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Class #2 - Hour #1 (4/12/05)

Harmonic Current Sources
e Some more definitions

— Crest factor
— THD

 Single-phase rectifiers
— Inductor filter
— Capacitor filter

e Three-phase rectifiers
— Inductor filter
— Harmonics
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Crest Factor

 Ratio of peak value to RMS value

* For a sinewave, crest factor =1.4
— Peak =1; RMS =0.707

* For a square wave, crest factor =1
— Peak =1, RMS =1
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Harmonics and THD - Sinewave

Number of harmonics N =1 THD =0 %
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Harmonics and THD - Sinewave + 3rd
Harmonic

Number of harmonics N =3 THD =5.4093 %
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Harmonics and THD --- Sinewave + 3rd +
5th Harmonic

Number of harmonics N =5 THD = 7.2898 %
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Harmonics and THD - Up to N =103

Number of harmonics N =103 THD =10.8554 %
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Half-Wave Rectifier, Resistive Load
- SImplest, cheapest rectifier
 Line current has DC component; this current
appears in neutral
* High harmonic content, Power factor = 0.7

(a)

VRMS I RMS

(b)

Figure 5-2 Basic rectifier with a load resistance.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 80
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Half-Wave Rectifier, Resistive Load ---
Spectrum of Load Voltage
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Half Wave Rectifier with RC Load

- More practical rectifier
* For large RC, this behaves like a peak
detector

vioad

D1
-]
| =1
V1 @ RL
cL L
i 100 1000UF

11/19/2008 Power Quality Notes 2-1, © 2005,
Thompson/Kusko



Half Wave Rectifier with RC Load

- Note poor power factor due to peaky line
current
* Note DC component of line current
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Half Wave Rectifier with RC Load ---
Spectrum of Line Current
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Single-Phase Full-Wave Rectifier
- Large capacitor at the dc output for filtering and

energy storage
* L. models inductance of power line
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Figure 5-5 Single-phase diode bridge rectifier.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 83
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Comments on Line Impedance

- Very roughly, line inductance is ~1 microHenry
per meter of wire length
* We can calculate this in closed form for
parallel-wire line, or for circular loop of round
wire
* Wire DC resistance can be found from wire
chart. E.g., #14 AWG Is approximately
0.01Q/meter at 75C
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Full-Wave Diode Rectifier Analysis

Two simple (idealized) cases to begin with
Resistor load models unity power factor load

4 load models large inductive load

P —s» P
T +—o—
+
DN D3I Dy X D3
+| - +| —
l.s v ‘s N\
d

(a)

(b)

Figure 5-6 Idealized diode bridge rectifiers with L, = 0.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 84
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Diode-Rectifier Bridge Waveforms

with Resistive Load

- Resistive load models high power factor load
* Note that the line current is in phase and has
same shape as line voltage; hence PF =1

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 84-85
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Single-Phase Full Wave Rectifier Bridge

* Only 2 diodes are on at any time
* Power factor = 1 (ignoring diode drops)
» Average value of output is 2x that of HWR
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Diode-Rectifier Bridge Waveforms ---
Large Inductive (~ Current Source) Load

. Models case when L/R .
>> 1/120 Hz ok
* vV, waveform is the same 5 = w @i
as for a resistive load " T—1
« Power factor < 1 T

P.o =V avg |

avg d,avg ' d,avg

O

1 ¢r _ 2V,
Vg == [ Visin(at)d (at) = -

I avi
PF: Pavg :( 7[ j( d’ 9)22\/§~
Vaws Frms (Vka(l ) T
\/E d,avg

o = t
Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications‘and Design, John Wiley, 2003, pp. 84-85
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Diode-Rectifier Bridge Input Current
- [dealized case with a purely dc output current

e Harmonic distortion In line current results In
PF<1 s

A
Us
Ish
2
/ Iy
0 > 0t
1
3
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73 L o1
IR
A,
0 1 3 5 7 9 11 13
(a) (b)
Figure 5-9 Line current i in the 1dealized case.
Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 86
19
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Diode-Rectifier Bridge Analysis with AC-
Side Inductance

e Output current is assumed to be purely DC; this

models large inductive load

 Effect of line inductance: commutation and

“softening” of line current

P

ZL +
D, D3 X
Ls
+| 0> | ’
L I (o P ls D2 f.l,\ 11
8 A
T |

DysN D N

. Figure 5-10 Single-phase rectifier with L.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 87
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Diode-Rectifier Bridge Analysis with AC-

Side Inductance --- PSPICE Analysis
- Scenario: 400 meters of #8 AWG

& X ™

Lline1 Rline1 Lline2 Rline2
LTV VS ST
200uH 3’\5’\’ o vpcos 200uH 3’/\;\” 1
Vi1 ' - ot
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Diode-Rectifier Bridge Analysis with
AC-Side Inductance --- Output Voltage
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Diode-Rectifier Bridge Analysis with
AC Slde Inductance --- LIne Current

------------------------------------------------------------------------------------------------------------------------

———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
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Diode-Rectifier Bridge with AC-Side
Inductance --- Spectrum of Line Current
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Diode-Rectifier Bridge with AC-Side
Inductance Voltage at PCC

11/19/2008 Power Quality Notes 2-1, © 2005, 25
Thompson/Kusko



Diode-Rectifier Bridge with AC-Side
Inductance --- Spectrum of Voltage at PCC
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Understanding Current “Commutation”
- Commutation is process by which flowing
current switches from one diode to the other
* With L,=0, D1 and D2 snap ON and OFF
infinitely fast
« D1 i1s ON and D2 is OFF for positive half-
cycle of line

D, Us) Ud ig

o+ L _
| L, —~ + m\ V
+ lg v
vs@ Dy N\ vy ({ I; 0 d >t
| - , \/

(a) (b)

Figure 5-11 Basic circuit to illustrate current commutation. Waveforms assume L, = 0.
Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 87
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Current Commutation (cont.)
- Things are not as simple if line inductance Is

included
 (All ines have some inductance)
 During “commutation” interval, both diodes

are on
£ L _ P oD L0 D,
+ Ls Ig * + L, i;;d *
2® )l e Qu w0 ey e
- ip2} = B -
s -
(a) (b)

Figure 5-12 (a) Circuit during the commutation. (b) Circuit after the current
commutation 1s completed.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 88
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Current Commutation (cont.)
. Shows the volt-seconds needed to commutate

current
e 0 <t<uisthe “commutation interval” when

both diodes are ON y
J//\ vg =0 //( ot

J A J ..

@
0 u

Figure 5-13 Waveforms in the basic circuit of Fig. 5-11. Note
that a large value of L, is used to clearly show the commutation
interval.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp.88
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“Load Regulation”
- Inductance causes output voltage to be lower

than that for basic half-wave rectifier
e Average output voltage decreases with output

load current |, . y "
<V >= 2 [sinxdx =% (1+cosu) = 21— ===
27 2r T 2V,
<V, >
A
Vik
T
- > |
N, ‘

p
[0,
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Current Commutation in Full-Bridge

Commutation process:

ot<0: D3 and D4 are ON
ot=0+: v, becomes positive and
D1 and D2 turn ON; v, =0
since all 4 diodes are ON

ot=u : current in D3 and D4 has
dropped to zero and they turn
OFF; output voltage snhaps up
to input line voltage

Rectifier

(a)
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N\

—_———— e

o
-
%:
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Y
g

(c)

g

[ .
\ )

Figure 5-14 (a) Single-phase diode rectifier with L,. (b) Waveforms.

e ——

(d)

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 90
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Three-Phase, Full-Bridge Rectifier

er applications

- Commonly used In high poyv
. ”~ * "
L ZSD1 ZtD3 ZSD5
—:+ a 8
no—_@:-g—m‘ d\ ’ Cq 1~
_:@_(c)_m\ P N -
N Dy Z§Ds X D; -
é - —

Vd § Rypad

Figure 5-30 Three-phase, full-bridge rectifier.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 103
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Three-Phase Rectifier with Current Source
|_oad
- Simplified with line inductance = 0 and current
source load
 Neutral current =0
 Phase currents do have harmonics

L+

D1 fg DSJX DEZE

é ©
-

i

| | )
g; D2 Z‘S D4ZlS Dbzf o
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Three-Phase Rectifier with Current Source
|_oad

2B - oo :

Os 10ms 20ms 30ms 40ms S50ms 60ms TOms 80ms 90ms 100ms

o U(va) U{vb) v U{uc) 2 U{vout+)- U{vout-)
Time
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Three-Phase, Full-Bridge Rectifier

- Shown for output DC current source load

() Area A 2vi Vao
0 l wt
X 0=z
6 6
~
fe— 120° —>
o f— Ds—>{ f— Dy —>{ ot
fe—D;—> . le—D;—>
< 60— 120° —>
iy
fe— Dg—> fe— Dg—>
(c) O ot
le—D3— le—D3—
0 le—Dy—>4 le— D —>{ ot
—Ds—~ fe— D5—>{ le— D5—
~

Figure 5-32 Waveforms in the circuit of Fig. 5-31.
Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 104
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Three-Phase, Full-Bridge Rectifier: Line
Current

e Assuming output current to be purely dc and
zero ac-side inductance
*No “triplens”, I.e. 3rd, 9th, etc. harmonics

A
it
Isl
0
1
5 1
7 L ]
T 11 73
|
0= 5 7 11 13 >k
(a) (b)

Figure 5-33 Line current in a three-phase rectifier in the idealized case with L, = 0 and
a constant dc current.
Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 106
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Three-Phase Rectifier with Resistive Load

- Resistive load models high power factor load

v+
D1 23 DSZk DEJX
*+ RL §1
| va vb VC
o)
4 | |
Q; DEZ‘S D4ZlS DBZlS
vl -
Wi
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3-Phase Rectifier with Resistive Load ---
Output

- Fundamental of ripple frequency = 360 Hz
e Peak value i1s sgrt(3) x peak of line = 294V

SEL>
2D L -
U(uva) U(ub) = U(uc)
B0 — -
250U +-----——--—- Tt e T T s T e
Os 5 10ms 15ms 20ms 25ms 30ms 35ms 40ms 45ms S0ms

ns
o U(vout+)- U(vout-)

]
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Three-Phase Rectifier with Resistive Load
and Capacitor Filter
- Note that a smaller capacitor can be used for
the 3 phase rectifier compared to single phase
rectifier, because (1) Ripple is smaller and (2)
Ripple frequency is higher

D1 fg DSJS D:SZE

RL
Ji |

| | )
g; DEZE qulS DbZlS o
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Three-Phase Rectifier with Resistive Load
and Capacitor Filter

ZEIEIUT—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————:
! e vol tage |

2B - - - -

o U(va) U{ub) w U{uc)
P L e :
290U -
SEL>>
285U +----—--————- s T T s T T |
Os Sms 10ms 15ms 20ms 25ms 30ms 35ms 4O0ms 45ms S0ms

o U{vout+)- U(uout-)

4 | »
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Three-Phase Rectifier with Resistive Load
and Capacitor Filter --- Phase Current

------------------------------------------------------------------------------------------------------------------------

—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

s  5ms  1Bms  15ms  2Bms  25ms = 30Gms = 35ms = HOms = HSms  SBms
= I{wva)

Time
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3-Phase Rectifier with Resistive Load and

Capacitor Filter --- Phase Current Spectrum

- Phase current contains 1st, 5th, 7th, 11th, 15th
... harmonics

77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777

eeeeeeeee
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Mitigating Strategies

- Harmonic trap
 Filter designed to pass fundamental and
attenuate harmonics
e 12-pulse rectifier: harmonics are 11th, 13th,
23rd, 25th, ...
e 12-pulse eliminates 5th, 7th, 17th, 19th, ...
harmonics
* Requires Y-Y and Delta-Y transformers,
and 12 diodes
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Three-Phase, Full-Bridge Rectifier:
Redrawn

- Two groups with three diodes each
ll\l
‘ﬂ \ 4 F n D3|/l , —i
i AD, AD; X\ Ds i :>|—<>——+ -
=4 =14, 2oy
UPn
no—(_'\.,}+ T O b vy G I no—_@+ M -Q b n: vy
__®+ N A dec ___@+ N AN &~ K}DZ UNn
D -
AD, ADs KD, K 6<>N+ —
¢ é Ig _ J/lD4 Iy

(a) (b)

Figure 5-31 Three-phase rectifier with a constant dc current.
Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 103
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Three-Phase, Full-Bridge Rectifier

- Including the ac-side inductance means that
we have another commutation process

. ﬂ -
L * Dl ZS D3 D5

+b
n <,_@_0_Nv\_r_, vy CP I
__@lé_rWL y, N N |
Figure 5-34 Three-phase rectifier

- D D i D R .
KDy K Dg 2 with a finite L, and a constant dc
3 s
current.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 106
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3-Phase Rectifier; Currert Commutation

+ Vg -

—O— +"a+ L, D‘ ,
. Output ]

current Is I e e
assumed o
to be , )
purely dc : g, u

’ *!** -

(c)
Figure 5-35 Current commutation process.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 107
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Ramifications of Harmonics

- Triplens can cause buildup of neutral
current; neutral current can exceed phase
current

*Noise In power lines

*Buzzing of power panels
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A Three-Phase, Four-Wire System

- With single-phase nonlinear loads, there can
be a neutral current

208 V

|

o | e
1
|

1 Single-phase
120V <« rectifier system

Figure 5-28 Three-phase, four-wire system.

Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 101
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Current In a 3-Phase, Four-Wire System

- The neutral current can be very high if driving
nonlinear loads line to neutral

e If line currents are highly discontinuous, the
neutral current can be as large as 1.73xline
current 3rd harmonic

*Note 3rd harmonic here

Figure 5-29 Neutral-wire current i,,.
Reference: Mohan, Undeland and Robbins, Power Electronics, Converters, Applications and Design, John Wiley, 2003, pp. 102
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Simulation of Simple Case

W2
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[ 100000uF
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Simulation of Simple Case --- Neutral
Current

1
2.0KA
'
1
1
1.6KA-
1
1
1
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-G.BKn; = - - - -- - - T -- T --- T ---
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Time
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Simulation of Simple Case --- Spectrum
of Neutral Current
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