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Chapter 1: Introduction

Introduction to power processing
Some applications of power electronics
Elements of power electronics

Summary of the course




1.1 Introduction to Power Processing

Power Switching Power
Input converter output

Control

Input
Dc-dc conversion: Change and control voltage magnitude
Ac-dc rectification: Possibly control dc voltage, ac current
Dc-ac inversion: Produce sinusoid of controllable

magnitude and frequency

Ac-ac cycloconversion: Change and control voltage magnitude
and frequency




Control is invariably required

Power Switching Power
Input converter output

Control
Input

Controller

reference

feedforward feedback




High efficiency is essential

loss in out —

High efficiency leads to low
power loss within converter

Small size and reliable operation
IS then feasible

Efficiency is a good measure of
converter performance
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A high-efficiency converter

AN

In Converter out

A goal of current converter technology is to construct converters of small
size and weight, which process substantial power at high efficiency



Devices available to the circuit designer

Resistors

Capacitors

Magnetics

BTN
A :
Linear- DT T
mode Switched-mode

Semiconductor devices




Devices available to the circuit designer

Resistors

Capacitors

Magnetics

BTN
A :
Linear- DT T
mode Switched-mode

Semiconductor devices

Signal processing: avoid magnetics




Devices available to the circuit designer

Resistors

Capacitors

Magnetics

BTN
A :
Linear- DT T
mode Switched-mode

Semiconductor devices

Power processing: avoid lossy elements




Power loss in an ideal switch

Switch closed: v(r) =0 T
Switch open: i(1)=0
v(t)

In either event. p(r) =v(?) i(r) =0

ldeal switch consumes zero power

(1)



A simple dc-dc converter example

10A
™+
\V/ @ Dc-dc
9 R V
converter £ 5 S0V

100V

Input source: 100V
Output load: 50V, 10A, 500W
How can this converter be realized?




Dissipative realization

Resistive voltage divider

100V

Vo @ P = 500W

P = Q000W



Dissipative realization

Series pass regulator: transistor operates in
active region

_________________________________________________________________________ |
.+ 50V - 10A
+
\ linear amplifier
) - |and base driver 0 Vv
100V ' S0V



Use of a SPDT switch

------------------------------------------------------------------------------------ -
1 - 10A
° / + i
i o E
Vg 2
@ Vg(t) R < W)
100 V 50V
v . .
A Vg
V= DY

switch ; :
position: 1 2 1



The switch changes the dc voltage level

V()

t Vv
0 D = switch duty cycle
| E E > T, = switching period
«~— DT, — i+ (1-D) T, > t
switch L
position: | 1 5 1 f. = ?vyltTchmg frequency

DC component of v (r) = average value:

1 ("
VS_TS O v(t) dt = DV,




Addition of low pass filter

Addition of (ideally lossless) L-C low-pass filter, for
removal of swﬂchmg harmonics:

1 - 1(t)
o r060) i
+ +
L

/o

\V/ 2
J @ v(t) C == R 5 v(t)

100V
P =500W o Plosssma” Po =500 W

Choose filter cutoff frequency f, much smaller than switching
frequency f,

This circuit is known as the “buck converter”




Addition of control system
for regulation of output voltage

Power Switching converter Load
— 19 008 BE
— g |y
: A - vV 3
i
’ SEnsor
_ H(S) gain
Transistor Error
gate driver signal
Pulse-width| V¢ Y Hv
S(0a | modulator 1 Gd9 [«
Compensator

Reference
dfg Tg t | nput Vref




The boost converter




A single-phase inverter

i :

|oad

%} 1J) o VS(t)”\‘_ 12
r T ) - [

“H-bridge”

e Modulate switch
| T duty cycles to
. obtain sinusoidal

low-frequency
component

-
- o
........




1.2 Several applications of power electronics

Power levels encountered in high-efficiency converters
 less than 1 W in battery-operated portable equipment

» tens, hundreds, or thousands of watts in power supplies for
computers or office equipment

« kKW to MW in variable-speed motor drives

* 1000 MW in rectifiers and inverters for utility dc transmission
lines




A laptop computer power supply system

Inverter Display
backlighting
’() A
ol | charger | | || o ———
e ) Buck Microprocessor|
PWM —
Vae(D) Rectifier | —— converter Power | |
o L]
o .
ac line input - D B i
Lithium OOSt Disx
85-265 Vrms A battery converter drive

__________________________________________________________________________________________________________________________




Power system of an earth-orbiting spacecraft

Dissipative
shunt regulator
).
+ %
Solar
array Vius
[ [ [ [
Battery Dc-dc Dc-dc
charge/discharge converter converter
controllers

Batteries 4||‘|_ 4||‘|_

Payload Payload




An electric vehicle power and drive system

3gac line

50/60 Hz

control bus

I I
ac machine ac machine
| nverter |nverter
battery N T
n 4 T
Battery 1
charger V7T S NSSS—— O _—_—
: T T
|nverter |nverter
Variable-frequency
Variable-voltage ac
ac machine ac machine
— —

DC-DC

system
controller

converter

L

Low-voltage

dc bus

\ehicle
electronics

............................................................................



1.3 Elements of power electronics

Power electronics incorporates concepts from the fields of
analog circuits
electronic devices
control systems
power systems
magnetics
electric machines
numerical simulation




Part I. Converters in equilibrium

Inductor waveforms Averaged equivalent circuit
D'V
A RL D Ron D D' RD 1 :
a0 Vg~V A M—C —n ot -

LT wo ) o
switch

position: 1 i 2 1 ~
L (t) : ..
Predicted efficiency

IL(CI)) 100% _

00% b 0.002

: 0.01
0 80% ——
70% & 0.02
60% —— 0.05
n o 5% R/R=0.1

Discontinuous conduction mode
Transformer isolation N




Switch realization: semiconductor devices

The IGBT collector SWitChing IOSS V&;sgfséftr% A
gate o—| 'i
emitter

Emitter efdio e
Gate T .
)| Rl =
oL J { oL J
minority carrier
n injection r.
P
D Pa(t)
l =Vplp
Collector

t t1 t t
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Part I. Converters in equilibrium

Principles of steady state converter analysis

Steady-state equivalent circuit modeling, losses, and efficiency
Switch realization

The discontinuous conduction mode

Converter circuits




Part II. Converter dynamics and control

Closed-loop converter system Averaging the waveforms
Power Switching converter Load gate 4
Input TS : drive
147 £IIA - I
o) y Y — W3R
<> feedback
L connection
S |> .......................................................... i A
transistor actual waveform v(t)
gate driver % compensator incl udi\r)g ripple
S(t pulse-width| V¢ \Y; W
© modulator [+~ ¥ % averaged inveform <V(t)>
j with ripple neglected °
5(t)a / ve(®) voltage
reference | Vres

—

- Controller
] (vg—v) d()
1:D A\ D1
550\ | +
: & R
Small-signal L .
averaged o0 &) 1d0 Q) (D 1dv ==c w R
equivalent circuit _

v



Part II. Converter dynamics and control

10.

11.

12.

Ac modeling
Converter transfer functions

Controller design

Input filter design

Ac and dc equivalent circuit modeling of the discontinuous
conduction mode

Current-programmed control




Part I1I. Magnetics

I S
nl . n2 A :
transformer o woy L T 0 the — — O
design 5 proximity L ®®-
) v effect N [ oo
2 .
—
1ik(t) N (ig)
ﬁ layer ON q
AN/ 1
MR b
5%
trgnsformer 42~ Fos
SlZze VS. .ﬁ 2616 16 | 00
S WItChIng g 1811 181\\ T 000 g‘i
o 1004 3
frequency N
\. + 0.02

25kHz 50kHz ~ 100kHz ~ 200kHz ~ 250kHz ~ 400kHz ~ 500kHz ~ 1000kHz
Switching frequency



13.
14,
15.

Part I1I. Magnetics

Basic magnetics theory
Inductor design

Transformer design



Part 1V. Modern rectitiers,
and power system harmonics

A low-harmonic rectifier system

boost converter

Pollution of power system by
rectifier current harmonics

I\,

‘ ]

(0
>

0 | *

v )

550
L D,

Q

C == \(t) 5 R

> >

N
7 4

, lvg(t) jg(t) L<+
PWM

multiplier | x R v.(8) ¥
| Q¢
V(1) ¢

= kx Vg(t) Veontrol (t) compensator
controller

Vcontrol (t)

©

9
|
11

N

100% _100%

91%

THD = 136%

Harmonic amplitude
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80% -
60% -

40% {

)

S

>
!
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73%

52%

Distortion factor = 59%

32%

19%
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(1)

| deal rectifier (LFR)

—>

+

Model of
the ideal
rectifier -

v, (1)

RV

ontrol) 5

p(t) = v,/ R,
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input

\'/

T

control

dc
output



Part 1V. Modern rectitiers,
and power system harmonics

16. Power and harmonics in nonsinusoidal systems
17. Line-commutated rectifiers

18. Pulse-width modulated rectifiers



Part V. Resonant converters

The series resonant converter

4t i

Cha

_R§V

1

0.9

7Q=0.2

0.8

0.7

o 0.6 0.35

0.5

M=V/V

0.4

0.3

0.2

Dc

characteristics o>

iy

Zero voltage
switching

Vdsl(t) h Vg

conducting Q X D, t
devices: Q, f E\Dg
turnoff  commutation
Qu Q, interval




Part V. Resonant converters

19. Resonant conversion
20. Soft switching




|Gy |

Appendices

RMS values of commonly-observed converter waveforms
Simulation of converters
Middlebrook’s extra element theorem

o 0w >

" " L
Magnetics design tables 1 2y
50 uH
V [ N
977 Aol 3 C 1
<—> < 500 uF =T~
20dB T 28V G S
vg Open loop, d(t) = constant =
0dB 1 —— P = R
85KkQ> w
><s,witch 5 —
20dB 7 L =50 uH Rs Cs 11 2.7nF
e — fs =100 kHz N/ I I
—40dB | - 120kQ 15y
—60 dB | Closed loop R=25Q 8 6 )/_
—Vy LM324 L
-80dB Vo

5Hz 50 Hz 500 Hz 5kHz 50 kHz -
f value = {LIMIT(0.25 v, 0.1, 0.9)} C—)

.nodeset v(3)=15 v(5)=5 v(6)=4.144 v(8)=0.536




Chapter 2
Principles of Steady-State Converter Analysis

2.1. Introduction

2.2. Inductor volt-second balance, capacitor charge
balance, and the small ripple approximation

2.3. Boost converter example
2.4. Cuk converter example

2.5. Estimating the ripple in converters containing two-
pole low-pass filters

2.6. Summary of key points



2.1 Introduction
Buck converter

SPDT switch changes dc | S
component 2,

Switch output voltage
waveform
Duty cycle D:
O<D=<1
Switch
complement D’: position: 1

D'=1-D




Dc component of switch output voltage

Vs(t) A \/

Fourier analysis: Dc component = average value

_1("
_TJO v.(t) dit
1

+ (DT.V,) =DV,



Insertion of low-pass filter to remove switching
harmonics and pass only dc component




Three basic dc-dc converters

. L . M(D) = D
> 560\
Bk /i T o]
uc v. (* ’ C== RSV S o4
. O 1
- 0 : : : :
0 0.2 0.4 0.6 08
D
(b) ] ,
i N\ *
Boost | 19 8
\A (_) Co= RSV S
D
(©)
Buck-boost o ’
-  (t e S
Vg C_) ] () C R 5 v %




Objectives of this chapter

Develop techniques for easily determining output
voltage of an arbitrary converter circuit

Derive the principles of inductor volt-second balance
and capacitor charge (amp-second) balance

Introduce the key small ripple approximation

Develop simple methods for selecting filter element
values

lllustrate via examples



2.2.  Inductor volt-second balance, capacitor charge
balance, and the small ripple approximation

Actual output voltage waveform, buck converter

. M L

55
Buck converter ° / o v, (t) — () *
containing practical ?, T
low-pass filter V, C—= Rg v

Actual output voltage v(t) a Actual waveform
waveform / V(D) = V+ Viigie(t)

V

V(t) — V + Vripple(t)

dc component V




The small ripple approximation

v(t) a Actual waveform
/‘/ V(t) =V + VD)

V(t) - V + Vripple(t) h

dc component V

In a well-designed converter, the output voltage ripple is small. Hence,
the waveforms can be easily determined by ignoring the ripple:

V, <V

ipple

v(t) =V



original
converter

Buck converter analysis:

inductor current waveform

1

1L

L

) = 5606 N
/0 PO = i
2
V, C=— R 5 v(t)
switch in position 1 / \switch in position 2
L L
560 e, v,7
MO G | A PG
C == V A1 () cC ==

+

R § v(t)




Inductor voltage and current
Subinterval 1: switch in position 1

i () L
Inductor voltage > T00)
+ v (D) -

yict)

V C — R§v(t)

Ve =V, —V(t)

Small ripple approximation:

vi=V,—V -

Knowing the inductor voltage, we can now find the inductor current via

_ di(t)
vV (t) =L gt

Solve for the slope:

di(t) _w() Ve—V = The inductor current changes with an
dt L L essentially constant slope




Inductor voltage and current
Subinterval 2: switch in position 2

Inductor voltage — 550
+ V|_(t) _
vi(t) = —v(t)

Small ripple approximation:

yict)

V A (1) C== RSV

v (t) =—-V
Knowing the inductor voltage, we can again find the inductor current via

_ dig(t)
VvV (t) =L gt

Solve for the slope:

di(t)y v => The inductor current changes with an

dt L essentially constant slope




Inductor voltage and current wavetorms

EAON SRV

Switch

position: 1 2 1 y di (t)




Determination of inductor current ripple magnitude

(0T V.V Yy — 1
| i

(changeini,) = (slope)(length of subinterval)

(241, ) = (VQL V) (DT

V.-V Vy—V

i = 9 L = — DT,
— Al 5T DT, 2Ai,




Inductor current waveform
during turn-on transient

L) ,
V,— V()
. T(h+D)T)
() | . :
O =0T T ot T meDT. t

When the converter operates in equilibrium:
LN+ 1)TY =1.(nTY



The principle of inductor volt-second balance:
Derivation

Inductor defining relation:

_, di®
v =L L

Integrate over one complete switching period:
TS
(M -i©@=1 [ v
In periodic steady state, the net change in inductor current is zero:

TS
0= f v, () dit
0

Hence, the total area (or volt-seconds) under the inductor voltage
waveform is zero whenever the converter operates in steady state.
An equivalent form:

1 ("
0=1| wi()dt= (V)

The average inductor voltage is zero in steady state.




Inductor volt-second balance:
Buck converter example

vi(@® ,

Inductor voltage waveform,
previously derived:

Integral of voltage waveform is area of rectangles:
TS
3= | WO dt= (V- VIOT) + (-V)OT)
0

Average voltage is

(V) = % = D(V,—V) + D'(=V)

Equate to zero and solve for V:
0=DV,—(D+D")V=DV,-V = V

DV



The principle of capacitor charge balance:
Derivation

Capacitor defining relation:

dv(t)
dt

Integrate over one complete switching period:
TS

Ve(T) = ve(0) = & | ic(t) o

() =C

In periodic steady state, the net change in capacitor voltage is zero:

1 ('s. .
O:Tso i(t) dt = (ic)

Hence, the total area (or charge) under the capacitor current
waveform is zero whenever the converter operates in steady state.
The average capacitor current is then zero.



2.3 Boost converter example

Boost converter
with ideal switch

Realization using
power MOSFET
and diode

L 2
p—000) o
- = +
R 1\ 0y
C —— R§ Vv
L
—p— 500
IL(t) + VL(t) _ i (t)' *
« Q, -
@ \ C —= R§ Vv




Boost converter analysis

L 2
> BT .
O 0= N o] +
original y . C== R v
converter ’ T T
switch in position 1 / \switch in position 2
L L

— p  (BO0— > T00)
i) +v(t)- + () + v (1) -

ic(t) Y ic(t) Y




Subinterval 1: switch in position 1

Inductor voltage and capacitor current

VL=V, .
Ic.=—V/R e v,7,5 W
iL(t) T V|_(t) _
Small ripple approximation: Vg
VL=V,

ic(t) Y

i.=—V/R



Subinterval 2: switch in position 2

Inductor voltage and capacitor current

VL =V,—V L
I p—0500)
lc=1.—V/R Lt +v (- .
(1) y
. . . Vv C —
Small ripple approximation: J
V=V,—V

i.=1-V/R



Inductor voltage and capacitor current waveforms




Inductor volt-second balance

Net volt-seconds applied to inductor i

over one switching period:

Vg

«~— DT, —>|+— DT,—

TS
f v(t) dt = (V,) DT, + (V, — V) D'T.
0

Equate to zero and collect terms:

V,(D+D)-VvD'=0

Solve for V:
v Y
DI



M(D)

Conversion ratio M(D) of the boost converter

S L N W b~ O




Determination of inductor current dc component

(D) 4 | —V/R
Capacitor charge balance: «~ DIy ——— DIy,— »
t
TS
| i dt= (- DT+ (1 - DT. -VIR
0
Collect terms and equate to zero: |
y V/R T
-—p(D+D)+1D'=0 g |
Solve for I: 67
=V 1
D'R 5 ]
0

Eliminate V to express in terms of V.

|: VQ | D

DR




Determination of inductor current ripple

Inductor current slope during  'L(!)
subinterval 1:

di(t) _ w() _ Y,

at L L .
Inductor current slope during | | o
subinterval 2: 0 DT, T, t

di(t) _w() _ V-V
d L L

Change in inductor current during subinterval 1 is (slope) (length of subinterval):

.V
2A1, = T DT,

Solve for peak ripple:

Al = ﬁ DT
L 2|_ <

« Choose L such that desired ripple magnitude
IS obtained



Determination of capacitor voltage ripple

Capacitor voltage slope during (1) ,
subinterval 1: '

ave(t) _ Ic(t) _ —Vv

dt C RC

Capacitor voltage slope during 5 |
subinterval 2: 0 DT T t

ave(t) _1c(t) _ 1 _ Vv
dt C "C RC

Change in capacitor voltage during subinterval 1 is (slope) (length of subinterval):

_ -V
Solve for peak ripple: » Choose C such that desired voltage ripple
magnitude is obtained
Av=_VY DT . . . .
SRC ~ ' - In practice, capacitor equivalent series

resistance (esr) leads to increased voltage ripple



2.4

Cuk converter,
with ideal switch

Cuk converter:
practical realization
using MOSFET and
diode

Cuk converter example

Ly i L,
—TTO 1 T —» .
i, v, — i
1 2
Vo 0 \ 0 C,—= V% SR
L i L,
1. 1 T —» .
I v, — i
Vo « Q A AV C, —=




Cuk converter circuit
with switch in positions 1 and 2

Switch in position 1: Ly L
MOSFET conducts v T Al
Capacitor C, releases v, v, ==c, v, SR
energy to output
+
Iy L, _ L, '
Switch in position 2: S zsvzsles — ‘fsfz ~
diode conducts i
v, C,— v,

Capacitor C, is
charged from input =




Wavetorms during subinterval 1

MOSFET conduction interval

Inductor voltages and
capacitor currents:
V.=V
L1 g v,
Ve=—V1 =V,
lci =15
' A
lee=la— R/

Small ripple approximation for subinterval 1:




Wavetorms during subinterval 2

Diode conduction interval

Inductor voltages and
capacitor currents:

Vi2=—V;

lci =14

Small ripple approximation for subinterval 2:
Vii=V,—V,




Equate average values to zero

The principles of inductor volt-second and capacitor charge balance
state that the average values of the periodic inductor voltage and
capacitor current waveforms are zero, when the converter operates in
steady state. Hence, to determine the steady-state conditions in the
converter, let us sketch the inductor voltage and capacitor current
waveforms, and equate their average values to zero.

Waveforms:

Inductor voltage v, ()

Volt-second balance on L,:
V.0

<«— DT > | < D'T. — <V|_1> — DVg + D'(Vg _Vl) — O




Equate average values to zero

Inductor L, voltage

V() -V,

~V,-V, t Average the waveforms:

. (Mz) =D(=V,=V,) +D'(=V,) =0
Capacitor C, current lic;)=DI,+D'l,=0

| Cl(t) A

- DTS > | < D'TS —>

5




Equate average values to zero

Capacitor current i () waveform

lco(t)

,—V,/R (= 0)

«~— DT, —>I+— D'T,—> t

Note: during both subintervals, the
capacitor current i, is equal to the
difference between the inductor current
i, and the load current V,/R. When
ripple is neglectedq, i, is constant and
equal to zero.



Cuk converter conversion ratio M = V/ Vg

D
0 0.2 0.4 0.6 0.8 1

M(D)




Inductor current waveforms

Interval 1 slopes, using small (1)
ripple approximation: f

di,(t) _ via(t) _ Vs

&t L, L,
di(t) _ viast) _ —Vi—V,
dt L, L,

Interval 2 slopes:

di,(t) — V(1) — V=V,
adt L, L,
diy(t) _ vio(t) _ -V,
G - L, L,




Capacitor C; waveform

Subinterval 1:

_ Vl(t) A
dvi(t) _ i _ 1,
at C, C £
Subinterval 2:
DT, T, t

dv,(t) _1c,(t) _ 14
&t ~ C, C,




Ripple magnitudes

Analysis results Use dc converter solution to simplify:
VDT . VDT
. _ "9~ 's — g~ s
AI 1 2L1 AI 1 2L1
.V, +V VDT
Ai, = —=—= DT, i —_9° s
2 2|_2 A|2 2|_2
! 17 2D'RC,

Q: How large is the output voltage ripple?



2.5 Estimating ripple in converters
containing two-pole low-pass filters

Buck converter example: Determine output voltage ripple

L
1
o »—000 )\
: --
/O: |L(t) |C(t)' v |R(t)
2
V, C == v.(1) § R
LM, |

Inductor current IL(DTY) v N
waveform. ‘ ; -
What is the T L ;
capacitor current? | | .



Capacitor current and voltage, buck example

(1) &

Total charge

Must not
neglect
inductor
current ripple!

If the capacitor
voltage ripple is
small, then
essentially all of
the ac component
of inductor current
flows through the
capacitor.




(1) &

Estimating capacitor voltage ripple Av

Total charge

ve(®) 4

Current i(z) is positive for half
of the switching period. This
positive current causes the
capacitor voltage v(z) to
Increase between its minimum
and maximum extrema.
During this time, the total
charge ¢ is deposited on the
capacitor plates, where

g = C (2Av)

(changein charge) =
C (change in voltage)



(1) &

Estimating capacitor voltage ripple Av

The total charge ¢ is the area

ve(®) 4

Total charge of the triangle, as shown:
. T,
q — %AIL 7

Eliminate ¢ and solve for Av:

Al T
~ 8C

AV

Note: in practice, capacitor
equivalent series resistance
. (esr) further increases Av.




Inductor current ripple in two-pole filters

E le: L, I Q L,
xampie: »—TTO\ — I /005 .
problem 2.9 1 2
il 1 il
V, G =\ D, & C,—= Rs v

vV, (t) 4

Total
flux linkage

can use similar arguments, with
A =L (2AiQ)

A\ = inductor flux linkages

= Inductor volt-seconds




2.6 Summary ot Key Points

1. The dc component of a converter waveform is given by its average
value, or the integral over one switching period, divided by the
switching period. Solution of a dc-dc converter to find its dc, or steady-
state, voltages and currents therefore involves averaging the
waveforms.

2. The linear ripple approximation greatly simplifies the analysis. In a well-
designed converter, the switching ripples in the inductor currents and
capacitor voltages are small compared to the respective dc
components, and can be neglected.

3. The principle of inductor volt-second balance allows determination of the
dc voltage components in any switching converter. In steady-state, the
average voltage applied to an inductor must be zero.



Summary of Chapter 2

4. The principle of capacitor charge balance allows determination of the dc
components of the inductor currents in a switching converter. In steady-
state, the average current applied to a capacitor must be zero.

5. By knowledge of the slopes of the inductor current and capacitor voltage
waveforms, the ac switching ripple magnitudes may be computed.
Inductance and capacitance values can then be chosen to obtain
desired ripple magnitudes.

6. In converters containing multiple-pole filters, continuous (nonpulsating)
voltages and currents are applied to one or more of the inductors or
capacitors. Computation of the ac switching ripple in these elements
can be done using capacitor charge and/or inductor flux-linkage
arguments, without use of the small-ripple approximation.

7. Converters capable of increasing (boost), decreasing (buck), and
inverting the voltage polarity (buck-boost and Cuk) have been
described. Converter circuits are explored more fully in a later chapter.



