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O czym bede opowiadat:

COX®NDOHWDN=

Ten slajd ma najwiecej tekstu sposrod wszystkich slajdow;

Co to znaczy, ze indukcyjny?

Obrazy wybrane - cechy technologii, zastosowania;

Pierwszy kontakt z internetem, czyli zaufaj mi, znam sig;

A co jesli wcale nie? Historia porazek;

Dygresja RTFM czyli czytaj uwaznie noty katalogowe/manuale;
Drugi kontakt z internetem - nie ufaj nikomu, wszystko sprawdzaj;
Historia zwienczona sukcesem,;

Czyli kilka miesiecy pracy i jeszcze wiecej czytania;

Prezentacja aktualnego stanu mojego projektu;
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Skin effect: Current penetration depth 6 = ’ :
nfuo
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Po co pytac, trzeba robic

Przygoda numer 1.
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Moze jednak zapytam

Przygoda numer 2.
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Trzeba poczytac troche wiecej

Przygoda numer 3.
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Indukcja elektromagnetyczna — zjawisko powstawania sity elektromotorycznej w przewodniku na skutek zmian strumienia pola
magnetycznego. Zmiana ta moze by¢ spowodowana zmianami pola magnetycznego lub wzglednym ruchem przewodnika i Zrodta
pola magnetycznego. Zjawisko to zostato odkryte w 1831 roku przez angielskiego fizyka Michaela Faradayal™l.

Zjawisko indukcji opisuje prawo indukcji elektromagnetycznej Faradayal2l1l:

d®p
£=—-—2,

dt
gdzie:

£ — indukowana sita elektromotoryczna (SEM) w woltach,

® g — strumien indukcji magnetycznej przeptywajacy przez [l r4s Nl R Ol R QrA=ie e It -

71.2 Bp2d2 f2

P = ,
/- N INNNNNIN 6ka
5:
B Iz v AY AlY AlY A 271'f )
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& ) U =—1 ~ 503, [ ~ 503 ——,
VUL \J \/W pr f \//Tf(f



Equation for Calculating AC (sinewave) Flux Density:

Vrms = 108

Bmax = auss
244 NA, 7

Where:

N = Number of Turns
f = Frequency (Hz)

And from the Manufacturer s Datasheet or Website:

A, = Effective Cross Sectional Area (cm?)
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: The impedance reaches
: the local maximum at the :
: resonance frequency

Where C=10pF and L=1uH

100000

impedance mag.(ohm)
3

l?esonance frequency f;

L Lo . e L 1 10 100 1000

frequency (MHz) gThe impedance reaches frequency (MH2)
:the local minimum at the :

‘resonance frequency

-------------------------------------------------

(a) Series resonant circuit (b) Parallel resonant circuit
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Symulacje PS-SRI

Przygoda numer 4.
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Symulacje PWM-SRI

Przygoda numer -1.
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Synchronizacja PS-SRI
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Clock 1

48 MHz

CompA

Comp EdgeDetectJ
P104d d det
P11 [m}—
: : D clock
__PWM_1 _
PWM 'l DO
reload oV
un =
ccle
PWM 3 line ~%] P34
PWM line_n ) P35
. —clock
ov |+ : s
unlo - interrupt |-
CCH-)
. __PWM_2
line —T PWM
line_n €] reload oV
> clock : o
interrupt |+ -
line |——e——»| P36 -
line_n |——m| P37
+—clock
interrupt =

e
fidll

P21

ADC SAR Seq 1

ADC SAR Seq

sdone
eoc

P23 [}

CURPWR [+

POT_PS_25 [

[P
0
1
-bit
3
P

]




CD4148WTP

D7 l'>||0603 R74 47kQ |
R0805
CD4148WTP
D6 0603 R75 15kQ
e K1 C +—9 U4
N
R0805 GND [ > ; Uss
5 P2[0]
ADCPWR \< >%‘ gg%
35 PWR_CS > P2[4]
——100nF ON_OFF =S 5| P2[5]
R0805 PLLV = P2[6]
POT PS [ S X pol7
e —<< 10| P2L7]
GND > ;1 VSS
= 45| P3(C]

SWDIO 2

1 D291




R75 15kQ

U4

Rt GND [ > 1¥ss

~5 P2[0]

® =1 P2[1]

ADCPWR > 55| e

P2[3]

| PWR CS S 8 Pol4]
——100nF . 7

R0805 ONOFRL o 5 P25]

PLLV [ > S P2e]

POT PS > 10{ P2[7]

Hh = GND [ S 3 VsS

= | >4 P3[0]

GND HBONOFF 4 P3[1]

SWDIO 32 P3[2]

SWCLK 33 [ S 14 p3y3]




102: // only if plla = 800 MHz
1035 void cale_new_msthl(msthl* m, uint32_t freq){
104
105 uint64 t ul = (uint64 t)(1048575)*(uint64 t)(800000000) / (uint6d t)freq;
106 uint64_t ua = (ui _t)(ul / 1048575);
3V3 107 uint64_t u2 = ua * 1048575;
il il 108 uint64 t u3 = ul - u2;
109 uint64d_t ud4 = u3 * 524288;
110 uint64_t u§ = (uint64_t)(ud) / (uint6d_t)(1048575);
111
112 m->a = uaj;
113 m->c = 524288;
C25 10uF v I
I I 116 if(m->c == 0){
L d 1 CI GND 117 m->b = @x80000;
118 m->c = 0x80000;
R0805 119 ¥
120
121 // opt recalculate uart clock divider
122 uint32_t uart_clk = 153600; // Hz
SI5351A—B-GT 123 uclk_div = (uintl6_t)(freq / uart_clk);
2 s B s
U24 MSOP_1 0 12;1 - UCLK_SetDivider(uclk_div);
1|0 10 126
> VDD CLKO o LEDCLK
XA 3] XA CLK1 3 CYCLK
XB 2 XB GND 7 GND if(adev < 100){
SCL 5 SCL VDDO 6 desif += 500000;
| phase_pid.wynik = 0;
SDA SDA CLK2 =X Yelse{

phase_pid.pomiar = adcv;
pid_compute(&phase_pid);
3V3 int32 t pidr = phase_pid.wynik;
desif += pidr;
|8

if(desif > 48000000){

U26
s % XA desif - 43000000;
|_|— |5
—r”] —<4 | GND if(desif < 32000000){

desif = 32000000;
CX3225SA25000HO0GSSCA1 b
3225

calc_new_msthl(&plldv, desif);
si53_setupMultisynth(1l, SI5351_PLL_A, plldv.a, plldv.b, plldv.c);
CyDelay(7);
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-V(N002)*I(R2)

&Y Waveform: -V(N002)*I(R2)

Interval Start 0s

Interval End: 10us

Average 2.0842KW
¢ Integral 20.842mJ
iy T _c‘sMomonoo V6 Q g ve
KLil21 Rser=10 Rser=10
b Ut usee [ = ¢
¥ ¥ ) K213 14 0.8 .param freq=190k
C3M0160120D 256u 650n .param tper=1/freq
L2 L3 = R2 .param ton=tper*0.48
Rser=0.001 -
Vi > 1.0u 3.0 .param tper05=tper/2
oy iu R1 .param phase_shift=0.95 od0Odo1
- I\/\ v .param t3delay=(tper05*phase_shift)
400 j j = oE 2
— U L+ Y 10m. .param tddelay=(tper05+(tper05*phase_shift))
b= 2 Udre = 633.25n->200.001kHz vz C vo
L | <4l 650n->197kHz Rser=10 Rser=10
C3M0160120D €3M0160120D 614n->203kHz .tran 0 1m 0.990m 1u startup V
Finv->200kHz
v v



-V(N002)*I(R2)

[ Waveform: -V(N002)*I(R2)

Interval Start: 0Os

Interval End 10us

Average 1.1795KW
J( Integral 11.795mJ F
v : U _(53M01601ZOD - \llg e g V8
ser= Rser=10
o 11 Ushl KL1L21 c1 ? r
— ¥ L Cr 1
C3M0160120D | 256 50 RS s0s .param freq=200k
u 650n .param tper=1/freq
L2 L3 = R2 .param ton=tper*0.48
l‘?iier—o.(ml s 1.0u - 3.0 .param tperO5=tper/2
+ lu R1 .param phase_shift=0,95 ©d0do1l
- . . V g .param t3delay=(tper05*phase_shift)
400 — U v 10m .param tddelay=(tper05-+(tper05*phase_shift))
Il-* TFM u4T'F e 633.25n->200.001kHz v7 O Q Vo
— = 650n->197kHz Rser=10 Rser=10
C3M0160120D C3M0160120D 614n->203kHz .tran 0 1m 0.990m 1u startup V V
Finv->200kHz
v v

v



-V(N002)*I(R2)

[&F Waveform: -V(N002)*I(R2)

Interval Start:

Interval End

Rser=0.001

@)

400

Average: p1211wW 1
Integral 6.1211mJ
. ;| camo160120D
— v vy
. 1_:"1 U5T_c - KL1L2 1cr c ?
— H
C3M0160120D 256u 650n
alll @ll2
(SWNDB] D Yy,
33u L
a < \ 4
— U L 10m
: II- T.cuz u4.|..c °'l| 633.25n->200.001kHz
— | 650n->197kHz
C3M0160120D €3M0160120D 614n->203kHz
. Finv->200kHz
v

v

V6
Rser=10

K213 L4 0.8

L3 - R2

1.0u ° 3.0

Rser=10
.tran 0 1m 0.990m 1u startup

.param freq=210k
.param tper=1/freq
.param ton=tper*0.48
.param tper05=tper/2
.param phase_shift=0.95
.param t3delay=(tper05*phase_shift)

.param t4delay=(tper05+(tper05*phase_shift))

odOdo1l



Kondensatory

Przygoda numer 7.






10!

200 kHz

Hz

100 pF/15 \
0.))¢ 25 300V
1¥%2, | oS
0 %
"% ,(/p/x?) 29.5
(% N %0
; i
<> 5
—1600VDC \
103 2 5 2 5 10° 2 5 f10°



102
lrms
A
10 0.33
Sl LG 047 1F/37 5
0.022 uF/27.5
1
107!
JbOOVDC
¢\o—
A Q0P
10-2 /1 I I
103 104 5 100 2 5 410°

200 kHz Mz

2 A



&:CELEM

ower Capacitors
Capacitance (+10%) MF 1.4 3 4 6.3 8.5 10 21 27 37
Sinusoidal Voltage Vrms 1100 750 900 700 500 550 500
Peak Voltage Vpeak 1560 1060 1270 990 710 780 710
Max. Current Arms 600 800 700 1000
a Max. Power kVAr 500
Freq Range @ Full Power kHz 47-82 47-68 25-39 26-51 19-37 16-32 15-15 10-12 9-9



- Mounting Typical ESR at Typical ESL : :
Number of Chips s . . Typical Ripple Current
P Configuration 25°C, 100 kHz at 25°C ypicalKipp
2 Standard <2.5mQ <1.5nH
3 Standard <2.5mQ <2.2nH
See Typical Performance
3 Low Loss < 1.6 mQ <0.75nH Ciirves Baloi
4 Standard <2.5mQ <2.7nH
4 Low Loss <1.1mQ <0.45nH
Capacitance Change vs Temperature Capacitance Change vs DC Voltage
10.00 10.00
€ 500 € 5.00
S &
3 0.0 SHNSH FRERS S B R T e e
8 500 & -5.00
-10.00 -10.00
55 35 15 5 25 45 65 85 105 125 145 0 100 200 300 400 500

Temperature (°C) DC Voltage (V)
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AC Current (Arms)
> o
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o

Typical AC Current Performance
1000V Low Loss Orientation

- |
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100
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400
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Frequency (kHz)

1000

—— 170nF 3-Chip Low Loss
220nF 4-Chip Low Loss
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Electrical resistivity, pQ*m
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Molar heat capacity of Fe [J/mol -K]

Electrical Resistivity (mW-cm/K)
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Figure 11 - Graphical behavior of resistance according the

Benoit’s results. Credit: Ref. [35].

1.4 T T T T T
® Fe a &4 lattices
® Fe v lattice
121 Phonon « & ¢
Phonon v
n — — Electrona
— — Electrony
—-—-s-dbce P s
it e
08k s-d fec = / |
P /
% /
7/ 7
0.6 - 7 ¥ i
L/ /
7 a
/ 7
0.4 4 % f
4 /'/
,/ ,/)
0.2 4 e -
‘A 4
i iy B A
0 e S R T T e ——
0 200 400 600 800 1000 1200 1400 1600 1800
Temperature [K]
e Yo e
o0 ] i
Lestmic RirCsre louid ()
¥ + d-ferrite [/
1400 Fsc
100 austenite () hqu:dv ('I‘_) + austenite(y) 3 Tiquid + Fe,C, ]
1000 - austenite () ledeburite I
4 + ledeburite [ +FeC,
E Y, ) +Fe,C,
‘austenite (y)
+Fe,C, R
&0 ferrite
+ pearlite pearlite pearlite ledeburite II
5+ Fe,C +FeC, + ledeburite IT +FeC,
PO o . +FeC,
2 . 8
: i i i
200 -
20 T T T
Steel 2 4 Cast iron 6 w1 %C




MOoj piec

Przygoda numer 7.



File Edit View Project Build Debug Tools Window Help

118% "R BNSF AP S b aB X9 8 i Debug n g ilio e 2 9%,
Workspace Explorer (1 project) v ® X main.c) psfb_2.cydwr | TopDesign.cysch | SI535L.c | SIS35Lh | StartPage | sis35ia.c |
B o N
B Workspace 'psfb_2' (1 Projects) -
= P3] Project 'psfb_2' [CYBC4245AXI-483] { .“2I
2 TopDesignach £ sz £g 33
14 Design Wide Resources (psfb_2.cyd 8 | g & a a PR S
+-<f# Pins Q‘ = = o o
A\ Analog H - T I o :
+ @ Clocks S ° L B 88 <auto-assign during build>
- #% Interrupts E’ g a &8 & aada
189 System S I[T] Po[1] LPCOMP([0].vminus, SCB[0].spi_ssel([2]
- Directives g =
‘@) Flash Security g B 2] Po[3] LecOMP[1].vminus
=MD Header Files E
E@§3_551;1 . £ P20 PO[7] SRSS[0].wakeup, SCB[1].spi_ssel[0]
“h] si a.l
=& siLib z P21
I-[n) si53_assertsh 5 ExtClk P1[2] OA[0].vout10, TCPWM([3].line
- n] si53_errors.h | P1[3] OA[1].voutl0, TCPWM[3].line_compl
‘-[n]) SI5351.h P23 \I2C:sda\ P1[4] OA[1].vminus
co S CY8C4245AXI-483 e
3 P1[7] OA[1].vplus, SARADC([O]. £
Eef" ON_OFF_25 P2[5] POR3) [7] [1].vplus [0] .ext_vre:
e CTRL_26 P2 44-TQFP PO[2 CUR_SNS,
EHO Si53_lib —* (6] 02) NS p2[2] SARMUX[0] .in[2]
L.[q) sI5351.c
EHED SiS351A BOLRS 27
i-[g] sis351ac LED_00
L8] main.c
0 Generated Source TCPWM[0].1line, SCB[1].uart_rx, SCB[1].i2c_scl, SCB[1].spi_mosi
SRSS[0] .ext_clk, SCB[1].spi_clk
T e it s P TCPWM[1].line, CPUSS[0].swd_data, SCB[1].spi_clk
QIR 2 S o e P3([3] TCPWM([1].line compl, CPUSS[0].swd _clk, SCB[1].spi_ssel[0]
L. = E
@ w w
T
a — - —
< ||\ Pins | W\ Analog | © Clocks | #¥ Interrupts | 9 System | | Drrectives | ] Flash Security | ab

Notice List || Output |



CompA

‘L_E_D;.Qg. Comp EdgeDetect_1
Pins _ . . . Ed'gse Detector

Clock_4 [} ——Jout_clk P10 [w——8mx080
. 6 Hz. i —

| D clock D__ i P20
__PWM 1 : : . . F
PWM ! I>C
reload ovi-)
unfs . . .
cCl-)
__PWM_3 - line —xa| P34 - - - - - ADC_SAR Seq 1 -
PWM s line_n ] P35 ADC SAR Seq
—clock
3: E - interrupt}-) - » ~ . . . - Sdzgzg
cc o)
: __PWM_ 2 : . . : P21 i [
line _T PWM P2l e o
>clock line_n =1 reload oV -] P23 1
— ~ unfs) < ~ : - CURPWR =4} 1,
e POT PS 27 Ha -bit
line |—e&———% P36 - ¥
line_n | P37 o
Clock_1 e clock Vss
48 MHz : . : : inten'upt lE]- - : . 2 X : . ;




| Configure 'PWM_3'

Configure 'PWM_1" % Configure 'PWM_2" % X
Name: PWM_3 Name: PWM_1 Name: PWM_2
Configuration /" PWM | Builtin | 4 b C " PWM | Buitin | q4b Confi /" PWM | Built-n 4b
Prescaler: 1x v Input Present Mode Prescaler: 1x Input  Present Mode Prescaler: x Input  Present Mode
PWM align: Lk algn o reload | () |Rising edge v PWM align: Lak akn o reload | @ |Rising edge v PWM aign: Leht aign o reload | @ | Faling edge v
start Rising ed: v start Rising ed; v start Ri eds v
PWM mode: PWM V] [z O [Rengedse PWM mode: PWM with dead time insettion O |Riing edge PWM mode: PWM with dead time insetton O _[Rungedge
stop (0 |Rising edge v kill (0 |Rising edge ad kill (J |Rising edge X
Dead time cycle: 3 H swich| () |Rising edge ” Dead time cycle: 3 5 S| O [Rengedee ™ Dead time cycle: 3 s swich| () |Rising edge v
Stop signal event: Dont stop on kill - count | (J |Level v Stop signal event: Dontstop onkil count | ([ |Level v Stop signal event: Dontstop onkil count | () |Level v
it fomchvonos i Regster  Swap _RegisterBi| s fsmcteonoin Bk Regster  Swap  RegisterBuf ks Aochomos Regster  Swap RegisterBuf
Output line signal: Direct output v Period | 200 | O 65535 Output line signal: Direct output ~ Period O |e5535 Output line signal: Direct output ~ Period | 200 ‘ O |e5535
Ouputline_nsignal:  Directoutput v Compare | 10 | O |65535 Ouputline_nsignal:  Diectoutput ~ ~ Compare | 100 O |6s5535 Outputline_nsignal:  Directoutput Compare | 100 [ O |65535
Intemupt Intemupt Intemupt
() On teminal count () On teminal count () On teminal count
[C) On compare/capture count [C) On compare/capture count [C) On compare/capture count
PWM, left aligned PWM, left aligned PWM, left aligned
200 200 200
counter / // / counter 100 / / / / counter 100 / / / /
o 10, ! ) / o / / / / 0 / / / /
Sx + & + + Sx + 4 4 & Sx + % + &
i only) TC + 4 * n i only) TC + + + n i ptonly) TC * & n n
cc n n - + cc I " + r cc " n & +
line I 1 | line line
line_n ] ] | L line_n line_n
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PSoC 4 Timer Counter Pulse Width Modulator (TCPWM)
210
TCPWM_1
Features TCPVWM
ov
®  16-bit fixed-function implementation ‘22
® Timer/Counter functional mode :
ne
® Quadrature Decoder functional mode line_n
D> clock
®  Pulse Width Modulation (PWM) mode interrupt

® PWM with configurable dead time insertion
® Pseudo random PWM

®  Run-time customization

General Description

The TCPWM component is a multifunction component that implements core microcontroller
functionality, including Timer/Counter, PWM, and Quadrature Decoder using the PSoC 4
TCPWM block. Each is available as a pre-configured schematic macro in the PSoC Creator
Component Catalog, labeled as “TCPWM Mode.”

Timer 1 PWM 1 QuadDec 1
[Timer Counter]| ( PWM | [ QuadDec |
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void SetHeaterParam(void){

};

if(main_cnt > main_cnt_max_48){
main_cnt = main_cnt_max_48;

} H

if(main_cnt < main_cnt_min_48){
main_cnt = main_cnt_min_48;

 H

if(main_pwr > ((main_cnt/2)-pwr_cor)){
main_pwr = (main_cnt/2)-pwr_cor;

};

if(main_pwr < pwr_cor){
main_pwr = pur_cor;

};

PWM_1_WritePeriod(main_cnt);

PWM_1_lriteCompare(main_cnt/2);

PWM_2_lWritePeriod(main_cnt);
PWM_2_lWriteCompare(main_cnt/2);

PWM_3_lritePeriod(main_cnt);
PWM_3_liriteCompare(main_pwr);
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Licznik
mianownik
B

B (T)

B (mT)

3
1.99 cm2
597 cm2

400 V
150000 Hz
5.97 cm2
4
44 zw

40000000000
157608000
253.7942236 G
0.02537942236 T

25.37942236 mT



10,000 —— , - i
- Core Loss vs. Bpk - Sendust 75 ’ /I // : i
/ // - Ay
p— "‘ /7 g
= —==-500 kHz // / T
— . g
S 1000 250 kHz ] P, 270
E ’ - 100 kHz . / / < /
E 50 kHz ,ll = 4 7/ = v
— —— =25 kHz —¥ - —’A—f 3 .
A = « =10 kHz F 4 / 7 |7 )3
S — = 5kHz & / ' 7 7| o v
g 7OmW]7crOn30 ool ’ ’ /|, 4 —, s
....... A00 Hz / Z 7 /
U 47'. Il //' 'I 'l B
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P / . / ) ’ y,
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B,« - Peak AC Flux Density (gauss)



W a0 T o

B2
f
f2

a/Bpk"3
b/Bpk"2.3
c/Bpk*.65
atb+c

flabc

d Bpk”2 A2
Core Losses

7.89E+09
7.11E+08
8.98E+06
2.85E-14
250 gauss
62500
150000 Hz
2.25E+10

5.05E+02
2.17E+03
9.92E+02
3.67E+03
4.09E+01
4.00E+01

80.91 mW/cm3

¥
Core Loss(mW/cm3)= a b C +d-Bpk® - f*
+ +
Bpk3 Bpk2'3 Bpkl'ss
g where B, expressed in gauss, f expressed in hertz, and:
v a=7.890E+09, b=7.111E+08, c=8.980E+06, d=2.846E-14
S B.x 1000 G
frequency 50 k Hz
Core Loss (nominal) 323 mW/cm?3
Core Loss (maximum) 372 mW/cm?
Ve 21.4 cm3
3 cores 64.2 cm3

Total core losses  5194.542758 mW

5.194542758 W

Nominal losses 20.7366 W
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Zl=Madeinthe UK Micro Induction Heater Driver
' CRO-SM3

Ultra Compact & Powerful Induction Heater Controller
Only 50mm x 50mm x 7mm — 2 m

Digital interface & RS-232 for advanced control CYBERNEEICS
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Heat Treatment by Induction 417

FIGURE 4.188
Example of applying an excessive power density and the use of very low frequency when hardening gears using
encircling coil.
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