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THYRISTOR PHASE CONTROL

The thyristor is a family of four-layer power semiconductor
devices that exhibit switching characteristics as exemplified
by controlled rectifiers, which are the main subject of this sec-
tion. Besides the semiconductor controlled rectifier (SCR), the
thyristor family includes a number of other power control
switching devices, including the gate turn-off switch (GTO)
and the Triac (bidirectional ac switch) (1–3). Figures 1(a) and
1(b) show the basic pnpn-structure common to all thyristors
as well as the graphical symbol of the reverse blocking thyris-
tor or SCR, which will be discussed here. The names of the
terminals are anode, cathode, and gate; the inner p layer and
n layer are called p base and n base, respectively. The anode-
cathode voltage VAK is also referred to as thyristor voltage
VT; it is positive if the thyristor is operated in the forward
direction. Figure 1(c) shows the ideal and the practical doping
profile. Diffusion, alloying, and neutron doping are often used
production methods for such devices.

HISTORY OF DEVELOPMENT

The principle of a four-layer device (pnpn) for switching of
currents was invented and described at Bell Telephone Labs
(4). The first devices according to this principle were devel-
oped and built at the end of the 1950s by General Electric in
the United States (5). These devices appeared on the market
under the name silicon-controlled rectifiers (SCRs) and re-
placed in a short time applied thyratrons and mercury arc
rectifiers. The name thyristor, introduced shortly thereafter,
is an artificial nomination like the name transistor.

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright # 1999 John Wiley & Sons, Inc.



THYRISTOR PHASE CONTROL 191

rent that rises along with the reverse voltage but keeps negli-
gibly small as long as the reverse breakdown voltage VBR is
not exceeded. If the voltage surmounts this point, the current
may rise strongly if no external resistance is present. The thy-
ristor behaves very similar to a diode in reverse direction. In
the forward direction, the thyristor exhibits two stable states.
If the forward voltage rises in the off state, the current in-
creases also but stays insignificantly small as long as the for-
ward breakover voltage VBF is not reached. Some thyristors
may block voltages up to several kilovolts. In this state, the
thyristor behaves similar to a diode that is operated in the
reverse direction. If the forward voltage rises beyond VBF, the
device switches to its on state and the current increases expo-
nentially with the voltage, limited only by the circuit imped-
ance. Some thyristors may conduct currents up to 4 kA at a
minimal voltage drop of typically 1.5 V to 2.5 V. In this state,
the device behaves similar to a diode that is operated in theN
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forward direction. Figure 2(b) shows the corresponding I-V
Figure 1. Thyristor. (a) Graphical symbol, (b) pnpn structure, (c) net characteristics. A thyristor that is operated in the forward
impurity density representation. blocking region can be switched to the on state by applying a

positive gate current pulse, by exceeding the forward
PHASE CONTROL breakover voltage, or by a very fast rise of the anode-cathode

voltage. The first method is usually applied. To revert to the
The turn on of a controlled rectifier can be determined by the off state, the thyristor current has to fall below the holding
triggering of the gate. The delay of the turn on is expressed current IH [see Fig. 2(a)].
in delay or phase angle. Load current, load voltage, and power
can thus be influenced by phase control. This is possible as
well in ac circuits as in rectifier circuits. Later, in Fig. 12, an PHYSICAL MODE OF OPERATION
example of phase control is given for a three-phase rectifier.

The useful features of thyristors are based on the interactions
TYPES OF THYRISTORS between the different pn junctions. The physical mode of op-

eration is now discussed in more detail. To simplify matters,
Phase control thyristors are applied in alternating current the doping profile shall be idealized, as shown in Fig. 1(b).
(ac) single- and three-phase systems with 50 and 60 Hz. They The cross section of the thyristor shall be large enough to
are also called N thyristors. Normally these are cathode side- allow a one-dimensional study. Outside the depletion layers,
triggered thyristor triodes. Beside these thyristors, a series of the following principles shall be valid:
other thyristor types has been developed (e.g., thyristor di-
odes, which are triggered by passing over the forward
breakover voltage or the critical rate of rise of forward
blocking voltage). Another type are thyristor tetrodes with
gate contacts on both base zones. They can be triggered either
on the cathode or anode side. Other species include bidirec-
tional thyristors (TRIACs), thyristors for medium frequency
(F thyristors or inverter thyristors), and light-triggered thy-
ristors.

I-V CHARACTERISTICS

nn ≈ ND in n layers, ND = net donator concentration

nn = electron concentration in

n layers

pp ≈ NA in p layers, NA = net acceptor concentration

pp = hole concentration in p layers

n · p = n2
i in all regions except the

depletion regions

ni = intrinsic carrier concentration

Figure 2(a) shows the current-voltage characteristics of a thy-
Figure 3(a) shows the carrier concentrations in the thyristorristor. In the reverse direction, the thyristor conducts a cur-
under open-circuit conditions.

In this section, the forward blocking state shall be ana-
lyzed. If a positive voltage VT is applied to the anode, pn junc-
tion J2 will be reverse biased and absorb most of VT. As a
result, the depletion layer of J2 will expand. The bulk of this
region will stretch into the lower doped n base, the other part
into the higher doped p base. Electrons and holes in the deple-
tion layer are separated due to the electric field. Electrons
move to the electrically neutral part of the n base. To main-
tain the balance of charge in the n base, J1 is slightly forward
biased, thus allowing holes to reach from the anode via J1 to

Forward
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VBF

∼1/rT
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IT
IT

VT VTVT0

(a) (b)
the n base. There the holes can neutralize the intruding elec-
trons. Similar processes happen on the opposite side of J2.Figure 2. Forward and reverse I-V characteristics.
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Electrons reaching from the cathode via J3 into the neutral
part of the p base compensate for holes that leave the deple-
tion layer of J2 due to the electric field. By this J3 is slightly
forward biased. The thermal generation in the depletion layer
of J2 permanently supplies the two bases with electrons and
holes. The carrier gradients at the left and right border of the
space-charge region also cause a small current. The gradient
of the hole inclination at X3 allows these carriers to diffuse in
the space-charge region, where they are swept away to the p
base. The number of holes injected into the depletion layer is
very small because their equilibrium concentration as minor-
ity carriers is also very small. The majority-carrier concentra-
tion is much higher, but the electrons cannot diffuse into the
space-charge region because the electric field pushes them
back. In the same manner, electrons diffuse into the depletion
layer at X4 while the holes are pushed back. These two mecha-
nisms, the thermal generation and the diffusion, establish a
small current IT0. The off state is stable. The I-V characteris-
tics of the thyristor are mainly controlled by the reverse-
biased junction J2; therefore, it looks like the I-V curve of a
diode that is operated in reverse direction. Figure 3(b) shows
the carrier concentrations in this state.

This section explains how a positive gate current pulse IG

initiates the transition to the on state. This current IG further
biases the pn junction J3 and raises the electron concentration
on the right border of the p base at X5. As the electron concen-
tration on the right border of the space charge layer at X4

adheres to its low level, a gradient of electrons is formed.
Thus electrons diffuse to the space-charge region and are
swept by the electric field to the n base, where they cause an
imbalance of charge. This further biases J1 in order to enable
holes to reach from the anode via J1 to the n base and in-
creases IT. The incoming holes not only neutralize the elec-
trons coming from the cathode, but also form a gradient form
J1 to the depletion layer. Consequently, the holes diffuse to
the space-charge region and are swept by the electric field
into the p base, where they evoke an imbalance of charge. The
surplus of holes biases the pn junction J3 even further and
increases the current via J3 along with the current IT.
Thereby, electrons from the cathode reach the p base and neu-
tralize the surplus of holes. The current via J3, originally in-
duced by the gate current IG, has amplified itself after a short
delay time. The courses can be summarized as follows: First
the gate current IG drives pn junction J3, the resulting elec-
tron current drives J1 and finally the hole current injected at
J1 drives J3 again. The hole current from the anode acts in
the same way as the gate current IG did before: It raises the
electron concentration on the right border of the p base and
initiates a new feedback mechanism that again amplifies this
current along with IT. If the yield of current that can be mea-
sured after the delay time is less than the original current,
the thyristor current IT rises to a finite value. If the yield is
equal to the original value, IT rises infinitely and linearly by
time; if the yield surmounts the original current, IT rises infi-
nitely and exponentially by time. The yield depends on the
carrier concentrations that are linked with the thyristor cur-
rent. This means that the yield rises along with the current
IT. If the gate current climbs over a certain value, the current
increment that emerges from the feedback mechanism turns
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high enough so that the thyristor current starts to escalate
exponentially by time. By this, the device is triggered. IG isFigure 3. Carrier concentrations profiles: (a) Quiescent state, (b) for-
not necessary anymore because J1 and J3 drive each otherward blocking, (c) gate triggering, (d) forward conduction, (e) reverse

blocking. mutually. The mechanism that raises the thyristor current is
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also explained in the next section from a different point of vice. This is possible because the carrier concentrations in the
p and n bases are still sufficiently high to allow huge currentview, which is called the two-transistor analog.

Figure 3(c) shows the profile of the carrier concentration increments by the feedback mechanism. These increments
proliferate, raising the thyristor current exponentially.during the rise of current. The hole concentration at X2 and

the electron concentration at X5 rise along with the current, We now discuss reverse blocking characteristics. In the re-
verse operated thyristor, J2 is forward biased while J1 and J3injecting more and more holes and electrons in the depletion

layer. In practical circuits, the thyristor current cannot rise absorb most of the thyristor voltage. The lowest doped zone
exhibits the largest space-charge region. According to Fig. 1,infinitely because it causes an increasing voltage drop over

the external resistance as well as over the bulk resistance. this is the n1 zone. Figure 3(e) shows the concentration profile
of the reverse operated thyristor. An avalanche breakdownThis decreases the voltage drop across the thyristor. The volt-

ages over the junctions J1 and J3 cannot decrease; contrarily, occurs if the electrical field strength in the depletion layer
surmounts a certain value. A depletion layer punch-throughthey have to increase because the current IT escalates. There-

fore, the voltage of J2 falls and the current increment de- occurs as soon as the right border of the depletion zone of J1

contacts the left border of the space-charge region of J2. Itscends also. If the thyristor voltage VT falls below VJ1 � VJ3,
J2 becomes forward biased and starts to inject holes into the depends on the doping profile, whose effect appears first and

thereby defines the reverse breakdown voltage. The device be-n base as well as electrons into the p base. The forward volt-
age of J2 (i.e., �VJ2) rises along with the hole concentration haves quite similar to a diode that is operated in reverse di-

rection.at X3 and the electron concentration at X4. This proceeds until
the current increment that emerges from the feedback mecha-
nism reaches zero. The thyristor voltage now reaches its mini-

TWO-TRANSISTOR ANALOGmum and the thyristor current its maximum. The device is
completely switched on. Figure 3(d) shows the corresponding

Another approach to understanding the thyristor (in particu-carrier concentration. There are so many carriers in the two
lar the switch-on process) is the two-transistor analog whichbases that the device behaves like a pin diode. The bulk resis-
is explained hereinafter. In Fig. 4(a), the dashed line markstance is very low. For simulation purposes, the thyristor can
the location where the device is (imaginarily) decomposed.be regarded as a resistor in series with a voltage source that
The upper fragment represents an pnp transistor, the lowerrepresents the summed voltages VJ1 � VJ2 � VJ3.
part a npn-transistor. Figure 4(b) shows the equivalent circuitTwo further possibilities to trigger the thyristor shall be
that contains two complementary transistors. The voltagesdiscussed at this point. The switch-on process may also be
VJ2 in transistor T1 and VJ2 in transistor T2 are equal becauseinitiated by exceeding the breakover voltage. Two factors may
wires connect the cuts laterally. A positive voltage VAK biasesbe responsible for this event. The first one is an avalanche
J2 in both transistors in the reverse direction and J1 as wellmultiplication that happens if the electric field strength in the
as J3 in the forward direction. This means that n1 of T1 asspace-charge region surmounts a certain value. The carriers
well as p2 of T2 act as collectors. The wires between the cutstraveling through this layer are multiplied and become so nu-
connect the base of each transistor with the collector of itsmerous that they can drive J1 and J3 to initiate the feedback
complementary transistor. The application of the transistormechanism. The second possibility is the punch-through ef-
theory provides the following equations:fect. The space-charge region propagates more into the lower

doped n1 zone and less into the higher doped p2 zone. If VT

rises and the left border of the depletion zone at X3 ap-
proaches the right border of the p1 zone at X2, the gradient of
the holes becomes steeper and the diffusion of the holes in-

IC2 = α2IA + IC02

α2 = common base current gain of transistor T2

IC02 = collector-base reverse saturation current of T2

(1)

creases. If the thyristor voltage grows enough and no ava-
lanche multiplication occurs, then the diffusing holes suffi-
ciently drive J3 to trigger the thyristor. Furthermore, there is
a third possibility to switch on the thyristor even if VT re-

IB1 = IK(1 − α1) − IC01

α1 = common base current gain of transistor T1

IC01 = collector-base reserve saturation current of T1

(2)

mains far below the breakover voltage and no gate current is
applied. This effect, which is called the dv/dt effect, is usu-

The usage of Kirchhoff ’s law gives:ally undesirable and can be avoided by external wiring. A rap-
idly rising anode-cathode voltage increases the space-charge

IC2 + IG = IB1 (3)region, thus causing a displacement current. This current
moves the electrons that still can be found in the new space- IA + IG = IK (4)
charge area to the n base, where they bias J1 in the forward
direction. In the same manner, the removed holes drive J3. If Inserting Eqs. (1) and (2) into Eq. (3) and replacing IK ac-
the voltage rise dv/dt comes very rapidly, the displacement cording to Eq. (4) yields
current becomes so powerful that it triggers the device.

Phase control thyristors are not able to interrupt the cur-
rent once they are triggered. This has to be achieved by exter- IA = IGα2 + ICO1 + ICO2

1 − (α1 + α2)
(5)

nal means that reduce the thyristor current below the holding
current IH. If this succeeds, the profile of carrier concentra-

If no gate current is applied, Eq. (5) readstions reverts to a profile similar to that of the initial profile,
which is shown in Fig. 3(a). The thyristor returns to its off
state. After that, a positive voltage may be applied again. A
voltage that is applied too early immediately turns on the de-

IT0 = ICO1 + ICO2

1 − (α1 + α2)
(6)
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Figure 4. Two-transistor analog: (a) pnpn structure of a thyristor, dashed line marks the loca-
tion where the device is imaginarily decomposed. (b) pnpn structure after decomposition, the pnp
structure and the npn structure of the two resulting transistors can be recognized. (c) replace-
ment of (b) by graphical symbols.

From Eq. (5) it is obvious that the thyristor current rises in- state. Using the relation
finitely if the sum of �1 � �2 approaches unity. Besides this
mathematical conclusion there is a physical explanation.
Starting from the off state of the forward operated thyristor
with IG � 0, a gate current increment �IG is applied. This

β = 1
1
α

− 1
(13)

current raises the base current of T1

it can be derived that the condition �1�2 	 1 corresponds to
�IB1 = �IG (7)

α1 + α2 > 1 (14)

and causes a collector current increment
which was the mathematical condition for an infinite thyris-
tor current in Eq. (5). The terms �1, �1, �2, and �2 depend on
the carrier concentrations and rise with increasing current

�IC1 = β1�IB1 = β1�IG

β1 = common-emitter current gain of T1
(8)

IT. The gate current IG is only necessary to increase the thyris-
tor current to that value at which the sum of �1 � �2 exceeds

Because IC1 equals IB2, the current increment is amplified a unity. Henceforth IT rises of itself. The gate current even can
second time and results in the collector current increment: be switched off now because each transistor drives the base of

the other transistor. The rising current causes an increasing
voltage drop over the external resistance as well as over the
bulk resistance. Consequently, the thyristor voltage subsides

�IC2 = β2�IB2 = β1β2�IG

β2 = common-emitter current gain of T2
(9)

until J2 becomes forward biased. Thereby, the transistors
�IC2 drives T1 and therefore IB1 rises to level off and the rise of current comes to an end.

IB1 = �IG(1 + β1β2) (10)
ELECTRICAL PROPERTIES

The original gate current has been amplified by this feed-
The electrical properties of thyristors result from the forwardback mechanism. The additional current �IG�1�2 will be am-
and reverse blocking characteristic and from the on-stateplified again by the factor �1�2. After the next cycle, IB1 can be
characteristic. Specified are allowable blocking voltages, max-calculated to be
imum on-state currents under normal operation, and limits
for surge and overcurrent. Electrical properties of thyristorsIB1 = �IG(1 + β1β2 + β2

1 β2
2 ) (11)

are temperature dependent. It follows that electrical data
given in data sheets are, in many cases, only valid in conjunc-

After n cycles, IB1 will read tion with the defined temperature data.
Forward direction is the direction from one main terminal

to the other main terminal in which the thyristor has twoIB1 = �IG(1 + β1β2 + β2
1β2

2 + · · · + βn
1 βn

2 ) (12)

stable states of operation, the off and on states [Fig. 2(a), di-
rection anode-cathode)]. The forward characteristics consist ofIf the product �1�2 equals unity, the base current IB1 rises

linearly by time; if the product surmounts unity, IB1 rises ex- off-state and on-state regions; both regions are joined by the
negative differential resistance region. Current and voltageponentially by time. The thyristor current IT rises along with

the base currents IB1 and IB2 and the device switches to the on values are defined as follows:



THYRISTOR PHASE CONTROL 195

Forward off-state current ID is the current that flows in the dal 50 Hz current pulse. Its value is given following no-
load and following operation at maximum average on-forward direction through the main terminals in the off-

state condition of the thyristor. state current, each without following voltage stress.
Forward off-state voltage VD is the voltage that is applied The fi2dt value is the maximum allowable value of the

across the main terminals in the forward direction dur- square of the instantaneous forward on-state current in-
ing the off-state condition of the thyristor. tegrated over the time. This value provides a basis for

the design of circuit protective devices. There is dangerRepetitive peak forward off-state voltage VDRM is the maxi-
of destruction when exceeding the maximum allowablemum rated value of repetitive voltages in the forward
value.off-state direction, including all repetitive transient

voltages but excluding all nonrepetitive transient volt- Reverse direction is the direction from one main terminal
ages. In view of transient voltages, which may be ex- to the other in which the thyristor has only one stable
pected in operation, the thyristors are usually fed from state of operation (namely, high resistance) (direction
a supply voltage whose peak value is equal to the lim- cathode to anode).
iting repetitive peak forward off-state voltages rating Reverse current IR is the current flowing in reverse direc-
divided by a safety factor between 1.5 and 2.5. tion through the main terminals of the thyristor.

Forward breakover voltages VBF is the value of the off-state Reverse voltage VR is the voltage applied across the main
voltage at which for a given gate current the thyristor terminals of the thyristor in reverse direction.
switches from the off state to the on state. Repetitive peak reverse voltage VRRM is the maximum al-

Holding current IH is the minimum on-state current re- lowable instantaneous value of repetitive voltages in the
quired to maintain the thyristor in the on state. reverse direction, including all repetitive, but excluding

Latching current IL is the minimum on-state current re- all nonrepetitive, transients.
quired to maintain the thyristor in the on state when
the gate current decays with a fast rate of fall. It de-

SWITCHING BEHAVIORpends on the rate of rise, peak, and duration of the gate
current and on the junction temperature.

The dynamic properties describe the behavior of the thyristor
On-state current iT, ITAV is the current that flows in the on during switching on and off as well as in a fast rate of rise of

state of the thyristor through both main terminals. Two current and voltage. The most important are (di/dt)cr,values are distinguished: iT � instantaneous value, (dv/dt)cr, and turn-off time tq. After each change of current or
ITAV � average value. voltage in the thyristor, a certain time passes before a new

On-state voltage VT is the voltage between the main termi- state of equilibrium is reached. As a result, delay times and
nals at a defined on-state current. It depends on the switching power dissipations occur at turn-on and turn-off.
junction temperature. Turn-on is initiated at forward off-state voltage VD by a

The forward on-state characteristic is the relation of the gate current IG having a rate of rise diG/dt and a magnitude
instantaneous values of on-state current and on-state IGM. It is sufficiently described by the terms gate-controlled
voltage of a completely turned-on thyristor at given delay time tgd and critical rate of rise of on-state current
junction temperature. (di/dt)cr (Fig. 5). Gate-controlled delay time tgd is the time be-

tween the 10% value of a fast rising gate current and theA straight line approximation of the forward characteristic
90% value of the decreasing main voltage. It is decreased byin the on state according to
increasing gate current.

VT = VT(TO) + ITrT (15)

Critical Rate of Rise of On-State Current (di/dt)cr
may be used to calculate the on-state power dissipation

After the gate-controlled delay time has elapsed, a limitedfor the current range of interest [see Fig. 2(b)]. Thus
cathode area near the gate contact begins to conduct on-statewith VT(TO) � threshold voltage and rT � slope of resis-
current. This current-conducting area spreads out later ontance are specified.
with a speed up to v � 0.1 mm/�s. The current-carrying capa-

The value of VT(TO) is determined by the intersection of bility of the system in the initial interval of time after turn-
straight-line approximation of the on-state characteris- on is, therefore, heavily restricted. Endangering or even de-
tic and the voltage axis. rT is calculated from the rate of stroying the thyristor is, however, impossible if in practical
rise of the straight line. use the value of the critical rate of rise of on-state current

Maximum average on-state current ITAVM is the maximum specified in the data sheet is not exceeded.
allowable continuous average value of current in a sin- The critical rate of rise of off-state voltage (dv/dt)cr is the
gle-phase half-wave resistive load circuit at 40 to 60 Hz. maximum permissible value of the rate of rise of a blocking

Maximum rms on-state current ITRMSM is the maximum voltage in forward direction, which rises nearly from 0 to 0.67
value of rms on-state current that the thyristor may VDRM at which the thyristor does not switch into the conduct-
conduct in view of the electrical, thermal, and mechani- ing state. It is valid for open gate and maximum allowable
cal stresses arising in the internal assembly parts of the junction temperature. There is a danger of destruction when
devices. It must not be exceeded even under the best exceeding this limit.
cooling conditions. Turn-off is normally initiated by applying a reverse volt-

age. The principal current does not cease when passingSurge (nonrepetitive) on-state current ITSM is the maximum
allowable instantaneous value of a single half-sinusoi- through zero but it continues to flow in reverse direction as
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Figure 5. Schematic representation of
turn on of thyristors: (a) Thyristor voltage
and current at main current circuit turned
on, (b) gate current at fast rising on-state
current (dashed line is gate current under
open main circuit), (c) turn-on circuit.
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reverse recovery current as a result of the hole storage effect tive gate current for turning on (Fig. 8). The following gate
properties are defined:(Fig. 6). Recovered charge Qr is the total amount of charge

flowing out of the thyristor after switching from an on-state
Gate current IG is the current flowing through the controlcurrent to a defined operating condition with reverse direc-

path at positive gate voltage.tion. Qr increases with rising junction temperature as well as
with peak value and rate of fall of the on-state current. Gate voltage VG is the positive voltage across gate terminal

and cathode.
Peak Reverse Recovery Current IRM Gate trigger current IGT is the value of gate current that

causes the thyristor to trigger. It depends on the voltageDependencies on operating conditions are corresponding to
across the main terminals and the junction tempera-those of Qr. Reverse recovery time trr is the time interval be-
ture Tvi. At the given maximum value all thyristors of atween the current passing through zero and the time when
given type of trigger.the extrapolated reverse recovery current reaches zero in a

commutation process from forward to reverse direction. Gate trigger voltage VGT is the voltage that occurs across
Circuit commutated turn-off time tq is the time interval the gate terminal and cathode terminal when the trig-

between the instant when the decreasing on-state current ger current flows.
passes through zero and the earliest reapplication of off-state

In a normal case of application, the design of the control cir-voltage, after which the thyristor does not turn on again (Fig.
cuit should be oriented to gate data, which are given in con-7). It depends mainly on the rate of fall of the on-state cur-

rent, the rate of rise of the off-state voltage, and the junction
temperature. For phase control thyristors tq is on the order of
100 to 300 �s, in contrast to inverter thyristors, with tq be-
tween 5 �s and 50 �s.

TRIGGERING PROPERTIES

Thyristors are predominantly triggered electrically. They are
bipolar devices controlled by currents. Thyristors need posi-
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Figure 7. Schematic representation for the turn-off: (a) Thyristor
current, (b) thyristor voltage, circuit turn-off time tq.Figure 6. Schematic representation of reverse recovery current.
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reduced by a snubber circuit (R and C in series). For many
applications the RC snubber circuits are sufficient (these are
given to diagrams of the total energy and current load). Their
suitability for the provided application should be checked.

Overcurrent Protection

Thyristors have a high current-carrying capability in continu-
ous operation but allow only limited overcurrents due to their
low thermal capacity. In case of a breakdown, an overcurrent
protection device prevents destruction. In case of a short cir-
cuit, the protection must be laid out in such a way that in

Control
circuit

vCC
RX

DX

AC

IG

A

G

K

CX

vG

utilizing the fi2dt value or surge on-state current ITSM, the thy-
Figure 8. Basic circuit diagram for a trigger pulse generator for thy- ristors may temporarily lose their blocking ability. The follow-ristors.

ing typical breakdowns must be considered in projecting the
protection: short circuit in the load circuit, bad triggering of
a thyristor, destruction of a thyristor.nection with the critical rate of rise of on-state current, gate-

controlled delay time, and latching current. When thyristors
Series Inductances in the Main Circuit of Thyristors. In someare connected in parallel or in series, even higher and steeper

applications the installation of linear or saturable induc-as well as synchronous gate pulses are necessary (for in-
tances in series with a thyristor is necessary to keep thestance, to keep the variation of the values of delay time low).
stress of current and voltage within given boundaries during
turn-on and turn-off. This measure also reduces turn-onLight-Triggered Thyristor
switching dissipation. In the case of a linear inductor, the cur-

Thyristors can also be triggered directly with light. Moreover, rent density in the spreading portion of silicon that is con-
hybrid solutions are possible where a built-in auxiliary thyris- ducting will be reduced during the current rise. With satura-
tor is light triggered first and fires then the main thyristor ble inductors (e.g., consisting of ring cores with rectangular
electrically. hysteresis loops), the current rise takes only place after the

Light-triggered thyristors are developed specially for appli- step time has elapsed (that is, when already a larger area of
cations in high-voltage equipment. These are large thyristors the silicon pellet participates in current conduction).
in disc cases that have a light-sensitive gate area triggering
the thyristor when irradiated by photons. The light is guided

PARALLEL AND SERIES CONNECTIONby a fiber optic directly to the cathode area. By means of the
fiber guide an isolation for the highest voltages is obtained

To increase the power of equipment, thyristors can be con-without problems. The needed light power is at maximum on
nected in parallel or in series.the order of 10 mW at the gate (6,7). Due to losses caused by

damping in the light fiber and by coupling into and out of the Parallel Connection
fiber, a three to five times higher light power has to be gener-

When connecting thyristors in parallel, the distribution of theated in the control circuit. Snubbers consist of R and C net-
current in the arms of the converter should be as equal asworks with other possible components connected across the
possible. Reasons for deviations from the ideal distribution ofthyristor.
current are different resistances in parallel arms. They are
caused by the spread of the on-state characteristics of the thy-

SNUBBER CIRCUITS ristors and the construction details of the parallel circuit. Dy-
namic influences, such as spread of the gate-controlled delay

For protection against voltages and currents that are too time, differences in the turn-on behavior, and induced volt-
high, thyristors need snubber circuits. ages caused by the construction of the circuit, also cause cur-

rent deviations. In addition, all snubber circuits of parallel
Overvoltage Protection

arms discharge through the thyristor triggering first. An
equal current distribution in the parallel arms can beOvervoltages may occur in a power system (for instance, due

to switching operations in the main supply, atmospheric ef- achieved by the use of thyristors with nearly equal on-state
voltage and a large degree of correspondence of resistance infects, switching of a transformer at no load, switching of in-

ductive loads, and delay characteristics of power semiconduc- parallel arms. An additional resistance in series to each par-
allel thyristor, such as a fuse, improves the symmetry. Thetors). Since thyristors can be damaged by voltage transients

of a few microseconds, a careful selection of overvoltage pro- same is true for the use of current-balancing reactors and
small spread of the values of the gate-controlled delay time.tection is essential. When designing a suitable snubber cir-

cuit, the blocking capability (VDRM, VRRM) and the critical rate For that, triggering of the thyristors with synchronous, steep,
and high gate pulses is necessary. After triggering of the firstof rise of off-state voltage (dv/dt)cr have to be taken into con-

sideration. As protection, RC snubbers, varistors, overvoltage thyristor, the anode-cathode voltage of the parallel compo-
nents also falls to the value of its on-state voltage. As a conse-limiters, and series inductances are usual.

Transient overvoltages will be caused through the delay quence, the voltage-dependent delay time of the thyristors
triggering increases and the beginning of turn-on of thesecharacteristics of thyristors after reaching the peak reverse

recovery current of the main circuit. They can effectively be components is delayed correspondingly.
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Especially with large and high voltage blocking thyristors To reduce the spread of the delay times, triggering of the
thyristors with synchronous, steep, and high gate pulses isthere is a risk that some of them, after initial triggering, re-

vert to the forward off state because of on-state current den- necessary (diG/dt � IGM/1�s, IGM � 4 . . . 10 IGT). Gate pulses
like these reduce the spread of the delay time to �tgd 
 1 �s.sity that is too low. An overload of the current-conducting thy-

ristors if the load increases can be avoided by retriggering. As
a rule, one strives for currents unbalances of less than 15%.

MECHANICAL DESIGN

Series Connection
The first thyristors were built in a ceramic and metal package

When connecting thyristors in series, the applied voltages and mounted by a stud or a clamp on a heatsink. The contacts
have to be divided as equally as possible. Reasons for the de- of anode and cathode were soldered. This design is still valid
viation from the ideal voltage division areas follows: for thyristors in the low and medium power fields. For mass

application, thyristor modules have been developed. Modules
Different reverse and forward currents. Without a snubber can contain two or more thyristors (also in combination with

circuit during the static reverse condition, a very unfa- diodes) to build up complete single- or three-phase bridge con-
vorable voltage distribution in both directions may oc- nections. For medium and high power, the disc case design
cur as it depends on each individual thyristor at the (unit cell) is dominant. This design allows for mounting into
uniform reverse current in the series connection. different heatsinks as well as two-sided cooling (Fig. 9).

At turn on spread of the gate controlled delay time can The proper and careful mounting of thyristors is manda-
cause a considerably higher forward off-state voltage of tory for reliable and undisturbed operation, because both elec-
the thyristors triggering at last. trical and thermal contacts are produced by fixing the devices

in place (e.g., on heatsinks). Stud-type thyristors are screwed
The consequences of differences in the reverse recovered in with a torque wrench. With flat base cases, the required

charge Qr is different reverse recovery times trr and different clamping force is obtained with the spring clamp supplied
peak reverse currents IRM, which means that the thyristors with each device.
begin to block reverse voltage at different times. The spread
of the reverse recovered charge �Qr of two thyristors con-
nected in series effects a voltage deviation �V � �Qr/C, where LOSSES IN THYRISTORS
C is the capacitance of the parallel snubber circuit. Equal
voltage distribution across thyristors in series may be Under operation, electrical losses occur in thyristors that

have to be transferred into heatsinks. Different dissipationsachieved by snubber circuits. For this the RC components
against carrier storage effects are often sufficient. However, are distinguished: on-state dissipation, switching power dissi-

pation, off-state dissipation, and dissipation in the gatefor long-lasting direct current (dc) voltage an additional resis-
tor parallel to each thyristor is necessary. It should carry circuit.

Forward off-state and reverse power dissipations PD, PR areabout to two to five times the maximum reverse current of
the applied thyristor at operation temperature. the electrical power converted into heat in the off state in the
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C

C AC

G

AC G

G

C

(d)(c)(b)(a)

Figure 9. Representation of different thyristor cases: (a) Metal case with glass insulator,
threaded stud, for small current (
50 A), (b) hermetic metal case with ceramic insulator,
threaded stud, for medium current (
100 A), (c) capsule type metal-ceramic package with pre-
cious metal pressure contacts, for high current (	2000 A), (d) example for mounting under pres-
sure and double-sided cooling.
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forward direction (PD) and reverse direction (PR). These are Thermal resistance is formally divided into single sections
mainly important for operating with predominant blocking (i.e., thermal resistance junction to case and case to ambient).
voltage stress. For the thyristors and heatsinks these thermal resistances

On-state power dissipation PT is the electrical power con- are given in data sheets.
verted into heat if only the forward conducting state is consid- Junction temperature Tvj, Tvjmax is the most important ref-
ered. The average on-state dissipation PTAV can be approxi- erence for all fundamental electrical properties. It represents
mately calculated using the following equation and the a mean spatial temperature and is therefore known more pre-
straight-line approximation with VT(TO) and rT: cisely as a virtual junction temperature. Observance of the

maximum permissible junction temperature Tvjmax is impor-
PTAV = VT(TO) · ITAV + rT · I2

TRMS (16) tant for the operation and reliability of the device. Exceeding
it may change the properties permanently. Case temperatureSwitching power dissipations PTT � PRQ are the electrical
Tc or heatsink temperature TK is the temperature at a spot ofpower converted into heat at turn-on (PTT) and turn-off (PRQ).
the thyristor case or of the heatsink close to the contact sur-The average switching dissipation increases at an increasing
face. Storage temperature Tstg is the temperature rangerate of rise and fall of on-state current when turning on and
within which the thyristor may be stored without any electri-off as well as at increasing repetition frequency and must be
cal stress.taken into consideration. In application at mains frequency of

The thermal resistance junction to case RthJC is the rela-40 to 60 Hz, switching dissipation can be ignored compared
tionship of the difference between the junction temperatureto the on-state dissipation up to medium-size thyristors.
Tvj and the case temperature Tc to the total power dissipationTurn-on switching power dissipation PTT is heat developed
Ptot:in a thyristor during a turn-on process. It is caused, on the

one hand, by the delay characteristic and, on the other hand,
by the time required for the conducting area to spread out. To RthJC = TVJ − TC

Ptot
(17)

turn on a rather large area, fast thyristors are equipped with
an amplifying gate.

The thermal resistance case to heatsink RthCK is the ratio ofTurn-off switching power dissipation PRQ is caused by the
the difference between temperature at the contact surfaces ofdelay characteristics and depends on the process of the recov-
thyristor and heatsink to the total power dissipation Ptot:ered current as well as the height and the rate of rise of the

reverse blocking voltage and can therefore be influenced by a
snubber circuit. RthCK = TC − TK

Ptot
(18)

COOLING
The values given are valid at proper mounting only. The ther-
mal resistance case to coolant RthCA is the ratio of the differ-The heat generated within the thyristors by electrical losses
ence between the case temperature TC and the coolant tem-must be transferred through heatsinks to the ambient. In
perature TA to the total power dissipation Ptot:general, the heatsinks are offered together with the thyristors

by the manufacturers. Coolant air or liquids are applied. For
liquid cooling, water is preferred (in special cases also oil). In
traction converters, boiling liquid cooling has been applied for

RthCA = TC − TA

Ptot
(19)

about one decade because of their very compact construction.
The total thermal resistance RthJA is the ratio of the differenceHere the loss generating elements lie within a closed tank

filled with a low-temperature boiling liquid (Freon). To pro- between the virtual junction temperature Tvj and TA to the
tect the environment Freon cooling has been replaced in total power dissipation Ptot:
newly developed converters by water cooling or heat pipes.
The heating produced by electrical losses can be calculated by
using thermal equivalent circuits (Fig. 10).

RthJA = TJ − TA

Ptot
= RthJC + RthCA (20)

For dynamic processes the thermal capacitances also have
to be taken into account. The transient thermal impedance
junction to case Z(th)JC is given in the individual data sheets
for direct current (dc). This value allows one to calculate of
the transient heating. In addition, the values Rthn and �n are
given for the analytical function (8):

Z(th)JC =
nmax∑
n=1

Rthn(1 − e−T/τn ) (21)

Arrangement of Heatsinks

Thyristors with heatsinks for forced air cooling or water cool-
ing can be mounted in any position as long as the flow of

RthCA

RthJC

RthCK

RthKA

TK

QW

Ptot

TC

TVJ

TA
cooling medium will be maintained. In the case of natural
convection cooling, the heatsinks have to be arranged so thatFigure 10. Thermal equivalent circuit for thyristors.
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their ribs are in vertical position to allow cooling air to pass
unhindered. They have to be mounted a sufficient distance
from the bottom or from other equipment. If a number of
heatsinks are arranged on top of each other, a sufficiently
great spacing has to be ensured (in particular, at natural con-
vection cooling to prevent mutual heating). If thyristors and
heatsinks are heated by other components (e.g., transformers)
they have to be derated correspondingly. Heatsinks have the
voltage of the attached thyristor and for this reason have to
be mounted electrically insulated. Thyristors in disc cases en-
able any cooling configuration. Bore holes and clamping pins
have to be provided in the clamping devices. A common con-
figuration is shown in Fig. 9.
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Figure 11. Development of maximum voltage and maximum current TYPICAL VALUES FOR THYRISTORS
of phase control thyristors over four decades. Also given is the maxi-
mum diameter of silicon wafers.

Thyristors are available for a wide power range of applica-
tions from the kilowatt to the gigawatt range. The values of
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the blocking voltage are adapted to the connected main volt- mogeneity and diameter (6 inches are reached). For
application in high-voltage installations, one tries to buildage. The maximum repetitive blocking voltage extends from

several hundred volts to 10 kV for application in high-voltage thyristors for 10 kV and more. To improve the turn-on, gate
structures are refined. A special concern is robustness againstareas. By series connection higher voltage values can be

achieved. The same is true for current where thyristors of radiation, especially cosmic radiation, which may lead to
flashover under high-voltage operation. Light-triggered thy-some amperes up to 4 kA are offered (9). The diameter of the

round silicon disks determines the allowable current. With ristors will probably find wider application.
The material silicon dominates in semiconductor elementssmall thyristors the silicon disks have dimensions of some

millimeters. For large thyristors the disks have reached 5 to for power electronics. Worldwide there is research and devel-
opment with other materials, like gallium arsenide and sili-6 inches in diameter. Out of maximum blocking voltage and

maximum on-state current a product can be formed that de- con carbide (10,11).
One task remains for application of phase control thyris-fines a fictitious switching power in megavolt-amperes. Figure

11 shows the increase of the maximum fictitious switching tors in the future: the replacement of mechanical switches in
single- and three-phase ac systems. This is especially true forpower of thyristors over time. The increase in current re-

sulted mainly from the increase of the diameter of silicon medium voltage grids, where better system quality can be
achieved by semiconductor switches: synchronous switching,crystals. The increase of blocking voltage was achieved by im-

proving the homogeneity of the starting material, the dope phase control if needed, no wear and tear, and fast turn-off
in case of disturbance and short circuit. The key for broaderprofile, and by developing specially surface bevelled struc-

tures. application of phase control thyristors in this field is economy.
Only a fraction of the fictitious switching power of thyris-

tors can be utilized in power electronic equipment due to nec- BIBLIOGRAPHY
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DEVELOPMENT TRENDS

The development of phase control thyristors is mature. Never-
theless, steady improvements still take place. Monocrystal-
line silicon material is further enhanced with respect to ho-


