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$regfile = "89C51AC2.DAT"
$ramstart =0

$ramsize = 256

$crystal = 24000000

Ckcon = &B00000000

Vs

Declare Sub Get_adc3

Declare Sub Get adc4

Dim Adc_result As Byte , Adc_resultm As Byte
Dim I As Byte , ] As Byte

Declare Sub Int_adc

Dim Out_p As Single , Out i As Single , Out i old As Single , Out i new As Single
Dim Out_pi As Single

Dim Error As Single

Dim Out_pit As Integer

Dim Led_status As Bit

Vs

'Led_port Alias P2.6 'show Led when on Int0
' On Int0 Int0_int 'INTO =P3.2
' Enable Int0

' Enable Interrupts

'Led_status = 1 'define start Led

'Led_port=Led_status

Call Int_adc
Out i old=0

Out_pi=0



Call Get_adc3
Call Get_adc4

Error = Adc_resultm - Adc_result

Out_p = Error * 0.1

Out_i= Error * 0.05

Out_i new =Out i old + Out_i

Out_pi=Out p+ Out_i_new

If Out_pi > 255 Then
Out_pi=255

'Out_i_old =Out _i_old

Elseif Out_pi <0 Then
Out pi=0
'Out_i old=Out i old

Else
Out_i_old =Out_i_new

End If

Out_pit = Out_pi
Out_pit =255 - Out_pit

PO = Out_pit

Loop

End
YT e _ade/TTTITTTTTTTTTTTTTTTT

Sub Int_adc:

Adcf= &B01100000

'Find I_error

'PI Controller

'OUTPUT to DAC
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Adcon = &H20
End Sub

T  get adeL,2,3///111111T11T71HT111T

Sub Get_adc4:

Adcon = Adcon And &HFS8 'clr ch
Adcon = Adcon Or 4 "selec ch j
Adcon = Adcon Or &H08 ' start convertion and 8bit mode
Do
J=Adcon
J=1J And &H10
Loop Until ] = &H10 ' wait adc convert complete

Adcon = Adcon And &HEF

Adc_resultm = Addh

End Sub

YT end T get_adc//1111T11101T1711

T T gex ade1,2,3/1/1111111T1111T111117

Sub Get_adc3:

Adcon = Adcon And &HF8 'clr ch
Adcon = Adcon Or 3 "selec chj
Adcon = Adcon Or &HO08 ' start convertion and 8bit mode
Do
J=Adcon
J=1J And &H10
Loop Until ] = &H10 " wait adc convert complete

Adcon = Adcon And &HEF

Adc_result = Addh
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End Sub

T end T get_adce//1T1THTTTTTTTTTTTTTTT

Y INTO SERVICE PROGRAMY//H T

'Int0_int: 'Begin Int0 Service

'Start:

" Out_pit=Out _pit+1
' PO =Out_pit

If Out_pit <255 Then

' Goto Start

'End If

Led status = Not Led_status
' Led port=Led status
' Wait 1

'Loop

'Return

Y111111017117] END INTO SERVICE PROGRAM////111111111111
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Ti/sunsuves MCS-51(AT89LP4052)NFAILANIZ UL



SPDR
TCONB
RLO

RL1

RHo

RH1
ACSR
WDTRST
WDTCON
SADDR
SPSR
IPH
SADEN
P1MoO
P1M1
P3Mo
P3M1
SPCR

I_OLD
I_NEW
P_NEW
COUNT

START

STOP_PO
CH_FF

MAIN:

EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU

EQU
EQU
EQU
EQU

BIT
BIT
BIT

86H
91H
92H
93H
94H
95H
97H
0A6H
0A7H
0A9H
0AAH
0B7H
0B9H
0C2H
0C3H
0CeH
0C7H
oDsH

30H
31H
32H

33H

30H

31H

20H

ORG

LJMP

MOV
MOV
MOV
MOV

; SPI Data Register

; Watch-Dog Control Register

; Timer0 Reload Low Byte

; Timer1 Reload Low Byte

; Timer0 Reload High Byte

; Timer1 Reload Low Byte

; Analog Comparator Control & Status Register

; Watch-Dog Reset Register

; Watch-Dog Control Register

; SPI Status Register

; Port-1 Mode:0 Register

; Port-1 Mode:1 Register

; Port-3 Mode:0 Register

; Port-3 Mode:1 Register

; SPI Control Register

1l oV

0000H

MAIN

P3MO0,#00000000B
P3M1,#00000000B
P1M0,#00000000B

P1M1,#00000000B

: P3 = Quasi-bidirectional

; P1 = Quasi-bidirectional

104



105

MOV  P1,#80H
MOV |_OLD,#00

MOV  TMOD,#00000001B

LOOP:
JB P3.2,$
JNB P3.2,$
MOV  TLO,#00
MOV  THo0,#00
MOV  RLO,#00
MOV  RHO0,#00
MOV  COUNT,#00
LCALL CH_PO
MOV  ATLO
MOV  PSW,#00
SUBB A#20
JC NOT_ADJ
; CH OVER
JB CH_FF,FOR
MOV  AP1
SUBB A#1
CINE A#0,GO_LOOP
MOV  A#1
AJMP  GO_LOOP
FOR: MOV A,P1
ADD A#1
CINE A#254,GO_LOOP
MOV  A#253
AJMP  GO_LOOP
GO_LOOP: MOV  P1,A
NOT_ADJ: LCALL WAIT1

AJMP LOOP

DOl: JB P3.4,$



:DDD:

DOV:

CH_PO:

LPP:

DO_SET:

DO_CLR:

WAIT1:
LL:

WAIT:

JNB P3.4,%
SETB TR0
;SETB  P1.0
INC  COUNT
JB P3.4,$
CLR TRo
;CLR  P1.0
RET

JB P3.5,%
JNB P3.5,%
SETB TR0
;SETB  P1.1
INC  COUNT
JB P3.5,%
CLR TR0
;CLR  P1.1
RET

JB P3.2,$
JB P3.3,%

JB P3.2,DO_SET
JB P3.3,DO_CLR

AJMP  LPP

clr CH_FF

ACALL DOl
RET

setb CH_FF
ACALL DOV
RET

MOV  R3,#255

LCALL WAIT
DINZ  R3,LL
RET

MOV  R2,#0FFH
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DINZ R2,$
RET
END
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Automatic Resonant Frequency Control using
Phase-Locked Loop for an Induction Furnace

P. Thongprasri, S. Kittiratsatcha
Department of Electrical Engineering. Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang
Chalongkrung Rd.. Ladkrabang. Bangkok THAILAND 10520

ABSTRACT

This paper proposes the computer simulation on
PSCAD program of a current-fed parallel resonant
inverter. The inverter is able operate at resonant
switching frequency through out the heating period even
the load condition is changed. This guarantees that the
maximum power is transferred to the heating element all
the time. The control principle uses Phase Frequency
Detector to detect the phase difference of the tank circuit.
The Phase Locked Loop is used to control the switching
trequency. The proposed control scheme is designed to
operate from 720 Hz to 870 Hz. Different Kinds of loads
are performed in the simulation.

Keywords: Parallel resonant. PLL. Induction heating.

1. INTRODUCTION

Both series resonant inverter and parailel resonant
inverter are widely used in the induction heating and
induction melting. In series resonant inverter system. the
induction coil is in series with the resonant capacitor.
While the parallel type the induction coil is connected in
parallel with the resonant capacitor. In this paper. we
choose the parallel resonant inverter because it is popular
induction heating and melting applications in the medium
frequency range (1-10kHz.) and medium power (10-
10.000 W) [1]. This configuration can operate during the
unloaded condition. It causes no damage when the load is
short circuit as well as it does not require high voltage
rating  resonant  capacitor  [2].  The  induction
heating/melting is widely use in surface hardening.
welding, heating, cutting applications. It has higher
cfficiency compared to the conventional power supply
because it generates heat in short duration and also
controls heat in the specific area. There are no pollutions
such as smoke or acoustic noise. Generally the parallel
resonant inverter has poor power factor (PF < 0.3 lagging)
[3]1[5]. If the power factor is controlled to unity. the
maximum power will transfer to load and there is no loss
during switching. At this condition we call “resonant
condition’. When the metal load heats up, the electric and
magnetic properties of the material are changed (e.g
conductivity or permeability). Consequently the resonant

frequency of the tank circuit changes [4]. Thus if we can
control the inverter to operate in resonant mode even the
load has changed. the maximum power will also transfer
to the load all the time.

2. PARALLEL RESONANT INVERTER

A parallel resonant inverter is shown in Fig. 1. It is
consist of a three-phase controlled rectifier with an

§
,,,Ld_d.' o,
Smootin i
2L 2L ronclo'g ‘C 4
+
QT @31 a5 7 ! k
—y
s Vg Vo= Yo =C
T R
QZT 041[(05 Ts T
Rectifier Inverter Load

Fig.1: A Current-fed Parallel Resonant Inverter.

inductor, L,. There is a close loop controller to control
the de link current with low ripple level by adjusting the
firing angle of the SCRs. The RC snubber is added to
reduce dv/dt across SCRs. When the coil is unloaded.
the resonant frequency is at the natural resonant
frequency. If the metal load is inserted in the coil. the
inductance of the coil may be increasing or decreasing
which depends on the material property. This brings the
resonant frequency alters from the natural resonant
frequency.

Moreover the resonant frequency has changed when
the objects in the coil is heated up. This paper proposed a
means how to control a current-fed inverter to operate at
the resonant frequency for melting application. This
method uses a phase-locked loop to keep tracking the
resonant frequency. A Phase Frequency Detector (PFD)
detects the frequency and phase differences of current
and voltage across the load. The ability of PFD to detect

this  Phase Frror, €. . is in the range of

-27 < H < 27 [6]. Also PFD can detect the phase

shifting whether it is lead or lag. In general. the structure
of PFD is a D flip-flop. But in this paper. we use RS flip-
flop to eliminate reset delay problem. The simulation is



performed using PSCAD program. The results show the
validity of the proposed controller.

3. PHASE FREQUENCY DETECTOR

This section describes the operation of a PLL-based
controller to keep tracking the resonant frequency. A PFD
is used to detect the phase shift of current and voltage of
the tank circuit. It operates in three modes which are when
U, and U, are in phase, €, will be zero as shown in
Fig. 2(a). @, is greater than zero if U leadsU , as shown
in Fig. 2(b). Similarly, &, is less than zero if U,
lags U: as shown in Fig. 2(c¢).

=0

.

Fio.2: ldeal Waveforms of PFD when U, and U, are in
5 g 4 ! 2
Phase (a), U, leads U (b) and U, lags U, (c).

Fig. 3 depicts the typical form of PFD which uses D-
type flipflops. The output of PFI) using D-type flipflop
also has modes by determining the state of "UP" and
"DOWN" as follows:

UP = 1. DOWN = | :D-type flipflop is reset by AND gate
UpP=0.DOWN=0: OUT is zero

UP=1.DOWN =0
UpP =0, DOWN = |

OUT is positive
OUT is negative
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There is a problem in the state UP = | and DOWN = 1.
There will be delay in the RESET state. To eliminate this
problem, the RS-type flipflop is implemented to correct
this problem as shown in Fig. 4.

< |
L g

0
L o2 | DO
ul: o v

~

Fig.3: A Ttypical PFD using D-tvpe Flipflop
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Fig.4: A Proposed RS-type Flipflop PFD

4. PLL BASED CONTROLLER

@
Current "‘— ' J

Source 1

D

Phase Frequency

Detector

P1 Controfler !

Fig.5: A Block Diagram of a PLL-Based Automatic
Resonant Frequency Control System.

Fig. 5 is a block diagram of PLL-based controller
integrated with the current-fed inverter. The current and
voltage across tank circuit is detected by zero-crossing
detector (ZCD). The output from ZCD then fed to the
PFD. At this stage we know the phase error between
current and voltage. The average of the phase error is
taken by using a low pass filter. This crror is then fed to a



PI controller. The command signal is the input of a
voltage-controlled oscillator (VCO). The output is the
sinusoidal waveform and the frequency is adjustable
depend on the phase error whether it is lead or lag. The
outputs of VCO are switching signals of the inverter.
Consequently, the tank circuit is in the resonant condition
all the times. This statement is verified by the simulation
results. PSCAD program is used for the computer
simulation. From the simulation, we study the operation
at unload. The resonant frequency is at natural resonant
frequency. If the inductance of the coil increases. the
resonant frequency is decrcasing. If the coil inductance
deercases. the resonant frequency will shift to higher
frequency. The simulations confirm that the proposed
controller can track the resonant frequency even though
the load conditions of induction furnaces have changed.

5.SIMULATION RESULTS

Appendix A depicts the schematic diagram of the current-
fed inverter and the proposed controller in the PSCAD
program. The quality factor @ in the simulation is
approximated 15 (In general. O must be greater than 5
{1]). The simulations are separated in two conditions
which are with and without automatic controller. Each
condition has three types of loads which are No-load.
High inductance load and low inductance load. At no-
load condition, the parameters of the tank circuits are L =
4.45mH, R = 1.45 ohm and C = 9 uF. The resonant
frequency is at 793.278 Hz. The second condition is High
inductance value, the tank circuit parameters are 1, = 5.42
mH. R = 1.61 ohm and C = 9uF. For this type ot load, the
resonant frequency is shifted from 795.278 Hz at no-load
condition to 720.278 Hz. If the load (heating object)
makes the inductance decreasing, the resonant frequency
is higher compared to the no-load condition. In this case,
the tank circuits parameters are L = 3.72 mH, R = 1.33
ohm and C = 9uF. The resonant frequency is at 870.278
Hz. Fig. 6 — 8 depict the simulation results at different
load condition and with or without automatic control.

Vi

P

cidls SRS |
0022 0.023 0024

oz

Fig.6(a): The Simulation Results of [, and V., at No-
load Condition without Automatic Control
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Fig.6(b): The Simulation Results of [, and V,, at No-
load Condition with Auwtomatic Control.
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Fig.7(a): The Simulation Results of [ and V, at High

Inductance Load Condition without Automatic Control
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Fig.7(b): The Simulation Results of 1 and V, at High

Inductance Load Condition with Automatic Control.
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Fig. 8(a): The Simulation Results of I, and V,, at Low

‘

Inductance [Loud Condition without Automatic Control
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