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UPower electronics is the technology to convert and control electric power 
from one form to another using electronic power Devices. 
 
 

UCHAPTER ONE : INTRODUCTION 
 
U1. What is the power electronics. 
Applications of solid-state electronics in the electrical power field are steadily 

increasing; the term power electronics has been used since 1960s, after the 

introduction of the silicon controlled rectifier (SCR) by general electric. Power 

electronics has shows rapid growth in recent years with the development of power 

semiconductor devices that can switch large current efficiently at high voltages. 

Since these devices offer high reliability and small size. The scope of applications of 

power electronic systems as regulating power supply, variable speed of AC and DC 

machines, high voltage DC transmission lines, frequency changer and load matching 

in solar system.  

The broad field of electrical engineering can be divided into three major areas, 

namely, electric power, electronic, and control. Power electronics deal the 

application of power semiconductor devices, such as thyristors and transistors, for 

the conversion and control of electrical energy at high power levels. This conversion 

is usually from AC to DC or vice versa, while the parameters controlled are voltage, 

current, or frequency.  For example, a DC/DC converter has constant input and 

performs an output of variable voltage and current.  

The process of power conversion or control is realized by controlling the 

adequate operation of power switches devices. The control signals necessary are 

generated by electronic or digital means, so the power flow is controlled by 

electronic means. That is why the power electronics terms is used for these system. 

Figures (1) and (2) below demonstrate the combination between power, electronic, 

control, and various branches. 
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Figures (1) and (2)Relation between power, electronics, and control (power 

electronics) 

 
U2. Why the power electronics. 
Transfer of electric power from a source to a load can be controlled by varying the 
supply voltage (by using a variable transformer) or by inserting a regulator (such as a 
rheostat, variable reactor or switch). Semiconductor devices used as switches have 
the advantage of being relatively small, inexpensive, and efficient, and they can be 
used to control power automatically. An addition advantage of using a switch as a 
control element (compared to using adjustable resistance provided by rheostat or 
potentiometer) can be presented as follows: 
 
 Ua) A Rheostat as a control device. 
Figure (3) shows a rheostat controlling a load. When R1 is set to zero resistance, full 
power is delivered to the load. When R1 is set for maximum resistance, the power 
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delivered is close to zero. When R1 equal to RRLR , 50% of the power is consumed in 
the load and 50% in R1, so the efficiency is 50%. Moreover, the rheostat must be 
physically larger than the load to dissipate additional power. 
In industrial applications where the power to be controlled is large, the efficiency of 
conversion is important. Poor efficiency means large losses, an economical 
consideration, and it also generates heat that must be removed from the system to 
prevent overheating. 

 
Figure (3) A rheostat controlling a load. 

 
UEX.1 U A DC source of 100 V is supplying 10 ohms resistive load. Find the power 
delivered to the load (PRLR), the power loss in the rheostat (PRRR), the total power 
supplied by the source (PRTR), and the efficiency (η) if the rheostat is set at : a)0 ohms, 
b)10 Ohms c)100 Ohms. 
 
USol. 

a) Voltage across the load   (VRLR) = 100 V 
Power supplied to the load  (PRLR) = 100P

2
P/10 = 1 KW 

Power dissipated in the rheostat  (PRRR) = 0 W 
Power supplied by the source (PRTR) = PRLR + PRRR = 1 KW 
Efficiency  (η ) = PRLR/PRTR * 100 = 100 % 
 

b) Voltage across the load   (VRLR) =  10 * 100 / 20 = 50 V 
Power supplied to the load  (PRLR) = 50P

2
P/10 = 250 W 

Power dissipated in the rheostat  (PRRR) = 50P

2
P/10  = 250W 

Power supplied by the source (PRTR) = PRLR + PRRR = 500 W 
Efficiency  (η ) = PRLR/PRTR * 100 = 50 % 
 

c) Voltage across the load   (VRLR) =  10 * 100 / 110 = 9.09 V 
Power supplied to the load  (PRLR) = 9.09P

2
P/10 = 8.26 W 

Power dissipated in the rheostat  (PRRR) = 90.91P

2
P/100  = 82.64 W 

Power supplied by the source (PRTR) = PRLR + PRRR = 90.9 W 
Efficiency  (η ) = PRLR/PRTR * 100 = 9.08 % 
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It is clear from this example that the efficiency of power transfer from the source to 
the load is decrease as the rheostat resistance increase. 
 
 Ub) A switch as a control device. 
 
In Figure (4), a switch is used to control the load. When the load is ON, maximum 
power is delivered to the load. The power loss in the switch is zero since it has no 
voltage across it. When the switch is OFF, 0 power is delivered to the load, again, the 
switch has no power loss since there is no current through it. The efficiency is 100 % 
because the switch does not waste power in either of its two positions. 
 

 
Figure (4) A switch controlling the load. 

 
The problem of this method is that unlike a rheostat, a switch cannot be set at 
intermediate positions to vary the power. However, we can create the same effect by 
periodically turning the switch ON and OFF. If we need more power, the switch is 
set ON for longer periods and OFF for shorter periods. When less power is needed, it 
is set OFF longer. 
 
UEX.2 U A DC source of 100 V is supplying 10 ohms resistive load through a switch. 
Find the power delivered to the load (PRLR), the power loss in the switch (PRSR), the total 
power supplied by the source (PRTR), if the switch is : a) Closed,    b) Open,   C) Closed 
50% of the time, &   d) Closed 20% of the time.  
USol. 

a) Voltage across the load   (VRLR) = 100 V 
Power supplied to the load  (PRLR) = 100P

2
P/10 = 1 KW 

Power loss in the switch  (PRSR) = 0 W 
Power supplied by the source (PRTR) = PRLR + PRSR = 1 KW 
 

b) Voltage across the load   (VRLR) = 0 V 
Power supplied to the load  (PRLR) = 0 W 
Power loss in the switch  (PRSR) = 0 W 
Power supplied by the source (PRTR) = PRLR + PRSR = 0 W 
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c) With the switch closed 50% of the time (see figure 5) 
Average Voltage across the load   (VRLR) = 50 V 
Power supplied to the load  (PRLR) = 50P

2
P/10 = 250 W 

Power loss in the switch  (PRSR) = 0 W 
Power supplied by the source (PRTR) = PRLR + PRSR = 250 W 
 

d) With the switch closed 20% of the time  
Average Voltage across the load   (VRLR) = 20 V 
Power supplied to the load  (PRLR) = 20P

2
P/10 = 40 W 

Power loss in the switch  (PRSR) = 0 W 
Power supplied by the source (PRTR) = PRLR + PRSR = 40 W 
 

 
Figure (5) Load voltage using ON & OFF periods. 
 
As this example shows, all the power supplied by the source is delivered to the 
load. The efficiency of power transfer is 100%. Don't forget that the switch is 
assumed to be ideal, but in practice the power loss in the electronic switches 
such as any type transistors or thyristors are very low. 
  

 
U3.General Switching Characteristics 
U3.1 The Ideal Switch 
It is always desired to have the power switches perform as close as possible to the 
ideal case. Device characteristically speaking, for a semiconductor device to operate 
as an ideal switch, it must possess the following features: 
 

1. No limit on the amount of current (known as forward or reverse current) the 
device can carry when in the conduction state (on-state). 

2. No limit on the amount of the device-voltage ((known as forward or reverse 
blocking voltage) when the device is in the non-conduction state (off-state). 

3. Zero on-state voltage drop when in the conduction state. 
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4. Infinite off-state resistance, i.e. zero leakage current when in the non-
conduction state. 

5. No limit on the operating speed of the device when changes states, i.e. zero 
rise and fall times. 

6. It dissipates zero power. 
7. It uses little power to control its operation. 
8. It is highly reliable. 
9. It is small in size and weight. 
10. It is low in cost and needs no maintenance. 

 
Both during the switching and conduction periods, the power loss is zero, resulting in 
a 100% efficiency, and with no switching delays, an infinite operating frequency can 
be achieved. In short, an ideal switch has infinite speed, unlimited power handling 
capabilities, and 100% efficiency. It must be noted that it is not surprising to find 
semiconductor-switching devices that can almost, for all practical purposes, perform 
as ideal switches for number of applications. 
 
 
 
U3.2. The Practical Switch 
The practical switch has the following switching and conduction characteristics: 

1. Limited power handling capabilities, i.e. limited conduction current when the 
switch is in the on-state, and limited blocking voltage when the switch is in the 
off-state. 

2. Limited switching speed that is caused by the finite turn-on and turn-off times. 
This limits the maximum operating frequency of the device. 

3. Finite on-state and off-state resistance’s i.e. there exists forward voltage drop 
when in the on-state, and reverse current flow (leakage) when in the off-state. 

4. Because of characteristics 2 and 3 above, the practical switch experiences 
power losses in the on and the off states (known as conduction loss), and 
during switching transitions (known as switching loss). 

 
 
U4. Losses in real power switch 
Unlike an ideal switch, an actual switch, such as a bipolar junction transistor, has two 
major sources of power loss : conduction loss and switching loss. 
U4.1. Conduction loss 
When the transistor in figure (6-a) is off, it carries a leakage (IRLEAKR). The power loss 
associated with leakage current is PROFFR = Vs*IRLEAKR. Since the leakage current is quite 
small and does not significantly with voltage , it is usually neglected and thus the 
transistor power loss is essentially zero. 
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When the transistor is ON, figure (6-b), it has a small voltage drop across it. This 
voltage is called saturation voltage (VRCE(SAT)R). The transistor's power dissipation or 
conduction loss due to the saturation voltage is 
 
  PON =  VRCE(SAT)R * Ic                                               …….   (1) 
 
Where 
 
  Ic = (Vs - VRCE(SAT)R)/ RRLR ≈ Vs / RRLR                          ……….. (2) 
 
Equation (1) gives the power loss due to the conduction if the switch remains ON 
indefinitely. However, to control the power for a given application, the switch is 
turned ON and OFF in a periodic manner. Therefore, to find the average power loss 
we must consider the duty cycle (d) : 
 
 
  PRONR(avg) = VRCE(SAT)R* Ic * TRONR/ T = VRCE(SAT) * RIc * d 
Similarly, 
  PROFFR(avg) = VRSR* IRLEAKR * TROFFR/ T  
 
Where   :  d is the duty cycle = TRONR/T 

 
 

Figure (6) Power losses in a transistor. 
 
U4.2. Switching loss 
In addition to the conduction loss, a real switch has switching losses because it 
cannot change from the ON state to OFF state (or vice versa) instantaneously. A real 
switch takes a finite time tRsw(ON)R to turn ON and a finite time tRsw(OFF)R to turn OFF. 
These times not only introduce power dissipation but also limit the highest frequency 
possible. tRsw(ON)R and tRsw(OFF)R are not equal with tRsw(ON)R generally being larger.  
In our discussion we will assume that tRsw(ON)R is equal to tRsw(OFF)R. Figure (7) shows 
switching waveforms for (a) the voltage across the switch and (b) the current through 
it. When the switch is OFF, the voltage across it is equal to source voltage. During 
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turn-ON, which takes a finite time, the voltage across the switch decreases to zero. 
During the same time, the current through the switch increases from zero to Ic. The 
transistor has a current through it and a voltage across it during the switching time; 
therefore it has a power loss. 
 
 

 
Figure (7) Waveform during switching operation: (a) voltage across the switch (b) 

current through the switch (c) power dissipated in the switch. 
 
To find the power dissipated in a transistor during the switching interval, we multiply 
the instantaneous value of Ic and the corresponding value of VRCER. This power is 
illustrated in figure (7-c). The energy dissipated in the switch is equal to the area 
under the power waveform. Note that the maximum power is dissipated when both 
the current and voltage are passing their midpoint values. Therefore, the maximum 
power loss when switching from the OFF state to the ON state is : 
 
  PRSW ON(max)R = 0.5 VRCE(max)R * 0.5 IRC(max)R   ………………… (3) 
 
It is interesting to note that the power curve looks like essentially like a rectified sine 
wave. The average value of this waveform is 
 
  PRSW ON(avg)R = 0.636 * PRSW ON(max)R = 0.636 * 0.5 VRCE(max)R * 0.5 IRC(max) 
          = (1/6) * VRCE(max)R * IRC(max) 
 
The energy loss (power * time) during turn-ON will be PRSW ON(avg)R* tRSW ONR  
 
  WRSW ONR = (1/6) VRCE(max)R * IRC(max)R * tRSW ONR            (Joules) 
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A similar analysis gives the energy loss during turn-OFF ; 
 
  WRSW OFFR = (1/6) VRCE(max)R * IRC(max)R * tRSW OFFR            (Joules) 
 
The total energy loss in one cycle due to switching is given by 
 
 WRSWR= WRSW ONR + WRSW OFFR = (1/6) VRCE(max)R * IRC(max)R * (tRSW OFFR + tRSW ONR )            
 
The average power dissipation in the switch will be 
 
  PRSWR = WRSWR / T  = WRSWR * f        ;  f = 1/T 
 
  PRSWR = (1/6) VRCE(max)R * IRC(max)R * (tRSW OFFR + tRSW ONR ) * f 
 
Where T is the switching period and f is the pulse repetition rate ( frequency of 
switching). Note that 
    T= tRONR + tRSW(ON)R + t ROFFR + t RSW(OFF)R           
 
If we let  
  tRSW(ON)R = tRSW(OFF)R = t RSW 
Then 
   
  PRSWR = (1/6) VRCE(max)R * IRC(max)R * ( 2 tRSW R) * f 
 
The total power loss in the switch is 
 
 PRTR = PRON(avg)R + PROFF(avg)R + PRSWR   ≈ PRON(avg)R + PRSW 
       
              = VRCE(SAT) * RIRC(max)R  * d + VRCE(max) * RIRLeakR*TRoffR/T  + (1/3) VRCE(max)R * IRC(max)R *  
tRSW R * f 

 
UEX.3 
Referring to figure (6) if Vs=50 V, RRLR=5 ohms, and the switch is ideal with no 
switching loss. If the on state voltage drop is 1.5 V and the leakage current is 1.5 
mA, calculate the power loss in the switch when it is  (a) ON    (b) OFF,. 
 
USOL. 

a) Conduction current = (50-1.5)/5 = 9.7 A 
Power loss during ON state = 1.5 * 9.7 = 14.55 W 
 

b) Power loss during OFF state PROFFR = 50 V * 1.5 mA = 75 mW. 
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For normal load condition the power dissipation during OFF state can be neglected in 
comparison to the power loss during ON state. 
UEX.4 
Calculate the maximum and average power loss for the switch in previous example if 
the switching frequency is 500 Hz with duty cycle of 50%. 
 
USOL. 
 Switching period T = 1/f = 1/500 = 2 ms. 
 Duty cycle d = 0.50 
 Then   tRONR=1 ms   and tROFFR = 1 ms 
 Average power loss during ON state = PRONR * tRONR/T = 14.55*0.5 = 7.27 W 
 Average power loss during OFF state = PROFFR * tROFFR/T = 0.075*0.5=0.037 W 
 Average power loss in one cycle = PRON(avg)R + PROFF(avg)R = 7.27+0.037=7.3 W 
 Remember that the maximum power dissipated is 14.55 W. 
 
 
UEX.5 
Assume Vs=120 V, RL=6 ohms, and the transistor is ideal for conduction loss. If  
tRSW(ON)R=tRSW(OFF)R = 1.5 µs, calculate the average switching power loss at the switching 
frequency of 1 KHz. 
 
USOL. 
 IRC(max)R = 120/6 = 20 A 
 PRSW ON(avg)R = (1/6) * VRCE(max)R * IRC(max)R = 120 * 20 / 6 = 400 W 
 The energy loss is 

WRSW ONR = (1/6) VRCE(max)R * IRC(max)R * tRSW ONR = 400 * 1.5X10P

-6
P=0.6 mJ 

WRSW OFFR = (1/6) VRCE(max)R * IRC(max)R * tRSW OFFR = 400 * 1.5X10P

-6
P=0.6 mJ 

WRSWR = WRSW ONR + WRSW ONR = 1.2 mJ 
PRSWR = WRSWR / T = WRSWR * f = 1.2 mJ * 1000 = 1.2 W 

 
OR 
 PRSWR = (1/6) VRCE(max)R * IRC(max)R * ( 2 tRSW R) * f = (1/6)*120 * 20 *2*1.5X10P

-6
P 

*1000 
        = 1.2 W 
 
It is clear from the examples that when we select a power switch, it is necessary to 
select the adequate frequency of switching in order to minimize the losses in the 
switch and obtain a good waveform on the load.  
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U5. Classification of power electronics devices 
Power electronics devices can be classified by more than one manner : 
 

• UUncontrolled deviceU: diode  
Uncontrolled device has only two terminals and can not be controlled by 
control signal. The on and off states of the device are determined by the power 
circuit. 

 
• UHalf-controlled device:U thyristor 

Half-controllable device is turned-on by a control signal and turned-off by the 
power circuit 

 
 

• UFully-controlled device: UPower MOSFET, IGBT,GTO, IGCT 
In Fully-controllable device the on and off states of the device are controlled 
by control signals. 

 
UOther classifications 

power electronic devices 
Current-driven (current-controlled) devices. 
Voltage-driven (voltage-controlled) devices. 

 
power electronic devices 

Pulse-triggered devices 
Level-sensitive (level-triggered) devices 

 
power electronic devices 

Unipolar devices (Unidirectional) 
Bipolar devices (Bidirectional) 

 
 
 
 
 
U6. Power semiconductor switches. 
The main types of semiconductor switches in common use are 

1. Diodes 
2. Power transistors 

a. Bipolar junction transistor (BJT) 
b. Metal oxide semiconductor field effect transistor (MOSFET) 
c. Insulated gate bipolar transistor (IGBT) 
d. Static induction transistor (SIT) 
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3. Thyristor devices 
a. Silicon controlled rectifier (SCR) 
b. Static induction thyristor (SITH) 
c. Gate turn-off thyristor (GTO) 
d. MOS controlled thyristor (MCT) 
e. Triac 
 
 
 

U6.1 The power Diode 
Power diodes Play an important role in power electronics circuits. They are used 
mainly in uncontrolled rectifiers to convert AC to fixed DC voltages and as 
freewheeling diodes to provide a path for the current for the current flow in inductive 
loads. 
The structure of a semiconductor diode and its symbol is shown in figure (8). The 
diode has two terminals: an anode  A terminal (P-junction) and a cathode K terminal 
(N-Junction). 
When the anode voltage is more positive than the cathode, the diode is said to be 
Uforward-biasedU and it conducts current readily with a relatively low voltage drop. 
When  the cathode voltage is more positive the anode, the anode is said to be 
Ureverse-biasedU and it blocks the current flow. The arrow on the diode symbol shows 
the direction of current flow when it conducts. 
Figure (8) also shows the V-I characteristics of a diode. When forward biased, the 
diode begins to conduct current as the voltage across its anode is increased. When the 
voltage approaches  the so called UKnee voltageU (about 0.6, 0.7, .. 1V) for silicon 
diode and about 0.3 V for germanium diode a slight increase in voltage causes the 
current to increase rapidly. (This increase in current can e limited only by resistance 
connected in series with the diode). 
When the diode is reversed biased, a small amount of current called the reverse 
leakage current flows as the voltage from anode to cathode is increased; this simply 
indicate that a diode has a very high resistance in the reverse direction. This large 
resistance characteristic is maintained with increasing reverse voltage until the 
reverse breakdown voltage is reached. At a breakdown, a diode allows a large current 
and the diode will destroyed. 
 
AC diode parameters. The commonly used parameters are the followings: 
• Forward recovery time, tRFRR is the time required for the diode voltage to drop to a 
particular value after the forward current starts to flow. 
 
• Reverse recovery time trr is the time interval between the application of reverse 
voltage and the reverse current dropped to a particular value 
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In Practice, a design engineer frequently needs to calculate the reverse recovery time. 
This is in order to evaluate the possibility of high frequency switching. 

 

 

Figure (8) Symbol and characteristics of a diode. 

 
UExamples of commercial power diodes 
 

Part No. Rated 
maximum 
Voltage (V) 

Rated Avg 
Current 
(A) 

VRFR (typical) 
(V) 

Trr 
maximum 

1N3913 400 30 1.1 400 ns. 
SD453N25S20PC 2500 400 2.2 2 µs 
1N4007 400 6 1 500 ns 

 
 
U6.2. Schottky Diode 
The Schottky diode is a low voltage, high speed device that works on a difference 
principle from that of the P-N junction diode. It is constructed without the usual PN 
junction. Instead, a thin barrier layer metal (such as platinum or tungsten) is 
interfaced with the N-type semiconductor. This construction results in a low on-state 
voltage (about 0.15 to 0.45 V) across the diode when conducts. It can turn off much 



Power Electronics – Fourth year – Chapter one- Dr. Mahmoud Alshemmary  |     14 

 

faster than a classical diode, so switching frequency can be high. However, the 
reverse leakage current is much higher, and the breakdown voltage is lower 
compared with PN diode. Schottly diodes are therefore used as rectifier in low 
voltage applications where the efficiency of conversion is important. These diode are 
widely used in switching power supplies that operate at frequencies of 20 KHz or 
higher. 
The symbol of the Schottky diode is shown in figure (9). 
 

 
Figure (9) The symbol of a Schottky diode 

 
U6.3. Zener Diode 
1TA0T1T 0T1TZener diode0T1T 0T1Tis a special kind of0T1T 0T2Tdiode2T0T 0T1Twhich allows current to flow in the forward 
direction same as an ideal diode, but will also permit it to flow in the reverse 
direction when the voltage is above a certain value known as the 0T1T 0T2Tbreakdown voltage 2T1T, 
"Zener knee voltage" or "Zener voltage."1T See figure (10). 
1TA Zener diode exhibits almost the same properties, except the device is specially 
designed so as to have a greatly reduced breakdown voltage, the so-called Zener 
voltage. By contrast with the conventional device, a reverse-biased Zener diode will 
exhibit a controlled breakdown and allow the current to keep the voltage across the 
Zener diode close to the Zener breakdown voltage. For example, a diode with a 
Zener breakdown voltage of 3.2 V will exhibit a voltage drop of very nearly 3.2 V 
across a wide range of reverse currents. The Zener diode is therefore ideal for 
applications such as the generation of a reference voltage (e.g. for 
an0T1T 0T2Tamplifier2T0T 0T1Tstage), or as a voltage stabilizer for low-current applications. 
 
 

http://en.wikipedia.org/wiki/Diode�
http://en.wikipedia.org/wiki/Breakdown_voltage�
http://en.wikipedia.org/wiki/Amplifier�
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Figure (10) Symbol and Characteristics of zener diode. 

Zener Diode Voltage Regulator Circuit 
Zener diodes are widely used as voltage references and as shunt regulators to regulate 
the voltage across small circuits. When connected in parallel with a variable voltage 
source (see figure 11) so that it is reverse biased, a Zener diode conducts when the 
voltage reaches the diode's reverse breakdown voltage. From that point on, the 
relatively low impedance of the diode keeps the voltage across the diode at that 
value. 

 
Figure (11) The connection of zener diode as a voltage regulator. 

 

In this circuit, a typical voltage reference or regulator, an input voltage, URINR, is 
regulated down to a stable output voltage UROUTR. The intrinsic voltage drop of diode D 
is stable over a wide current range and holds UROUTR relatively constant even though 
the input voltage may fluctuate over a fairly wide range. Because of the low 
impedance of the diode when operated like this, Resistor R is used to limit current 
through the circuit. 

http://en.wikipedia.org/wiki/File:Zener_diode_voltage_regulator.svg�
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In the case of this simple reference, the current flowing in the diode is determined 
using Ohms law and the known voltage drop across the resistor R. IRDiodeR = (URINR - 
UROUTR) / R. 

The value of R must satisfy two conditions: 

1. R must be small enough that the current through D keeps D in reverse 
breakdown. The value of this current is given in the data sheet for D. For 
example, the common BZX79C5V6 device, a 5.6 V 0.5 W Zener diode, has a 
recommended reverse current of 5 mA. If insufficient current exists through 
D, then UROUTR will be unregulated, and less than the nominal breakdown 
voltage (this differs to voltage regulator tubes where the output voltage will be 
higher than nominal and could rise as high as URINR). When calculating R, 
allowance must be made for any current through the external load, not shown 
in this diagram, connected across UROUTR. 

2. R must be large enough that the current through D does not destroy the device. 
If the current through D is IRDR, its breakdown voltage VRBR and its maximum 
power dissipation PRMAXR, then IRDRVRBR < PRMAXR. 

A load may be placed across the diode in this reference circuit, and as long as the 
zener stays in reverse breakdown, the diode will provide a stable voltage source to 
the load. 
 
6.4 The DIAC 
A diac is an important member of the thyristor family and is usually employed for 
triggering triacs. A diac is a two-electrode bidirectional avalanche diode which can 
be switched from off-state to the on-state for either polarity of the applied voltage. 
This is just like0T 0T5Ta0T5T 0T5TTRIAC 5Twithout gate terminal, as shown in figure. Its equivalent 
circuit is a pair of inverted four layer diodes. Two schematic symbols are shown in 
figure. Again the terminal designations are arbitrary since the diac, like triac, is also a 
bilateral device. The switching from off-state to on-state is achieved by simply 
exceeding the avalanche break down voltage in either direction. 
 
5TConstruction of a Diac. 
A diac is a P-N-P-N structured four-layer, two-terminal semiconductor device, as 
shown in figure (12). MTR2R0T 0Tand MTRXR0T 0Tare the two main terminals of the device. There 
is no control terminal in this device. From the diagram, a diac unlike a diode, 
resembles a bipolar junction transistor (BJT) but with the following exceptions. 
 there is no terminal attached to the middle layer (base), 
 the three regions are nearly identical in size, 
 the doping level at the two end P-layers is the same so that the device gives sym-

metrical switching characteristics for either polarity of the applied voltage. 

http://en.wikipedia.org/wiki/Voltage_regulator_tube�


Power Electronics – Fourth year – Chapter one- Dr. Mahmoud Alshemmary  |     17 

 

 

5T  
Figure ( 12 ) The DIAC symbol and structure. 

 
 
5TOperation of a Diac. 
When the terminal MTR2R0T 0Tis positive, the current flow path is PR1R-NR2R-PR2R-NR3R0T 0Twhile for 
positive polarity of terminal MTR1R0T 0Tthe current flow path is PR2R-NR2R-PR1R-NR1R. The 
operation of the diac can be explained by imagining it as two diodes connected in 
series. When applied voltage in either polarity is small (less than breakover voltage) 
a very small amount of current, called the0T 0T6Tleakage current,0T6T 0Tflows through the device. 
Leakage current caused due to the drift of electrons and holes in the depletion region, 
is not sufficient to cause conduction in the device. The device remains in non-
conducting mode. However, when the magnitude of the applied voltage exeeds the 
avalanche breakdown voltage, breakdown takes place and the diac current rises 
sharply, as shown in the characteristics shown in figure (13). 
 

 
 
5TCharacteristics of a Diac 
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Volt-ampere characteristic of a diac is shown in figure. It resembles the English letter 
Z because of the symmetrical switching characteristics for either polarity of the 
applied voltage. 
The diac acts like an open-circuit until its switching or breakover voltage is 
exceeded. At that point the diac conducts until its current reduces toward zero (below 
the level of the holding current of the device). The diac, because of its peculiar 
construction, does not switch sharply into a low voltage condition at a low current 
level like the SCR or triac. Instead, once it goes into conduction, the diac maintains 
an almost continuous negative resistance characteristic, that is 6T,0T6T 0Tvoltage decreases 
with the increase in current. This means that, unlike the SCR and the triac, the diac 
cannot be expected to maintain a low (on) voltage drop until its current falls below a 
holding current level. 
 
 
6.5 Thyristors (SCR): 
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 electronics started due to the introduction of this device in the late 
1950s. Often, it is a family name that includes SCR, triac, GTO,MCT & IGCT. 
Thyristors can be classified as standard, or slow phase-control-type and fast-
switching, voltage-fed inverter-type.  
Volt-ampere characteristics: 
Figure (14) shows the tyristor symbol and its volt-ampere characteristics. Basically. 
It is a three-junction P-N-P-N device, where P-N-P & N-P-N component transistors 
are connected in regenerative feedback mode. The thyristor has three terminals 
namely, A (anode), K (cathode), and G (gate).  
The device blocks voltage 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 to turn off the device. A thyristor can also turn on by excessive anode 
voltage. Its rate of rise (dv/dt) , by a rise in junction temperature(Tj), or by light 
shinning on the junction. 
The voltge-ampere characteristics of the device indicate that at gate current I RGR=0. If 
forward voltage is applied on the device, there will be a leakage current due to 
blocking of the middle junction. If the voltage exceeds a critical limit (breakover 
voltage), the device switches into conduction. With increasing magnitude of IRGR, the 
forward breakover voltage is reduced. And eventually at IRG3R , the device behaved like 
a diode with entire forward blocking region removed. The device will turn on 
successfully if a minimum current, called a latching current (IRLR), is maintained. 
During conduction, if the gate current is zero and the anode current falls below a 
critical limit, called the holding current (IRhR), the device reverts to the forward 
blocking state. With revere voltage, the end P-N junction of the device become 
revere-biased and V-I curve becomes essentially similar to that of a diode rectifier. 
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Modern thyristors are available with very large voltage (several KV) and current 
(several KA) ratings. 

 
Figure (14) Thyristor symbol  and Volt-ampere characteristics. 

 
Switching characteristics: 
Initially when forward voltage is applied across a device, the off-state, or static dv/dt, 
must be limited so that it does not switch on spuriously. The dv/dt  creates 
displacement current in the depletion layer capacitance of the middle junction, which 
include emitter current in the component transistors and causes switching action. 
When the device turn on, the anode current di/dt can be excessive, which can destroy 
the device by heavy current concentration. During conduction, the inner P-N regions 
remain heavily saturated with minority carries and the middle junction remains 
forward-biased. To recover the forward voltage blocking capability, a reverse voltage 
is applied across the device to sweep out the minority carries and the phenomena are 
middle are similar to that of a diode. However, when the recovery current goes to 
zero, the middle junction still remain forward-biased. This junction eventually blocks 
with additional delay when the minority carries die by the recombination process. 
The forward voltage can then be applied successfully, but the reapplied dv/dt will be 
somewhat less than the static dv/dt because of the presence of minority carries. For 
example, POWEREX SCR/diode module CM4208A2 (800 V, 25 A) has limited 
di/dt=100 A/µs and off-state dv/dt =500 V/µs permeable limit. A suitably –designed 
snubber circuit can limit di/dt & dv/dt  within acceptable limit. In a converter circuit, 
a thyristor can be turned off  (or commutated ) by a segment of reverse ac line or load 
voltage ( defined as a line or load  commutated, respectively ) or by an inductance 
capacitance circuit-induced transient reverse voltage (defined as forced 
commutation). 
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The important points on this characteristic are:  
1-Latching Current IL  

This is the minimum anode current required to maintain the thyristor in the on-
state immediately after a thyristor has been turned on and the gate signal has been 
removed. If a gate current, greater than the threshold gate current is applied until the 
anode current is greater than the latching current ILthen the thyristor will be turned 
on or triggered.  
2-Holding Current IH  

This is the minimum anode current required to maintain the thyristor in the on 
state. To turn off a thyristor, the forward anode current must be reduced below its 
holding current for a sufficient time for mobile charge carriers to vacate the junction. 
If the anode current is not maintained below IHfor long enough, the thyristor will not 
have returned to the fully blocking state by the time the anode-to-cathode voltage 
rises again. It might then return to the conducting state without an externally applied 
gate current.  
3-Reverse Current IR  

When the cathode voltage is positive with respect to the anode, the junction J2is 
forward biased but junctions J1and J3are reverse biased. The thyristor is said to be in 
the reverse blocking state and a reverse leakage current known as reverse current 
IRwill flow through  
the device.  
4-Forward Break-over Voltage VBO  

If the forward voltage VAKis increased beyond VBO, the thyristor can be turned 
on. However, such a turn-on could be destructive. In practice, the forward voltage is 
maintained below VBOand the thyristor is turned on by applying a positive gate signal 
between gate and cathode.  
 
5- 

Once the thyristor is turned on by a gate signal and its anode current is greater 
than the holding current, the device continues to conduct due to positive feedback 
even if the gate signal is removed. This is because the thyristor is a latching device 
and it has been latched to the on state. 
 
 
TESTING OF A THYRISTOR 
 
TO observe the terminal configuration of a thyristor, thyristor's body is generally 
connected with anode terminal by the manufacture; hence, the anode terminal can be 
identified with help of a multimeter. Now, measure the resistance between other two 
terminals (gate and cathode) of the thyrsitor. The forward-biased p-n junction of a 
diode shows a low resistance than the reverse-biased junction. When the AVO meter 
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shows a low resistance then the gate (G) terminal is the one, which connected with 
positive terminal of the multi-meter battery.  

  
 
    
 
SCR Ratings 
A data sheet for a typical thyristor follows this section and includes the following 
information: 
Surge Current Rating (IRFMR)—The surge current rating (IRFMR) of an SCR is the peak 
anode current an SCR can handle for a short duration. 
Latching Current (IRLR)—A minimum anode current must flow through the SCR in 
order for it to stay ON initially after the gate signal is removed. This current is called 
the latching current (IL). 
Holding Current (IRhR)—After the SCR is latched on, a certain minimum value of 
anode current is needed to maintain conduction. If the anode current is reduced 
below this minimum value, the SCR will turn OFF. 
Peak Repetitive Reverse Voltage (VRRM)—The maximum instantaneous voltage that 
an SCR can withstand, without breakdown, in the reverse direction. 
Peak Repetitive Forward Blocking Voltage (VDRM)—The maximum instantaneous 
voltage that the SCR can block in the forward direction. If the VDRM rating is 
exceeded, the SCR will conduct without a gate voltage. 
Nonrepetitive Peak Reverse Voltage (VRSM)—The maximum transient reverse 
voltage that the SCR can withstand. 
Maximum Gate Trigger Current (IRGTMR)—The maximum DC gate current allowed to 
turn the SCR ON. 
Minimum Gate Trigger Voltage (VRGTR)—The minimum DC gate-to-cathode voltage 
required to trigger 
the SCR. 
Minimum Gate Trigger Current (IRGTR)—The minimum DC gate current necessary to 
turn the SCR ON. 
 
 
6.6 Triacs 
A triac has a complex multiple-junction structure, but but functionally, it is an 
integration of a pair of phase-controlled thyriostors connected in inverse-parallel on 
the same chip. The three-terminal device can be trigged into conduction in both 
positive and negative half-cycle of supply voltage by applying gate trigger pulse. In 
I+ mode, the terminal T2 is positive and the device is switched on by positive gate 
current pulse. See figure (15) 
In III- mode, the terminal T1 is positive and it is switched on by negative gate current 
pulse. A triac is more economical than a pair of thyriostors in anti-parallel and its 
control is simpler, but its integrated construction has same disadvantage. The gate 
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current sensitivity of a traic is poorer and the turn-off time is longer due to the 
minority carrier storage effect. For the same reason, the reapplied dv/dt rating is 
lower, thus making it difficult to used with inductive load. A well-designed RC 
snubber is essential for a traic circuit. Traics are used in light dimming, heating 
control, appliance-type motor drives, and solid-state relays with typically 50/60 Hz 
supply frequency. 

 
Figure (15) Triac symbol and characteristics. 

 
6.7 GATE TURN-OFF THYRISTORS (GTOs) 
A gate turn-off thyriostors (GTO), as the name indicates, is basically a thyriostor-
type device that can be turned by a small positive gate current pulse, but in addition, 
has a capability of being turned off by a negative gate current pulse. The turn-off 
capability of a GTO is due to the diversion of P-N-P collector current by the gate, 
thus breaking the P-N-P/N-P-N regenerative feedback effect. GTOs are available 
with asymmetric and symmetric voltage-blocking capability, which are used in 
voltage-fed converter, respectively. The turn-off current gain of a GTO, defined as 
the ratio of a anode current prior to turn-off to the negative gate current required for 
turn-off, it 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-voltage power MOSFETs, GTOs are used in motor driver. Static VAR 
compensator (SVCs). A ac/dc power supplies with high power rating when large-
power GTOs became available. They ousted the force-commutated, voltage-fed 
thyristor inverters.  
 
 
6.8. The Bipolar Junction Transistor. (BJT). 



Power Electronics – Fourth year – Chapter one- Dr. Mahmoud Alshemmary  |     23 

 

A bipolar (junction) transistor (BJT) is a three-terminal electronic device 
constructed of doped semi conductor material and may be used in amplifying or 
switching applications. Bipolar transistors are so named because their operation 
involves both electrons and holes.  
Charge flow in a BJT is due to bidirectional diffusion of charge carriers across a 
junction between two regions of different charge concentrations. This mode of 
operation is contrasted with unipolar transistors. By design, most of the BJT 
collector current is due to the flow of charges injected from a high-concentration 
emitter into the base where they are minority carriers that diffuse toward the 
collector, and so BJTs are classified as minority-carrier devices. There are two types 
of BJT transistor, NPN and PNP, the symbols of which are shown in figure (16). 
 
 

 
Figure (16) Schematic symbols for PNP- and NPN-type BJTs. 

 
 
3TTransistor 'alpha' and 'beta' 
The proportion of electrons able to cross the base and reach the collector is a measure 
of the BJT efficiency. The heavy doping of the emitter region and light doping of the 
base region causes many more electrons to be injected from the emitter into the base 
than holes to be injected from the base into the emitter. The0T 0T2Tcommon-emitter2T0T 0Tcurrent 
gain0T 0Tis represented by βRFR0T 0Tor hRFER; it is approximately the ratio of the DC collector 
current to the DC base current in forward-active region. It is typically greater than 
100 for small-signal transistors but can be smaller in transistors designed for high-
power applications. Another important parameter is the0T 0T2Tcommon-base2T0T 0Tcurrent gain, 
αRFR. The common-base current gain is approximately the gain of current from emitter 
to collector in the forward-active region. This ratio usually has a value close to unity; 
between 0.98 and 0.998. Alpha and beta are more precisely related by the following 
identities (NPN transistor): 
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The output Characteristics 
This is the most important characteristics for the power transistor when used in 
power electronics converters. It is the relationship between the collector current Ic 
and collector-emitter voltage VRCER at a certain value of IRBR.(see figure 17). It is clear 
that the base current controls the collector current. 
 

 
Figure (17) Output characteristics of BJT-NPN transistor. 

 

Regions of Operation 

Referring to figure (13), bipolar transistors have three important distinct regions of 
operation, defined by BJT junction biases, namely: 

• Cut-off region: This is the case where the transistor is essentially inactive. 

In cutoff, the following behavior is noted: 

*  IRBR = 0  (no base current) 

*  Ic = 0  (no collector current) 

*  VRBER < 0.7V(emitter-base junction is not forward biased) 
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In cutoff, the transistor appears as an open circuit between the collector and 
emitter terminals. In the circuit above, this implies Vout is equal to VRCCR volts. 

• Saturation Region: This is where the base current has increased well beyond 
the point that the emitter-base junction is forward biased. In fact, the base 
current has  increased beyond the point where it can cause the collector current 
flow to increase. In saturation, the transistor appears as a near short circuit 
between the collector and emitter terminals. 

In saturation, the following behavior is noted: 

*  VRCER <=  0.2V.  This is known as the saturation voltage, or VRCER(sat) 

*  IRBR = maximum allowable value ( according to its specification). 

 *  VRBER >= 0.7V 

Using the two states of cutoff and saturation, the transistor may be used as a 
switch. The collector and emitter form the switch terminals and the base is the 
switch handle. In other words, the small base current can be made to control a 
much larger current between the collector and  emitter. 

• Active Region: In this region the transistor can act as a fairly linear amplifier. 
In this region, we see that: 

*  0.2 < VRCER < Vcc ; where Vcc is the supply voltage 

*  IRBR > 0 and Ic > 0 

*  VRBER >= 0.7V 

Thus the transistor is on and the collector to emitter voltage is somewhere between 
the cutoff and saturated states. In this state, the transistor is able to amplify small 
variations in the voltage present on the base. The output is extracted at the collector. 
In the forward active state, the  collector current is proportional to the base current by 
a constant multiplier called “beta”, denoted by the symbol β. Thus in the forward 
active region we will also observe that: 

       Ic = β * Ib 
The transistor as a switch 

   
To illustrate this, the simplest way to use an NPN bipolar transistor as a switch is 
to insert the load between the positive supply and its collector, with the emitter 
terminal grounded (as shown in Figure 18).  Applying no voltage at the base of the 
transistor will put it in the cut-off region, preventing current from flowing through 
it and through the load, which is a resistor in this example. In this state, the load is 
'off'. 
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Applying enough voltage at the base of the transistor will cause it to saturate and 
become fully conductive, effectively pulling the collector of the transistor to near 
ground.  This causes a collector-to-emitter current to flow through the load that's 
limited only by the impedance of the load. In this state, the load is 'on'. 

    
One limitation of this simple design is that the switch-off time of the transistor is 
slower than its switch-on time if the load is a resistor.  This is because of the stray 
capacitance across the collector of the transistor and ground, which needs to 
charge through the load resistor during switch-off.  On the other hand, this stray 
capacitance is easily discharged to ground by the large collector current flow when 
the transistor is switched on.  There are, of course, other better designs for using 
the bipolar transistor as a switch. 
 

 
 

Figure (18) A simple switch of NPN transistor. 

The transistor can be damaged if , 

(1) a large positive voltage is applied across the CE junction (breakdown 
region), or 

(2) product  of iRCR VRCER exceed power handling of the transistor, or  

(3) a large reverse voltage is applied between any two terminals. 
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6.9. Metal Oxide Silicon Field Effect Transistor (MOSFET) 
1TMOSFETs come in four different types. They may 
be0T1T 0T1Tenhancement0T1T 0T1Tor0T1T 0T1Tdepletion0T1T 0T1Tmode, and they may be 0T1T 0T1Tn-channel0T1T 0T1Tor0T1T 0T1Tp-channel.0T1T The 
symbol of each is shown in figure (19 ).0T It has three terminals : D (drain), S (source), 
and G (gate). The gate of a MOSFET is isolated electrically from the source by a 
layer of silicon oxide. The gate draws only a minute leakage current on the order of 
nanoamperes. Hence, the gate drive circuit is simple and power loss in the gate 
control circuit is practically negligible. 

 
Figure (19) Symbols of a MOSFET. 

 
I-V characteristics  (Output characteristics) 
It is the relationship between iRDR and VRDSR in many VGS conditions. (Refer to Figure  
(20). It is divided into the ohmic region, the saturation (=active) region, and the cut-
off region. 
Ohmic region: A constant resistance region. If the drain-to-source voltage is zero, 
the drain current also becomes zero regardless of gate–to-source voltage. This region 
is at the left side of the VGS – VGS(th)   = VDS boundary line (VRGSR – VRGSR(th  ) >VRDSR 
> 0).  
Saturation region:  A constant current region. It is at the right side of the VRGSR – 
VRGSR(th )  = VRDSR boundary line. Here, the drain current differs by the gate–to source 
voltage, and not by the drain-to-source voltage. Hence, the drain current is called 
saturated. 
Cut-off region: It is called the cut-off region, because the gate-to-source voltage is 
lower than the VGS(th) (threshold voltage). 
A power MOSFET is a unipolar, majority carrier, "zero junction". Voltage-controlled 
device.  
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If the gate voltage is positive and beyond a threshold value (VRGTHR).  An N-type 
conducting channel will be inducted that will permit current flow by majority carrier 
(electrons) between the drain and the source. Although the gate impedance is 
extremely high at steady state. The effective gate-source capacitance will demand a 
pulse current during turn-on and turn-off. The device has asymmetric voltage-
blocking capability. And had an integral body diode. as shown. Which can carry full 
current in the reserve direction. The diode is characteristics by slow recovery and is 
often  by assed a external fast-recovery diode in high frequency application. 
The V-I characteristics of the device have two distinct regions. A constant resistance 
(RRDS(on)R ) region and constant current region. The RRDS(ON)R of MOSFET is an important 
parameter which determines the conduction drop of the device. For a high voltage 
MOSFET . The longer conduction channel makes this drop large (RRDS(ON)R α V P

2.5
P). it 

is interesting to note that modern trench gate technology tends to lower the 
conduction resistance. The positive temperature coefficient of this resistance makes 
parallel operation of MOSFET easy. In fact, large MOSFETS are fabricated by 
parallel connection of many devices. 

 
 

 
Figure (20) MOSFET Output characteristics. 

 
Advantages of a MOSFET 

1. High input impedance - voltage controlled device - easy to drive .To maintain 
the on-state, a base drive current which is 1/5th or 1/10th of collector current is 
required for the current controlled device (BJT). And also a larger reverse base 
drive current is needed for the high speed turn-off of the current controlled 
device (BJT). Due to these characteristics base drive circuit design becomes 
complicated and expensive. On the other hand, a voltage controlled MOSFET 
is a switching device which is driven by a channel at the semiconductor’s 



Power Electronics – Fourth year – Chapter one- Dr. Mahmoud Alshemmary  |     29 

 

surface due to the field effect produced by the voltage applied to the gate 
electrode، which is isolated from the semiconductor surface. As the required 
gate current during switching transient as well as the on and off states is small, 
the drive circuit design is simple and less expensive. 
 

2. Unipolar device - majority carrier device - fast switching speed. As there are 
no delays due to storage and recombination of the minority carrier, as in the 
BJT، the switching speed is faster than the BJT by orders of magnitude. 
Hence, it has an advantage in a high frequency operation circuit where 
switching power loss is prevalent. 

 
3. Forward voltage drop with positive temperature coefficient - easy to use in 

parallel. When the temperature increases, the forward voltage drop also 
increases. This causes the current to flow equally through each device when 
they are in parallel. Hence, the MOSFET is easier to use in parallel than the 
BJT, which has a forward voltage drop with negative temperature coefficient . 

Disadvantage 
In high breakdown voltage devices over 200V, the conduction loss of a MOSFET is 
larger than that of a BJT, which has the same voltage and current rating due to the 
on-state voltage drop. 
 
 
6.10 IGBT 1T(Insulated Gate Bipolar Transistor0T1T 0T) 
1TThe0T1T 0T1Tinsulated gate bipolar transistor0T1T 0T1Tor0T1T 0T1TIGBT0T1T 0T1Tis a three-terminal0T1T 0T2Tpower 
semiconductor device 2T1T, noted for high efficiency and fast switching. It switches 
electric power in many modern appliances: electric cars, trains, variable speed 
refrigerators, air-conditioners and even stereo systems with 1T2Tswitching amplifiers2T. 
In order to combine the low forward voltage drop of the power BJT and the high 
input impedance of the power MOSFET, the IGBT is invented as a new power 
device. 
The structure of the IGBT is the combination of the P+ layer added to the MOSFET 
structure. As such, IGBT is easier to drive, and it combines the advantages of  
MOSFET’s faster switching speed and power BJT’s lower conduction loss. IGBT is 
a useful  device in that it overcomes the shortfall of MOSFET in that it is not suitable 
for high voltage، high current applications due to its high conduction loss, while 
IGBT has the advantage over power BJT, which has limitations in high frequency 
applications due to its switching speed.  
Symbol and V-I characteristics of an IGBT is shown in figure  (21). Referring to its 
characteristics The IGBT has the high input impedance and high-speed 
characteristics of a MOSFET with the conductivity characteristic (low saturation 
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voltage) of a bipolar transistor. The IGBT is turned on by applying a positive voltage 
between the gate and emitter and, as in the MOSFET, it is turned off by making the 
gate signal zero or slightly negative. The IGBT has a much lower voltage drop than a 
MOSFET of similar ratings. 

 
Figure (21) Symbol and characteristics of an IGBT. 

 
6.1 Static Induction Transistor (SIT) 

A SIT(Static Induction Transistor) is high power, high frequency device. It is a 
vertical structure device with short multi channels. A SIT has short channel length, 
low GATE series resistance, low GATE-SOURCE capacitance and small thermal 
resistance. It has low noise, low distortion and high audio frequency power 
capability. Turn-on and Turn-off time are very small typically in 0.25μs. 

It has more advantages as compared to mosfet. These switches are used in induction 
heating application where high speed and high current is required. 

6.12 SITh (Static Induction Thyristor). 

The static induction thyristor (SI-thyristor, SITh) is a thyristor with a buried gate 
structure in which the gate electrodes are placed in n-base region. Since they are 
normally on-state, gate electrodes must be negatively biased to hold off-state. It is 
characterized by : 

• short channel length.    * Low gate series resistance 
• low gate-source capacitance. * small thermal resistance 
• low noise and low distortion 
• high audio frequency power capability 
• short turn-on and turn-off time, typically 0.25 μs 
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Figure (21) shows SIT and SITh symbols. 

 
 

Figure (21 ) Symbols of SIT and SITh. 
 
6.13 MOS-Controlled Thyristor (MCT) 
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Figure ( 22) Symbols of MCTs. 

 
 
 
TABLE (1) Semiconductor devices used in power electronics 
 
Diode Current ratings from under 1 A to more than 5000 A. Voltage ratings from 
10V to 10 kV or more. The fastest power devices switch in less than 20 ns, while the 
slowest require 100 μs or more. The function of a diode applies in rectifiers and dc–
dc circuits. 
 
BJT (Bipolar junction transistor) Conducts collector current (in one direction) 
when sufficient base current is applied. Power device current 
ratings from 0.5 to 500 A or more; voltages from 30 to 1200 V. Switching times from 
0.5 to 100 μs. The function applies to dc–dc circuits; combinations with diodes are 
used in inverters.  
 
FETs and IGBTs. 
FET (Field effect transistor) Conducts drain current when sufficient gate voltage is 
applied. Power FETs (nearly always enhancement-mode MOSFETs) have a parallel 
connected reverse diode by virtue of their construction. Ratings from about 0.5 A to 
about 150 A and 20V up to 1000 V. Switching times are fast, from 50 ns or less up to 
200 ns. The function applies to dc–dc conversion, where the FET is in wide use, and 
to inverters. 
 
IGBT (Insulated gate bipolar transistor) A special type of power FET that has the 
function of a BJT with its base driven by an FET. Faster than a 
BJT of similar ratings, and easy to use. Ratings from 10 A to more than 600 A, with 
voltages of 600 to 2500 V. The IGBT is popular in inverters 
from about 1 to 200kW or more. It is found almost exclusively in power electronics 
applications. 
SCR (Silicon controlled rectifier) A thyristor that conducts like a diode after a gate 
pulse is applied. Turns off only when current becomes zero. Prevents current flow 
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until a pulse appears. Ratings from 10 A up to more than 5000 A, and from 200V up 
to 6 kV. Switching requires 1 to 200 μs. Widely used for controlled rectifiers. The 
SCR is found almost exclusively in power electronics applications, and is the most 
common member of the thyristor family. 
 
GTO (Gate turn-off thyristor) An SCR that can be turned off by sending a negative 
pulse to its gate terminal. Can substitute for BJTs in applications where power ratings 
must be very high. The ratings approach those of SCRs, and the speeds are similar as 
well. Used in inverters rated above about 100 kW. 
 
TRIAC A semiconductor constructed to resemble two SCRs connected in reverse 
parallel. Ratings from 2 to 50 A and 200 to 800 V. Used in lamp dimmers, home 
appliances, and hand tools. Not as rugged as many other device types, but very 
convenient for many ac applications. 
 
SIT and SITh are used for high voltage high current applications. 
 
MCT (MOSFET controlled thyristor) A special type of SCR that has the function 
of a GTO with its gate driven from an FET. Much faster than  conventional GTOs, 
and easier to use.  
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Table ( 3)  Symbols and characteristics of devices used in power electronics. 
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Table (4) properties of power electronics devices. 
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7. Uni Junction Transistor (UJT) 

 
THEORY 
UJT is the Uni Junction Transistor. It is a three terminal device. They are: a) 
emitter b) base1 c) base2. The equivalent circuit is shown with the circuit diagram in 
figure (23). So there are two resistors. One is a variable resistor and other is a fixed 
resistor.  
 

 
 

Figure (23) Construction, symbol, and equivalent circuit of a UJT. 
 
The ratio of internal resistances is referred as intrinsic standoff ratio (η).It is defined 
as the ratio of the variable resistance to the total resistance. Due to the existing p-n 
junction, there will be a voltage drop. If we apply a voltage to the emitter, the device 
will not turn on until the input voltage is less than the drop across the diode plus the 
drop at the variable resistance R1. When the device is turned on holes moves from 
emitter to base resulting in a current flow. Due to this sudden increase in charge 
concentration in base1 region conductivity increases. This causes a drop at base1. 
This region in the graph is known as negative resistance region. If we further 
increase the emitter voltage the device undergoes saturation. So a UJT has 3 
operating regions: 
 

1. Cut off region. 
2. Negative resistance region. 
3. Saturation region. 
 
In a relaxation circuit there is an RC timing circuit. When the supply is turned on, 
the capacitor starts charging. When the voltage across the capacitor reaches the 
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pinch off voltage, the UJT turns on. After discharging of capacitor, again it starts 
charging, and this process continues till power supply is turned off. 

 
Figure (24) Characteristics of a UJT. 

 
When an external voltage source VBB is applied between the  base terminals (with 
the emitter open), an internal voltage will be developed across the resistance RB1, in 
accordance with the voltage divider rule and is expressed as 
 
  VRRB1R = RB1/(RB2+RB1) * VBB  = VBB *  RB1/RBB      
 
(where RBB=RB1+RB2) 
 
The intrinsic standoff ratio ( η  ) of the UJT is defined as the following resistance 
ratio  
   ( η  ) = RRB1R / RRBB 
 
The typical values of ( η  ) are in the range of 0.5  0.9. The operation of the UJT 
can be explained as follows: 
 

1. When VEE=0 , the p-n junction (represented by the diode) will be reverse-
biased. The current in the emitter circuit will be the result of the leakage 
current through this junction (Typically in the order of a few microampere) 

2. As the applied emitter voltage is increased to a point where VEE=VBB, the 
diode will begin to conduct. The emitter voltage at this point will represents 
the peak voltage of the UJT (Vp) and is expressed as 
 

              Vp =  η   VBB + VD 
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3. Since the emitter region of the UJT is heavily doped, the forward-biased p-
n junction will allow holes to be injected into the base junction and 
reducing the resistance RB1, effectively reducing the resistance of this 
region. Consquently, the value of VE decreases, while at the same time as 
the current through the emitter circuit increases. 

4. The reduction in resistance causes a further increase in current. The 
increase current results in the injection of even more carriers into the base 
region of RB1, with a corresponding reduction in the value of RB1. 

5. Eventually a point is reached where further increase in current does not 
inject any more holes the lower base region. The resistance RB1 has 
reached its minimum value. This point is reffered to as vally point of the 
UJT (Vv). 

6. Further increases in the emitter current, IE, cause VE to also increase. At 
this point the UJT is saturated. 

Relaxation oscillator. 
If a circuit is designed with an emitter resistance, RRER, that ensures the UJT operates 
in the negative resistance region, so in this situation we can use the UJT as a 
relaxation oscillator. The frequency of the oscillation is dependent on the rate at 
which an emitter capacitor, CRER charges and the resistance RE. Figure (3) shows a 
simple UJT relaxation oscillator and the corresponding emitter voltage. 

 
Figure ( 3  ) Relaxation oscillator circuit. 

 
In order for the UJT oscillator to maintain its oscillation, it must operate in the 
negative resistance region. This means that the operating point must be lie between 
the peak and valley points of the emitter characteistic curve. In order for the circuit 
to have enough current to cause the UJT to fire, the emitter resistance must have a 
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value that is less than a value RRE(max)R detrmined from the peak point volatge and 
current as 

 
  RRE(max)R = ( VBB – Vp ) / Ip 
 

Additionally, the value of RE must be greater than the minimu value RRE(min)R  
determined from the point and current as 

 
  RRE(min)R = ( VBB – Vv ) / Iv 

The peak point voltage can be calculated as 
 
                                     𝑉𝑝 =  𝜂𝑉𝐵𝐵 +  𝑉𝐷 
 
The intrinsic standoff ratio 

 

                       𝜂 =  𝑉𝑝− 𝑉𝐷
𝑉𝐵𝐵

 

The oscillation frequency can be found from the following expression, 
 

                     𝑓 =  1
𝑅𝐸𝐶𝐸 ln( 1

1−𝜂)
     or                     𝑇 =  𝑅𝐸𝐶𝐸 ln( 1

1−𝜂)
 

EX.1 
Take Vp = 10 V and  f =1 KHZ  η = 0.62   VBB=15V  

 
Vp= η VBB+ VRDR (VRDR can be neglected) = 0.62 * 15 = 9.3 V 
 
From data sheet valley point specifications are Vv=1.5 V and Iv = 4 mA and Ip = 
5µA 
RER(max)R=  (VBB - Vp) / Ip  = 1.14 M 
 
RER(min)R = (VBB - Vv) / Iv =3.37 K          
 
For this use a 100 K pot in series with 10 K 
 
Now  
            𝑓 =  1

𝑅𝐸𝐶𝐸 ln( 1
1−𝜂)

 

So  
CRER =0.0103 uF (use 0.01 uF) 
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Use 100 Ω resistors at the two bases to provide low discharging path 
 
EX.2 
Given that the UJT in the circuit below and has the following parameters: 
 Valley Point VRvR=1.5 V     IRvR = 2mA    VBB=12 V    RRER= 10 K 
 Peak Point VRp R= 8.0 V     IRpR = 2.0 µA   VRDR = 0.6 V   CRER = 0.01µF 
Find the frequency of oscillation, and sketch the waveforms. 

 
Sol.    
We have  
          Vp =  η   VBB + VD 
And η  can be determined as 
 η  = (VRpR – VRDR) / VBB = (8 – 0.6 ) / 12R R= 0.617 

a) The frequency of oscillation is 

                     𝑓 =  1
𝑅𝐸𝐶𝐸 ln( 1

1−𝜂)
=  1

(10 𝐾 )(0.01 µ𝐹) ln( 1
1−0.617)

 = 10.5 KHz. 

   
b) The waveforms shown in figure below. 
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DATA SHEET OF 2N2646 UJT 
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8. Power Electronics converters. 
 7.1. AC to DC uncontrolled rectifier. 
 7.2. AC to DC controlled rectifier. 
 7.3. DC to DC chopper. 
 7.4. DC to AC inverter. 
 7.5. AC to AC regulator. 
 7.6. AC to AC cycloconverter. 
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