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Automatic Digital Optimization Design of
Synchronous Rectification Buck Converter

Shufan Dong ', Quanming Luo

Pengju Sun

Abstract—The loss and volume of the synchronous buck con-
verter are influenced by various circuit parameters such as switch-
ing frequency, inductor, and dead time. However, their impact
on the loss and volume has not been comprehensively analyzed
and evaluated. To investigate and assess the loss and volume of
synchronous buck converter over a wide load range, an automatic
digital optimization design method is proposed in this article. First,
the process established a complete circuit analytical model based on
various operating conditions. Then, with the developed analytical
model, the methodology is developed to comprehensively evaluate
the loss and volume of the converter and investigate the impacts
of the above-mentioned factors. Experimental results demonstrate
that the proposed method can accurately predict the effects of
switching frequency and inductor on the converter’s efficiency and
power density. Moreover, the method is effective in optimizing
dead time. The proposed analysis and method provide guidance
and a foundation for the parameter optimization and design of the
synchronous buck converter.

Index Terms—Dead time optimization, parameter design,
synchronous buck converter.

1. INTRODUCTION

HE synchronous buck converter, characterized by its high
T efficiency, high power density, and superior dynamic re-
sponse [1], [2], [3], is extensively utilized in low-voltage and
high-current applications such as data center power supply,
rapid battery charging, and point of load converters [4], [5], [6],
[7]. Although the structure of the synchronous buck converter
is relatively simple, it is necessary to carefully design circuit
parameters such as switching frequency, inductor, and dead time
under different operating conditions to achieve high efficiency
and power density. Moreover, to attain more compact and effi-
cient converters, GaN devices characterized by fast switching
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speeds and low ON-resistances emerge as optimal selections for
power applications.

Accurate time-domain models can predict circuit loss and
provide a basis for optimizing and designing parameters. Most
of the articles regard the power switch as an ideal switch, ignor-
ing the switching transient process, establishing a steady-state
model when the power switch is in ON-state or OFF-state [8],
[9]. The model relying on an ideal switch simplifies analysis but
results in imprecise loss calculation. Therefore, it is essential
to establish a more refined model capable of describing the
transient process of the power switch. In [10] and [11], an
analytical model of low-voltage eGaN HEMTSs when the power
switch is in the process of turning ON or turning OFF is proposed,
taking into account the parasitic inductor of printed circuit board
(PCB) traces, nonlinear capacitors of switches, and nonlinear
transconductance. However, since this model neglects inductor
current ripple, it is only applicable when the converter operates
in continuous conduction mode (CCM). In [12], a switching
transient model under triangular current mode (TCM) is pro-
posed, but only the transient processes after the main switch is
turned OFF, which lacks completeness. In [13], a multitime-scale
analytical model for zero-voltage switching (ZVS) synchronous
buck converter is proposed, which merges the switching steady-
state model and transient model based on the continuity of state
variables. However, this model is only suitable for ZVS. This
article proposes a comprehensive converter analytical model
that is applicable to all operating conditions of the synchronous
buck converter. A comparison between the proposed model and
existing models is shown in Table 1.

For the parameter design of synchronous buck converter, most
research focuses on improving the converter’s efficiency. The
work in [14] and [15] investigated the impact of switching fre-
quency and inductor on circuit loss of the CCM buck converter.
In [16] and [17], the switching frequency has been optimized to
improve the efficiency of the converter. In [18], the dead time has
been optimized through an analysis of capacitor charging and
discharging in the equivalent circuit. The range of inductance
is calculated based on ripple constraints, which is a method
commonly adopted in many studies. However, little attention
has been given to the influence of inductance within ripple limits
on the performance of the converter. The switching frequency
has a significant impact on the converter, but it has not received
more attention during the design phase. In addition to research
focusing on dead time optimization, other research on parameter
design does not pay special attention to dead time. Therefore,
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TABLE I
COMPARISONS OF THE EXISTING MODELS

Accuracy

Models Available topology Scale
Mode[191]n [8] and CCM buck Switching steady-state
MOde[lll?] [10] and CCM buck Switching transient
Model in [12] TCM buck Sw1t9h1ng steady—}state and
switching transient
Model in [13] TCM buck Sw1tgh1ng steady-'state and
switching transient
The proposed CCM buck/TCM Switching steady-state and
model buck switching transient

Low accuracy
High accuracy but only for CCM
High accuracy but incompleteness

High accuracy but only for ZVS

High accuracy and suitability for all operating conditions, with the ca-
pability for automatic operating condition recognition

for the efficiency optimization of synchronous buck convert-
ers, there is currently a lack of optimization and design that
comprehensively considers switching frequency, inductor, and
dead time. There are few studies on parameter design to improve
the power density of converters. They mainly focus on using
magnetic integration and planar inductor technology to reduce
the inductor volume to achieve the purpose of increasing power
density [19], [20]. In addition, some studies have optimized
the volume of passive devices based on passive device energy
storage [21], [22]. However, these articles did not consider the
converter loss, so the power density cannot be evaluated.

Accordingly, this article proposes an automatic parameter op-
timization design method based on a complete circuit analytical
model for the eGaN HEMT synchronous buck converter. The
proposed method simultaneously considers the efficiency and
power density of the converter, achieving automatic design of
switching frequency and inductance, and automatic optimization
of dead time. The main contributions of this article are reflected
in the following three aspects.

1) Complete Circuit Analytical Model: An incomplete-zero
voltage switching (inc-ZVS) transient model has been proposed,
which has not been found in previous work based on hard switch-
ing (HS) and ZVS. Simultaneously, a complete circuit analytical
model has been developed, including the switching steady-state
model and various switching transient models, encompassing
HS ZVS and inc-ZVS. This differs from previous methods that
only included a single switching transient model.

2) Automatic Optimization of Dead Time: The proposed
circuit analytical model accurately predicts switch transient
waveforms, enabling precise anticipation of the optimal dead
time under various operating conditions. It facilitates automatic
dead time optimization under different working conditions when
coupled with the current detect circuit.

3) Automatic Design of Parameters: Based on the proposed
circuit analytical model, this article has developed a digital
model for the loss and volume of the converter. The devel-
oped model can automatically output the impact of switching
frequency and inductance on converter efficiency and power
density according to input parameters and constraints, thereby
achieving automated parameter design.

The rest of this article is organized as follows. Section II
outlines the distinctions among HS, ZVS, and inc-ZVS, along
with the modeling method of the complete circuit analytical
model. Section III presents the dead time optimization method
for the eGaN HEMT synchronous buck converter. Section IV

s L
14 -
Voot [PWM ||_: c= §R
Spot
(a)
Vdecd_,-

+ 5
Vdsbot

Cdsbol

W

ssbot

Lgpor

(b)

Fig. 1. (a) Single-phase synchronous buck converter. (b) Equivalent circuit of
the synchronous buck converter.

demonstrates the evaluation methods for converter loss and
volume and the rationale and outcomes of parameter automatic
design. Section V validates the accuracy of the analytical model
and the effectiveness of parameter optimization through exper-
imental verification. Finally, Section VI concludes the article.

II. COMPLETE ANALYTICAL MODEL OF SYNCHRONOUS BUCK
CONVERTER UNDER WIDE LOAD RANGE

Fig. 1(a) illustrates the topology of the single-phase syn-
chronous buck converter. The main switch § and the synchronous
switch Sy,0¢ from a half-bridge structure. It is noteworthy that,
although eGaN HEMTs have no P-N junctions, they can still
conduct reversely when there is no gate-source voltage, similar
to the body diode of MOSFETs. Therefore, we employ a body
diode without a reverse recovery process to describe this char-
acteristic for eGaN HEMTs.

Fig. 1(b) depicts the equivalent circuit of the synchronous
buck converter with parasitic inductors and nonlinear capacitors.
The output voltage can be considered akin to a constant voltage
source, given the typically minimal magnitude of output voltage
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Fig. 2. (a) Ideal waveforms when S achieves HS. (b) ZVS. (c) inc-ZVS.
TABLE II

ripple. The power loop inductor includes the drain-source induc-
tors Ly and L4y, source inductors Lg and Lo, and common
source inductors Lgg and Lggpot.

The common source inductors and gate inductors L, and L g1,4¢
constitute the drive loop inductors. It is important to note that
when applying Kelvin connections for the devices, common
source inductors are equal to zero, and the parasitic inductor of
the Kelvin source is included in the gate inductor. These parasitic
inductors can be obtained through Maxwell Q3D simulation.
The drain-source capacitor Cg,, gate-drain capacitor Cgq, and
gate-source capacitor Cg are nonlinear junction capacitors of
the power transistor. The values of these nonlinear junction
capacitors are estimated through curve fitting based on the power
device’s datasheet.

The analytical model of the converter comprises both the
switching steady-state model and the switching transient model.
The steady-state model is established when the power switch is
in the ON-state or OFF-state. The steady-state model remains the
same under different loads, as it possesses identical equivalent
circuits and state variable equations. The switching-transient
model can be divided into two parts: one is the turn-ON transient,
specifically describing the process when S turns ON and Syt
turns OFF. The other is the turn-OFF transient, elucidating the
process when S turns OFF and S}, turns ON. The green and
orange region in Fig. 2 displays the simplified waveforms of the
switching transient process. Here, Aiy, represents the inductor
current ripple, and V,. dnotes the reverse conduction voltage
of the switch. Comparing the turn-OFF transient waveforms in
Fig. 2, we can observe that during the dead time of the turn-OFF
transient, the body diode of Sy, conducts freewheeling, imple-
menting ZVS when Syt turns ON. Therefore, under different
loads, the turn-OFF transient model, which comprises a series
of equivalent circuits and state variable equations, remains the
same. The turn-OFF transient model is described in detail in [13]
and will not be repeated here.

However, by observing the waveforms of the turn-ON transient
in Fig. 2, noticeable differences can be found with varying
loads. When the output current I, exceeds Aiy, the inductor
current flows continuously in the forward direction throughout
a switching cycle and the output capacitor of S is charged before
S turns ON, the drain-source voltage v4s of S is approximately
Vin+V, when S turns ON, S achieving HS. When I, is less
than Aiy, there is a situation where the inductor current flows

SUBMODES OF TURN-ON TRANSITION WITH INCOMPLETE ZVS

Submode Termination conditions
Shot turn-off delay period (fo—t) Vosbor=V gsboitnt(ia-i1)/gs
Shot turn-off transition period (¢,—,) Vesbot=V asbotth
Shot turn-off remaining transition period (f,—t3) =t4on
S turn-on delay period (t3—ts) Ves=Vasth
S turn-on transition period (z4—ts) vas=0
Gate charge remaining period (#s—fc) Ve=Va

—ig

Fig. 3. Typical waveforms during the turn-ON transition of S with inc-ZVS.

reversely and discharges the output capacitor of S. If v4s can
drop to —V,- when S turns ON, then S achieves ZVS. Otherwise,
S cannot achieve ZVS, vy is less than Vi, +V, but greater
than —V,. when S turns ON. The authors refer to this scenario
as inc-ZVS. When the load undergoes continuous variations,
inc-ZVS is inevitable, yet it has not been considered in existing
efforts. To address this gap, this article proposed the turn-ON
transient model for S with inc-ZVS by dividing circuits and
solving state variable equations. The detailed submodes and
termination conditions are outlined in Table II, where Vg1,
and Vgghottn represent the forward threshold voltage, Vi is the
drive voltage, fqo, 1s the dead time before S turns on, gg is
the slope of the forward transfer characteristic curve, obtained
through curve fitting based on the datasheet. Typical waveforms
during the turn-ON transition when S achieves inc-ZVS are
shown in Fig. 3. Fig. 4 illustrates the equivalent circuits for the
turn-ON transient process when S achieves inc-ZVS, which are
described as follows.

Before 15, Spot 1S in ON-state and S is in OFF-state. The
direction of the inductor current is opposite to the reference
current direction illustrated in Fig. 4.

1) Svor Turn-Off Delay Period (tp—t1): Fig. 4(a) shows the
equivalent circuit of this submode. At #(, the driving voltage
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Fig. 4.

Equivalent circuits during turn-ON transition of S with inc-ZVS.

Vibot 18 set to 0 V. Cigshot 1S discharged by the gate current
ighot, leading to a decrease in gate-source voltage Vggpot -

2) Spot Turn-oFF Transition Period (t1—t2): Fig. 4(b) shows
the equivalent circuit of this submodel. At ¢y, the channel current
ichbot begins to be controlled by Vgghot, and S is treated as
a voltage-controlled current source (VCCS), adhering to the
forward transfer characteristic curve. During this period, the
difference between i;—i;, and ichpot charges Cosshot, leading
to an increase in vqygpot. Simultaneously, the reverse flow of iy
discharges Cygs, resulting in a decrease in vgs.

3) Svot Turn-OFF Remaining Transition Period (ta-t3):
Fig. 4(c) shows the equivalent circuit of this submode. At 75, the
channel of Syt ceases to conduct, indicating completely turned
OFF. At the beginning of this submode, the inductor current
flows in the reverse direction, and its absolute value continues to
decrease. Consequently, i ; discharges C,ss, leading to a decrease
in v 4,. If at the moment when the absolute value of i;, decreases
to 0, the dead time has not yet ended (or the drive signal of S has
not been loaded), i;, changes to forward flow and its absolute
value continues to increase. Correspondingly, i; charges Cogs,
increasing v gs.

4) S Turn-oN Delay Period (ts—t4): Fig. 4(d) shows the equiv-
alent circuit of this submode. At #3, Vot is applied and vggpot
rises.

5) S Turn-oN Transition Period (t4—t5): Fig. 4(e) shows the
equivalent circuit of this submode. At 14, iy, begins to rapidly
increase under the control of vy, following the forward transfer
characteristic curve. During this period, S is treated as VCCS.
The difference in current between iy and i., discharges Cogs,
leading to a decrease in vgs.

6) Gate Charge Remaining Period (t5—t¢): Fig. 4(f) shows the
equivalent circuit of this submode. At 75 S is entirely ON. The
driving loop of S completes the remaining charging process.

The equivalent circuits and state equations for the turn-ON
transient of S achieving HS and ZVS are extensively described
in [11] and [13]. They are not reiterated in this article.

From the previous analysis, it can be seen that under different
operating conditions, the steady-state model and the turn-OFF
transient model remain the same, while the turn-ON transient
model varies in three different ways. Although we have derived
the turn-ON transient models for all scenarios, to develop a com-
prehensive converter model, it is necessary to establish a unified
turn-ON transient model that integrates the ZVS, inc-ZVS, and
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Fig.5. Uniform model of turn-ON transient.

HS. As depicted in Fig. 5. At the end of the Sy, turn-OFF delay
period, marked as #; in Fig. 3, if the current of the inductor is
greater than zero, S achieves HS, otherwise, S is either ZVS or
inc-ZVS. At the end of the S},,¢ turn-OFF remaining transition
period, denoted as t3 in Fig. 3, if the source-drain voltage vqs
of § drops to the reverse conduction voltage —V,., indicating
conduction of the S body diode, S achieves ZVS, otherwise, it is
inc-ZVS. This differs from previous efforts based on a singular
operating condition. For instance, the work in [11] is based on §
with HS, while the work in [13] emphasizes S achieving ZVS.
To validate the accuracy of the proposed converter analytical
model, experiments were conducted under the circuit parameters
listed in Table III. Fig. 6 displays the comparison between the
predicted and experimental waveforms under different loads.
It can be observed that the predicted waveforms from the
established analytical model closely match the experimental
waveforms under various loads. The rising/falling rates of the
predicted drain-source voltage vqs and the rising rate of the drain
current i  are consistent with the experimental results. The article
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TABLE III
KEY CIRCUIT PARAMETERS
Parameters Values
Input voltage Vi, 12V
Output voltage Vou 33V
Output current oy 1A/5A/10A
Switching frequency f; 1 MHz
Output inductor L 180 nH
Turn-on dead time #4on 80 ns
Turn-off dead time 740 40 ns
2 —m ] ;
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Fig. 6. Comparison of key waveforms between experiment and model at an
output current of (a) 1 A, (b) 5 A, and (c) 10 A.

observes a slight difference in the oscillation amplitudes of
voltage and current, which is attributed to the disparities between
the actual parasitic inductors and junction capacitors compared
to the model. Additionally, there is a minor phase deviation in the
oscillation between the model and the experimental, primarily
caused by differences in switching speeds.

III. DEAD TIME OPTIMIZATION BASED ON CIRCUIT
ANALYTICAL MODEL

To prevent simultaneous conduction of the switches in the
same bridge arm, a certain dead time needs to be set. However,
due to the significant reverse conduction voltage in GaN devices,
excessively long dead time can result in substantial reverse
conduction loss.

In the modeling process described in Section II, the switching
transient process is divided into several submodes. By using the
MATLAB ode45 function to solve the state equations of these
submodes, numerical solutions for the state variables as well as
the start and end time of each submode can be obtained. The
optimal dead time can be calculated from the start and end time
of the relevant submodes.

Due to the three different turn-ON modes of S, the optimal
turn-ON time varies under different loads. When the converter
is in CCM, S achieves HS. Fig. 7(a) illustrates the simplified
turn-ON transient waveform when S achieves HS. At 1, the drive
voltage of Syt is removed. At 2, the drain-source voltage of Sy,
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drops to the reverse conduction voltage —V,, which means Sy,
is completely turned OFF. Subsequently, during the time interval
to—t3, Sphot Undergoes reverse conduction until the drive voltage
to S is applied at 3. At t4, S starts turning ON. Therefore, to
minimize reverse conduction loss, the control of the switch drive
signal should be such that the moment when Sy, is completely
turned OFF coincides with the moment when § starts turning ON.
This yields the optimal turn-ON dead time when S achieves HS

todt_on(us) = lo —to — (ta — t3)
=ty —to+ 13 — 4. (D

Fig. 7(b) illustrates the simplified turn-ON transient waveform
when S achieves ZVS. At 1y, the drive voltage of S}, is removed.
At t3, the gate-source voltage of Spo¢ drops to Vegshottn, and
the drain-source voltage of S drops to —V/,., indicating complete
closure of Spot. At t4, the drive voltage V¢ is applied. At
15, the gate-drain voltage of S rises to Vgq¢n, signifying the
commencement of S opening. To minimize reverse conduction
loss, the optimal turn-ON dead time when S achieves ZVS is

todt_on(zvs) = t3 —to — (t5 — ta)
=13 —to +1ts — 5. )

Fig. 7(c) illustrates the simplified turn-ON transient waveform
when S achieves inc-ZVS. At ty, the drive voltage to Shot 1S
removed. At f2, Spot is completely turned OFF. Since the reverse
inductor current is relatively small at this point, v45 cannot drop
to—V.,.. At some point thereafter, the reverse inductor current will
cross zero and start flowing positively. If the dead time is still
ongoing at this moment, the positive inductor current will charge
the output capacitor of S, causing the drain-source voltage vqs to
rise and increase the turn-ON loss of S. Therefore, the optimal end
time for the turn-ON dead time should coincide with the moment
when the inductor current is zero, and at this point, S starts to turn
on. Thus, the optimal turn-ON dead time for incomplete ZVS is

todt_on(in-2vSs) = t(i,—0) — to — (t4 — t3)
=t(i,=0) —to + 13— l4. 3)

As deduced from the analysis in Section II, S}, defaults to
achieving ZVS within the switching cycle. Hence, the optimal
turn-OFF dead time remains consistent under different loads,
similar to the case when S achieves ZVS. Wei et al. [13] provides
specific analysis and expression for the optimal turn-OFF time,
which will not be reiterated here.

It is worth noting that all the optimal dead time calculated
above is based on the minimum dead time obtained from the
analytical model. The actual dead time setting should be slightly
larger than the calculated optimal dead time.

IV. PARAMETER AUTOMATIC OPTIMIZATION AND DESIGN FOR
SYNCHRONOUS BUCK CONVERTER WITH DIFFERENT
OPERATING CONDITIONS

Based on the circuit analytical model established in Section II
and the optimal dead time calculation method proposed in
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Fig. 7.  Simplified turn-ON transient waveform when (a) S achieves HS. (b) S achieves ZVS. (c) S achieves inc-ZVS.
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Fig. 8. Optimization and design approach for synchronous buck converter.

Section III, this section will conduct parameter automatic op-
timization and design for the synchronous buck converter, as
illustrated in Fig. 8. The circuit fixed parameters include input
voltage V;,, output voltage V,,, and maximum output power
Poutmax- The circuit-free parameters, or optimization parame-
ters, encompass switching frequency f;, output inductance L,
and dead time f4on, fdof- Ripple constraints consist of maxi-
mum/minimum inductor current ripple Aipax, AiLmin, and
maximum capacitor voltage ripple Au cpax. Itis noteworthy that
although this article is based on fixed input and output voltages,
the model is suitable for any variations in input and output
voltages as it encompasses all possible operating conditions of
the converter. Based on the provided fixed parameters and rip-
ple constraints, the optimization design program automatically
computes the ranges for the free parameters and sequentially
performs circuit state solving, total loss, and volume evaluation,
ultimately providing the results of parameter optimization and
design. The next will first introduce the estimation methods for
component loss and volume, followed by a detailed explanation
of the parameter automatic design process and its results.
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Fig. 9. Plot C * v?med product against the capacitor volumes.

A. Capacitor Design and Evaluation

Due to the characteristics of small size, large capacitance,
excellent high-frequency performance, and high reliability of
multilayer ceramic capacitors (MLCC), this article chooses the
TDK X7R series capacitors as the output capacitors. The equiv-
alent series resistance provided in the datasheet was utilized to
estimate the capacitor loss.

The volume of a capacitor can be represented by the product
of C'* v2.4 [21]. In this study, TDK MLCC from the X7R series
were selected, including various sizes: 0402, 0603, 0805, 1206,
1210, and 1812, with rated voltages of 16, 25, 35, and 50 V.
The C * v2,.4 product and corresponding capacitor volume were
plotted, as shown in Fig. 9. Linear fitting was performed on the
obtained data, resulting in the best-fit line with a slope of 0.98.

In this article, considering the dc bias effect of MLCC, on the
one hand, a total of n, capacitors are connected in parallel to
achieve the output capacitance determined by (4). On the other
hand, The rated voltage v;,;atcq Of a single capacitor should be
selected to slightly larger the output voltage. n,, is not treated as
an optimization parameter in this study but is set as a constant.
This decision is based on the fact that variations in the values
of n, have a relatively small impact on the loss and volume
of the converter. Additionally, the developed program supports
examining the capacitor loss and volume resulting from different
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values of n,,

AZ.Lmax

¢= 4AUCmaxfs .

“

B. Inductor Design and Evaluation

This article adopts the area product (Ap) method for the design
of the inductor, using the EE core structure with TDK PC47
[23]. The winding employs multistrand Litz wire. The core Ap
is calculated using the formula

A = LI%max

= lLmax (5)
i KquBpk

Here, L represents the inductance, I, 1S the peak current
of the inductor, K, is the effective utilization coefficient of the
window, typically taken as 0.2-0.4 according to safety regula-
tions, J,, is the current density factor, By is the peak magnetic
flux density when the magnetic core is operating.

Inductor loss consists of core loss and winding loss. The im-
proved Steinmetz equation method is an approach for estimating
nonsinusoidal excitation core loss [24]

T f al
P.=-kD(==) B’
c= gk (QD) m

T f a2
+ k(1= D) (2(1D)) B2 (6)

Here, k1, a1, and 3, correspond to the Steinmetz parameters
at the frequency fi = f; / 2D, while ks, oo, and B2 correspond
to the Steinmetz parameters at the frequency fo = fs / 2(1-D).
D represents the duty cycle of the converter, and the Steinmetz
parameters at different frequencies can be obtained from the
magnetic core data sheet.

The inductor winding loss includes dc resistance loss and ac
resistance loss. The dc resistance can be calculated as [,, / (o *
Sw), where [, is the length of the winding, o is the conductivity
of the winding material, and S, is the cross-sectional area of the
winding coil. The alternating current resistance R, is expressed
as R,. = kac * Rqc, where the alternating current winding factor
kac is obtained through the following equation [25]:

4
1 + (E) : T r
48+0.8(;—0)

2
0254055 +3(5) £>17
oo 0

o0

< 1.7

kye = (N

Here, r is the radius of the conductor. o is the skin depth,
estimated byl /+/7 fspuo. W is the permeability of the conductor.

The volume of the inductor is mainly determined by the core
volume. As the actual Ap values of the series cores are discrete,
and in comparison to the designed inductor results, the chosen
cores often have a certain margin. To avoid the impact of discrete
core margins on volume assessment, this article performs a linear
fit on the actual core’s window area A, and effective cross-
sectional area A, to obtain a series of cores with continuously
changing Ap values. The selected core structures include TDK
Mn-Zn ferrite EE-type cores: EES, EE10/11,EE13, EE16,EE19,
EE19/16, EE20/20/5, EE22, EE25/19, and EE25.4. The fitting
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Fig. 10.  Curve fitting of A, and A,

results of the cores are shown in Fig. 10, with the optimal fitting
slope being 1.592.

C. Semiconductor Devices Design and Evaluation

For medium to small power applications, devices are typically
cooled naturally through PCB vias. Therefore, when evaluating
semiconductor devices, power loss is the main concern. This
relies on the converter analytical model established in Sec-
tion II, including conduction loss P gy, reverse conduction loss
Psyrec, switching loss Pgy, and parasitic parameter oscillation
10sS Pring.

The conduction loss P, refers to the power dissipated when
the power device is in a fully conducting state, resulting from
the current flowing through the conduction resistance

tinal
PScon = Z (fs X / Z?l (t) X Rdson ' dt) (8)

Einitial
The reverse conduction loss Pg,e. refers to the power dis-
sipated when the current flows in the reverse direction through
the equivalent body diode of the power device, without applying
gate drive voltage

Psee =Y (fs x /t i (t) % (=V3) -dt). ©)

Einitial
The switching loss Pgy,, including turn-ON loss Pg,, and
turn-OFF loss Pgog, refers to the power generated when the
current flows through the channel of the power device during
the transition from fully off to fully on, and vice versa. Taking
turn-ON loss Pgon as an example

PSon(HSorinc—ZVS) = Z (fs X /
Linitial
tinal
Pson(zvs) = Z (fs X / ich () X vsa (t) - dt>.

tinitial
(10)

tinal

ich (t) X Vds (t) . dt)

In the power device’s transient switching process, resonance
occurs between the output capacitor of the power device and the
parasitic inductor in the power loop, leading to high-frequency
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Fig. 11.  Parameter optimization design process.

oscillations and parasitic effect loss Pyi,.. This can be repre-
sented by an equivalent ac resistance Rj,qp

tfinal
Pring:Z(fs ></ i?lXRloop'dt>~ (11)

Einitial
Since the volume of power devices is significantly smaller

than that of passive components, this study neglects the volume
of power devices.

D. Automatic Parameter Optimization and Design Based on
Average Efficiency and Power Density

Fig. 11 illustrates the detailed flowchart of the parameter
optimization and design process. The following will provide
a detailed explanation of each step.

1) Input fixed parameters and ripple constraints. It is worth
noting that the ripple in inductor current and capacitor voltage
should be considered under the full load condition. The larger the
set ripple range, the larger the subsequent range for traversing
circuit parameters.

2) Set the range of the switching frequency f; according to
requirements. In this article, the minimum switching frequency
is set to famin = 100 kHz, the maximum switching frequency
is set to femax = 1 MHz, and the step size f gep is set to
100 kHz. Obtaining a one-dimensional array F's [imnax] = [fsmin:
fs_step:f:smax]’ where inax = (fsmax - fomin) / fs_step represents
the number of elements in the array.

For any switching frequency fs [i] in the F [ijnax] array,
neglecting the voltage variation across the output inductor during

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

the dead time, the range of inductance can be obtained from the
volt-second balance. Taking the minimum inductance calcula-
tion as an example

(Vin = Vo)D

Lmin - 2AiLmaxfs [Z]

12)

Similarly, the maximum inductance L,,,x for f; [i] can be
obtained. This yields a one-dimensional inductor array L [jax]
=[Lmin: Lstep: Lmax] for f [i], where jy,ax represents the num-
ber of elements in the inductance array. Considering that the
difference between L,,;,, and Ly, varies for different switching
frequencies, and to expedite the optimization design process, a
variable step size L., with a fixed number of elements j,ax is
employed to determine the discrete values of the output inductor
for each f; [i]. In this work, j,ax 1s set to 10. Thus, by permuting
and combining each fs [{] with its corresponding L [jiax], @ {fs,
L} two-dimensional array, denoted as M [iax, Jmax], reflecting
the range of values for the free parameters, can be obtained.

3) Each set of parameters from M [iyax, jmax] 1S then applied
to the analytical model to solve for the circuit state variables
[i4(0), vas(®), Vasbot (1), Ves(D), ig(2), ir ()] under different load.
This forms the basis for the subsequent design of inductors and
capacitors, as well as the calculation of component loss. It is
worth noting that, to avoid a secondary solution of the analytical
model, a fixed dead time (¢4o,, = 80 ns, t4og = 40 ns) is used for
each set of parameters in M [ijax, jmax]- Once the optimized
values for {f, L} are determined, dead time optimization is then
performed for the specific {fs, L}.

4) For each set {f;, L} in M [imax, Jmax]), following the
earlier content in this section, complete the design and evaluation
of capacitors and inductors. And yields the circuit’s average
efficiency and power density for the corresponding parameters.
Output the circuit’s average efficiency and power density for
each set in M [imax, jmax], denoted as OUTPUT [inax, jmax]-
The average efficiency 7).ve s defined as

m
_ D ket Gk X Tk
Nave =
m

(13)
where m represents the number of load points. In this study, the
output current range is from 1 to 10 A with a step size of 1 A,
thus m = 10. a;; denotes the efficiency weighting coefficients for
different loads, and in this context, a(;—123...10)=1-

The power density is defined as the ratio of the output power
under full load conditions to the sum of the volumes of all
components.

5) Based on the OUTPUT [ijnax, jmax], combined with prac-
tical requirements, the circuit parameter design results { fs_opi,
Loy} can be obtained. Subsequently, the optimization of the
dead time for {fs opi» Lopt} can be accomplished using the
method described in Section III.

It is important to note that the optimal dead time is calculated
based on the relevant modal duration. Therefore, any parameter
affecting the circuit operating, such as Vi,, Vout, 1o, fs, and L
can influence the optimal dead time. Since this study focuses on
a converter with fixed input/output voltages (12 V/3.3 V) and
the parameters f; and L have been determined through the first
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Fig. 13. Model-predicted efficiency and power density based on various
frequencies.

four optimization steps, only the changing output current will
impact the optimal dead time.

Fig. 12 illustrates the model-predicted efficiency and power
density based on various inductances under a fixed switching
frequency. As depicted in Fig. 12, when the inductance increases,
the circuit’s average efficiency gradually rises to a peak and then
decreases with further increases in inductance. This behavior is
attributed to the fact that, with small inductance, the main switch
S achieves ZVS in most operating conditions. While this reduces
the switching loss of S, the presence of reverse currents leads to
significant inductor current ripple, causing substantial inductor
loss and resulting in lower overall efficiency. With the increase in
inductance, the current ripple gradually decreases, leading to a
reduction in inductor loss and an overall improvement in circuit
efficiency. However, as the inductance continues to increase, the
diminishing loss due to reduced current ripple cannot offset the
increased loss associated with the larger inductor volume. This
results in an increase in inductor loss and a gradual decrease in
overall circuit efficiency. The circuit’s power density decreases
progressively with the increase in output inductance, exhibiting
a monotonic trend.

Fig. 13 illustrates the model-predicted efficiency and power
density based on various frequencies. As depicted in Fig. 13,
the maximum average efficiency of the circuit decreases with
an increase in switching frequency, sharply declining beyond
300 kHz. On the other hand, the power density shows a rapid
increase with higher switching frequencies, with the growth rate
gradually slowing down for frequencies exceeding 700 kHz.

Considering both efficiency and power density, the converter
demonstrates favorable performance in the range of 300 to
700 kHz. Since the focus of this study is on efficiency, a switch-
ing frequency of 300 kHz is chosen. Referring to Fig. 12(a),
it is evident that the maximum circuit average efficiency at
300 kHz occurs in the range of 2 to 3 pH for the inductor
value. Considering practical constraints on inductance, a value
of 2.5 H is selected as the circuit parameter design result.

Fig. 14 illustrates the relationship between the optimal dead
time and the output current under the parameters f; = 300 kHz
and L = 2.5 pH. The green curve in Fig. 14(a) and the orange
curve in Fig. 14(b) represent the optimal dead time obtained
through the analytical model. The gray-dashed line represents
the discrete dead time that the DSP can generate. In this study,
a DSP TMS320F28335 is used to generate PWM drive signals,
and its maximum operating frequency is 150 MHz. Therefore,
the minimum achievable dead time is 6.67 ns. From Fig. 14, it
can be observed that the optimal turn-OFF dead time remains
nearly constant as the load varies between 1 and 10 A, with
an actual value of 26.7 ns. However, the optimal turn-ON dead
time exhibits noticeable variations. This phenomenon occurs
because, under varying load currents, S}, consistently achieves
ZNS. The optimal turn-OFF dead time is primarily determined
by the time for the output capacitor voltage v4shot Of Shot tO
vary from zero to —V,.. However, as the load current increases,
S sequentially achieves ZVS, inc-ZVS, and HS. The optimal
turn-ON dead time is determined by the time for the voltage
vgs of S to vary from zero to —V,, the time for the inductor
current to transition from negative to zero, and the time for the
voltage vgspot Of Shot to vary from zero to —V,., respectively.
The actual dead time should be greater than the optimal dead
time, as indicated by the black solid line.
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between experiment and model with varying inductance.

TABLE IV
COMPARISON OF EXPERIMENTAL AND MODEL RESULTS WITH DIFFERENT
INDUCTANCE
Error of Error of Error of Error of
Inductance . power Inductance . power
efficiency . efficiency .
density density
1 uH 2.12% 1.35% 33 uH 1.7% 0.9%
1.5 uH 0.92% 1.18% 4.7 uH 2.4% 1.5%
2.2 uH 0.6% 1.25% 5.6 uH 2.2% 1.2%
2.5 uH 1.4% 1.38% 6 uH 2.2% 1.17%

V. EXPERIMENTAL VALIDATION

This article built a hardware prototype as shown in Fig. 15.
The main switch and synchronous switch used in the experiment
is EPC2021, and the driver chip is LM5113. To verify the ef-
fectiveness of the parameter design, this article measured circuit
average efficiency and power density with varying inductance
at fs = 300 kHz as shown in Fig. 16. The load range is from 1
to 10 A with a change step size of 1 A. The remaining circuit
parameters are consistent with Table III. Table IV presents the
error between the measured efficiency and power density and the
model-predicted efficiency and power density under different
inductances. As shown in Fig. 16, the trend of the measured
efficiency curve is similar to that of the model-predict effi-
ciency curve, both exhibiting a peak around 2.5 pH. The model
predicts a maximum average efficiency of 93.5%, while the
measured maximum average efficiency is 92.1%. The difference
between measured and model-predicted efficiency for different
inductance does not exceed 2.5%. The measured power density
curve and the model-predicted power density curve exhibit the
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TABLE V
COMPARISON OF EXPERIMENTAL AND MODEL RESULTS WITH DIFFERENT
FREQUENCY
o Error of
Switching Measured Error of Measured pow-

frequency efficiency efficiency er density é)ow?r
ensity
100 kHz 92.83% 0.74% 0.043 W/mm® 8.3%
300 kHz 92.1% 1.4% 0.121 W/mm? 1.38%
500 kHz 91.96% 0.47% 0.191 W/mm® 4.9%
700 kHz 89.84% 1.38% 0.232 W/mm? 42%
1 MHz 89.89% 0.85% 0.247 W/mm® 2.2%

same trend, showing a monotonically decreasing pattern with
increasing inductance. The difference between measured and
model-predicted power density for different inductance does not
exceed 1.5%.

Additionally, the experiment measured the maximum average
efficiency and power density of the circuit at switching fre-
quencies of 100, 500, 700, and 1 MHz. The actual measured
results and errors are presented in Table V. The maximum
average efficiency predicted by the model is consistent with
the experimental result, indicating that the proposed loss model
has a high level of accuracy. While there is some discrepancy
between the measured power density and the model-predicted
power density, it is attributed to the differences in the actual
dimensions of the magnetic core and the model dimensions.
However, the measured data aligns with the trend in the power
density data presented in Fig. 13.

To verify the effectiveness of the dead time optimization, this
article set fy = 300 kHz, L = 2.5 pH, and varied the output
current from 1 to 10 A in steps of 1 A while implementing fixed
dead time (#4on = 80 ns, 740 = 40 ns) and optimized dead time
for the converter. The dead time optimization was automatically
achieved through a current detect circuit, in conjunction with the
optimized dead time table depicted in Fig. 14. The key steady-
state experimental waveforms with fixed dead time are measured
with an oscilloscope, as shown in Fig. 17. The load currents are
1, 1.2, and 2 A. From Fig. 17, it can be observed that with
the increase in load current, the voltage vqs at the instant when S
turns ON rises from — V.. (approximately —2 V) to V¢ +V,.. This
indicates that S achieves ZVS, inc-ZVS, and HS, respectively.
Meanwhile, the voltage v4spot at the moment when Sy, turns ON
remains equal to —V,., indicating that S}, consistently achieves
ZVS. The efficiency curves of the converter with varying loads
before and after dead time optimization are illustrated in Fig. 18.
When the load current is greater than 3 A, the efficiency of the
converter due to dead time optimization is very significant, and
the efficiency improvement for a single load can reach up to
2%. The average efficiency of the converter under all operating
conditions has also increased from 92.1% before the dead time
optimization to 93.8%.

This significantimprovement in efficiency is mainly attributed
to the reduction in the loss of switches, particularly sixth reverse
conduction loss. Fig. 19 illustrates the model-predicted loss
of switch before and after dead time optimization for output
currents of 1, 5, and 10 A. As seen in Fig. 19, at different loads,
reverse conduction loss Pg;e. constitutes a significant portion.
Through dead-time optimization, the reverse conduction loss
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95 it but leading to additional turn-ON loss. At a load current of
| 1 A, increasing the turn-ON dead time significantly reduces the
S e IR T s === switching loss of S, while decreasing the turn-OFF dead time
93.8% g g
S 9 ’ reduces the reverse conduction loss of Syo¢. At higher load
< Z currents, S achieves HS, so decreasing the (turn-ON/turn-OFF)
B I E E E E B A TR dead time does not significantly impact switching loss but pri-
g;’ marily reduces the freewheeling time of S},.¢, thereby decreasing
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% [ T T T T T ] VI. CONCLUSION
1 2 3 4 5 6 7 8 9 10 . ) .
Lou(A) This article developed a methodology for evaluating the
' ) ) ' ~loss and synchronous buck converter under different operating
E:igz.aiii.n Comparison of converter efficiency before and after dead time opti- conditions which is based on the proposed complete circuit
analytical model. Using the developed method, the effects of
switching frequency and inductance on converter efficiency and
10° ; am power density are comprehensively evaluated, and the dead
optmiged dad e Gl time is optimized. The increase in the switching frequency
optimized dead time Wz — is beneficial to improve the power density of the converter,
107" T P - ived dead time =2 J B but it will lead to a decrease in the average efficiency of the
—~ E=3Ps. optimized dead time — R R
% o] ooz converter, and there is a tradeoff between the average efficiency
of the converter and the power density. a fixed switchin
= - f th ter and the power density. At a fixed switching
-2 e 1 . .
10 = frequency, the average efficiency of the converter increases first
7 and then decreases with the increase of inductance. The power
0Pk | density of the converter decreases as the inductance increases.
1 5 10 The optimal turn-ON dead time of the converter varies greatly
Lou(A) depending on the load current, while the optimal turn-OFF dead
time remains unchanged. Finally, the experimental results verify
Fig. 19. Model-predicted loss of switch before and after dead time optimiza-  the feasibility and effectiveness of the proposed method and the

tion for different output currents.

was reduced by 33%, 90%, and 88%, respectively. When the
load currentis 1 A, the optimization of reverse conduction loss is
less pronounced compared to higher load currents. Furthermore,
it can be observed that at a load current of 1 A, the switching
loss Pgy, is significantly reduced after dead time optimization,
compared to higher load currents. This is because the preset
fixed turn-ON dead time (40, = 80 ns) is shorter than the optimal
turn-ON dead time (Zo4; on = 86.7 ns). Although S can achieve
Z VS, the shorter turn-ON dead time results in inc-ZVS instead.
Therefore, during the turn-ON dead time, the body diode of
S does not conduct, thereby avoiding reverse conduction loss

analytical method.
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