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A Multitime-Scale Analytical Model of ZVS
Buck Converter

Mengjia Wei ¥, Quanming Luo

Pengju Sun

Abstract—This article presents a modeling method to build a
complete and accurate multitime-scale analytical model for low-
voltage eGaN HEMTs-based zero-voltage switching buck converter
with consideration of parasitic inductors, nonlinear junction capac-
itors, and nonlinear transconductance. The switching steady-state
modes and switching transient modes are discussed in detail based
on their corresponding equivalent circuits. The state equations of
each mode are solved by MATLAB software to obtain the key op-
erating waveforms throughout one switching cycle. Moreover, the
established switching steady-state model and switching transient
model are numerically merged together through continuous state
variables, and then the multitime-scale model for stable operation is
formed based on the iterative method. The waveforms and switch-
ing energy losses predicted by the model within one switching cycle
are compared with the experimental results, respectively, to verify
the accuracy of the model. In the end, the dead time is optimized
based on the proposed model, and the optimization result is verified
to be effective in reducing the switching energy loss through the
experiment.

Index Terms—Dead time optimization, multitime-scale modeling
method, synchronous buck converter, zero-voltage switching
(ZVS).

1. INTRODUCTION

PPLICATIONS, such as data center power supply, bat-
A tery fast charging, and point of load (POL) converters,
require low-voltage and high-current output [1], [2], [3], [4].
The synchronous buck converter is a typical topology for low-
voltage conversion, as shown in Fig. 1(a). GaN devices, the
novel wide-bandgap semiconductor devices that have emerged
in recent years, with low ON-resistance and fast switching speed,
are excellent choices for power devices to improve the efficiency,
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Fig. 1. (a) Single-phase synchronous buck converter. (b) Critical waveforms of
the ZV S buck converter. (c) Equivalent circuit of the synchronous buck converter.

switching frequency, and power density of converters [5], [6],
[7], [8]. Additionally, the zero-voltage switching (ZVS) of the
power device can further reduce the turn-ON losses [9], [10],
[11].

The influence of circuit parasitic parameters on switching
performance is more and more significant because of the in-
creasing switching frequency. The larger the parasitic inductor
exists in the power circuit, the greater the oscillation will be
generated, which leads to additional switching loss and impacts
the reliability of the converter [12], [13], [14], [15]. Accord-
ingly, the accurate time-domain analytical model is required to
predict the losses and then optimize the parameters of the
converter.

Existing time-domain models for converters, such as the
articles presented in [16] and [17], generally treat the power
switch as an ideal switch to simplify the analysis, which reflects
significant merits in terms of computational speed. The model
is established when the power switch is in ON-state or OFF-state;
thus, it is called a switching steady-state model on microsecond
time scale (us time-scale). Based on the ideal model, approx-
imate variation processes of periodic voltage and current can
be acquired, and the operating principle of the converter can be
analyzed. However, the model shows significant deviations in the
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prediction of voltage and current during the switching transient
process. Overvoltage and overcurrent protection as well as the
precise efficiency optimization design cannot be achieved based
on the model. Therefore, a more delicate model to describe the
transient behavior of the power switch is indispensable.

In [18], an analytical model of low-voltage eGaN HEMTs
with consideration of parasitic inductors of printed circuit
board (PCB) traces, nonlinear junction capacitors of switches,
and nonlinear transconductance is proposed. The model is
established when the power switch is in the process of
turning ON or turning OFF; thus, it is called a switch-
ing transient model on nanosecond time scale (ns time
scale). The waveforms predicted by this model match well
with the waveforms of simulation and experiment on ns
time scale so that the switching losses can be predicted
accurately.

However, the transient model in [18] is not available for
operating modes other than continuous conduction mode. In
[19], the triangular current-mode converter is modeled, but only
the transient processes after the main switch is turned OFF are
given, which lacks completeness.

Although the method in [18] and [19] is helpful for estab-
lishing the switching transient model in the buck converter, it
is not useful to merge the switching steady-state and switching
transient models. So far, we have not found any literature that
presents a merging method.

Accordingly, a multitime-scale modeling method in the time
domain is proposed in this article by taking the ZVS buck
converter with low-voltage eGaN HEMTs as an example, which
is also a good reference for other converters. The model provides
the possibility to predict the converter losses and optimize the
dead time accurately [18], [20]. And the primary contribution of
this article is reflected in the following three aspects.

1) A complete and accurate multitime-scale modeling
method is formed by merging the switching steady-state
model and the switching transient model, which is dif-
ferent from the common steady-state converter model
without considering the switching transient process.

2) The proposed analytical model can predict energy losses
accurately; thus, the efficiency optimization design can
be achieved. The dead time can be determined optimally
according to the proposed model to further improve the
efficiency.

3) Taking into account the variation of inductor current dur-
ing the switching transition, a more accurate switching
transient model is achieved for the ZVS buck converter,
while the accurate switching transient models developed
in previous articles are based on hard switching.

The rest of this article is organized as follows. Section II
introduces the ZVS buck converter, the definition of para-
sitic parameters, and the method for obtaining parameters. In
Section III, the switching steady-state model is developed and
analyzed. In Section IV, the behaviors of the power switches dur-
ing the turn-ON and turn-OFF transient processes are discussed in
detail to derive the transient model. A complete multitime-scale
modeling method is presented in Section V. The experimental
results prove the accuracy of the proposed model in Section VI.
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The dead time optimization based on the proposed model is
performed in Section VII. Finally, Section VIII concludes this
article.

II. BASIS OF THE ANALYTICAL MODEL

Fig. 1(a) shows the topology of the synchronous buck con-
verter. The upper main switch S and the lower synchronous
switch Shor form a half-bridge structure with complementary
conduction. It is worth noting that eGaN HEMTs have no p-n
junctions, as distinguished from MOSFETs [6]. Nevertheless,
eGaN HEMTsS can conduct reverse current without gate voltage
due to the symmetrical structure and bidirectional conducting
channels, similar to the body diode of MOSFETs. To simplify the
following analysis, we use the concept of a body diode without
areverse recovery process for eGaN HEMTs.

The critical waveforms of the ZVS buck converter are shown
in Fig. 1(b). Itis notable that the discussed ZVS is for S, as by de-
fault, the Spo: can definitely implement ZVS in the synchronous
buck converter. The working principle of ZVS is described in
[21] based on the switching waveforms, and the condition of
complete ZVS is given in [4] based on the relationship between
the energy stored in the output inductor and the energy required
to discharge the output capacitors of the two switches.

Considering parasitic inductors and nonlinear capacitors, the
equivalent circuit of the synchronous buck converter is shown
in Fig. 1(c), where the directions of both voltage and current
are the assumed reference directions. The output voltage can
be regarded as a constant voltage source because the output
voltage ripple is generally small enough. It can be seen that the
drain inductors L and L g, source inductors L, and L gpor, and
common source inductors Lgs and Lggpo; form the power loop
inductor Ljoqp, While the drive loop inductors consist of L, and
L 4por together with gate inductors L, and Lo Notably, L
equals zero when the Kelvin connection of the device is applied,
and the parasitic inductor of the Kelvin source is contained in L.
The drain—source capacitor Cgs, gate—drain capacitor Cyq, and
gate—source capacitor Cgs are the nonlinear junction capacitors
of eGaN HEMTs.

Using Maxwell Q3D simulation, the parasitic inductors of
a specific circuit can be extracted. And the nonlinear junction
capacitors, the transfer characteristic between channel current
ich and gate—source voltage v, as well as the reverse conduction
characteristic between iy, and gate—drain voltage v,q can be
estimated from the datasheet with a curve fitting method [18].

III. SWITCHING STEADY-STATE MODEL

The switching steady states include the state of S ON and Syt
OFF and the state of Sy, ON and S OFF. The two steady states
are modeled separately as follows.

A. State of S ON and Sp,: OFF

The equivalent circuit for this steady-state mode is shown
in Fig. 2(a). The conducted switch S is represented by the
ON-resistance Rgson, and the nonconducted switch Sy, is rep-
resented by the output capacitor Cogshot. During this period, the
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Fig.2. (a) Equivalent circuit of the state of S ON and Sy, OFF. (b) Equivalent
circuit of the state of Spo; ON and S OFF.

loop inductor Lj,,, resonates with the output capacitor Cogshot »
leading to a high-frequency damping resistor Ry, that can be
extracted using Maxwell Q3D software.

The key to solving a circuit is to acquire the variation process
of the independent state variables since all of the circuit variables
can be expressed in terms of the state variables. As shown in
Fig. 2(a), the independent state variables of this mode are the
drain current i 4, drain—source voltage vyspot, and inductor cur-
rent iy, expressed in matrix format as X = [iq Vdsbot L ]T
Based on the equivalent circuit, the state equations can be
obtained as follows:

Cossbot% =iq— 1L (1)
Via = (Lp + Las) % + (Lpbot + Laabo) W

+ (ia — ir) Rioop + TaRason + Vasbot
= Lloopditd — (Lpbot + Lssbot) o + (4qa — 1) Rioop

+ tdRason + Vdsbot (2)
Vou = (Lppoc + Lsbor) % - L‘% + Vaspor

+ (ia — ir) Rioop- (3)

To simplify the state equations, set L, = Lg + L, Lppor =
Ldbot + stotv and Lloop = Lp + Lss + Lpbot + Lssbol- This
steady-state mode ends when the drive voltage of S is removed.

B. State of Spor ON and S OFF
The equivalent circuit for this steady-state mode is shown
in Fig. 2(b). The independent state variables are X =

. T .
[tq was @r] . Similar to the analysis of the state of S ON and
Spot OFF, the state equations can be obtained as follows:

dvgs .
Cossd—;‘ =iy 4)
di di
Vin = Lloopid - (Lpbot + Lssbot) =L + Vds

t dt
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Fig. 3. Typical waveforms during the turn-ON transition of S.

+ (id - Z.L) Rdsbolon + Z'clRloop (5)
d(ig—1 di
Vour = (Lpbot + Lssbol) % - Ld7tL
+ (iq — 1) Rasboton- (6)

This steady-state mode ends when the drive voltage of Syt
is removed.

IV. SWITCHING TRANSIENT MODEL

There are two parts to the switching transient processes. One
is the turn-ON transient, that is, the transition process of Syt
turns OFF and S turns ON. The other is the turn-OFF transient,
that is, the transition process of S turns OFF and Sy, turns ON.
In this article, the two switching transient processes are divided
into seven submodes, respectively, according to the variation
of the critical circuit states. Based on the equivalent circuits of
each submode, the state equations can be derived and solved
to acquire the time-domain solutions of the state variables. It is
worth noting that the final values of the state variables in the
previous mode are used as the initial values of the next mode
due to the continuity, and the boundary conditions between each
submode depend on the variation of the state variables.

A. Transient Model During Turn-ON Transition

Typical waveforms during the turn-ON transition are shown
in Fig. 3. It can be seen that the inductor current iy, is negative at
the beginning of this process for the ZVS buck converter. Each
submode is analyzed in detail below based on the equivalent
circuits in Fig. 4.

1) ModeI. Sy Turn-OFF Delay Period [to<t<t; ]: Fig.4(a)
shows the equivalent circuit of this mode. At 7y, the drive
voltage Vgnot is set to 0 V, and the gate current igpo¢ Starts
to discharge C;sshot, Which causes the gate—source voltage
Vgsbot to drop. The independent state variables of this mode
are X = [ig Uds Vgsbot lgbot ¢ L]T. The state equations can
be obtained from (4) and (7)—(10)

) dvggh
Lgbot = Clissbot é; o @)
digp d(ig —ig
0= (Lgbot + Lssbot) #‘)t + Lssbm%
+ Vgsbot + Rgbotigbot (8)
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dig
Vin = Lloop7

+ vgs + (Zd - ZL) Rdsbuton

d(iqg —ir)
dt

dig, di
gbot
+L ssbot

- (Lpbol + Lssbot) dt dt

€))

di gbo

‘/out == (Lpbot + Lssbot) %
dig,

_ L
dt *

This mode ends when vy, drops to the value

+ Lssbot

(id - Z'L) Rasboton- (10)

1q — 1,
Jfs

VUgsbot — ‘/gsbotth + (11)
where gy, is the slope of the transfer characteristic curve fitted
from the datasheet, i.e., the nonlinear transconductance of eGaN
HEMTs.

2) Mode II. Sy, Turn-OFF Transition Period [ty <t<ts 1]
or [t1<t<tyo]: Fig. 4(b) shows the equivalent circuit of this
mode. At t, the channel current i, begins to be controlled
by Vgshot as the transfer characteristic, and Syt is regarded as
voltage-controlled current source (VCCS). During this period,
the difference between i 4—i;, and ichpot charges Cogsphot, leading
to an increase of vggpot, and the current iy discharges Cogs,
leading to a decrease of v4s. The independent state variables of
this mode are X = [ig Uds Vdsbot Vgsbot Tgbot %L ]T. The
state equations can be obtained from (4), (8)—(10), and (12)

t.C
- dsbot Cd b Cd b Cd b
_-VdStI’/‘“G) =%_Vdstsm(t’t+) =%_Vdst;v/o?t+> =£1-Vdstsi;t+)
o §Lssbot o ;Lssbot o ;Lssbot out
stot stot stot
® (® (h)

Equivalent circuits during turn-ON transition of S. (a) Mode I. (b) Mode II. (c) Case 1 of mode III. (d) Case 2 of mode III. (¢) Mode IV. (f) Mode V.

and (13), where (iq — i) Rasboton in (9) and (10) is replaced
by Vdsbot

dvdsbor dvgsbot

Cossbot dt - ngbotT + Gehbot = id — 1L (12)
‘ dvgsh, dvgsp,
Lgbot = Cz’ssbot%ot — Lgdbot d; < (13)

This mode ends when vgghor drops to Vgehottn OF Vas drops
to -V, [22].

3) Mode IIl. Sy,+ Turn-OFF Remaining Transition Period
[t21<t<t3.1] or [ta 2<t<t32]:

Case 1 [t2.1 <t<t3.1]: Vgshot drops to Vgepottn before vgg drops to
—V,. At t3 1, the channel of Sy, stops conducting, as shown
in Fig. 4(c). During this period, vgshot 18 rising and vgs 1
falling. The independent state variables of this mode are the
same as Mode II. The state equations can be obtained from
(4), (8)—(10), and (12) and (13), where (iq — i) - Rasboton 111
(9) and (10) is replaced by vqsbot and ichpot in (12) equals
Zero.

This mode ends when v45 drops to —V..

Case 2 [ty 9<t<t3.2]: vqs drops to -V, before vggp,ot drops to
Vesbotth- At f2 2, the equivalent diode of S starts to conduct,
as shown in Fig. 4(d). The independent state variables of this

mode are X = [iq Udsbot Ugsbot %gbot %L ]T. The state
equations can be obtained from (8), (10), and (12)—(14), where
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(g —i1) - Rasboton in (10) is replaced by vaspot

dig dig, di gbo
Vin = L]oopT - (Lpbot + Lssbol) E + Lissbot 5If -
— Vi + vaspor.- (14)

This mode ends when vggpot drops to Vgshotth-

4) Mode 1V. Dead Time Duration Period [t31<t<t4] or
[t3.2<t<t4]: Fig. 4(e) shows the equivalent circuit of this mode.
At 31 Or t3.9, Spot 1S entirely OFF and i;, flows through the
equivalent diode of S. During this period, Lj,op, resonates with
Cosshot leading to a high-frequency damping resistor Rjoop. The
independent state variables of this mode are the same as in case
2 of Mode III. The state equations can be obtained from (8),
(12), (13), (15), and (16), where i.hpot in (12) equals zero

di di di o
Vin = Lloopitd - (Lpbot + Lssbot) ditL + L‘gsbot%
— Vi + Vdsbot + ('Ld - ’LL) Rloop (15)
d(tqg —1 di
Vour = (Lpbot + Lissbot) % Lssb&%
di o
- LT; + Vdsbot 1 ('Ld - ZL) R100p~ (16)

This mode ends when the drive voltage V is applied.

5) Mode V. S Turn-ON Delay Period [t4<t<t5]: Fig. 4(f)
shows the equivalent circuit of this mode. At 4, V¢ is ap-
plied and v, rises. And iy, still flows through the equivalent
diode of S. The independent state variables of this mode are

X =[4d Visbot Vs Tg L ]T. The state equations can be
obtained from (1), (3), and (17)-(19)
. dvgs
lg = Cissdif )
di dig .
VG: (L9+LSS)7§+LSSE+ng+RQZQ (18)
di di di
Vin = Lloop?j + LSS?}? - (Lpbot + Lssbot) TtL
- Vr + Vdsbot + (Zd - ZL) R]oop~ (19)

On account of the reverse conduction of S in this mode, eGaN
HEMT:s follow the reverse conduction characteristic. This mode
ends when vgq rises to the threshold voltage Vgqtn.

6) Mode VI. S Turn-ON Transition Period [t5<t<tg]:
Fig. 4(g) shows the equivalent circuit of this mode. At 75,
ich begins to be controlled by vyq as the reverse conduction
characteristic, and S is regarded as VCCS. During this pe-
riod, the current i;+i., charges Cogs, leading to an increase
in vqs. The independent state variables of this mode are X =
[iq Uds UVdsbor UVgs fg L ]T. The state equations can be
obtained from (1), (3), and (18)—(21), where —V,. in (19) is
replaced by vgs

dvds d’UgS .
0S8 ch — 20
Clos 7 Cya g len=1d (20
. dvgg dugs
ig = Ciss—t" — Ca d; 21

This mode ends when vy rises from —V,. to zero.
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Fig. 5. Typical waveforms during the turn-OFF transition of S.

7) Mode VII. Gate Charge Remaining Period [ts<t<t7]:
Fig. 4(h) shows the equivalent circuit of this mode. At #g, Spot 1S
entirely ON. During this period, C;ss continues to be charged,
leading to a rise in vgs. The independent state variables of
this mode are the same as Mode V. The state equations can
be obtained from (1), (3), and (17)—(19), where —V.. in (19) is
replaced by g - Rason-

This mode ends when v, rises to V. After that, the steady
state of S ON and S}t OFF begins.

B. Transient Model During Turn-OFF Transition

Typical waveforms during the turn-OFF transition are shown
in Fig. 5. Each submode is analyzed in detail below based on
the equivalent circuits in Fig. 6.

1) Mode I. S Turn-OFF Delay Period [To<t<T1]: Fig. 6(a)
shows the equivalent circuit of this mode. At 7g, Vg issetto 0V,
and vy is falling. The independent state variables of this mode

are X = [4iq Udsbor Vgs lg IL ]T. The state equations can
be obtained from (1), (17), and (22)—(24)
di dig
0 =1y +1,R L L) =2 + Lys— 22
Vgs + g Ry + (Lg + )dt+ i (22)
dig di dir,
‘/in = LloopT + Lss?f - (Lpbot + Lssbot) E
+ 1qRdson + Vdsbot (23)
d (’id — iL) diL
V;)ut - (Lpbot + Lssbot) T + Vdsbot — Lﬁ (24)
This mode ends when vy drops to the value
)
Vs = Vesth + d . (25)
9fs

2) Mode II. S Turn-OFF Transition Period [71<t<T5]:
Fig. 6(b) shows the equivalent circuit of this mode.
During this period, vgqs is rising and vgghot is falling.
The independent state variables of this mode are X =
[td Vds Vdsbot Ves g z'L]T.The state equations can be ob-
tained from (1), (21)—(24), and (26), where 74 - Rgson in (23) is
replaced by vgs

d’Uds
dt

This mode ends when vgg drops t0 Vegen OF Vashor drops
to-V,.

Ooss + leh = id- (26)
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(2) Mode VL. (h) Mode VIL

3) Mode IIl. S Turn-OFF Remaining Transition Period
[T21<t<T31]0r [T22<t<T32]:

Case 1 [12.1<t<T3.1]: Vg drops t0 Vggin before vygpor drops
to —V,. At 79 1, the channel of S stops conducting, as shown
in Fig. 6(c). During this period, vgs is rising and v4shot 1S
falling. The independent state variables of this mode are the
same as Mode II. The state equations can be obtained from
(1), (21)—(24), and (26), where 74 - R4son in (23) is replaced
by vgs and iy, in (26) equals zero.

This mode ends when vyt drops to —V,..

Case 2 [12.2<t<T3.2]: Vdsbot drops to -V, before vqs drops to
Vestn- At T2, the equivalent diode of Sy starts to con-
duct, as shown in Fig. 7(d). The independent state variables
of this mode are X = [ig vas Vg g IirL }T. The state
equations can be obtained from (21), (22), (24), (26), and
(27), where v4shot in (24) is replaced by -V,

B dig dig
V;n—LluopE"_Lssﬁ V;"

27)

di
- (Lpbot + Lssbot) 7L

dt +v4s —

This mode ends when vgg drops to Vggin.
4) Mode 1IV. Dead Time Duration Period [T31<t<T4] or
[T3.2<t<74]: Fig. 6(e) shows the equivalent circuit of this

Equivalent circuits during turn-OFF transition of S. (a) Mode I. (b) Mode II. (c) Case 1 of mode III. (d) Case 2 of mode III. () Mode IV. (f) Mode V.

mode. At 731 Or 739, S is entirely OFF and i;, flows through
the equivalent diode of Sy,¢. During this period, Liy;, resonates
with Cogs, leading to a high-frequency damping resistor Rigop.
The independent state variables of this mode are the same as in
case 2 of Mode III. The state equations can be obtained from
(21), (22), (24), (26), and (28), where vqspot in (24) is replaced
by -V, and i}, in (26) equals zero
dig dig
V Lloop dt + Lss dt

‘/r + ideoop-

dir,

- (Lpbot + Lssbot) dt

+ vas — (28)

This mode ends when the drive voltage Vot is applied.

5) Mode V. Sy, Turn-ON Delay Period [T4<t<T5]: Fig. 6(f)
shows the equivalent circuit of this mode. At 74, Vot 1S applied
and vgg1,01 rises. The independent state variables of this mode are
X =[14q Uds Ussbot Igbot %L ]T.The state equations can be
obtained from (4), (7), (10), (29), and (30), where (iq —iz,) -
Rgspoton 10 (10) is replaced by -V,

di gbo d(tqg—1
VGbot = (Lgbot + Lssbol) % + Lssbol%
+ Vgsbot + 7;gbol]%gbol (29)
dig di di
V Lloop dt + Lsabot 5;Ot (Lpbol + Lssbot) 7;
+vgs — Vi + Z'd-Rloop- (30
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Steady-state model of
S off/Spe on

v

Transient model of
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v

Steady-state model of
S on/Sy,; off

Converter
model A

Parameters
adjustment

Fig. 7. Design flowchart of the proposed multitime-scale modeling method.

On account of the reverse conduction of S}t in this mode,
eGaN HEMTs follow the reverse conduction characteristic. This
mode ends when veanot Ti8€s 10 Vaabottn-

6) Mode VI. Sp,; Turn-ON Transition Period [T5<t<Tg]:
Fig. 6(g) shows the equivalent circuit of this mode. During
this period, vqspot 1S rising. The independent state variables
of this mode are X = [ 1d Uds Udsbot Vgsbot igbot i ]T
The state equations can be obtained from (4), (10), (13), and
(29)-(31), where (ig — ir,) - Raspoton in (10) is replaced by vaspot
and -V, in (30) is replaced by vqsbot

dVdspor
dt

dvgsbot
dt

Cossbol — Ugdbot — Ichbot = g — L. 31

This mode ends when vggp0t rises from —V,. to zero.
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7) Mode VII. Gate Charge Remaining Period [T¢<t<T7]:
Fig. 6(h) shows the equivalent circuit of this mode. At 7¢, S is
entirely ON. The independent state variables of this mode are
the same as Mode V. The state equations can be obtained from
@), (7), (10), (29), and (30), where —V.. in (30) is replaced by
(id - ZL) . Rdsbolon~

This mode ends when Vgghot Tises 10 Vgpot. After that, the
steady state of S,,o¢ ON and S OFF begins.

V. COMPLETE MULTITIME-SCALE ANALYTICAL MODEL

Through the above analysis, the switching steady-state model
on ps time scale and the switching transient model on ns time
scale are obtained. To fully describe the typical multitime-
scale operation of synchronous buck converter, two models are
merged in the following order.

Starting from the moment when the drive voltage Vg of S is
removed, the model first proceeds to the transient process of S
turning OFF and St turning ON. At the end of this transient
process, the model switches to the steady state of S OFF and Sy,
ON. After this state, the model switches to the transient process
of Shot turning OFF and S turning ON. At the end of this transient
process, the model switches to the steady state of S ON and Sp,0¢
OFF until the next time when the V¢ is removed. By solving
the state equations for each mode in turn based on the above
sequence, a complete analytical model of the converter within
one switching cycle is obtained.

The solving of the state equations and the switching of modes
depend on the initial values of the state variables and duty cycle,
which can be calculated as follows [23].

. Vin—Vou Vou
Linigial Tou + “2L e ﬁl T
Udsinita 0
Vdsbot Vi
Xiniial = | 200t Vm (32)
UgSinitial G
Zginitial v ‘9 v
? Linitia Tow + sy ﬁ:l T
Vout
D — Yout (33)

Vi

The final values of the state variables in the previous mode are
used as the initial values of the next mode due to the continuity.
Finally, the final values of the state variables in one cycle can be
derived.

However, there are deviations between the waveform pre-
dicted by the model and the actual one in one cycle. The reason
is the difference between the actual initial values of the state
variables as well as the duty cycle and the theoretical values
considering the losses of the converter. Therefore, the parameters
are continuously adjusted in subsequent iterations to minimize
the error with the actual values.

The converter is not yet stable when the error between the
final values and the initial values of the state variables within
one switching cycle is unacceptable. Assigning the final values
in the previous cycle to the initial values in the next cycle, the
basic periodic iteration is achieved. In addition, based on the
steady-state analysis of the buck converter, it is known that the
output capacitor follows the principle of amp-second balance,
which means that the average value of the inductor current iy, aye
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is equal to the load current /,,¢. Similarly, the output inductor
follows the principle of volt-second balance, which means that
the final value of the inductor current i1, 5,,,1 1S equal to the initial
value i7,initial- The initial values of the inductor current and duty
cycle need to be adjusted as follows.

1) The Initial Values of Inductor Current
a) When the average value of the inductor current is

greater than the load current, indicating that the energy
stored in the output capacitor is higher than the energy
released in that cycle, the initial value of the inductor
current for the next iteration is reduced.

b) When the average value of the inductor current is less
than the load current, indicating that the energy stored
in the output capacitor is lower than the energy released
in that cycle, the initial value of the inductor current
for the next iteration is increased.

2) Duty Cycle
a) When the final value of the inductor current is greater

than the initial value, indicating that the energy stored
in the output inductor is higher than the energy released
in that cycle, the duty cycle for the next iteration is
reduced.

b) When the final value of the inductor current is less than
the initial value, indicating that the energy stored in the
output inductor is lower than the energy released in that
cycle, the duty cycle for the next iteration is increased.

The initial values of state variables and duty cycle are iterated
repeatedly until the following two constraints are satisfied.

1) The difference between the average value of the inductor
current and the load current is within the set margin of
error.

2) The difference between the final value of the inductor
current and the initial value is within the set margin of
error.

Eventually, both constraints are satisfied simultaneously to
acquire the stable state waveforms of the converter within one
switching cycle. And the stricter the constraint is, the longer the
iteration time and the closer the result to the actual situation will
be.

The above merging and iterative methods for the multitime-
scale model are summarized in a flowchart, as shown in Fig. 7.
To begin with, the circuit parameters, including input voltage
Vin, output voltage Vo, load current /., output inductor L,
switching frequency fs, drive voltage Vg, reverse conduction
voltage V.., and dead time, are inputs for the calculation of the
initial values and duty cycle as well as the solving of the state
equations. The parameters are adjusted during each iteration
until the constraints are satisfied, and then the final waveforms
are acquired. Moreover, when the difference between i, g, and
iLinitial 1 large, the large adjustment step of duty cycle is given,
and when the difference is small, the small step is given so that
the iteration speed can be effectively improved.

VI. EXPERIMENTAL VALIDATION

In this article, a hardware prototype is built to verify the
proposed multitime-scale analytical model, as shown in Fig. 8.
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Output |
Inductor

Fig. 8. Hardware prototype of the synchronous buck converter.

TABLE I
KEY CIRCUIT PARAMETERS

Parameters Values

Input voltage Vi, 12V

Output voltage Voy 33V

Output current Zoy 1A

Switching frequency f; 1 MHz
Output inductor L 410 nH

Dead time of turn-off transition Zgof 43 ns

Dead time of turn-on transition 4o, 82 ns
ig:2A/div

*200ns/div Lo IA/AIV 200ns/div
(a) (b)

Fig. 9. Key experimental waveforms of the synchronous buck converter.
(a) Input voltage Vin, the output voltage Vout, and the output current /oyy.
(b) Drain—source voltage vqs of S, the drain—source voltage vdsbot Of Shot, and
the drain current i 4.

TABLE II
PARASITIC INDUCTORS OF PCB LAYOUT

Parasitic Inductors Values
Drain inductor of S Ly 1.90 nH
Source inductor of S L 0.61 nH

Gate inductor of S L, 429 nH
Drain inductor of Spo; Lapot 0.61 nH
Source inductor of Spo; Lspot 0.20 nH

Gate inductor of Sy Lgbor 3.52nH

The key circuit parameters are listed in Table I, the power
device used in the experiment is EPC2021, and the driver chip
is LM5113. The key steady-state experimental waveforms are
measured with oscilloscope, as shown in Fig. 9. With Maxwell
Q3D simulation, the parasitic inductors of the PCB layout for the
power loop and drive loop can be extracted, as shown in Table II,
and the waveforms predicted with the model are acquired by
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Fig. 10.  Comparison of the critical waveforms obtained from the experiment

and the proposed model within one switching cycle. (a) Drain—source voltage
vas of S. (b) Drain—source voltage vdsbot Of Shot. (¢) Drain current iy of S.
(d) Power of S. (The red line is the model, and the blue line is the experiment).

TABLE III
PARAMETERS FOR EXPERIMENTAL AND MODEL RESULTS

Parameters Experiment Model Error
Oscillation frequency 459MHz  462MHz  0.7%
Peak value of vgs 18.8V 17.6 V 6.4%
Peak value of vyspor 15.00 V 14.55V 3.0%
Peak value of iy 396 A 388 A 2.0%
Rise time of vy, 17.5ns 17.2 ns 1.7%
Fall time of vy, 38.4ns 38.3 ns 0.3%
Rise time of Vgpor 36.3ns 35.5ns 2.2%
Fall time of Vspot 16.2 ns 15.9 ns 1.9%

solving the state equations in MATLAB software with the ode-45
function based on the Runge—Kutta methods.

The waveforms of vgs, Vasbot, and iy obtained from the
experiment and the proposed model within one switching cycle
are shown in Fig. 10(a)-(c), which reflect the dynamic and
steady-state characteristics of the converter. It can be seen that
the steady-state waveforms of the model and experiment match
very well. And the rising rate of drain current i; predicted
by the model in Fig. 10(c) is consistent with the experimental
result. The oscillation frequencies measured and calculated with
waveforms are 45.9 MHz and 46.2 MHz, respectively, as shown
in Table I1I. And the oscillation amplitudes of voltage and current
are slightly different. The inaccurate parasitic inductor induced
by the coaxial shunt and the junction capacitor of the device
from datasheet affect the frequency and amplitude of oscilla-
tion. Moreover, the initial energy in the resonant inductor and
capacitor cannot be accurately determined, which also impacts
the prediction accuracy of the oscillation amplitude. There is a
slight deviation in the oscillation phase between the model and
experiment, which is mainly caused by the deviation in switching
speed.

The zoomed-in view in Fig. 10(a)—(c) shows the switching
transient waveforms on the ns time scale. With the measurement,
the peak values of the voltage and current in the experiment
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and model waveforms are shown in Table III with acceptable
errors. And the rise time and fall time of vqs and vggpot in the
experimental result and model result are shown in Table III with
acceptable errors. Based on the comparison of the parameters, it
can be concluded that the transient waveforms of the model and
experiment match well. It is worth noting that the parameters
of the power device, such as nonlinear junction capacitors and
transconductance, are derived from the datasheet, which are
tested under specific operating conditions. However, there are
deviations between the parameters in the datasheet and the actual
ones because the state of the circuit and the temperature of the
device are constantly changing in practice. The deviations lead
to errors in the predictions of the model for switching speed,
oscillation frequency, and oscillation amplitude [24], [25], [26].
In future work, the parameters can be corrected by testing
the circuit under different operating states and by considering
temperature as a variable in the converter model.

Fig. 10(d) shows the power waveforms of the main switch S
within one switching cycle obtained from the experiment and the
proposed model, that is, the multiplication of the drain current i
and the drain—source voltage v4s. By integrating the waveform
data, the energy losses of S can be found as Eqy, = 0.0781 puJ
and Eoqe1 = 0.0744 1, respectively. It can be concluded that
the proposed model can predict energy losses accurately.

VII. DEAD TIME OPTIMIZATION BASED ON THE
CONVERTER MODEL

To avoid short circuits, the dead time is set between the drive
signals of the main switch S and the synchronous switch Sy,0¢,
as shown in Fig. 1(b). However, the longer the dead time is, the
higher the reverse conduction loss will be. The waveforms in
Fig. 10(a) and (b) show that the reverse conduction voltage of
the GaN device is around 2 V, which is a large value and leads
to a more significant reverse conduction loss. Therefore, dead
time optimization is essential to enhance the efficiency of the
converter.

The accurate initial values of the state variables in a stable
state can be obtained from the proposed converter model with
repeated iterations, which is beneficial for reliable calculation of
optimal dead time. At f¢, the drive voltage V g1 1S removed. At
13.1 OT 132, Vgsbot Arops t0 Veghotth and vgs drops to =V, which
means Sho¢ 1S completely turned OFF. At ¢4, the drive voltage
Vg is applied. At t5, vgq rises to vgq¢n, which means § starts to
turn ON. If § immediately starts to turn ON when Sy is fully
turned OFF, it is possible to avoid straight-through and additional
reverse conduction losses. The optimal dead time 7,44 o, during
the turn-ON transition can be obtained from (34). Likewise, the
optimal dead time 7,4¢-oft during the turn-OFF transition can be
obtained from (35)

(34)
(35)

todt_on = t3.10r3.2 — to — (t5 — ta)
todt_off = T3.10r3.2 — T0 — (T5 — Ta) .

These times can be obtained by solving the model in MAT-
LAB software. The optimal dead time is derived as (fodt_on»
todt off) = (52.9 ns, 27.1 ns) under the operating condition in
Section VI. The experiment is performed with the dead time
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Fig. 11.  Power waveforms of S within one switching cycle obtained from the
experiments. (a) Before the dead time optimization (f4on, = 82 ns and f4o5 =
43 ns). (b) After the dead time optimization (f4on = 56 ns and ¢4 = 30 ns).

optimized to (fqon, fdor) = (56 ns, 30 ns). Fig. 11 shows the
power waveforms of S within one switching cycle obtained from
the experiments before and after the dead time optimization. By
integrating the waveform data, the switching energy losses of §
can be found as Eqy, = 0.0781 pJ and Eqypy o, = 0.0493 pl. It
can be concluded that the dead time optimization based on the
proposed model can reduce the energy loss of the device effec-
tively. Furthermore, the efficiency of the converter measured is
improved from 83.9% to 86.0%.

VIII. CONCLUSION

In this article, a multitime-scale converter modeling method
is proposed based on the analysis of the switching steady-state
process on ps time scale and the switching transient process on
ns time scale within one switching cycle, taking into account the
effects of parasitic parameters, nonlinear junction capacitors,
and nonlinear transconductance of the power device. At the
methodological level, the switching cycle is divided into multi-
ple modes based on the circuit state, and the numerical model is
given in the form of the state equations of each mode. To obtain
the time-domain steady-state analytical model of the ZVS buck
converter, different time-scale models are merged based on the
iterative idea according to the continuous state variables and the
boundary conditions of each mode. This modeling method is also
applicable to other converters. At the effect level, the switching
waveforms on pus time scale and ns time scale as well as the
switching energy loss derived by solving the state equations in
MATLAB software are in good agreement with the experimental
results, which validates the accuracy of the proposed model.

The multitime-scale analytical model can be applied to the
ZVS buck converter with specific parameters to obtain the
numerical solution for the state variables and the duration
of the states during the switching cycle. Based on the pro-
posed model, dead time optimization is achieved, which ef-
fectively reduces the switching energy loss of the power de-
vice. In the future, the model can be used to optimize the
efficiency of the converter in the circuit parameter design
stage.
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