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Abstract—This paper presents the frequency duty cycle
closed loop control of PWM-LLC resonant inverter suitable for
induction heating applications. The complete closed loop control
is obtained using small signal analysis. The validity of proposed
control is verified by simulation results.
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I. INTRODUCTION

Nowadays, resonant topologies are used in a number of
industrial applications, including power supplies for
induction heating systems. PWM-LLC is being a more
popular topology because it has the desirable characteristics
of the series and parallel ones [1]-[5].

In control practice, Pl controllers have been successfully
applied to a wide variety of engineering problems, including
power converters [6]-[7].

In this paper, we propose an effective control system for
PWM-LLC resonant inverter which uses variable frequency
and variable duty cycle. The output power of the proposed
inverter has to be controlled by adjusting the duty cycle of
the switches using power loop circuit based on PI controller.
A PLL is used as frequency tracking control. In this case, the
complete closed loop control is obtained using small signal
analysis [8]-[9].

The organization of this paper is as follows: the proposed
inverter circuit configuration is given in Sections Il. Closed
loop system design and parameter tuning of the proposed Pl
controller are presented in Sections Ill. Section 1V provides
the corresponding verification results. Conclusion is given in
Section V.

1. Circuit description

A number of induction-heating resonant inverters have
been reported in literature. However, they all employ the
basic conversion process of AC-DC rectification of the phase
source and followed by a single phase higher frequency
stage. Figure 1 show the proposed configuration used in this
work:
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Fig.1: The proposed PWM-LLC resonant inverter

It consists of four IGBT transistors with anti-parallel diodes
and the resonant tank LLC. The transistors S1 and S4
conduct alternately to S2 and S3 with a duty of 50%. The
induction heating load constitutes a 50 CrV4 carbon steel
billet placed inside a N1-turns cooper coil at specific air gap.
Figures 2 and 3 show the measured characteristics of the 50
CrV4 work piece:
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Fig.2. relative permeability of 50CrV4 versus H
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Fig.3. resistivity of 50CrV4 versus the temperature
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During the heating cycle t_hese parameters vary especial!y P, = (—0.078910.7653]).106,
when  the work  piece  reaches the  Curie ‘

temperature T, = 750°C .

The induction heating load can be modelled by means of a
series combination of its equivalent resistance R, and

equivalent inductance L, [10]-[11].

I11. Proposed control system

Figure 4 describes detailed complete closed loop system
architecture:
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Fig.4: Detailed closed loop system architecture
C(s) is the controller to implement,

1
C(s)=K,.1+ ﬁ)

G(s) is the plant to be controlled,

G(s) = (G (5)-GpL (5).G, () + G, (5)).H, ()
where,
G, (s)

~ a,s’+a,s" +a,5+a,
- 6 5 4 3 2
be.S” +bs.8" +b,.8" +b,.5° +0,.5° +b,.5+Db,

_ a,.8°+a,.5+a,

bS04 b, 5% b, 5t +b,5° +b,52 +b.S+D,

a,.S+a

Gou (9)= b9.528+ b8.s7+ b,

1

7.5+1

G,(s) =K,
The pole of G(S) are found to be:

p,, = (-0.0657 +1.64.i).10°,

P, = (-0.0789+0.7653.i).10°
Pss = (~0.0657 +1.64.i).10°,

G,(s)

H(s) =

Pa1o = (~0.0657 +0.1094.i).10°,
P11, = (—0.0036+0.0027.i).10°
Piars = (-0.0657 +0.1094.0).10°,

p,s =—0.7653.10°

Notice that all the real parts of the poles are negatives, thus,
the system is found stable.
The first order reduced model of the above system, G(S) , is
given by,
G, (s) = ——

s+b
The closed loop system under unity feedback for this system
is found to be,

P(s) K,al+T.s)
P(s) T.s®+(Tb+aK, T)s+K,a
The characteristic polynomial is given by,
a.K

p

s’ +(b+akK,)s+

i
Matching this with the standard polynomial form, to give,
$* + 20,5+ w!

1
Kp :g.(z.g.wn —-b)
B a.Kp

i 2
a)n

,, is the natural system frequency,

& is the damping factor,

IV. COMPARISON AND DISCUSSION

In this section, we evaluate, through computer
simulation performed in MATLAB/SIMULINK, the ability
of the proposed controller to regulate the output power of the
system.

The control objectives are:
1. To heat steel metal from 20°Cto 240°C
in15s .
2. To regulate the output power.
3. To maintain power factor near unity

Figure 5 shows the Bode plot of the open loop transfer
function L(S)=C(s).G(S) with the conventional PI
controller:
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Bode Diagram
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Fig.5: Bode plot of the open loop transfer function

Figures 6-9 show the output power response for step change

in reference signal from 12.07w to 14.92w and the
corresponding  output  waveformsi ((t), i,4(t)and

v, (t) of the PWM-LLC resonant inverter:
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Fig.9: Output voltage V,, (t)

Some performance characteristics for the feedback control
system with the proposed controller are summarized in the
Table I:

Table 1. Some performance characteristics

Phase limax [A] Overshoot
margin [90]
]
G(s) 145.62 - -
Pl 39.46 12.993 27.03
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Fig.7: Output current iload (t)
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Fig.8: Output current 1, (t)

By examine those results, it can said that when the control
parameters of the PI controller are chosen for achieving fast

response, the overshoot is relatively large (27.03%).

V. CONCLUSION

The design and implementation of Pl controller for the
closed loop power regulation of PWM-LLC resonant
inverter suitable for induction heating applications is
discussed in this paper. The effectiveness of the proposed
controller is verified by simulation results. The closed loop
response is improved by tuning the parameters of PI
controller.
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