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ABSTRACT

This thesis presents a detailed analysis of circuit operation under the operating regions
of zero voltage switching (ZVS) and nonzero voltage switching (NON-ZVS) in a full-bridge
phase-shift control series resonant MOSFET inverter with a load of high-frequency induction
heating. A variety of modes of circuit operation both under the operating regions of ZVS and
NON-ZVS are first analyzed in details with charge transfer process of each of the MOSFET
output drain-source capacitance C,ss taken into consideration. Various voltage and current
equations of each of these modes of circuit operation are then obtained and used for calculation
of the waveforms in various parts of the proposed circuit by using MATLAB program. In this
thesis, the two operating regions of ZVS and NON-ZVS are divided by a certain borderline of
critical zero voltage switching (critical ZVS). Then, to keep the circuit always operating in this
safety region of ZVS, it is necessary to calculate the borderline of critical ZVS operation which
lies between these two operating regions of ZVS and NON-ZVS. The calculation results of the
waveforms under critical ZVS can lead further to the consideration of various circuit parameters
under critical ZVS condition that are used to determine ZVS or NON-ZVS operating regions.
Moreover, the proposed theoretical results are also verified by experimental ones, using a

prototype test set rated at 3 kW in the laboratory.
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Critical ZVS

3 v
(¥) current-time area (I0NNszUANA) VaIE [, < JserJs =Lt fo > 1y,

i < o - - . o o4 A
31U 4.37 inwvesdunsIngAnazuuaves current-time area M UATHVOIMIAD U E
w1 (Bin < @)

foe  6l.74KHz

ar
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pi0

l NON-ZVS I Critical ZVS l

(V) current-time area YUY fs < f5 o, fo = fo o T fi > fi .

Vo
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MR einudunsesdeszniemsmaumeldaniiz Zvs uay NON-zvs
= o o o a o d 7q ¥ 14 14
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M50 4.1 MUBINTATA1 veunseeduuuun1dluninaass

W1310993 lunsnaans ANVBINITINIADT
Vpss 500 V
MOSFET IRFP460 b £ 20 A
e 870 pF

drain-source capacitor

(C C;=Ci=C53=C3) (2% Cpgy )+4700 pF = 6440 pF
ds =] =L1=0La2=02

blocking capacitor (Cy) 6.6 uF

resonant capacitor (C) 4.4 uF

(N2/Ny)*C'C,,
(N2/N)*C'+Cy

equivalent resonant capacitor (C) = 0.0437 uF

dc link voltage (V) 150 V
high-frequency ferrite core 2 x EE80
step down transformer turn ratio 10
diameter 2.5 cm
iron work-piece -
lenth 15 cm
turns 4
heating coil
diameter 4 cm

operating temperature 400 °C
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V
R = ILICOSHI,C (4.45)
ol
Vit 1
e ' A
Iol — 27""'1‘-.5',5'(-\'
L = 27:f (4.46)
s.c
2xfs L— :
s T
6. = tan 5 (4.47)

-+ CaV.
COS_| (1_ n'fs,c ds d}
ka,c

T = 4.48
CF.C 27t (4.48)

AN 4.3 MANuUMUaYa (R) uazmanumisniauya (L) vesTnaai ldon

msdnvazdunesmesmauneldean1ig Critical ZVS

R () | 24.65 | 2498 | 2524 | 25.69 | 26.09 27.45 | 27.86

L (uH) | 177.43 | 179.58 | 180.78 | 181.87 | 184.38 | 187.41 | 190.34 | 194.67 | 199.89

" " " ¥
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Critical frequency , f;. (kHz)
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201 - - “ 4000(_: i

10 15 20 25 30 35 40 45 50
Phase—Shlft ¢ (degrees)

31091 4.40 mmﬁuﬁuﬁswinmmmnmmnﬂqn (fs.c) wazanpuasue (4)

) e O Caleulatlen
8 - X} Experlment

NON ZVS

4000 .

Critical load peak current, I, . (A)

10 15 20 25 35 40 45 50
Phase—Sh:ft ¢ (degrees)
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90
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: i : @ Expenment

Critical phase-lag, 91,c (degrees)
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Phase-Shift , @ (degrees)
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Analysis of Circuit Operation under ZVS and NON-ZVS Conditions
in Phase-Shift Inverter for Induction Heating
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This paper presents a detailed analysis of circuit operation under ZVS and NON-ZVS conditions in a full-bridge
high-frequency phase-shift control series resonant MOSFET inverter with the load of induction heating. Various modes
of circuit operation both under ZVS and NON-ZVS conditions are first analyzed in details. The voltage and current
equations of these circuits are then obtained and used for calculation of the waveforms by MATLAB program. The cal-
culated results can lead to the consideration of various circuit parameters that determine ZVS or NON-ZVS operating
conditions. The theoretical results are also verified by experimental ones, using a prototype test set rated at 3 kW.

Keywords: circuit operation, ZVS, NON-ZVS, phase-shift, induction heating, high-frequency

1. Introduction

In the single-phase full-bridge inverter circuit using MOS-
FET power switching device with a load of induction heating,
one important problem encountered in the circuit is when the
inverter is operated with phase-shift control since the switch-
ing frequency f, must be always slightly increased with the
increase of phase-shift in order to maintain the inverter to
operate under Zero Voltage Switching, ZVS condition"®
which is regarded as an important necessary operating condi-
tion. The main reason for this is generally understood that the
output capacitor Co in the switching power MOSFET @®
must be controlled to entirely discharge itself before the next
coming turn-on ®, but the detailed analysis to explain the in-
ternal operating mechanism of the circuit both theoretically
and experimentally is still kept unreported. This is a very in-
teresting problem and is taken as our research topic in this
paper. In order to solve this problem, the single-phase full-
bridge series resonant inverter with a load of induction heat-
ing has been developed in our laboratory as shown in Fig. 1,
in which when the inverter is operated with powering mode
of circuit operation as shown in Fig. 2, each pair of switches
$4-5; and S,-S] normally turns on and off alternately in order
to generate AC step-wave output voltage. In this case, if each
power switching device is MOSFET as used in this paper,
the output capacitors C,ss which exist actually between drain-
source of the device and is equal to 870 x 2 pF for a parallel
connection of two pieces of IRFP460 must be also taken into
consideration. For clarity of waveform investigation during
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662-7373000 EXT. 3516 Fax. 662-3264550
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charge transfer (Modes @), & and @, ® in Fig.2), C;, s
C,, €} each of which is equal in value, is made equal to C
+ 2200 pF and is given as drain-source capacitance: Cys. By
principle, the capacitors C; and C} as shown in Fig. 2 will be
fully charged by the supply voltage V,; during the on-state of
switch pair §,-S} in the positive half-cycle of output voltage
u,. Alternately, in the next sequence of negative half-cycle
where switch pair S;-S] enters the on-state in turn as shown
in Fig. 2, the fully charged capacitors C; and C} must com-
pletely discharge themselves before the next coming turn-on
process.

-
-
i
B
L

XX

C'=44uF
C,s6.6uF _
N

M 10

Fig.1. Phase-shift inverter fed induction heating

Fig.2. The idea to point out a main point of problem:
How to transfer charges up or down in each inverter
branch circuit between each powering mode of output
voltage v,

IEEJ Trans. IA, Vol.126, No.5, 2006
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i it ir Cs- . — - &

'Thercfore, how can the chgges - th K Chpacivarpes i 2. Analysis of Circuit Operation with Calculated
C' transfer to the other remaining pair of capacitors C,-C; =

Vi ; . g and Experimental Waveforms
or vice versa still remains as a main point of problem that
waits for an analysis method to solve. One such method to
solve this problem has been already presented clearly in this
paper both theoretically and experimentally in the following
sections.

2.1  Maodes of Circuit Operation First, we show var-
ious modes of circuit operation of the main power circuit
as in Figs.3 which have totally 10 modes for two different
operating conditions. One is for the case of Zero-Voltage

~1M1:
L @ iS ’M'I ¢

NON-ZVS

i

ol sy

NON-ZVS NON|-ZVS NON-ZVS
ZVS ZVS ZVS 2ZVS @

R ®
Bl [ LB

o ; m.“

L

T S"”

(O [e=i]

55 L
]

Fig.3. Circuit operation modes under ZVS condition (Modes D@ Q@ @ ® © @ @ @ and
®) and under NON-ZVS condition (Modes @@ @3 ® @ ® @ & and @)
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Switching, ZVS (Modes D @ @ @ ® @ @ @ @ and ®)
and the other case is for the condition of Non-Zero-Voltage
Switching, NON-ZVS (Modes @ @ @ ® ® @ @ @ & and
@).

2.2 Voltage and Current Equations in Each Mode of
Circuit Operation From these modes of circuit opera-
tion and by second order differential equations, various equa-
tions of output current i, and output voltage v, can also be
obtained in two cases. One is for the operating condition
of ZVS (Equations (1), (2), (3), (4), (5), (1), (2), (3"), (4)
and (5)) and the other case is for the operating condition of
NON-ZVS (Equations (2), (3), (4), (5), (6), (2, (3'), (4"),
(5") and (6)).

i,=e™ [(%)sin W)t + Icoswlt]}
v, =Vy

................. (1,(2)

e (V-2 -V, 4V
e 2L

- ar]) sinwst + wyl cos mz!]

= ———— e (A sinwat + B H+Dy|+V
v,y C;(a"‘-+cu§)[e (A sinan 1 COS anl) + |} 2
..................... (3)
-V -alLI
i,,:e"’”[(—a—L)sinw]r+Icosw|r]
(.tJ|L
v, =0
.................... @)
, e [-Vy-W-V,+V} .
lp = — || ————— —al|sinwyt + wyl cos wyt
w 2L

[e“‘"(Ag sin wyt + By cos wat) + 1)2] -V

- C](I]’2 +0)§)
.................. (5).(6)
T A | g
y=™ [(-L—m)sin wt + Icosw.t]
w;L
v, =-Vy
............... (1,029
., e [[=Vy=2V-Va+V; .
L= o ,(—T—- - nrl)sm ant + anl cos wyt

- 7] . _v
v, = C’_z-_(az " w%) [e"’ (A3 sin wyt + By cosawnt) + Dg] v,

.................... (3"
-V -eaLI
i, =™ [(—'E——')sin wyl + lcosw,t]
wyL ceee (49)
v,=0
. _ U [(Va=2V-V, +V, 1 sin ot i -
e 7L al |sinwyt + wyl cos wy
v = W [e‘“’(A4 sinayt + Bycoswyt) + D.,] +V]
................ (51,(6")
Where;

V) : the initial value of voltage V¢,

Vi: the initial value of voltage V¢,

V: the initial value of voltage Ve,

V;: the initial value of voltage V¢,

I the initial value of load current i, in each mode of circuit
operation

V: the initial value of load capacitor voltage in each mode of
circuit operation

a R
Tk
RCy4,(Va— Vo - Vi)a® + wd) - LI(@* + wd) - a(V - V)
4 < DO Cul OV~ V2 - Vi) - aCallVs - Vy - Vi) + i)
1= ZanL
g o CUlOVa=Va- V)~ (V- Vi) + Col (Vo= Vo - Vi) o + )
L L
p. . CalOVa-V2-V3)+ V-V
b 2L
RC4y(=Va+ Vi +V)e + wl) - LIi@® + ) - a(V + V)
—a(Cd,/C)(-V; + Vl + V]) - QCJ,L(—VJ + V] + V; )(Gz + wi)
A= s
g2 CCUlOCVat Vit V)= (V4 V) + Cul (Vo + V1 + V) e + 0})
= L
(Cas/OV(=Va+V + V) +(V+V))
D, =
2L
RCy(-Va+ Vo + Vo)e® + ) - LI(e® + wl) - a(V + V)
~0(Cas/CY=Va + V2 + V3) - eCyL(-V4 + V1 + Vi)a® + w?)
g - ECUlOCYa+ Vot V)= (V 4+ V) + Cul(Va+ Va + V) (et + 3)
3= 1
e (Cas/C)(=Va+ V2 + Vi) +(V+V))
&= 2L
RCu(Va~ Vi - V) + @) - LI(@* + ) - a(V - V})
4, = OCaIOVa= Vi = V) - aCuldVi =V, - Vi) + )
4= TanL
g o CulOVa=V1 =)~ (V-V))+ Cul (Va1 - V) (e® + )
= 3L
5 CaslC)(Va-Vi = Vi) +(V-V))
4 = ;

2L

2.3 Calculated and Experimental Waveforms  Us-
ing the above equations and by MATLAB program, all volt-
ages and currents in various parts of the circuit can be solved
and presented in various waveforms as shown in Figs. 4 and
5(a) for the case of ZVS operating condition with the theo-
retical output voltage and current waveforms of Fig. 5(a) ver-
ified by experimental results of Fig. 5(b). In the same way,
the similar waveforms as shown in Figs. 6 and 7(a) for the
case of NON-ZVS operating condition can also be obtained
with the theoretical output voltage and current waveforms of
Fig. 7(a) verified by experimental results of Fig. 7(b). Again,
by using the same method, the theoretical and experimental
output voltage and current waveforms for the case of small
peak load current I with a large increase of phase-shift ¢
can also be obtained as shown in Fig. 8(a) and (b) for verifi-
cation purpose which is also the case for NON-ZVS circuit

|IEEJ Trans. IA, Vol.126, No.5, 2006
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ONO) @@)@@ @ @@(D

Fig.4. Calculated voltage and current waveforms under
ZVS operating condition

-4 50Volt/Div
1 5 Amp/ Div
2 us/Div

50 Volt/ Div
5 Amp/ Div
2 us/Div

(b) Experiment
Fig.5. Comparison of calculated and experimental out-

put voltage and current waveforms under ZVS operating
condition at phase-shift ¢ = 40°

BHFMD, 126 %55, 2006 &F
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Fig.6. Calculated voltage and current waveforms under
NON-ZVS operating condition

50Volt/ Div
5 Amp/ Div
2 ps/Div
(a) Calculation
-c-1 oc W t | (ampav)
R - nmwem
0 1 PErIMEn®. | sovon/piv
e 4| 5 Amp/Div
0 A 2 us/Div

(b) Experiment
Fig.7. Comparison of calculated and experimental out-
put voltage and current waveforms under NON-ZVS op-
erating condition at phase-shift ¢ = 40°
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4 50Volt/Div
5 Amp/ Div
2 ps/Div

i H H i 1 i F i i

(a) Calculation
Be e - h’:m'-.l
Experiment
| 50Velt/Div
[ 5 Amp/ Div
2 ps/Div

(b) Experiment
Fig.8. Comparison of calculated and experimental out-
put voltage and current waveforms under NON-ZVS op-
erating condition due to large phase-shift (¢ = 90°) and
insufficient load current 1

operation.

3. Detailed Considerations of ZVS, NON-ZVS
and Critical ZVS

From the good understanding of modes of circuit operation
described in Section 2, the next step concemning the details of
ZVS,NON-ZVS and critical ZVS operating conditions at the
front and tailing edges of output step voltage can also be un-
derstood as shown in the following details.

For the front edge of positive half-cycle of voltage v, as
shown in Fig. 9, the charges in branch 1 are transferred down-
ward from capacitor C; to C| with three possible operating
conditions: (1) ZVS, (2) Critical ZVS and (3) NON-ZVS.
For the front edge of negative half-cycle of voltage v,, the
charge transfer situation in the same branch is the same but
only the direction is reversed upward from C| to C;.

For the tailing edge of positive half-cycle of voltage v,, the |

charges in branch 2 are transferred downward from capaci-
tor C; to C;, with only one possible operating condition: (1)
ZVS. For the tailing edge of negative half-cycle of voltage v,
the charges transfer situation in the same branch is the same
but only the direction is reversed upward from C, to Cy. The
more details are also described in the following four sections.

3.1 ZVS Operation at the Front Edge of Voltage v,
Fig. 10 shows the complete charge-discharge or the success-
ful transfer of charge from capacitors C] to C,, which occurs
in the first branch of the inverter under ZVS operating con-
dition. This transfer of charge occurs at the front edge of
the negative half-cycle of output voltage v, and corresponds
to Mode 5 of the circuit operation of Fig. 3. This implies that
switch S when operated in powering mode can turn on safely
with the voltage vc; across it equal to zero (ZVS). Fig. 10 also
shows the successful transfer of charge from C, to C; for the

564

FRONT EDGE : TAILING EDGE : FRONT EDGE :
(1) Zvs (1) Zvs () Zvs

(2) Critical ZVS (2) Critical ZVS
(3) NON-ZVS (3) NON-ZVS

5
©Ow

S\TG S
TAILING EDGE : FRONT EDGE : TAILING EDGE :
(1) Zvs (1) Zvs (1) Zvs
(2) Critical ZVS
(3) NON-ZVS

Fig.9. The transfer of charges between each pair of ca-
pacitors in branches 1 and 2 of the inverter over 1-cycle
of output voltage v,

Mode 5 Mode 5

Fig.10. Circuit operations of Modes 5 and 5’ from
Fig. 3 showing the successful transfer of charge: Mode
5 from Cj to C, for negative front edge of v, and Mode
5’ from C, to C] for positive front edge of v,

next ZVS turn-on of switch S;. This transfer of charge oc-
curs at the front edge of the positive half-cycle of output volt-
age v, and corresponds to Mode 5’ of the circuit operation of
Fig. 3. Similarly, this implies that switch S; when operated in
powering mode can turn on safely with the voltage vc, across
it equal to zero (ZVS).

3.2 NON-ZVS Operation at the Front Edge of Volt-
age v, Fig. 11 shows the incomplete charge-discharge
or the unsuccessful transfer of charge from capacitors C} to
C,, which occurs in the first branch of the inverter under

IEEJ Trans. IA, Vol.126, No.5, 2006
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T
cE,

Mode 6

Mode 6'

Fig.11. Circuit operations of Modes (5, 6) and (5, 6')
Fig. 3 showing the unsuccessful transfer of charge: Mode
5 from C; to C; and Mode 6 back from C, to C; for neg-
ative front edge of v,, Mode 5" from C, to C] and Mode
6" back from C] to C, for positive front edge of v,

NON-ZVS operating condition which results in NON-ZVS
operating condition of switch S/ in the next turn-on sequence.
This transfer of charge occurs at the front edge of the nega-
tive half-cycle of output voltage v, and corresponds to Modes
5 and 6 of the circuit operation of Fig. 3. This implies that
switch 8] can not turn on safely with the voltage Uc, ACTOSS
it not equal to zero (NON-ZVS). Fig. 11 also shows the un-
sugcessful transfer of charge from C; to C], which results
in NON-ZVS operating condition of switch S; in the next
turn-on sequence. This transfer of charge occurs at the front
edge of the positive half-cycle of output voltage v, and corre-
sponds to Modes 5’ and 6’ of the circuit operation of Fig. 3.
Similarly, this implies that switch S; can not turn on safely
with the voltage vc, across it not equal to zero (NON-ZVS),
3.3 ZVS Operation at the Tailing Edge of Voltage v,
Fig. 12 shows the complete charge-discharge or the success-
ful transfer of charge from capacitors C; to C} in the second
branch of the inverter under ZVS operating condition. This
transfer of charge occurs at the tailing edge of the positive
half-cycle of output voltage v, and corresponds to Mode 3 of
the circuit operation of Fig. 3. Fig. 12 also shows the success-
ful transfer of charge from C; to C; for the next ZVS turn-on
of switch S). This transfer of charge occurs at the tailing
edge of the negative half-cycle of output voltage v, and cor-
responds to Mode 3’ of the circuit operation of Fig. 3. The
circuit operation under NON-ZVS condition does not exist in
this case because the charge-discharge of the second branch
capacitors occurs around the peak position of sinusoidal half
load current i,/2, which has higher charge-discharge cur-
rent value when compared to that of lower charge-discharge

BFAD, 126 # 55, 2006 F
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Mode 3 Mode 3’

Fig.12. Circuit operations of Modes 3 and 3’ from
Fig. 3 showing the successful transfer of charge: Mode
3 from C; to C;, for positive tailing edge of v, and Mode
3’ from C} to C; for negative tailing edge of v,
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Mode 5

Mode §'

Fig.13. Circuit operations of Modes 5 and 5 from
Fig.3 showing the successful transfer of charge: Mode
5 from Cj to C, for negative front edge of v, and Mode
5" from C, to C| for positive front edge of v,

current value around the zero-crossing position for the case
of positive and negative front edge.

3.4 Critical ZVS Operation at the Front Edge of Volt-
agev,  Fig. 13 shows the charge-discharge of capacitor C;
and Cj in the first branch of the inverter under critical ZVS
operating condition. The circuit operation in this case is the
same as in case of ZVS in Section 3.1 except that the transfer
of charge in this case is made completely at exactly the ends
of positive and negative half-cycles of sinusoidal half load
current i,/2.

4. Calculated and Measured Characteristics of
the Four Circuit Parameters vs. Phase-Shift

under Critical ZVS Operating Condition

As described in the previous section, the circuit operation
of inverter with MOSFET drain-source capacitance: Cg; can
be divided into three different operating conditions; that is,
ZVS, critical ZVS and NON-ZVS. In fact, critical ZVS is
the borderline that is located between ZVS and NON-ZVS.
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So, the operating areas of ZVS and NON-ZVS during change
of phase-shift can be determined by calculation of the four
critical values of switching frequency f, ., load peak cur-
rent I, ., fundamental phase-lag 6, . and front-edge charg-
ing time Tcrc, using the critical output voltage and current
waveforms of Fig. 13; where the definitions of these critical
parameters are as expressed by waveforms in Fig. 14.

From the waveforms of Fig. 13, the critical charging time
Tk for Cy or C| can be obtained using Equation (7).

z-[:r-(91,c~¢_¢m )} 0, _ 9~ Puin
2 © 2
Terc= =, = T e 0
5.c 5.
R = (Volllol)cos al,t ................................ (8)
L= (1/2f,.)[(Vor /L)) sin 6y + 1/ (22 . C)] ----9)

All the parameters in Equation (7) can be determined by
calculation using all the equations in Section 2.2 and when
plotted with respect to change of phase-shift ¢ by MATLAB
program, the characteristic curves of the four critical param-
eters: critical switching frequency f , critical load peak cur-
rent I pc, critical phase-lag @y ., critical charging time Tep e
under critical ZVS operating condition can be obtained as
shown in Figs. 16, 17, 18 and 19, where the experimental re-
sults are also plotted in the same figures for comparison and
the two results appear to be close to each other. Figs. 16, 17,
18 and 19 (left) show the relationship of these four critical
parameters at heating work-piece temperature of 100°C. It
is obvious that when phase-shift ¢ is increased, the critical
switching frequency f, . must be slightly increased in order
to maintain the circuit to operate under critical ZVS operat-
ing condition. This results in a decrease of critical load peak

N——F

#=10"

#=80°

Fig.15. v, i, at work-piece temperatures 100°C and
400°C: (a) ¢ = 10° (b) ¢ = 40° (c) ¢ = 80°
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Fig. 16. - Critical switching frequency [ vs. Phase-Shift ¢
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current I . and increases of critical fundamental phase-lag
1 and critical charging time Tcpc. In the same figures,
it is also understood that if any of these four critical pa-
rameters is changed away from its critical operating value,
the inverter circuit will be driven into any of ZVS or NON-
ZVS operating conditions as shown by the regions of ZVS
and NON-ZVS in the figures. One more family of char-
acteristic curves (right) is also obtained at different work-
piece temperatures of 400°C. It can be understood that in-
crease of work—piece temperature from 100°C~400°C re-
sults in gradual decreases of critical switching frequency f .
and critical load peak current I, ., but gradual increases of
critical fundamental phase-lag 6, . and critical charging time
T'crc. This is because the load equivalent resistance R and
inductance L considered from the primary side of the output
transformer change gradually in the temperature range from
100°C~400°C. The equivalent resistance R and inductance
L at any work-piece temperature T and phase-shift ¢ can be
calculated from the parameters V,, I, 6 and f ., using
Equations (8), (9), with these parameters defined as shown by
waveforms in Fig. 14, and they can be determined from the
experimental output waveforms v,, i, with their fundamental
values V,,; I,;, 6, obtained from Fourier analysis. By this
method, the calculated values of equivalent R and L at work-
piece temperatures 100°C, 400°C and phase-shifts 10°, 40°,
80° can be obtained as shown in Table 1 (uper part). Sub-
stituting these calculated values into Equations (1)~(6) and

zn T < ]
i [2—%— o Q Ghatutn
i R
gf_ - M g, \ﬂ\
1, . .{ NONE .
1 1% 3 5
- g 100:C 32 400 C
=
gumzo T - B R

Phase-Shift ¢ (degrees) Phase-Shift , @ (degrees)
Fig.17. Critical load peak current, I, . vs. Phase-Shift ¢
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Fig.18. Critical Phase-Lag, 8, ¢ vs. Phase-Shift ¢
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Fig.19. Critical charging time, Tcrc vs. Phase-Shift ¢
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Table 1. The calculated critical values of R, L and
Sois Ipier 01, Terc at work—piece temperatures 100°C,
400°C, phase-shifts ¢ = 10°, 40°, 80° and V; = 100V

T(C)
P 10 40 30 10 40 80
R(Q) | 18 | 1200 | 1430 § 1335 | 1409 | 1692

L{pH)| 2137 | 2126 | 2042 | 2314 | 2261 | 2219
Lo (kBz)| 5315 | 5491 | @282 | 5129 | 5386 | 243
TuAA) [ 1028 | 796 | 360 | 864 | 675 | 27
8"y | 1724 | 3431 | 6058 | 1735 | 3517 | 62.66

Toclus)] 060 | o7 | 102 | 063 | 075 | 120

(17)~(6"), the calculated waveforms under critical ZVS con-
dition can be obtained as shown in Fig. 15(a), (b), (c), using
MATLAB program; and consequently, the four critical pa-
rameters f ., I xc, 8, Tcrc can be determined and the re-
sults are obtained as shown in Table I (lower part) and plotted
as curves in Figs. 16~19.

5. Conclusion

The circuit operation of phase-shift inverter under ZVS
and NON-ZVS operating conditions for induction heating
has been already presented both theoretically and experimen-
tally. There are three main important points to be concluded
here as follows:

1. There are two possibilities for the phase-shift controlled
inverter circuit to operate under ZVS or NON-ZVS condi-
tions which can be determined by the four critical circuit pa-
rameters; that is, for the inverter circuit to be operated under
ZVS condition, load peak current I, switching frequency
[ s and fundamental output voltage-current phase-lag 8, must
be greater than their critical values, while the fully charging
time of the inverter branch capacitor must be smaller than its
critical value.

2. For output power reduction, increase of phase—shlft
without slight increase of switching frequency results in
the switching frequency f, and fundamental output voltage-
current phase-lag ), to be less than their critical values f, .
and @, . respectively; which results in NON-ZVS operating
condition. This is due to the recharge of capacitor reverse-
current which follows immediately after its unsuccessful dis-
charge.

3. For a great reduction of output power with large in-
crease of phase-shift, the load current in this case becomes
insufficient for an entire discharge of the inverter branch ca-
pacitor. Thus, the critical values of these parameters and con-
sequently ZVS operating condition can not be obtained.

(Manuscript received May 9, 2005,

revised Nov. 28, 2005)
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Analysi's of Circuit Operation under ZVS and NON-ZVS Conditions
in Phase-Shift Inverter for Induction Heating

P. Viriya*
N. Yongyuth*
K. Matsuse**

Abstract

This paper presents a detailed analysis of circuit operation under ZVS and NON-ZVS conditions in a full-bridge high-
frequency phase-shift control series resonant MOSFET inverter with the load of induction heating. Various modes of circuit
operation both under ZVS and NON-ZVS conditions are first analyzed in details. The voltage and current equations of these
circuits are then obtained and used for simulation of the waveforms by MATLAB program. The simulation results can lead to
the consideration of various circuit parameters that determine ZVS or NON-ZVS operating conditions. The theoretical results
are also verified by experimental ones, using a prototype test set rated at 3 kW.

Keyword : Circuit operation, ZVS, NON-ZVS, Phase-shift, Induction heating, 'High-ﬁ'equcncy

1. Introduction

In the single-phase full-bridge inverter circuit using
MOSFET power switching device with a load of induction
heating, one important problem encountered in the circuit is
when the inverter is operated with phase-shift control since
the switching frequency f; must be always slightly

increased with the increase of phase-shift in order to
maintain the inverter to operate under Zero Voltage
Switching, ZVS condition which is regarded as an
important necessary operating condition'"’™”, The main
reason for this is generally understood that the output
capacitor C . in the switching power MOSFET must be

controlled to entirely discharge itself before the next
coming turn-on®©®, but the detailed analysis to explain
the internal operating mechanism of the circuit both
theoretically and experimentally is still kept unreported.
This is a very interesting problem and is taken as our

_ research topic in this paper. In order to solve this problem,
the single-phase full-bridge series resonant inverter with a
load of induction heating has been developed in our
laboratory as shown in Fig. 1, in which when the inverter is
operated with powering mode of circuit operation as shown

Iy 1.8 S
V’ Cd:= Vd
% |- S Sap ,
Ci Cz
o Cy |,
R ' 3'%’ =
Heating coil 1% E Nyfe Ny v,
Workpece Hih ey

Fig. | Phase-shift inverter fed induction heating
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in Fig. 2, each pair of switches S, -S and S, - S}
normally turns on and off alternately in order to generate
AC step-wave output voltage. In this case, if the power
switching devices are MOSFET as used in this paper, the
output capacitors C .z which exist actually between drain-
source of the devices and are equal to 870x2 pF fora
parallel connection of two pieces of IRFP460 must be also
taken into consideration. For clarity of waveform
investigation during charge transfer (Modes @, @ and
®,®inFig.2) C,,C},C,,C}, which are all equal in
value are made equal to C 5 +2200 pF . By principle, the
capacitors C, and C; as shown in Fig. 2 will be fully
charged by the supply voltage ¥; during the on-state of
switch pair §; - 85 in the positive half-cycle of voltage v,, .
Alternately, in the next sequence of negative half-cycle
where switch pair S, -S| enters the on-state in turn as
shown in Fig. 2, the fully charged capacitors C, and C;

must completely discharge themselves before the next
coming turn-on process.

Fig. 2 The idea to point out a main point of problem : How to
transfer charges up or down in each inverter branch
circuit between each powering mode of output voltage V,

Therefore, how can the charges in the capacitor pair
C; - Cj transfer to the other remaining pair of capacitors

C, -C% or vice versa still remains as a main point of

problem that waits for an analysis method to solve. One
such method to solve this problem has been already
presented clearly in this paper both theoretically and
experimentally in the following sections.
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2. Analysis of Circuit Operation with Simulated

and Experimental Waveforms
2.1 Modes of circuit operation

First, we show various modes of circuit operation of the
main power circuit as in Figs. 3 which have totally 10
modes for two different operating conditions. One is for the

ZVS

case of Zero-Voltage Switching, ZVS (Modes © @ @

@O0 and®)and the other case is for the
condition of Non-Zero-Voltage Switching, NON-ZVS

Modes @O DO O OO ® @ 30 ©),

-ZVS NON-ZVS

ZVS

LR

ZVS

ZVsS @

; :=II =II c

Fig. 3 Circuit operation modes under ZVS condition (Mode 0JOJO) @Oo0O® and ® )
and under NON-ZVS condition (Mode @ ©JO] ®O® @ @ ® and )

2031
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2.2 Voltage and current equations in each modes of
circuit operation
From these modes of circuit operation and by second
order differential equations, various equations of output

current i, and output voltage V,, can also be obtained in
two cases. One is for the operating condition of ZVS

(Equations@@@@@@@@and@)and

the other case is for the operating condition of NON-ZVS

(Equations Q0 @ O ©O @ @ ® 4pa ©),

i,=e® [[yd—ml%)sin ant +1cos w,l]

Vo =¥y

06

Vg=2V 4V, -V}
2L

[e"" (4, sinw,t + B, cosa)zl)+Dl]+ v,

- al)sin @yt + w4l cos wzf]
@y

®

1
Cy(a® +o3)

e'“!:{i:—q{“!-)sin ant + Icosm,r]
anL

Vo=

@

—Vy-20 -V + W
2L

[e “(Ay sin @yt + By cosant)+ D2] 14

-5l

C(a +a;2)

- aIJsin yt + w:!cosmzr]

®®

| -

i =e_,,[[-v,,- all
o

sinayt + I cosat
ol } ]

0]

Vo = =¥y
e

=l

@02

V-2V -V;
—J%Liu—a])sinm2:+mzlcoswzl]

Ip =

{e (AJSID@2f+B3COSszf)+D3] Vs ®

v,

C (a +m2)

all] .
)sman +7 cosa),.r]

e [(Vy-20-V,+¥}
E’[[ 2L
. —
Cita®+0})
Where ;
: the initial value of voltage V¢,

- al]sin Wyt + @yl coswy t]

®®

L_‘” (Aq sin @yt + By cosat)+ D, ]+ v

¢ the initial value of voltage V¢
: the initial value of voltage Ve,
: the initial value of voltage V¢,

: the initial value of load current I, in each mode of
circuit operation
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V' : the initial value of load capacitor voltage in each
mode of circuit operation
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2.3 Simulated and experimental waveforms

Using the above equations and by MATLAB simulation,
all voltages and currents in various parts of the circuit can
be solved and presented in various waveforms as shown in
Figs. 4 and 5(a) for the case of ZVS operating condition
with the theoretical output voltage and current waveforms
of Fig. 5(a) verified by experimental results of Fig. 5(b). In
the same way, the similar waveforms as shown in Figs. 6
and 7(a) for the case of NON-ZVS operating condition can
also be obtained with the theoretical output voltage and
current waveforms of Fig. 7(a) verified by experimental
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results of Fig. 7(b). Again , by using the same method , the with a large increase of phase-shift ¢ can also be obtained
theoretical and experimental output voltage and current as shown in Figs. 8(a) and (b) for verification purpose
waveforms for the case of small peak load current /., which is also the case for NON-ZVS circuit operation.

Fig. 4 Simulated Voltage and Current waveforms Fig. 6 Simulated Voltage and ?urrem waveforms
under ZVS operating Condition under NON-ZVS operating Condition
)% Simulation L A Simulation

(a) Simulation (a) Simulation

ﬁ) Expen'mént :

Fig. 5 Comparison of simulated and experimental output Fig. 7 Comparison of simulated and experimental output voltage
voltage and current waveforms under ZVS operating and current waveforms under NON-ZVS operating condition
condition at phase-shift =40 at phase-shift ¢ = 40"

2033
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Simulation

(a) Simulation
o )
~ Experiment

(b) Experiment

Fig. 8 Comparison of simulated and experimental output voltage
and current waveforms under NON-ZVS operating
condition due to large phase-shift (| ¢ = 9(°) and

insufficient load current | pk

3. Detailed Considerations of ZVS, NON-ZVS
and Critical ZVS

From the good understanding of modes of circuit
operation described in Section 2, the next step concerning
the details of ZVS, NON-ZVS and critical ZVS operating
conditions at the front and tailing edges of output step
voltage can also be understood as shown in the following
details.

FRONT EDGE : TAILING EDGE : FRONT EDGE :
(1) zvs n zvs (1) zZvs

i (2) Critical ZVS

(3) NON-ZVS

Vs 1
sy\t6 S\T1©&
. TAILING EDGE : FRONT EDGE : TAILING EDGE :
) zvs m zvs m zvs
(2) Critical ZVS
(3) NON-ZVS

Fig. 9 The transfer of charges between each pair of capacitors in
branches 1 and 2 of the inverter over l-cycle of output

voltage Vg

For the front edge of positive half-cycle of voltage v, as
shown in Fig. 9, the charges in branch 1 are transferred
downward from capacitor C; to C} with three possible
operating conditions . (1) ZVS, (2) Critical ZVS and (3)
NON-ZVS. For the front edge of negative half-cycle of
voltage V,, the charge transfer situation in the same
branch is the same but only the direction is reversed upward
from Cj to C, .

For the tailing edge of positive half-cycle of voltage v, ,
the charges in branch 2 are transferred downward from
capacitor C, to C; with only one possible operating
conditions : (1) ZVS. For the tailing edge of negative half-
cycle of voltage vV, the charges transfer situation in the
same branch is the same but only the direction is reversed
upward from C} to C, . The more details are also
described in the following four sections.

3.1 ZVS operation at the front edge of voltage V,

Fig. 10 shows the complete charge-discharge or the
successful transfer of charge from capacitors C} to C;,
which occurs in the first branch of the inverter under ZVS
operating condition. This transfer of charge occurs at the
front edge of the negative half-cycle of output voltage v,
and corresponds to Mode 5 of the circuit operation of Fig. 3.
This implies that switch S} when operated in powering
mode can turn on safely with the voltage vy across it
equal to zero (ZVS). Fig. 10 also shows the successful
transfer of charge from C; to C} for the next ZVS turn-on
of switch S,. This transfer of charge occurs at the front edge
of the positive half-cycle of output voltage v, and
corresponds to Mode 5° of the circuit operation of Fig. 3.
Similarly, this implies that switch S; when operated in
powering mode can turn on safely with the voltage Ve,

across it equal to zero (ZVS).
Ve ._TC",

Vs [f————

V'H 1

e 1+ I

“‘&‘ V= 'ﬁ

o
It ar
LR 9
M
1+

Fig. 10 Circuit operations of Modes 5 and 5’ from Fig. 3 showing

the successful transfer of charge : Mode 5 from Cj to C;
Jfor negative front edge of V,, and Mode 5’ from Cyto C)

for positive front edge of v,
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3.2 NON-ZVS operation at the front edge of voltage
Vo

Fig. 11 shows the incomplete charge-discharge or the
unsuccessful transfer of charge from capacitors C} to C;,
which occurs in the first branch of the inverter under NON-
ZVS operating condition which results in NON-ZVS
operating condition of switch S} in the next turn-on
sequence. This transfer of charge occurs at the front edge of
the negative half-cycle of output voltage v, and
corresponds to Modes 5 and 6 of the circuit operation of Fig.
3. This implies that switch S| can not turn on safely with
the voltage V¢, across it not equal to zero (NON-ZVS).

Fig. 11 also shows the unsuccessful transfer of charge from
C, to C}, which results in NON-ZVS operating condition

of switch S, in the next tum-on sequence. This transfer of
charge occurs at the front edge of the positive half-cycle of
output voltage v,, and corresponds to Mode 5° and 6’ of

the circuit operation of Fig. 3. Similarly, this implies that
switch S, can not turn on safely with the voltage V¢, across

it not equal to zero (NON-ZVS).

v _Jcr,_

Fig. 11 Circuit operations of Modes (5, 6) and (5', 6°) from Fig. 3
showing the unsuccessful transfer of charge : Mode 5
from CY to C; and Mode 6 back from C, to C| for

negative front edge of V,» Mode 5’ from C; to C| and
Mode 6’ back from Cj to C, for positive front edge of v,

* 3.3 ZVS operation at the tailing edge of voltage V
Fig. 12 shows the complete charge-discharge or the
successful transfer of charge from capacitors C, to C5, in

the second branch of the inverter under ZVS operating
condition. This transfer of charge occurs at the tailing edge

2035

of the positive half-cycle of output voltage v, and

corresponds to Mode 3 of the circuit operation of Fig. 3.
Fig. 12 also shows the successful transfer of charge from
C; to C, for the next ZVS turn-on of switch S5 . This

transfer of charge occurs at the tailing edge of the negative
half-cycle of output voltage v, and corresponds to Mode
3’ of the circuit operation of Fig. 3. The circuit operation
under NON-ZVS condition does not exist in this case
because the charge-discharge of the second branch
capacitors occurs around the peak position of sinusoidal

load current i, /2 , which has higher charge-discharge

current value when compared to that of lower charge-
discharge current value around the zero-crossing position
for the case of positive and negative front edge.

T,
I ——
i [ 1
v:z 1
v, | eEe—

g
45
M S

Fig. 12 Circuit operations of Modes 3 and 3’ from Fig. 3 showing
the successful transfer of charge : Mode 3 from Cy to Cy

Jor positive tailing edge of v,and Mode 3' from C5
to Cy for negative tailing edge of v,

3.4 Critical ZVS operation at the front edge of voltage
Vo '
Fig. 13 shows the charge-discharge of capacitor C; and
C| in the first branch of the inverter under critical ZVS

operating condition. The circuit operation in this case is the
same as in case of ZVS in Section 3.1 except that the
transfer of charge in this case is made completely at exactly
the ends of positive and negative half-cycles of sinusoidal
load current i, /2.
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v, L_Tcrc__
i i e

Yy I

Verr 55 TR =
ey i ¢ 4 —
—] iz —

Yo =
L 2'4

Mode 5 Mode §'
Fig. 13 Circuit operations of Modes 5 and 5’ from Figs.3 showing
the successful transfer of charge : Mode 5 from C| to C,
Jor negative front edge of v,and Mode 5' from C, to C;
Jor positive front edge of v,

4. Simulated and Measured Characteristics of
the Four Circuit Parameters vs. Phase-Shift
under Critical ZVS Operating Condition for
Determination of ZVS or NON-ZVS Operations

As described in the previous section, the inverter circuit

with output capacitance between drain-source of MOSFET
switches can be divided into three types of operating
condition; that is ZVS, critical ZVS and NON-ZVS. In fact,
critical ZVS is the borderline that is located between ZVS
and NON-ZVS. So, the operating areas of ZVS and NON-
ZVS during change of phase-shift can be determined by
calculating the relationship between the four parameters of
switching frequency (£ ), load peak current(/, ), phase-lag
(6,c) and front-edge charging time (7c¢ ), using the output

voltage and current waveforms of Fig.13. From these
waveforms, the critical charging time : T¢gc. of C, or C} can
be obtained as shown in Equation (7). All the parameters in

27fs,c 24f5.c

Equation (7) can be obtained by MATLAB simulation,
using all the equations in section 2.2 and when plotted with
respect to change of phase-shift, the characteristic curves of
the four circuit parameters: critical switching frequency f ,
critical load peak current I, ., critical phase-lag 6, .,
critical charging time T¢r ¢ under critical ZVS operating
condition can be obtained as shown in Figs. 14, 15, 16 and
17 where the experimental results are also plotted in the
same graph for comparison purpose and the two results
appear to be almost the same. Figs. 14, 15,16 and 17 (left)
show the relationship of these four circuit parameters at
heating work-piece temperature of 100 °C. It is obvious that
when phase-shift : ¢ is increased, the critical switching
frequency f; . must be first slightly increased in order to
maintain the circuit to operate under critical ZVS operating
condition. This results in a decrease of critical load peak
current : i . and the increase of critical phase-lag : 8, . and
critical charging time : 7¢g c. In the same figures, it is also
understood that if any one of these four critical parameters
is changed from its operating critical value, the inverter
circuit will be driven into any of ZVS or NON-ZVS
operating conditions as shown by the regions of ZVS and
NON-ZVS in the figures. Two more families of
characteristic curves (middle, right) are also obtained at
different heating temperatures of 250 °C and 400 °C with a
slight difference of around 2-5% in value for these four
critical parameters.

Ter,c =

I v 1
O | i} " Z sof-
~370 wS70f-
3 i
$ 50 g sop
g a0l - - .
3 3o} o NON-ZVS
8 il
£ 20F g 20p-
Q 10} ; 7 O 10}
1] S— H H 0
1020 30 40 70 80 10 20 30 40 50 60 70
Phase-Shift , (deguu) Phase-Shift 3 (degrees)

3 :
- u e e

70
Phase-Shift , ldeamﬂ)

Fig. 14 Critical switching frequency f,.vs. Phase-Shift ¢ at work-piece temperature = 100°C.250° C.400°C (left, middle, right)

=3
=

a2
2 zs O stmatoi 3 2
\:Em i f. i jm ._ilo'
.E. ) CEET U SYR, z s} E gf-
i : i §.
g 4 o 3 4 ° 4
3 2 ...100 :C = &l 3,
o 20 30 a0 30 60 70 80 0 20 30 40 50 60 70 80 0% 20 30 @0 30 60 70 B0

Phase-Shift , ¢ (degrees)

Phase-Shift , @ (degrees)

Fig. 15 Critical load peak current, Iy, vs. Phase-Shift ¢ at work-piece temperature =100°C,250'C,400°C (Teft, middle, right)
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Fig. 16 Critical Phase-Lag, 0, vs. Phase-Shift ¢ at work-piece temperature =100°C.250°C.400°C (left, middle, right)
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Fig. 17 Critical charging time, Tcr,c vs. Phase-Shift ¢at work-piece temperature =100"C,250'C,400°C (left, middle, right)

5. Conclusion

The circuit operation of phase-shift inverter under ZVS
and NON-ZVS operating conditions for induction heating
has been already presented both theoretically and
experimentally. There are four main important points to be
concluded here as follows :

1. There are two possibilities for the phase-shift
controlled inverter circuit to operate under ZVS or NON-
ZVS conditions which can be determined by the following
four circuit parameters :

e Load peak current [,

* Switching frequency f;

» Output voltage-current phase-lag &,

¢ Inverter branch capacitor charging time Tcr.
For the inverter circuit operating under ZVS conditions ,
load peak current 7, , switching frequency f; and output
voltage-current phase-lag &, must be greater than their
critical values (I i, fi.c, 6, respectively) , while the
fully charging time of inverter branch capacitor must be
smaller than its critical value ( Ter ¢ ).

2. NON-ZVS operating condition of the phase-shift
inverter circuit always occurs at the front edge of the step-
wave AC output voltage which corresponds to the time
period during unsuccessful transfer of charges between the
two capacitors C,, C} in the first branch of the full bridge
inverter circuit. o

3. For output power reduction, increase of phase-shift
without slight increase of switching frequency can result in
the followings :

* Switching frequency f; < fi.

e Output voltage-current phase-lag &, < 6.
which result in NON-ZVS operating condition. This is due
to the recharge of capacitor reverse-current which follows
immediately after its unsuccessful discharge.

4. For a great reduction of output power with large
increase phase-shift, the load current in this case becomes
not sufficient for entire discharge of the inverter branch
capacitor. Thus, the critical values of these parameters and
consequently ZVS operating condition can not be obtained.
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Abstract—This paper presents a detailed analysis of
circuit operation under ZVS and NON-ZVS switching
conditions in a high-frequency full-bridge inverter for
induction heating, using the principle of asymmetrical
phase-shift control over a wide control range both in
positive and negative directions. A variety of modes of
circuit operation with the voltage and current equations
during phase-shift power contrel under the operating
conditions of ZVS and NON-ZVS are analyzed as a first
step and the output voltage and current waveforms are
obtained by MATLAB program. These waveforms will be
analyzed by Fourier analysis which can lead further to the
calculation of ac output power F,, dc input power Fy, and
hence the conversion efficiency 7] of the full-bridge

inverter. The analysis results shows that the control ranges
of ac output power F, and dc input power P; are limited
by the occurrence of NON-ZVS operating condition, which
changes according to the switching frequency f.

Index Terms — full-bridge, induction heating,
asymmetrical phase-shift, inverter, ZVS, NON-ZVS

1. INTRODUCTION

The concept of this paper is achieved by considering
further as a continuous idea from the research work [1-6]
starting from a single phase full-bridge phase-shift power
control under the switching conditions of ZVS and NON-
ZVS for induction heating. The circuit operation and its
corresponding output voltage and current waveforms for
phase-shift power control at phase-shift ¢=40" are
illustrated in the upper-part of Fig. 1 with two repeated
periods of powering (P), free-wheeling (F), and
regenerating (R). Then, reducing the phase-shift ¢ from
@=40" to zero phase-shift ¢=0°, the output waveform
with” only two repeated periods of powering (P), and
regenerating (R) is obtained with the operating circuit of
two free-wheeling modes (F) eliminated [3]. The output
waveform with zero phase-shift (¢ =0") will be used as
a mid-point between the positive and negative directions
of phase-shift control as shown by the output waveforms
of asymmetrical phase-shift ¢=40° and phase-shift
¢=—40" in the lower part of Fig. 1. So, in this paper, the
full-bridge inverter with the load of induction heating of
Fig. 2 which operates under the switching conditions of
ZVS and NON-ZVS during asymmetrical phase-shift

1-4244-0645-5/07/$20.00©2007 IEEE

control both in positive and negative directions will be
analyzed in details for various quantities of circuit
parameters, since the phase-shift control range in both
directions will be limited when ZVS circuit operation
becomes NON-ZVS operation. These quantities are, for
examples, ac output voltage v,, ac output power F,, dc
input power P, and inverter efficiency 7, etc.

Fig. | Circuit operation of asymmetrical phase-shift related to

that of symmetrical phase-shift full-bridge inverter

i kF |+ %S S

é"t . Ca‘=|=-Vd J
% |- 5 ” S, -i

C'=4.4 uF .
C,= 66 HF 3 ¢ Gl _
N

ng =10 _— L,E Nzﬁfﬂ Yo

Cyg= Coust 4700pF -

High frequency
= Cy=Cl=Cy=Cj Workepieos T ormer

Fig. 2 Full-Bridge Inverter fed induction heating
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II. ANALYSIS OF CIRCUIT OPERATION
First, we show a variety of modes of circuit operation %
for the main power circuit which are illustrated in Fig. 3 P &
for the case of phase-shift control (g=0-~180"
andg=0~-180"). The circuit operation in one cycle of -M %‘ "
B

output voltage and current waveforms v, , i, is shown in
6 modes under the case of ZVS operation ( Modes
OOOOOD ). Fig. 4 shows the linear variation of the
phase difference between the fundamental output voltage

v, and the front edge of square wave output voltage

v, during phase-shift control both in positive and
negative directions. It can be seen that with positive
phase-shift from ¢ to +180°, the phase angle of the
fundamental output voltage v,; will move away from

the font edge of output voltage v, with an increasing
leading angle. This makes the zero-crossing of output
current #, move toward the font edge of output voltage

v, , where NON-ZVS operation may occur, but in case of

negative phase-shift control, the NON-ZVS operation e e w % 6 e e i a0
may occur at the tailing edge of positive half-cycle of Phase-Shift, @ (degrees)

square wave voltage ¥, , and in case of zero phase-shift Fig.4 Linear variation of phase angle 8 of ¥, ; vs.
control, NON-ZVS operation may occur both at the front phase-shift angle- @

and tailing edges, especially when the operating
frequency is not high enough. In Fig. 5, we also show the
circuit operation in one cycle of output voltage and
current waveforms v,, i, in another 6 modes under the

cases of the following NON-ZVS operation : (1) Modes

Fig. 5 Circuit operation for the case of NON-ZVS at phase-
shift @=54", 0° and 54"

OOOODO® for phase-shit g=54° can cause a

breakdown to the switch pair S,-S;, by considering
Mode @. (2) Modes @OO®®O for phase-shift

Fig. 3 Circuit operation for the case of ZVS at phase-shift
@=54", 0" and -54°
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#=0°can cause a breakdown to the switch pair S, -S;,
by considering Mode @ and the switch pair S,-S;, by

considering Mode @. (3) Modes @@ O®® for phase-
shift ¢=-54°can cause a breakdown to the switch pair

S,-S;, by considering Mode @. So, there are three
possibilities for the full-bridge inverter switches to
become breakdown (the switch pair S,-S;, the switch
pair S, -8y, or both ).

III. VOLTAGE AND CURRENT EQUATIONS IN EACH
MOoDE oF CIRCUIT OPERATION

From these modes of circuit operation, various
equations of output voltage v, and output current i, can
be also calculated and obtained in the following equations :
Case (1) Equations ® @ @ © © @ for ZVS operation
Case (2) Equatims @ @ @ @ @ @ for ¢ > 0"
Case (3) Equations @@ @ @ @ @ for g =0
Case (4) Equations @ @ @ @ @ for ¢ < 0’

Vo=V,

i o m|(Va=V-al
o —'_ﬂsl-

]sinm,ﬁ!cosm.:]} @@

(e Y e 1 il
v,,T ( e ][a: +¢§][' (A.u..,r+s.ma,u+p.]
+(V:-W)

PO i [ £ Y S Y Vg
boo || — 50—

O]

—al)shm,n-a,leuqf]

ip=e™® [(-V,,_—V:gﬁ}h ayt+ Imal,l]} (3]5)]

an L

C+C; 1 —at
"g-[?:z:"' (a, +°“] [c (A;sinayt+ B, enlm,f)i»D,]
+(-¥)
Pl [ e R R e 4O
@ 2L

©0

io

a!]aha.H‘ qlmqt]

Where ;

¥ : the initial value of voltage ¥,

v : the initial value of voltage v;

v; : the initial value of voltage v,

vi : the initial value of voltage v

I : the initial value of load current i, in each mode of
circuit operation

v :-the initial value of load capacitor voltage in each
mode of circuit operation

o = _8—

2L

o R
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Ay ={xc‘. (Vi -Va+V] -V3 Na® +af )-2L1(a’ +?)
=2a(V +¥, —¥1)-a(Cy [C) (V) -V3 +¥{-V3)
~aCuL(Vi-V3+V) V1) (@® +a}) | (1/4anL)

By = {(-Ca [C)(V) =V2 +¥) =¥1)-2(V +¥, -V3)
+Cal(Vi-Va+¥i-v3)(a® +@] ) J1/aL)

Dy = { (Ca [C)(Vi =¥y +W{ +¥3)+2(V -V, —¥3) | (1/4L)

A= { RC, (V; -V, +V, -V, )(a’ +@})-2LI(a’ +})
=2a(V +V; =¥\ )-a&(Ca J[CIV; -V, +V; =V,)
—aCoL(V; -V, +Vy -V )@ +a}) } (1/4m,L)

By ={ (=Ca [C)(V: -V, +¥;, -V, )-2(V+¥; -¥])

+CaL(Vi-¥i+¥, -V )@’ +a]) } (1/4L)

Dy = { (Ca/C) (Vi -V +Vy+¥ )+ 2(V -¥; V) | (1/4L)

The above equations in cases (2), (3) and (4) are those of
NON-ZVS. Fig. 6 shows the calculated and experimental
results of output voltage and current waveforms under
ZVS operation, using the equations in case (1) with the
use of MATLAB program. The calculated waveforms are
obtained with phase-shift g= 54°,0°,—54" at switching
frequency 68 kHz. It can be observed that the peak value
of output current waveforms becomes the highest at
phase-shift ¢ =0 and then become decreasing with the
increase or decrease of phase-shift from 0° to 54 or
0" to—s4°, respectively. Moreover, at only the mid-point
of phase-shift ¢=0°, the output current i, can be
obtained with almost a sinusoidal waveform. These

calculated waveforms with the principle of circuit
operation are also verified by comparison with the

b

Experiment
Pphase shift ¢-

- y,

Fig. 6 Calculated and experimental output voltage and current
waveforms under ZVS operating condition at Sy =68 kHz

50 Vidiv, 5 A/div, 2 ps/div
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phase shint ¢~ -.ﬂ‘

Fig. 7 Calculated and experimental output voltage and current
waveforms under NON-ZVS operating condition
50 V/div, 5 Aldiv, 2 ps/div

experimental ones. Fig. 7 shows the calculated and
experimental results of output voltage and current
waveforms under NON-ZVS operation, using the
equations in cases (2), (3) and (4) with the use of
MATLAB program. The calculated waveforms are
obtained with phase-shift = 54", 0°, —s4° at switching
frequency 64 kHz, 58 kHz , and 64 kHz, respectively.
These calculated waveforms with the principle of circuit
operation are also verified by comparison with the
experimental ones. Also, it is observed that at different
phase-shift control, NON-ZVS operation occurs at
different position of the output voltage (front edge at

¢ =54, tailing edge at p=—54° ,and bothat ¢p=0" ).

IV. ANALYSsIS oF OuTPUT POWER P, , DcC INPUT POWER
P; AND EFFICIENCY

The calculated output voltage v, of Fig. 6 can be

analyzed into various component waveforms as shown in
(5), by Fourier analysis. Then, applying these component
waveforms as the input voltage to the RLC load

equivalent circuit, the current equation i, can be
obtained as shown in (6). Again, the voltage v, in (5)
can be used to find out the rms values of output voltage in
terms of ac-dc components (Vo,rms(ac.dc)), dc
component (Vo,rms(dc) ), ac component (Vo,rms(ac) )» and
fundamental component (¥ -ms(1)) as shown in Fig. 8.
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v, == 20, + 2l (250 (5~ p)}eosars
+{2~2cos(7-¢)}sina,r]
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These equations can also lead to the calculation of ac
output power F,, using the definition of P, in (8). Fig. 9
shows the output voltage and current waveforms v, ,i,
with the phase difference angle of each harmonic. With
phase-shift ¢=+54° and ¢ =—54° there Will be harmonic
orders 1, 2, 3,4, 5, . .. and with phase-shift g=0 there
will be harmonic orders 1, 3, 5, . . . From this

harmonic content, it can be seen that from the second
harmonic order upward, each pair of output voltage and
current waveforms will have the phase difference angle
almost equal to 90°, since the RLC equivalent circuit of
the load now becomes equivalent to almost a pure
inductive reactance and consequently can not generate

Vo
.
Vo1

: W, g
& Vo3 o3 o & L3
&3 s
* 03
Vou I,y
Yos i,s . Vos los
b b
s o s
5=

ia,.! = Vo3 Ios
JGE 3 )
Vou  dp4
L= e ]
" 1
Vo5 lo,s Vo5 ..
oAAAAAAAYA ragacsediiagagays
* R U

Fig. 9 Output voltage and current waveform ¥, ,l', with
the phase difference angle of each harmonic

Fi3

any output power. So, it is quite reasonable to calculate
approximately the output power from the fundamental
pair of output voltage and current waveforms without
considering other harmonic orders. The calculated result
and the experimental one are shown for comparison in the
same graph of Fig. 10 with each switching frequency held
constant at 66 kHz, 67 kHz, 68 kHz, 69 kHz and 70 kHz ,
while changing the phase-shift ¢ starting from 0° to
both the positive and negative directions. From the
starting point of phase-shift (¢=0°") to both the positive
and negative directions, it is observed that there is a
certain limitation for the control range of phase-shift for
each characteristic curve of output power F, under a
constant operating frequency. This can be understood by
considering first the waveforms v, ,i, at zero phase-shift
(¢ =0°) and switching frequency f, =66 kHz and also

the waveforms v, ,i, at the same zero phase-shift but at
switching frequency f, =70 kHz . It can be seen that the
phase difference between the output voltage and current
waveforms ¥, ,i, for these two cases are quite different.
Higher switching frequency of 70 kHz can results in a
larger phase difference due to lower level of output
power. So, higher switching frequency can result in a
wider control range of phase-shift under ZVS operation
and when NON-ZVS operation is encountered the control
range begin to be terminated.

500
~ 400 -
g
RP 300
-
@
g
& 2000
= :
'?,'m_ : OCalcnhl.'ion e
© @ Experiment | lf;-lsov
0 i ‘
108 71 -108

th-smn ¢ (degrees} 1

MHH

Fig. 10 AC output power P, vs phase-shift ¢ at switching frequency
Js = 66 kHz, 67 kHz, 68 kHz, 69 kHz and 70 kHz L

For the calculation of dc input current I, the output

current #, can be used again to calculate the dc input
current [, since the current flow on the dc input side for
a certain time duration is the same as that on the ac output
side. The calculated result of this dc input current I, is

480



obtained as shown by an equation in (9) and is also
obtained as shown in a graph of Fig. 11.

’f%},ﬂ""“"’}

x{2sin(x ~9~8,)-sin(~6,)-sin(22-6,)}]
+z:,—‘z.[{z-zm-(x-n}
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+ﬁ[{2d-2(x— )

x{2sin (22 ~29-6,)-sin(-6, ) -sin(2x 22— 6,)}]
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x{-2cos(27-29 -6, )+ cos(~ 6, )+ cos(2x27x -8 )} ]
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Fig. 11 Variation of dc input current I, vs phase-shift ¢
at switching frequency fg=68kHz
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The dc input current I, can be also used to calculate
the dc input power P;. The calculated result with the
experimental one are also shown in the graph of Fig. 12
with each switching frequency held constant at 66 kHz,
67 kHz, 68 kHz, 69 kHz and 70 kHz, during change of
phase-shift ¢ from 0" to both the positive and negative
directions. From the starting point of phase-shift (¢=0°)
to both the positive and negative directions, it is observed
that there is a certain limitation for the control range of
phase-shift for each characteristic curve of dc input
power P; under each constant operating frequency.

g

put Power, P, (W)
g

,,,,,,,,,,,, ,O Ca'm].no' .,

In
g

Fig. 12 DC input power Py vs phase-shift @) at switching frequency
/.= 66 kHz, 67 kHz, 68 kHz, 69 kHz, 70 kHz

Then, the ratio of ac output power P, and dc input
power P; makes possible the calculation of the full-
bridge inverter efficiency 7 vs. phase-shift ¢ which is
plotted in various curves, each of which is held at
constant switching frequency of 66 kHz, 67 kHz, 68 kHz,
69 kHz and 70 kHz. The calculated results are shown as
some examples in Figs. 13 and 14 for 66 kHz and 70 kHz
respectively and they are verified by comparing with the
experimental ones in the same figure. The result shows
that the efficiency is almost constant at 96 % over the

whole control range of phase-shift ¢ which is not

constant but the control range will change according to
the switching frequency ; that is, a wider control range of
phase-shift ¢ will be obtained with a higher operating
frequency.
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frequency fy =70 kHz

V. CONCLUSION

The detailed analysis of circuit operation under ZVS
and NON-ZVS switching conditions in a high-frequency
full-bridge inverter for induction heating using
asymmetrical phase-shift control has been already
presented both theoretically and experimentally. There
are four main important points to be concluded here as
follows :

1. For the positive phase-shift control of output voltage
V,, the phase angle of fundamental output voltage v, ;
always lead the front edge of square wave voltage v,,
which makes the zero-crossing of output current i, move
toward the front edge, where NON-ZVS operation may
occur. For the negative phase-shift control, the
fundamental output voltage v,; always moves to the
leading direction, which makes the zero-crossing of
output current 4, move toward the tailing edge of square
wave voltage v,, where NON-ZVS operation may occur.
For zero phase-shift control, NON-ZVS operation may
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- occur both at the front and tailing edges, especially when
the operating frequency is not high enough. All these
three cases of the occurrence of NON-ZVS operation can
be avoided by increasing the operating frequency in order
to move the zero-crossing of current i, away from the

front and tailing edges.

2. In phase-shift control, the maximum ac output
voltage will be obtained at phase-shift ¢ =0 and when
phase-shift angle @ is increased away from zero degree,
the ac output voltage, current and power V, rms(ac).
Iy rms, P, and consequently the dc input current and
power I;, P; will become decreasing symmetrically
both in positive and negative phase-shift control.

3. In power control by phase-shift, the control range of
phase-shift is limited by the occurrence of NON-ZVS
operating condition for each operating frequency. At this
point, if further increase of phase-shift is required, this is
also possible by increasing the switching frequency to a
higher value and when NON-ZVS is encountered the
same process can be repeated again.

4. Higher switching frequency can results in a larger
phase difference due to lower level of output power. So,
higher switching frequency can result in a wider control
range of phase-shift under ZVS operation and when
NON-ZVS operation is encountered the control range
begins to be terminated.
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