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Part I Reading Comprehensi(m

Unit 1 Power Semiconductor Devices

1.1 Introduction

Power semiconductor devices constitute the heart of modern power electronic apparatus. They
are used in power electronic converters in the form of a matrix of on-off switches, and help to convert
power from AC-10-DC (rectifier), DC-to-DC ( chopper) , DC-t0-AC (inverter) , and AC-10-AC at
the same ( AC controller} or different frequencies ( cycloconverter}. The switching mode power con-
version gives high efficiency, but the disadvantage is that due to the nonlinearity of swilches, “har-
monics are generated at both the supply and load sides. The switches are not ideal, and they have
conduction and turn-on and turn-off switching losses. Converters are widely used in applications
such as heating and lighting controls, AC and DC power supplies, electrochemical processes, DG
and AC motor drives, static VAR generation, active harmonic filtering, etc. Although the cost of
power semiconductor devices in power electronic equipment may hardly exceed 20 ~30 percent, the
total equipment cost and performance may be highly influenced by the characteristics of the devices.
An engineer designing equipment must understand the devices and their characteristies thoroughly in
order to design efficient, reliable, and cost-effective systems with optimum performance. i is inter-
esting to note that the modern technology evolution in power electronies has generally followed the
evolution of power semiconductor devices, The advancement of microelectronics has greatly contribu-
ted to the knowledge of power device malerials, processing, fabrication, packaging, modeling, and
simulation.

Today ' s power semiconductor devices are almost exclusively based on silicon material and can
be classified as follows .

Diade ;

Thyristor or silicon-controlled rectifier { SCH) ;
+  Triacy

Gate turn-off thyristor { GTO) ;

Bipolar junction transistor { BJT or BPT) ;

Power. MOSFET;

Insulated gate bipolar transistor ( IGBT) ;

Integrated gate-commutated thyristor (IGCT).



In this unit, we will briefly study the operational principles and characteristics of these deviges.
1.2 Diodes

Power diodes provide uncontrolled rectification of power and are used in applications such as
electroplating, ancdizing, battery charging, welding, power supplies (DC and AC), and variable-
frequency drives. They are also used in feedback and the freewheeling functions of converters and
snubbers. A typical power diode has P-I-N structure, that is, it is a P-N junction with a near-intrin-
sic semiconductor layer (I-layer) in the middle to sustain reverse voltage.

Figure 1.1 shows the diode symbol and its volt-ampere characteristics. In the forward-biased
condition, the diode can be represented by a junction offset drop and a series-equivalent resistance
that gives a positive slope in the V-1 charactenistics. The typical forward conduction drop is 1.0 V,
This drop will cause conduction loss, and the device must be cooled by the appropriate heat sink to
limit the junction temperature. In the reverse-biased condition, a small leakage current flows due to
minority carriers, which gradually increase with voltage. If the reverse voltage exceeds a threshold
value, called the breakdown voltage, the device goes through avalanche breakdown, which is when
reverse current becomes large and the diode is destroyed by heating due to large power dissipation in

the junction,
+1

—p
Forward conduction drop
Anode
-V
Gate SZ A 5
Reverse
leakage
Cathode current
Avalanche
breakdown
=

Figure 1.1 Diode symbol and volt-ampere characteristics

1.3 Thyristors

Thyristors, or silicon-controlled rectifiers { SCRs) have been the traditional workhorses for bulk
power conversion and control in industry. The modern era of solid-state power electronies started due
to the introduction of this device in the late 1950s. The term “thyristor” came from its gas tube
equivalent, thyratron. Often, it is a family name that includes SCR, triac, GTO, MCT, and IGCT.
Thyristors can be classified as standard, or slow phase-control-type and fast-switching, voltage-fed

inverter-type. The inverter-type has recently become obsolete and will not be discussed further.
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Figure 1. 2 shows the thyristor symbol and its volt-ampere characteristics. Basically, it is a
three-junction P-N-P-N device, where P-N-P and N-P-N component transistors are conrlected in re-
generative feedback mode. The device blocks voliage in both the forward and reverse directions
{ symmetric blocking). When the anode is positive, the device can be triggered into conduction by a
short positive gate current pulse; but once the device is conducting, the gate loses its control Lo turn
off the device. A thyristor can alse turn on by excessive anode voltage, its rate of rise (dv/dt), by
a rise in junction temperature (7)), or by light shining on the junctiens.

The volt-ampere characteristics of the device indicate that at gate current [, =0, if forward velt-
age is applied on the device, there will be a leakage current due to blocking or the middie junction.
If the voltage exceeds a critical limit ( breakover voltage) , the deviee switches into conduction. With
increasing magnitude of /., the forward breakover voltage is reduced, and eventually at /I, , the de-
vice behaves like a diode with the entire forward blocking region removed. The device will turn on
successfully if & minimum current, called a latching current, is maintained. During conduction, if
the gate current is zero and the anode current falls below a critical limit, called the holding current ,
the device reverts to the forward blocking state. With reverse voltage, the end P-N junctions of the
device become reverse-biased and the V-I curve becomes essentially similar to that of a diode rectifi-

er. Modern thyristors are available with very large voltage (several kV) and current ( several kA)

ratings.
t [\
Forward
—_— conduction
Latching drop
current I
Anode Holding\
current 1,=0
X
Gate -
Cathode Reverse i
leakage Forward Forward
current leakage breakover
current voltage
Avalanche
breakdown
I
Figure 1.2 Thyristor symbol and volt-ampere characteristics
1.4 Triacs

A triac has a complex multiple-junction structure,, but functienally, it is an integration of a pair
of phase-controlled thyristors connected in inverse-parallel on the same chip. Figure 1.3(a) shows
the triac symbol and Figure 1.3(b) shows its volt-ampere characteristics. The three-terminal device
can be triggered into conduction in both pesitive and negative half-cycles of supply voltage by apply-
ing gate trigger pulses. In I + mode, the terminal T, is positive and the device is switched on by

3



positive gate current pulse. In 1l1- mode, the terminal 7 is positive and it is switched on by negative
gate current pulse. A triac is more econemical than a pair of thyristors in anti-parallel and jts control
1s simpler, bul its integrated construction has some disadvantages. The gate current sensitivity of a
triac is poorer and the turn-off time is longer due to the minority carrier storage effect. For the same
reason, the reapplied dv/dl rating is lower, thus making it difficult to use with inductive load. A
well-designed RC snubber is essential for a triac circuit, Triacs are used in light dimming, heating
control, appliance-type motor drives, and solid-state relays with typically 50/60 Hz supply frequen-
cy.

+1

I+mode

i [11-mode

(a)

(b)

,]\

Figure 1.3 Triac symbol and volt-ampere characteristics

1.5 Gate Turn-Off Thyristors ( GTOs)

A gate lurn-off thyristor { GTO), as the name indicates, is basically a thyristor-type device that
can be turned on by a small positive gate current pulse, but in addition, has the capability of being
turned off by a negative gate curreni pulse. The turn-off capability of a GTO is due o the diversion
of P-N-P collector curreni by the gate, thus breaking the P-N-P/N-P-N regenerative feedback effect.
GTOs are available with asymmetric and symmetric voltage-blocking capabilities, which are used in
voltage-fed and current-fed converters, respectively. The turn-off current gain of a GTO, defined as
the ratio of anode current prior to turn-off to the negative gate current required for turm-off, is very
low, typically 4 or 5. This means that a 6000 A GTO requires as high as - 1500 A gate current
pulse. However, the duration of the pulsed gate current and the corresponding energy associated
with it is small and can easily be supplied by low-voliage power MOSFETs. GTOs are used in moior
drives, static VAR compensators (SVCs), and AC/DC power supplies with high power ratings.
When large-power GTOs became available, they ousted the force-commutated, voltage-fed thyristor

inverters.
1.6 Bipolar Power or Junction Transistors ( BPTs or BJTs)

A bipolar junction transistor { BPT or BJT), unlike a thyrister-like deviee,is a two-junction,



self-controlled device where the collector current is under the control of the base drive current. Bipo-
lar junction transistors have recently been ousted by IGBTs ( insulated gate bipolar transistors) in the
higher end and by power MOSFETs in the lower end. The DC current gain (4, ) or a power tran-
sistor #s low and varies widely with collector current and temperature. The gain is increased to a high
value in the Darlington connection, as shown in Figure 1. 4. However, the disadvantages are higher
leakage current, higher conduction drop, and reduced switching frequency. The shunt resistances
and diode in the base-emitter circuit help to reduce collector leakage current and establish base bias
voltages. A transistor can block voltage in the forward direction only {asymmetric blocking). The
feedback diode, as shown, is an essential element for chopper and voltage-fed converter applica-
tions. Double or triple Darlington transistors are available in module form with matched parallel de-
vices for higher power rating.

Power transistors have an important property known as the second breakdown effect. This is in
contrast to the avalanche breakdown effect of a junction, which is also kmown as first breakdown
effect. When the collector current is switched on by the base drive, it tends to crowd on the base-
emitter junction periphery, thus constricting the collector current in a narrow area of the reverse-
biased collector junction. This tends to create a hot spot and the junction fails by thermal runaway,
which is known as second breakdown. The rise in junction temperature at the hot spot accentuates
the current concentration owing to the negative temperature coefficient of the drop, and this regener-
ation effect causes collapse of the collector voltage, thus destroying the device. A similar problem
arises when an inductive load is turned off. As the base-emitter junction becomes reverse-biased,

the collector current tends to concentrate in a narrow area of the collector junction.

C

Figure 1.4 Darlington transistor symbol

1.7 Power MOSFETs

Unlike the devices discussed so far, a power MOSFET ( metal-oxide semiconductor field-effect
transistor) is a unipolar, majority carrier, “zero junction” , voltage-controlled device. Figure 1.5
{a) shows the symbol of an N-type MOSFET and Figure 1.5(b) shows its volt-ampere characteris-
tics. If the gate voltage is positive and beyond a threshold value, an N-type conducting channel will
be induced that will permit current flow by majority carier ( electrons ) between the drain and the

source. Although the gate impedance is extremely high at steady state, the effective gate-source ca-
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pacitance will demand a pulse current during turn-on and tumn-off. The device has asymmetric volt-
age-blocking capability, and has an integral body diode, as shown, which can carry full current in
the reverse direction. The diode is characterized by slow recovery and is often bypassed by an exter-
nal fast-recevery diode in high-frequency applications.

The V-1 characteristics of the device have two distinct regions, a constant resistance [ R, ]
region and a constant current region. The R ,., of a MOSFET is an important parameter which de-
termines the conduction drop of the device, For a high woliage MOSFET, the longer conduction
channel makes this drop large [ Rp,., & ¥>*]. 1t is inleresting to note that modern trench gate tech-
nology tends to lower the conduction resistance, The positive temperature coefficient of this resist-
ance makes parallel operation of MOSFET easy. In fact, large MOSFETs are fabricated by parallel
connection of many devices.

While the conduction loss of a MOSFET is large for higher voltage devices, its turn-on and
turn-off switching times are extremely small, causing low switching loss. The device does not have
the minority carrier storage delay problem associated with a bipolar device, and its switching times
are determined essentially by the ability of the drive to charge and discharge a tiny mput capacitance
Cis = Ces + Cipy (defined as Miller capacitance ) with €, shorted ,where €, = gate-to-source capac-
itance, Cg, = gate-to-drain capacitance, and C,, = drain-to-source capacitance. Although a MOS-
FET can be controlled statically by a voltage source, it is normal practice to drive it by a current
source dynamically followed by a voltage source 1o minimize swiiching delays. MOSFETs are ex-
tremely popular in low-voltage, low-power, and high-frequency (hundreds of kHz) switching appli-
cations. Application examples include switching mode power supplies (SMPs) , brush less DC mo-

tors ( BLDMs) , stepper motor drives, and solid-state DC relays.

Drain
20 -
10Vsy | T 1 0
D - ;
Z 16 A%
z
=
2 12
l = v s
Gate E I »( 7 J asfo
| o 8
G | &
—
\ &}
\\ Z ) SV .
N, | = 4
\ &
Vis . =
S Integral ~ + AV
B ‘*’{L inverse 0 20 40 60 80 100
Source  diode Vs DRAIN TO SOURCE VOLTAGE (VOLTS)

(a) (b)

Figure 1.5 (a) Power MOSFET symbol
(b) Volt-ampere characteristics ( Harris 2N6757) (150 V, 8 A)



1.8 Insulated Gate Bipolar Transistors ( IGBTs)

The introduction of insulated gate biploar transistors { 1GBTs) in the mid-1980s was an impor-
tant milestone in the history of pewer semiconcluctor devices. They are extremely popular devices in
power electronics up to medium power (a few kWs to a few MWs) range and are applied extensively
in DC/AC drives and power supply systems. They ousted BJTs in the upper range,as mentioned be-
fore, and are currently ousting GTOs in the lower power range. An IGBT is basically a hybrid MOS-
gated turn-on/off bipolar transistor that combines the advantages of both a MOSFET and BJT. Figure
1.6(a) shows the basic structure of an IGBT and Figure 1.6(b) shows the device symbol.

Tts architecture is essentially similar to that of a MOSFET, except an additional P " layer has
heen added at the collector over the N' drain layer of the MOSFET. The device has the high-input
impedance of a MOSFET but BJT-like conduction characteristics. 1 the gate is positive with respect
to the emitter, an N-channel is induced in the P region. This forward-biases the base-emitter junc-
tion of the P-N-P transistor, turning it on and causing conductivity modulation of the N region,
which gives a significant reduction of conduction drop over that of a MOSFET. At the on-condition ,
the driver MOSFET in the equivalent circuit of the IGBT carries most of the total terminal current.
The thyristor-like latching action caused by the parasitic N-P-N transistor is prevenied by sufficiently
reducing the resistivity of the P* layer and diverting most of the current through the MOSFET. The
device is turned off by reducing the gate voltage to zero or negative, which shuts off the conducting
channel in the P region. The device has higher current density than that of a BJT or MOSFET. Iis
input capacitance (Ciss) is significantly less than that of a MOSFET. Alsu, the ratio of gate-collec-
tor capacitance to gate-emitier capacitance is lower, giving an improved Miller feedback effect.

Collector
6

R."(MOD)

Emitter
(a)

Figure 1.6 (a) IGBT structure with equivalent circuit (b) Device symbol



1.9 Integrated Gate-Commnutated Thyristors (IGCTs)

The integrated gate-commutated thyristor (IGCT) is the newest member of the power semicon-
ductor family at this time, and was introduced by ABB in 1997. Basically, it is a high-voliage,
high-power, hard-driven, asymmetric-blocking GTO' with unity tum-off current gain. This means
that 2 4500 V IGCT with a controllable anode current of 3000 A requires turn-off negative gate cur-
rent of 3000 A. Such a gate current pulse of very short duration and very large di/dt has small ener-
gy content and can be supplied by multiple MOSFETs in parallel with ulira-low leakage inductance
in the drive circuit. The gate drive circuit is built-in on the device module. The device is fabricated
with a monolithically integrated anti-paralle]l diode. The conduction drop, turn-on di/dt, gate driver
loss, minority carrier storage time, and tumn-off de/d:t of the device are claimed to be superior to
GTO, Faster switching of the device permits snubberless operation and higher-than-GTO switching
frequency. Multiple IGCTs can be connected in series or in parallel for higher power applications.
The device has been applied in power system interiie installations (100 MVA) and medium-power
(up to 5 MW) industrial drives.

1.10 Power Integrated Circuits ( PICs}

A discussion on power semiconductor devices is incomplete without some mention of power inte-
grated eircuits (PICs). In a PIC, the control and power electronics are generally integrated monol-
ithically on the same chip. Loosely, a PIC is defined as “smart power”, The motivations behind a
PIC are reductions in size and cost, and improvement in reliability. The main problems in PIC fabri-
cation are isolation between high-voltage and low-voltage devices and thermal management. A PIC is
ofien differentiated from a high-voltage integrated circuit { HVIC} , where the voltage is high but the
cwirent is small, that is, the loss is low, Low-vollage NMOs, CMOs, and bipolar devices can be
conveniently integrated with MOS-gated power devices. Recently, a large family of PICs that in-
cludes power MOSFETs or IGBT smart switches, half-bridge inverter drivers, H-bridge inverters,
two-phase step motor drivers, one-quadrant choppers for DC metor drives, three-phase brush less
DC motor drivers, etc, has become available. Figure 1.7 shows a monolithic PIC ( within the dotted
rectangle ) for driving a brushless DC motor. The simplified block diagram of the 40 V, 2 A PIC
consists of a six-switch power stage, Hall sensor decoding logic, current-regulated PWM ( pulse

width modulated) control of the lower switches, and thermal/under voltage protection features.
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Figure 1.7 Monalithic PIC for brushless DC motor { BLDC) drive ( Unitrade UC3620)
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avalanche hreakdown
thyratron [ 'Galratron s,
thyristor [ 'Gar'rista n.
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threshold value
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power dissipation
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differentiate [ difa'renfren]v.
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Unit 2 Gate Commutated Inverters ( DC/AC Converters)

Most modern AC variable speed drives in the 1 kW to 500 kW range are based on gate-commau-
tated devices such as the GTO, MOSFET, BIT and IGBT, which can be turned ON and OFF by low
power control cireuits connected to their control gates.

The difficulties experienced with thyristor commutation in the early days of PWM inverters have
largely heen overcome by new developments in power electronic technology. Diodes and thyristors
are still used extensively in line-commutated rectifiers.

Starting with a DC supply and using these semiconductor power electronic switches, it is not
possible to obtain a pure sinnsoidal voliage at the load. On the other hand, it may be possible to
generale a near-sinusoidal current. Consequently, the objective is o control these switches in such a
way that the current through the inductive circuil should approximate a sinusoidal current as closely

as possible.

2.1 Single-phase square wave inverter

To estublish the principles of gate-controlled inverter cireuits, the figure 2.1 below shows four

semiconductor power switches feeding an induoctive load from a single-phase supply.
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Figure 2.1 Single-phase DC to AC inverter
This circuit can be considersd 1o be an electronic reversing switch, which allows the input DC
voltage V), to be connected 1o the inductive load in any one of the following ways

{1} § =on, S, =on, giving +V, at the load
(2) S, =on, S, =on, giving —V, at the load
(3) S, =on, 5, =on, giving zero volts at the load

8, =on, S, =on, giving zero volts at the load
(4) 8, =on, S; =on, giving a short circuit fault

S, =on, S, =on, giving a short circuit fault
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