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Induction heating (IH) applications aided power electronic control and becomes most attractive in recent years. Power control
plays a vital role in any IH applications in which the stability of the converter is still a research hot spot due to variable frequency
operation. In the proposed work, the stability of the converter is carried out based on the Floquet theory for dual-frequency half-
bridge series inverter-fed multiload IH system. (e dynamic behaviour of the converter is analyzed by developing a small-signal
model of the converter. (e system with a dynamic closed-loop controller results in poles and zeros lying outside the unit circle,
which has poor closed-loop stability and up-down glitches in the frequency response plot. Hence, a proportional-integral (PI)
compensator is used to mitigate the said issue, which results in a better response when compared with the open system and works
satisfactorily. However, the system becomes unstable when the frequency is varied and the system also possesses a poor time
domain response. Hence, the values of the controller gain are optimized with the Floquet theory, which is based on the Eigenvalues
of the time domain model. For the optimized gains, the system possesses better stability for the variations in the switching
frequency (20 kHz to 24 kHz), and also, the frequency response of the system is better with minimum time domain specifications.
(e performance of the system is simulated inMATLAB, and the response is noted for various switching frequencies in open loop,
with a PI compensator, and with an optimized PI compensator. (e output power is varied from 500W to 18W at load 1 and
250W to 9W at load 2. It is noted from the output response that the rise time is 0.0085 s, the peak time is 0.0001 s, and the peak
overshoot is 0.1% with minimum steady-state error. Furthermore, the IH system is validated using a PIC16F877Amicrocontroller
with the optimized PI controller, and the thermal image is recorded using a FLIR thermal imager.

1. Introduction

In recent years, induction heating (IH) has been widely used
in several fields, which include medical, industrial, and
domestic applications. It is a booming technology due to its
meritorious advantages such as hygiene, indirect heat,
noncontamination, zero pollution, and higher efficiency [1].
In the IH system, heat is produced on the workpiece due to
the electromagnetic principle as it produces more eddy
current on the surface of the material [2]. Hence, the rate of

heat produced in the heating material depends on the
switching frequency selection, which varies from 10 kHz to
1MHz [3]. (is high-frequency switching is achieved using
the resonant inverter, which converts 50Hz AC to high-
frequency alternating current (HFAC) with a high power
density and soft switching [4]. (e selection of a specific
converter for the application plays a vital role, in which a
series half-bridge (HB) inverter is selected for the maximum
power rating of up to 4.5 kW [5, 6]. (e drawback of this
topology is more switching stress across the switch [7]. In
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[5], the switching stress is reduced using the auxiliary
switched capacitor. However, the additional capacitor in-
creases the passive elements and system time constants. (is
problem is overcome by using a full-bride (FB) inverter in
which switching stress is shared by the four semiconductor
switches. In addition, they can able to hold more power
ratings, which are greater than 5000W. In [8], a multifre-
quency FB series resonant inverter is developed into two
loads. In the arrangement, the load frequency is selected
twice the inverter frequency.

In recent years, a multioutput-based induction cooking
scheme has been developed to feed power to many loads
[9–13]. (e converter topologies developed for feeding
power include the modified HB and FB inverters. (e novel
topology is developed in [9], which includes HB and FB
inverters, which are capable of performing the function of
two FB inverters. (e topology is connected to a single input
and two loads with a common leg shared by both. (e
control algorithm is developed in such a manner that both
the load can be controlled independently and simulta-
neously. In [10], a single-input multiple-load handling
converter topology is developed. Power to the multiple loads
is fed by the common HB inverter, and each load is con-
trolled simultaneously by the inverter switches. (e ar-
rangement of the load is performed in such a manner that all
are connected in parallel and independent power control is
not feasible. A multioutput HB inverter feeding power to
multiple loads is proposed in [11]. On this IH system, the HB
inverter acts as the common inverter which converts DC
into HFAC. Each load is connected with a series-connected
single switch. Simultaneous power control is feasible with
the switch.

Sharath Kumar et al. proposed a dual-frequency FB SRI
to handle two loads. (e output power is deployed using
asymmetrical duty cycle (ADC) control in which simulta-
neous and independent power control is feasible. (e
proposed inverter consists of two legs, in which one leg takes
care of the low frequency and the other one the high-fre-
quency [12]. (is control scheme results in the presence of
DC components in the output voltage. (is problem was
overcome by Vishnuram and Ramachandiran [13]. HB
inverter was used to feed power to two loads with two

different frequencies. (e output power is varied using pulse
density modulation (PDM) control, in which simultaneous
and independent control is feasible. A dual-frequency
control is performed for the surface hardening of gear, which
is a nonuniform shape [14].

Booma et al. developed the small-signal modelling of
the HB inverter-fed IH system using the harmonics
balance equation [15]. In this method, nonlinear variables
in the state equations are expanded by the Taylor series
and the transfer function for output voltage concerning
duty cycle and frequency was obtained. (e derived
function was divided into the sum of cosine and sine terms
with fixed frequency and variable duty cycle and with
variable duty cycle and fixed frequency. (e open-loop
stability of the converter was analyzed for variations in
duty cycle and frequency. Various researchers proposed
the mathematical modelling of rotating and polar coor-
dinate systems based on the traditional state plane method
[16, 17]. However, these studies have not investigated the
stability issues of the system with the resonant converters.
In a small-signal model of a dual HB inverter with a
common capacitor for multi-load cooking applications
was proposed [18]. An open-loop Bode plot was obtained
by providing the small perturbations in the switching
frequencies and phase angle between voltage and current.
(e stability and controllability of a PLL-based IH system
were proposed in [19]. (e output power was controlled
using the AVC control technique, and the power control
margin was obtained using pole-zero plots. (is method
was time-consuming and does not depend on the quali-
tative analysis of the converter, which is very important
for the stability analysis of the system. In addition, sta-
bility analysis was carried out in the frequency domain for
a dual HB inverter-fed IH system, and a compensator was
designed as per the obtained amplitude-phase and gain
margin. (e system was found to be stable in an open loop
and failed in a closed loop. (erefore, it is necessary to
obtain the closed-loop stability of the system under un-
certain conditions. (e stability of the periodic system is
estimated by using the Floquet theory with the zero so-
lution method [20]. (is method uses the periodic so-
lution of linear and nonlinear differential equations with
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Figure 1: Circuit diagram of dual HB inverter.
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the different periodic solutions at the origin. (e same has
been used in PWM-controlled rectifiers, DC-DC con-
verters, and inverters [21–23].

It is evident from the literature that, there is a quest in
proposing the control algorithm to determine the closed
stability of the system. In this paper, a methodology is
presented using the Floquet theory to estimate the closed
system stability for a wide range of load regulations. (e
small-signal modelling of the dual-frequency converter is
obtained, and the stability analysis is determined by the
Eigenvalue of the Amatrix.(e proposed system is validated
and stability results are verified by simulation using Bode
and polar plots, which provides an efficient scheme of dual-
frequency inverter-fed IH system.

2. State-Space Modelling of Dual-
Frequency Inverter

(e circuit diagram of the dual HB inverter is illustrated in
Figure 1. For the fixed frequency, the total resistance referred
to the primary (coil) is represented as Req1 and Req2 and the
total inductance referred to the primary (coil) is represented
as Leq1 and Leq2. (e resonant capacitors are associated in
series with equivalent resistance and inductance of each coil
to form a series resonant tank. Modes of operation and
switching frequency selection are briefed in [13]. A math-
ematical model of the system is essential to investigate
system stability. Hence, vc1, vc2, io1, and io2 are considered
AC state variables. By approximating the state equations
using the harmonic balance principle, state variables are
resolved in terms of sine and cosine functions as ico1, iso1,
vccr1, vscr1, ico2, iso2, vccr2, vscr2. (e small-signal modeling of
the dual-frequency HB inverter-fed induction cooking
system is given as follows:

dis01

dt
� −

vscr1

Leq1
−

Req1

Leq1

is01 + ωs1
ic01 + Ic01ωs1

+
2Vin

Leq1
cos(2π D)d,

(1)

dic01

dt
� −

vccr1

Leq1
−
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ic01 − ωs1
is01 − Is01ωs1

+
2Vin

Leq1
sin(2π D)d,

(2)

dvscr1

dt
�

is01

Cr1
+ ωs1vccr1 + Vccr1ωs1, (3)

dvccr1

dt
�

ic01
Cr1

− ωs1vscr1 − Vscr1ωs1, (4)

dis02

dt
� −

vscr2

Leq2
−
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Leq2

is02 + ωs2
ic02 + Ic02ωs2

+
2Vin

Leq2
cos(2π D)d,

(5)

dic02

dt
� −

vccr2

Leq2
−
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is02 − Is02ωs2

+
2Vin
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sin(2π D)d,

(6)

dvscr2

dt
�

is02

Cr2
+ ωs2vccr2 + Vccr2ωs2, (7)

dvccr2

dt
�

ic02

Cr2
− ωs2vscr2 − Vscr2ωs2. (8)

(e state and output equation of the converter is

_x � Ax + B1u1 + B2u2, (9)

y � Cx. (10)

State variable matrix (x), inputs (u1 and u2), and output
variable (y) are represented as

x � is01
ic01 vscr1 vccr1

is02
ic02 vscr2 vccr2 

T
,

u1 � d,

u2 � ωs,

y � v0.

(11)

(e state matrix A is represented as

A �
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−1
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0

−1
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1
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0
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. (12)

Input matrixes B1 and B2 are represented as
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B1 �

2Vin

Leq1
cos(2π D)

2Vin

Leq1
sin(2π D)

0

0

2Vin

Leq2
cos(2π D)

2Vin

Leq2
sin(2π D)

0

0
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⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

B2 �

Ic01

−Is01

Vccr1

−Vscr1

Ic02

−Is02

Vccr2

−Vscr2
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.

(13)

Output matrix is represented as

C � Req1 Req1 0 0 Req2 Req2 0 0 , (14)

where

Is01 �
Vinω

2
s1Cr1

2
Req1

λ1
,

Ic01 �
Vinωs1Cr1 1 − ω2

s1Leq1Cr1 

λ1
,

Vccr1 �
Vin 1 − ω2

s1Leq1Cr1 

λ1
,

Vscr1 �
Vinωs1Cr1Req1

λ1
,

λ1 � ω4
s1Cr1

2
Leq1

2
− 2ω2

s1Cr1Leq1 + 1 + ω2
s1Cr1

2
R
2
eq1,

Is02 �
Vinω

2
s2Cr2

2
Req2

λ2
,

Ic02 �
Vinωs2Cr2 1 − ω2

s2Leq2Cr2 

λ2
,

Vccr2 �
Vin 1 − ω2

s2Leq2Cr2 

λ2
,

Vscr2 �
Vinωs2Cr2Req2

λ2

λ2 � ω4
s2Cr2

2
L
2
eq2 − 2ω2

s2Cr2Leq2 + 1 + ω2
s2Cr2

2
R
2
eq2.

(15)

(e perturbed output voltage of load 1 and 2 is

p01 � Req1
i
2
s01 + Req1

i
2
c01,

p02 � Req2
i
2
s02 + Req2

i
2
c02.

(16)

(e transfer function of output to duty cycle (Gpd) and
output to switching frequency (Gpf ) in the discrete domain
with sampling time (Ts) is

Gp d(z) �
p0

d

� C(zI − A)
− 1B1Ts,

(17)

Gpf(z) �
2πp0

ωs

� 2πC(zI − A)
− 1B2Ts.

(18)

(is work focuses on the stability of the system for
varying switching frequencies with a fixed duty cycle.

Table 1: Design specifications of dual half-bridge inverter.

Parameters Values
Vin 50V (DC)
P01 500–1000W
Req1 �Req2 11Ω
Cr1 620 nF
fr1 18.5 kHz
fr2 75 kHz
kp 0.001
Ts 0.67 μs
D 50%
P02 200–500W
Leq1 � Leq2 0.12mH
Cr2 38 nF
fs1 20 kHz
fs2 80 kHz
ki 7.526
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3. Analysis of the Dual-Frequency Half-Bridge
Inverter-Fed IH Topology

In IH applications, frequency control plays an important
role in varying the output power. When the frequency is
deployed for real-time applications, the stability of the
system needs to be investigated. In this section, frequency
domain analysis of the developed IH system is described.
Also, the stability of the system is investigated using the PI
compensator and Floquet stability criterion.

3.1. Frequency Response of Dual-Frequency HB SRI-Fed IH
System. (e design of the dual HB SRI-fed IH system is
validated using the frequency domain approach. (e pa-
rameters for evaluating the proposed converter are listed in
Table 1. (e stability analysis of the IH converter topology is
conceded out using pole and zero for the variation in
switching frequency. In this work, the frequency of load 2
(f2) is chosen as four times greater than load 1 (f1). (e
capacitor is selected appropriately to make each load re-
spond to its designed frequency (20 kHz for load 1 and
80 kHz for load 2) and it acts as a high impedance for other
loads [13]. (e stability of the system is investigated for the
switching frequencies ranging from 20 kHz to 24 kHz.

(e frequency response of the dual half-bridge SRI-fed
IH system for various switching frequencies is presented,
and an expression for variations in output voltage con-
cerning frequency is given in Table 2. For stability analysis,
the s-domainmodel of the system is converted into a discrete
domain using the bilinear transformation method. (e
sampling time (ts) is selected as ts≫ 1/(2∗ωgc), where ωgc is

the gain cross-over frequency. (e transient response for
various fs is shown in Figure 2, which demonstrates the
necessity of improving the dynamic response of the system
based on the poles and zeros for the variations in output
voltage concerning the frequency. (e frequency response
using the Bode plot of the open-loop system is illustrated in
Figure 2(a), and stability analysis using a pole-zero plot is
shown in Figure 2(b), for 5 cases with different switching
frequencies. In case 1, all poles lie inside the unit circle and
zeros lie outside the unit circle. In the frequency response,
there exist the up-down and down-up glitches with multiple
zero crossings in the magnitude plot due to low damping of
oscillations.

In case 2, poles and zeros lie outside the unit circle, which
creates an instability problem. Also, in frequency response,
there exist up-down glitches with multiple zero crossings in
the magnitude due to the low damping oscillations. In case 3,
the system is stable as poles and zeros lie inside the unit
circle. However, there are up-down glitches and multiple
zero crossings in the frequency response due to which the
system becomes conditionally unstable. In case 4, poles lie
outside the unit circle and zeros lie inside, which creates
conditionally marginal stability in the system. (ere are also
exist the up-down glitches in the frequency response with a
single zero crossing in the magnitude plot. In case 5, it is
confirmed from the pole-zero plot that poles lie outside the
unit circle and zeros lie inside, creating the instability issue,
and also there exist up-down glitches in the frequency re-
sponse of the system. It is confirmed from the analysis that
the system is stable only for a 20 kHz switching frequency,
whereas there also exist multiple zero cross-over points in
the magnitude of the frequency plot. (is results in low
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Figure 2: Frequency response of converter for different frequencies. (a) Bode diagram, (b) pole-zero map.
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damping oscillations and stability issues. Hence, the design
of a proper compensator is mandatory to overcome the said
issue.

3.2. Compensator Design for Dual-Frequency HB SRI-Fed IH
System. (e closed-loop PI compensator is designed to
supervise the system’s stability for various switching
frequencies. (e block diagram of the closed-loop system
with unity feedback (H � 1) is illustrated in Figure 3. (e
expression for the plant GPd is given in Equation (17). (e
gain of the VCO (Gvco) is fixed at 1000 and the expressions
pertaining to the PI compensator are GPI � kp + ki/s. (e
values of the proportional gain (kp) � 0.001 and integral
gain (ki) � 7.526 are designed using the MATLAB SISO
tool. (e frequency response of the developed IH system is
plotted for various values of the switching frequencies,
and these are presented as various cases. (e values of
switching frequencies and the transfer function of the
output power to the switching frequency for each case are
expressed in Table 3. (e frequency response of each case
is shown in Figure 4 to illustrate the improvement in the
performance of the system when compared with the open-
loop study. (e Bode diagram and pole-zero plot for
various switching frequencies under different cases are
illustrated in Figures 4(a) and 4(b), respectively. It is
understood from the figures that, in case 1, poles and zeros
lie away from the unit circle and there is an up-down
glitch in the frequency response. In case 2, poles lie inside
the unit circle and zeros lie outside the unit circle, which
leads to a nonminimal phase in the system. Also, in
frequency response, there exist the up-down and down-up
glitches which result in high transients on the output side.

In case 3, the poles of the system lie on the unit circle and
zeros lie inside the unit circle. Hence, the system is mar-
ginally stable, but there exists the up glitch, up-down, and
down-up glitches in the frequency response, which result in
the poor transient response of the system. In case 4, poles lie
outside and zeros lie inside the unit circle, which leads to
instability in the system, and also there existmultiple phase
cross-over points with reduced glitches as compared with
previous cases. In case 5, poles lie outside and zeros lie inside
the unit circle, which results in a down-up glitch and
multiple phase cross-over points in the frequency response
of the system. (is leads to instability issues and poor
transient performance of the system. (ough the perfor-
mance of the designed system is satisfactory as compared
with the open-loop system, it is necessary to optimize the
values of controller gain to make the system stable with an
improved dynamic response.

3.3. Optimizing kp and ki Using Floquet Stability Criterion.
(e Floquet theory is used to obtain the stability of the time
domain periodic system. (e state transition matrix (ϕ) of
(9) and (10) is [24]

φ t, t0(  � P(t)e
Q t− t0( )P

− 1
t0( , (19)

where P(t), Q, and t0 represent the nonsingular periodic
matrix, constant matrix, and arbitrary constant with zero as
the initial value, respectively.

(e DC operating point of the dual half-series resonant
inverter is obtained with steady-state equations of the
converter. It is found that, for any value of period T, con-
dition X (t)�X (t+T) is satisfied. Hence, the Floquet the-
orem can be applied to this system as it is periodic in nature.
(e expression pertaining to perturbation of duty cycle and
switching frequency is given in Equations (1)–(8).

(e condition for the system’s stability is given by [25]

lim
n⟶∞

� A
n

����
����

� 0.
(20)

By the final value theorem, the system’s stability is
confined by the modulus of all eigenvalues of matrix A,
which should be less than 1.

A and ϕ matrixes are constant for dual-frequency HB
series resonance inverter, and Eigenvalues of the A matrix
are obtained by |λI−A|� 0. According to the Floquet the-
orem, a system is stable when the magnitude of the maxi-
mum value of the eigenvalue (λmax) is less than one, i.e.,
λmax �max |eig (A)|< 1 for T≠ 0 and unstable for λmax> 1.
(is relation helps in obtaining the stability of the dual-
frequency converter for variations in output voltage with a
fixed duty cycle.

(e stability analysis of the dual half-bridge series res-
onant inverter is obtained by calculating the closed-loop
transfer function of matrix A. (e steady operating fre-
quency is substituted as 20 kHz for load 1 and 80 kHz for
load 2 in (18), and closed-loop controller gain is obtained as
kp � 0.001 and ki � 7.526. According to the Floquet theorem,
the system is stable for λmax< 1. (e stability of the system is
investigated under two conditions as listed below:

Case 1.: In order to obtain the stability of the system,
the value of kp is fixed at 0.001 and ki is varied from 6 to
14. An Eigenvalues plot for fixed kp and varying ki is
shown in Figure 5. It is inferred from the plot that, for
ki � 6, the maximum value of eigenvalue is less than 1.
Hence, according to the Floquet theory, the IH system
is stable for ki≤ 6.
Case 2.: Similarly, in order to estimate the kp value, ki is
selected as 6 and kp is varied from 0.003 to 0.0008. (e
respective plot is shown in Figure 6. It is understood

Pref

Po

GPI

V0, I0
Gvco GPd+

–

H

Figure 3: General block diagram of the closed-loop system with PI
compensator.
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from the plot that the system is stable for kp ≤ 0.003, as
the value of λmax is greater than 1. Hence, for the stable
operation of the system, the marginal values of kp and
ki should be chosen to be greater than 0.003 and less
than 6, respectively.

(e frequency response of the converter for the op-
timized value of kp � 0.004 and ki � 4 is shown in Figure 7.
It is inferred from the figure that, for all the five cases, the
poles and zeros of the system lie inside the unit circle,

which ensures the stability of the system. Also, up-down,
down-up glitches are less in all five cases when compared
with the compensated frequency response of the con-
verter. (e step response of the system with and without
optimized values of kp and ki for 20 kHz, 22 kHz, and
24 kHz is shown in Figure 8. It is inferred from the re-
sponse that the system has minimum peak overshoot,
faster rise, and settling time for the optimized values of
kp � 0.004 and ki � 4.
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Figure 4: Compensated frequency response of the converter for different frequencies. (a) Bode diagram, (b) pole-zero map.
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4. Simulation Results of the Developed System

Simulation of a dual HB SRI-fed IH system is carried out
in MATLAB as per the listed specifications. (e perfor-
mance of the system is studied for different cases, as listed
below.

4.1. Open-Loop Response of Dual-Frequency Half-Bridge SRI-
Fed IH System. (e dual half-bridge SRI is designed to
operate with a 20 kHz switching frequency for load 1 and an
80 kHz switching frequency for load 2. (e switching fre-
quency ratio is maintained as 1 : 4 so that the capacitor values
are chosen appropriately to make each load respond to its
frequency and act as a higher impedance path for other
frequencies. (e power control is achieved by adjusting fs
from 20 kHz to 24 kHz for load 1 and four times greater for
load 2. (e main waveforms of load 1 and load 2 are il-
lustrated in Figure 9. (e output voltage and its expanded
waveform are shown in Figures 9(a) and 9(b), respectively. It
is inferred from the expanded view that the output voltage
includes the superimposition of 20 kHz and 80 kHz output
switching frequencies. (e output current of load 1 with a
20 kHz switching frequency is illustrated in Figure 9(c), and
its expanded view is shown in Figure 9(d). Similarly, the
output current of load 2 with an 80 kHz switching frequency
is shown in Figure 9(e), and its expanded view is shown in
Figure 9(f). (e selected capacitors allow 20 kHz current to
flow through load 1 and 80 kHz current to flow through load

2 and act as open circuits for other frequencies. (e output
power waveform of load 1 and load 2 is demonstrated in
Figure 9(f). It is inferred that the power dissipation of load 1
is 500W and load 2 is 250W at rated operating conditions.
Due to the variation in the load impedance of the loads, the
power dissipation is not uniform across the loads. It is
inferred from Figure 9 that the open-loop system has a high
peak overshoot due to the up-down glitches in the frequency
response of the converter.

(e output power is varied by adjusting the switching
frequency of the inverter. In the open-loop study, the output
response is noted for a 22 kHz switching frequency for load 1
and 88kHz for load 2. (e main waveform is illustrated in
Figure 10. (e output voltage waveform is shown in
Figure 10(a). Output current of load 1 and load 2 is presented
in Figures 10(b) and 10(c) respectively. (e RMS value of
output current is 4.26 A for load 1 and 3.02 A for load 2. At this
switching frequency, there is a 40% decrease in the rated power.
Hence, the output power is reduced from 500W to 200W in
load 1 and 250W to 100W in load 2 as illustrated in
Figure 10(d). Similarly, the main waveform for the 24 kHz
switching frequency for load 1 and the 88 kHz switching
frequency for load 2 is presented in Figure 11. (e output
voltage and current of load 1 and load 2 are shown in
Figures 11(a)–11(c) respectively. (e RMS value of the output
current is 1.28A for load 1 and 9 A for load 2. At this switching
frequency, there is a reduction of 3.6% of the rated power.
Hence, the output power is reduced from 500W to 18W in
load 1 and 250W to 9W in load 2, as illustrated in Figure 11(d).
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Figure 7: Frequency response of the converter for the optimized value of kp and ki. (a) Bode plot, (b) pole-zero map.
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(e computation of output power for various
switching frequencies is given in Table 4, and the impact
of output power on the switching frequency variations is
presented in Figure 12. It is observed from the figure that
the output power can be controlled from 100% to 3.6% of
the rated power for the variation in switching frequency
from 20 kHz to 24 kHz for load 1 and 80 kHz to 88 kHz for
load 2.

4.2. Closed-Loop Response of SRI with PI Compensator.
Power control plays a vital role in IH applications along with
system stability. It is inferred from Figure 2 that the system is
stable when operates at a 20 kHz switching frequency (close
to resonant frequency) and for other switching frequencies,
it is unstable. Hence, the PI compensator is designed tomake
the system stable, and the performance of the system is
included in Table 3. (e output response of the system for
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Figure 8: Step response of the system with and without optimized kp and ki values for the various switching frequencies: (a) 20 kHz, (b)
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Figure 9: Main waveforms. (a) Output voltage, (b) expanded view of output voltage, (c) output current of load 1 with 20 kHz switching
frequency, (d) expanded view of the output current of load 1, (e) output current of load 2 with 80 kHz switching frequency, (f ) expanded
view of the output current of load 2, and (g) output power.
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Figure 10: Main waveforms. (a) Output voltage, (b) output current of load 1 for 22 kHz switching frequency, (c) output current of load 2 for
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12 International Transactions on Electrical Energy Systems



different switching frequencies is obtained using MATLAB/
Simulink. (e main waveforms for 500W (load 1) and
250W (load 2) output power is demonstrated in Figure 13.
(e output voltage waveform is shown in Figure 13(a). (e
output current waveform for load 1 and load 2 is illustrated
in Figures 13(b) and 13(c), respectively. It is inferred from
the figure that the system possesses a better response in
terms of peak overshoot (% Mp), rise time (tr), peak time
(tp), settling time (ts), and steady-state error (ess).(e output
power waveform for load 1 and load 2 is illustrated in
Figure 13(d). In order to test the performance of the system,
the set power is varied from 18W for load 1 and 9W for load
2 respectively. (e main waveform is illustrated in Figure 14
and its output voltage is presented in Figure 14(a). (e
output current waveform for load 1 and load 2 is illustrated
in Figures 14(b) and 14(c), respectively. It is inferred from
the waveforms that, as the switching frequency of the system
is varied, the output power also varies, which is illustrated in
Figure 14(d).(ough the performance of the system is better

when compared with an open-loop system, it is stable only
for a 20 kHz switching frequency with an oscillation in the
output waveforms. Hence, the values of controller gains
need to be optimized tomake the system stable with less time
domain specifications.

4.3. Closed-Loop Response of SRI with Optimized PI
Compensator. Any practical real-time system should be
stable with lesser time-domain specifications. Hence, the
values of controller gain are optimized using the Floquet
stability criterion, and the values of kp and ki are chosen as
0.004 and 4, respectively. (e output waveform forms for
500W (load 1) and 250W (load 2) is illustrated in Figure 15.
(e output voltage waveform is illustrated in Figure 15(a),
and loads 1 current, load 2 current, and output power are
illustrated in Figures 15(b)–15(d), respectively. It is observed
that the system possesses a good dynamic behaviour, and
also it is evident from Figure 7 that the system is stable. In
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Figure 11: Main waveforms. (a) Output voltage, (b) output current of load 1 for 24 kHz switching frequency, (c) output current of load 2 for
48 kHz switching frequency, and (d) output power.

Table 4: Computation of output power.

Switching frequency (kHz) Load 1 Load 2
Load 1 Load 2 I01(rms) (A) P01 (W) I02(rms) (A) P02 (W)

20 80 6.74 500 4.77 250
21 82 5.44 325 3.84 162.5
22 84 4.26 200 3.02 100
23 86 3.02 100 2.13 50
24 88 1.28 18 0.90 9
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order to validate the performance of the proposed controller,
the set power is adjusted from 500W to 18W in load 1 and
250W to 9W in load 2. (e corresponding output voltage,
load 1 current, load 2 current, and power waveform is il-
lustrated in Figure 16, and the time domain response of the
system is included in Table 5. It is observed that the output
response of the system is better at this set power and it is also
inferred that the optimized PI compensated system has a
better response in terms of tr, tp, ts, %Mp and ess.

5. Hardware Results of the Developed System

(e validation of the proposed converter with the control
algorithm is being performed using the PIC16F877A. (e

output pulses are amplified using a TLP250 driver IC.(eHB
inverter is developed with two H20R1203 IGBTs. (e load
current is measured using a SIGLENT CP4060 current probe
and waveforms are recorded using an MDO3024 optical
oscilloscope. (e temperature rise in the load is studied using
the FLIR E75 24° a thermal imager. (e photograph of the
dual-frequency HB SRI is shown in Figure 17.

From the analysis and simulation study, it is noted that
the developed system is stable for the optimized values of kp
and ki. Hence, the prototype is developed with these opti-
mized values for the set power of 500W (load 1) and 250W
(load 2). (e output voltage and current waveforms are
illustrated in Figure 18(a). (e expanded view of the output
voltage and current waveforms of load 1 and load 2 is
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Figure 12: (e impact of output power on the switching frequency variations.
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Figure 13: Main waveforms. (a) Output voltage, (b) output current of load 1 for 500W set power, (c) output current, and (d) output power
of load 2 for 250W set power.
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illustrated in Figures 18(b) and 18(c), respectively. Similarly,
output voltage and current waveforms for 50W (load 1) and
25W (load 2) output power are shown in Figure 19. It is
inferred from the figure that the output has a smooth re-
sponse and also the simulation and hardware results are in
line with each other.

(e temperature study is carried out in the COMSOL
Multiphysics software. FEM simulation is analyzed using
heat transfer and magnetic field solvers by providing cur-
rent, switching frequency, and load properties as the input.
(e system geometry has meshed with 20134 triangular
elements. (e contour plot of load 1 and load 2 is shown in
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Figure 14: Main waveforms. (a) Output voltage, (b) output current of load 1 for 18W set power, (c) output current, and (d) output power of
load 2 for 9W set power.
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Figure 15: Main waveforms. (a) Output voltage, (b) output current of load 1 for 500W set power, (c) output current, and (d) output power
of load 2 for 250W set power.
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Figures 20(a) and 20(b), respectively. (e temperature
distribution is evident from the plot. (e experimental
temperature plot is illustrated in Figure 20(c). (e thermal
rise is taken at the period t� 160 s for both loads. (e
maximum temperature observed was 77°C on in both the
loads. An efficient comparison of the systems is illustrated in
Figure 21.

5.1. @e Main Achievement of the Research Work. (e fol-
lowing points are distinctive concerning the stability analysis
of the dual-frequency half-bridge inverter with variable
frequency control:

(i) Output power is controlled from 90% to 10% of the
rated power.
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Figure 16: Main waveforms. (a) Output voltage, (b) output current of load 1 for 50W set power, (c) output current, and (d) output power of
load 2 for 25W set power.

Table 5: Time domain response of the system.

Specifications tr (s) ts (s) % Mp ess
Open-loop system 0.005 0.05 80 —
PI compensated system 0.003 0.015 40 10W (load 1) 5W (load 2)
Optimised PI compensated system 0.0085 0.0001 0.1 0.01W (load 1) 0.005W (load 2)

Figure 17: Photograph of the dual-frequency HB SRI.
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(a)

(b)

(c)

Figure 18: Main hardware waveforms for the power of 500W (load 1) and 250W (load 2). (a) Output voltage and current waveforms, (b)
expanded output voltage and current waveforms of load 1, and (c) expanded output voltage and current waveforms of load 2.
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Figure 19: Main hardware voltage and current waveforms for 50W (load 1) and 25W (load 2) output power.
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Figure 20: (ermal image. (a) Contour plot of load 1, (b) contour plot of load 2, and (c) experimental.
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(ii) (e proposed inverter processes at a higher effi-
ciency of 90.5% at the resonant frequency.

(iii) (e output power is controlled independently.
(iv) (e frequency of the inverter is varied to control the

output power.

6. Conclusion

In this work, stability analysis of the converter is carried out
based on the Floquet theory with the small-signal model of
the inverter. (e behaviour of the system is studied in open
loop and closed loop using a PI compensator. It is found
that the system becomes unstable when the switching
frequency is varied. Hence, the values of controller gain are
optimized using the Floquet theory to get a stable system
with a better time domain response. (e stability analysis is
carried out for the system with the frequency variation of
20 kHz to 24 kHz for load 1 with the power variation of
500W to 18W and with a frequency variation of 80 kHz to
88 kHz for load 2 with a power variation of 250W to 9W. It
is noted from the output response that the rise time is
0.0085 s, the peak time is 0.0001 s, and peak overshoot is
0.1% with minimum steady-state error. (e optimized
compensated system possesses better dynamic response as
compared to the open-loop system and compensated
system. (e temperature distribution on the load is studied
using FEM software and captured in real time using a FLIR
thermal imager.
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