of Vg1, Vasi, and ig; at 1A I,g with 90 ns DT, 52
Ry, and OV V.

As shown in Fig. 17, after O is turned OFF at g, vg falls
below Vi, soon. When the short-circuit happens at z., the
rising speed of v4s1 increases sharply. Higher dvqs / dt causes
larger i.447, which makes vy rise suddenly. At the present
simulation situation, the peak value of v,,; reaches 1.619 V,
so the false turn-ON occurs. Under the combined action of the
C,ss charging current and false turn-ON current, i ;7 rises sharply,
which induces a huge voltage on L. The inductive voltage
will aggravate the v ,-oscillation. At t5 1, vgs2 falls below 0V,
the C,ss short-circuit period ends. As analyzed in the previous
section, when the device is normally turned OFF at a small /g, the
overshoot of v4,; is small. However, because of the increasing
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Fig. 18.  Short-circuit loss with different DT at 400 V V.

i4; caused by the C 4 short-circuit, the induced voltage on L,
Lg;,and Ly is huge, which will generate huge overshoot on v
and vgs;.

Fig. 18 shows the short-circuit loss dissipate on the channel of
Q; and Q2 (Es.) with different DT, which is calculated by (17).
When the DT decreases below the optimal DT ODT, the C,s;
short-circuit happens and E. arises. Near ODT, Eg. increases
slightly as the DT decreases, which conforms to the C,s¢-storage
loss mentioned in the previous literature. When the DT decreases
below a critical value, which is called “the critical dead-time”
(CDT) in this article, the “cross-talk” makes v rise above Viy,.
Then, because of the false turn-ON, E. increases sharply as the
DT decreases. As shown in Fig. 18, when the DT decreases
to 20 ns, E,. reaches 44.9 uJ at 1A I, / 250 V V,,, which is
far more than the 14.1 uJ C,4s-stored energy provided by the
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manufacturer
to.1 to+Tmax
By = / Vas2lgadt + Ron(igy —ip)?dt
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- / Roniz dt
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to+Timax
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As analyzed above, only considering the C,g,-storage loss,
the C,ss short-circuit loss may be much lower than the reality.
As Fig. 18 shows, CDT will change with /¢ and V,,. Therefore,
in inverters, the DT short-circuit loss is more significant if not
well optimized. Luckily, the DT loss can be minimized by
dynamically adjusting the DT adaptive.

III. CONTROL STRATEGY OF DYNAMIC DT ADJUSTMENT FOR
SINGLE-PHASE INVERTERS

The system control structure of the proposed dynamic DT
adjustment for single-phase inverters is depicted in Fig. 19(a).
For the single-phase inverter, the operating parameters such as
the output voltage V,, and output current /, are continuously
varying, so the DT needs to be dynamically adjusted. As ana-
lyzed above, once the input voltage Vi, V,,, and turn-OFF current
I, are determined, the proposed model can calculate the cor-
responding optimal DT. To realize the dynamic DT adjustment
in the microprogrammed control unit (MCU), a lookup table of
the optimal dead-time ODT versus Vi, V,, and I, is obtained
by running the proposed transient model in MATLAB, and then
loaded into MCU. Therefore, the MCU can look up the ODT
table based on V;, V,, and I, to acquire the corresponding ODT.

Inthe inverter, V; is usually detected for the over/under voltage
protection, and V/,, is detected for the output voltage regulation,
so V; and V, are directly reused for the DT adjustment. As for
I, when itis acquired by directly reading /, while the transistor
is turned OFF, the detection delay will induce errors. According
to the analysis in Section II, the error of I,g will significantly
affect the calculation results of the optimal DT. In applications
where the ripple of I, is ignorable, the error caused by detection
delay is slight. However, for high-frequency converters with
high inductance current ripple [34]-[36], the error caused by the
detection delay is very huge. To realize the effective dynamic
DT adjustment in both high and small inductance current ripple
applications, I,g used to look up for ODT is calculated from 7,
in this article. The details of the I,,-based calculation method are
as follows.

In single-phase inverters, except for the DT, the operation
modes are shown in Fig. 20. In modes 1—4 as shown in Fig. 20(a),
Q; and Q are turned ON, and Q2 and Q 5 are turned OFF. Hence,
the voltage on the filter inductance (V) is V; - V,,, and dIy, / dt
is (V; - Vo) / Ly. In modes 2—4 and modes 1-3, V7, is -V, and
dlp /dtis-V, /Ly Inmodes 2-3, Vr is-V;-V,, and diy / dt is
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(- Vi- Vo) I Ly. Take the operation waveforms shown in Fig. 21
as an example, (18)—(20) are derived to calculate /.

When Q; and Q, are turned ON, (Vi, — Vo) is applied on
Ly, and Iy, rises linearly from the valley current (7,)). After the
turn-ON time of Q; and Q (Ty;-44), I, reaches the peak current
(1), and Q; is turned OFF. Then, the freewheeling transistor
conducts reversely, and -V, is applied on Ly to force I, to
decreases linearly for T'go_g,. In this case, I, is the Io¢ of O 4, and
—1, is the I,g of Q2. Based on the operating waveforms, (18) is
derived to describe the relationship of 1., I, and /,,. Since I, and
dV, / dt can be regarded as constant within one sampling period.
Equation (19) and (20) are derived to calculate /, and /,,, where
Dy isdly / dtin modes 1-4; Dg_y is dly, / dt in modes 2—4; T,
is the sampling period, and V,, " is the output voltage sampled in
the previous sampling period. For the other operation modes, I,
can be acquired by using the corresponding dIy, / dt and turn-ON
time

Tol,+1,) oy,
B\ip + 1y o
——— — [ Idt= | C dt 18
2 / / at (18)
0 0
D1 V,—-V!
Iy=I+ —— Ty g1+ Cp—2——2 (19)
2 T
Dy vV, —V!
Iy =1Io = == Ty ga+ Oy~ (20)

The logic diagram of the dynamic DT adjustment is shown
in Fig. 19(b). Acquiring V;, V,, and I.g, a direction judgment
is used to judge whether the transistors work as the active or
freewheeling transistors. When I, is positive (the current flows
from drain to source), the transistor work as the active transistor.
Otherwise, it works as the freewheeling transistor. Take Fig. 21
as an example, when 1, and /,, are both positive, Q1 works as the
active transistor, while Qo works as the freewheeling transistor.
After the direction judgment, ODT, or ODTy is acquired by
looking up the ODT table. Since the gate charge of GaN HEMTs
is very small, ODTy is very short, so 10 ns constant ODT with
some margin is proposed in this article to avoid the short circuit.
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Fig.22.  (a) Approximated dual-buck circuit for the inverter under the bipolar
modulation. (b) Output voltage waveforms of the approximated circuit.

For single-phase inverters under the unipolar modulation,
the proposed model can be directly used. Under the bipolar
modulation, the inverter only operates in modes 1-4 and modes
2-3, and two transistors are turned OFF at the same time. To
implement the proposed model, the inverter under the bipolar
modulation is approximated as the dual-buck circuit shown in
Fig. 22. To operate as same as the inverter, the node voltage of
the dual-buck circuit V, and V,, are (V; + V) /2 and (V; - V,) /
2 respectively. After approximation, the Ly used in the transient
model is the half of the practical filter inductance (Ly 2), and the
V, used in the transient model is respectively V,, for Q;, O, and
V,, for Qs, Q4. When the I, of Q; or Qs is positive, V; charges
V, through Ly, so they work in the Buck condition. When the
Iog of Qs or Q is positive, V,, and Ly charge V;, so they work in
the Boost condition. The state equations used for the buck and
boost conditions are different as analyzed in Section L.

Using the proposed strategy, the DT can be adjusted dynam-
ically based on the low-speed value Vi, V,, and [,. Compared
with the nanoseconds-level vqs and v, these values are easier to
detect, and often used in the closed-loop control of inverters (/,
can be used in the double-loop control to increase the dynamic
response and reduces the total harmonic distortion of inverters
[20]). Therefore, for inverters with the double-loop control, the
dynamic DT adjustment can be realized without extra sensors.

IV. EXPERIMENTAL RESULTS

A GaN HEMTs based inverter is established to verify the
proposed dynamic DT adjustment strategy. The prototype of
the inverter is shown in Fig. 23. The schematic of this inverter
is depicted in Fig. 19. The main operating parameters of the
converter are given in Table II, and the gate driver design is the
same as the DPT circuit shown in Fig. 4. The inverter is designed
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Fig. 23.  Prototype of the inverter.
TABLE II
MAIN OPERATING PARAMETERS OF THE INVERTER
Part. Specification
GaN HEMT GS66516T
Input voltage 400V
Output voltge 220V,50Hz
Rated output power 1200W
Switching frequency 100kHz~1.2MHz
Filter inductance S50uH
Filter capacitance 12uF

-7 2
o )
,/,’ I Buffer capacitance board

Fig. 24.  Schematic diagram of the experimental test platform.

as a layer-stacked structure. The detection and auxiliary power
supply circuit are on the top board, and the gate driver and tran-
sistors are on the bottom board. Fig. 24 shows the experimental
test platform. An external buffer capacitor board is connected in
front of the converter to compensated the dc side current ripple.
The inverter is controlled by the TMS320F28379D Launchpad
mounted on the detection and auxiliary power supply board.
TCM is used to increase efficiency [38]. Under TCM, the
inductance current is modulated as the triangular and reverse
before the freewheel ends. Because of the reverse inductance
current, the active transistors can be turned ON under zero
voltage over the full operating range. To ensure the realization
of the zero-voltage turn-ON, an extra —0.5 A is added to the
reverse current in this inverter. Fig. 25 shows the TCM operating
waveforms of the vgqs of Qg, V,, and I, (Q; and Q, work as
the active transistor while Q» and Qg work as the freewheel
transistor). As shown in Fig. 25, when the active transistor is
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TABLE IIT
PARASITIC PARAMENTS OF DPT CIRCUIT
Part. Device Value
L 0110 4.0nH / 4.4nH
i 05/ Qy 3.6nH/4.1nH
L Q] / Qz 2.6nH
v 0510, 2.6nH
L Ql / Qz 331’1H
vl 0510, 3.3nH

turned ON, the inductance current /, rises linearly to the peak
value I,,. The active transistor is turned OFF at [, and then I,
begins to fall linearly. When 7;, falls to the reverse current
I, the freewheeling transistors are turned OFF, and then the
reverse inductance current will force the active transistors to
conduct reversely. The relationship between I,,, I, and I, can
be approximatively expressed as (21). To realize the reverse
inductance current I, the ripple of I, in one switching cycle
is double I,. Because of the large ripple of Iy, it is difficult
to accurately measure /,g from /5. The switching period Tp
under TCM can be approximately calculated as (22). Since the
calculated switching frequency increases above 4MHz at the
zero-cross point of /,, the practical switching frequency in this
inverter is limited to 1.2 MHz to avoid excessive loss

I, + I, =21, 21
L-(I,-I,) L-(I,-1,) .
Tp = P P dead — t .
B Vi—V, Vit v, + dea ime
(22)

Asshownin Fig. 25, because I, has reversed, the freewheeling
transistors are turned OFF at a positive i; under TCM. Therefore,
the turn-OFF process of the freewheeling transistors is the same
as the active transistor, and ODT |, is used for all the transistors.
The extracted parasitic inductance of the inverter is given in
Table III. Using the proposed model, the ODT lookup table is
shown in Fig. 26 (In the valley switching region, the time when
v4s1 reaches the peak value is used as ODT,,). Since the inverter
works under bipolar modulation, the corresponding ODT tables
for buck operating state and boost operating state are given.
Considering the difference of GaN HEMTs in practice, a 5-ns
margin is added to the ODT lookup table to avoid the short-
circuit.
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Fig. 27.  Operation waveforms of the inverter under 1200 W P, with the fixed

70ns,400ns, and the dynamic DT. (a) Waveforms of the vqs of Q2, V,, and /. (b)
vds Waveform when the active transistor is turned OFF at the peak output current.
(c) vas waveform when the active transistor is turned OFF at the zero-cross point
of output current. (d) vqs waveform when the freewheeling transistor is turned
OFF at the peak output current. (e) vqs waveform when the freewheeling transistor
is turned OFF at the zero-cross point of output current.

Fig. 27(a) shows the operating waveforms of the vys of Qa,
V,, and I, under 1200 W output power (P,). Compared with
I1,, the ripple of I, is ignorable. Therefore, it is recommended
to calculate I,g from I, for the TCM inverter. The dynamic DT
adjustment is compared with the fixed 70 and 400 ns DT in
Fig. 27(b)—(e). When the inverter is operating at the peak output
current, the active transistors are turned OFF at 16.2A I, while the
freewheeling transistors are turned OFF at -0.5A [,.. Using 400ns
DT can avoid the short-circuit at /,., but the transistors suffer
huge reverse conduction loss at /,. With 70 ns DT, although
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Fig. 29. Efficiency with the fixed 90 and 400 ns, and the dynamic DT

adjustment under different loads.

the reverse conduction region at I, has been reduced, a serious
short-circuit happens at /,. Compared with the fixed DT, when
the dynamic DT adjustment is implemented, two different DTs
are read from the ODT look-up table according to [, and I,.
Therefore, the short-circuit and reverse conduction regions have
been eliminated at both 7, and /...

When the inverter is operating at the zero-cross point of 7,
I, cannot fall to 0 A because the switching frequency is limited
to 1.2 MHz. At this point, the active transistors are turned OFF
at 1.7 A I, while the freewheeling transistors are turned OFF
at —1.7 A I,.. As we can see, the short-circuit happens at both
I, and I,. with 70 ns DT. Using the dynamic DT adjustment,
the DT has been adjusted according to I, and V,. Therefore,
these high-loss regions can be eliminated even if the operating
condition changes.

Fig. 28 shows the efficiency under 1200 W P, with the
different fixed DT and dynamic DT. Using the fixed DT, a
peak efficiency of 98.08% has been realized around 150 ns,
and both increasing and decreasing the DT will decrease the
efficiency. Since the reverse conduction and short circuit loss can
be eliminated at the same time, using the dynamic DT adjustment
further increases the efficiency to 98.25%.

Fig. 29 shows the efficiency with the fixed 90, 400 ns,
and the dynamic DT adjustment under different loads. Al-
though the efficiency is 97.77% with 90ns DT under 1200 W
P,, the efficiency falls sharply as P, decreases. Fig. 30 shows
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the operating waveforms at 150 W P,. As we can see, with
90ns DT, the short-circuit has happened at /, near the peak
output current. Because of the extended short-circuits area and
increased switching frequency, the efficiency with 90 ns DT
falls to 83.41% at 150 W P,. Using 400 ns DT although can
avoid the short-circuit under light load, the reverse conduction
loss is huge under heavy load. Compared with the fixed DT, the
dynamic DT adjustment increases the efficiency over all the load
range. Compared with using 400-ns DT, the total loss has been
reduced by 27.26% under 1200 W P, while the loss under 150W
P, has been decreased by 49.14% compared with using 90 ns.
In conclusion, using the dynamic DT adjustment can improve
global efficiency, especially under the light load.

V. CONCLUSION

This article has proposed a model-based method of dynamic
DT adjustment for single-phase inverters to minimize the DT
loss. First, a more accurate turn-OFF transient model for GaN
HEMTSs has been proposed to acquire the optimal DT. This
model has improved the previous works as following:

1) Proposed model is established based on the buck and boost
operating condition for inverters. Compared with the previous
transient model based on the DPT circuit, this structure can
reflect the effect of the filter inductance and output voltage.

2) Improved directional solution flow is proposed for the tran-
sient model. Therefore, the false turn-ON and “valley switching
region” can be demonstrated.

3) Short-circuit mode has been established to analyze the
“cross-talk” induced by the C, 4 short-circuit, which can be used
for the evaluation of the DT losses.

Then, based on the proposed model, a control strategy of
dynamic DT adjustment for single-phase inverters is proposed.
This article uses an /,-based method to calculate I,g, which
can greatly reduce the influence of detection delay compared
with the direct sense method. Under unipolar modulation, the
proposed model can be used directly, while an equivalent method
is proposed for bipolar modulation. Finally, the dynamic DT
adjustment is implemented in a GaN-based TCM inverter with
the load varying from 150 to 1200 W. Compared with the
traditional fixed DT, using the proposed dynamic DT adjustment
can improve the efficiency around all the load range with the
peak efficiency up to 98.25%.
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