
 
 
 
 
 
POWER ELECTRONICS 
 
Devices, Drivers, Applications, and Passive Components 
 
 
 
 
 
 
 
 
 
 
 
Barry W  Williams 
B.Sc., Dipl.Eng., B.Eng., M.Sc., Ph.D., D.I.C. 
Professor of Electrical Engineering 
University of Strathclyde, Glasgow

Power Electronics ii 

 

 
 
 
 
 
Table of Contents 
 
 
 
 
 
 
 
 

1 
1 

Basic Semiconductor Physics and Technology 
 
1.1   Processes forming pn junctions    2 
 

1.1.1 The alloyed junction 
1.1.2 The diffused junction 
1.1.3 The epitaxy junction 
1.1.4 The ion-implanted junction 

 1.1.5 The ohmic-contact junction 
 
1.2   The oxidation and masking process   5 
 
1.3 Polysilicon deposition     5 
 
1.4 Lifetime control      5 
 
1.5 Silicon Carbide      6 
 
1.6 Si and SiC physical and electrical properties compared 7 
 
 
 

 



Power Electronics 

 

iii

2 
9 

The pn Junction 
 
2.1  The pn junction under forward bias (steady-state)  10 
 
2.2  The pn junction under reverse bias (steady-state)  10 
 

 2.2.1 Punch-through voltage 
 2.2.2 Avalanche breakdown 
 2.2.3 Zener breakdown 
 
2.3  Thermal effects      13 
 
2.4 Models for the junction diode    14 
 

 2.4.1 Piecewise-linear junction diode model 15 
Example 2.1: Using the pwl junction diode model 
Example 2.2: Static diode model 

 2.4.2 Semiconductor physics based junction diode model 18 
2.4.2i - Determination of Cjo 
2.4.2ii - One-sided pn diode equations 

Example 2.3: Space charge layer parameter values 
 

 
3 

25 

Power Switching Devices 
and their Static Electrical Characteristics 
 
3.1 Power diodes      25 
 

3.1.1 The pn fast-recovery diode  25 
3.1.2 The p-i-n diode    27 
3.1.3 The power Zener diode   28 
3.1.4 The Schottky barrier diode  29 
3.1.5 The silicon carbide Schottky barrier diode 32  

 
3.2 Power switching transistors    32 
 

 3.2.1 The bipolar npn power switching transistor (BJT) 33 
  3.2.1i - BJT gain 

3.2.1ii - BJT operating states 
3.2.1iii - BJT maximum voltage -   first and second breakdown 

Power Electronics iv 

 3.2.2  The metal oxide semiconductor field effect transistor (MOSFET)37 
3.2.2i    - MOSFET structure and characteristics 
3.2.2ii   - MOSFET drain current 
3.2.2iii -MOSFET transconductance 
 3.2.2iv   - MOSFET on-state resistance 
3.2.2v    - MOSFET p-channel device 

Example 3.1:  Properties of an n-channel MOSFET cell 
3.2.2vi   - MOSFET parasitic BJT 
3.2.2vii - MOSFET on-state resistance reduction 

1 - trench gate 
2 - vertical super-junction 

 3.2.3 The insulated gate bipolar transistor (IGBT) 46 
3.2.3i    - IGBT at turn-on 
3.2.3ii   - IGBT in the on-state 

  3.2.3iii - IGBT at turn-off 
  3.2.3iv  - IGBT latch-up 

1 - IGBT on-state SCR static latch-up  
2 - IGBT turn-off SCR  dynamic latch-up 

 3.2.4 The junction field effect transistor (JFET) 50 
 

PT IGBT and NPT IGBT comparison 50 
 
 
3.3   Thyristors      51 
 

 3.3.1 The silicon-controlled rectifier (SCR) 51 
3.3.1i    - SCR turn-on 
3.3.1ii  - SCR cathode shorts 
3.3.1iii - SCR amplifying gate 

 3.3.2 The asymmetrical silicon-controlled rectifier (ASCR)57 
 3.3.3 The reverse-conducting thyristor (RCT) 57 
 3.3.4 The bi-directional-conducting thyristor (BCT)60 
 3.3.5 The gate turn-off thyristor (GTO)  61 

3.3.5i - GTO turn-off mechanism 
 3.3.6 The gate commutated thyristor (GCT) 62 
  3.3.6i - CGT turn-off 
  3.3.6ii - GCT turn-on 

 3.3.7 The light triggered thyristor (LTT)  64 
3.3.8 The triac    64 

 
 
 
 
 
 
 
 



Power Electronics 

 

v 

4 
68 

Electrical Ratings and Characteristics  
of Power Semiconductor Switching Devices 
 
4.1 General maximum ratings of power semiconductor devices  68 
 

 4.1.1 Voltage ratings    69 
4.1.2  Forward current ratings   71 

 4.1.3 Temperature ratings   71 
 4.1.4 Power ratings    71 
 
4.2  The fast-recovery diode     71 
 

 4.2.1 Turn-on characteristics   72 
4.2.2 Turn-off characteristics   73 
4.2.3 Schottky diode dynamic characteristics 75 

 
4.3 The bipolar, high-voltage, power switching npn transistor 75 
 

 4.3.1 Transistor ratings   76 
4.3.1i – BJT collector voltage ratings 
4.3.1ii – BJT safe operating area (SOA) 

 4.3.2 Transistor switching characteristics 80 
   4.3.2i – BJT  turn-on time 
  4.3.2ii – BJT  turn-off time 

4.3.3 BJT phenomena     82 
 
4.4 The power MOSFET     83 
 

 4.4.1 MOSFET absolute maximum ratings 83 
 4.4.2 Dynamic characteristics   84 

4.4.2i  – MOSFET device capacitances 
4.4.2ii – MOSFET  switching characteristics 

   1 – MOSFET  turn-on  
   2 – MOSFET  turn-off 
 
4.5 The insulated gate bipolar transistor   90 
 
 4.5.  IGBT switching    90 

4.5.2 IGBT short circuit operation  92 
 
 
4.6 The thyristor      93 
 

 4.6.1 SCR ratings    93 
  4.6.1i  - SCR anode ratings 

Power Electronics vi 

  4.6.1ii - SCR gate ratings 
 4.6.2 Static characteristics   95 
  4.6.2i  - SCR gate trigger requirements 
  4.6.2ii - SCR holding and latching current 
 4.6.3 Dynamic characteristics   96 
  4.6.3i  - SCR anode at turn-on 
  4.6.3ii - SCR anode at turn-off 
 
4.7 The gate turn-off thyristor    97 
 

 4.7.1 Turn-on characteristics   97 
 4.7.2 Turn-off characteristics   97 
 
4.8  Appendix: Effects on MOSFET switching of negative gate drive 99 
 
 
 
 
 
 

5 
100 

Cooling of Power Switching Semiconductor Devices 
 
 
5.1 Thermal resistances     101 
 

5.1.1 Contact thermal resistance, Rθc-s  101 
5.1.2 Heat-sink thermal resistance, Rθs-a  102 

  
5.2 Modes of power dissipation    105 
 

5.2.1 Pulse response    107 
5.2.2 Steady-state response   108 

 
5.3  Average power dissipation    109 
 

5.3.1 Graphical integration   109 
5.3.2 Practical superposition   109 

 
5.4 Power losses from manufacturers’ data sheets  109 
 

 5.4.1  Switching transition power loss, Ps  109 
5.4.2 Off-state leakage power loss, P   110 

 5.4.3 Conduction power loss, Pc   110 

 5.4.4 Drive input device power loss, PG  111 
 
5.5 Heat-sinking design cases    111 
 



Power Electronics 

 

vii

5.5.1 Heat-sinking for diodes and thyristors 113 
  5.5.1i  - Low-frequency switching 
  5.5.1ii - High-frequency switching 

Example 5.1: Heat-sink design for a diode 
5.5.2 Heat-sinking for IGBTs   116 
Example 5.2: Heat-sink design for an IGBT  

-  repetitive operation at a high duty cycle 
 5.5.3 Heat-sinking for power MOSFETs  117 

Example 5.3: Heat-sink for a MOSFET 
 - repetitive operation at high peak current, low duty cycle 

Example 5.4: Heat-sink design for a mosfet 
 - repetitive operation at high duty cycle 

Example 5.5:  Two thermal elements a common heatsink 
Example 5.6:  Six thermal elements in a common package 

 
  
6 

122 

Load, Switch, and Commutation Considerations 
 
6.1    Load types     122 
 

6.1.1 The resistive load   123 
Example 6.1: Resistive load switching losses 
Example 6.2: Transistor switching loss for non-linear electrical transitions 
6.1.2 The inductive load   129 
Example 6.3: Zener diode, switch voltage clamping 
Example 6.4: Inductive load switching losses 

  6.1.3 Diode reverse recovery with an inductive load 
 
6.2 Switch characteristics     137 
 
6.3 Switching classification     138 
 

6.3.1 Hard switching    139 
6.3.2 Soft switching    139 
6.3.3 Resonant switching   139 
6.3.4 Naturally-commutated switching  141 

 
6.4 Switch configurations     141 
 
 
 

7 

Power Electronics viii

144 

Driving Transistors and Thyristors 
 
7.1 Application of the power MOSFET and IGBT  145 
 

7.1.1 Gate drive circuits   145 
7.1.1i  -  Negative gate drive 
7.1.1ii -  Floating power supplies 

1 - capacitive coupled charge pump 
2 - diode bootstrap 

7.1.2 Gate drive design    153 
Example 7.1: MOSFET input capacitance and switching times 

 
7.2 Application of the Thyristor    156 
 

7.2.1 Thyristor gate drive circuits  158 
7.2.2 Thyristor gate drive design  158 
Example 7.2: A light dimmer 

 
7.3 Drive design for GTO thyristors    161 
 
 

8 
165 

Protecting Diodes, Transistors, and Thyristors 
 
8.1 The R-C snubber     166 
 

8.1.1 R-C switching aid circuit for the MOSFET and the diode 167 
Example 8.1:  R-C snubber design for MOSFETs 
8.1.2 R-C snubber circuit for a converter grade thyristor and a triac  

Off-state dv/dt suppression snubber168 
Example 8.2: R-C snubber design for a converter grade thyristor 

 

8.2 The soft voltage clamp      172 
 

Example 8.3: Soft voltage clamp design 
 
8.3 Switching-aid circuits     176 
 

An inductive turn-on snubber  
The capacitive turn-off snubber  

 8.3.1 The turn-off snubber circuit 
 - assuming a linear current fall 178 

 8.3.2 The turn-off snubber circuit  
- assuming a cosinusoidal current fall 175 

Example 8.4: Turn-off snubber design  



Power Electronics 

 

ix 

8.3.3 The turn-on snubber circuit  
- with non-saturable (air-core) inductance185 

Example 8.5: Turn-on air-core inductor snubber design 
 8.3.4 The turn-on snubber circuit 

 - with saturable ferrite inductance  188 
Example 8.6: Turn-on ferrite-core inductor snubber design  
8.3.5 The unified snubber circuit  200 

8.4 Snubbers for bridge legs     201 
 

8.5  Appendix: Turn-off R-C snubber circuit analysis  204 
 
8.6  Appendix: Turn-off R-C-D switching aid circuit analysis 205 
 

 
9 

211 

Switching-aid Circuits with Energy Recovery 
 
9.1 Energy recovery for turn-on snubber circuits  211 
 

9.1.1 Passive recovery    212 
9.1.2 Active recovery    214 

 
9.2 Energy recovery for turn-off snubber circuits  215 
 

 9.2.1 Passive recovery    216 
 9.2.2 Active recovery    222 
 
9.3 Unified turn-on and turn-off snubber circuit energy recovery 223 
 

 9.3.1 Passive recovery    223 
9.3.2 Active recovery    224 

 

10 
227 

Series and Parallel Device Operation  
and Protection 
 
10.1 Parallel and series operation of power devices  227 
 

 10.1.1 Series operation    227 
10.1.1i - Steady-state voltage sharing 

Example 10.1: Series device connection – static balancing 
10.1.1ii - Transient voltage sharing 

Example 10.2: Series device connection – dynamic balancing 
10.1.2 Parallel operation   236 

Power Electronics x 

  10.1.2i  - Matched devices 
  10.1.2ii - External forced current sharing 

Example 10.3: Resistive parallel current sharing - static balancing 
   Example 10.4: Transformer current sharing–static and dynamic balancing 

 
10.2  Protection      242 
 

10.2.1 Overcurrent    242 
10.2.1i   - Pre-arcing I2t 

  10.2.1ii  - Total I2t let-through 
10.2.1iii - Fuse link and semiconductor I2t co-ordination 

Example 10.5: AC circuit fuse design 
 10.2.2 Overvoltage    251 

10.2.2i  - Transient voltage suppression devices   
10.2.2ii - Comparison between Zener diodes and varistors 

Example 10.6: Non-linear voltage clamp 
 10.2.3 Crowbar    257 

10.2.4 Noise     258 
  10.2.4i   - Conducted noise 
  10.2.4ii  - Radiated electromagnetic field coupling 
  10.2.4iii - Electric field coupling 
  10.2.4iv  - Magnetic field coupling 
 10.2.5  Mains filters    261 
 10.2.6 Noise filtering precautions  261 
 

 

11 
264 

Naturally Commutating Converters 
 
11.1 Single-phase uncontrolled converter circuits  265 
 

11.1.1 Half-wave circuit with an R-L load 265 
  11.1.1i  - Equal area criterion 
  11.1.1ii - Load current zero slope criterion 
 11.1.2 Half-wave circuit with an R-L load and freewheel diode 268 
 Example 11.1: Half wave rectifier 
 11.1.3 Full-wave bridge circuit   273 

 
11.2 Single-phase full-wave half-controlled converter  276 
 

 11.2i  - Discontinuous load current   278 
  11.2ii - Continuous load current   278 

 
11.3 Single-phase controlled thyristor converter circuits 279 
 



Power Electronics 

 

xi 

 11.3.1 Half-wave circuit with an R-L load 279 
11.3.1i  - Case 1: Purely resistive load  
11.3.1ii - Case 2: Purely inductive load  

Example 11.2: Half-wave controlled rectifier 
 11.3.2 Half-wave half-controlled   285 

11.3.2i  - For discontinuous conduction  
11.3.2ii - For continuous conduction  

 11.3.3 Full-wave circuit with an R-L load  287 
11.3.3i   - ,  -α φ β α π> < , discontinuous load current 

 11.3.3ii  - ,  -α φ β α π= = , verge of continuous load current 
11.3.3iii - α φ> , β- π = α, continuous load current 

Example 11.3: Controlled full-wave converter–continuous conduction 

11.3.4 Full-wave circuit with R-L and emf load 292 
11.3.4i  - Discontinuous load current 
11.3.4ii - Continuous load current 
Example 11.4: Controlled converter–continuous conduction & back emf 

 
11.4 Three-phase uncontrolled converter circuits  298 
 

11.4.1 Half-wave rectifier circuit with an inductive load 298 
 11.4.2 Full-wave rectifier circuit with an inductive load 301 

Example 11.5: Three-phase full wave rectifier  
 
11.5 Three-phase half-controlled converter   305 
 

11.5i - For α ≤ ⅓π   305 
11.5ii - For α ≥ ⅓π   306 

 

11.6 Three-phase controlled thyristor converter circuits 307 
 

11.6.1 Half-wave circuit with an inductive load 307  
 11.6.2  Half-wave converter with freewheel diode 309 
  11.6.2i - For α < π/6  
  11.6.2ii - For α>π/6  
  11.6.2iii - For α>5π/6  

11.6.3 Full-wave circuit with an inductive load 310 
11.6.4 Full-wave converter with freewheel diode 312 

 Example 11.6: Converter average load voltage 
 

11.7 Overlap       314 
 
11.8 Overlap – inversion     318 
 

Example 11.7: Converter overlap 
 
11.9 Summary      320 
 

 (i)   Half-wave and full-wave, fully-controlled converter 
 (ii)  Full-wave, half-controlled converter 

Power Electronics xii 

 (iii) Half-wave and full-wave controlled converter with load freewheel diode 
 
11.10 Definitions      323 

 
12 

321 

AC Voltage Regulators 
 
12.1 Single-phase ac regulator    321 

12.1i  - Case 1:α φ>  
12.1ii - Case 2:α φ≤  

 12.1.1 Resistive Load    324 
Example 12.1a: single-phase ac regulator - 1 
Example 12.1b: ac regulator - 2 

 
12.2 Three-phase ac regulator     328 
 

12.2.1 Fully-controlled three-phase ac regulator 328 
 i.      0 ≤ ωt ≤⅓π   [mode 2/3] 
 ii.  ⅓π ≤ ωt ≤½π  [mode 2/2] 
 iii. ½π ≤ ωt ≤π   [mode 0/2] 
Example 12.2: Three–phase ac regulator 
12.2.2 Half-controlled three-phase ac regulator 330 

i.   0 ≤ α ≤⅓π 
ii.  ⅓π ≤ α ≤ ⅔π 

 iii. ⅔π ≤ α ≤ 7π/6 
 
12.3 Integral cycle control     333 
 

Example 12.3: Integral cycle control 
 
12.4 Single-phase transformer tap-changer   337 
 
12.5 Cycloconverter      338 
 
12.6 The matrix converter     341 
 
12.7 Load efficiency and supply current power factor  343 
 

12.7.1 Load waveforms    343 
 12.7.2 Supply waveforms   344 
 Example 12.4: Load efficiency 
 
 



Power Electronics 

 

xiii

13 
348 

DC Choppers 
 
13.1 DC chopper variations     348 
 
13.2 First Quadrant dc chopper    351 
 

13.2.1 Continuous load current   353 
Steady-state time domain analysis of first quadrant chopper  

- with load back emf and continuous output current 
i.  Fourier coefficients  
ii. Time domain differential equations 

13.2.2 Discontinuous load current  357 
Steady-state time domain analysis of first quadrant chopper  

- with load back emf and discontinuous output current 
i.  Fourier coefficients  
ii. Time domain differential equations 

 Example 13.1:  DC chopper with load back emf (first quadrant) 
Example 13.2:  DC chopper with load back emf  

- verge of discontinuous conduction 
Example 13.3:  DC chopper with load back emf  

– discontinuous conduction 
  
13.3 Second Quadrant dc chopper    371 
 

13.3.1 Continuous inductor current  372 
13.3.2 Discontinuous inductor current  375 
Example 13.4: Second quadrant  DC chopper 

 – continuous conduction 
 
13.4 Two quadrant dc chopper - Q I and QII   380 
 

i.   I
∨

>0, I
∧

>0 and oI >0 
ii.  I

∨
<0, I

∧
>0 and oI >0 

iii. I
∨

<0, I
∧

>0 and oI <0 
iv.  I

∨
<0, I

∧
<0 and oI <0 

Example 13.5:  Two quadrant DC chopper with load back emf  
 
13.5 Two quadrant dc chopper – Q 1 and Q IV   389 
 

State #1 
State #2 
State #3 

 13.5.1 dc chopper: – Q I and Q IV – multilevel output voltage switching 392 

 13.5.2 dc chopper: – Q I and Q IV – bipolar voltage switching    393 
13.5.3 Multilevel output voltage states, dc chopper 395 
Example 13.6:  Asymmetrical, half H-bridge, dc chopper 

Power Electronics xiv 

 
13.6 Four quadrant dc chopper     400 
 

13.6.1 Unified four quadrant dc chopper - bipolar voltage output switching  401 
13.6.2 Unified four quadrant dc chopper - multilevel voltage output switching 405 

Example 13.7:  Four quadrant dc chopper 

 
 
14 

412 

Power Inverters 
 
14.1 dc to ac voltage-fed inverter bridge topologies  413 
 

 14.1.1 Single-phase voltage-fed inverter bridge 413 
  i  Square-wave output 

ii  Quasi-square-wave output 
Example 14.1a: Single-phase H-bridge with an L-R load 
Example 14.1b: H-bridge inverter ac output factors 
Example 14.2: Harmonic analysis of H-bridge with an L-R load 
Example 14.3: Single-phase half-bridge with an L-R load 

 
 14.1.2 Three-phase voltage-fed inverter bridge 424 
  i   180° ( π) conduction 
  ii  120° (⅔π) conduction 
 
 
 14.1.3 Inverter output voltage and frequency control techniques 431 

14.1.3i -   Variable voltage dc link 
14.1.3ii -  Single-pulse width modulation 

  14.1.3iii - Multi-pulse width modulation 
  14.1.3iv - Multi-pulse, selected notching modulation 
  14.1.3v - Sinusoidal pulse-width modulation (pwm) 
   1 - Natural sampling 
    (a) Synchronous carrier 

(b) Asynchronous carrier 
   2 - Regular sampling  
    (a) Asynchronous carrier 
     Symmetrical modulation 

Asymmetrical modulation 
3 - Frequency spectra of pwm waveforms 

14.1.3vi -  Phase dead-banding 
14.1.3vii - Triplen Injection modulation 

 Triplens injected into the modulation waveform 
 Voltage space vector pwm 

 



Power Electronics 

 

xv 

14.2 dc to ac controlled current-sourced inverters  450 
 

  14.2.1 Single-phase current fed inverter   450 
 14.2.2 Three-phase current fed inverter  451 
 
14.3 Resonant inverters     455 

14.3.1 L-C resonant circuits   456 
14.3.1i  - Series resonant L-C-R circuit 
14.3.1ii - Parallel resonant L-C-R circuit 

14.3.2 Series resonant inverters   460 
14.3.2i -  Series resonant inverter – single inverter leg 

1 - Lagging operation (advancing the switch turn-off angle) 
2 - Leading operation (delaying the switch turn-on angle) 

14.3.2ii -  Series resonant inverter –  H-bridge inverter 
14.3.2iii - Circuit variations 

14.3.3 Parallel resonant inverters  465 
14.3.3i - Parallel resonant inverter – single inverter leg 
14.3.3ii - Parallel resonant inverter – H-bridge inverter 
Example 14.4: Half-bridge with a series L-C-R load 

14.3.4 Single-switch current source series resonant inverter 470 
  
14.4 Multi-level voltage-source inverters   472 
 

14.4.1 Diode clamped multilevel inverter  473 
14.4.2 Flying capacitor multilevel inverter 475 
14.4.3 Cascaded H-bridge multilevel inverter 477 
14.4.4 PWM for multilevel inverters  478 

14.3.4i   Multiple offset triangular carriers 
14.3.4ii Multilevel rotating voltage space vector  

 
14.5 Reversible converters     481 
 

14.5.1 Independent control    481 
14.5.2 Simultaneous control    483 
14.5.3 Inverter regeneration     484 

 
14.6 Standby inverters and uninterruptible power supplies 485 
 

14.6.1 Single-phase ups    485 
14.6.2 Three-phase ups    486 

 
14.7 Power filters      487 
 
 
 
 
 

15 

Power Electronics xvi 

489 

Switched-mode and Resonant  
dc-to-dc Power Supplies 
 
15.1 The forward converter     490 
 

 15.1.1 Continuous inductor current  491 
15.1.2 Discontinuous inductor current  492 

 15.1.3 Load conditions for discontinuous inductor current 494 
15.1.4 Control methods for discontinuous inductor current 494 

15.1.4i - fixed on-time tT, variable switching frequency fvar  
15.1.4ii - fixed switching frequency fs, variable on-time tTvar  

15.1.5 Output ripple voltage   496 
Example 15.1: Buck (step-down forward) converter  

 15.1.6 Underlying mechanisms of the forward converter 504 
 
15.2 Flyback converters     506 
 
15.3 The boost converter     506 
 

15.3.1 Continuous inductor current  507 
 15.3.2 Discontinuous capacitor charging current in the switch off-state 509 

15.3.3 Discontinuous inductor current  509 
15.3.4 Load conditions for discontinuous inductor current 511 
15.3.5 Control methods for discontinuous inductor current 511 

15.3.5i -  fixed on-time tT, variable switching frequency fvar  
15.3.5ii - fixed switching frequency fs, variable on-time tTvar  

15.3.6 Output ripple voltage   513 
Example 15.2:  Boost (step-up flyback) converter 
Example 15.3:  Alternative boost (step-up flyback) converter 

 
15.4 The buck-boost converter    519 
 

 15.4.1 Continuous choke current  520 
 15.4.2 Discontinuous capacitor charging current in the switch off-state521 

15.4.3 Discontinuous choke current  521 
   15.4.4 Load conditions for discontinuous inductor current 523 

15.4.5 Control methods for discontinuous inductor current 523 
15.4.5i -  fixed on-time tT, variable switching frequency fvar  
15.4.5ii - fixed switching frequency fs, variable on-time tTvar  

15.4.6 Output ripple voltage   525 
 15.4.7 Buck-boost, flyback converter design procedure 525 

Example 15.4: Buck-boost  flyback converter 
 
15.5 The output reversible converter    530 
 

 15.5.1 Continuous inductor current  532 
15.5.2 Discontinuous inductor current  532 



Power Electronics 

 

xvii

15.5.3 Load conditions for discontinuous inductor current 533 
15.5.4 Control methods for discontinuous inductor current 534 

15.5.4i  - fixed on-time tT, variable switching frequency fvar  
15.5.4ii - fixed switching frequency fs, variable on-time tTvar  

Example 15.5:  Reversible forward converter 
15.5.5 Comparison of the reversible converter with alternative converters 573 

 
15.6 The Ćuk converter     538 
 

 15.6.1 Continuous inductor current  538 
15.6.2 Discontinuous inductor current  539 
15.6.3 Optimal inductance relationship  540 
15.6.4 Output voltage ripple   540 
Example 15.7 Cuk converter 

 
15.7 Comparison of basic converters    543 
 

  15.7.1 Critical load current   543 
 15.7.2 Isolation    546 
  15.7.2i  - The isolated output, forward converter  
  15.7.2ii - The isolated output, flyback converter  

Example 15.7: Transformer coupled flyback converter 
 Example 15.8: Transformer coupled forward converter 
 
15.8 Multiple-switch, balanced, isolated converters  555 
 

15.8.1 The push-pull converter   5557 
 15.8.2 Bridge converters   557 
 
15.9 Resonant dc to dc converters    558 
 

15.9.1 Series loaded resonant dc to dc converter 558 
15.9.1i   - Modes of operation - series resonant circuit  
15.9.1ii  - Circuit variations 
15.9.1iii - Modes of operation - parallel resonant circuit 

15.9.2 Parallel loaded resonant dc to dc converter 566 
 15.9.2i   - Modes of operation- parallel resonant circuit 

15.9.2ii  - Circuit variations 
Example 15.9: Transformer-coupled, series-resonant, dc-to-dc converter 
15.9.3 Resonant switch, dc to dc converters 572 

15.9.3i Zero-current, resonant-switch, dc-to-dc converter 
15.9.3ii Zero-voltage, resonant-switch, dc-to-dc converter 

Example 15.10: Zero-current, resonant-switch, dc-to-dc converter 
Example 15.11: Zero-voltage, resonant-switch, dc-to-dc converter 

 
15.10 Appendix: Analysis of non-continuous inductor current operation 584 

Operation with constant input voltage, Ei  584 
Operation with constant output voltage, vo  584 

Power Electronics xviii 

 
 
 

16 
572 

Capacitors 
 
16.1 Capacitor general properties    573 
 

 16.1.1 Capacitance    573 
 16.1.2 Equivalent circuit   574 

16.1.3 Lifetime and failure rate   577 
Example 16.1: Failure rate 
Example 16.2:  Capacitor reliability 
16.1.4 Self-healing    580 
16.1.5 Temperature range   581 

 
16.2 Liquid and solid, metal oxide dielectric capacitors  581 
 

16.2.1 Construction    581 
16.2.2 Voltage ratings    583 
16.2.3 Leakage current    584 
16.2.4 Ripple current    586 
Example 16.3:  Capacitor ripple current rating 
16.2.5 Service lifetime and reliability  589 

   16.2.5i -  Liquid, oxide capacitors 
Example 16.4: A1203 capacitor service life 

16.2.5ii -  Solid, oxide capacitors 
Example 16.5: Lifetime of tantalum capacitors 

 
16.3 Plastic film dielectric capacitors    592 
 

16.3.1 Construction    593 
16.3.1i   - Metallised plastic film dielectric capacitors 
16.3.1ii  - Foil and plastic film capacitors 

  16.3.1iii - Mixed dielectric capacitors 
16.3.2 Insulation    595 

 16.3.3 Electrical characteristics   595 
  16.3.3i   - Temperature dependence 
  16.3.3ii  - Dissipation factor and impedance 

16.3.3iii - Voltage derating 
Example 16.6: Power dissipation limits - ac voltage 

16.3.3vi - Pulse dVR /dt rating 
16.3.4 Non-sinusoidal repetitive voltages  603 
Example 16.7: Capacitor non-sinusoidal voltage rating 
Example 16.8: Capacitor power rating for non-sinusoidal voltages 



Power Electronics 

 

xix 

 
16.4 Emi suppression capacitors    606 
 

16.4.1 Class X capacitors   606 
16.4.2 Class Y capacitors   608 
16.4.3 Feed-through capacitors   608 

 
16.5 Ceramic dielectric capacitors    609 
 

 16.5.1 Class I dielectrics   610 
 16.5.2 Class II dielectrics   610 
 16.5.3 Applications    612 
 

16.6 Mica dielectric capacitors    613 
 

 16.6.1 Properties and applications  614 
 
16.7 Appendix: Minimisation of stray capacitance  614 

 

 

17 
617 

Soft Magnetic Materials 
 
17.1 Material types      617 
 

17.1.1 Ferromagnetic materials   618 
  17.1.1i    -  Steel 
  17.1.1ii   - Iron powders 

17.1.1iii  -  Alloy powders 
17.1.2 Ferrimagnetic materials- soft ferrites 619 

 
17.2 Comparison of material types    619 
 
17.3 Ferrite characteristics     621  
 

17.3.1 Dimensions and parameters  621 
 17.3.2 Permeability    622  
  17.3.2i   - Initial permeability, µi 

17.3.2ii  - Amplitude permeability, µa and maximum permeability, µ
∧

 
17.3.2iii - Reversible or incremental permeability, µrev, µ∆ 

  17.3.2iv  - Effective permeability, µe 
17.3.2v - Complex permeability, µ  

17.3.3 Coercive force and remanence  627 
17.3.4 Core losses    627 

17.3.4i  - Core losses at low H 

Power Electronics xx 

17.3.4ii - Core losses at high H 
1 - Ferrites 

   2 - Laminated silicon steel 
(a) Hysteresis loss 
(b) Eddy current loss 

17.3.5 Temperature effects on core characteristics 632 
 17.3.6 Inductance stability   633 

  17.3.6i  - Parameter effects 
17.3.6ii - Time effects 

 Example 17.1: Inductance variation with time 
  17.3.6iii - Temperature effects 

Example 17.2: Temperature effect on inductance 
 17.3.7 Stored energy in inductors  635 
 
17.4 Ferrite inductor and choke design, when carrying dc current 637 
 

17.4.1 Linear inductors and chokes  637 
Example 17.3: Inductor design with Hanna curves 

17.4.1i - Core temperature and size considerations 
Example 17.4: Inductor design including copper loss 
17.4.2 Saturable inductors   645 

 17.4.3  Saturable inductor design  647 
Example 17.5: Saturable inductor design 

 
17.5 Power ferrite transformer design    650 
 

17.5.1 Ferrite voltage transformer design  650 
 Example 17.6: Ferrite voltage transformer design 

17.5.2 Ferrite current transformer  659 
17.5.3 Current transformer design requirements 660 
17.5.4  Current transformer design procedure 661 

 Example 17.7:  Ferrite current transformer design  
 
17.6 Appendix: Soft ferrite general technical data  667 
 
17.7 Appendix: Technical data for a ferrite applicable to power applications 667 
 
17.8 Appendix: Cylindrical inductor design   668 
 

Example 17.8: Wound strip air core inductor 
Example 17.9: Multi-layer air core inductor 

 
17.9 Appendix: Copper wire design data   670 
 
17.10 Appendix: Minimisation of stray inductance  670 
 

17.10.1 Reduction in wiring residual inductance 671 



Power Electronics 

 

xxi 

17.10.2 Reduction in component residual inductance 674 
  17.10.2i   - Capacitors 
  17.10.2ii  - Capacitors - parallel connected 
  17.10.2iii - Transformers 
 
17.11 Appendix: Laminated bus bar design   675 
 
 
 

18 
680 

Resistors 
 
18.1 Resistor types      681 
 
18.2 Resistor construction     682 
 

18.2.1 Film resistor construction   682 
 18.2.2 Carbon composition film resistor construction 684 
 Example 18.1: Carbon film resistor  

18.2.3 Wire-wound resistor construction  685 
 
18.3 Electrical properties     685 
 

  18.3.1 Maximum working voltage  688 
18.3.2 Residual capacitance and residual inductance 688 

 
18.4 Thermal properties     689 
 

 18.4.1 Resistors with heatsink   692 
Example 18.2: Derating of a resistor with a heatsink 
18.4.2 Short time or overloading ratings  693 
Example 18.3: Non-repetitive pulse rating 

 
18.5 Repetitive pulsed power resistor behaviour  695 
 

Example 18.4: Pulsed power resistor design 
 18.5.1 Empirical pulse power   697 
 
18.6 Stability and endurance     697 
 

 Example 18.5: Power resistor stability 
 
18.7 Special function power resistors    699 
 

18.7.1 Fusible resistors    700 
18.7.2 Circuit breaker resistors   701 

Power Electronics xxii 

18.7.3 Temperature sensing resistors  701 
18.7.4 Current sense resistors   702 



Power Electronics 

 

xxiii 

 
 
 
 
 
 
 

PREFACE 
 
 
 
 
 
The book is in four parts. 
 
Part 1 covers semiconductor switching devices, their electrical and thermal characteristics and 
properties. Part 2 describes device driving and protection, while Part 3 presents a number of 
generic applications. The final part, Part 4, introduces capacitors, magnetic components, and 
resistors, and their characteristics relevant to power electronic applications. 
 

 1  Basic Semiconductor Physics and Technology 
 2  The pn Junction 
 3  Power Switching Devices and their Static Electrical Characteristics 
 4  Electrical Ratings and Characteristics of Power Semiconductor Switching Devices 
 5  Cooling of Power Switching Semiconductor Devices 
 6  Load, Switch, and Commutation Considerations 
 7  Driving Transistors and Thyristors 
 8  Protecting Diodes, Transistors, and Thyristors 
 9  Switching-aid Circuits with Energy Recovery 
10  Series and Parallel Device Operation and Protection 
11  Naturally Commutating Converters 
12  AC Voltage Regulators 
13  DC Choppers 
14  Power Inverters 
15  Switched-mode and Resonant dc Power Supplies 
16  Capacitors 
17  Soft Magnetic Materials 
18  Resistors 

 
 
The 80 non-trivial worked examples cover the key issues in power electronics. 
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