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Lecture 2, outline

= Diode device characteristics
= Semiconductor theory
= Data sheet info
= Rectifiers
= Single phase
= Characteristics
= Total Harmonic Distortion (THD)
= Crest Factor

= Power Factor
= Exercises: 5-1, 5-2, 5-3, 5-4, 5-7, 5-14
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= Characteristic i L
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Reverse
blocking
region
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= |dealized characteristic
= Neglect forward voltage drop
= Neglect breakdown voltage
= Turns off only if current drops to O z > up
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*Diodes, physical implementation

_I_

= P-N junction

= Cross-section area v
for kA diodes are
several square cm

= Additional structures
to increase breakdown
voltage
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On-state: Carrier injection

» Forward bias injects holes into drift
region from P+ layer. Electrons

— » X attracted into drift region from N*
. | ® _ - layer. So-called double injection.
o— P_| N ) Nt O
< Wy > e If W, < high level diffusion length L, .
carrier distributions quite flat with p(x)
p(x) = n(x)\‘ Alog scale ~n(X) ~ n_.
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* For n_>> drift region doping N, the

( 14 P,(X) resistance of the drift region will be
np (%) Dpo= 10 quite small. So-called conductivity
______________________________________ Pho modulation.
n - 6
po Py, =10
» X

* On-state losses greatly reduced below
those estimated on basis of drift region
low-level (N,) ohmic conductivity.

Copyright © by John Wiley & Sons 2003 Diodes - 8
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On-state diode data

 Data sheet

* lgv) = Average forward current

* Vg =Voltage at I,y 8 //
e 1storder model ! — /
. . 6
« On-state chracateristics 7 Ve b
simplified to a straight line z ° / """
through I sy and lg /3 K /
. 7
e =Vgandrg
.y - 2
e lery = repetitive peak forward NNy ana
current ' 3
. 0 %
e I = Non-repetitive (surge) 0 05 ! L5 2 25

forward current
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Off-state diode data v

* Virym = repetitive peak BV Jn_on
reverse voltage

NN,

* |, =reverse leakage m
current

™) i
1

o Inrym = repetitive peak
reverse current
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Diode behaviour during turn-on

Fig. 5.13 Characteristic i
parameters of the turn-on
behavior of power diodes

» Over-voltage during diode
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"Semiconductor
Power Devices”
Josef Lutz et.al

turn-on
« = Forward recovery

* Initial low carrier
concentration gives high
voltage

* Virzm = Forward recovery
voltage
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Diode behaviour during turn-off

High carrier concentration in
the diode at turn-off

Carriers need to be removed
for the diode to block voltage

Removal of carriers
= negative current

Carriers removed by negative
voltage

= Reverse recovery

Q,, = Stored charge extracted

|,, = Peak reverse recovery current

t,, = Time until 25% of | ,.
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Turn-off, reverse recovery factors

&b -%t _diR Yr
m=dgt'4 = dt(s + 1)’

switching waveform diagram

|rr Cer C“R trr2

Defined on

*Qr= 727 Gt 265 + 1)’

on waveform diagram

¢ Inverting Qp equation to solve for t,, yields

Copyright © by John Wiley & Sons 2003

* |f stored charge removed mostly
by sweep-out Q= Qp=Igt

e Using this in egs. for | and ty,
and assuming S+ 1 = 1 gives
2 Ig =

dig
dt

/ dig
Iy = 2 I = E

tyy = and

Diodes - 14
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e Ultrafast power diode

2015-11-03 12

Rev. 5 — 20 March 2012

. | BYW29E-200

Electrical data

Thermal data

Mechanical data
BYW29E-200_eng_tds.pdf

Product data sheet
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aluminum

SiC& contact -
\ rectifying

*Diode types A

.

- SChOttky depletion layer depletion layer
boundary with N boundary
= Forward Voltage ~0.3V guard rings without guard
rings

= Blocking voltage range 50 - 100V

= Fast-recovery -

= trr small ( < few microseconds _l_"\ Aumirnm
for diodes for 100:s Volt blocking cathode -
voltage and 100:s Ampere current rating)

= Line-frequency

= Small forward voltage, little larger irr, large blocking voltage and
current rating
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Rectifiers vs inverters

P
= Rectifier mode
= Principle
ac - Converter dc
= AC -> DC: rectifier {likriktare}
- DC -> AC: inverter {véxelriktare} ~'"vertermode <—-——

= Output may be controlled or uncontrolled
= Uncontrolled e.g. AC-DC diode rectifier
= AC frequency may be fixed or varying

Power processor

= Motor control: varying -

ac ac
@—4— Converter 1 de == C Converter 2

= Line frequency 50 Hz (Europe)
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Line frequency diode rectifier

= Line frequency AC -> uncontrolled DC
= Limit DC-side ripple

= C added at output
= Assume ideal diode
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Inductive load

= Big ripple oniand vy Dt

= Half-wave rectifier i
vy @

Ug» Udiode
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Inductive load

:_’diode N v, i
. _ :
= Two modes D=
+ +
= Current=0 vy @ Vg RS up
= Current<>0 - _ -
= Two schematics,
diode on and off
= Diode off =>v,=0
Vdiode i=0 v, i
Y ——— Y
+ + L

&
036,) Ud=0 § Us

—_ —
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Inductive load, cont

= FromtOtotl

= Inductor is storing energy

= Attl:vd = VR %
= |nductor starts l

N

to output energy |

c
L) :
y

= At t2: negative input

\
-

\
-~

|
| |
l - 3 f |
voltage, but still | T i ":
non-zero current . | i L7
|
= At t3: zero current, ' %
diode switch off 0 ey

Udiode

= Current even when
V¢ hegative ]
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Load with an internal dc voltage

fdiode & vr, i
0 - - - - é
= Similar to load and capacitance D— 'y

on DC output *
. Vs @ Vd e Ed
= Diode turn on when vg > Eg4 - -

= Store energyin L
= | maximum when v, = E after v, reached its maximum

= Start energy extract from L after this
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Load with internal dc voltage

V8
= A =B because . ‘
steady state =
> 1

|
v ;.
(repeated ‘ fﬂts " N\
sequence) i i E \ /
= Input current 0
very different | |
from input } 4 1l
voltage 0 r@"’% f‘\\l -
waveform | 0
|
I

\':t

N

Udiode
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*Single phase diode bridge rectifier

= Two separate circuits defined related to the polarity of v

ig
— ey
+—o— _ S
D1
DIZS D3ZS — = Vs>0

¢

o
(

/N
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|dealized circuit, Ls = 0, resistive load

= Used to model power factor
corrected rectifier

= Note missing C,.

P

+—o
- A d
D, D,

N

B>
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|dealized circuit, Ls = 0, current load

= Simplified model of a big inductance in series on the dc-side

= Same v, as resistive load

0

DN D3I\ 7/.;
|
4 |
+ “—""i :
Vg ® Vd (+ td :
- |
N $ :
i

DyN Dy X W S it S VN NS, . A

N - .
(D) 0 t=0 ~
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*|dealized circuit, input current

= |nput current is a square wave, not sinusoidal

= Fourier analysis gives additional harmonic components

2015-11-03

25

{Overtoner}
1.0
A
L
// I,
> Wi 1
3
02 1
l T 7 % 1l
T 11 713
. P+
- 1 3 2 " 4 9 11 13
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*Fourier analysis

= Non-sinusoidal repeated signal with angular frequency omega

FO)=Fo+ ¥ fult) =
h=1

1 0
=5a0+ X {ancos(hwt) + bysin(hwt)}
h=1

2T

a, = %{ f(t)cos(hwt)d(wt)h =0,..., 00

2T
by, = % { f(O)sin(hot)d(wt)h =1,..., 00
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°Line current distortion

= Non-sinusoidal currents may give distortion on utility-supply
voltage.

= Assume purely sinusoidal voltage at fundamental frequency
{grundton}

= Input current is sum of a fundamental plus harmonics
{Overtoner}

: (5(©) = i (O + ) i (0)

h+1

= Distortion part is the harmonics (excluding fundamental). In

RMS form
Idis — /(Z 152h>
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*THD, Total Harmonic Distortion

= Distortion on a current waveform

> (i)

] .
%THD; = 100 x % =100 x J
h+#1

s1

= Energy in the harmonics compared to the fundamental
= THD can be larger than 1! (> 100%)
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*Crest factor

= Comparing peak value (instantaneous) and total rms current

Is,peak
I

Crestfactor =

= Peak value may define component ratings
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*Power factor for non-sinusoidal wave

= Assume fundamental only sinusoidal voltage with no harmonics

= Harmonics do not contribute to power due to cross-product
Integrates to zero => only fundamental rms current used

P = V,I;,cosdh

= Apparent power

= |nclude all harmonics

S =V,
= Power factor
P Vil cosd; I
PF =—= = COS
ST v 1, o
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*Displacement Power Factor

= Equals the power factor in case of sinusoidal voltage and
current (angle is between fundamental voltage and current)

DPF = cosd4

= Combine with previous definitions

I
PF ==3LppF
I
1
PF = DPF
\/ 1+ THD?
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*|dealized circuit, input current

= Fourier analysis gives additional harmonic components

= Remember calculation uses RMS of Is, Is1 and Id
I, = 0 for even harmonics

ey = 2V21, = 0.9 I
T i = ilfor odd harmonics

32

Ish_
h” 10
A
=4
// Isl
> wt 1
3
g2 1
7 5 1
T 11 {3
; (I
1 3 5 7 9 11 13

> h
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Exercises, lecture 2

5-1, 5-2, 5-3, 5-4, 5-7, 5-14
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5-1

5-1 In the basic circuit of Fig. 5-3a, V. = 120 V at 60 Hz, L = 10 mH, and R = 5 (). Calculate and

plot the current { along with v_.
43 R
+ * L .
(a) v.g vg R%vn
Uy Vg
YR
£
(b) 0 4 t

c:, :t, t; t3 \ |
| LN i
I i | !
1 L Tal ; il
: Area A : ! : i
I o v | i
a
| Area B |

(d) 0-
|
I
|
i
I

T
L =

+
+ L +
+ + +
(e) v, vy R VR vy vg=0

Figure 5-3 Basic rectifier with an inductive load.

LINKOPING
llo“ UNIVERSITY



TSTE19/Tomas Jonsson 2015-11-03 35

5-2

5-2 In the basic circuit of Fig. 5-4ag, V, = 120 V at 60 Hz, L = 20 mH, and V, = 150 V. Calculate

and plot the current | VG

(a)

AN
)
™\
)

o
o

(&)

(c)

-/ \

Udiode

S —

vt J

I LINKOPING Figure 5-4 Basic rectifier with an internal dc voltage.
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5-3

5-3 The voltage v across a load and the current i into the positive-polarity terminal are as follows (where
w; and w, are not equal):
W) =V, + \/-Z-Vlcos(u)l:) + \/EVlsin(m]z) + V§V3CDS((.03$) \Y%
() =1 + \/ﬁl;ces(mlt) + \/513(:05((03: -~ t3) A
Calculate the following:
{a) The average power P supplied to the load
(b) The rms value of v(r} and i{t)
(c) The power factor at which the load is operating
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SINGLE-PHASE RECTIFIERS

5-4 In the single-phase diode rectifier circuit shown in Fig. 5-6b with zero L_ and a constant dc current
1; = 10 A, calculate the average power supplied to the load:

(2) If v, is a sinusoidal voltage with V. = 120 V at 60 Hz
(b) If v, has the pulse waveform shown in Fig. PS-4

209 V (SN
Us
0 > ot
<~ §° e 1 20° e 60° 120° —»te- 60° -1
(F= 60 H2)
~(200 V)
Figure P5-4 =

Vg ) Vg Q) ig

I. LINKOPING )
oW UNIVERSTTY



TSTE19/Tomas Jonsson 2015-11-03 38

5-7 In the single-phase rectifier circuit of Fig. 5-20, assume the ac-side impedance to be negligible.
Instead, an inductance L is placed between the rectifier output and the filter capacitor. Derive the
minimum value of L, in terms of V,, w, and I, that will result in a continuous i, assuming that the
ripple in v, is negligible. | |

—
Pa) JaN

—— - —4-

Figure 5-20 Practical diode—bridge rectifier with a filter

capacitor.
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5-14

* In the single-phase rectifier circuit of Fig. 5-6b
with iy =1, obtain the THD, DPF, PF, and CF.

Qv

4
+

D12§ D32§

= i
Vg : Va q+) id
B 4\ %

Q=
|

39

(b)
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