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Abstract—Resonant power conversion is a key enabling technol-
ogy of dc—dc conversion, inverters and contactless energy transfer
systems. This paper presents an analytical model of the series reso-
nant half-bridge topology aimed at improving the design, control,
and efficiency of resonant power converters. The main contri-
bution is a closed-form expression of the main converter wave-
forms as well as output power and efficiency. This model enables
a fast design-space exploration, as well as the implementation of
advanced control techniques using adaptive control or real-time
emulation, significantly improving the converter operation. The
analytical expressions presented have been applied and verified
through a half-bridge series resonant inverter applied to induction
heating applications, proving the accuracy and effectiveness of the
proposed model.

Index Terms—Analytical model, induction heating, inverter, res-
onant power conversion.

NOMENCLATURE
Ry Load resistance.
L, Resonant load inductance.
C. Resonant load capacitor.
Cenb Snubber capacitor.
Vs Supply voltage.
Vo Inverter output voltage.
Ve Resonant capacitor voltage.
1o Load current.
fow Switching frequency.
Tiw Switching period.
D Duty cycle.
13 Resonant tank damping factor.
Wo Resonant tank resonant frequency.
Wy, Resonant tank natural frequency.
Q, Load quality factor.
A Exponential factor of the second-order differential
equation.
T Roots of the second-order differential equation.
fisgi Time-variant coefficients of the load current.
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ferge Time-variant coefficients of the resonant capacitor
voltage.

fo,90  Time-variant coefficients of the applied voltage.

Xn Matrix recurrence equation nth terms.

A, Matrix recurrence equation nth proportional coeffi-
cients.

B, Matrix recurrence equation nth independent coeffi-
cients.

P, Output power.

P,, Conduction losses.

Py Switching losses.

n Converter efficiency.

Sy, St Equivalent switching devices.

Ty, Ty, Half-bridge transistors.

Dy, D;, Half-bridge antiparallel diodes.

t Time.

tsnb Snubber capacitor charge/discharge time.

tq Time between the transistor deactivation and the load
current zero crossing.

ta Dead time.

Von Constant on-state voltage drop.

Ton Constant on-state series resistance.

i Turn-off current.

1) Tail factor.

ty Fall time.

t; Tail time.

E Energy in At interval.

0 Stored charge.

I. INTRODUCTION

ESONANT power converters are essential in many appli-
R cations including high efficiency and power density dc—
dc conversion, high-frequency inverters, and induction heating
(IH) as well as contactless energy transfer (CET) systems, since
they provide sinusoidal excitation with high power conversion
efficiency. Among the available topologies, the series resonant
full/half-bridge topology [1]-[4] is one of the most used topolo-
gies due to its good balance between cost, performance, and
control complexity.

In the past, several research works have reported analyses of
the series resonant half-bridge topology. Most of them provide
steady-state results based on the Fourier transform [5], but in
the form of an infinite sum of terms. As a consequence, it is not
possible to obtain certain conclusions, such as the required mod-
ulation parameters to obtain some modulation profile, without
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Fig. 1. Diagram of the proposed analytical models.

carrying out a massive parameter-variation simulation. Other
analyses make some assumptions, such as considering the fun-
damental harmonic [6]-[8] approximation. However, this ap-
proach may not be accurate enough when high load variability
is considered, typical of IH and CET systems. The nonresonant
version of the half-bridge inverter, that is, considering infinite
capacitance, is also analyzed in [9].

The improvement of circuit simulators and computing capa-
bilities have also allowed several authors analyze the system
response by the use of the state-space description [10]-[12],
presenting the state matrix to perform a numeric simulation.
However, several iterations are required, enlarging simulation
times and reducing the chances of extracting useful design
conclusions.

The objective of this paper is to develop an analytical model
for the resonant inverter operation and the power converter
losses. It enables a rapid evaluation of both transient and steady-
state converter operation, including the resonant converter wave-
forms, devices stress, power losses, and efficiency. By using
the proposed model, the impact of the power devices in the
converter efficiency can be directly computed, enabling a fur-
ther devices optimization process for a given set of restrictions.
Consequently, the proposed model enables an easier and fast
design space exploration taking into account important parame-
ters of CET systems such as load coupling and variability, power
converter operating point, and their influence on the efficiency
and performance of the converter. Besides, having closed-form
expression improves the converter operating point awareness
and enables the implementation of real-time adaptive control
schemes [13]-[17] and/or real-time emulation [18]-[21] taking
advantage of modern digital control techniques. Consequently,
both the design process and the operation of the resonant power
converter can be significantly improved.

The proposed analytical model is based on a two-steps de-
scription model. In a first step, the resonant behavior of the
converter is described in order to model the converter operation,
neglecting the effect of the switching devices and the snubber
network. Then, in a second step, the influence of the power
devices on the converter efficiency, including snubber network,
is analyzed. The flowchart of the proposed model is depicted
in Fig. 1.

This paper is organized as follows. Section II performs the
analysis of the resonant converter operation, and a closed-form
expression of the resonant waveforms and the output power are
obtained. Section III is focused on the analysis of the power
devices effect in the converter losses, obtaining analytical ex-
pressions for the switching devices stress, power losses, and the
converter efficiency. In order to verify the accuracy of the pro-
posed model, the main simulation and experimental results are

|—> Device stress
> Power losses
—> Efficiency

DEVICE STRESS AND
POWER LOSSES

Power devicesT Snubber networkT
{Tlls TL; Dlls DL} {C\nh}
Su
v iy R Ly
s
Cr
/ St Vo Ve
v
o
Fig. 2. Schematic of the series resonant half-bridge inverter.

outlined in Section IV, and a design example taken advantage of
the proposed model is detailed in Section V. Finally, the main
conclusions of this paper are summarized in Section VI.

II. HALF-BRIDGE SERIES RESONANT CONVERTER ANALYSIS

The half-bridge series resonant inverter (see Fig. 2) uses two
bidirectional and unipolar ideal switches Sy and Sy, usually
composed of a transistor with an antiparallel diode. The dc-link
voltage V is applied to the resonant tank when S is activated,
and oppositely, when Sj, is activated, the resonant tank is short
circuited. Thus, a complementary activation of the switches is
assumed.

For this converter, a series RLC resonant tank is considered,
composed of a load resistor, Ry, and the resonant elements, L,
and C.. In the case of an IH applications, these elements model
the induction load within a range of operating conditions [22]-
[25], making this model simple and useful to obtain analytical
and simulation results.

The analysis of the converter is based on its equivalent circuit
and the following assumptions:

1) all passive elements are linear and time invariant;

2) a resonant operation mode with continuous conduction

mode has been assumed;

3) ideal switching devices, Sy, Sr, have been assumed in
the first step of the proposed analytical model, i.e., zero
on-state voltage drop, infinite off-state resistance, and ne-
glectable switching times.

The differential equation system that describes the dynamics

of the resonant tank is defined by the current in the inductor i,
as follows:

dio(t) 1 [,
- +a/zo(t)dt—vo(t) )

Ry i, (t) + L,
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where v, is the output voltage applied to the resonant tank
that equals V or 0 depending on the switches state. By defin-
ing ¢ = Ry /2L, as the damping factor, and w, = 1/\/L, C,,
wp = \Jw? — &% as the resonant and natural angular frequen-
cies, respectively, (1) can be rewritten as

d%i, (1) dio(t) .
2 = 0. 2
e T £ 1 +wyio(t) =0 @)
By assuming a solution in the form of i,(t) = €, and a

resonant operation mode, i.e., w, > &, and £ < 1, a family of

solutions results
io(t) = (rie" + 7€)

3)
where A = —£ + jw,, and

- (452)

4 (iio(t —0)+

2wy, 2L, wy,
“
Thus, the load current can be expressed as
io(t) = i,(t =0) {e& (cos(wnt) - é sin(wnt)>]
fi(t)
+u.(t =0) [e“ ( - sin(wnt))}
L,w,
fo (1)
+v,(t =0) [e_“ ( ! sin(w,ﬂf))] Q)
Lyw,
fo()==fu (1)

yielding
7;o(t) = Z.o(t = O)fz’(t) + U(:(t = O)f'u (t) + Uo(t = O)fo(t)

£i(t) = e¢t (cos(wnt) _ & sin(wnt))

n

fo(t) =e%! ( sin(wnt)> = —£,(b).

rWn
(6

Applying the same methodology, the resonant capacitor volt-
age v, can be obtained as

Ve (t) =1 (t = O)QZ(t) + Ve (t = 0)gv (t) + Vo (t = 0)90 (t)
gi (t) = efﬁt (Crlwn sin(wnt))

go(t) = e & (cos(wnt) + £ sin(wnt)) =1-g,(t).
Wnp
(N
The resonant waveforms can be obtained for each switching
period n defined by the switching interval, ¢,,, and the constant
voltage applied in each interval, v, , () =V, (see Fig. 3).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 8, AUGUST 2015

fy 15 [5) 13 ty ts

Su> |
s>l
Voo
Vey
I
Voo o Vo N
(2)
(b)
Fig. 3.  Waveform transient for the series RLC resonant tank, where the dy-

namic oscillations are represented. (a) Main inverter waveforms and (b) state
variable plane representation where the steady-state waveforms have been in-
cluded.

Therefore, the initial conditions for each interval, I, ,,, V. ,,
results in a recurrence relation system

Io,n - 0771,71fi(tn,71) + V;:,nflf’u (tnfl) + Ua,nflfo(tnfl)

V;’,,n =lon-19i (tnfl) + V;z,nflgu (tnfl) + Vo,n—-19Y0 (t71,1).
(3)

These equations can be rewritten in the form of a matrix
recurrence equation

Xn =A |n71anl + anl (9)
where
Io,n f7(t71) fv (tn>
Xn = ) An =
ch,n gz(tn) 9o (tn)
fo(tn)
Bn - 'Uo,n(tn) (10)
9o (tn)

In the case of the half-bridge converter, a universal modulation
profile [7], [26], [27] can be defined by two parameters: the
switching frequency f, (or equivalently the switching period
T.w = 1/ fs) and the duty cycle D defined as the percentage of
Sy activation in a switching period. Consequently, the switching
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Normalized output power

Normalized switching frequency

Fig. 4. Normalized output power, P, = P, /(V.2/R), as a function of the
load quality factor, Q, = w, L, /Ry . Results for the normalized switching
frequency variation, fgy /(w,/27), by holding D = 0.5.

intervals and the applied output voltage are

DTy, n even Vs, meven
t, = y Vo (t) =
(1-D)Ty, mnodd 0, n odd.
(1D
The steady-state solution X, g5 can be obtained by
X,ss =[I—-A]"'B (12)

leading to (13), shown at the bottom of the page. where ¢ =
arctan(wy, /). The output power (see Fig. 4) can be obtained
by using the load current and the applied voltage across the
resonant tank, yielding

1 T
. / vy )iy (t)dt
SW 0

= CrVTsfsw(‘/c,QnJrl,SS - VZ’,,?n,SS)-

P, =

(14)

By holding the duty cycle to 50%, i.e., assuming a square-
wave (SW) modulation (see Fig. 4) typical of most IH and CET
systems, the output power expression can be simplified. Under
these conditions, the maximum output power as a function of
the switching frequency is

bV <Sinh(f/2fsw) — &/ sin(wn/2fsw>>
0,D=0.5 = cosh(&/2fw) + cos(wn [2fsw) )~
(15)

Ry mw,

Finally, the maximum output power P, ,,.x iS obtained at
fsw = w,/2m, as a function of the load quality factor Q, =
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Fig. 5. Schematic of the complete power converter model.
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V2ol
Po.max = RiL 27TQO
sinh(Qg ) — 1? sin (7r 17$>
A 2. e

cosh (%) + cos (m /1 — ﬁ)

It is important to note that the model proposed in this section
is valid to analyze transient and steady-state operation of the
resonant converter operating under both zero-voltage switching
(ZVS) and zero-current switching (ZCS) conditions, enabling a
fast design space exploration under a wide operating conditions
range.

III. POWER LOSS MODEL

Based on the previously presented analytical model of the
half-bridge series resonant converter (see Fig. 5), a power loss
model is introduced in this Section. This model is oriented to
describe the main power losses in the converter, with a special
emphasis in the power devices.

The bidirectional and unipolar equivalent switching devices
Sy and Sy, are usually composed of transistors T and 77,
featuring antiparallel diodes, Dy and Dy. A ZVS operation
during turn ON is assumed in order to obtain high efficiency,
with hard switching during the device turn OFF. Consequently, a
lossless snubber network including a snubber capacitor, Cy,,p, in
parallel with the switching device has been included in the power
loss model. This capacitance includes the both the parasitic
output capacitance of the switching devices and the external
capacitance used to reduce the switching losses.

VS (Sin(Tswwn) - Sin(/l—’sw(“}n-D)e(il)"Jrl(171))11‘“"5 — Sin(ﬂwwn (]. — D))e(*l)" T"“'gD)

Tomss = (=1)" 2L, w,

Viw, | —sin(Tyww, (1 —

sin(Tywwn + (—1)" 1) — sin(Tyww, D + (—1)"+1)e-D" " (1-D) T e
D)+ (71)71 (p)e(—l)” Tow €D (,1)” ‘:7"6(*1)" Towé

cosh(Tw &) — cos (Tysywy,)

(13)

V. = (—1 n+1
c,n,SS ( ) 2Wn

cosh(Ty &) — cos(Tywwy)
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Fig. 6. Main waveforms of the converter operation assuming a soft-switching ZVS operation.
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Fig. 7. Equivalent power loss model for the different circuit states. Equivalent models for the even transitions (I. .. III), and the odd transitions (IV ... VI).

Considering the proposed power loss model, the main wave-
forms of the converter are depicted in Fig. 6. The converter
operation has been divided into six different states (I-VI), de-
pending on the current flow through the different power devices.
States I-III correspond with even transitions computed in Sec-
tion II, X5,,, whereas the odd transitions, X, 11, occurs during
States IV-VI.

The proposed power loss model is based on the following
assumptions:

1) Conduction loss modeling: The equivalent on-state model
for the power devices is composed of a constant on-state
voltage drop v,,, 7 and vy, p, and a series resistance o, 7
and r,y, p, for the transistor and the antiparallel diode,

2)

3)

respectively. Therefore, the on-state losses can be obtained
by computing the average and rms current values.
Off-state loss modeling: The off-state leakage currents in
the power devices are neglected.

Switching losses: Assuming ZVS soft-switching opera-
tion, the switching loss model is focused on the turn-off
transition of the transistors, neglecting the turn-on losses
in the antiparallel diodes. In order to compute the effect of
the transistors in the switching losses, the turn-off transi-
tions have been modeled using a piecewise function. Ad-
ditionally, the effect of the parallel snubber capacitance,
including both the parasitic and the external snubber ca-
pacitance, has been considered in the power loss model.
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By considering these assumptions, the equivalent circuits are
shown in Fig. 7. During states I and IV, the transistors Sy and
S, respectively, are turned-off while the snubber capacitors are
being charged/discharged. Consequently, the turn-off switching
losses occur during these states. Once the snubber capacitors
have been charged/discharged, the antiparallel diodes start con-
ducting during states II and V, for Dy and Dy, respectively,
leading to a conduction loss term.

Afterwards, when the load current reaches zero, the transistors
start conducting during states III and VI, respectively for Sy
and Sy, resulting in a conduction loss term. At this point, it is
important to remark that the power transistor must be activated
before the end of states II and V to ensure ZVS operation, i.e.,
tonb,r < tar.m <tam, tsun, g < tar,n <tar, for Sy and Sy,
respectively.

A. Conduction Losses

In order to compute the conduction losses, it is required to ob-
tain a closed-form expression for both the average, I,,, and the
rms, I;5, current values through the power devices. The device
current can be directly obtained by means of the load current
obtained in Section II during a certain conduction interval At.
As a result, the average device current during the nth switching
interval, I,y ,, can be computed as

1

Iavg,'n (At) - /iu,n (t)dt - C”!'fSWUCJL (At) (17)

At

In order to obtain the rms current value, the following expres-
sion must be obtained

Irms,n(At) = (18)

To obtain the rms current expression, an energy balance anal-
ysis is performed. The rms current is directly related to the
energy dissipated in the load resistor, E, ,,, yielding

ER!’L = /RLii.n (t)dt = Ir%ns,n(At)RLJLW (19)
At

whereas the energy balance equationis Er , + Ec , + Er , =
E, ., , resulting in

Eo.n - EC,n - EL.n
Irms,n(At) - \/ T RL -

(20)
where the related energy terms are

1
EC,n = 50,-’()2

c,n

(At)
1,
EL,TI = §L7‘zo,n (At)

E,, - / Vo (t)ion ()t = %Vs(l F (1)) Crve (AL).
At

(20
Thus, both the average and the rms current values in the
switching devices can be directly obtained for any switching
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pattern by a simply evaluation of the previously obtained values
of the resonant capacitor voltage and the load current, during
the different conduction intervals.

1) Antiparallel Diodes Dy and Dy,: The antiparallel diodes
start conducting when the snubber capacitors are charged,
i.e., during states II and V, yielding the conduction intervals
Atrr = [tsnb,1, ta,m] and Aty = [t #, tar] for Dy and
Dy, respectively. Note that this model accurately accounts the
conduction time of diodes, including the effect of the snubber
capacitor.

The load current zero-crossing times ¢, r and t; 7 can be
obtained by (6), yielding

. 1 " Rpw, 190
4 = — arctan —_—
n n 25 ch,?n - ‘/s

(22)

ta,L = L arctan <RLwn Loani1 )
' n 2€ V;A,?n+1

whereas the snubber charge/discharge time, %4}, directly de-
pends on the operation conditions and the snubber capacitor
value, further analyzed in Section III-B. By denoting the con-
stant device on-state voltage drop v,,,p and series resistance
Ton, D, the power losses result

2
Pon,DH = VUon,D Iavg:,?n (Atll) + Ton,D Irms,?n (Atll)

Pon,DL = v011.DIavg,2n+1 (AtV) + Ton,D Ir2ms,2n+1 (AtV)
(23)
2) Transistors Ty and Ty,: The power transistors start con-
ducting when the load current cross the zero level, during
states III and VI, thus the conduction intervals are Aty =
DT,y — tq g and Atyy = (1 — D)Ty,, — t4, 1. By denoting the
constant on-state voltage drop v,, r and a series resistance
Ton, T » the power losses result

2
Pon,TH = Uon,TLivg,?n (AtIH) + ron,TIrms,Qn (AtIH)

Pon,TL - Uon,T Iavgﬂn-&-l (AtVI) + TOII,TII-21115727L+1 (AtVI)
(24)

B. Switching Losses

The ZVS is usually desired to reduce switching losses and
limit dv/d¢ during the transitions. By doing so, the main switch-
ing losses occur in the power transistors T and 77, during the
turn-off transition (states IV and I, respectively). It is impor-
tant to note that this converter features snubber capacitors to
reduce turn-off losses, and therefore, the E,g energy provided
by the manufacturer of the power devices cannot be directly
applied. As itis depicted in Fig. 8, the higher snubber capacitor,
the reduced voltage slope, and consequently, a reduction in the
turn-off term is appreciated. In this paper, a specific method
to compute the turn-off losses in a ZVS resonant inverter with
lossless snubber network is proposed (see Fig. 8).

The equivalent circuits during the turn-off transitions are
shown in Fig. 7, states IV and I for Ty and T}, respectively.
They are composed by the series RLC resonant tank, the
snubber capacitors, and a current source it o, Which models
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the transistor turn-off behavior. This current source depends
on the power devices technology (e.g., IGBT or MOSFET) and
the operation point (gating signals, device temperature, current
level, and so on).

Linear piecewise models have been usually selected for sim-
plicity [28], [29], using a single-interval model for MOSFET
devices, defined by the current fall time ¢; ;. In contrast, a two-
intervals piecewise linear model is frequently employed in the
IGBT devices in order to model the effect of the stored charge
Qs which results in the so-called IGBT current tail [19], [30].
The firstinterval is defined by a current fall time ¢ ;, whereas the
tail-effect occurs during the second one, defined by the current
tail term ¢ ; and the tail factor 3, (0 < 3 < 1). In both cases,
the device current at turn-off is denoted as I7 o, resulting

IT,Oﬁ‘ (1—£t> ,(0 <t< tfﬁi)
. tri
T off (t) — ‘

IT,oﬁ(l_ﬂ) <1 -
t,i

(25)

In order to make a general analysis, the IGBT model will

be considered in this paper, being compatible for MOSFET

devices by doing 3 = 1. By applying a charge balance analysis

n fz) tps St <tpi+t;).

Diagrams detailing the turn-off transition for (a) 7y and (b) 77, , respectively.

(see Fig. 9), the snubber charge, Qs = 2Cs,p Vs, yielding an
upper limit, Qs < Qo058 — Qs, where the load charge result

@M:%M@n:/%mﬁ:a@w@—m@»aw

tq

On the other hand, the temporal variation of the power device
stored charge is

/Z-Tﬁoff (t)dt

(1 - Qt’%t) (0 <t<ts;)

qs(t)

= IT,off

. )2
(1= ) L leacl gy <t <ty + 1)

27)

yielding the total storage charge Qg = qs(tf;+1ts;) =
(Iro /2)[t7,i(2 = B) + t.;(1 — 3)]. By using (26) and (27) in
the charge balance equation, and solving for T and 77, the
maximum snubber capacitor to achieve ZVS results

C (ve(ta) — ve(0)) — Qs

. ax = . 2
Cbl’lb,de 2Vg ( 8)
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Fig. 10.  Turn-off transition for 7 as a function of the snubber capacitor. (a) Reduced snubber capacitor, (b) optimum snubber capacitor, and (c) larger snubber
capacitor.

In order to evaluate the switching losses, three different situ-
ations can be distinguished (see Fig. 10):

1) areduced snubber capacitor value, Csu, < Conbmaz [S€€
Fig. 10(a)];
the optimum snubber capacitor, Cgn, = Cynb,max [S€€
Fig. 10(b)], also known as Class DE operation mode,
which achieves minimum switching losses, in this mode,
both the voltage (ZVS) and the current (ZVDS) at the
turn-on transition are zero, being possible to neglect the
diode conduction (States V, II, respectively);
a larger snubber capacitor value, Cgn1, > Conb,max [S€€
Fig. 10(c)] causes an additional switching loss energy
term in the form of Cj,;, Av2. This mode must be avoided
in order to limit losses and peak current in the switching
devices.

Consequently, the switching losses, Py, off, can be obtained
by

2)

3)

Psw,off = fswEoﬂ" = fsw /iT,oﬁ(t)vo(t)dt
- 2(1;,”) / ir o (t)] / io(t) — ir o (t)dt]dt
tq
(29)
Pt = g [ironOlaor® - a0ldt G0)
Pavait = g | ( [ iman@un(0at) - (.00,
_(fioﬁ(t%i@ - B+ 1,1 —5)2»
8C, \ +tsitii(4—208)(1—-p) .

€29

The integral term can be solved using integration by parts

/ im0 (e ()t = i7.op () / v (1)t

- / ( / vc(t)dt) it (32)

diT70ff (t)
dt

where using piecewise linear functions, the dir o (t)/dt term
results constant, yielding

/ ir.off (E)ve (B)dt = ir o (1) / v, (t)dt
(t)dt)dt. (33
o0 [ ([ octwanie. @
By applying KVL to the converter

[ ([ve(@)dt)dt = %t? — L,Cove(t) — RO, [ve(t)dt
Jve(t)dt =tV — Lyiy(t) — R Cro.(t)
the integral term results

/ it ()00 (t)dt =

B diT’Oﬂ (t)

(34)

[ ([ = 1] 00 + 1ol

‘*‘[Ffﬂ}io(tf,i + tt,i))

ITA,off 2 w2
(g0 ([ -n] w0+
xve(tys) + [Cpael veltys + tm)
UJ2
+ [%T, —2¢] v, (0)
(35)
where
Ty = ti’rf _ =D+t o (A=5)
fii tyite t i
and FS = tf11(2 — ﬁ) + tt,i(]- — ﬂ) (36)

Consequently, the switching losses can be easily calculated
as a function of the power device switching parameters, the
snubber capacitor, and the resonant tank.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed analytical models, both SPICE
simulations and experimental results have been compared.
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(see Fig. 12). These results include the converter operation at
nominal duty cycle, D = 0.5, close to the resonant frequency
[see Fig. 12(a) and (b)] and at high switching frequency [see
Fig. 12(c) and (d)]. Additionally, the converter operation at D =
0.75 for fs, = 50 kHz has been included in [Fig. 12(e) and (f)].
From these results, it can be concluded that the analytical results
are in good agreement with both the SPICE simulations and the
experimental results, validating the accuracy of the proposed

4136
Fig. 11.  Experimental prototype test-bench: power converter and discrete RL load.
TABLE I
PROTOTYPE PARAMETERS
Components Values

Req Load resistance 2.85Q
Leg Equivalent inductance 19.5 uH
Vs Supply voltage 230V
C, Resonant capacitor 1440 nF
Conp Snubber capacitor 2 x 22nF
Su, S Switching devices (IGBTs) GP4068D

Induction heating has been selected as a reference application of
contactless energy transfer with a significant domestic and in-
dustrial relevance. It is important to note that, since closed-form
expressions are obtained for both the main converter waveforms
and the efficiency analysis, they can be computed using any
mathematic software. In this case, MATLAB has been used to
enable a fast design space exploration in order to optimize the
desired performance and efficiency.

The prototype designed and built is based on a half-bridge
series resonant inverter designed to supply an induction heating
load [31] (see Fig. 11). The induction load is modeled as the
series connection of an equivalent resistor 1., and an equiva-
lent inductor L., [32]. Consequently, a discrete power inductor
and resistor have been used to avoid nonidealities of induction
heating loads and provide an accurate verification of the model.
The equivalent load resistance value is 2.85 2 and the equiva-
lent series inductance is 19.5 pH [33], [34]. These parameters
accounts for both the coil and the induction load effect. The
resonant capacitor has been chosen to obtain a 30-kHz resonant
frequency to avoid the audible range [35], [36] while keeping
low switching losses. Additional design parameters can be found
in Table I.

A. Resonant Converter Operation Model

In order to verify the proposed analytical model, the main
converter waveforms under different operating points have been
compared using SPICE simulations and experimental results

model under real operating conditions.

One of the key points of the proposed model is the feasibil-
ity to model transients and complex modulation patterns during
the converter operation. Fig. 13 shows an eight-interval mod-
ulation pattern selected to test the proposed analytical model.
The same modulation pattern has been evaluated using the pro-
posed analytical model, obtaining the results shown in Fig. 14
for the load current (a) and resonant capacitor voltage (b). The
good agreement between the experimental and the analytical
model results proves the feasibility of the proposed model to
predict the converter behavior either under variable modulation
pattern or loads, typical of CET systems. Consequently, unlike
previous analytical models based on the Fourier transform or
first-harmonic approach, the proposed model proves to allow
reproducing complex transient operations.

B. Power Loss Model

One of the most relevant issues of the power loss model is
the turn-off losses model considering a ZVS soft-switching be-
havior, including the effect of the snubber capacitors for reduce
the switching losses. Typical turn-off transitions are depicted in
Fig. 15, using a snubber capacitance of 44 nF for f;,, = 50 kHz
(a) and fs, = 75 kHz (b).

In order to prove the feasibility of the proposed model, both
the linear piecewise model for the IGBT current during the turn-
off transition and the transistor voltage slope considering the
snubber capacitance are depicted in Fig. 16. The linear piecewise
parameters are ty; = 58 ns, t; ; = 402 ns, and 3 = 0.82.

Finally, the instantaneous turn-off losses are shown in Fig. 17,
comparing the experimental results with the predicted ones. The
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Fig. 12.  Experimental and SPICE results versus predicted waveforms (load current and resonant capacitor voltage) using the proposed analytical model. Results
at nominal duty cycle close to the resonant frequency at fq,, = 28.57 kHz, and high operating frequency, fs,, = 100 kHz (c-d). Results at fs,, = 50 kHz for

D = 0.75 (e-f).
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Turn-off transition using IGBT devices at (a) fsw = 50 kHz and (b) 75 kHz. Results for a ZVS soft-switching behavior using C,,;, = 44 nF. From top
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predicted turn-off switching losses energy results 39.60 and
15.05 pJ, whereas the measured results is 39.87 and 15.91 puJ
for fsw = 50 and 75 kHz, respectively. As a result of this, the
simple piecewise model results reasonable for predicting the
turn-off losses under ZVS soft-switching behavior.

Finally, in order to validate the complete power loss model,
the on-state losses have been considered. The on-state param-
eters for the selected IGBTs copacked with antiparallel diodes
are Voo r = 1.32 Vand R,, 7 = 34 m{2 for the transistor, and
Von,p = 1.08 Vand R,,, p = 17 m{2 for the antiparallel diode.
Both the on-state losses and the switching losses as a function
of the switching frequency using the proposed model are de-
picted in Fig. 18(a). Finally, the converter efficiency has been
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Instantaneous turn-off losses. Experimental results versus analytical model for (a) fsw = 50 kHz and (b) fsw = 75 kHz.

measured using a digital power analyzer (Yokogawa PZ4000)
and compared with the predicted one using the analytical model
in Fig. 18(b). These results validate the accuracy of the model
not only to estimate current and voltage waveforms, but also to
predict the converter efficiency, enabling further optimization.

V. DESIGN EXAMPLE: SERIES RESONANT INVERTER FOR IH

In this section, an example of resonant converter design and
optimum device selection is provided taking advantage of the
proposed model. The design flowchart, depicted in Fig. 19, is
divided into two sections: the resonant load design, and af-
terwards, the power losses computation for optimum device
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Fig. 19.  Design flowchart using the proposed analytical model.

selection. In order to design the resonant converter, the main
requirements are the following: supply voltage, Vs = 300 V,
maximum output power, P, ,,,x = 1 kW at 500 kHz switching
frequency, which is suitable for hardening processes or low-
resistivity metal heating. Considering the induction heating ap-
plication, i.e., geometry and operating frequency, the induction
heating load quality factor results Qg = 4.64.

The first step consists on obtaining the equivalent IH-load
parameters. By using (16), and assuming a 10% safety margin
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TABLE I
POWER DEVICE CHARACTERISTICS

Parameter THW40N60R IKW75N60T

Von. T Transistor on-state voltage drop 1.3V 1.05V
Ton.T Transistor on-state resistance 11.5 mQ 7.5 mS)
Von.D Diode on-state voltage drop 1.4V 1.1V
Ton.D Diode on-state resistance 8.5 m{2 6 m$2
tr.i Current fall-time 39 ns 65 ns

ty Current tail-time 101 ns 190 ns

I Tail factor 0.55 0.5

in the maximum output power, the IH-load resistance results,
Rp = 16.59 Q. Then, by using the quality factor definition, the
equivalent IH-load inductance is obtained, i.e., L, = 24.5 pH.
In order to obtain the required output power (1 kW) at the desired
switching frequency (500 kHz), the resonant capacitor must be
carefully selected. By using (15), the resonant capacitor results
C, = 4.38 nF, leading to a 4.4-nF commercial value. At this
point, it is important to note that (15) results into two possible
capacitor values: the lower one yields to the capacitive region
of the resonant tank, i.e., ZCS switching behavior, whereas the
selected one results in an inductive behavior, enabling a ZVS
operation. Fig. 20(a) shows both the simulated and the measured
output power curve as a function of the switching frequency.

The second step deals with the power device selection. First,
it is required to obtain the maximum snubber capacitance based
on the power device switching parameters by using the charge-
balance equation (28). At this point, it is important to note that
the higher the snubber capacitance is, the lower the switching
losses result. For that reason, the maximum snubber capaci-
tance will be selected for the required maximum output power,
yielding to a Class DE operation mode, i.e., a ZVS and ZDVS
operation. It is also important to note that low switching speed
devices will reduce the maximum snubber capacitance, notably
increasing the switching losses. Thus, a high speed trench-gate
and field-stop technology IGBT devices have been selected for
this comparison. Their main characteristics are summarized in
Table II. By holding the maximum delay time, t; = 10%, the
maximum snubber capacitor (28) results 1.6 and 0.97 nF for the
IHW40N60R and IKW75N60T, respectively.
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Once the snubber capacitors have been selected, the switching
losses can be directly computed using (31). Finally, conduction
losses can be obtained by using the energy-balance analysis,
using (23) and (24) for the antiparallel diodes and the transis-
tors, respectively. The predicted efficiency curve as a function
of the output power is depicted in Fig. 20(b) for both power de-
vices. Additionally, an experimental prototype has been built for
demonstrate the feasibility of the proposed design method fea-
turing the IHW40N60R power device, which exhibits the best
efficiency results. The measured efficiency results have been

also included in Fig. 20(b). Finally, main converter waveforms
at maximum (1 kW) and medium (0.5 kW) output power levels
are depicted in Fig. 21. Additionally, the main power devices
waveforms have been also included.

VI. CONCLUSION

In this paper, an analytical model of the half-bridge series
resonant inverter has been proposed. One of the most important
contributions of this model is that results are directly obtained
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from closed-form expressions, reducing simulation time and
enabling real-time control and emulation techniques.

The main waveforms of the converter are directly calculated,
allowing extract control parameters required to operate the de-
sired switching mode. In addition, a closed-form expression of
the output power has been also obtained as a function of the
main control parameters, valid for any modulation profile.

The main converter power loss has been studied. On the one
hand, an analytical model has been obtained for conduction
losses, proving that conduction efficiency is constant with out-
put power and only depends on the load, supply voltage, and
conduction parameters of the switching devices. On the other
hand, an analytical model for the switching losses, focused on
the ZVS mode, has also been obtained.

The analytical model presented in this paper has been verified
experimentally through an induction heating inverter, showing
a good agreement between theoretical and experimental results.
Besides, a design example of a resonant inverter for induction
heating applications taking advantage of the proposed model has
been detailed. These results prove the accuracy of the proposed
model and its suitability as a tool to improve both the design
process and the converter operation.
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