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Abstract: This paper presents a mathematical model of a power controller for a high-fre-
quency induction heating system based on a modified half-bridge series resonant inverter.
The output real power is precise over the heating coil, and this real power is processed as
a feedback signal that contends a closed-loop topology with a proportional-integral-deri-
vative controller. This technique enables both control of the closed-loop power and deter-
mination of the stability of the high-frequency inverter. Unlike the topologies of existing
power controllers, the proposed topology enables direct control of the real power of the
high-frequency inverter.
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1. Introduction

In a high-frequency induction heating process, the objects being heated are isolated from
the heat source. An induction heater is used as a high-frequency electrical device for heating
electrically conductive materials. A power electronic inverter circuit is incorporated in the de-
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vice for generating high-frequency electricity. Because the heating process is contactless,
high-frequency induction heating does not have any adverse effect on the material being hea-
ted. The induction heater is precise, environment friendly, energy efficient, and controllable;
moreover, it enables rapid heating and can be repeatedly used. In particular, the heat is genera-
ted within the material being heated, resulting in negligible heat loss. By contrast, in other
heating methods, heat is transferred from the heat source to the material being heated. Accor-
dingly, high-frequency induction heating has unique industrial, domestic, and medical applica-
tions [1-3], and it is used in a wide range of fields. Currently, operations such as induction
bonding, brazing, welding, forging, melting, and hardening can be achieved through high-fre-
quency induction heating. This technique also creates the latest paradigm for biomedical elec-
tronics, and it can be employed for blood reheating during open heart surgery [4].

The use of high-frequency induction heating equipment is likely to increase rapidly in the
near future [5]. The high-frequency induction heating equipment requires latest regulations
and recommendations for future development. Moreover, innovative practical approaches
should be developed for improving the quality of the input power supply of the induction heat-
ing equipment. High-frequency switching distorts the grid voltage, resulting in poor power
quality [6].

The inverter has a problem when it is in a permanent resonant state: since it is quite easy to
increase the pressure in the components towards the saturation value, the inverter can be
damaged. It is necessary to introduce a control circuit to overcome this undesirable situation.
Such a control circuit can control the response of the inverter when the inverter is constantly
operated in a permanent resonant state [8—10].

In high-frequency inverters in a permanent resonant state a specific technique is commonly
used for controlling the voltage and current supply with the desired signal error. However, the
technique, which is shown in Fig. 1, has some demerits because it involves a large number of
power semiconductors, driver parameters, and an extra control loop.
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Fig. 1. Modified high-frequency half-bridge series resonant inverter with regimented DC supply

The system can be controlled using a self-adaptive loop and must have an operating fre-
quency slightly greater than the resonant frequency of the tank circuit, which comprises an
induction-coil-heated piece in series with a resonant capacitor. The high-frequency induction
heating inductor current can be controlled by adjusting either the output current or output
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voltage of the inverter, and the high-frequency control loop is sufficient to control these two
output parameters [11-16].

A proportional-integral-derivative (PID) controller can give favourable results in induction
heating applications. After designing a PID controller and corresponding incorporating PID
controller in high-frequency application it is seen that this controller will be more suitable in
high-frequency domain. The rated feedback can be obtained because the forward path gains
are adjustable for the most suitable result of stability analysis.

2. High-frequency induction heating system

The high-frequency induction heating process consists of two major stages. First a diode
bridge rectifier rectifies the AC supply signal, and subsequently, the rectified output is fed to
a high-frequency inverter. An alternating magnetic field is produced by the high-frequency
current at the inverter output, resulting in an eddy current being induced. This eddy current is
responsible for generating heat at the surface of the object being heated. The internal resis-
tance of the object is a vital parameter as it plays a role in heat generation through Joule
heating [17, 18]. A block diagram of a modified DC-link high-frequency half-bridge series
resonant inverter is shown in Fig. 2.
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Fig. 2. Block diagram of the modified DC-link high-frequency half-bridge current source inverter

Generally, high-frequency induction heating involves an alternating magnetic field and the
skin effect. The production of a high-frequency alternating magnetic field in the working coil
generates heat and converts electrical energy to heat energy, which is intended at the skin
depth as AC resistance is decreased [7].

3. Proposed modified half-bridge series resonant inverter

The modified half-bridge inverter circuit is normally designed for providing a moderate
output power. Fig. 3 depicts the circuit diagram of the proposed modified half-bridge series
resonant inverter. Two power semiconductor switches, such as MOSFETs, are used to trigger.
Antiparallel diodes are connected to the switch that allows a current to flow when the main
switch is turned OFF; the current flow results from the discharge of the inductor. If the in-
ductor does not discharge, then it will not operate properly. The modified half-bridge series
resonant inverter consists of two MOSFETs, a load resistance (R), and a load inductance (L);
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L is the working coil used for high-frequency heating. A high power output can be achieved at
a high switching frequency.

N Q

Low Temperature High Temperature

Fig. 3. Induction heating system based on the proposed modified half-bridge series resonant inverter

Table 1. Switching table of MOSFETs

S1 S2 Vout
ON OFF +V/2
OFF ON ~V/2

Table 1 shows the switching operation of MOSFETs. In this study, MOSFETs were used
as solid state switches because they are suitable for high-frequency operations. In Fig. 3,
antiparallel diodes D; and D,, which are connected to the switches S1 and S2 respectively,
allow a current to flow when the main switch is turned OFF. When there is no signal at S1 and
S2, capacitors C; and C, are charged such that each of the capacitors has a voltage of V/2.
A gate pulse appears at the gate G and turns S1 ON. Capacitor C discharges through the path
NOPTN, and simultaneously, capacitor C, charges through the path NOPTS. Fig. 4 shows the
direction of current flow through an induction heating system based on the modified half-
bridge series resonant inverter, when S1 is turned ON. When S1 is turned OFF, the inductor
starts discharging through the path PTSQ. Fig. 5 shows the discharging path. Furthermore, the
discharging current of C; and the charging current of C, simultaneously flow from P to T.
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Fig. 4. Current flow diagram of the induction heating system based on the modified half-bridge series
resonant inverter, when S1 is turned ON
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Fig. 5. Discharging path of the inductor when S1 is turned OFF

In the next slit of the gate pulse, S1 and S2 are in the OFF state, and each of the capacitors is
again charged to a voltage of Vi/2. A gate pulse appears at the gate G to turn ON the switch
S2. Furthermore, the capacitor C, discharges through the path TPQST, and the charging path
for capacitor C; is NTPQS. The discharging current of C, and the charging current of C;
simultaneously flow from 7 to P. Fig. 6 depicts the current flow diagram of the heating system
based on the modified half-bridge series resonant inverter, when S2 is turned OFF, and Fig. 7
shows the discharging path of the inductor when S2 is turned OFF.
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Fig. 6. Current flow diagram of the heating system based on the modified half-bridge series resonant
inverter, when S2 is turned OFF

Fig. 7. Discharging path of the inductor when S2 is turned OFF

To prevent the voltage source from being short-circuited, the switches S1 and S2 must not
operate simultaneously. For a resistive load, the current and voltage waveforms are in phase,
unlike the case of a reactive load. Two freewheeling diodes offer discharging paths for the
energised inductor. Fig. 8 depicts the output voltage waveform of the modified half-bridge
series resonant inverter.



www.czasopisma.pan.pl P N www.journals.pan.pl

832 P. Pal, D. Roy, A. Datta, P.K. Sadhu, A. Banerjee Arch. Elect. Eng.

Fundamental
W current

)
\

R :

r..:l

]2
-]

Fig. 8. Output voltage waveform of the modified half-bridge series resonant inverter

Sufficient heat is produced by the eddy current at high frequencies to the working coil.
Resonance occurs when the inductor and capacitor exchange energy. The resonating compo-
nents and switching devices of the modified half-bridge inverter are connected in series with
the load for realising an underdamped circuit. Owing to the natural characteristics of the un-
derdamped circuit, the current through the switching devices is zero. In voltage source in-
verters, two switches of an inverter leg cannot be turned on simultaneously since it can cause
a short circuit. The time interval between the turning off of a switch and the turning on of the
other switch is called dead time. In this methodology, antiparallel diodes are used in the in-
duction heating system to facilitate freewheeling operation for allowing the inductor to dis-
charge when one of the switches is in the OFF state.

4. Description of block diagram of proposed closed-loop induction
heating system

Ki N 1': NE=T o] Series Resonant Po
2 I M Flip-Fl P »
s s s 0 iy [nverter
PID Comparator
Sensor |4

Fig. 9. Block diagram of the proposed closed-loop induction heating system

Figure 9 presents a block diagram of the proposed closed-loop induction heating system
with a PID controller. The PID controller output is directly provided to the comparator. The
comparator output is 0 (1) when the PID controller output is greater (lesser) than 0. The com-
parator output is recorded by the flip-flop. Furthermore, the flip-flop output is connected to
a load with zero-crossing current that observed the system in a permanent resonant state. The
sensor provides a feedback signal to the input, and the power error can be analysed. The most
significant blocks are the sensor, PID controller, and load circuit, and the others blocks likely
constant block can be incorporated in the total system response.

The overall transfer function can be obtained from the block diagram of the proposed
closed-loop induction heating system, and the overall system response for high-frequency in-
duction heating can be determined. Owing to the addition of the PID controller, the inverter
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response will be very fast, and the inverter can be operated in a permanent resonant state
without any problem. The definition of the variables and the significance of the blocks in
Fig. 9 are as follows: P, is the reference power, P, is the difference between the output power
and the input power (i.e., error in the power), Py is the power of the feedback signal, P, is the
output power, the PID block is a compensator network, the comparator and flip-flop blocks
are synchronous delta generators, and the sensor block is a real power measurement system;
the series resonant inverter (SRI) is also referred to as power stage model and comprises
a power switch, load circuit, and power supply.

Figure 10 shows the PID compensator circuit diagram with the classic analogue topology.
The circuit can be mathematically expressed as

Ci Rt

——\\—

R: 8 | Vee

11|
)—Iw ]
+
=
i

Fig. 10. PID compensator circuit diagram

V() (SR,C,+1)(sRC, +1)
V(s); sR,C, +1 '

This system can be tuned by changing the parameters.

V Voltage
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Fig. 11. Block diagram of the power sensor

Fig. 11 shows a block diagram of the power sensor. The power equation is given by
V.1 V..
P= 7"“‘2 out sin(2wt — ) + 7"‘“2 ot sin(d)

and the output of the low-pass filter is given by
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- Vv I V. I
P= out2 out sin((])): out2 out (q))

The overall transfer function of the power sensor can be obtained after the filter is de-
signed, and it is given by

xXs?—ys+z
4 3 2 ’
as” +bs” +es“+ds+e

Psensor (S) =

where x, v, z, a, b, ¢, d, and e are the coefficients of the order of the transfer function.

For high-power switches, an activator is required. The flip-flop is a type of activator whose
output can be used for managing the driver and activating the high-power switches. The flip-
flop does not influence the shape of the transfer function, and it is used to develop the struc-
ture of the closed-loop controller only for regulating the output power.

5. Load circuit model

In this context, Fig. 12 presents the equivalent circuit of the induction heating system;
L, denotes the coil self-inductance, L, is the load self-inductance, K is the mutual inductance
between the load and the coil, R; is the load resistance, V; and V, are the system voltages, and
I, and [, are the system currents.

[l ——p

Fig. 12. Equivalent circuit of the induction heating system
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Fig. 13. Reduced equivalent circuit of the induction heating system

Figure 13 depicts reduced equivalent circuits of the working coil and load system of the
induction heating system. In the figure, R, is the primary coil self-resistance, L, is the primary
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coil self-inductance, R is the value of the secondary resistance (Ry) refers to the primary
side, L{ is the value of the secondary inductance (L) refers to primary side.

The mathematical expression for the reduced equivalent circuit can be derived as follows
by using Fig. 9:

V.=joLl - joKI,, (1)

V,=—joKI, + joL,.1, . )

On the basis of (2), I, can be written as a function of /;:
JoK

=—— I, A3)
Rsec + ]ml‘sec

1,

v
where R, =—%.

I,
Using the value of 7, in (1) gives

V= joL 1, - jok| —X |1,
RSCC + ijSeC

. 272

K

v =[j0)L1 PR LK - Jll. &)
RSeC + ]steC

Therefore, the impedance

can be obtained from the primary side, and it is equivalent to a single non-coupled inductor
L; cascaded with another inductor. In particular, the above expression can be written as

. 2 -2 . 372
Z(jo) = (DZKZ _ (DZKZ . Rsec — JO)Lsec _w K Rsec —Jjo'kK Lsec
R - . - . : - 2 22
RSCC + ju)LSCC RSEC + J(DLSEC RSCC - -](‘OLSSC RSSC + 0) LSCC (5)
2 -2 . 372
O°K°R, _Jo K°L,
2 272 2 272
Rsec T Lsec Rsec T Lsec

This expression has two parts: a real part and an imaginary part. The real part of the impe-
dance represents the load resistance reflected by the primary side of the main coil, and the
imaginary part reduces the total circuit inductance.

Since the reactive current component is nullified in resonant conditions, a resonant capa-
citor C is included in Fig. 14.
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I —3 Ri+R"> Li+L%

Fig. 14. Reduced equivalent circuit diagram of the induction heating system

The overall transfer function is given by

o& o&
Vr(s) _ L _ L
- . . - 2 23 ° (6)
v, (s+(a+ jw))(s+(a—jo)) ((s+a)" +o”)
where
2

a=— and j R
2L LC

Again R=R+R, and L=L +L].

As the system operates under resonant conditions, the voltage V is required on the primary
side, and the voltage is identical to V] sinw¢ . The inverse Laplace transform of (6) can be
written as

2 a(l—we ") cos wt
VeO=Vi—5 = 2 2 2\ —aty o : )
a”+40" |+ 20" —(a’ +2m") e *)sin ot
The power dissipated in the load upon the application of a step voltage V; u(¢) is given by
2 2 2 2 2
P(s)=£Mf (M5 =2M, +1)s" +(3—4M,+ M5 )as+2a ’ ®)

2R 3 +3as® +2a’s
where
sP(s)= P, (s),
_ 2(a+20%)
(a* +40°)’
_2(a” +aw+207)
(a*+20%)

1

M,

The final power transfer function of induction heating can be expressed as
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-2M, +1)s +(3-4M, +M )as+2a
s? +3as+2a°

P (s)= ©

6. Simulation results and discussion

For the proposed topology, all the required transfer functions were determined. The open-
loop system behaviour allows changes in the positions of poles and zeros in the PID compen-
sation network until a stable configuration is attained. Fig. 15 depicts the root locus diagram of
the modified half-bridge SRI without a PID controller. Furthermore, Fig. 16 presents the open-
loop pole-zero diagrams as well as the Bode plot for the same SRI, showing that the SRI is
unstable.
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Fig. 15. Root locus diagram of the modified half-bridge SRI without a PID controller

After a PID controller is incorporated, the system can be easily and directly tuned by vary-
ing the PID parameters. The closed-loop behaviour of the system with the PID controller is
shown in Fig. 17. Furthermore, Fig. 18 shows the closed-loop Bode plot diagram of the sy-
stem, revealing a stable loop.

In Fig. 15, most of the open-loop poles are situated on the right-hand side of the s-plane,
indicating that the system is unstable. However, after the PID controller was incorporated,
because of the decrease in the system gain, all the poles shifted to the left-hand side of the
s-plane (Fig. 17), reflecting a stable system.

Fig. 16 depicts the open-loop Bode plot diagram of the modified half-bridge SRI without
a PID controller. The gain margin is -17.6 dB, and the phase margin is -90.7°.
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Fig. 16. Open-loop Bode plot diagram of the modified half-bridge SRI without a PID controller
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Fig. 17. Root locus diagram of modified half-bridge SRI incorporating a PID controller
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By contrast, Fig. 18 presents the closed-loop Bode plot diagram of the modified half-
bridge SRI incorporating a PID controller; the gain margin is 12.1 dB and the phase margin is
55.2°. Figs. 16 and 18 show different gain margins. The gain margin and phase margin in
Fig. 16 are negative, whereas those in Fig. 18 are positive. Generally, positive values of the
gain margin and phase margin indicate the safety margin for a stable system, and negative va-
lues for an open-loop system indicate an unstable system.

In Fig. 16, the phase crossover frequency is less than the gain crossover frequency, imply-
ing that the open-loop system is unstable. By contrast, in Fig. 18, the phase crossover fre-
quency is greater than the gain crossover frequency, which is the condition for an unstable
system.

The aforementioned results demonstrate that the addition of a PID controller critically
influences the stability of the modified half-bridge SRI, and this concept can be used in
applications of high-frequency induction heating.

Open-Loop Bode
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Fig. 18. Closed-loop Bode plot diagram of the modified half-bridge SRI incorporating a PID controller

7. Conclusions

In this paper, it is shown that a PID controller is the most important component of high-
frequency induction heating equipment for achieving closed-loop power control. With the
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small variation of the inverter circuit, the inverter may be uncontrolled. Furthermore, on the
basis of the closed-loop system behaviour, it can be predicted that without a PID controller,
the inverter will be unstable. So in this paper not only the closed-loop power is controlled,
here the system behaviour may reach to stable condition. Furthermore, a control model is pre-
sented for achieving closed-loop power control in and the stable operation of a high-frequency
inverter system.
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