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Power Electronics

p\(
.ecial type:

3‘1(
J
i : TR 2111 ¢
e For square-wave and high voltage: IR '
e For resonant and phase shifted PWM: IR 21 12, IR 2113 1:;‘
* For buck-boost converters: IR 2125 , ;
* For 3-phase, six step, PWM: IR 30, IR 213 s
e For oscillating application converters: IR 2155.

parison of IGBT and MOSFET

oy A A 3 A GBS
3

N )
-

" e
-

e OSFET, the decrease 1. In IGBTs, this increase in

in the electron mobility with voltage drop is very

increasing temperature results in a small.

rapid increase in the on-state

resistance of the channel and hence

the on-state drop. ) \ -
: 2. The on-state voltage drop 2. Here with the {denucal conditions,
; - increases by a factor of 3 the increment in thc.e on-

between room temperature and state voltage drop is very

200°C. small.

3. All highest temperature, 3. Athigh ambient tem;?erature;
maximum current rating IGBT is extraordinarily
goes down to 1/3 value. well suited. ‘

4. Current sharing in multiple 4. Current sharing in multiple
paralleled MOSFETS: is paralleled IGBTs is far
comparatively poor than better than power MOSFET.
IGBTs.

5. The tum-on transients 5. Tum-on transients are identical
are identical to IGBTSs. to MOSFETs.

6. Power MOSFET is suited 6. IGBT is the preferred device
for applications that for applications that require
require low blocking high blocking voltages
voltages and high and lower operating
operating frequencies.

frequencies.

5.16 GATE TURN-OFF THYRISTORS (GTOs
OR LATCHING TRANSISTORS)

Previous chapters describes the thyristor and their use in power electronic
applications. Also, we have seen that thyristors can block high voltage (several
thousand volts) in the off-state and conduct large currents (several thousand
amperes) in the on-state with only a small on-state voltage drop (a few volts).
The most useful of all is their capability of being switched ON when desired by
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means of a control signal applied at the gate of the thyristors. However, as we
know that once an SCR is turned ON by the gate signal, the ga'te loses control
and it can be brought back to the blocking state only by reducing the for‘ward
current to a level below that of the holding current. This 1s .the serious d.eﬁc1er.\cy
in thyristors that prevent their use in switch mode applications. This section
describes the structure and operation of thyristors that have a gate turn-off
capability, the so-called gate turn-off thyristors or GTOs.
e Hin
(Pin 10)

Y

Tl___l S I ,
|

Lin
in 12

L DN s HA
Ho A
(Pin 7)

A

| [

Fig. 5.68 Typical waveforms for IC 2110

(Pin 1)

»

5.16.1 Basic Structure

The gate turn-off thyristor (GTO) incorporates many of the advantages of the
conventional thyristor and the high-voltage switching transistor. It is a PNPN
device that can be triggered into conduction by a small positive gate-current
pulse, but also has the capability of being tummed-off by a negative gate-current
pulse. However, the turn-off current gain is low (typically 4 or 5). For example,
a 4000 V, 3000 A device may need —750 A gate current to turn it OFF. This
facility allows the construction of inverter circuits without the bulky and expensive
forced commutating components associated with conventional thyristor circuitry.
The GTO also has a faster switching speed than the regular thyristor, and it can
withstand higher voltage and current than the power transistor or MOSFET.
The GTO is a three-terminal device with anode, cathode and gate terminals.
The various circuit symbols are shown in Fig. 5.69. The two-way arrow
convention (Fig. 5.69(i)) on the gate lead distinguishes the GTO from the
conventional thyristor. Figure 5.70 shows the two-transistor analogy of the GTO.
Like the conventional thyristor, the GTO switches regeneratively into the on-
state when a positive gating signal is applied to the base of the N-P-N transistor.
In a'regular thyristor, the current gains of the N-P-N and P-N-P transistors are




[ ——am g

214 Power Electronics -

large in order to maximize gate sensitivity at tun-on and to minimize Ol-sty,
voltage drop. But this pronounced regenerative. latching effecF means thag ¢

thyristor cannot be turned-off at the gate. Internal regeneratfon 18 reduceq
GTO by a reduction in the current gain of the P-N-P transistor, and tyr,
achieved by drawing sufficient current from the gate. The tum-off actio
be explained as follows. When a negative bias is appllc?d at the gate, €Xcesg
carriers are drawn from the base region of the N-P-N transistor, and the Collectg;
current of the P-N-P transistor is diverted into the external gate circuit. Thus, the
base drive of the N-P-N transistor is removed and this, in turn, removes the

in the
-off i
N mga

base
drive of the P-N-P transistor, and stops conduction.
A o Anode
=1
Anode T Anode ¢ 4=1g
QI IBl
PNP
AN vARE A
Icy
Gate Gate Céate ! : NPN
; —— ;
IGN B2 QZ
Cathode 6 Cathode © ;
IK=152
@ i) - Cathode
K
Fig. 5.69 Circuit symbols Fig. 5.70 Two-transistor
analogy of GTO

The reduction in gain of the P-N-P transistor can be achieved by the diffusion
of gold or other heavy metal to reduce carrier lifetime, or by the introduction of
anode to N-base short-circuiting spots, as in Fig. 5.71, or by a combination of
these two techniques. Device characteristics are influenced by the particular
technique used. Thus, the gold-doped GTO retains its reverse-blocking capability
but has a high on-state voltage drop. The shorted anode emitter construction has
a lower on-state voltage, but the ability to block reverse voltage is sacrificed.
Large GTOs also have an interdigitated gate-cathode structure in which the cathode
emitter consists of many parallel connected N-type fingers diffused into the P-type

gate region, as in Fig. 5.71. This configuration ensures a simultaneous turn-on or
turn-off of the whole active area of the chip

GTOs are available with symmetric or asymmetric voltage blocking capabilities.
A symmetric blocking device cannot have anode shorting and, therefore, is
somewhat slower. The use of asymmetrical GTOs requires the connection of a
diode in series with each GTO to gain the reverse blocking capability, whereas
symmetrical GTOs have the ability to block a reverse voltage. In symmetrical
GTOs, N-base is doped with a heavy metal to reduce the turn-off time. The
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asymmetrical GTOs offer more stable temperatﬁre characteristics and lower on-
tage compared to symmetrical GTOs.

sate vol

Cathode T Gate

\
me fn = Ee

N+ / P+ \ N+ f' —» Cathode
J3 '
—1— Gate
J —
N p ‘. -
Jyj —= .
N+ P+ m P+ —— Anode \

Anode

Fig. 5.71 Basic GTO structure showing anode to N-base v 4
short-circuiting spots . .

5.16.2 Switching Performance

The simplified gate drive circuit of Fig. 5.72 shows separate d.c. supplies for
tum-on and tum-off. The GTO is gated into conduction by means of transistor
T, in the tun-on circuit. The switching
~device in the tum-off circuit should have
a high peak current capability. An
auxiliary thyristor or MOSFET is
appropriate for this duty. Figure 5.72 . T
shows an auxiliary SCR, TH,, which is 7—‘ Eqc T
gated to initiate the turn-off process.
Tum-off performance may be enhanced
by the presence of sume series inductance,
L, as shown. The voltage supply for the
turn-off circuit is in the region of 10to | ' (L
20 V and the gate current av turn-off, L
applied for few microseconds, is typically Eqc ‘ L
about one-fifth of the anode current prior
0 tum-off . Consequently, the energy TH,
réquired to tum-off the GTO is much |
less than that needed to turn-off a
Conventional thyristor.

Fig. 5.72 Basic gate-drive circuit for
a GTO
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1. ' Gate turn-on mechanism The gate tum-on mechanism of the .
similar to that of a conventional thyristor. A stecp-fronted pulse of gate cuols
turns-on the device, and gate drive can be removed without the loss of ¢

ndUQt’
when the anode current exceeds lon

| the latching current level. ‘ 90° 04 1. L+
However, the anode current of the ] — Eq
1 GTO does not respond imme- l 1.
diately to the applied gate signal.  § :
§ The tum-onresponse of theanode 8 o
HE current is characterized by atumn- 3
<

!

l

;

Tt on time, 7, which consists of a

; {1 delay time, t,, and a rise time, ¢,, 10 %
{14

|

i

<
—_———— -

s

)\

as shown in Fig. 5.73. Tum-on '

| —
Fii time is reduced by increasing T—-——— y . -——-{ Time (;) Lﬂ:'—
11k

forward gate current as in a

, |
| : conventional thyristor, but B Lo Fig. 574 Basic (
i because the regenerative effect is
\ reduced in the GTO, the gate drive Fig.5.13 3::?: g gr;stidd?udmt;;n on tHimes Figure 5.7.4 Sh'(iwvsvitt};
current required for turn-on is switching circut :
larger. To ensure conduction of all cathode fingers and a reduction in on-state inductive load. Figure
voltage, some manufactures recommend a continuous gating current during the associated voltage
entire conduction period. waveforms at tm'n-Oﬁ:
For high frequency applications, a short turn-on time, especially a short rise plified circuit of Fig. 3.
time is required to reduce the switching power loss. The power loss dissipated thed.c. supply feeds an

during the delay-time is negligible because of the low anode current.
ey The GTO is expected to have a faster tun-on time than the conventional thyristor
j | because of its narrower emitter width. The delay time decreases with increasing
gate current, while the rise time does not vary so far as the gate current is much
smaller than the anode current in the on-state. However, for larger gate drive, the
rise time also decreases. The turn-on time also depends upon the rising rate of the

through a series cOnNe
freewheeling diode

across the load to all
of load current during
of the GTO. The snul

gate current; the faster the rising rate, the shorter the turn-on time. reduces the rate of ri
. . : voltage at turn-off, the;
2. Gate turn-off mechanism In the conducting state, the central region the current intem; L C:
of the GTO crystal is filled with a conducting electron-hole plasma. To achieve GTO and g t P. (‘,‘
turn-off, excess holes in the P-base must be removed by the application of a sses in th SO limitn
negative bias to the gate. During the storage phase of the turn-off process, negative Ao € device. |
gate current extracts excess holes in the P-base through the gate terminal. As a Seady | ¢ the GTO !
result, the anode current path is pinched into a narrow filament under each cathode g ) o‘aq Current, ],
finger (Fig. 5.71). In this non-regenerative three-layer section of the crystal, -offis Initiated at
current cannot sustain itself and during the full period, the current filaments ng Cathode, A reve;
quickly collapse. Finally, there is a small but slowly decaying tail of anode current Wance of the gat
due to residual charges in the remoter regions of the crystal. ta;sm‘”dge time T /
' C S
by Z:t during
PaCItanCQ‘

A
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Fig. 5.74 Basic GTO switching circuit with a clamped inductive load

Figure 5.74 shows the basic GTO I, V4= Eqc
switching circuit with a clamped y
inductive load. Figure 5.75 shows the 4
associated voltage and current
waveforms at turn-off for the sim-
plified circuit of Fig. 5.74. As shown,
the d.c. supply feeds an inductive load
through a series connected GTO. A i ! o
freewheeling diode is connected ‘——T_‘ ——{Tf‘-— T, —
across the load to allow circulation 2 P 4 . l‘
of load current during the off-period 8 ‘\*__‘f Tos |
of the GTO. The snubber capacitor \

. ~ i % t
reduces the rate of rise of forward “ <
voltage at turn-off, thereby improving t=0 7 T Galecutrent

Spike
voltage

Tail current

the current interrupt capability of the -

GTO and also limiting the turn-off

losses in the device. Fig. 5.75 Voltage and current
Assume the GTO is conducting a waveforms during turmn-off

steady load current, /,;, when the gate of a GTO

tum-off is initiated at time zero by the application of a reverse bias between gate
?:((iluczta;hode. A reverse. gat.e current, [, builds up at a rate determined by the
e Siorr;cz (:f the 7gate circuit, but the anode current remains constant throughout
il currim 1316. .. Anode cu.rrent, 1, then decreases rapidly to the residual, or
St L'lrmg the fall time, Ty, and the load current is diverted into the
pacitance, C,. As a result, forward voltage, V, builds up across the

w .
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. dV .
device at a rate _d-t‘— equal to ,/C;, and the anode tail current decays to ¢, ots

rilar waveforms are obtained in invene
T

complete the tun-off process. Sin
applications, but in practical circuits, stray inductance will cause some departyr,

from the idealized waveforms described. In particular, supply inductance will
cause a transient overshoot in GTO voltage, as shown in Fig. 5.75. Excessiye
overvoltage can be avoided with an appropriate snubber circuit design.

3. Turn-off Gain From two transistor analogy of GTO (Fig. 5.70), we cap
observe that when a negative gate drive is applied, the base current /g, will be
reduced. Therefore, we can write,

I, < I/ (5.51)
a, a
where = 2_ and = ——
B=1z & B = (5.52)
But Iy =1p * Igy

where, Iy is the negative gate current.
Iy =1Ic; - Igy, but I =alp

Thus. Im = a| .IEI - IG.\'

Also, from Fig. 5.70, I, = I,

Ip =y I — Iy (5.53)
I =1,(0 - @) (5.54)

Substitute equations (5.52), (5.53) and (5.54) in equation (5.51), we get

1,(1-a) I (l-a
o I = Iy < o/ (1- ) oo l- —_—a:‘/((]—c:r,)) -

oyl -1 (1-a)(1-a,)
a,

< 1 GN

5 ala:IA _IA (l -(13 _al +ala:)

a, GN» - —_a’—z— <lIgy

p 1

Ion”~ azl(m +a, =1
)
. B
Port™ (> =1}

o™ or fi IS Known 28 the tu
The parﬂ"':’m_ofnhe GTO, the n??atz:

clcﬂ”ha‘r:nt divided py the tum-oil

y0d¢ C'u cof 1gnfor Reliable Tur

Mogni#¥%" " 5 56) it is clear that th
0] Fro:)‘:l he value of turn-off gain

dep‘i‘ . calue of To¥
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cathode junction becomes reverse-bia

516.3 GTO Characteristic

In order to realize the gate-turn-off
offs are necessary and therefore, st
those of a conventional thyristor of ¢
regeneration, there is an increase in 12
salso an increase in the on-state vol
llh(go witha shorted anode emitter, !
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