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(a) Frequency response of output voltage with various heater resistances (L = 150 uH, C =
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(b) Frequency response of output voltage with various damping resistances (L = 150 uH, C
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Fig. 3.2 Hysteresis temperature control technique

_13_



Voc  Ipc
\ 2 /
Heat Temperature Modulation Cgrrier Vos
Controller Index Signal '_1‘90
| _______ — M v VDC
c ®)
| 7° Hysteresis IS M, ) 3 I
T _@ onjafl | ) Bl 5 | Inverter
| Y Controller @ f 2 P
| T | | sing | I
A A, R T A S - 0 LC
Filter
_v0+
[ Heater

2% 33 SHeR Aol W Ay ALY AL Ao BEx

Fig. 3.3 Block diagram of heater temperature control with open-loop control of inverter
output voltage

a9 332 S|z &/ @ AojAe] SE Rk Aojek A AHE 9

Agke] AR Aloje] BEEE we Rolth 24T AR ANAH WY Vpcsh AW

[

AALEL oL o] S Fup7) 60HzO) AL A7) 7F 1€]

o
2,
Fu
S
@)

il

>,
ofo
QL‘
£
g
N
N
-
<
il

2 9 229 o] PWMRAEE

2.
ok
&
10
il
_0|L
e
N
MN
>,
fols
il
)
o,
rol
v
N
v
lo
&
ON
rlo

AP A2 Sz A s &/ 22 A

2

)
WS Beko] ANG WMAEAS @ EE 02 Ak 1 SzHEA s & 2% A

_14_



4

A 4

T
a

/

22

| =B 2] A]

S|

01 4] 21 o]

Xz

19 34 N

Fig. 3.4 Block diagram of heater temperature control with open-loop control of inverter

output voltage

o

n

wa
</
T

il

—_—

—_—

0

—
o

18 2=71 7|E2lA

S|

Btol=

i

gt

9 el e o

H
=

—_
fite)

w2 A

PWMRIHE o] WA M,

<l

I

60 VE HAAI7]7] 9

KeN
=

_15_



el

S
)

)

—_
file)

2 231 ~ (3.3)7 o] A

AA G Vaw Viw Ve

~ o ol T & ek

3.1)

V. sin(wt)

Van =

(3.2)

)

V. sin(wt+

I/bn =

(3.3)

4
3™

V. sin(wt+

V., =

(3.4)

V3 V. sin(wt— %)

Vir = Vi = Vi

(3.5)

)

T
2

V3 V., sin(wt+

I/;)C = V;m - Vm

(3.6)

23.7), (3.8) F #o] A=A

1o
=2

(3.7)

_16_



(3.8)
(3.9)

2
B

V2+ T,

(

o}
H

b
V., =

A
puk

ol Al

°

(3.7), 3.8)% A&

Al
2

tol 3 teles ARI)e thole

1 943

Al A

RESIRE

o
oF

—_
fite)

i
il

—_
file)

o

I

ki3

aFofof

A

=
=

1}

70
ot

!

1

A1Z717] 918k AWM E Mz ALk Al AWE U

T
Nhu

5t

o

7}
(3.10)

=]
=

o
)=
AR r.2

=

1

EEEED
(dead-time)

¥

1
o]
=

U A gem, o7]

&

-
T

ﬂ'ﬁ?:]l— VCE(sat)g/]’ Xﬂ
Y 229 o] F 7 IGBT7} &4

of ®l=€e}

hyA

IGBT 2]

g

A%
&3t Ve

==
=

At

Rl

}

p 8

_17_

917 222

Ea

IGBT =% 4] IGBT?]
VF = 2( VC’E(sm‘,) + Tee ]C>

IGBT ¢

3teke] IGBTS PWM
Takelth

-

-

=
-

h=d]
PN
HE
x|

G

E

L
a

b

sel gt

S

<
2=

=

=

5]

FHE[11], o] Hl=Erdel sl
IGBT A9

A
s

°

&

H
WA IGBTS A9 st

L
a

-

s

ol

gt

o of
|

Ic



=8 A7e Wl wet g

71H[13, 14] 7} 218

-
T

3

Lol

=)
i)
zel
100
jadl

o}

)

o

of
il
0
fiTe)
70
oI

X7

X

Lo iny

A@An3 o] 7+

-

T

A
Ve

V-u mnv

b ar) @St Hv o] FEske] A7)

wmo
go
o

a9 35 A AAE AW E S H=E)el ¢

Fig. 3.5 Effects of dead-time of inverter for heater treatment
- 18 -



2 [l
sz7f0 Vpedt = 2f, Vpet, (3.11)

olwl 7,9 fi= AAME 2917 F7] @ Fwgoln of FashelN 7)Eube] Yz

AVep A2 o3 2ot

4
AVCP:?(QfS *ly e VDC) (3.12)

Bo=fo] Ad Ao SKM400GBI12T4 RHo] IGBTZ AF&3lglom, Ado] Alg
& IGBTO] Estdda WA 2ejal 293 F 9 WY =8 va3 &
t}.

* A5 AWAE AL, Vpe = 200 V

« 2913 F 9, f = 10 kHz
c =€k, 1, = 1.2 ps
* IGBT Z3Ld %, Vepgay =2 V
* IGBT WFA&, ree = 3 mQ
% 3.6 1o Y ghe ARESte] IWE &9 AR ghel Wi IGBT *3hA
A71E5 Hel Aot H=

ERlol o7t At Ashol Ad A WF-Ad At st @k AWE HAFS7hl

k)
o
ol\
N
i)
<
o
ot
ol

}‘i

lo
‘i}l

tlo
~
D)

(d
HU
=
-
2
o°l'
2
A
o
QL
=
rlo
rE
N
>
5
)
R

r (o]
T
Anj
e
1B
rN

2
o
o

0 VE FHA7|7] 9kl AR Akt @A H@.7lAM &

f¥ IGBT :E3pdst Ak Adstet 2(3.12)9 dl=eel At AFsts HAste] 74t

_ V2X60V+ AV,
Voe= Vi

(3.13)

_19_



6 T T T T

=l (Voltage drop by dead time
= <
£ Voltage dorp
o 3 by IGBT saturation voltage

Voltage drop by
T internal resistance ~ ’
0 1 A ' A
0 20 40 60 80 100

Inverter current [A]
1% 3.6 JIHE =9 A Wstel] W& QWY At Ast

Fig. 3.6 Voltage drops due to inverter with a variation of inverter current

{

8 2% s|AH A2 2/ 232 Aol sH2E=g 7E=2o s|AH YA 2

O]

|

3o A e} o] AWME WHMEASF ME 2(3.13)°4]

W

8 W g ud A2 4§ 13
AE M= APtk thge of MaAe 60 Hee) Fo4E A ARIRE 7
Gl

sl 79 229 AW WRAEE UE B Azdel wmste] waluEe 47

_20_



3.3 AIHYH EHAY HFZ Ao
Carrier
A ] VTR Voltage Controller Signal - Voo +
Controller oV 1 I_‘I_Wdc
I_T*_ N _Hy_ste;sgl l " -:M g >
3 PWM
| & on/off \E. i | s ol o : Inverter
| T‘ Controller | L4 5 % > | I
— - — — | sine =
Filter
Vo
Vop| Peak of V, " = Vo
Calculation % APF Heater
T
a9 37 SlEHE Aol 9@ QY FEdge] HAFE Ao 5%

Fig. 3.7 Block diagram of heater temperature control with closed-loop control of inverter
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Fig. 3.9 Block diagram of a DC-DC converter system for heat treatment
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Fig. 3.10 Block diagram of heater temperature control with open-loop control of output

voltage of DC-DC converter
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Fig. 3.11 Block diagram of heater temperature control with closed-loop control of output

voltage of DC-DC converter
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Table. 3.1 Components of inverter and DC-DC converter
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Inverter DC-DC converter
Inductor 1(AC Inductor) 1(DC Inductor)
Capacitor 1(AC Capacitor) 1(DC Capacitor)

Damping resistor

1

1

Diode rectifier

1

1

Freewheeling diode

0

1
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Fig. 3.12 Size comparison of AC inductor and DC inductor
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Table. 4.1 System parameters used for experiments

Parameter Value
DC capacitor voltage, Vpc 200 V
Switching frequency, f; 10 kHz
Cutoff frequency, f. 1 kHz ~ 1.1 kHz
Heater, R, 3Q
Damping resistor, Ry 2 Q
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Fig. 4.4 Photograph and artwork of control board
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Fig. 4.8 Block diagram of AC voltage measurement circuit
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Fig. 4.10 Photograph of Single-phase PWM inverter system for heat treatment
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Fig. 4.11 Experimental waveform of the output voltage and inverter current: (a) when L =

100uH, C = 200uF, (b) when L = 250uH, C = 100uF
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Fig. 4.12 Effects of compensating for voltage drop with open-loop output voltage control
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Fig. 4.13 Output voltage control when the dc-link voltage is changed from 200V to 300V
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Control Strategies of Both the Heater Temperature and
the Inverter Output Voltage of the Single-Phase PWM
Inverter Systems for Heat Treatment

Si-Gyeong Yang

School of Electrical Engineering,
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ABSTRACT

The strategies for controlling both the heater temperature and the output voltage of a
single-phase inverter for the heat treatment are proposed. The single-phase inverter system
for the heat treatment controls the heater temperature to its reference one, and also it
limits the inverter output voltage to 60 V for safety. The stability may be deteriorated due
to the large time constant difference between the heater temperature and inverter output
voltage. In order to ensure the stability, a hysteresis on/off control approach for the heater
temperature control is adapted, and both the open-loop and the closed-loop control
strategies of the output voltage are suggested. The performances for the proposed strategies

are demonstrated with the experiments.
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