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Abstract: This paper presents a design procedure and a new control method for power regulation of series resonant
Induction Heating (1H) systems using a self-oscillating tuning loop. The proposed power regulator can accurately estimate
the instantaneous phase angle and the main parameters of the resonant load. Moreover, the power control algorithm is
devised based on a combination of Phase Shift (PS) and Pulse Density Modulation (PDM) methods. For simplicity, the
tuning loop utilizes the PS control method for power regulation. Moreover, the Pulse Density Modulation (PDM) and
frequency-sweep methods can be used in the proposed tuning loop. The new method is verified by a laboratory prototype
with an output power of about 220 W and an operating frequency of about 60 kHz.
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1. INTRODUCTION For SRIs, there are four common methods for power and
frequency regulations, i.e., Frequency-Sweep (FS) [20],
Phase-Shift (PS) control [2,21], Pulse Width Modulation
(PWM) [12,22,23], and Pulse Density Modulation (PDM)
[1,11,24-26]. FS methods require complex algorithms for
uncertainties and load variations. Moreover, FS methods have
a slow response time for power and frequency tuning. In PS,
PWM, and PDM methods, the frequency tuning loop is based
; - on Phase-Locked Loop (PLL) [7,11,27] or Self-Oscillating
Elg?gt;omagnetlc Interference (EMI), and switching losses [3- Switching (SOS) methods [5.10.28]. PLL circuits are
o sensitive to uncertainties and have stability problems, while
Two common types of resonant inverters are voltage SOS circuits have a fast response and are more reliable and

source and current source inverters among which voltage uncertainty-tolerant [5].
source resonant inverters are commonly used due to their
reliability and wvarious controlling methods [2,4,10-12].
Resonant inverters are named after their resonant tank
configuration, such as Series Resonant Inverters (SRISs),
Parallel Resonant Inverters (PRI), and Series-Parallel
Resonant Inverter (SPRI) [2,12,13]. Among the voltage
source resonant inverters, SRIs are more common for IH
systems as they have various control methods, more stability
in frequency tuning, and simplicity in load estimation and Besides the benefits of SOS methods, previous works
regulation [15-19]. have no straightforward design procedure for the tuning loop
parameters. The aim of this paper is to present a design

Induction Heating (IH) systems play a fundamental role
in modern heating systems such as annealing, hardening, and
melting furnaces and cooking systems [1-7]. IH systems
commonly require a medium- or high-frequency current or
voltage source of power supply with fixed or variable
frequencies. The resonant inverters are widely used to supply
IH systems because of their near sinusoidal waveforms, less

Recently, SOS techniques have been proposed for power
and frequency tuning loops of resonant converters due to their
simple circuit and reliability in uncertainties. SOS methods
have a quick response in frequency tuning and power
regulation. Moreover, by developing SOS tuning loops,
PDM, PS, and FS methods can be utilized in one of the
switching frequency harmonics [5].
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procedure for the desired load variations and operating
frequencies.

Moreover, this paper presents a new power regulation
method based on the SOS tuning loops, which has a simple
structure and estimates the load and its phase angle for an SRI
instantly. The proposed control method is based on a
combination of a first-order phase-shifter and PDM, which
can properly regulate the output power [5].

One of the main problems associated with a well-
designed power and frequency tuning loop is its robustness
under uncertainties of the resonant tank. Typically,
parameters of IH systems have tolerances of about 20%-50%,
especially in their working coils. The presented solution can
simply estimate the main parameters of the SRI at start-up
duration for effective prediction and regulation of the power.

The presented analysis shows that the proposed method
properly regulates power for practical deviations and errors in
parameters’ estimation. The new method estimates the
instantaneous phase displacement of the load without phase
detector circuits and reduces the time response and robustness
of the tuning loop.

The paper is organized as follows. Section 2 presents the
modeling of SRIs, the new tuning loop, and the design
procedure. Section 3 discusses a power regulation method
and parameters’ estimation. Sections 4 and 5 present the
experimental results and main conclusions of the paper.

2. SYSTEM MODELLING AND DESIGN CONSIDERATION

A schematic of a half-bridge SRI based on the SOS
tuning loop is shown in Fig. 1, while the tuning loop can be
applied for a full-bridge SRI. The main units of the tuning
loop are a Current Transformer (CT), a lead phase-shifter, a

Zero-Detector, a Micro Controller Unit (MCU), and logic
gates.

For simplicity, the PS unit is considered a first-order
leading phase shifter circuit that can properly make phase
displacement, ¢, up to +45°. Phase displacement is controlled
by changing a tuning resistor, Rr, implemented by a digital
potentiometer connected to the MCU. The Zero-Detector unit
is constructed by an ultra-fast comparator, LT1016, which
improves the performance of the tuning loop at start-up
cycles. As seen from Fig. 1, the gate driver of the SRI is based
on the bootstrap technique, IR2104S, so the low side switch,
S1, must be kept turn on before start-up to ensure the charging
of the bootstrap capacitor.

At start-up, the high side switch, S2, is turned on and S1
is turned off, so a step voltage is applied to the series resonant
load, and the resonant current, l,, flows into the load. The
start-up begins by enabling the MCU’s starting signal, Sig, as
connected to the AND gate. As is seen from Fig. 1, the phase
of the measured current is made lead using the PS block
shifts. The zero crossing of the PS unit changes the state of
the power switches. At the first zero crossing, the state of the
switches is changed and continuously repeats for the next
cycles [5].

As described, the output voltage of the SRI, V,, will be
lead with respect to I, with a phase displacement of ¢ at
steady-state conditions. Hence, the PS block controls the
output power by shifting the phase of the SRI. The following
sections present the main equations of the SRI and the design
procedure of the tuning loop.

2.1. SRI and Formulation

As shown in Fig. 1 and described in the SOS principle of
operation, SRI generates square wave output voltage, V,, with
a duty cycle of about 50%. Equations of V,, output current, |,
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Fig. 1: A schematic of the half-bridge SRI based on the proposed SOS power and frequency tuning loop.

43



B. Jaafari et al.

Journal of Applied Research in Electrical Engineering, Vol. 1, No. 1, pp. 42-49, 2022

and series resonant impedance, Z (jws), are given by (1), (2),
and (3) as follows considering fundamental harmonic
approximation:

V(1) = Z '”sm(na)t)

ey
for n _1,3,5,...
1, (t) ~ |zz( )lsm(a)t P)- )
Z(jws):(jwer_L-l-RLj' (3)
wsCr

where Vi, is the dc-link voltage of SRI, Z(jws) is the load
impedance of SRI, ws is the angular switching frequency, ¢
is the phase angle between the output voltage and current, L,
is the equivalent resonant inductance, Ry is the summation of
the intrinsic resistance of working coil and reflected load
resistance, and C; is the value of the resonant capacitor. The
quality factor, Q, damping factor, £, natural frequency, f,, and
the characteristic impedance, Z, are derived as follows:

ZO
Q-z R, (4)
L 1
Zy= = f=—F+ .
0 \/:r n 272_ [_chr (5)

The relation between natural-frequency, f,, and resonant-
frequency, f,, where Zero Voltage and Zero Current
Switching (ZVZCS) occurs, is derived by (6):

1-¢£7 2
=f J1-¢°.
r27z L C, d

(6)

Regarding Fig. 1, the lead phase-shifter makes phase
displacement equal to ¢, which is derived by (7) with respect
to its tuning resistor, Ry, and capacitor, Cr:

1
=tan™ ,
4 (a)STT ) 7)
7 =R; C;.

The tuning resistor, Ry, can be an adjustable digital
potentiometer controlled by an MCU. On the other hand, the
phase displacement of the series resonant load can be derived
using fundamental harmonic approximation as follows:

2 -2
[ONOX

-1
603 RLCr .

Phase displacement of the PS unit is approximately equal
to the phase of Z (jws), so the switching frequency of the SRI
can be derived by solving (7) and (8), as derived by (9).

R C,
o, =0,  [1+——=.
R.C;

Regarding (9), (7) can be rewritten by (10) as a function
of the PS unit parameters:

p= tan’l(;),

/Z(jw,) = tan‘l( (8)

©)

(10)
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where 77 is the time constant and « is the normalized time
constant of the phase-shifter with respect to w,. Regarding ¢,
the output power, P,, of the SRI can be approximated by (11)
as a function of a. To show the accuracy of the above
equations, simulations are done based on the PSIM simulator

with Vin =70V, Q =10, C, =250 nF, and Ly = 50 pH. Cris 2
nF, and Rt is considered variable.
_, 80 _|
Eeo S1 on —V
w0 S2 off
'% 20
= o
Z‘—20 (—q)
-

-40

3.00 3.01 3.02 3.03 3.04
Time [ms]

Fig. 2: The output voltage, V,, and current, l,, of the SRI at
steady-state conditions with ¢ =~ 21° Vi, =70V, Q = 10, C;

=250 nF, L, = 50 uH and an operating frequency of about
45.95 kHz.
_ —ls1
g" 60 —Ve
540
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20 i \ /\ /\ /\
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Fig. 3: The output voltage of SRI, V,, and current of S1, Is;,
at start-up conditions using the SOS method with Q =10, Ry
=2kQ, and Vip=70 V.

Regarding the mentioned parameters, natural frequency
and resonant frequency are about 45.016 kHz and 44.960
kHz, respectively. Fig. 2 shows I, and V, at steady-state
conditions with a ~ 2.262, i.e., Rr = 4 kQ. Regarding Fig. 2,
fs and ¢ are about 45.95 kHz and 21° while considering (9), fs
is derived to be 45.93 kHz. Fig. 3 shows the current of S1, Isy,
and V, at start-up while Zero Voltage Switching (ZVS) is
achieved at the beginning cycles.

P ~1 2Vin 2R _Z(Vin COS(p)Z
"2l nlzie)l) T AR

o 2 ) (11)
P, (ar) ==-cos’| tan}(

o] ZR
S a 1+i
aQ

One of the most important advantages of the SOS
methods is their ability to predict parameters of SRI load.
Regarding Fig. 3, the natural frequency of the SRI can be
predicted at the beginning cycles of the start-up by counting
intervals between zero crossings of the ZD unit directly
connected to the MCU, as is seen in Fig. 1. To accurately
detect f,, it is proposed to start and stop SRI for a few cycles
in minimum phase displacement, gmin. For an SRI utilized for
IH systems, quality factors are larger than 5, so f, = fr and L,
can be derived by detecting f; for a known resonant capacitor
and using (5).

) |-
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2.2. Design Procedure

The main parameters for the design of an SRI based on
the SOS tuning loop are calculating Vin, the variation range of
RT, and tuning capacitor according to the resonant load
parameters. Considering the maximum output power, P,
which occurs at the minimum phase angle, @min = 10°, the
required dc-link voltage is designed by (13) for the maximum
value of the equivalent load resistance, R]***. The minimum
phase displacement is considered to ZVS operation SRI.

2 pmax max
V, = /%. (13)
ZCOS (pmin

in

The range of the tuning resistor, Ry, must be determined
for the PS unit. Regarding (10) and considering ¢.,,;, and omin,
as well as the minimum value of the normalized time constant
of the PS, a,,,;,, can be calculated by solving (14), which has
two answers, but the acceptable one is positive and is derived
by (15). Hence, assuming Cr and the possible minimum
natural angular frequency, w*™", the upper limit of Ry can be
obtained by (16):

- -2 14
anz’nax + Qmiln Aax ~ (tan Drin ) =0. (14)
2
1+|2Q_ . (tang . )| -1
% amax _ \/ [ len iQ ¢m|n ) ] . (15)
(04
- =
RT,maX wrl]mnCT (16)

To obtain the lower limit of the tuning resistor, Ry, it is
necessary to determine ¢,,,,, according toP™". The
maximum amount of the possible phase displacement in the
first-order phase-shifter is 45° which reduces the output
power to about 50%. Hence, by wusing (11) and
determining P/, the maximum phase of the PS is calculated
from (17). Thus, by having @4, the minimum normalized
time constant of the phase-shifter can be obtained using (18),
i.e., similar to (15). Regarding (18), the minimum normalized
time constant is derived at the possible maximum natural
angular frequency, w***, of the system.

\/1+ [2Q,.. (tang,,,) ' | -1
min 2Q,.. :

a 17

amin

oC,’

—R™ = (18)

3. POWER CONTROL AND PARAMETERS’ ESTIMATION

For simplicity in analyses, the first-order PS is analyzed
in the above formulations, which can properly regulate the
output power up to 50%. For wider power regulation, power,
the PS technique, and PDM are used simultaneously.

As shown in Fig. 1, in this paper, the input current and
voltage are measured to calculate instant input power, Pi,.
Since the losses of the half-bridge inverter and dc-link filter
are typically less than 5%, so the input power is measured and
regulated instead of the output power of the inverter for
simplicity. Using (7) and the measured switching frequency,
MCU calculates the instantaneous phase displacement, ¢.
Regarding Fig. 1, Pin" is considered the reference input power,

45

which can be applied from the user or output of a thermal
controller. In the proposed control method, the reference
phase displacement, ¢*, can be calculated using (11) with
respect to ¢ and the ratio Pi," and Pin, as derived by (19).

P = COSI(COS(/)X /E—“]

For IH systems, the quality factor is typically larger than
5 or { <0.1. Therefore, the resonant frequency is equal to the
natural frequency with good approximation, i.e., f, = f.
Moreover, the quality factor is not changed much for
designing a specific load.

(19)

In practice, due to the uncertainties of the resonant tank
like the aging effect in the resonant capacitor or variations in
the resonant tank parameters during the heating treatments,
the estimations are prone to errors and deviations.

One of the main problems associated with a well-
designed power and frequency tuning loop is its robustness
under uncertainties of the load variations.

Practically, the input power and Po can be considered
approximately equal to calculate equivalent series resistance,
R.. Moreover, at steady-state conditions, the phase
displacement can be calculated by (7) using zr and detecting
the instant switching frequency, f.. As a result, R_ can be
estimated using the following equation:

I:)ozl:)in :V I

in"in?

(20)

Regarding trigonometric rules and (7), R. can be
rewritten as follows:

(@7)°
cos’ p=——"T2—. (21)
1+ (.77 )
2
L~ 22/'” (@) = |. (22)
7l \ 1+ (0,77 )

Moreover, the PDM is used simultaneously when the
reference phase displacement is greater than 45° from (19).
Hence, the R, should be estimated using (23) for wider power
regulation.

2,0[ (0n)
e 1+(wz ) )
T

on

B Ton +Toﬁ '

(23)

where D is the duty cycle of the MCU’s squared signal,
Sig, and Tonand T are the time duration in which the Sig
turns on and off, respectively. Furthermore, at steady-state
conditions, the summation of T, and Te should be much
larger than the time period of the output current.

To apply the PDM technique, it is necessary to calculate
the reference duty-cycle, D*. Therefore, the reference duty-
cycle can be obtained from (24):
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« 27°R P,

 V2Cos?p"
where ¢” is set to 45°.

~* R, P.:

Like (15) and (17), the reference tuning resistor, Rt", can
be calculated using (25) as follows:

, measured V;, I;, and ay ’

!

Calculate reference phase displacement, ¢
3 (using eg. 20)

No

P=452
4
Yes

p=45°

!

Calculate reference duty cycle, D*
6 (using eq. 24)

Load estimation, R,
(using eq. 22 or 23)

!

Estimate resonant inductance, L,
g and quality factor, Q(using eqg. 4,9)

!

Calculate reference tuning resistor, Ry
9 (using eq. 25)

Fig. 4: The flowchart of the power regulation

) \/1+[2Q(tan ¢*)71T -1

a = )

2Q

Y

(25)

. a
—->R, = .
®,C;

Fig. 4 illustrates the flowchart of the proposed power
regulation procedure and the parameters’ estimation of tuning
loops. In the proposed method, the MCU receives Pi,", C;. and
77 as inputs. In practice, C, and Cr are fixed values and could
be estimated using their step responses. To estimate output
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power, the input voltage and current are measured. The
switching-frequency can estimate instantly. Moreover, the
MCU can estimate natural-frequency in initial cycles when
the phase displacement is considered minimum. Using (22),
RL can estimate when the PS technique is used alone. When
the PS technique and PDM are used simultaneously, RL
should be estimated using (23).

Moreover, the value of L, can be estimated by (4), (9), zr,
and C,. Therefore, regarding (10) and Cy, the value of the
reference tuning resistor, Ry", is determined. Then, Ry" is
applied to the PS unit. Hence, the input power can instantly
track the reference input power with fewer transients, which
reduces the possible voltage and current stresses of the SRI.

Fig. 5: The experimental setup of the IH system based on
the SOS method.

Hence, for an instant quality factor, the measured Pj, and
the estimated L, and ws, instant ¢, and the reference
parameters can be calculated with negligible errors according
to the reference input power, i.e., (24) and (25).

As was already described, the presented control method
can simply estimate the main parameters of the SRI at start-
up duration for effective prediction and regulation of the
power. Basically, the behavior of the proposed power
regulating loop directly depends on the estimation of ¢.

4, EXPERIMENTAL RESULTS

A laboratory prototype was developed based on the
designing method proposed in Section 2. Fig. 5 shows an
experimental setup of the IH system based on the SOS power
and frequency tuning loop. The parameters of the half-bridge
inverter and the tuning system are given in Table 1. The half-
bridge inverter is constructed by two IRFP250 power
MOSFETs, S1 and S2, and IR2104 gate driver. SRI is
designed for a maximum input voltage of 100 V. The tuning
loops are constructed by logic elements, ATMEGA8 MCU,
and LT1016 comparator for zero detector units.

The value of the load, R, is about 1.92 Q, which is
estimated at the steady-state operation using (22). According
to (4), the characteristic impedance, Z, is estimated at 12.14
Q while the natural-frequency, f,, and the value of C; are
52.44 kHz and 250 nF, respectively. Hence, the quality factor

is about 6.3 using (4). For the working coil, a spiral coil with
an inner diameter of 5 cm and outer diameters of 20 cm is
used. The spiral coil is wound with a Litz wire that is built
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Fig. 6: (a) Sig, Vo and I, at start-up conditions with Q = 6.3, C,; = 250 nF, Vi = 50 V. (b) V, and |, at 10% decrease in the
capacitor and steady-state conditions with fs = 56 kHz, a = 2, C; = 225 nF, Vin = 50 V. (c) V, and |, without deviation in C,

while fs = 54 kHz, a = 2, C; = 250 nF, Vin = 50 V. (d) V, and |, for 10% increase in C, while fs =

56 kHz, a =2, Cr = 275

nF, Vin = 50 V. (e) lo in the PDM technique for the SOS method with D =~ 50% while frequency of Sig is about 580 Hz.

with 19 insulated strands Lacquered wire. For 19 turns and
loading effect from the pot, L, is about 36.84 uH, and the
material of the pot is iron. The air gap between the pot and
coil is considered 5 mm. Fig. 6(a) shows the input signal, Sig,
the output voltage, the current, V,, and lo, of the IH system at
the start-up conditions. Regarding Fig. 6(a), the IH system
based on SOS has a proper dynamic in transient conditions.

230 J
220 B (e
2107 T e S B
200 [ s S
s &
r 4
os 180 s Py, =193 W]
170 [ ." Pn‘,m, =190.5 W] 10% increase Capacitance | |
160 [ L == Normal Condition
0 « @« 10% decrease Capacitance
150 - & 8
140 . L :
1 15 2 25 3 35 4 45 5 55

Fig. 7: Input power curve, Pin, in different normalized time
constants in which the sweeping phase shifts approximately
from 10° to 42°.

In order to analyze the sensitivity of the proposed
method, three practical steps are performed. The first step is
to reduce the capacitor by 10% (C, = 225 nF) and record the
input power and the tuning resistance, Ry, or record the
normalized time constant of the phase shifter, a.

At steady-state, for input power, Pin, of about 190.5 W,
the normalized time constant and phase displacement are
about 23°, which are shown in Fig. 6(b). The second step is
to test under normal conditions, i.e., C; = 250 nF, while Pi, is
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about 193 W for o = 2 and ¢ = 24" as shown in Fig. 6(c).
Regarding simulations and formulations, the output power is
calculated to be about 189 W. In the last step, the capacitor
increases by 10%, i.e., C; =275 nF. Fig. 6(d) shows the output
voltage and current in these conditions while Pin is measured
to be 194 W for o= 2 and ¢ =~ 25°. Fig. 6(e) displays the output
current of the IH system when the PDM technique is used for
the SOS method with D =~ 50% and signal-frequency of about
580 Hz.
Table 1: The design information of the IH system and
tuning loop for the laboratory prototype

Parameter Quantity
Input voltage, Ve 50 [V]
Maximum input power, Pin 220 [W]

Minimum phase delay 10 [degrees]

Rt 10 kQ potentiometer
Cr 2 [nF]
Q ~6.3
Cr 250 [nF]
Lr (with pot) 38.6 uH
Comparator for ZD unit LT1016
Power MOSFETS IRFP250
Gate driver IR2104
Logic element 74HCO04, 74HCO08
Opto-couplers 6N137

Finally, the input power of the SRI is measured for
different values of a and the variations in the resonant
capacitor as shown in Fig. 7. Regarding Fig. 7, there are larger
power deviations for the higher values of « in comparison
with the lower values of a. This phenomenon relates to the
SRI and dc-link filter losses and variations in equivalent



B. Jaafari et al.

Journal of Applied Research in Electrical Engineering, Vol. 1, No. 1, pp. 42-49, 2022

resistance caused by the deviation of the resonant frequency.
However, the deviations can be neglected.

In general, there are two kinds of changes in the load,
either due to the type of work-piece material, such as steel,
aluminum, etc. or due to the frequency variations. In this IH
system, the load changes only by changing the frequency.

According to Fig. 7, in a = 5 or ¢ = 10° and for 10%
increase, the maximum power difference is about 2%. This
difference is very low and results from changing the load
caused by a change in the resonant frequency. Hence, this is
an advantage in large phases, i.e., a < 2, while these
deviations almost neutralize each other and make the total
power deviation to be less than 0.5%, as seen from Fig. 7.
Therefore, the practical estimation deviations and errors are
very low, and the tuning loops can adjust the power more
accurately.

5. CONCLUSIONS

This paper presents a design procedure and a new power
regulation algorithm for series resonant IH systems based on
a tunable self-oscillating tuning loop. The proposed method
accurately estimates instant phase displacement, resonant
frequency, equivalent load resistance, and inductance of the
SRI. Based on the estimations, the instant power reference
can be tuned with low transients, which is important for high-
power IH systems. To show the accuracy of the proposed
method, experimental tests have been done for possible
estimation deviations. Experimental results show that using
the proposed power tuning loop, negligible power deviations
occur, about 2%, under large tolerances in the resonant tank
circuit.
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