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Three-Level Three-Phase Inverter for Induction Furnace

with Reducing Harmonic Voltage Problem
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ABSTRACT

This report presents design and analysis of a 3-phase 3-level 3-leg high
frequency series-resonant inverter for two-output induction heaters for melting metal
with reducing harmonic voltage problem. The main purpose of this thesis is to
reduce the size of converter and number of switches. By the way, this prototype can
control output power equal to the previous and control power independently. The
previous theory for control power of 2-output high frequency induction heater using
full-bridge inverter 4-branches 8-switch control output power independently. The
prototype presents the development by reducing the number of switch only 6-
switches 3-branches. There is a full-bridge inverter using 1 branch for common
control and 2 branches for control each output that can control power same size as
using 4-branches 8-switches. This prototype operates at 56.21 kHz of switching
frequency and able to control power from 0.5 kW to 2 kW for each output. The full-
bridge is using IGBT as switches that control power by the asymmetrical voltage
cancellation methodology. The experimental result is correct and according to the
theory.
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Small Signal Modeling of a Two-Output High-
Frequency Series-Resonant Induction Heater

P. Kongsakorn
Department of Electrical Engineering,
Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang
Bangkok, Thailand, Email: pton.kongsakorn@gmail.com

Abstract—This paper proposes the analysis of a small-
signal model of two-output high-frequency series-resonant
induction heater. There are 2 control loops: power control by
duty-cycle and frequency control to maintain the zero-voltage
switching condition for all operating period. This prototype
controls power by using 3 branches of full bridge series-
resonant inverter: one branch for common control and others
for each independently two-output whose power controlled by
the asymmetrical voltage cancellation methodology. The
small-signal equivalent circuit model is confirmed by PSpice
with good agreement in simulation data.

Keywords —small-signal model, asymmetrical voltage
cancellation, zero-voltage switching

[. INTRODUCTION

In recent years, the electromagnetic high-frequency
induction heater is widely used in steel industries. Many
manufacturing must improve the productivity to get more
benefit and more market sharing by improving their
efficiency of product or cost reduction method. Therefore,
this paper presents another way to save the component
count, to reduce size and construction cost that causes the
increasing value in term of economics.

The typical multiple-output induction heater [1-5]
includes one converter for one output. For example, Fig.1
shows a two-output heater with 4-legs to control output
power independently for each output. If the number of
loads is increased, then it will increase the construction cost
and take more power consumption. In addition, this paper
. presents the development of a two-output heater that is
designed to reduce the number of switches from 4-leg, 8
switches to 3-leg, 6 switches converter; one-leg for
common controlled and others for each independent
controlled as shown in Fig.2.

II. BASIC TOPOLOGICAL DISCUSSION

The power stage of prototype is composed of a rectifier, a
filter unit, and 3-leg fiill-bridge inverter. The 3-leg inverter

- employs two-unit power switching transformers and two-
unit working coils. The main voltage is 220-V, 50-Hz
supplying for a rectifier. The rectifier and filter unit is
derived from a diode bridge and a large filter capacitor that
makes a smooth dc-link voltage. Then, 3-leg fuli-bridge

978-1-4799-2993-1/14/$31.00 ©2014 IEEE

A. Jangwanitlert
Department of Electrical Engineering,
Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang,
Bangkok Thailand, Email: kjanuwat@kmitl.ac.th

inverter, operating under Zero-Voltage Switching (ZVS)
conditions, supplies high-frequency quasi-square wave
voltage to power switching transformer which provides the
optimized voltage to prevent short circuit from a low
impedance of working coil. The blocking capacitors, cyi,
Cy2, are used to protect power switching transformer from
unbalanced volt-second of the full-bridge inverter. The
working coil is operated like a transformer step down
voltage and induces a large current with a high frequency,
supplying to a series RLC resonant load. Finally, a large
current flow around the work piece and heat is occurred at
its skin. '

The operation mode of power transfer from de-source to
a series RLC resonant load has 5 modes per cycle that is
controlled by the asymmetrical voltage cancellation
methodology with a fixed switching frequency as shown in
Fig. 3.
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Fig. 1. Two—output induction heater with 4 legs.
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Fig. 2. Two-output induction heater with 3 legs.
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Fig. 3. Operation mode of power transfer.

Mode I: Re-generative mode

This mode stored energy from a RLC resonant load is
returned to dc-source. The direction’ of resonant current
flows from node-B to node-A through the freewheeling
diodes D, D, for load no.1 and D, Dy for load no.2. The
output voltage is equal to +V,.

Mode II: Powering mode

This mode provides a RLC resonant load to get the
energy from dc-source. The direction of a resonant current
flows from node-B to node-A through switch Q;, O, for
load no.1 and Q;, Qs for load no.2. The output voltage is
equal to +V,.

Mode III: Freewheeling mode

This mode shows the energy does not transfer for any
sides. The direction of resonant current flows from node-A
to node-B through the freewheeling diode D, switch O, for
load no.1 and Ds, O, for load no.2. The output voltage is
equal to zero.

Mode IV: Re-generative mode

This mode storied energy from a RLC resonant load is
returned to dc-source. The direction of a resonant current
flows from node-A to node-B through the freewheeling
diodes D,, D; for load no.1 and D,, Ds for load no.2. The
output voltage is equal to -V

Mode V: Powering mode

This mode shows the RLC resonant load gets energy
from dc-source. The direction of resonant current is
flowing from node-B to node-A through switch @, Q; for
load no.1 and Q, Q; for load no.2. The output voltage is
equal to -V

III. SMALL-SIGNAL MODELING OF A TWO-OUTPUT HIGH-
FREQUENCY SERIES-RESONANT INDUCTION HEATER

In this paper, the sampled-data modeling method [8] is
applied to a prototype, two-output induction heater for
dynamics model by solving a linear state equations and
switching boundary conditions in time domain, as well as a
steady-state trajectory. Then, perturbation and linearization
of non-linear mathematic model with the sample time
interval is the same as the switching period. The small
signal modeling can be predicted correctly and accurately
that is helpful for feed-back closed loop design in further
step. This dynamic model has 2 control loops: duty-cycle
control ~ and - frequency control. The step-by-step
derivations of the small-signat are as follows:

A. ‘State Space Equation

The equivalent circuit of power stage circuit is shown
in Fig4. Using the Kirchhoff’s voltage law is applied to
the circuit to give

For load no. 1,
di )
Ly 7;1]‘+’.4H'R,m+"1 =V O
dv,
Cis —dTl =l @
For loadno2,
di . .
LAr“jf"“Ac Ryctvi=vye ®)
dv, .
Ac—d—tl‘=‘4c‘ @

B.' Harmonic Approximation

The instantaneous of current and voltage i(f) and w(?)
can be approximated by fundamental harmonics. The
output capacitor can be approximated by dc component
and make this assumption as follows:

i=i(t)sinayt+i (t)cosawt (5a)
v=v (t)sinat+v (£)cosat (5a)

v o V.
Vi =—'sin( ‘]cosa),ti——i(}—co{—,?-]sinw,t Be)
r T

2
4 v,
i = isin(ﬂ)cosw,t +-£03- co{ﬂ)sin t (d)
n 2 V4 2
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Fig. 4. Equivalent circuit of a two-output induction heater.

The envelope terms {i,, i, v5 v} are the slow time varying.
The dynamics behavior of these terms can be investigated
that the derivatives of i(t) and v(t) are found to be:

For load no. 1

di di o) di :
Dap | ZedB _ gy Asinat+| —22LZ +@,i, 4, [cos @t (62)
dt dt " dt F

dv dv, . dv,
| = _gy sin@wt+|—=2 + v cos @t (6b)
s ¢, AB s d/ s $.48 s

For load no.2

di di, 4 . / di, .
Zuc | A gy o sinat+| —E+ @0, o [COSO (72)
dt dt ’ dt '

d dv,
L —V“i—a):v(ﬂ sin @t + ‘—K"i+a),v, 1o |cos at (75)
dt dt | dt e

C. Harmonic Balance

As the small-signal modulation frequency is lower than the
switching frequency, substituting (6), (7) into (1)to (4) and
by equating the coefficients of dc, sine and cosine terms
respectively,

For load no.1

Ly iﬂ;—:” =L gi. 45+ Rypis a5+ Vins = %Sin('—u{'}g (8a)
L, di;:,, + &L 05+ Ragiopp +Vors'= —%cos(%i'_)vg (8b)
Cus d‘:;’:ﬂ —@,CygVeus =loas (8¢)
Cus ‘-i%'t‘i +@,C 15V, 05 =iots (8d)

For load no.2
L. di;_:c — L i e+ Ryci e+ Vs 00 = %si.{’";z ]vx (9a)
L,cfi% + @, L i, i+ Rychopc +Veuc =_% CO{% )vg (9b)
AC d‘;';c —@,C 4V, sc =l 4c (9¢)
Cue 2ot L G, e =i o)

Eq. (8) and (9) are modulation equations. There are
nonlinear large-signal models of a two-output high-
frequency series-resonant induction heater. The inputs of

(8) and (9) {vg, d, @, } are slow varying with respect to the

switching frequency so the modulation equation can be
readily perturbed and linearized at certain operating points.

D. Steady state solution

Under steady-state conditions, the new state variables
of the modulation equation do not change with time. For a
given operating point, let the derivatives, in (8) and (9) be
zeros and set the dc terms to zero, then the steady-state
solution can be obtained as:

For load no.1
(10a)

4

QLT + Rl 5 +Voas = —Ecos(%)vx (10b)
! V(4

=Q Ll 5+ Raploas +Von ='2'5i“("m21_1)y

s AB" v, AB g

_Q:Cuzyc,uz =1;,u (10(')

QCuVous =1.s ( lOd)

To substitute (10c) and (10d) into (10a) and (10b), the

‘i

operating point {I;, 1, Vs, ¥} can be given by:

L e C I
=32 B, 2l ZLYy (11b)
e i o 1) I
F s LES"‘% JV: ¢ _ﬂ(g;_ )‘) (11d)

Where

a=1=Q1L5C 5 BP=I=QRuC

For load no,2
e el (122)
e my. -2 () (e
e ely)

(12d)

E. Perturbation and Linearization

Perturbing the large-signal model is around the
operating point. Each will have the form of
d=D+d
(13)

i=I+i

o, =Q, +a,



Where H is the operating point and ;,(;)is small signal
amplitude perturbation. Hence, the linearization under
small signal assumption of (8) and (9) gives small-signal
model be obtained as:

; - - .- (l4a
divs __Ri%  Q Geir—t vt 27, sin(ﬂ dit 1, 0 (142)
d‘ 'AB 'AB AR * 2 i
B - - .. (14b
dictr _ 0 Goar—Ra07 4 Vet 2=V cos[ﬂ)d,—l, 5 @ (14b)
dt Ly Ly, Ly ® 2 ’
dvias _ 1 = - - l4c
%=ah¢a+9,vgm+Vc‘” @y (14c)
dv 1 - - -
S o= Vats—V, 45 O (14d)

dt  Cu

This model can be expressed in matrix form as follows:

x=Av+ By, + By, (15a)y
y=Cx
Where
(15b)
(15¢)

L C,
Cu, vear

Leas (15¢)

-1 5,48
.
L~ V.v,AE

(159
= i"u

Vs.d8

| Vo8

In similar method, the load no.2 has a small signal that can
be obtained as (15) transfer functions output-power-to-
duty-cycle, output-power-to-frequency and output-power-
to-input-voltage are obtained respectively as:

16

Gd(s)=%=c(S1‘A)-le (16)

PO _ oo — ay a7
G, (s)= w(s)—-C(sI A)'B,

G,(s):M-:M.&:z”Gm(S) (18)

HORCONIG)

The output power variation can be expressed as a linear
combination of the three independent inputs as follows:

2(5)= G, (5)d(s)+ G () £ (5) (19)

F. Equivalent circuit model

The small signal model from (15) has been linearization
that can be synthesized as shown in Fig.5.

= P
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Culd | Cubiusd
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CadVeucth

C 8, ¥rud
L&y inac R L

fedc :: A .C' . .AC

-Fig. 5. Small-signal model.



IV. EXPERIMENTAL RESULTS

To verify the dynamic small-signal model of the
prototype, the test parameter is used from table 1. To
calculate the frequency response of open-loop transfer
functions without any compensation G4s), Output-power-
to-duty-cycle and G(s), Output-power-to-frequency
transfer function, step response is shown in Figs. 6 and 7
which are shown the good agreement to compare with
measurement by PSpice

The steady-state experimental results are shown in Fig.
8. These results show the output voltage,vs,v4c and output
current,iyg,ic for both loads at the same time. When phase-

shift angle is adjusted to be; ¢4=0° and @,=60°, a two-

output induction heater then provides the output power of
2.154 kW and 1.55 kW, respectively. Similar to Fig. 8(b),

when the phase-shift angle is ¢=0°and @, =90°, the output
power is 2.154 kW and 1.36 kW, respectively.

TABLE I TEST PARAMETER

Resistor, Ryp, Ryc

Inductor, Lp Lyc 162.05pH | 161.47uH
Capacitor, Gy 0.065uC 0.065uC
Operating Frequency, f; 56.71 kHz

Input voltage, V, 310V

Duty cycle 045 ] 062

Bode Diagrem

1 i i
§ 2L ] * Measurement
H

1 — Prediction

Fig. 6. Bode plot of output-power-to-duty-cycle.
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Fig. 7. Bode plot of output-power-to- frequency.
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(a) ¢1=0°, ¢2 =60° (b) ¢l=0°, ¢2 =90°
Fig. 8. Output waveform; Scale 20V/div, 100A/div, Time Sps/div.

V. CONCLUSION

This paper presents the analysis of small-signal modeling
by solving piece-wise linear state equations and switching
boundary conditions in time domain, as well as a steady-
state trajectory. Also, perturbation and linearization of non-
linear model with the sample time interval is the same as
the switching period. The small signal modeling can be
predicted correctly-and accurately that is helpful for feed-
back closed loop design in further step.

Finally, this paper proposes another way to reduce the
number of switches and construction cost. It is used for
hardening process for steel bar that is useful for such
output. number of loads with the same characteristic of
steel. It can be applied to mass production for steel
industries and consumer appliances, and then it can be
increased value in term of economics.
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Fuzzy Logic Control of A Two-Output High-
Frequency Series-Resonant Induction Heater
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Abstract—This paper presents the design and concept of
fuzzy logic controller analysis of two-output high-frequency
series-resonant induction heater. The fuzzy logic controller is
applied for non-linear load and unknown mathematical model
as well as this prototype, which is used to control the duty-
cycle of power switch to maintain current output. The power
of the prototype can be controlled by using 3 branches of full
bridge series resonant inverter: one branch for common
controlled and others controlled for each independently two
output. The power for others can be controlled by the
asymmetrical voltage cancellation methodology.

Keywords —fuzzy logic controller, asymmetrical voltage
cancellation, zero-voltage-switching

I. INTRODUCTION

In recent years, the electromagnetic “high-frequency
induction heater is widely used in steel industries. Many
manufacturing must improve the productivity to get more
benefit and more market sharing by improving their
efficiency of product or cost reduction method. Therefore,
this paper presents another way to save the component
count, to reduce size and construction cost that causes the
increasing value in term of economics.

The typical multiple-output induction heater [1-5]
includes one converter for one output. For example, Fig.1
shows a two-output heater with 4-legs to control output
power independently for each output. If the number of
loads is mcreased, then it will increase the construction
cost and take more power consumption. In addition, this
paper presents the development of a two-output heater that
is designed to reduce the number of switches from 4-leg, &

switches to 3-leg, 6 switches converter: one leg for~

common controlled and others for each independently
controlled as shown in Fig.2. :
The Proportional Integral Derivative, PID controller is
widely used for many application as well as induction
heating system. With good reliability, good stability, and
simple in algorithm, that is suitable for a known precise
mathematical model of the linear system. The setting
parameters of PID controller are quite difficult to calculate
and its response is quite overshooting. There are many
kinds of controller to tune any setting parameters for
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reducing this problem by different techmiques such as
robust control technique and so on.

The induction heating applications are the non-linear
systems that cause varied resistance, skin effect resistance
into varied high-frequency, and varied permeability of
inductance load from temperature rising of operating
period, in addition to phenomenon of power switch of the
inverter. The fuzzy logic control is the way to reduce that
problem, with very useful for the unknown mathematical
model of the non-linear system as well as induction heating
system. In this paper, the fuzzy logic controller is used to
control the duty-cycle of power switch to maintain current
output. The fuzzy inference structure using mamdani rule
to process the command includes: error, error change, and
output current as the input membership function, and the
output member function, respectively.

IL.  BASIC TOPOLOGICAL DISCUSSION

The power stage of prototype is composed of a rectifier,
a filter unit, and 3-leg full-bridge inverter. The 3-leg
inverter employs two-unit power switching transformers
and two-unit working coils. The main voltage is 220-V, 50-
Hz supplying for a rectifier. The rectifier with filter unit is
derived from a diode bridge and a large filter capacitor that
makes a smooth de-link voltage. Then, 3-leg full-bridge
inverter, operating under Zero Voltage Switching (ZVS)
conditions, supplies high-frequency quasi-square -waye
voltage to power switching transformer which provides the
optimized voltage to prevent short circuit from a low
impedance of working coil. The blocking capacitors, Cpi,
cyp, are used to protect power switching transformer from
unbalanced volt-second of the full-bridge inverter. The
working coil is operated like a transformer step down
voltage and induces a large current with a high frequency,
supplying to a series RLC resonant load. Finally, a large
current flows around the work piece and heat is occurred at
its skin. .

The operation mode of power transfer from dc-source to
a series RLC resonant load has 5 modes per cycle that is
controlled by the asymmetrical voltage cancellation
methodology with a fixed switching frequency as shown in
Fig. 3.



Inverter no.l

Fig. 2. Two-output induction heater with 3 legs.

Mode I: Re-generative mode

This mode stored energy from a RLC resonant load is
returned to dc-source. The direction of resonant current
flows from node-B to node-A through the freewheeling
diodes D,, D, for load no.1 and D,, Ds for load no.2. The
output voltage is equal to +V,.

Mode II: Powering mode

This mode provides a RLC resonant load to get the
energy from dc-source. The direction of a resonant current
flows from node-B to node-A through switch Q;, Q, for
load no.l and Q,, Qs for load no.2. The output voltage is
equal to +V,.

Mode III: Freewheeling mode

This mode shows the energy does not transfer for any
sides. The direction of resonant current flows from node-A
to node-B through the freewheeling diode D;, switch Q, for
load no.1 and Ds, Q, for load no.2. The output voltage is
equal to zero.

Inverter no.1

Mode 11
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Fig. 3. Operation mode of power transfer.

Mode I'V: Re-generative mode

This mode storied energy from a RLC resonant load is
returned to dc-source. The direction of a resonant current
flows from node-A to node-B through the freewheeling
diodes D,, D; for load no.1 and D,, D; for load no.2. The
output voltage is equal to <V

Mode V: Powering mode

This mode shows the RLC resonant load gets energy
from de-source. The direction of resonant current is
flowing from node-B to node-A through switch Q,, Q; for
load no.1 and @, Qs for load no.2. The output voltage is
equal to -V

III. Fuzzy LOGIC CONTROLLER

Fig. 4 shows the block diagram of the fuzzy control
scheme of A Two-Output High-Frequency Series-Resonant
Induction Heater. The fuzzy controller is divided into five
modules: fuzzification, database, rule base, decision
making, and defuzzification. The input variables of each



Fig. 4. Fuzzy controller structure.

load from inverter to the fuzzy controller is a subtraction
between current set point and current output, [x5 and Tac,
from load no.1 and load no.2, respectively. Then, the result
divides into two term: error, ¢ and the change of error, ce,
which are defined as:

Load no.l1
el= Iy, —1 g (Ta)
cel =e, ey | (1b)

Load no.2
&@ 3.2 712 (1¢)
cel=e,, —ey., (1d)

where Ip is the present output current, Ir.¢ 15 the reference
output voltage for load no.l, and- subscript kI denotes
values taken at the beginning of the switching cycle.

The output of the fuzzy controller.is the duty cycle and
is defined as:

Load no.l: 4, =d,,, +n.d,, (2a)
Load no.2: 4,, =d,, |+ n'dd,, (2b)

where 8d,, is the inferred change of duty cycle by the fuzzy
controller at kl1th sampling time, and n is the gain of the
fuzzy controller. To adjust n can be changed for the gain of
the controller.

The fuzzy rules of this prototype can be found that follows:
IF e is A; and ce is B;, THEN dk is Ci

where A, B and C are fuzzy subsets of membership
function that divided into five fuzzy subsets as shown in
Table 1. : PB (Positive Big), PS (Positive Small), ZE
(Zero), NS (Negative Small), and NB (Negative Big). The
shape of the membership function is shown in Fig. 5.

pevc)

10 o5 00 05 10 ace

Fig. 5. Membership functions for ¢ and ce

Fig. 6. 3-D surface of fuzzy rules

TABLE 1. FUZZY RULES

N8 | pB [ eB| PB | PS | ZE
ce (NS P8 | PB | . PS | ZE | NS
7B | B PS ZE | NS | NB

= E:“ PS ZE NS NB NB

b ZE NS | NB | NB | NB

Lk 4

The derivation of the fuzzy control rules depends on the
nature and behavior of phenomena of duty-cycle inverter
controlled by the following criteria:

e When the current output of inverter is a big difference
from the set-point, then the controller will adjust the duty
cycle as large as to be getting the set point as quickly.

o When the current output of the inverter is getting near
the set point, the controller will adjust in a small change of
duty cycle:

o When the current output of the inverter is near the set
point and is approaching it as rapid, the duty cycle must be
kept constant to prevent the overshoot.

e When the set point is reached and the current output
of the inverter is still changing, the duty cycle should be
adjusted a little bit to prevent the current output from
overshooting.

e When the set point is reached and the current output
of the inverter is steady, then the duty cycle remains
unchanged.

« When the current output of the inverter is over the set
point, the change of duty cycle must be negative, and vice
versa.

The result of the making decision unit consists of two
parts: the weighting factor, wi of the fuzzy rule, and the
changing of duty cycle, Ci that is based on the fuzzy rule.
The weighting factor w, is defined by applying the min
operation on the p. (€5) and p. (ceo), where € and ceq are
the singleton inputs of e and ce. C is looked up from the
rule of table I, which shows the mapping from the product



space of e and ce to Ci. The inferred singleton output of
each rule follows as:

z, = min{g, (e, ), 2., (ce)}- Ci = wiCi 3)
where z; is a change of duty cycle inferred by the ith rule.
After collecting all the singleton results, the results will be
defuzzified so that a crisp value of the change of duty cycle
can be found. The method of center of gravity is used to
compute. The resultant of duty cycle can be found as:

4 4
z=d, =Z—'='z'—=;=_lw‘_c’ @

4 4
2.'=| W it Wi

IV. EXPERIMENT RESULT

Fig. 8(a) shows the step response of current output for
each load measured at signal condition circuit of a Two-
Output High-Frequency Series-Resonant Induction Heater.
The output current steps up from 18% duty cycle to 50%
for load no.l ,and also the output current steps up from
same set point to 40% duty cycle for load no.2. The
performance in time domain of the fuzzy logic for this
prototype is good result: setting time about 1.5 ms and 1.8
ms when load current changes from 18% to 40% and 50%,
respectively; with no overshoot.

The steady-state experimental results are shown in Fig.
8(b). These results show the output voltage, vus, Vac and
output current, igs, isc for both loads at the same time, with
the fixed switching frequency of 56.71 kHz. When the duty
cycle is adjusted to be 18% for both loads, then it will
provide the output power of 0.91 kW and 0.93 kW,
respectively. Similar to Fig. 8(c), when the duty cycle is
50% and 40% for load no.l and load no.2, the output
power is 1.965 kW and 1.997 kW, respectively.

V. CONCLUSION

This paper presents the design and concept of fuzzy logic
that apply for a two-output high-frequency series-resonant
induction heater. The fuzzy logic control is the method to
reduce problem of non-linear load for the induction heater
system. That causes varied  resistance, skin effect
resistance into varied high-frequency, and varied
permeability of inductance load from temperature rising of
operating period; in addition to phenomenon of power
switch of the inverter.

Finally, this paper proposes another way to reduce the
number of switches and construction cost. It is used for
hardening process for steel bar that is useful for such the
output number of loads with the same characteristic of
steel. It can be applied to mass production for steel
industries and consumer appliances, and then it can be
increased value in term of economics.
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Fig. 8. Output waveform and step response: Scale 100V/div, 5 Aldiv.
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