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Abstract: In this study, a sliding mode controlled phase locked loop (SMC-PLL) was developed for induction heating
(IH) applications with a resonant inverter. PLL applications are widely used in induction heating applications to achieve
zero voltage switching and zero current switching. In many PLL applications, the frequency tracking is too slow and
unreliable. Therefore, a sliding mode controller was developed to provide robust and fast PLL. Furthermore, a pulse
density modulation (PDM) control strategy was developed to work at the resonant frequency for all power levels. The
PDM power control is a good solution for the design of high-frequency inverters because of a great reduction of switching
losses and electromagnetic noise. The PDM pattern for the desired output power is determined according to the set
temperature value of the work piece. The proposed system was simulated in PSIM and a 250-W laboratory prototype
was implemented with operating frequency of 35-42 kHz.

Key words: Sliding mode control, pulse density modulation, phase locked loop, series resonant inverter, induction

heating

1. Introduction

Induction heating (IH) is used in many industrial and domestic applications such as surface hardening, melting,
annealing, and cooking [1, 2] since it has many advantages over conventional heating systems (resistance,
ignition, etc.). These advantages include short processing time, uniform heat dissipation, high efficiency, and
avoiding hazards such as combustion and explosion. In addition, no waste is generated at the end of an IH
process [3]. All of these advantages indicate that induction heating is a reliable method for heating. In TH
systems, the AC current used to generate an electromagnetic field is achieved by the use of many different DC-
AC converter structures [4]. Factors such as input voltage, ease of control, efficiency, power, cost, and operating
frequency are taken into account when determining the inverter structure. On the other hand, a half bridge and
a full bridge are generally preferred in medium- and high-power applications, respectively [5]. Soft switching
techniques such as zero voltage switching (ZVS) and zero current switching (ZCS) are generally used to reduce
switching losses in these converters. ZCS is suitable for insulated-gate bipolar transistor due to the tail current
at low switching frequencies, but not suitable for metal-oxide-semiconductor field-effect transistors (MOSFETs)
preferred at high switching frequencies. This is because MOSFET’s turn-on losses are more dominant than turn-

off losses. Therefore, especially when MOSFETs are used as switches for high switching frequencies, ZVS is
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preferred to reduce turn-off losses [6-8]. However, MOSFET’s turn-off losses cannot be prevented. Furthermore,
if the quality factor of the resonant circuit is not high enough, the turn-off losses will increase and therefore
can have devastating effects on the switches. As a result, the efficiency of the inverter is reduced and the power
switches may be damaged. In this condition, the inverter is operated at a resonant frequency where switching
losses are completely eliminated to avoid these adverse conditions. At the resonant frequency, the switches are
continuously switched on and off under conditions of ZCS so that switching losses are avoided. However, in such
applications, the resonant frequency connected to the resonant elements must be continuously tracked since the
values of these elements may change over time due to the environmental and physical factors. Therefore, the
PLL algorithm is generally preferred in tracking the resonant frequency [9, 10]. PLL schemes are generally used
to synchronize the inverter and the switching frequency [11-14]. In this process, the phase shift between the
current and the voltage is passed through an XOR gate and the output is measured by filtering through the
low-pass filter. Then a voltage-controlled oscillator (VCO) generates signals for the switches. Integrated circuits
(ICs) such as 4046-family are generally used in the implementation of this control scheme [15-18]. Although
the analog control with ICs has been proven to be effective, accurate, and widely used in IH applications today,
it is less flexible and less resistant to variations than the digital control. Therefore, the SMC algorithm, which
has a robust control, simple application, and fast response even under all system parameters, was used to track
the resonant frequency and to provide effective control in nonlinear systems [19, 20]. One of the most important
challenges encountered when designing an IH system is power control. Many control methods (PWM, frequency,
phase shift, etc.) are used in the power control of the inverters. When these control methods are examined,
it is seen that there are various advantages and disadvantages compared to each other. In the PWM control
method, the power control is provided by changing the duty ratio of the switches in the inverter. However, the
efficiency of the system is low since the resonant cannot be achieved at every power level [21]. In the frequency
control method, the power control is achieved by changing the switching frequency. However, as the operating
frequency of the inverter moves away from the resonant frequency, the circuit current decreases. In this case,
the sine waveform of the current is also disrupted. In the phase shift control method, power control is performed
by controlling the switching states of both bridge legs and by adjusting the phase shift between them. However,
in this method, soft switching is also not achieved at every power level [22]. In these control methods, switching
losses and electromagnetic interference (EMI) are quite high and soft switching cannot be performed at all
power levels. Pulse density modulation (PDM) is one of the alternative solutions for these problems [23-25]. In
this study, a PDM control technique based on the principle of deleting some of the switching signals was used in
order to enable the system to control the power by providing the soft switching conditions at each power level.
This paper is organized as follows: Section 2 presents the system design and analysis. This section includes the
design of a series resonant converter for induction heating, the analyzed PDM control strategy and a sliding
mode controlled PLL. In Section 3, the PSIM simulation of the proposed system is presented. Section 4 gives
information about the experimental study and analyses results. Finally, some conclusions are drawn in the

conclusion section.

2. Design and analysis of a sliding mode controlled induction heater

The proposed ITH system in Figure 1 consists of series resonant inverter, control, and measurement layers. The
DC source at the input is converted to a high-frequency AC voltage using a series resonant inverter. Therefore,
high-frequency current is provided to the induction coil. In order to monitor the resonant frequency of the

inverter, a sliding-mode controlled phase locking loop (SMC-PLL) is used. PDM signals are generated and
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applied to the switches in order to keep the work piece of the resonant frequency constant at the desired
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Figure 1. The configuration of the proposed system.

2.1. Series resonant inverter for induction heater

Induction heating is the process of heating a work piece with losses occurring on the material by forming eddy
currents in the metal work piece that is placed in a time-varying electromagnetic field [4]. During this process,
eddy and hysteresis losses occur on the material which are not desired under normal conditions in an electrical
machine. These losses cause the work piece to warm up. Induction heating systems have many advantages over
conventional heating methods. In conventional methods, while external heating is required to heat the material,
in induction heating systems heating is performed by utilizing the structure of the material itself. In this way,
the heat is not emitted to the environment and the heating process is more efficient and faster. Therefore, it
works with higher efficiency. Since these systems are microcontroller-controlled, sensitive power control can be
achieved [1]. One of the circuit topologies commonly used in induction heating systems is the full-bridge series
resonant inverter shown in Figure 1. The full-bridge series resonant inverter consists of a DC voltage source
and four power switches. When the switches S1 and S4 are switched on, the input voltage is obtained at the
load ends. On the other hand, when the switches S2 and S3 are switched on, the input voltage of the —Vp¢ at
the load ends is obtained. The equivalent circuit and operating modes of the system are shown in Figure 2.

In Mode I, S1 and S4 switches, and in Mode II, S2 and S3 switches are on. In Mode III, the inverter
output voltage (Vab) is zero. In this mode, when S2 is on, the current passing on through D4 is in the form of
damped oscillation, and when S4 is on, the current passing on through D2 is in the form of damped oscillation.
Since the series resonant circuit will be used in the induction heating application, it must be in low damping

condition by providing the Equation 1 condition [10].

Wy > a (1)
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Figure 2. Simplified circuit operating modes: (a) equivalent the circuit, (b) Mode I, (¢) Mode II, and (d) Mode III.

In this equation, w, represents the resonant angular frequency and a represents the damping coefficient.
The equations of resonant angular frequency and the damping coefficient are given in Equations 2 and 3,
respectively.

~—

Wy =
R

The resonant frequency of the circuit is presented by Equation 4.

1
In=Svic @

The reflected resistance in the equivalent circuit is calculated by Equation 5.

1.2
R=(—) Req (5)
T2
In this equation, R, is the effective resistance and n;/ny is the transformer ratio. The frequency

response of the filter in the inverter can be expressed in terms of the quality factor calculated in Equation 6.

Q= (6)
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2.2. Analysis of PDM control strategy

The PDM control technique is a set of commands. Power control is performed by deleting some of the control
pulses according to the command sequences without any changes in the switching frequency and the transmission
time of the switch. The output power of the converter decreases as the number of the deleted control pulses
increases [23]. Figure 3a shows the PDM switching patterns for N = 32. As shown in Figure 3b, in the three
resonant cycles, the square wave voltage (in the Mode I and Mode IT operation) is applied to the inverter at the
Vbe value. The control pulse is deleted in the fourth cycle and the zero voltage (in the Mode IIT operation) is
applied to the inverter. The transmission pulse is deleted in the fourth cycle and the zero voltage (in the Mode
III operation) is applied to the inverter. When the four resonant cycles are considered, the output voltage of
the inverter is seen to be in periodic waveform. The average output power is 3/4 when compared to full power

operation. That is, the output power of the inverter is controlled by adjusting the square wave voltage (Vab).
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Figure 3. (a) The proposed 32 PDM patterns, (b) PDM current wave form.
The turn-on and turn-off durations of the switches are calculated by Equation 7;

Ton
T:NTr:Ton+Toff7Ton:N1Tra Toff:NQTTaD: T (7)

In this equation, IV is the resonant cycle number, N; is the normal resonant cycle number, and Ny is
the controlled (deleted pulses) resonant cycle number [23]. When the PDM control technique is applied to the
series resonant circuit with a quality factor greater than 1 (Q >> 1), the resonant current has a sinusoidal
form. Figure 4 shows the resonant current (ires) and the ig is the current on the outside. In this case, the

resonant current and the iy current expressions are calculated by Equations 8 and 9.

ip(t) =I1(1—e ) + Lyine ™, 0<t<t,, (8)

ip(t) =ig(ton)e o)t <t <T (9)

In this equation, I current is the maximum current t,, /7 = 1, this is the Mode I and Mode II operation
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condition. I,,;, value is obtained in the case of ¢ = 0. The average output power is calculated by Equation 10;

p_ 4Vpe

tOTL
T /0 i (sinw,t)?dt (10)

Accordingly, by using Equations 8 and 9, the average output power and the maximum power are found
by Equations 11 and 12.

aton

tor T 1—e"
P:Pmam[g‘k

o (e — e ) (1)

2
Pror = —Vpclcos@ (12)
™

Maximum power absorbed by the load for ¢,,/T = 1. 7 is the time constant and & is the phase angle.
The phase angle is the angle between the resonant current and the fundamental square wave voltage. The time

constant and the phase angle are calculated by the following equations, respectively.

T = % (13)
= arctan[Q(% - %)] (14)

The phase angle at the resonant frequency is 0°. If the PDM period (T = NT,.) is smaller than the time
constant, the amplitude of the resonant current (7" << 7) is proportional to the pulse density. In this case,
Equation 15 is obtained when the relationship between the output power and the pulse density is written.

lim P = P,,,,D? (15)

T—00
If the PDM period (T = NT,) is bigger than the time constant (7" >> 7), the output power is calculated
by Equation 16 [25].

lim P = P00 D (16)

7—0

2.3. Sliding mode controlled PLL
The control system that locks the phase of the input signal and the output signal is called PLL control [9]. With

the PLL, zero transitions of the current signal on the resonant circuit are detected, and the system is locked at
the resonant frequency. Thus, the resonant frequency can be tracked quickly. In this way, zero switching points
are detected, and the soft switching conditions are provided at the resonant frequency. The block diagram of
the conventional PLL control circuit is shown in Figure 4.

Although the conventional PLL can achieve its stated goal, it has many shortcomings that reduce its
performance. The natural phase locking operation of the conventional PLL can be very slow and unreliable.
Conventional PLL is very sensitive to external disturbing factors such as mechanical vibrations. In addition,
VCO parametric uncertainties cause a decrease in performance. SMC can be used for eliminating these

shortcomings as it has a very robust structure against system uncertainties and external disturbances. Therefore,
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it makes faster and more stable phase locking than the conventional PLL. It does not need an external phase

locking detector. The block diagram of the sliding-mode-controlled PLL used in the proposed IH system is

given in Figure 5. In addition, the flow chart of the sliding-mode-controlled PLL is given in Figure 6.
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Figure 5. The block diagram of sliding-mode-controlled PLL function.
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Figure 6. The flow chart of sliding-mode-controlled PLL function.
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The power switches in the inverter must be operated at the resonant frequency to be switched on and
off under ZCS conditions. For this purpose, it is necessary to determine whether the resonant circuit operates
at the resonant frequency, or whether it is leading or lagging. In order to determine this, the graph given in
Figure 7 is used according to the output of the low-pass filter (LPF).

As can be seen from the LPF output, the filter output is 0 only at the resonant frequency, while the
filter output for other frequencies is at different voltages. Therefore, while the zero phase can be distinguished
from the output of the filter, the other two phases are indistinguishable. Therefore, it is necessary to determine
which phase the resonant circuit is operating at before the switching frequency fs is updated. For this, the
operating phase of the resonant circuit is determined using the SMC algorithm. Using Figure 7, if the fs and
Vi pr intersection is at point X7 and a deviation is applied in the negative direction to the switching frequency,

the new intersection point will be X5.

Vier A
Lead Lag
«— —
X3 Xy
X4 X2
- »
f,

Figure 7. Three different phases varying according to the switching frequency.

If the same condition is applied to the points of X3 and X4, the result will be the opposite of the previous
one. In order for the system to operate in continuous resonant, the LPF output must be kept at 0 continuously.
Thus, the microcontroller with the proposed SMC-PLL generates the switching frequency according to the LPF
output errors. The purpose of applying the SMC method to the closed-loop control systems is to send the error
to the sliding surface, or alternatively, to the switching surface and to keep the error on this surface. For a good
transient response and a minimum steady-state error, the switching surfaces can be integral and can be defined
as follows [26]:

Sp = ep(t) + KF/O er(T)dr — e (0) (17)

In this equation, ep = ViefVipr is the error between the reference value (0) and the transient real
values of the LPF output. K is the positive control gain. Sr = 0 manifold status indicates that the resonant
frequency is fully tracked. Consequently, the following equations can provide a sufficient condition for the

occurrence of the sliding mode:

deF (t)
dt

= —KFBF(t) (18)

The purpose of designing the SMC law in the proposed system is to force the system trajectory for
switching surface interaction to operate the inverter at the resonant frequency. This can be obtained by deriving
Equation 19.

dSF(t) _ deF(t)

d
i = a TErer) =2 Vipr + Ke(ViefVirr) (19)
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After calculating the sliding surface, the state space equation of the VCO gain required for the calculation

of the sliding mode control (u) is written as follows:

X =Az+Bu+D (20)

The expressions are defined as; x e R", A ¢eF", u eR", B e ", D ¢F™ . A and B represent the
state space matrix, D represents the disorder and uncertainty. A and B matrices can be controllable, and D is

assumed to be traceable. The formula of the sliding surface is written again.

Sp = c'[Az + Bu + D] (21)

In this equation, ¢’ € R™ is the sliding surface coefficient. If the coefficient D is determined correctly by
modeling, the system is perfectly controlled. However, since D is usually an unknown coefficient, Equation 22
is used to control the system more precisely.

dSp(t)

= '[Az + By (22)

Quadratic Lyapunov function and the time deviation of the function is as follows [26]:

1
W:§STS (23)

dW TdS T T ~ al

o =51 =5"(c"[Az + Bu)) (24)

When S # 0, the control law W derivative should be determined correctly to be negative. Accordingly,
the equivalent control given is as follows:

Ueg = —("B) LT [A + Iz (25)

The control law of the sliding surface is given as follows:

u(t) = Ueg — (¢"B) 1 Kgsgn(S) (26)

In this equation, sgn(S) is the discontinuous controller. Kg is a scaling coefficient. This coefficient
ensures the robustness of the SMC. The resonant frequency of the inverter is rapidly tracked by the SMC
method. However, rapid transitions can cause unexpected chattering. This is undesirable because it can lead to
unpredictable instability. To overcome this drawback, the discontinuous part of the controller is softened using

a boundary layer around the sliding surface. As a result, the continuous function around the sliding surface is

as follows:
1, if S>6
sgn(S) = { £ i IsI<e (27)
—1, if S<—6

In this equation, d > 0 represents the width of the boundary layer. The principle of the sliding mode
control and the boundary layer are given in Figure 8. Thus, using Equations 25 and 26, the switching frequency
reference of the inverter is obtained, and the resonant frequency is transmitted to the gate drive in the inverter
to drive the switches.
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Figure 8. The principle of the sliding mode control and the boundary layer.

3. Simulation results

PSIM simulation circuit of the proposed SMC-controlled TH system is given in Figure 9. In order to evaluate
the performance of the SMC-PLL algorithm, the traditional PI-controlled PLL algorithm was also developed,
and the two algorithms were compared. For PI control, an error was found by finding the difference between
the VCO output and PD. The resonant frequency was achieved by reducing this error to zero by using the PI

controller. The equation used for this process is as follows.

Vgl > %Sl E?%
s 1
N

Ct VDC Ires Cr Lr
)

' o

: i L

Vi

L PT100

Ires SMC-PLL
J ) ZOH CBlock Vo ,m

PWM

SMC-PDM >°
CBlock >o

Figure 9. PSIM circuit of the proposed IH system.
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t
PI = Kpeyco(t) + Ki/ evco(t)dt (28)
0

In this equation, ey co = VCO —PD, Kp is the positive proportional control gain, and K is the positive
integral control gain. The PT100 sensor used for temperature feedback in the simulation study is modeled as
an adjustable resistor. The SMC-PLL and PI-PLL algorithms were written in C language using the C block in
the PSIM. The sampling frequency was determined as 200 kHz for the system to be dynamic. The parameters
of the simulation model and the applied system are given in Table 1. The control parameters of the simulation

and the experimental model are given in Table 2.

Table 1. Specifications of IH system.

Components Symbol | Values
Output power P, 250 W
Input voltage Vbe 50 V
Switching frequency | fs 33-42 kHz
Resonant inductance | L 400 pH
Resonant capacitor C 44.8 nF
Resistance R 12 O
Transformer ratio Ny : N9 25:1
PDM pattern N 32

Table 2. Control parameters.

Parameters Values
Positive gains K 9000
Control gains Kg 106
Width of boundary layer & 100

Positive proportional gains Kp | 15

Positive integral gains K; 2.3

In the simulation study, it was assumed that the active/passive circuit elements on the primary and
secondary sides were ideal and there were no transmission losses. As seen from the simulation circuit, the single
input of the SMC-PLL algorithm is the output of the XOR port. The resonant current converted to the square
wave with a comparator and the PWM signal generated constitute the input of the XOR gate. When the system
was first started, it was started above the resonant frequency so that the switches were not damaged.

As shown in Figure 10, both the SMC-PLL and the PI-PLL algorithms were tested by running the
system with the initial switching frequency of 42 kHz. When the simulation results are examined, it is seen
that the SMC-PLL algorithm tracks the resonance frequency more dynamically than the PI-PLL algorithm and
eliminated the phase difference between the voltage and the current.

According to the simulation results, the SMC-PLL algorithm enables the system to operate at the initial
switching frequency of 42 kHz and to settle at the resonant frequency of 37.5 kHz in 0.6 ms. PI-PLL algorithm
reaches the resonant frequency in about 1.6 ms. Therefore, the proposed SMC-PLL algorithm is found to be

1251



OZBAY et al./Turk J Elec Eng & Comp Sci

Ires Vab/10

6 : h H
il ] i m i
2 ?| NN
0
:
-2
S Bl B AR U L 1
6 1 2 i 2 i 4)-i ]
0.00025 0.0005 0.00075 0.001
Time (s)
Tres Vab/10 Tres Vab/10
6 i i S i 6 i i i S
4 4
) P NV a A /[ /
2 NN AUy
9 LA VNN
4 MM o \VEAY \
eEEae =Y e e
0.00028125 0.0003125 0.00034375 0.00037% 0.000375 0.00040625 0.0004375 0.00046875
Tres Vab/10 Tres Vab/10
6 6
A 7 wanllirantt/vaniilivay
4 4
5 |l f £ ) NN AL
0 0
2N \\ \\/ \ W/ I\ \W{ A
[l iy S 2 ¥ VA 2 VA R & VA R LV A B AV A
6 -
0.00046875  0.0005  0.00053125 0.0005625  0.0005625 0.00059375 0.000625 0.00065625
Time (s) Time (s)
a)
Ires Vab/10
6
) il
2
0
2
B | | i
> 1) (23 4
0.00025 0.0005 0.00075 0.001 0.00125 0.0015 0.00175

Time (s)

Ires Vab/10 Tres Vab/10

6 6 i
4 |F'| -i 4 A
2 2 A1 f
: A VAL > AT
2 : 2 ‘n \‘ 'k‘ ‘ k \
-4 -4
_6____7J~w.7____.1 6__] Ay .
- 2
0.0003125 0.000375 0.0004375  0.0005 0.0006875 0.00075 0.0008125 0.000875
Ires Vab/10 - Ires Vab/10 7
6 3 6
4 nimislntaln S r1 M B M
>l A ld (A 1A 1A (A A
HEL YN .
STMERERERED | 0
L LACEY Y
P NN g
0.001  0.0010625 0.001125 0.0011875 00015 0.0015625 0001625 0.0016875
Time (s) Time (s)

b)

Figure 10. Start-up simulation results of the PLL algorithms for 42 kHz initial switching frequency, a) proposed
SMC-PLL, b) PI-PLL.
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quite fast, dynamic, and stable. The simulation responses of the PLL error for the proposed SMC-PLL and
PI-PLL are given in Figure 11. On the other hand, as it is seen in Figure 12, although some of the switching
signals are deleted in different PDM values (N=32, N=28 N=26, N=21), SMC-PLL algorithm operates in a
continuous resonant by controlling the system very robustly.

errorS(F) errorPI

- O = N W oA »
_ O = N W s G

0.2 0.4 0.6 0.8 1 0.4 0.8 1.2 1.6 2
Time (ms) Time (ms)

a) b)

Figure 11. Simulation responses of the PLL error for (a) the proposed SMC-PLL and (b) PI-PLL.

4. Experimental results

For the proposed SMC-controlled IH system, an experimental setup was established in the laboratory. In the IH
system, a 200 V 50 A IRFP260N was used as the power switch in the inverter circuit. The TLP250 optodriver
with an output current of 1.5 A was used to drive the power switches. To detect the resonant current, a
current transformer coiled up by 1:50 ratio on the toroid was used. The LM393 comparator integral was used
to convert the sinusoidal resonant current to the square wave. CD4030M was used as the XOR gate to detect
the resonant frequency. The high-frequency transformer was used in the 25:1 winding between the inverter and
the induction coil. The stainless steel work piece used in the experimental setup was 200 mm long, 32 mm in
diameter, and 1 mm in wall thickness. The PT100 K-Thermocouple and MAX6675 with 12-bit ADC were used
for the temperature measurement of the work piece. As the heater insert, a copper pipe with a diameter of
6 mm was coiled up with eight windings, and a diameter induction coil with 60 mm diameter was designed.
The ATMEL328P-AU microcontroller was used to control the SMC-PLL and PDM in the IH system. In the
experimental study, Tektronix AA probe was used to measure the high-frequency resonant current. In addition,
the Pintek voltage probe was used to measure the Vab voltage. Rigol oscilloscope was used to measure the
circuit signals. Figure 13 shows the experimental setup.

Figure 14 shows the inverter output voltage (Vab) and inverter current (ires) at different PDM values for
the steel work piece temperature to reach the desired temperature. Thus, the output power is controlled in the
range of about 100 to 250 W. These waveforms are similar to the simulation results in Figure 12 and show that
the designed system operates correctly.

As can be seen from the figures, since the inverter operates at the full resonant frequency in all PDM
values, there is no phase difference between the resonant voltage and the current. Therefore, the resonant current
is pure sinus and does not contain any harmonic component. The PDM-Temperature-Time graph shown in
Figure 15 is obtained by transferring the data obtained by microcontroller from PT100 to the computer via the
SCI protocol. As can be seen from the graph, the steel work piece with an initial temperature of 25 °C was

heated, and it reached the set value in a short time.

1253



OZBAY et al./Turk J Elec Eng & Comp Sci

Vg2 Vg2
0.18 | \ I 0.18
0.6 \ l \ 0.6
0.4 ‘ | ‘ 04
02 ‘ ‘ f 02
0 ‘ L 0
Vab — Vab I
o R R AE s A S
18 0 Y 4R 11 R
Ires Ires
4 fA-E0-H S L 0 0L WL T W WL
T i sibin el
G O L
0.00675 0.007 0.00725 0.0075 0.00525 0.00¢ 100575 0.006
Ires  Vab/10 ‘T@"m Ires  Vab/10 TEEe(S)
6
z raniran ran Ay 7 4 [ Tl 7]
o [ A %/\
0 0
5 > W y
SUM UMY U M
¢ 0.0071 0.00715 0.0072 0.00555 0.0056 0.00565 0.0057
Time (<) Time (s)
a) b)
Vg2 Vg2
08 ] [ m 08
0.6 l } \‘ L 0.6
03 | | it 03
¢ LU UTU L U R U 3
Vab Vab
80 80
40 PR e a e Rl e Rttt W SR R alal 40 M mn B P el
AR R = g g L g
-40 [ M- B -40 - UL L L L e H
-80 -80
Ires Ires
4 frh A jr fh-p friffg kR4 4 n
T o o
0.006 0.00625 0.0065 0.00725 0.0075 0.00775 0.008
ITres Vab/10 ] Elme © ITres Vab/10 13 E 9
6 N R S - . 6
4 4 [ O 1
A By
L \ f, N
e \ T RyAVAVRY Y
b vl Xl e oY ]
6 i I ‘ i . 6
000615 00062 000625 0.0063 0.0075 0.00755  0.0076 0.00765
Time (s) Time (s)
) d)

Figure 12. Simulation results of different PDM patterns: a) N = 32, b) N = 28, ¢) N = 26, d) N = 21.

The system was initially powered by N = 32 with the highest PDM value to achieve the desired

temperature value of the steel work piece as quickly as possible. Then, when the temperature approached
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Figure 13. Experimental setup of the proposed IH system.

the set point, the PDM value began to decrease. The temperature of the work piece was set to 200 ° C as shown
in Figure 15. Accordingly, the PDM values range from N = 25 to N = 27 so that the temperature remains
constant at this point. Thus, the inverter was operated in a stable manner at different PDM values, and the

resonant frequency was continuously tracked by the SMC-PLL algorithm for these cases.

5. Conclusions

The aim of this study was to design a SMC-PLL algorithm for ITH systems and to develop 32 PDM-controlled
full bridge series resonant inverter. The designed SMC-PLL—controlled system was developed to have 250 W
output power and to track the frequencies between 33 kHz and 42 kHz. The proposed system was validated
by presenting the experimental results, calculations, and simulations. In the system, the power required for the
work piece to reach the desired temperature in the IH system was controlled by deleting some of the control
pulses of the series resonant inverter operated at the resonant frequency. Therefore, the output power was
controlled in a wide range depending on the PDM value, and the ZCS was achieved continuously by tracking
the resonant frequency quickly and correctly by the developed SMC-PLL algorithm. Thus, ZCS was provided
continuously. Consequently, the current of the resonant circuit was pure sine and did not contain any harmonic
component. In this way, the energy transfer from the primary side to the secondary side was carried out with
minor losses. In addition, since the power switches of the inverter operated under ZCS conditions, on and
off switching losses were also avoided. Since the SMC-PLL application was performed entirely digitally, an
analog integrated circuit was not required. Therefore, the developed SMC-PLL application was found to be a
cost-effective solution in addition to its flexible structure. In future studies, 16 or 8 PDM control algorithms
can also be used. However, in this situation, the control precision of the output power can decrease, which will
affect the precision in temperature control. As a result, it can be argued that 32 PDM control algorithm is
more suitable in terms of power control. On the other hand, in the system, the PI and SMC control algorithms
were compared and the proposed SMC-PLL performed better than PI-PLL. Different control algorithms except

these algorithms can be used in the following studies.
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Figure 14. Experimental waveforms of Vgate (CH1), Vab(CH2), and ires (CH3) for a) N = 32, b) N = 28, ¢) N = 26,
d) N = 21.
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Figure 15. The PDM-temperature-time variation of the work piece.
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