Provided by Florence Research

Metadata, citation and similar papers at core.ac.uk

Analysis and Design of Full-Bridge Class-DE
Inverter at Fixed Duty Cycle

Luca Albertoni, Francesco Grasso, Jacopo Matteucci,

Maria C. Piccirilli, Alberto Reatti
DINFO-University of Florence
Via Santa Marta 3 1-50139 Florence
{luca.albertoni, jacopo.matteucci} @stud.unifi.it

{francesco.grasso, mariacristina.piccirilli, alberto.reatti } @unifi.it

Abstract—This paper presents the following for a full-bridge
Class-DE resonant inverter operating at a fixed duty ratio: (a)
steady-state analysis using first-harmonic approximation and (b)
derivation of closed-form expressions for the currents, voltages,
and powers. The conversion from a series-parallel resonant
network to a series resonant network is presented. Imposing
the zero-voltage and zero-derivative switching conditions, the
expression for a shunt capacitance across the MOSFETs in
the inverter bridge is derived. The closed-form expressions to
calculate the values of the resonant components are presented.
A practical design of a Class-DE resonant inverter supplied by a
dc input voltage of 230 V, delivering an output power of 920 W,
and operating at a switching frequency of 100 kHz is considered
and its design methodology is included. Theoretical results are
validated by Saber simulations.

I. INTRODUCTION

Class-DE inverters are a family of power electronic topolo-
gies for energy conversion, which are duly characterized by
high efficiency [1]{4]. An interesting feature of the Class-
DE topology is their ability to achieve both zero-voltage
switching (ZVS) and zero-derivative switching (ZDS) con-
ditions, thereby yielding high power-conversion efficiency,
especially at high switching frequencies. This makes them
suitable for applications such as RF power supplies and RF
power amplifiers [3], induction heating [4], on-chip converters
[5], [6], wireless-power transfer systems [7], [8], [20], etc. The
Class-DE inverter shares a few features of Class-E as well as
Class-D inverters making them an ideal choice for high-power
applications [8], [12]-[19].

Several works in the literature related to the Class-DE
inverter have focused on the following areas: steady-state
analysis with half-bridge switching network at a fixed and
any duty ratio [1], [5], [9], [12] and design of inverter with
with linear and nonlinear shunt MOSFET capacitances [2],
[14], [16], [17]. However, a detailed steady-state analysis of a
full-bridge Class-DE inverter at any duty cycle has not been
reported. Therefore, this paper aims at the following objec-
tives: (a) develop a theoretical framework for the steady-state
characteristics of the full-bridge Class-DE inverter operating at
any duty ratio using the fundamental harmonic approximation,
(b) derive the expressions for the shunt capacitances and the
components in the resonant circuit, (c) develop a methodology
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Fig. 1. Circuits of the full-bridge class-DE resonant inverter. (a) Series-parallel
resonant circuit with transformer. (b) Series-parallel resonant circuit with load
resistance on primary side. (c) Series resonant circuit.

to transform a series-parallel topology of the inverter to its
series resonant form and vice versa, and (d) analyze its
voltage transfer function, input impedance, and efficiency. A
high-power, high-frequency full-bridge Class-DE inverter is
designed. Saber circuit simulations are provided to validate
the correctness of the theoretically analysis. The switching-
network waveforms demonstrate ZVS operation, while an
efficiency of 97% is achieved.

II. FULL-BRIDGE CLASS-DE DC-AC INVERTER
ANALYSIS

A. Circuit Description

Fig. 1(a) shows the circuit of the full-bridge Class-DE series
resonant inverter with a transformer. The circuit constitutes
four MOSFETs each of them with a shunt capacitor Cl,,,
which are used to minimize the switching losses of these
devices. The inverter is supplied by a DC voltage V; and
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feeds a resonant tank circuit with a square-wave voltage. The
switching frequency is f,. The anti-parallel diodes provides a
path for the current to flow from the source to the drain during
the instants, when the switches are OFF. The pulse-width of
the gate signal has a duty cycle D. Each MOSFET remains
ON for an interval DT, where T' = 1/fs is the switching
time period. The gate signals to the switches M and My are
180° out of phase with those provided to the switches M5 and
Ms. The duty cycle chosen for each switch is lower than 0.5,
thereby providing a finite dead time between the switching
instants. The shunt capacitors in parallel with the MOSFETs
are used to shape the voltage across the MOSFETs in order
to achieve ZVS condition under certain operating conditions.

In Fig. 1(a), the series resonant circuit consists of a resonant
capacitor C and a resonant inductor L, while L,, represents
the magnetizing inductance of the transformer. Fig. 1(b) il-
lustrates the use of reflection principle to transfer the load
resistance Ry, to the primary side forming the series-parallel
resonant network. Fig. 1(c) shows the conversion of the series-
parallel network comprising of L, — C, — L,, — R; to a series
resonant network comprising of L, — C. — Ly — R,. Due
to a high quality factor of these components, only the first
harmonic of the tank voltage and current is delivered to the
load.

B. Circuit Analysis

Analysis of a series resonant network is by far easier
than the series-parallel topology. Therefore, a comprehensive
analysis of the inverter is first performed on the series resonant
circuit. Then, using appropriate transformation principles, the
series topology shown in Fig. 1(a) is converted to series-
parallel topology shown in Fig. 1(b). The first harmonic
approximation is used to determine the inverter currents and
voltages [12]. The subsequent analysis of the inverter is based
on the following assumptions:

1) The converter operates in steady state.

2) The current through the resonant tank is purely sinu-
soidal.

3) The circuit components are assumed to be ideal and all
the parasitic components are neglected.

4) The DC supply voltage and the amplitude of the output
voltage are constant.

5) Only the fundamental component is responsible for

delivering the rated power to the load resistance.
The steady-state expressions and design equations consider a
duty cycle of D = 0.4. Therefore, each MOSFET is ON for
47 /5. A symmetrical dead time of t; = w/5 is chosen at
the beginning of each turn-ON event. The current through the
resonant tank is

ttan = Im sin (Wt + ¢> ) (D

where [, is the amplitude of the sinusoidal current waveform,
w = 27 fs is the angular operating frequency with 0 < wt <
27 and ¢ is the phase shift between the tank current and the
tank voltage. Each switching period is divided into four time
intervals as shown in Table I. Fig. 2 shows the key current and
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TABLE I
TIME INTERVAL AND STATE OF THE MOSFETS AT D = 0.4.
Interval Time State
tA=[t1, t2] 7/10 < wt <97/10 My 2 on, M3 4 off
tp=[to, t3] 97/10 < wt <117/10 My 23,4 off
to=|t3, t4] 1171'/10 < wt <197T/10 My, on, M3 4 off
tp= t4,t1] 197/10 < wt <217/10 My 23,4 off

voltage waveforms during indicating the state of the inverter
during each sub-interval. During time interval t 4, M7 and M
are ON to give

vps1 = Uvps2 = 0
)

Since the voltage across the shunt capacitances are constant,
their currents are equal to zero. During the interval tp,
the capacitors Cy,1 and Cy,o begin to charge, while the
capacitors Cjg,3 and Cg,q begin to discharge. Applying the
KVL and KCL to the nodes and the meshes of the circuit, we
obtain the following equations.

vUps3 = Upsa = VI.

VI = vps1 +VUpsa = vpss + Ups2, (3)
ltan = LCSW1 — tCsSW4 = tcsw2 — LCsSW3- 4)
Combination of (3) and (4) and their derivative results in
ltan = WCswl d(wt) — wCsypa d(Zf)zl 5)
7:tczn - u)C’sw2 d(Dz)z WCst d(w:)g
where
dvpsy _ _ dVpss I .
{ ) = T dlwt) T Wt+d) 4
Vpse Upss m .
o8 = " qoD = aCm. S (Wi +6.)

Imposing zero-derivative switching (ZDS) for the voltages
across the MOSFETS, during turn ON at wt = 7/10, we get

™
in (— =0 7
sin (10 + ¢) @)
to yield
s
o=—— 8
b=—15- ®)
Thus, solving for capacitor currents provide
iCswl = (Ot 0mmn) uC:_;({ )Im sin (wt — 10)
iCsw2 = ?—Ts€+62” I sin (wt — 75) ©)
iCsw3 = ~ ”_m — I, sin (wt — {5)
it = Ty it (1t — )

and solving for the switch voltages yields

vps1 = goemy [ cos (wt + §5) + cos (F)]
Ups2 = Hc—wéﬁﬁ [~ cos (wt + ff) + cos (F)]
UpS3 = mc—uim [~ cos (wt + f5) +cos (F)] + Vi
Upsa = Hc—iﬁc—o [~ cos (wt + ) + cos (Z)] + V7.

(10)

Imposing the zero-voltage switching (ZVS) condition to vpgs
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Fig. 2. Waveforms of switch currents, switch voltages, capacitor current,
resonant current, and the resonant tank voltage.

and vpgy at the end of time interval tp at wt = 117/10, we
get

Cswl + Csw4 = Csw2 + Csw?n (11)

to give

Cswl + Csw4
1—cos%

Iy = wVi = 5.236 (Cswi1 + Cswa) wV7. (12)

During time interval tc, M3 and M, are ON. Therefore,

Ups1 = Ups2 = V1

Ups3 = Upsa = 0. (13)

Finally, during the interval ¢ p, the circuit configuration is dual
with respect to that achieved during time interval ¢g, where
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the currents and voltage are displaced exactly by 180°. The
current and voltage expressions are

: —  Caw .
tCswl *’(cxm1+cxu4>f"lsnl(Wt
f_

sw2

1Csw2 = (Ciw2+Ciws) Iy sin (;u‘ 1

LOsw3 = — (Csw2+Csuws) Im sin (Wt -

swd

iCswd = — @yt eay Im sin (wt—&).

and
Upsi1 = m [COS (wt+ 17r—0) —cos (% ]
UDs? = Gty [+ eos (Wt + ) — cos (F)]
UDS3 = RC—wim [— cos (wt + &) + cos (%)] +
U031t = rom s [ cos (wt + ) + cos (£)] +

ITII. CLOSED-FORM EXPRESSIONS
A. Currents, Voltages, and Powers
The average dc input current can be determined as follows.
During t4 between % < wt < %, Ttan = tDS1. Similarly,
during tc between LT < wt < T iy, = ipgs. By
considering the overall tank current using (5), we obtain the
average dc input current as

L= L Fipnd (wt) = I (16)

Ses wt) = —

I o’ 0 tan o

Similarly, the tank voltage applied to the resonant circuit is
Utan = UDS3 — UDS1- a7

A Fourier series expansion of v, given in (17) yields

1 o0
Utan = 500 -+ Z A, cos (nwt — @) + by, sin (nwt — ¢) .
(18)

In (18), ag = 0, since ¢y, has odd symmetry. From Fig. 1, at
resonance, the voltage drops across C,. and L, are equal and
out of phase by 180° canceling out each other. Thus, for the
fundamental component (n = 1) and the applied tank voltage
becomes

n=1

T . T
Utan = VULs + Vo = Vm COS (wt — E) 4 Vin sin (wt — 1(—(1)9))

The Fourier coefficients are a,, = Vi, and b, = V., whose
expressions are determined as follows. From the principle
of Fourier series, the amplitude of the voltage across the
inductance L, is defined as

12m 9
Vim = - ({ (vpss — vps1) cos | wt + ) d (wt)
sin 8?“ + %’T (20)
7 (14 cos &)
Similarly, the output voltage amplitude is

1 2r 9 4V,

Vi == | (vps3 — vpsg1)sin [ wt + — | d (wt) = —=

) 10 T
20



Applying Ohm’s Law, Vi, = I,wLs and V,, = I, R;.
Therefore, the ratio Vi, /Viy, is
VLm UJLS 676V[
v = R. =~ =5.31. (22)
Furthermore, the output power is given by
V2 2V (1 — cos )]
PO: mo_ ]:71' I( S57T)] , (23)
2R 2R
from which
V2
R, = —* 24
=3y (24)

The input power of the inverter is Py = V;1,,. Using (12)

wVfl—cos%w
—————— (Csp1 + Oy
T 1+cos%7r( swl wt) (25)

= 3.01wVZ(Csw1 + Cowa)-

Pr=V;I

B. Circuit Components

Assuming the inverter efficiency as unity, the Pp = Pr. If
the shunt capacitances are equal to Cy,,, then combining (11)
and (25) provides

wPo 1+ cos %71'

2 4
wVi1l—coszm

Po

Csw = = 0.33w—VI2.

(26)

The quality factor of the series resonant tank responsible to
provide a pure sinusoidal current waveform is

ws (Lg +Ls) wsL
= = = 27
Qs R. R, 27
Modifying (27), the inductance L, is
Vim \ R
LaLLs<Qs Z )—8, (28)
m wS

where Vp,,/V;, is as given in (22). The components L,
and C,. are tuned to resonate at the switching frequency f,.
Therefore,

1
s \/m fs ( )
The resonant capacitance is expressed as
1 1
C,= = 30

wsRs (Qs - VVL_;:I)
Since L = L, + Lg, the the resonant frequency between C,
and L is
1

VIC,’
The inductance L, in the series form can be converted into
L,, in parallel to the load inductance. In the version of the
inverter as shown in Fig. 1(a), L,, represents the magnetizing
inductance of transformer. Let the loaded quality factor be
wsLis

R

3D

Wwp =

Q= (32)
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Converting the series Ly — R combination to a parallel L,, —
R, network has been described in [12]. Thus, the parallel
inductance L,,, and the resistance R, are

1
q

RP = RS (1 + ql20ad) y

(33)

(34

IV. VOLTAGE TRANSFER FUNCTION AND EFFICIENCY
A. Voltage Transfer Function

From the waveforms in Fig. 2, the tank voltage at the input
of the resonant tank

—2I

. 4m
N w(Csw2 + Csw?;) l:SIH <wt + ﬁ) +cos (5)} + V[’
(35)

Vtan

for the 1ntervals 0 <wt < 7 and 177r < wt < 7r During

10
the intervals 7 < wt < &7 and }gw < wt < }gﬂ' the value
of the tank voltage is V;. Similarly, during 107r <wt < 107r

= A lain (w50 ) —cos (Z)| + 1)
= o O sin { wt + 75 cos (¢ T
(36)

Utan

Combining these voltages, the fundamental component is

Vtan1 = Vianim sin (wt — 6)

3 3 37
= Vim cos <wt — 571’) + V,,, sin <wt — gﬂ‘) , 37)

Vianim =/ VZ, + V2, and 0 =¢+1.

In (38), 6 is the phase of the fundamental tank voltage,
¢ = —m /10 as obtained in (8), and 1) is the phase shift intro-
duced by the resonant tank. The rms value of the fundamental
tank voltage is Vianirms = Vianim/ V2. The voltage transfer
function of the full-bridge Class-DE inverter is

where

(38)

M o Vtanlrms
Vs = 3
Vi

and the voltage transfer function of the resonant circuit is

39)

Vo
Mypr =

V;&anlrms

= |M,,| 7. (40)

Thus, the overall voltage transfer function of the inverter is

Uo
.L‘fv[ Afvsl‘fVR =
Vi
VR 2 41
= Y _LIm | My, | €
Ve
In (41), the magnitude |M,,.| and phase « are
1

|Myr| = = (42)

\/(1 + A= B+ g (F i~ )



| 1 (an+1 fn)

aorAaa-mr  ®

a = tan

respectively. The ratio of the resonant to magnetizing induc-
tance is

The ratio of the series-parallel resonant frequency to the
switching frequency is the normalized frequency given by

(44)

m:%. (45)
The quality factor of the series-parallel tank is
R
=w,C, Ry = ——2 ——. 46
@ = OBy = O T (46)

B. Input Impedance

The characteristic impedance of the resonant circuit is

ZO:\/%.

(47)
The input impedance of the series-parallel tank is
A+A) Q-1 +ig= (Fria— 1)
Z,= R, ne_Or AR N 4s)

1-jQpfn(1 +A)

Thus, the ratio of the magnitude of the input impedance to the
characteristic impedance is

(1+ A4)° (1- f2
1+ [Qan

124
Zo

:Qp

(49)
Using (38) and (49), the amplitude of the current through the
resonant tank is
VA, +V2
| Zi|

V;tcmlm _
| Zi|

(50)

Itanlm =

C. Efficiency
The overall power loss in the resonant circuit is [12]
Pioss = Por + Py + Pps + Posw
= (rer + ") antrms + 4708 D srms (S
+ 8 CowlZ swrmes»
where the rms value of the tank current is
_ ltanim
V2

Itanlrms -
the rms value of the MOSFET current is

1 [8 . (8
\/% |:g7l' — Sin (g’ff):| = 0'487Itan1m7

(33)

(52)

I _ Itanlm
DSrms — T
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the rms value of the current through the shunt capacitance is

1 27r + sin 8 = 0.05514n1m-
87 5

(54)
The rms value of the current through the load resistance is

I _ Itanlm
Cswrms — T

[VE. +V2
IRprms = R_p LmT |Mvr| (55)
Therefore, the inverter output power is
Vit Ve
Pr, = IIQQprmsRP = LTZR ‘[2 (56)
Finally, the inverter efficiency can be determined as
1
nr = —pﬁp- (57)
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V. CLASS-DE INVERTER SIMULATION RESULTS

A. Design Example

An inverter with design specification as follows is designed:
DC input voltage V; = 230 V, output power Pp = 921 W,
and switching frequency fs = 100 kHz. A duty cycle D = 0.4
is considered. The dead time is t; = 0.1. Using (14), the
values of the shunt capacitances are Cy,, = 4.25 nF. Let us
assume the quality factor Qs = 10. From (12), Ry = 37.2€),
from (15), L = 592 uH, from (16) L, = 565.65 uH to yield
Ls = 26.35 uH, and from (17), C,. = 4.48 nF. For the series-
parallel resonant circuit we have L,, = 166.2 uH and R, =
44.19). The parasitic resistances of the MOSFET are rpg =
15 m$2, shunt and resonant capacitor rcg, = 7o = 0.656 €2,
and resonant inductor 7, = 0.110 €. According to (31), the
inverter voltage transfer function is My = 0.89. Thus, the
amplitude of the output voltage of the series-parallel network
is V,;, = 204 V. Furthermore, the overall inverter power loss
was calculated as Pj,ss = 23.3 W. The inverter efficiency
calculated using (57) was n; = 97.6%.

B. Simulation Results

The inverter designed in the previous section and shown
in Fig. 1 was simulated on SABER circuit simulator. Fig. 3
shows the waveforms of the current and voltage waveforms of
MOSFETs 57 illustrating the ZVS operation. A small portion
of the switch current flows through the anti-parallel diode,
causing its drain-source voltage to be equal to zero. Fig. 4
shows the waveforms of the tank current ¢;,,, tank voltage
Vtam» OULPUL voltage v,, and output power pr,. The rms value
of the output current and voltage were 498 A and 185 V,
respectively. The measured rms output power was 921 W,
the measured input power was 958 W. The measured overall
efficiency was 96% confirming the theoretical analysis.
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Fig. 3. Simulated waveforms of the gate-to-source voltage vgs1, drain-to-
source voltage vpg1, and drain current ip; of the MOSFET S; showing
ZVS operation.

VI. CONCLUSIONS

This paper has presented the following for a full-bridge
Class-DE resonant inverter operating at a fixed duty ratio: (a)
steady-state analysis using first-harmonic approximation and
(b) derivation of closed-form expressions for the currents, volt-
ages, and powers. The design procedure has been formulated
for a series resonant tank circuit. Using transformation princi-
ples, the series resonant network has been transformed into a
series-parallel resonant topology in order to accommodate the
magnetizing inductance of the transformer. The expressions
to calculate the values of resonant circuit component and the
wave-shaping shunt capacitances of the inverter-bridge have
been derived. The voltage transfer function and the input
impedance of the series-parallel topology have been analyzed.
The expression for the overall efficiency of the inverter has
been derived. Simulations have been performed on an inverter
operating at a supply voltage of 230 V, output power of 920
W, and at a switching frequency of 100 kHz. The simulation
results show the validity of the theoretical predicted analysis.
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