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Abstract—The attention in this paper is directed to the
power control in an induction heating system for seamless
pipes consisting of a single-phase voltage source inverter
with L-LC resonant load supplied by a three-phase full
controlled bridge rectifier. The maximal power transfer
from the inverter output to the work piece is ensured by the
proper design of the matching inductor. The power control
is achieved through the inverter output current by making
use of a Proportional-Integrator-Derivative controller
designed according to the Modulus Optimum criterion in
Kessler variant. An experimental platform based on
dSPACE DS1103 control board is used for the practical
implementation of the control system. It works together
with Matlab/Simulink environment and the conceived
graphical user interface allows interacting with the
experiment. The experimental setup of the induction heating
system is presented and the assessment of the control system
performance under different tests is performed. Depending
on the prescribed value of the inverter output current and
the imposed operating frequency, different situations may
occur. The possibilities of diminishing the switching losses
through zero-current switching and of increasing the power
when the operating frequency is over the resonance value
are also pointed out. All the results illustrate the proper
operation and good performance of the control system.

I. INTRODUCTION

Clearly, the most common power generator adopted in
the industrial applications of the energy-efficient process
of induction heating (IH) is the indirect ac—ac static
converter with either full-bridge current source inverter
(CSI) or full-bridge voltage source inverter (VSI) [1]-[12].

Due to the advantages of VSIs, such as better converter
utilization, simple limiting the switching overvoltage and
simplest achievement of zero-current switching, they are
preferred in the modern induction heating systems [1], [4]-
[71, [11], [12], [14].

Compared to the traditional resonant load of VSI
consisting of the series circuit of heating coil and
compensation capacitor, the newer topology called series-
parallel L-LC load leads to a smaller current through the
transformer secondary and an increased short-circuit
immunity [4], [5], [7], [9], [12], [13]. In this structure, a
matching inductor is added at the VSI output, in series
with the parallel resonant tank (the heating coil in parallel
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with the compensation capacitor). Thus, by adopting the
parallel resonance, the current at the inverter output is an
active current and the current through the induction coil is
almost sinusoidal.

Referring to the operating frequency of the voltage
source inverter, it is related to the resonance frequency of
the resonant load and must be continuously adapted to the
load conditions. Mostly, phase-locked loop (PLL)
integrated circuit devices are used to track the resonant
frequency throughout the system operation [12], [15].

As regards the control of the power transferred to the
load, there are two possibilities. The former involves the
use of a full-controlled line-commutated rectifier [4], [15],
[16], whereas the latter requires charging the resonant
inverter to ensure the power control in addition to the
appropriate operating frequency [6], [11], [12], [17]-[19].

The induction heating system taken into consideration
in this paper consists of a resonant L-LC load fed by a
single-phase full-bridge VSI via a three-phase full-
controlled bridge rectifier (Fig. 1).

The paper is organized as follows. Section II
summarizes the adopted configuration of the induction
heating system. The next section is intended to synthesize
the power control circuit by making use of a transfer
functions-based approach. In Section IV, the experimental
setup and results of some tests are presented to validate
the adopted technical solution. Finally, the main
conclusions of the research are given.

II. THE SYSTEM OF INDUCTION HEATING

In this paper, the heating process of the seamless pipes
is taken into consideration. The heated piece moves
through the inductor at a preset speed and the required
output power depends on the gradient of temperature.

As shown in Fig. 1, the parallel resonant load consists
of the equivalent circuit of the induction coil and heated
piece (inductance L, and resistance R,) in parallel with the
compensation capacitor C. By means of the matching
inductor (inductance L, and resistance R,), the power
transfer from the inverter output to the induction coil is
maximized [19]. The IGBTs-based single-phase full-
bridge VSI provides a square wave voltage to the load
circuit and the switching frequency must tracks the
resonant frequency.
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Fig. 1. Block diagram of the adopted induction heating system.

As the resonant frequency depends, on the one hand, on
the heated pipe, the adopted inductor and compensation
capacitance, and, on the other hand, on the dynamic
variation of their parameters, an auto-adaptive frequency
control loop is required. In addition, to facilitate the
switching process of inverter’s IGBTs through zero-
current switching, the prescribed frequency should slightly
exceed the resonance value.

In the adopted structure of the control system, the
inverter output current is regulated through a three-phase
full-controlled rectifier, in order to handle the power
transmitted to the load.

III. SYNTHESIS OF THE POWER CONTROL SYSTEM

The control loop of the inverter output current is
synthesized starting from the block diagram in Fig. 2. The
following transfer functions are illustrated:

G(s) - transfer function of the current controller;

Gr(s) - transfer function of the three-phase full-bridge
controlled rectifier;

Gpc(s) - transfer function of the DC-link circuit;

Gys(s) - transfer function of the single-phase bridge VSI;
Gour(s) - transfer function of the equivalent output load;
K7y; - transfer function of the current transducer.

A. The transfer Functions in the Forward Path

The three-phase full-controlled rectifier is considered as
a first order element and the associated transfer function is
[20]:

~
~

(1

1+sTy’

where the proportional time constant (Ky) depends on the
rms line-to-line voltage in the transformer secondary (Uy),
ie.

and the integral time constant (7)) is given by the average
dead-time of the firing circuit and depends of the supply
frequency.

The transfer function of the DC-link circuit is expressed
starting from the following differential equation at the
rectifier output under no load condition:

()

di

where the occurring quantities are illustrated in Fig.1,
except Ry, which is the DC-link resistance.

Taking into account that

(4)

d

the Laplace transform of (3) leads to:
Ur(s)=LyCas> -Uy(s)+RgCys-Uy(s)+Uy(s]. (3)
Thus,

Gpe(5)= Uy (s)UR(s)= 1/l + RyCy -5+ L,Cy 5. (6)

After introducing the electric (7,,) and electromagnetic
(T,q) time constants of the DC-link circuit, i.e.

Tog =R4Cy.Toma =Ly /Ry (7
expression (6) becomes:
1
Gpel(s)= (8)

V+7,-s+T,, Ty -s°

The transfer function of the single-phase square wave
(m radians) voltage source inverter is expressed based on
the rms fundamental component of the output voltage

Kp=32-U,/z, @ 21
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Fig. 2. Transfer functions-based block diagram of the induction heating system.
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22,
T
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1
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It results that Gypg
component Ky,

contains only the proportional

Ud(S)_ .

In order to express the transfer function of the
equivalent output circuit (matching inductor and resonant
circuit), in terms of ratio of Laplace transforms of inverter
output current and inverter output voltage, the Kirchhoff's
laws in the Laplace domain are applied. Thus, the
following equations are obtained:

Gy (s)=Kyg = (10)

T

Ui(s)=Uy(s)+R,-I;(s)+s-L,-1;(s); (11)
I(s)=1,(s)+1.(s); (12)
Up(s)=Ry+s-Ly)-1,(s); (13)
Up(s)=—=1.(s). (14)

They allow expressing /;(s) and U,(s) as a function of
I(s):

1 .
Ib(s):1+s~C(Rb+s-Lb)[i(S)’ (15)
Up(s)=—2et 5o po) e

1+s-C(R, +s-Ly)

After replacing (16) into (11), the equivalent output
circuit transfer function is obtained in the following form:

I‘(s) 1
GOUT(S): = =
Uils) Rotsly pos,
1+5-C(R, +5-Ly) an
_ 1
Ry+s-L +R,+s-L .
l+s-R,-C+s*-L,-C ¢
Assuming that
| Ry +s-Ly |<<|Ra+s-La|, (18)

l+s-R,-C+s*-L,-C
| |

when the frequency exceeds the resonance value and after
introducing the electromagnetic time constant of the
matching inductor (7,,,, = L,/R, ), the final expression of

Gour(s) is obtained:

Gour (S ) =
R, (1 +

ma

1 1
T, -8

ema

. (19
)()
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B. Design of Current Controller

The parameters of the inverter current controller are
synthesized in accordance with the Modulus Optimum
criterion in Kessler variant [16], [22].

First, the transfer function of the fixed part is expressed:

GF(S):GR(S)'GDC(S)'GVSI(S)'GOUT(S):
_ Ke 1
I+sT, 1+T,,-s+T

emd
P
T Ra(l+Tema~s).

As it can be seen in (20), G(s) contains two dominant
time constants (7,, and T7,,;) that can be removed by
choosing a PID-type current controller.

The transfer function of the adopted PID current
controller is written as:

. (20)
Ted -S

4K, T s+ T T, 57

Ge (S) )

T;s

1)

where K, is the proportional constant and 7; and 7;; are the
integral and derivative time constants, respectively.

Then, the attention is directed to both open-loop and
closed-loop unity feedback transfer functions (Gs) and
G(s)):

Gy(s)=Gels) Gr(s) Ky (22)
__Ga (S)
Gl)=126.0) .(23)
Based on (20) and (21), the final form of G(s), i.e.
G, (s)= (ZN/E/W)'KR Kri '(I/Ra).
sT; - (1 + STp ) (1 +8T 0 )
.(24)

(1+KpTis+TdeS2)
)1+ Tys+ T Tos?)

(1+sT,

ema

allows removing the dominant time constants of the DC-
link circuit through the following conditions:

Ty=K,T;; (25)
T.T T
Tona == 4 =K—d. .(26)
ed P

Next, taking into account (25), (26) and (24), the
following form of (23) is obtained:

G,(5)= 1

TR
14— =4 o7 (l+sT )-(1+sT
22K 4K, o ( ° “)< o)

According to Modulus Optimum criterion, it is found
that only the coefficient K, of @’ in the denominator of
expression of the square of Gi(s) modulus contains a
difference [22]:

.(27)
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Thus, condition of cancelling K, gives the expression of
integral constant,

2 - 2(7-:(1 + Tema) B (28)

42K K,
T, =#-(TH+TW). (29)

a

Then, conditions (25) and (26) provide the following
expressions for the proportional and derivative time
constants:

TR a Ted

K = ; (30

P A2k Ky (T, + T) G0

Td _ nRaTedTemd ) ) (31)
WK Ky, (T, +T,)

The obtained expressions (from (29) to (31)) for the
parameters of the PID controller show that they do not
depend on the load parameters.

IV. POWER CONTROL SYSTEM PERFORMANCE
ASSESSMENT

The assessment of the control system performance was
carried out by using an experimental setup based on the
electrical scheme shown in Fig. 3.

As shown, on the power supply side, there are the three-
phase contactors (Ko, Kjand K,) allowing the general
connection and the charging of the DC-link capacitor
through the limiting resistors R;.

The indirect ac—ac power converter consists of:
- a three-phase full-controlled bridge rectifier with
thyristors (600 A, 1800 V); - a single-phase voltage source
inverter with IGBTs (1200 A, 1700 V);
-. a DC-link circuit composed of a filtering coil (Ly) of 0.1
mH/500A and a filtering capacitor (Cyq) of
2000uF/1100V).

At the inverter output, there is a matching coil of 25
turns, which is made of copper tube - @ 24 mm and has
four intermediate sockets of five turns each (Fig. 4). Its
inner diameter is 270 mm and the length is 81 cm.

In order to maximize the active power transmitted to the
load, the optimal number of 20 turns of the matching coil
[19] was chosen for all experiments.

The capacitance of compensation capacitor is 64uF
(U=3000 V, I=11.6 kA, /=10 kHz).

The working piece to be heated is a Carbon steel pipe =
1% whose outer diameter is 168 c¢cm, and wall thickness is
32mm.

In this concrete situation, the controller’s parameters
are: T,=0.366 s; T,= 5.4-10% s; K,=5.4-10™".

The control and management of the experimental model
were performed on a dASPACE DS1103-based platform.

The control board is equipped with a PowerPC 750GX
processor running at CPU clock of 1 GHz for fast
floating-point calculation.

The conceived graphical user interface allows
interacting with the experiment, including the imposition
of the coefficient of forcing the capacitive component (K,
in order to increase the switching frequency over the
resonance frequency. In this manner, the IGBTs’ zero-
current switching can be achieved.

Fig. 3. Pictures of the experimental setup: a) inverter; b) inductor; c)
matching coil; d) cooling equipment.
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Fig. 4. The electrical scheme of the induction heating system for experimental setup.
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Moreover, increasing frequency is a way of increasing
the power transmitted to the load when the rectifier
capability is reached.

After the system initialization process (charging the
DC-link capacitor), the control system of the inverter
output current is started by setting the desired value and
validation of the controller output.

The control system response and the waveforms of the
main quantities are provided through the graphical user
interface.

In the first set of tests, the prescribed value of the
inverter output current is 300 A (Fig. 5).

As shown in Fig. Sa, when the operating frequency is
equal to the resonant frequency (5488 Hz), even if the
maximal value the DC-link voltage (513 V) is imposed by
the control loop, it is insufficient to achieve the prescribed
current.

The inverter output current at resonance is low and its
rms value is of about 43 A (Fig. 5a and 5b). However, by
forcing the capacitive component of the current at the
inverter output (K. = 1.38), the prescribed current is
achieved without any over-current (Fig. 5¢).

The inverter input voltage fed by rectifier is maximal
and the power required by the resonant load is provided
by the value of the operating frequency (5918 Hz), over
the resonance value.

The waveforms of voltage and current at the inverter
output (Fig. 5d) indicate high switching losses, as the
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zero-current switching is not achieved. It was found that
the IGBTs’ soft switching at zero-current corresponds to
K.=1.13 (Fig. 5f), which means a switching frequency of
5651 Hz. Obviously, the set current of 300 A can not be
obtained in this case (Fig. 5¢).

The responses of the current controller in Fig. 6, Fig. 7
and Fig. 8 show that the minimal value of the coefficient
K. that ensures the achievement the prescribed current
decreases as the prescribed current decreases. It must be
noted that, in all these cases, the maximal level of the
rectifier output voltage was reached.

As it can be seen in Fig. 8b compared to Fig. 6b and
Fig. 7b, the set current is obtained under zero-current
switching condition.

When the desired value of the inverter output current is
equal to or bellow 78 A, the current control loop is able to
provide the required current with minimal switching
losses (zero-current switching) by a proper rectifier output
voltage which is lower than 513 V. For instance, when the
prescribed current is 30 A, it can be obtained at zero-
current switching (K. =1.13) for an inverter input voltage
of 196 V (Fig. 9).

As depicted in Fig. 10, the current flowing through
inductor is almost sinusoidal and in opposition to the
slightly distorted current through the compensating
capacitor.

As expected, the inverter output current is significantly
lower than both inductor and capacitor currents.
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Fig. 5. Response of the current controller ((a), (c), (¢)) and waveforms of voltage and current ((b), (d), (f)) at the inverter output for a prescribed
current of 300A and different values of K.
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Fig. 6. Response of the current controller (a) and waveforms of voltage and current at the inverter output (b) for a prescribed current of 200A and
K=13.
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Fig. 7. Response of the current controller (a) and waveforms of voltage and current at the inverter output (b) for a prescribed current of 100A and
K=1.17.
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Fig. 8. Response of the current controller (a) and waveforms of voltage and current at the inverter output (b) for a prescribed current of 78 A and
K~=1.13.
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Fig. 9. Response of the current controller (a) and waveforms of voltage and current at the inverter output (b) for a prescribed current of 30A and
K~=1.13.

75



Annals of the University of Craiova, Electrical Engineering series, No. 38, 2014; ISSN 1842-4805

I7=30 A; K=1.13

2.9004  2.9006
Time (s)

2.9002

I'=30A;K=1.13

1000
< Iy
= 5007 \ 1
w2 up, (b)
S o -
S

500 - J

-1000 I 1 L L
8 29002 25004 29006  2.9008
Time (s)

Fig. 10. Waveforms of the quantities at the inverter output for a prescribed current of 30A and K.=1.13.

The graphical dependence in Fig. 11 illustrates the
minimal values of the forcing coefficient K. for which
different prescribed currents can be obtained.

As shown, without forcing the capacitive component of
the load current (K. =1), meaning the operating at resonant
frequency, a maximal current of 43 A rms can be ensured
by the rectifier control.

As previously stated, by adopting K. =1.13, the zero-
current switching is obtained. In this case, the inverter can
provide a maximal current of 78 A.

As the desired current increases, the required value of
K. increases and the resulted operating frequency
increases.

140 -~

1.05~

Fig. 11. Coefficient K. versus the maximal inverter output current

V. CONCLUSIONS

In the induction heating system for seamless pipes with
voltage source inverter and resonant L-LC load, the
adopted control of the power transferred to the load is
based on the regulation of the inverter output current.

A PID controller allowing the control of the inverter
input voltage and the possibility of increasing the
operating frequency over the resonant value are both taken
into consideration.

It is founded that, for the resulting frequency provided
by the control loop (determined by load and coefficient of
forcing the capacitive component of the current), two
situations may occur, i.e.:

1. The maximal DC-link voltage is insufficient to
achieve the prescribed current;
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2. The DC-link voltage value allows achieving the
prescribed current.

For both situations, it is shown that the current control
loop operates properly.

The operation at zero-current switching is obtained by
increasing the control frequency over the resonance value
as a result of increasing the capacitive component of the
inverter current.

Starting from the finding that there are situations in
which the prescribed current can not be obtained even
under the maximal rectified voltage and that an increase of
the inverter output current is possible by increasing the
control frequency, a solution to increase the flexibility of
the control system can be identified. This solution will be
the subject of future investigations and can be materialized
by introducing a loop for calculating the coefficient of
forcing the capacitive current, based on the current error.
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