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ZVS-Interleaved Synchronous Buck DC-DC
Converter With a Coupled Inductor by Varying
Switching Frequency and Deadtime

Deshang Sha

Abstract—This article proposes a fully digital variable switching
frequency and deadtime control method for a synchronous rectifier
buck dc-dc converter with an inverse coupled inductor. It does
not need auxiliary circuits, zero-crossing detection (ZCD), or high-
bandwidth sensors. Even in facing the polyline shape of the current
ininductors due to the coupling effect, zero-voltage switching (ZVS)
can be achieved with the proposed varying switching frequency
control to make the turn OFF current be constant. Based on ZVS
achievement of the power switches, the deadtime is variable to
reduce the conduction loss over body diodes further. The modes
and resonant process are analyzed in detail. A 1-kW experimental
prototype was built to verify the effectiveness of the proposed
control method. The peak efficiency is over 99 % in the experimental
test.

Index Terms—Inverse coupled inductor, variable deadtime,
variable switching frequency, zero-voltage switching (ZVS).

I. INTRODUCTION

N RECENT years, because of galvanic isolation, soft switch-
Iing, and high efficiency, the LLC resonant converter has
been widely used as a dc—dc transformer (DCX) in industrial
applications, such as distributed power systems [1], data centers
[2], and dc electronic loads [3]. However, it is not suitable for
applications with a wide voltage gain range because the gain of
DCX is fixed. The sigma structure has been studied to broaden
the gain range while retaining the advantages of LLC-DCX. It
is a quasi-parallel structure composed of LLC-DCX converters
and dc—dc converters (D2D), such as buck converters [4], [5].
High conversion efficiency and power density can be achieved
by this structure, but it is nonisolated and the soft switching of
the buck converter is not easy to achieve. In [6], the nonisolated
topology in the sigma structure is replaced by a dual active
bridge (DAB) converter to realize soft switching and power
direction control. However, this converter contains 16 active
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switches and two transformers. This causes higher cost and more
conduction losses. Consequently, two-stage converters are also
good choices, in which LLC-DCX is used as the isolated stage
and anonisolated converter is used to regulate the output voltage.
The synchronous rectification buck converter is commonly used
because of its high efficiency and simple structure [7]-[9]. To
increase the power density of the converter, high frequency
has become a trend because it can reduce the size of the filter
capacitor and magnetic components. However, a hard-switching
nonisolated converter suffers from a severe reverse-recovery
problem caused by the body diode of the switching devices.
Increasing the switching frequency leads to higher switching
losses and more serious electromagnetic interference. Since
previous work mainly focused on the optimization of DCX,
the objective of this article is to realize fully soft switching for
the second-stage converter to improve the overall conversion
efficiency.

Various zero-voltage switching (ZVS) techniques have been
developed to solve these problems. One conventional way is
to assist the realization of soft switching by adding auxiliary
circuits, which can be roughly classified as active-clamping con-
verters [10], [11], zero-voltage-transition converters [12]-[14],
and magnetically coupled ZVS converters [15]-[17]. However,
the power density and efficiency are limited by the added passive
components, switches, and magnetic components. In addition,
the reliability of the converter will be reduced because of the
complexity of the power circuit and control strategy.

Increasing inductor current ripple is a commonly used method
to achieve ZVS without using auxiliary circuits. Its mechanism
is to charge and discharge the output capacitors of the switches
by changing the direction of the inductor current before com-
mutation. The switching frequency is usually used as a control
degree of freedom to increase the inductor current ripple. This
method is widely adopted, as in buck—boost converters [18],
[19], cascaded dc—dc converters [20], and three-phase inverters
[21], [22]. Critical conduction mode (CRM) can be realized
with the inductor current zero-crossing detection (ZCD) and a
constant deadtime of half a resonant cycle [23], [24]. A CRM
technique is an effective way to achieve ZVS and limits unneces-
sary inductor current ripple. However, the ZVS range depends
on the voltage conversion gain and the power flow direction.
Since the ZCD circuit is very sensitive to noises, the method
of voltage control loop output determining the turn-ON time
of the main switch has been successfully implemented without
ZCD at all. Thus, the control is robust to noises and the cost
is low [9], but there is no inner current tracking loop. Besides,
nonlinear inductor [25] and variable coupling coefficient [26]
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Fig. 1. Application scenario of the proposed converter.

ZVS technologies are proposed to optimize the performance
of the converter, which increases the cost and complicates the
design of magnetic components.

When ZVS is achieved by the current ripple, the peak value of
the inductor current is at least twice the average value. Therefore,
the interleaved parallel connection is necessary to cancel the
current ripple and this leads to a smaller filter capacitor size
while the capacity of the converter has been expanded [27],
[28]. The power density of interleaved converters can be further
improved by coupled inductors because two separate inductors
are integrated into one core. In addition, the coupled inductor
contributes to the reduction of the volume of the magnetic com-
ponents [29] and the improvement of the conversion efficiency
[30] and dynamic response [31]. Most papers focus on the char-
acteristics of converters with coupled inductors but interleaved
SR buck converters using variable switching frequency control
with coupled inductors can further improve power density and
conversion efficiency.

For interleaved synchronous rectifier (SR) buck with cou-
pled inductors, implementation of soft switching is a challenge
because the inductor current of each phase is affected by the
state of the other phase due to the coupling. Thus, the current
in each inductor is polyline shape instead of the straight line
shape. The major contribution of this article is to propose a
digital variable switching frequency modulation to deal with
this issue. The ZV S range is extended by controlling the constant
turn-OFF current. The deadtime is designed to be variable and to
reduce conduction loss. In addition, the converter becomes more
cost-effective and more reliable because no additional auxiliary
circuits, ZCD circuits, and high-bandwidth sensors are needed.
Furthermore, the proposed modulation is flexible and easy to be
implemented by adding simple digital calculations to traditional
fixed switching frequency control.

In this article, the proposed converter is used to provide aux-
iliary power for image processing, telecommunications, servo
systems, and control systems of battery-driven electric vehicles.
The system structure is shown in Fig. 1. The two-stage structure
converter needs to adapt to the wide input voltage (350-650 V)
caused by the load change of the high-voltage power battery.
The current ripple percentage among different output powers
at different input voltages obtained by simulation is shown in
Fig. 2. The more the duty cycle deviates from 0.5, the larger
the current ripple. Considering that the small current ripple will
reduce the size of the filter capacitor, the LLC-DCX is used to
step down the battery voltage to 35-65 V.

The rest of this article is organized as follows. The operation
principle and operating modes of the proposed topology are
explained in Section II. In Section III, the ZVS resonant process,
variable switching frequency modulation, and the closed-loop
control strategy are given. The experimental verification is
provided in Section IV. Section V discusses and compares
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Fig. 3. Interleaved synchronous buck converter with coupled inductor.

different ZVS methods. Finally, Section VI concludes this
article.

II. CONVERTER TOPOLOGY AND MODE ANALYSIS

A. Interleaved Synchronous Buck Converter With a
Coupled Inductor

The topology of the interleaved synchronous buck converter
with a coupled inductor is shown in Fig. 3. L; and Ly are
the self-inductances of the two inductors and M is the mutual
inductance. Two windings with the same turns and wires in the
coupled inductor are wound on an EI core so L1 = Ly = L. The
coupling coefficient is defined as o = M/L, where « is positive
for direct coupling and negative for inverse coupling. Compared
with a directly coupled inductor, an inversely coupled inductor
has a smaller steady-state current ripple and lower magnetic flux
ripple, so an inversely coupled inductor is adopted. vz, and vy
are the voltages applied to the two windings. iz,; and iz, are the
two inductor currents. Their relationship is given by

di di
oo,
via(t) = LG + MG,

Combining the two equations in (1) yields the following:
dira(t
o1a(t) — avpa(t) = (1 — o220 @)

dt

where Ci, and C, are the high-frequency filter capacitors on the
input side and output side, respectively. Small size C, is required
because the output current ripple is significantly reduced by the
interleaving of phase A and phase B. D, is the body diode of
Sz(x =1,2,3,4), and C,gs,, is the output capacitance of S,.
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Fig. 4. Typical waveforms considering the resonant process and gate signals
of the switches. (a) Mode 1. (b) Mode 2. (c) Mode 3.

B. Mode Analysis

As shown in Fig. 4, three operating modes can be distin-
guished because of the unequal deadtime. D, is the duty cycle of
S and S3, and Dy is the duty cycle of Sy and S4. The deadtime
values are normalized by the switching period Ts. Dgeaq1 and
Dgeaqo are defined according to deadtime fgqeaq1 and fgead2,
respectively. S and Sy are 180° phase shifted with S5 and Sy,
respectively. There is a phase shift ¢ between the centers of
gating signals So and Ss, i.e., ¢ = (Dgead2—Ddead1)/2- loFF1
and Iopp2 correspond to the inductor current at the turn-OFF
instant of S; and S, respectively. The boundaries of each mode
are specified in Table I. It should be noted out that mode 3 is a
transitional mode between mode 1 and mode 2.
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TABLE I
MODE BOUNDARY CONDITIONS

Mode Boundary conditions
1 D <D, -2¢p
2 D, > D, +2¢p
3 D, —2p< D, <D, +2¢p
Cossl Ly + Vi1 - iLl
9
Vin

Fig. 5. Equivalent circuit during 7g—t9 in mode 1.
Vi
Fig. 6. Equivalent circuit during #4—t5 in mode 2.

III. CONTROL STRATEGY

A. ZVS Resonant Process Analysis

During time interval 7g—t9 in mode 1, the equivalent circuit
is shown in Fig. 5. The voltage across the two inductors can be
expressed as follows:

F ”

Substituting (3) into (2), one can obtain the resonant process
and this can be written as

dvgst (T dvgsa(t .
C’ossl$() - COSSQddif() = ZLl(t)

vasa(t) — (1 — )V, = (1 — o?)L4zrlt) (4)
Vas2(t) = Vin — vas1 (t)
where Cossl = CossQ = Coss~ By SOlVing the above differential

equations, the expressions of vgs1(f) and iy (f) are derived as
follows:

Vas1(t) = Vin — Vo(1 — )
+ V(1 — @) cos(wyt) + Iopre Z, sin(w,t) 5)
ir1(t) = Vo(1 — a) sin(w,t)/ Z, — Iopra cos(wyt)
_ 1 o Lega . _
where w, = 7\/m and Z, = T The equivalent res

onant inductance is defined as Leqs = L(1—a?) [24].

Fig. 6 shows the equivalent circuit within #,—f5 in mode 2.
In the same way, the expressions of v4s1(f) and iz 1() can be
expressed by

During the resonant period, if v451(f) becomes negative, the
drain—source voltage over S; will be clamped by the body diode,
and then ZVS can be realized. According to (5) and (6), if
Vol Vin>1/[2(1—a)] in mode 1 or V,/Vi,>1—1/[2(1—a)] in
mode 2, ZVS can be guaranteed even if the turn-OFF current
equals zero. The deadtime should be appropriately designed to
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TABLE II
SYSTEM PARAMETERS

Symbol Description Value
v, Output voltage 24V
Vin Input voltage 35V-65V
L Self-inductance 5.9uH
o Coupling coefficient -0.21
C, Output filter capacitor 265uF
Ci Input filter capacitor 120uF
Sy, S5, S5, Ss Switches IPTO15N10N5
Sewr Control frequency 100kHz
Proe Rated power 1kwW
0
-0.5
-1
1.5
o/fz(A) ¥
-'(
=35
-4t i
IS 600
To62 400 500
Vm(V) P T 300 4 teadz(ns)
Vin — 2x(1—-a)

Fig. 7. Turn-OFF current versus the deadtime and input voltage in mode 1.
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Fig. 8. Turn-OFF current versus the deadtime and input voltage in mode 2.

reduce the additional conduction loss caused by body diodes. In
other cases, a negative turn-OFF current is needed to assist the
realization of soft switching.

B. Variable Deadtime and Switching Frequency Modulation

The system parameters are shown in Table II. If
Vo/Vin<1/[2(1—)] is in mode 1, setting v4,1(f) = 0 and one
can obtain the turn-OFF current versus the deadtime and the
input voltage curve and the three-dimension curve is shown
in Fig. 7. Fig. 8 is the case of V,/Vi,<1—1/[2(1—a)] in
mode 2. The relationship between the turn-OFF current and
the deadtime under different input voltages is shown in Figs. 9
and 10, and the minimum turn-OFF current is marked. As
shown in the figures, when V,/Vi, = 1/[2(1—a)] or V,/Viy
= 1-1/[2(1—«)], ZVS can be realized after the end of the
half resonant period with /opre = 0. The minimum required
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turn-OFF current is increased as the input voltage increases.
When the turn-OFF current is the same, the required deadtime
will become longer as the input voltage increases. It is difficult to
control the turn-OFF current and the deadtime at the same time
according to the trajectory of the minimum turn-OFF current.
Because the turn-OFF current can be controlled by the switching
frequency, an implementation-friendly method is to design a
constant turn-OFF current while varying the deadtime according
to the input voltage.

According to (5) and (6), the relationship between v 451 (f) and
ir1(¢) in the resonant process can be written.

In mode 1
[oast(6) = Vio + VoL = @)+ [Zeina @ ;)
— [Vo(1 = )? + (TIorr2Z,)™.
In mode 2
[Pasi(t) = Vin + Vo + a(Vin = Vo)I* + [Zrina (O] g,

= [V + a(Vin — V)2 + (TorraZ,)*.

The resonant process from 5 to 75 in mode 3 is a combination
of the resonant processes of mode 1 and mode 2. The state-plane
plot is presented in Fig. 11. As seen, the deadtime required
by mode 1 or mode 2 is 6/w,, and the deadtime needed by
mode 3 is (014602 )/w,+14eaq1- It should be noted that the output
capacitance of the MOSFET is nonlinear (Coss = f(iV4s)). The
value of the output capacitance will increase with the decrease

Udsl(t) - Vo - a(‘/zn
gVo (

’LLl(t

— Vy)] cos(w,t) + Iorpre Z, sin(w,t)
[V, + a(Vin — Vo)l sin(wyt)/ Z, — Iopra cos(wyt)

—V,)
(6)
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of V45, which will make the resonant period longer, so the margin
should be considered in the deadtime.

From the previous analysis, the choice of deadtime is based
on the input voltage, so the margin should also be designed
according to the input voltage. To simplify the calculation, the
deadtime is designed as

0+ 00
tdead2 =
Wy
B - arccos %} ,0< Dy < Dy —2¢p (a)

C))

where §0 is the margin. The detailed derivation of the deadtime
is given in the Appendix. Due to the frequency modulation, the
calculation of the deadtime in mode 3 is the same as that in mode
2, which will be explained in the following.

When S5 is turned ON, i 1,1 (¢) is approximately equal to Iopp1 -
Therefore, the relationship between Iorpr; and Iorpa can be
written as

(10)

where I1, is the average inductor current, and the inductor current
at the center point of Sy is close to the average value of the
inductor current. The expression of inductor current at mode 1
is given as follows:

i (t) = iri(ta) + ﬁ; 7_%_%%“_%)6& ty <t <tg
() =1 . _
iri(te) + [, =5r2Vedt, to <t <ty

Iorr1 + lorp2 = 21,

an

where iz 1(t4) =~ I, and Iorre = i1,1(fg) can be computed as
Vo +a(Vip — V)

L eq4

Iorre = I, — (te —ta)
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Fig. 12.  Closed-loop control block diagram.
V, —aV,
————(ts — tg) (12)
Leq4

where 16—ty = (D1 +2(p)TG/2, and fg—tg = (DQ—D1—2¢)TS/2.
The switching frequency f; can be given by

aVin (D1 +2¢) + (1 — ) V,Ds
Leqs(Io — 2I0rr2)

where I, is the output average current given by I, = 217.

The analysis of mode 2 is similar to the analysis of mode 1. It
can be seen from Fig. 4 that the frequency calculation of mode 3
is the same as that of mode 2. The switching frequency is given
by

fs:

13)

[Vo + a(vvin - Vo)] D2
Lega(Io — 2Iowr2)

fs = (14)

C. Implementation of Closed-Loop Control Algorithm

For the conventional constant switching frequency interleaved
SR buck converter, the output voltage and output average in-
ductor current are sampled to achieve closed-loop control. The
dc bus voltage needs to be sampled in a two-stage conversion
for protection purposes. According to the frequency calculation
equation, variable frequency (VF) control can be realized with-
out additional sensors. The modulation wave generation method
and closed-loop control are the same as constant switching
frequency control, except that the deadtime and switching fre-
quency need to be updated in real time. The closed-loop control
block diagram is shown in Fig. 12.

The principle of variable deadtime and switching frequency
modulation unit can be easily realized in a digital controller, and
the algorithm of this unit is shown in Fig. 13.

IV. EXPERIMENTAL RESULTS

A. Prototype

Fig. 14 shows the photograph of the experimental proto-
type. The system parameters are listed in Table II. MOSFET
IPTO15N10NS (100 V, 1.5 m£2) is used as the switching device
in the experimental prototype, which consists of two MOSFETS
in parallel to reduce conduction loss. The digital controller is
TMS320F28335DSP. The maximum switching frequency value
is set at 230 kHz to reduce the switching loss when the transmit-
ted power is lower than 10%. The minimum switching frequency
is designed at 24 kHz to avoid saturation of the magnetic
core. The control and sampling frequencies are both constant at
100 kHz. Considering the thermal design of surface mount
devices, a single-layer metal-core printed circuit board (PCB)
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System Parameters:
Legs 01y Zyy

Sample: V;,, V,, I,

Current loop output: Duty

D, =Duty=Dyeaaz
D, =1-Duty =Dycsar
9 = Dacsaz= Dacaar)/2

Constant I,y
Variable facaz
N Y

Calculate f;: (14) Calculate f£: (13)
Calculate 400 (95) Calculate #4c,02: (94)

‘ﬁ—'

Dycaaz = taenaz fo
Dycaar = taeaar  fo

Fig. 13.  Algorithm of variable deadtime and switching frequency modulation
unit.
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- . 1 .ﬁ
i Power board
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Fig. 14.  Schematic diagram of the experimental prototype.
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is adopted instead of a conventional PCB. Heat can be quickly
transferred to the heat sink because it has only a thin inner
insulating layer. The drive circuit is designed on top of the power
circuit through the connectors.

B. Operating Waveforms and ZVS Conditions

Fig. 15 illustrates the steady-state operating waveforms of
three different modes, which agree well with the theoretical
analysis of the modes. The transition mode 3 is shown in
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Fig. 15(c), the resonant process is zoomed in to display, and
ZVS is realized.

The ZVS conditions of S; at 20% load and full load are shown
in Figs. 16 and 17, respectively. The turn-OFF current is set to
—2 A to ensure that the soft switching is fully realized in view of
the nonlinearity of the junction capacitance, parasitic resistance
in the resonant tank, and sampling errors. It can be seen that
the turn-OFF current is controlled at nearly —2 A, and ZVS is
realized because the drain—source voltage over S; is decreased
to zero before the gate drive voltage is higher than the threshold
voltage.

As shownin Fig. 18, the switching frequency at different loads
and input voltages is measured experimentally. It can be seen
that the switching frequency increases as the load is reduced,
and the lowest switching frequency (24.8 kHz) appears at the
lowest input voltage at full load.

C. Conversion Efficiency and Loss Breakdown

The conversion efficiency measured in the experiment is
shown in Fig. 19. P, is the output power. As shown in the figure,
high efficiency can be achieved with the proposed frequency
modulation. The measured efficiency remains above 96.5% from
10% load to full load. The peak efficiency exceeds 99% at around
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60% load when the input voltage is 35 V. It must be pointed
out that the loss of auxiliary power supply is not included in
the efficiency calculation. For a fair comparison, the efficiency
of the same topology with constant frequency (CF) control at
the identical experimental prototype is also shown in Fig. 19.
The switching frequency f; is set to 24.8 kHz and the deadtime
tdead2 18 set to 450 ns so that all switches can achieve ZVS
with CF control at different loads. Compared with CF control,
the efficiency of VF control improved significantly as the load
is reduced. Because the current ripple of VF control is smaller
than that of CF control, this will reduce conduction loss and core
loss. The efficiency curves at 55 and 65 V input voltages are not
drawn because the core is saturated due to the large current
ripple. Therefore, a larger core is needed with CF control. From
this aspect, the volume of the magnetic element can be reduced
with VF control.

Fig. 20 gives the major power loss analysis at different loads
and input voltage levels. Loss breakdown includes conduction
and switching losses of MOSFETs, core, and copper losses of the
coupled inductor. Due to the stray loss caused by the resistance of
the wires and connectors, the predicted loss is a little lower than
the measured loss. As shown in the figure, the core and copper
loss of the coupled inductor account for a large proportion.
Therefore, efficiency can be further improved by optimizing the
coupled inductor. The turn-ON loss of the switching devices is
eliminated because ZVS is achieved, the turn-OFF loss increases
as the input voltage increases. The core loss is higher under high
input voltage because of the higher switching frequency. As a
result, efficiency is higher at low input voltage.

D. Dynamic Response

When 90% of the load power changes at 35-V input, the
dynamic response of the proposed converter is shown in Fig. 21.
It can be seen that the dynamic response of VF control is fast and
the overshoot or undershoot of the output voltage is relatively
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small. ZVS will be temporarily lost during the transition due to
the delay caused by the low-pass filter in the voltage and current
sampling.

It is worth mentioning that the proposed control strategy has
the capability of current limiting, and the experimental result is
shown in Fig. 22(a). The output current limit value is set at 45 A.
When the load resistance is changed from 1.152 to 0.36 €2 by the
electronic load, the output current is quickly limited to 45 A for
protection, and the output voltage drops from 24 to 16.2 V. As
shown in Fig. 22(b), ZVS can still be achieved in this condition.
In the case of current limiting, the switching frequency versus
output voltage at different input voltages is shown in Fig. 23. The
switching frequency required to achieve soft switching decreases
as the output voltage decreases, and ZVS will be lost when the
switching frequency exceeds the lower limit. It should be pointed
out that the current limit is a fault state, which will not operate
for a long time in the application.
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TABLE III
COMPARISON OF DIFFERENT ZVS METHODS
ZVS CRM [24] Variable This paper
method in coupled
[9] inductor [26]
additional None ZCD ZCD + None
elements Control
winding
Soft Full input Partial ZVS Wide input Full input
switching voltage and ZCS voltage range  voltage range
range range
Control Easy Moderate Difficult Easy
complexity
Current Unknow Unknow Unknow Yes
limiting
capability
Maximum 200W 1.2kW 60W 1kw
power
Peak 96% (Two- 98.5% 96% 99%
efficiency stage)

V. COMPARISON AND DISCUSSION OF ZVS METHODS

A comparison of the different ZVS methods proposed for an
interleaved dc—dc converter with a coupled inductor is shown
in Table III. The comparison is made in terms of additional
elements, soft-switching range, control complexity, current lim-
iting capability, and peak efficiency. Extra elements or ZCD are
required in [24] and [26], which will increase the complexity and
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cost. The soft-switching range of CRM is limited by the voltage
conversion gain, and the ZVS range of the variable coupling
coefficient method is restricted by the limitations of the magnetic
structure in terms of the maximum and minimum coupling
coefficients. In addition, a lookup table is needed to control the dc
bias current when implementing variable coupling coefficients.
In [9], the turn-ON time of the main switch is obtained by the
voltage regulator, the turn-ON time of the SR switch is calcu-
lated in real time, and the deadtime is fixed (half the resonant
period), which is easily realized by a digital controller. It can be
seen that the proposed variable switching frequency modulation
has the current limiting capability and is verified by experi-
ments, which is important for the protection of the converter in
practice.

VI. CONCLUSION

In this article, a fully digital variable switching frequency and
deadtime control method is proposed for the SR buck dc—dc
converter with an inverse coupled inductor. It does not require
any auxiliary circuits, ZCD, or high-bandwidth sensors. Three
modes are distinguished, and the resonant process in different
modes is analyzed in detail. According to the analysis, only
by adding simple frequency and deadtime calculations, variable
switching frequency and deadtime closed-loop control can be
realized based on conventional CF control. ZVS can be achieved
for all power switches within a wide load range despite input
voltages. Even in facing the polyline shape of the current in
inductors due to the coupling effect, constant turn-OFF current is
realized to ensure that ZVS can be achieved in the entire input
voltage range, and the deadtime is variable as well according to
the input voltages to reduce the conduction loss in body diodes
based on ZVS achievement. A 1-kW experimental prototype was
established to verify the performance of the proposed control
method. The experimental results show that the high conversion
efficiency can be maintained over a wide load range. The peak
efficiency is over 99%. Compared with the CF control method,
the conversion efficiency is significantly improved at light loads.
Besides, fast dynamic performance and current limiting capa-
bility can be realized with the proposed method.

APPENDIX

When 0 < D1 < Dy—2-¢p, setting Iorre = 0, and vg51 = 0 in
(5), the equation can be rewritten as

0="Vin —Vo(1 —a)+ V(1 — @) cos(wrtdead2)- (15)

According to (15), tgeade can be calculated as

tdcad2
1 Vol —a) = Vin
= w—rarccos {(Vo(la—)a)] ,0< Dy <Dy —20p.

(16)

When Dy —2-p < Dy < 1, setting Ioppe = 0, and vgs; = 0 in
(6), the equation can be rewritten as

O:VYin_Vo_a(V:i
+[‘/o+a(‘/in_

~ Vo)

Vo)} Cos(wrt(iead2)~ (17
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According to (17), fgeaq2 can be expressed as

tdead2
1 (a—1) (Vin = V)
= — Dy — 2 D 1.
wrarccos Vot alVe—V,) | 2 <<
(18)
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