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Outline

e The thyristor

o Controlled rectifier and inverters
— Single phase
— Three phase
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T hy I | Stors Thyristor circuit symbol.
+ VA -

« Only possible to turn on A cathoce

e Pulse on gate when
forward blocking turns on thyristor

* Current reversal followed by reverse
blocking turns off thyris*~*

e 3 modes:
— Forward blocking
— On-state
— Reverse blocking
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Actual thyristor characteristics

On-state

Off-to-on

if ig pulse is
Reverse Sppiec
Reverse Off -
breakdown b:::k.;?‘g = \< state
o % v AK
br.. kdown br “hdown
voltage voltage
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Thyristor, example circuit

e Thyristor can be triggered in interval
O<t<T/2
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Thyristor turn-off process

Succesful turn-off:
e Current reversal

— reverse recovery as a
diode

 Reverse blocking for t > t,
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Thyristor presspack

 Active partona
single silicon wafer.

Capacitor

Resistors
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Thyristor, junction structure

—— ——
Two transistor equivalent circuit l ;
™ 2 'I le

1SIC struciure

f the thyristor. Right: an equival
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Thyristor triggering to latched on-state

* gz = Polg .
— B:common emitter current l.
gain 3
* Ip1 = lc2 | (oo |
— -— _'_-_-— .."‘ :ﬁ_—-i‘__ .
* I¢1 = Pilpy ' '!_,'Mﬂl -
* Ipx =l¢q ‘ 7% ; 7
* 1 = BB + 1) | ] e
« Thyristor trigger at g i — o) |
P1B2 2 1 b e
_ a I TR —
° ,3 — Ewhere o: common A

base current gain

i :>a1+a221
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Thyristor, non-ideal characteristics

iA A

|, = Holding current

— . <4—— forward
Vy = holding voltage "
|50 = Breakover current 1 i> 0

— H [~ i =0
Vg = Breakover voltage - G
Ig can be a current pulse VRw ‘
| >

Vrw = Reverse working VH VBO YAk

voltage
— Thyristors found with Vi, > 7kV

forward blocking
state

Forward voltage drop only a few volts even at 1, > 2kA

LINKOPING
ll.“ UNIVERSITY



TSTE19/Tomas Jonsson 2015-11-10 11

Thyristor turn-off timing

e Turn-off similar to diode

e Thyristor turn-off require
negative V, longer ip (1)
than t, (otherwise still on)

o dV /dtlimit to keep  ——
thyristor off
(fast forward voltage
increase may turn on
thyristor!)

A

<4— recovery time t TG —>
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dV,/dt triggering

 Forward blocking

e Junction J2is
depleted and has a
capacitance

 HighdV,/dt will
charge C,.

« Charging current
through pn-junction
J3 may trigger the
thyristor
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Improved dV,/dt capability

Emitter shorts

 Provide a current
path bypassing the i W i ey

pn-junction J3 PR O P, - TN T O
./:/v/ : :/,: -/:;;/: ;,- /;"/:;: /‘,'::77771’7,7,’777, . “d‘ll .
« On-state voltage 7 / 7 7 ‘
drop increased )
related to

shon

Power Semiconductors
by Stefan Linder
©EPFL press 2006
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Thyristor types

 Phase-control

— Used for rectifying line-frequency voltages and currents, low
on-state voltage and large voltage and current range

— >4 KA, >7kV, 1.5 -3V on-state voltage
Datasheet
* Inverter-grade

— Small turn-off time (1 us < tq < 100 us) and low on-state
voltages

* Light-triggered
— Trigger by light pulse instead of current

— Used in high-voltage applications, where series connected
thyristors used to support high voltages

— ~5mW light pulse to trigger
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Support current in both directions: Triac

A2

* Function as antiparallell thyristor
 Enable triggering on both positive and

negative part of the cycle zz§;
G

Al

GATE
Al (or MT1)

l

I
A2 (or MT2)
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Thyristor operation

. Gate control

*  Single phase

Three phase

. Rectifier vs inverter mode
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How to control gate

e |C circuits available

ac
Vcontrol line
a =180 —/—— voitage

Vst

Saw-tooth
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+ Comparator

Uyt Gate-trigger
| —h — .
- and signal
Logic
Veontrol
Ueontrol [
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Thyristor triggering in HVDC applications

© ABB Power Technologies

Power Systems DC - 18 -

P &=
P — TCU TMU | == P
FP = Firing pulse
' IP = Indicating
pulse
Electrically triggered thyristor Light-triggered thyristor (LTT)
(ETT) m The LTT is triggered directly by an optical pulse

m The ETT is triggered by the thyristor

control unit (TCU). m The LTT is self-protected against overvoltage

= The TCU is energized by the main circuit, m  Separate recovery protection is provided
and triggering is initiated by an optical m  The TMU monitors the LTT
pulse

m  The TCU protects and monitors the ETT AP
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Full bridge thyristor converters

« Includes source inductance L, and load inductance L,
e Source inductance

id I:t:!
o —
S Y

+ Ld \l i + Ld
U
_ an+ a L,
-+
vs @E vg Load n g—A— N —p——4 vg Load
- /T ’ s

_@_nr\«'\_r\_n_.
a3 ) Pa )r 7[(._

(a) (b)
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Single-phase thyristor converter

o Either thyristor T1 and T2, or T3 and T4 conducting

+ + T
; le Tak Us "
8
—_— | - . F 9 DF
+ T3
s q\-) vd G I Vd I
- P 4 \'Q
Ty -
1'4'? T, K
| — X
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Single-phase thyristor converter waveforms

« |4 constant => thyristor
does not turn off unless
other thyristor turns on
(current commutation)

 V4and P controlled by a

T+

Vie = - [ V2Vsinwtd(wt) =
(04

24/2

TVScosa = 0.9V,cosa

1 T
P = Id <T_g Uddt> = IdVd = O.9VSIdCOSO(

LINKOPING
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(b) a = finite

Figure 6-6 Waveforms in the converter of Fig. 6-5.



TSTE19/Tomas Jonsson 2015-11-10 22

DC voltage level

 Power from DC to AC side when a > 90 degrees

Rectifier mode

|
180°

Inverter mode

> X
0°
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Line current properties

I, = 1;(rms)
THD = 48.3% -
= = Wt
(a)
1.0
A
L
Iy 1
3
1
5 1
REE
I S S S WY W W
1 3 5 7 9 11 13 15 17 19 21 23
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Power, power factor, reactive power

DPF = cos®; = cosa g

_ s _
PF = I—DPF = 0.9cosa

S
P = VI;;cosd, = 0.91;]1,c0sx
Q, = V.I;sind; = 0.9V,1;Sina
S1 = Vslsq
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L, effect

11

A, = 2wLslzcos(a + u) = cosa —

2
V4 = 0.9V;cosa — - wlLl,4

0 ~ ]
/ /// \\\ /,///
r‘/ k""'—--_.. -—’l
o |
Ql—a+2u
(a)
U4 r\/r
1 T =
0 |
| |
: | -
|
pee———] - Vg
o u
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Inverter mode

Negative dc-side voltage, vy, E4

Always positive current. Thyristor
conducts in one direction only

P<0: (v4<0)(i;~0)
Power flows from DC to AC side

V, controls switching of current
between thyristors

2015-11-10

v4 —
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Inverter thyristor voltage

e Extinction angle y =180 — (a + u)
 Thyristor require t, = y/w >t (turn off time)

* Failing requirement leads to retriggering of the thyristor too
early (commutation failure)
=> large currents (all thyristors conduct for long time)!

Us
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Three-phase thyristor converter

* One thyristor active in top group and one in bottom group
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Thyristor rectifier operation

«— Phase Angle

i~

(O

v

Star

‘/ K)@/

=P 10 |0ad

5] 7~ 7~

winding

[Z5] 7= 7=

<= rom |oad

6-pulse Graetz
rectifier bridge



Thyristor rectifier operation

N

«— Phase Angle increased =»Reduced average

Star

AN

AN

winding

JAY

AN

6-pulse Graetz
rectifier bridge

SO

=P 10 |0ad

<= rom |oad
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Converter waveforms

— WL

"

N

2
EE— VLL COoSux

3

Uen

T
1.35V;; cosa

Vda —

(b)

Vda
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DC side voltage

« ACripple frequency six
times the line frequency
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Input line current

10 2
\ RMS current: I; = 3 14
1
In I, ==V6I; =0.781,
Ill TU
02 1
T ? ﬁ % \/Zh—5711 13 (Izh
1 1 - L4 4 4., THD= = 31%

Isq
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Line current vs alpha - r,,

e Current phase shift equal to a

DPF = cos®; = cosa

| \ 74 .
PF =51ppF = 2 cosa [\
I T | a fe

¢

fe) a=60° \ >t fa1
\ ; van

)——a—- \ . - ® 1,

(e) a=120°

(f) a=150° = ot
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Exercise 4-100

* In the ideal three-phase
thyristor rectifier circuit, the
firing angle =30 deg

a) Construct the thyristor
T, voltage and current

b) Construct the wave
form of the dc-output
voltage

c) Calculate the average
dc-output voltage for
vV, =400V

2015-11-10
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Active and reactive power vs alpha

(a) a=0

(b) a=30°

DPF = cos®, = cosa
Isq 3
PF = —DPF = —COSx (e) a=120°

I T
P = +/3V,,I,,cosd, = V3V,;0.781,c0sa = 1.35V;;I;C05x
Q]_ — @VLLlslsinCDl — \/§VLLO.781dSin(X — 1.35VLLIdSinO(
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Converter with source inductance

3\/§ 3(1)LS T kTI = T3 }LTs
Vd — TVLLCOS(X —

I ——o—r—yf
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Input line current waveform

e DPF ~cos (a+ Y2 u)

2wl
V2V,

cos(a) —cos(a +u) = I,
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Inverter waveform

Ugn UVan Vbn Yen
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Inverter voltage over thyristor

e Extinction angle
y =180 —(a +u)

e Thyristor require
t,=y/w > t,
(turn off time)

e Failing requirement leads
to retriggering of the
thyristor too early
(commutation failure)
=> large currents (both
thyristors in the same
phase conducts)!
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Exercise 4-101

e In the three-phase thyristor ,
rectifier circuit with the Js )’[; }L R
following data: . L I Tm
V. =400V at50 Hz, L,=7mH, [~

;= 10A nqL-@—g—rW\—r\—-. . G)Id
a) What firing angle « shall

be used to get an average Qe
dc-voltage of 500V % % i]s
(rectifier mode) | Ts| T -

b) What firing angle « shall
be used to get an average
dc-voltage of -500V
(inverter mode)

c) Calculate y. What
minimum t; is required?
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12-pulse converter

JAN JAN JAN
Star (‘ (‘ (‘
] ] I
winding : : :
VAN I VAN IR VX
Primary Y Y Y
| i i
winding | | |
| | |
Delta LE LE LE
} | |
| | |
N | | |
winding [& 75 7=
L L L
| | |
The Delta winding shifts the : 12-plhlse grofu
phase with 30° electrical @_ . T I
versus-the-Starwinethg——— -Controt & Protection————
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Harmonic currents on the AC side of a

i1
converter - 2—@@—

N

. T/4 T/2 3T/4 : «a
i1 — : $ : > 12 ‘
Phase
current
I2 >
11 + 52 )

5 7 11 13 17 19 23 25

|1 + |2

%OI

> N
|
|

11 13 23 25
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