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Abstract

Load variability and perturbation is an important issue in the induction cooking applications as it hinders the performance of the heating
system considerably . Therefore a precise power control technique is required for induction heating applications by considering the stabil-
ity issues and dynamic response of the system. Also, the safety operating ranges need to be confirmed to ascertain the competency of the
controller. In this paper, a Fuzzy logic based power control scheme is introduced by considering the load uncertainties. The suggested
power control technique uses variable frequency control of the inverter for reaching the target power level. Also, a detailed stability study
is done for investigating stability range within which the system operation is safe and stable. The said work is simulated in
MATLAB/Simulink environment and realized as a prototype where advanced FPGA controller renders its hand .The simulation and

hardware results reveal that the suggested technique is versatile.
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1. Introduction

In induction cooking (IC) applications, the effective heat transfer
from source to pot happens only when there is adept power regula-
tion mechanism. The most commonly used electronic converter
for domestic induction appliances is the series resonant class D
inverter, shown in Fig.1, where a inductor-vessel set is considered
to be the load, which is represented with its equivalent Req-Leg.
The values of the Req-Leqg gets varied due to change in the tempera-
ture, the switching frequency fsw and the vessel material’s elec-
tromagnetic properties [1].N. Ha Pham et.al, suggested a power
control scheme where the output of series resonant inverter (SRI)
is controlled by the dc link voltage. This technique uses two loops:
one to track the resonant frequency of the load by adjusting the
inverter fsw and other by controlling the magnitude of the dc link
voltage [2]. The employment of dual control loop resulted in high
cost and increased complexity.
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Fig. 1: Schematic of the Class D Resonant Inverter Based IC System.

When an uncontrolled diode bridge rectifier is used for feeding the
inverter, the control over the dc link voltage is not possible and
also requires higher value of dc-link capacitor to make input volt-
age to be ripple free dc. In such cases, different phase control
methods are used to have a control between the output voltage and
current. In [3], [4], the dual control loop is employed for full
bridge inverter with Phase-Shift modulation technique. Here the
first loop adjusts the fsw which guarantees the Zero Voltage
Switching (ZVS) and the second loop adjusts the firing angle of
the rectifier in accordance with the output power regulation. The
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same control technique is used in [5], for half bridge inverter to
regulate the output power with ZVS. Pulse Density Modulation
(PDM) based power control is proposed in [6], [7] with constant
fsw.C. Branaset al, enhanced the control technique considering
other issues like flicker and temperature ripples Even though this
method is easy for power control, some standards like flicker
emissions [8] and temperature ripple needs to be considered.

In order to improve the power factor, the rippled dc link voltage is
applied to the inverter which also reduces the cost of the system
relatively. In such cases, phase control is not feasible at inverter
side as it is tricky to determine zero crossing from the measured
current .To alleviate this issue, a control logic is designed with
real and imaginary current, voltage component[9] whereas O.
Lucia et.al., employed a discontinuous mode control [10]. Re-
search papers on maximum power tracking mechanism like per-
turb and observe (P&O) in renewable power sources, where the
peak power is extracted through fixed step variation influenced
researchers to try similar mechanism in IC applications [11-14].In
order to maintain ZVS and to avoid peak overshoots, the fixed
step size needs to be smaller. But in turn it increases the settling
time and results in poor responses under load uncertainties. Thus a
variable step size could be used to avoid such problem [15]. In
[16], gain scheduled PI controller is proposed with the dynamic
model of the system.

This paper put forth a FLC based power control scheme for IC and
the objective of this work is to develop a closed loop power con-
trol scheme using FLC to deliver the set power for wide range of
IC loads. And also to determine the safe operating range by con-
sidering the load uncertainties.

The paper is well structured as follows: section 2 consists of
mathematical modeling of resonant inverter with state space anal-
ysis. Section 3 deals with stability analysis of the SRI using
nyquist plot to identify the safe operating range. FLC based power
control is clearly dealt in section 4. Section 5 discusses the results
fetched through simulation, Section 6 presents the main experi-
mental results used to validate the converter operation and conclu-
sion is provided in section 7.

2. Mathematical model of resonant inverter

2.1. State space model of the class — d inverter

The output power transferred to the load is deduced using Fourier
series and is given by
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Fig. 2: Switch Voltage and Load Current.

Where wsw=27nfsw is the angular switching frequency. The normal-
ized frequencyis given by fn = fsw/fo.
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Is the angular resonant frequency. Fig. 3 illustrates the normalized
power graph as the function of the fsw for various duty cycles D.
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Fig. 3: Normalized Power Graph as the Function of the Fy, with Respect to
the Various Operating Points.
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The developed small signal modelling of the inverter could be
expressed as state space equation as listed in [17]

X =Ax +B @3
y = Cx ©)]
Where

x is the input state vector.
y is the output state vector.

X = [. i \}5} )
Where i, i%s, V¢, V'c are the perturbed real and imaginary voltage

v (t) and current i (t) respectively.
The state variable matrix of the system is given by
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The gain of the small signal duty-to-output power Gpd(s), and
frequency-to-output power, Gpf(s), are obtained by the linearized
state space model and is given by

i
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Fig. 4: (A) Magnitude Plot of G,y with Various Operating Condition (B)
Magnitude Plot of Gyrwith Various Operating Condition.

Whenever the load parameters Req-Leq Changes, the parameters
like duty cycle and frequency are need to be changed.Fig.4 shows
the magnitude plots of Gpaand Gprfor the different operating con-
ditions. The clear inference is that the dynamic behaviour and the
closed loop stability of the inverter changes with respect to switch-
ing frequency and duty cycle. Therefore it is mandatory to locate
the stability margins within which the operation is stable.

3. Stability analysis of the class-d inverter

With the help of the small signal model, the dynamic behaviour of
the converter with respect to various operating conditions is stud-
ied and the open loop system is developed.The stability margin is
obtained by using the nyquist plot for the developed mathematical
model.

From the small signal modeling, the output power equation is
presented as
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From Eqn 13, it is very clear that the output power depends on the
switching frequency. Thus the output power could be controlled
by varying switching frequency. The control range of the frequen-
cy should be determined in order to ensure the system stability.

3.1. Nyqiust stability criterion

The developed state space equation is converted into transfer func-
tion for analysing the closed loop system stability. The gain of the
system is varied to check the stable operating points. The gain of
the sensor (R(s)) is given by

nooono=n)—de
Oo+0,

(14)
Here, a sample of the output power is fed as input to the control-
ler. A simple, low cost potential divider arrangement is sufficient
to sense and give feedback, the gain of the feedback element H(s)
is given by

0oo0=000o00=0—He (15)

Os+0.

The mathematical model of the closed loop controlled IH system
for cooking applications is shown in Fig. 5. The gain of the PI
controller C(s) is given by,

- Ki
C(s)=Kp+ s (16)

The gain of the class D inverter T(s) with respect to constant sup-
ply voltage Vin for frequency control is given by [16]

To)=L2¢ a7
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Fig. 5: Mathematical Representation of IH Supply with Conventional
Controller.

The gain of the series resonant tank O(s) is given by

O(s)=%{SZ+Ms N} (18)
Where

000 H— (19)
0=~ EJ‘ (20)

From the Fig. 6, the transfer function of the system is given by
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By sub Eqgn (22 and 23) in Eqgn (21) and simplifying, the overall
systems transfer function is given by
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Here K is the stability constant which is equal to the switching
frequency of the inverter. The variation in the K determines the
stable operating point of the inverter, which could be ensured by
using the nyquist plot. For various values of the K,the nyquist plot
is shown in Fig. (6).
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Fig. 6: Nyquist Plot for Various Values of K.

In order to track the stable operating point, the stability constant K
is varied between 10 kHz to 226 kHz and it is observed that the
closed loop remains stable. When the frequency is varied above
226 kHz, it is found that the closed system becomes unstable.Thus
the controller should be able generate the switching frequency
between 10 kHz to 226 kHz, in order to track the set power and to
ensure the system stability.

4. FLC based power control technique

FLC is a dynamic and intelligent tool to solve non-linear problems.
As like conventional controller, FLC does not require the mathe-
matical model of the system. For framing the rule base, it is neces-
sary to understand the complete system with its control requirement.
The FLC is designed using the information/data flow as input, it is
then processed with decision making engine and its corresponding
control signal is obtained with defuzzification engine. The three
important stages are shown as block diagram in Fig. 7

With the voand io, the Output power (Po) is calculated and it is then
compared with set power (Pset). The error in power (Pe) and its
derivative (APe) are multiplexed and given as the input to the FLC.
The control signal from the FLC is then given to the logic circuit
for generating the high frequency pulses. The generated variable
frequency pulses are given to the switches Q1 and Q2 in order to
track the set power.

The inputs to FLC divided into seven membership functions as
exposed in Fig. 8. They are labeled as NS (Negative Small), NM
(Negative Medium), NL (Negative Large), VLN (Very Large
Negative), Z (Zero), PS (Positive Small), PM (Positive Medium),
PL (Positive Large), VLP (Very Large Positive).

Without considering the mathematical model of plant, fuzzy con-
trol rules have been developed through the basic control
knowledge. The fuzzy rule base is given in the Table 1.The con-
trol action is performed with the help of the simple linguistic rules
as tabulated in rule base. The corresponding surface plot is shown
in Fig. 9. The flow chart for the controller action is shown in
Fig.10.



International Journal of Engineering & Technology

19

5. Simulation results

The performances of the conventional Pl controller and intelligent
Fuzzy logic controllers are evaluated using MATLAB/Simulink
for the load parameters as listed in Table 2. The PI controller and
FLC are developed as per the above descriptions with its design
specifications. For the load RL: the set power is 3700W.The simu-
lation result of 3700W set power with conventional PI controller is
shown in Fig. 11 (a). It is clear from the graph that the Pl control-
ler takes 0.05s to reach the target i.e, Pset. And it is also observed
that, the response of the controller is an oscillating toward the set
value with 8% steady state error. This is because of the non-
linearity of the controller.

Fig. 7: Block Diagram of FLC.
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Fig. 8: Membership Functions of Input and Output Variables.

Table 1: Fuzzy Rule Base

Pe/AP, NS NM NL Z PS PM PL
NS PL PM PM NL VLN PS NS
NM PS NM VLN PM NL Zz NL
NL PS PM z NL PL NS NS
Z PL NL NM PL VLP PS Zz
PS PM NM NS NL Zz PS NL
PM VLN NS NM PM PS z VLP
PL VLP PS PL VLN PM PL VLN
Table 2: Load Parameters
Parameters RL1 RL2 RL3
Resistance (Q) 15 1.85 2.3
Inductance (uH) 26 10.5 16
Resonance frequency f;(kHz) 22 35 28
Switching frequency f.(kHz) 23 36 29
Resonance capacitance (UF) 2
RMS input voltage (V) 230

DC link capacitor (uF)
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i

Fig. 9: Surface Plot of the FLC System.
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Fig. 10: Flow Chart of FLC Controlled System.
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Fig. 11: Simulation Results for Load RL;, Ps= 3700W (A) Ps and Py with
P1 Controller (B) Fs, Time Evaluations.

In order to track the set power with the variation of the frequency
with respect to time is shown in Fig. 11(b). In stability point of
view, it observed that the closed loop system is stable within the
frequency range of 10 kHz to 226 kHz. The stability operation of
the closed loop could be ensured if the controller is operated with-
in the frequency range as discussed in the section 2. The response
of PI controller in accordance with the frequency control is found
to be an oscillatory towards its set value. For the same control
objective, the response of the PI controller and FLC are shown in
Fig. 12(a). The conventional controller finds it hard to settle at the
set point without oscillations and also it possess transient period.
On the other hand FLC has a clear edge over its conventional
counterpart in achieving the set value within an allowable transi-
ent period say 0.001s .Thus the net steady state error value is less
than 0.1% for the same Pset with FLC. Fig. 12(b) illustrates varia-
tion of frequency for the set power with FLC. It is also observed
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that, the response of the FLC on the frequency control is smoother
than the conventional controller for the same load RL..
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Fig. 12: Simulation Results for Load RL;, Ps= 3700W (A) Ps and Powith
Various Controllers (B) Fs, Time Evaluations with FLC.

In order to validate the response of the controllers, the load and set
power is varied. Change in load is RL2 and Pset =1350W. It is ob-
served that, the Pl controller takes about 0.1s to reach the reach
the target level with small peak overshoots. The output waveform
is more oscillating toward the set power. Fig 13(a) shows the out-
put power waveform for change in load. Comparing to Fig. 11(a),
the response of the conventional controller is more oscillating with
larger steady state error for change in load parameters. The varia-
tion of frequency with respect the PI controller response is shown
in Fig. 13(b).
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Fig. 13: Simulation Results for Load RL,, Ps= 1350W (A) P and Py with
P1 Controller (B) Fs Time Evaluations.
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The suggested FLC is versatile for changes in load parameters and
set power values. Here in this study the performance of FLC is
tested for a change in load of RL2 and set power Pset= 1350W. Fig
14(a) reveals that FLC is competent enough to achieve the set
targets. The variation of the frequency with respect to time to track
the set power is shown in Fig. 14(b). The comparison of both con-



International Journal of Engineering & Technology

trollers in power control of IC with respect to time domain speci-
fications is shown in the Table 3.

Table 3: Comparisons of Time Domain Specifications

A Controllers
Load Power (W)  Specifications Pl FLC
3700 Settling time (s) 0.05 0.00002
Steady state error (W) 20 0.1
Settling time (s) 0.12 0.00001
Ak 1l Steady state error (W) 24 0.15
900 Settling time (s) * 0.0000135
Steady state error (W) * 0.2
3700 Settling time (s) i 0.00023
Steady state error (W) Fokk 0.5
Settling time (s) 0.23 0.00014
A 1l Steady state error (W) 17 0.28
900 Settling time (s) el 0.05

Steady state error (W) Fokk 0.42
*Too high for fixed gains (K,=0.368 and K;= 1.25) for various set power.
**Too high for fixed gains (K,=2.3 and K;= 0.58) for various set power.
***Qscillating to its set level

6. Experimental results

In order to validate the simulation results, an experimental proto-
type addressing IC application has been developed. The control
process is carried out through an advanced FPGA controller. The
use of FPGA facilitates handy interaction with a simulation soft-
ware environment say MATLAB/simulink which in turn minimise
the time spent on hardware design. The switching pulses are gen-
erated with the dead time of 500ns and the power is measured
using power analyser. The signal obtained by the power analyser
is controlled by the PC via RS 232 cable. FLC has been defined in
a MATLAB file. Circuit diagram of the proposed FPGA con-
trolled IH system is shown in Fig 15.

g

0B AC t QIJ

'{ s T

Uncontrolled Rectifier ~ Class D SRI PGA i I
| — n
of o :
|
!
' !
|
/ 1
ADCBs LE) |
| e VDL |
........................................................... I

Fig 15: FPGA Implementation of the Proposed Fuzzy Logic Controller.

The FLC calculates the controlling parameter (fsw) and it is trans-
ferred to FPGA via the serial communication port and thereby
executes the control process. The experimental setup is tested with
both PI controller and FLC and the time domain comparisons are
listed in Table 3.
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Fig 16(a) and Fig 17(a) signifies the response of PI controller and
FLC for the set power of 3700W and 1350W respectively. Fig
17(b) shows the FLC controlled output voltage and current wave-
form with the set power of 3700W for the load R=1.5Q, L=26 pH
and Cr=2 pF, similarly Fig 17(b) shows the FLC controlled output
voltage and current waveform with the set power of 1350W for
the load R=1.85Q, L=10.5 pH and C=2 pF. The zoomed wave-
form of the corresponding voltage and current is shown in the
right pane.From the Table 3, it can be concluded that the error in
steady state power and settling time is less in FLC controlled IC
system. The experimental results shows that FLC controlled IC
system has improved transient response and dynamic response.

7. Conclusion

Obtaining the safe operating range for the resonant converter with
varying load is a challenging task and it is required to optimise the
transient behaviour of the system. The safe operating range is
acquired using the nyquist plot. The output power overshoots in-
curred due to dynamic load changed are alleviated due to the im-
provement in the transient response of the FLC. The comprehen-
sive simulation study and experimental validation demonstrate the
effectiveness of the proposed configuration and its competency to
perform under different operating conditions.The hardware com-
plexity and simulation compatibility can be enhanced using a
software interactive dSPACE controller.
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