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ABSTRACT

This thesis proposes the phase-shifting control scheme between output voltage and output current
of parallel resonant inverter by using PLL (Phase-locked loop). This is implemented in computer
simulation on PSCAD program of a current-fed parallel inverter with the automatic frequency
control. The control principle uses a Phase Frequency Detector (PFD) to detect switching
frequency and phase of current and voltage in the tank circuit associated with the Phase-locked
Loop to control output voltage and current at the constant A@ , such as 0°, £10° and +20 °This

proposed method can be adapted to other power control schemes.
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$regfile = "89C51AC2.DAT"
Sramstart = 0

$ramsize = 256

$crystal = 24000000

Ckcon = &B00000000

Vi

Declare Sub Get_adc3

Declare Sub Get_adc4

Dim Adc_result As Byte , Adc_resultm As Byte
Dim I As Byte , J 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

Vi

'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
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Do

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
VI s s

Sub Int_ade:

Adcf= &B01100000

'Find I_error

'PI Controller

'OUTPUT to DAC
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Adcon = &H20
End Sub

NI iget ade L 2,3/
Sub Get_adc4:

Adcon = Adcon And &HF8 "clrch
Adcon = Adcon Or 4 "selec ch j
Adcon = Adcon Or &HO08 "start convertion and 8bit mode
Do
J=Adcon
J=1J And &H10
Loop Until J = &H10 ' wait adc convert complete

Adcon = Adcon And &HEF
Adc_resultm = Addh

End Sub

TN Tend/H get_adce//TTTTHITITT

TN  get ade L2301 THIHTTHINTTTT
Sub Get_adc3:

Adcon = Adcon And &HF8 'clrch
Adcon = Adcon Or 3 ‘selec ch j
Adcon = Adcon Or &H08 " start convertion and 8bit mode
Do
J= Adcon
J=1J And &H10
Loop Until J = &H10 ' wait adc convert complete

Adcon = Adcon And &HEF
Adc_result = Addh
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End Sub

VG s e
NN INTO SERVICE PROGRAMY/ITTITITTIIII

'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 |

'Loop

'Return

I END INTO SERVICE PROGRAMY//IHTTTHTTITIT
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SPDR
TCONB
RLO

RL1

RHO

RH1
ACSR
WDTRST
WDTCON
SADDR
SPSR
IPH
SADEN
P1MO
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
96H
97H
0AGH
0A7H
0A9H
0AAH
0B7H
0B9H
0C2H
0C3H
0C6H
0C7H
0D5H

30H
31H
32H
33H

30H
31H
20H

ORG
LIMP

MOV
MOV
MOV
MOV

91

; SPI Data Register
; Watch-Dog Control Register
; Timer0 Reload Low Byte
; Timer1 Reload Low Byte
; Timer0O 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

110V
0000H
MAIN
P3M0,#00000000B : P3 = Quasi-bidirectional

P3M1,#00000000B
P1M0,#000000008B : P1 = Quasi-bidirectional
P1M1,#00000000B



LOOP:

; CH OVER

FOR:

GO_LOOP:
NOT_ADJ:

DOI:

MOV
MOV
MOV

JB
JNB
MOV
MOV
MOV
MOV
MOV
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P1,#80H
|_OLD,#00
TMOD,#00000001B

P3.2,%

P3.2,$
TLO,#00
THO,#00
RLO,#00
RHO,#00
COUNT #00

LCALL CH_PO

MOV

MOV
SUBB
JC

JB
MOV
SUBB
CJINE
MOV
AIJMP

MOV
ADD
CJINE
MOV
AJMP

MOV

LCALL

AJMP

JB

ATLO

PSW,#00
A #20
NOT_ADJ

CH_FF,FOR
AP1

A#1
A#0,GO_LOOP

A#1

GO_LOOP

AP1

A#1

A #254,GO_LOOP
A#253
GO_LOOP

P1,A

WAIT1

LOOP

P3.4,$



;DDD:

DOV:

RIIR

CH_PO:

LPP:

DO_SET:

DO_CLR:

WAIT1:
LL:

WAIT:

JNB P3.4,$
SETB TRO
;SETB P1.0
INC COUNT
JB P3.4,$
CLR  TRO
,CLR P10
RET

JB P3.5,%
JNB P3.5,$
SETB TRO
;SETB  P1.1
INC COUNT
JB P3.5,$
CLR  TRO
;CLR ~ P1.1
RET

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

JB P3.2,DO_SET

JB P3.3,D0_CLR

AJMP  LPP
clr  CH_FF
ACALL DOI
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$

END
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NAAATUT  Digital Oscilloscobe (YOKOGAWA)
U DL1540 /DL (4 Channel)
spavidem 150 MHz Analog Bandwidth
120 MS/s on two channel
8 bit veetical resolution
DC to 30 MHz, 850V(DC+AC peak)
2% DC accuracy
Internal low pass filter
NARATUR Band Differential Probe
U 700924
$Eaziean - 100 MHz
A probe lets you make wide-band
Differential input measurements
NARAQUM  Current Probe(FLUKE)
U 80i-110s
sM8azIBA  Current ranges:

0 to 10 A dc or ac peak

0 to 100 A dc or ac peak
Frequency: DC to 100kHz .(@3 db)
Output signals:

10 A range: 100 mV/A

100 A range: 10 mV/A
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NARADWH  Multi Meter(FLUKE)

U 179

$EAYIEEA  True RMS 1kHz

Accuracy = 0.09%

Vac or Vdc : 0.1mV to 1000V

Iac to Idc : 0 to 10A

(-3 @ @

NARAAUN  drIngmugil
(Temperature range -30 to 900 °C')
TU 179
AR True RMS 1kHz
Accuracy = 0.09%
Vac or Vdc : 0.1mV to 1000V

Iac to Idc : 0 to 10A
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Switching Frequency Control based on
Phase-locked Loop for a Current-fed Parallel
Resonant Inverter

N. Ponwiangkum , S. Kittiratsatcha
Department of Electrical Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang (KMITL)
Chalongkrung Rd., Ladkrabang, Bangkok THAILAND 10520

Abstract: This paper prop a comp imulation in
PSCAD program of a current-fed parallel resonant inverter.
Fven though the circuit parameters such as permeability
and conductivity have changed regarding to the changing
temperature during the heating period. The proposed idea is
able to control the phase difference A@ between the output
voltage and output current to be constant at desired value.
The principle of the proposed controller utilizes the phase-
locked loop with a phase frequency detector. If the A€ is
constant without any effect from the temperature change,
then the output power will be controlled precisely by
adjusting only the dc-link current. The proposed idea is
verified by the experimental results.

Keywords: frequency control, phase-locked loop, current-
fed parallel resonant inverter.

1. INTRODUCTION

Both series resonant inverter and parallel resonant
inverter are widely nsed in the induction heating and
induction melting. 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 usc
in  surface hardening, welding, heating, cutting
applications. It has higher efficiency 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.
When the metal load heats up, the electric and magnetic
properties of the material are changed (c.g. conductivity
or permeability). Consequently the resonant frequency of
the tank circuit changes [3]. Equation (1) and (2)
represent the output voltage and output current
respectively. Then the output power the circuit is given in

3 4]

v, = i\’c sin(nax + ) (O
n=1
i = iio sin(nax) )

n=1

1-4244-0844-X/07/$20.00 ©2007 IEEE.

Institute of L D

P = [ i[iv sinrar +6) | Ti, sin(nal)].cosa:l 3
n=|

ne=l_n=1

From (3), the output power is a function of voltage,
current and the phase differences (A8). If the load
parameters are changed due to the rising temperature this
could cause the deviation of the A@. So this paper
proposes a method of how to control the phase difference
without influence from the temperature variation.

— .

L4
’u{ Sl
] of * 7 L

ey

== C

<02
&
S
L}
S

Inverter Load

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

11. PARALEL RESONANT INVERTER
A parallel resonant inverter is shown in Fig. 1. It is
consist of a three-phase controlled rectifier with an
inductor, L, . There is a close Joop controller to control

the dc link current with low ripple level by adjusting the
firing angle of the SCRs. The RC snubber is added to
reduce d\"/dt‘ across SCRs. When the coil is unloaded,
the resonant frequency is at the natural resonant
frequency. If the metal load is inserted i the coil, the
inductance of the coil may be increasing or decreasing
which depends on the material property.

i

L ENENSR NS
1

L
.

BEmREANEN

“rrsnsnnvanunnnnnn

Fig.2. Inverter is operating in mode I

on January 23, 2010 at 03:06 from IEEE Xplore. Restrictions apply.



There are three operation modes for a parallel resonant
inverter. For mode I, switch T1 and T2 conduct current.
Output voltage is positive sinusoidal waveform as shown

in Fig. 2. Equation (4) — (6) are used to solve fori,, I,
and V_ respectively.

dig vy V.

=d e 4

‘;11 L, L @
iL riL V.

i AP 5

g: 1L (5
e _ M i

— I —— — 6
a C C ©

Fig.3. Inverter is operating in mode IT.

For mode 11, T3 and T4 are on. The output voltage is
negative as shown in Fig. 3. Quantities of the circuit are
shown in (7) = (9).

di, e o

a1, T, ¥

iy 7h"™Y,

i | 4hve, 8

j‘f 7777 &)
c id iL

S8 Bd JE 9

a | \c oc d

6’------ sssmEmusEEy

Fig.4. Inverler is operating in MODE III.

For mode 1II, T1, T2, T3 and T4 are turned on as
shown in Fig.4 and described by (10)and (11).

158

i’:. = Yo __i_l.. (10)
d L L
&
e an
dt ¢
Authorized licensed use limited to: King Institute of Lac D«
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where i, is de-link current, i, is the output current, v, is
the input voltage, v is the output voltage, L, is
smoothing reactor, L is the Inductance, r is the resistance
and C is the capacitance.
111. PROPOSED CONTROLLER
6s)

Controller veo PFD LPF

Af, (s Ads)

8

Fig.5. Block diagram of the proposed controller.

As shown in Fig. 5, PLL is used to generate the output
signal to be locked with the reference signal. In this
paper, we want to control the phase shift between the tank

voltage v, and currenti, . Then &, and €, are the phase
of v,andi,, respectively. PFD detects the phasc

differences between both v, and i, . The output from the

PFD is in the square waveform which the duty cycle
depends on the phase differences. A low pass filter (LPF)
eliminates the high frequency components and the output
is the average value of the phase differences. The output
from the low pass filter is then compared to the
referenced phase difference (Ad,,). A Pl controller is

added to control the characteristic of the system response.
A voltage-controlled oscillator creates the sinusoidal
waveform whose output frequency is proportional to the

mput signal.

Current

Semiroe

Fig.6. Simplified schematic of the simulation

Fig. 6 is a block diagram of PLL-bascd 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 error is used to find

on January 23, 2010 at 03:06 trom IEEE Xplore. Restrictions apply.



the difference with the referenced phase differences. The
error 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 operating with
a controllable phase shifting. If A6, is set at zero then
the resonant inverter will operate in resonant all the time
even the tank circuit’s parameters have changed.
Moreover if A6, is set to lead or lag, the proposed
controller is still able to keep automatically tracking the
desired phase shift between the v, andi, . This statement

is verified by the simulation results. PSCAD program is
used for the computer simulation. From the simulation,
the vales of A6, are set at different values and the coil

inductance is varying to simulate the effect from the
temperature.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The comparison between the simulation results and
Experimental result show the v, and 7, with different
phase shift at 0°, +10° and +20 ° with two load conditions
to simulate the effect from temperature change. The first
one is L=6.8 4 H, C=18 £, R=0.05£2, and the second
condition is 7=7.8 /1 H, C=18 4 F, R=0.05L). (+ sign
means V, leads 7, and — sign means v, lags i,.) Fig.7 -
16 show the simulation results and the experimental
results for the v, and i, with differential phase shift at

different phase-shifting angles. The experimental results
are consistent with the simulation.

LAAL
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B8 1 15 1 5 3 35 4 s
ot

s § & 3

¥ &85 8

(a) Simulation result (b) Experimental result
Fig.7. 0° phase shift, L=6.8 4 H,C= 18 # F, R=0.05Q
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(b) Experimental result
H,C=18uF,R=0050Q

(a) Simulation result
Fig.8. 0° phase shift, L=7.8 u
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(a) Simulation resuit (b) Experimental result
Fig 9. +10° phase shift, L<6.8 4 H,C= 18 # F.R=0.05Q
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V.CONCLUSION

By implementing the automatic switching frequency
controller, the current-fed resonant inverter is able to
operate with desired phase shifting between output
current and output voltage. In which, the experimental
results are according to the simulation results. This
control technique can be implemented with the power
control. If the A@ is constant without any effect from
the temperature change, then the output power is
controlled precisely by adjusting only the de-link current.
Moreover if the phase shifting is controlled at zero
degree, this means that the maximum power is transferred
to the load through out the heating period. The output
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power control scheme will be investigated in the near
future.
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APPENDIX

Appendix shows the PSCAD diagram of a parallel current-fed inverter and the proposed control scheme.
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