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The voltage source inverter (VSI) based induction-heating systems consisting of full-bridge series resonant inverters use power
switching devices such as the insulated-gate-bipolar-transistor (IGBT) to achieve zero current switching or zero voltage switching
operation. Such a configuration is susceptible to shoot-through during switching periods and avoidance of shoot-through is achieved
through the introduction of the dead time in general. However, it necessitates the inclusion of dead-time compensators to eliminate
the adverse effects of the dead time. This paper proposes a novel voltage source inverter dead-time compensation strategy for
induction heating systems that uses the fractional order proportional integral derivative (FOPID) controller. Although the integer-
order proportional integral derivative (IOPID) controller is widely used for induction heating systems, it does not remove the
impact of dead time and does not act as a compensator. The study covers the design and optimal tuning of the fractional order PID
controller for the VSI fitted induction-heating system using fuzzy logic and compares the performance of the fuzzy FOPID
controller with the standard IOPID controller. The simulations and corresponding results confirm that the fuzzy FOPID controller
can appropriately compensate for the dead-time impact and can be considered a suitable control strategy for such induction heating

systems. Modeling and simulations have been performed using MATLAB/ SIMULINK.

1. INTRODUCTION

Induction heating has appeared as the favorite heating
technique for industrial, medical, and domestic applications
[1]. Typical induction heating systems consist of half-
bridge or full-bridge series resonant voltage source
inverters. Each leg of the inverter contains a couple of
power switching devices like the insulated-gate-bipolar-
transistor (IGBT) so that zero current switching (ZCS) or
zero voltage switching (ZVS) operation is established.
These IGBTSs are assumed ideal. The two pulses responsible
for turning them on and off and that are sent to the upper
and lower IGBTs of each arm are supposed to be
complementary. Switching on and off the two switches
simultaneously is possible only in an ideal scenario. In
practice, however, simultaneous switching on and off will
result in a shoot-through in the voltage source inverter. To
avoid the bridge shoot-through, the dead time is introduced
in the system such that one IGBT is turned off first and the
other turned on after the dead time is elapsed, thereby
avoiding the bridge shoot-through caused by the
asymmetrical turn-on and turn-off time of the IGBTs.
Nevertheless, this dead time will lead to output waveform
distortion, and voltage loss and will introduce harmonic
distortions and nonlinearities in the system [19,20]. It can
result in thermal runaway as well. Consequently, failure of
IGBTs and the entire inverter is also a possibility [2,3].

To reduce the dead-time effects, most of the available
solutions concentrate on dead-time compensation through
complex compensators and expensive hardware [4-8]. In
addition, the VSI-based induction heating system
necessitates developing intelligent control strategies with
high switching frequencies through soft-switching such as
zero current switching (ZCS) or zero voltage switching
(ZVS) [9-12]. Integer Order Proportional-Integral-
Derivative (IOPID) controllers are extensively used in

induction heating (IH) systems for controlling the output
power of the inverters.

Thus, the problem here is twofold, viz., establishing a
proper control strategy to control the induction heating
system output and eliminating the dead-time effects. For the
first one, the use of an IOPID controller would have been a
solution had there not been a dead time in the system,
because an IOPID controller leads to poor control in
presence of dead time. In general, dead-time problems are
addressed through the implementation of dead-time
compensators. The authors have tried to address the
problem without implementing any standard dead-time
compensator circuit, rather with the fuzzy FOPID
controller, which improves the overshoot and minimizes the
cost functions, giving another choice of dead-time
elimination strategy implementation.

To resolve the dead-time problem, the authors have
proposed a novel approach, which will eliminate the dead-
time effects and concurrently control the system. Through
the novel approach or strategy, a fractional order PID
controller has been used for the first time to compensate for
the dead time in the system. The fractional-order PID
controller has been tuned using Fuzzy logic. The Fuzzy
fractional order PID controller has been analyzed here for
obtaining an improved and efficient closed-loop
performance for power control of the induction heating
system and to eliminate the dead time.

Although some research work has been done on fuzzy
FOPID controllers for various systems, there is no research
on fuzzy FOPID controllers for induction heating systems
or as the dead-time compensator, and the feasibility and
performance of fuzzy FOPID controllers with induction
heating systems have not been explored much. Therefore,
fuzzy FOPID has been selected as the intelligent control
strategy for power control in induction heating systems and
as the strategy to eliminate dead time in the system. Its
performance has been compared with the IOPID controller,
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too. MATLAB/SIMULINK has been used to design and
simulate here. The paper covers system modeling, design of
the controllers, simulation, and results along with a
conclusion at the end.

2. SYSTEM MODELLING

Figure 1 shows the typical arrangement of an induction
heating (IH) system [12]. The uncontrolled rectifier
rectifies the input ac voltage to generate direct current (dc)
from alternating current (ac). The dc-link capacitor filters it
and feeds it to the resonant inverter [12].

The inverter’s high-frequency current generates an
alternating magnetic field at the induction coil inducing
eddy currents causing a hysteresis effect for heating up the
workpiece. The load circuit comprising the workpiece and
coil can be modeled like a transformer having single-turn
secondary winding leading to the equivalent circuit
consisting of a resistor Reqy and an inductor Leg. A full-
bridge series resonant inverter circuit is considered for the
system here [17]. Figure 2 shows the full-bridge voltage
source inverter topology.

The inverter includes four IGBTs as controllable
switches (S1 to S4) with ultrafast anti-parallel soft recovery
diodes (D1 to D4) and a series resonant circuit load having
the equivalent resonant capacitance (Ceqv), resistance (Regv)
and inductance (Leqv). It is fed by a voltage source V. The
switches operate at a higher switching frequency having
switching period 7s. The series resonant circuit acts as the
inductive load here.
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Fig. 1 — Typical induction heating system.

Fig. 2 — IH system having full-bridge resonant inverter.
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Fig. 3 — Simplified inverter circuit.
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Fig. 4 — Typical VSI leg configuration.
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Fig. 5 — Switching patterns and output voltages including dead-time effect.

Figure 3 shows a simplified inverter circuit for
calculating the transfer function of the voltage as it relates
to the power that has got injected into the heating system
straightway. Considering V(s) as the input voltage, Vie(s)
the voltage across the equivalent resistance (Reqv), ©® the
angular frequency, the voltage transfer function can be
expressed by (1).

Vre (S) _ SRe‘IV/LE‘]V
V(s) ((s +af + mz)
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The power across the load will be the response to the step
u(s)=1/s and can be expressed as (2) [17].
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Now, the transfer function of the system is P(s)=sW(s)
and we finally get

Bre’
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Referring to Fig. 2, we see that the inverter is a single-
phase full-bridge series resonant two-level voltage source
inverter. Figure 4 shows the typical VSI leg configuration.
Figure 5 shows the switching patterns and output voltages
for the dead-time effect. A dead time of # has been
introduced in the VSI. The output voltage of this leg has
been taken at point a. The inverter output voltage v. will
depend on the polarity of the current in each switching
interval . If the current is positive (i» > 0), the inverter
output voltage v, reduces signifying voltage loss (indicated
by L in Fig. 5). Similarly, when the current is negative (ix <
0), the inverter output voltage v, increases signifying
voltage gain (indicated by G in Fig. 5). While introducing
the dead time, the delay in the system due to storage
devices has also been considered and the overall dead time
of 4ps has been considered for designing the controller so
that the system remains stable over this range. This dead
time will result in the transfer function is

B 2
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that provides information about the system required to design
the control strategy including dead time in the system.

3. CONTROLLER DESIGN

3.1. INTEGER ORDER PID CONTROLLER

The integer order proportional-integral-derivative
(IOPID) controller is the feedback controller that drives the
induction heating system to be controlled by a weighted
sum of the difference between output and target set point
making the system less responsive to variations in the
environment across and small variations in the system [13].
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Fig. 6 — Representation of IOPID controller.
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Figure 6 shows an IOPID controller, the automatic
choice for the process industry and it is utilized to enhance
the dynamic response and minimize the steady-state error
of the induction heating system. The Derivative controller
will add a finite zero to the open-loop transfer function to
enhance its transient response. The Integral controller will
help reduce the steady-state error by adding a pole at the
origin. The IOPID controller includes proportional, integral,
and derivative controls with the output as expressed in (5).

Here Kp, K; and Kp are proportional, integral, and
derivative gains. To design the IOPID controller, a set of Kp,
K1, and Kp is found through Ziegler-Nichols tuning, and the
values have been considered as the initial values for tuning.
MATLAB/SIMULINK PID tuning functionality has been
leveraged to tune the IOPID controller and the parameters
have been adjusted till a desired set of values is reached
using the tool including the dead-time effect, which will
improve the transient response of the system through the
decrease in settling time and reduction in overshoot. The
transfer function of the PID controller can be expressed as

C(S)=|:KP+&+SKD:|. 6)
s

3.2. ADAPTIVE FUZZY FRACTIONAL ORDER
PROPORTIONAL INTEGRAL DERIVATIVE
CONTROLLER

The FOPID controller is the generalized IOPID
controller [14-16]. It uses the generalized operator for
integral and derivative definitions and is defined by (7).

u, () = K pe(t) + K, D™ e(t) + K , D" e(r) (7)
Here uc(f) is the controller output, e(¢) error signal; and
Kp, Ki, and Kp the proportional, integral, and derivative
gains of the controller. p and A the fractional power of
differential and integral control’. For IOPID controller, A =
1, p= 1. Tuning of Kp, K1, Kp, A, and p is achieved through
fuzzy logic. Figure 7 shows the proposed adaptive fuzzy
FOPID controller capable of tuning by itself. The tuner
includes a fuzzification interface, the knowledge base,
decision-making logic, and a defuzzification interface.
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Fig. 7 — Representation of adaptive fuzzy FOPID controller.

The fuzzy controller model includes two input variables
like error (e, the difference between output and reference set
point) and rate of change of error (ce = de/df), whereas five
output variables (AKp, AK:;, AKp, A\, Ap) to tune the
controller parameters Kp, K;, Kp, A, p with respect the cost
functions such as integral squared error (ISE), integral
absolute error (IAE), integral time-weighted squared error
(ITSE), integral time-weighted absolute error ITAE) [17,18].

Figures 8a and 8b show membership functions for e and ce.
Input variables have a universe of discourse divided into five
overlapping fuzzy sets, viz., large negative (LN), medium
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negative (MN), zero error (ZE), medium positive (MP), and
large positive (LP) while for output variables like small (S),
medium-small (MS), medium (M), medium-large (ML) and
large (L) as shown in Fig. 8c. The rule base has been built
leveraging experience and knowledge comprising 25 IF-
THEN rules with two antecedences and one consequence
given by the fuzzy rule matrix mentioned in Table 1.

Rlopy: IF e=Al. AND Ae=Bls THEN u=Cl,

where 1 <o,B,y <5.
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Fig. 8a — Membership functions for error (e).
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Fig. 8b — Membership functions for error change rate (ce).

Table 4

Performance parameters

Controller Overshoot % Rise Time, s Settling Time, s
10PID 4.77 8.5x10°8 3.0x10*
FFOPID-ISE 0.15 8.2x107 1.4x1072
FFOPID-IAE 0.04 8.1x10° 5.2x1073
FFOPID-ITSE 0.89 1.3x1073 1.2x1073
FFOPID-ITAE 0.88 1.4x1073 1.3x1073
Table 5
Cost functions
Controller ISE IAE ITSE ITAE
10PID 3.1x10"! 5.8x10"! 5.8x10"! 5.8x10"!
FFOPID-ISE 8.2x10°8 - - -
FFOPID-IAE - 9.9x10°8 - -
FFOPID-ITSE - - 2.4x10* -
FFOPID-ITAE - - - 4.9x10°®

4. RESULTS AND DISCUSSION

Performances of the IOPID and self-tuning fuzzy FOPID
(FFOPID) controllers have been simulated, analyzed, and
compared for the IH system with the full-bridge series
resonant inverter. Table 2 shows the circuit parameters.
Table 3 gives the simulated controller parameters for
IOPID and fuzzy FOPID parameters with optimization
against various cost functions. Figure 9 provides step
responses for a closed-loop IH system with IOPID control,
while Fig. 10 provides step responses for fuzzy FOPID
controllers with ISE, IAE, ITSE, and ITAE [12] as the cost

S Ms M ML L . .
1 functions, respectively.
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Fig. 8¢ — Membership functions for AKp, AK;, AKp, AN, Ap. g
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¢ ZE MS MS M ML ML Fig. 9 — Step response of IH system having IOPID controller.
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Table 2
Design specification and circuit parameters . ! y:,

Parameters Values é osf T
Equivalent Resistance Regv 2.0Q g 0sb ]
Equivalent inductance Legy 47.0 uH

Capacitance Ceqv 0.47 pF 4f 1
Resonant Frequency f- 33880 Hz
Switching Frequency f; 35000 Hz o ]
Inverter Input Voltage V' 230V N ) ) . ) ) . . ) )
0.05 01 0.15 02 0.25 03 035 04 045 05
Table 3 time, s
Control parameters Fig. 10 — Step responses of IH system with fuzzy FOPID controller.
Parameters | IOPID FF?SI];ID- FFIO;ED- FFIEF);IED- FI;?:{ED' Overshoot, rise time, settling time, and values of ISE, IAE,
X» 3.0 15x10° | 1.1x10° | 14x10° | 12x10° | ITSE, and ITAE for both the controllers are mentioned in
Ki 2.4 2.1x10° | 22x10° | 2.1x10° | 2.3x10° | Tables 4 and 5, respectively. The overshoot is 4.77 % for the
Kp 1.0x10° | 1.5x107 | 3.1x107 | 2.0x107 | 1.9x10” | IOPID controller, while less than 1 % for fuzzy FOPID
A 1.0 0.9999 0.9998 0.9998 09998 | controllers. The rise and settling times of the IOPID
u 1.0 0.5237 0.4730 0.4979 0.5318

controller give better values though. The step responses also
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show smoothness and improved efficiency for the fuzzy
FOPID controller. The proposed strategy of eliminating the
effect of dead-time for VSI fitted induction heating system
through fuzzy fractional order PID controller thus proves to
be a suitable one and it successfully removes dead-time
effects as well as controls the power output of the induction
heating system efficiently.

5. CONCLUSION

To avoid the bridge shoot-through in voltage source
inverters that use power-switching devices, dead time is
added. But its inclusion in the system leads to various
issues including voltage loss, output waveform distortion,
nonlinearities, etc. This paper has proposed a novel dead-
time elimination strategy for the voltage source inverters in
induction heating systems using self-tuning fuzzy
fractional-order PID controllers. The simulation results
have shown that the induction heating system can more
appropriately be controlled by such fuzzy fractional order
PID controller, and it will eliminate the impact of dead time
in the voltage source inverter within the induction heating
system as well. The fuzziness of the controller yields
improved robustness and control of the system. The
systematic approach presented here can be applied to other
systems that include voltage source inverter topologies.

Received on 12 August 2019.
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