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Abstract:

The presented memo discusses the development and the realisation of a shunt active filter. The
presented active filter is realised by use of a PWM-converter with 10kHz switching frequency.
This memo discusses simulation, laboratory development and realisation. The set-up is prepared
and tested for the work on three-wire 230V line-line grid. The described filter works with current
compensation so that the set-up is able to improve all kinds of currents. The filter can work in two
modes:

* Compensation for harmonic current

» Compensation for reactive power and harmonic currents

However, the improvement for voltage distortion is not guaranteed because several problems are
accrued which are improved and discussed but not completely solved.
These problems are:

* Delay between incoming current measurements and output of the converter current

* Oscillation of the inserted ripple filter (LC) with the grid inductance

The control of the active filter is realised by an Infineon C167 micro controller (uC). The
principal working mechanism can be seen in Figure 1-1 (Page 5). An Illustration of the shunt
active filter operation is shown in Figure 7-3 on Page 75.
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Why filter?

® Problem:
® [nsufficient power quality in low voltage AC-systems

B Reasons:
® External disturbances (power outages, sags a.s.o.)

B Combined use of linear and non-linear loads (consumer
of non-sinusoidal currents) causes current harmonics
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Compensation for harmonic currents

B Solution1:
B Passive harmonic filter
B Compensation for a specific harmonic
® Problem: causes oscillation with the grid inductance

® Solution2:

W Active filter
B Compensation for a selected or all harmonics
B Compensation for reactive power is possible

SINTEF SINTEF Energy Research



Types of active filters

B Series active filter
® |n series with the line
m Need to conduct the complete line current

B Shunt active filter
m Parallel with the load
B Need to match the line voltage

® Hybrid filter
B Combination of passive filter and active filter
m Parallel and series
m Cost effective solution in certain cases
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Working mechanism for a shunt
active filter

®@v e
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rectifier
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filter

< A

lMeasure
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Derivation of the filter algorithm

. rectifier
1Rcctiﬂcr

@ _ : Diode
Tvtains

IAC three-phase

source
TFilter

Active
filter

- A

IMeasure

Zmains - lrectiﬁer - lﬁlter

With the supposition of an ideal controller results

! filter — lref

] =1 . + . : : :
DC-link—- Il C =

e ik mcontrofier ompensation lrectiﬁer l(l)rectiﬁer t l(2..n)rectiﬁer

DC —link current negligible

Z(l)recz‘iﬁer = l(l)active + l(l)reactive

ZDC —link—controller O

lrectiﬁer - l(2..n)rectiﬁer + l(l)active + l(l)reactive

lref - lCompensation
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Shunt filter algorithms

B Compensation for harmonic currents

lCompensation - l(2..n)rectiﬁer

so that

lCompensation - lrectiﬁer - l(l)rectiﬁer

B Compensation for harmonic currents and reactive power

lCompensation l(2..n)rectiﬁer + l(l)reactive

so that

lCompensation - lrectiﬁer - l(l)active

SINTEF SINTEF Energy Research



Main results

W Filter is able to improve all types of current shapes
M Possibility of compensation for harmonic currents and reactive power

Compensation for harmonic currents Compensation for harmonic currents
and reactive power

| mAnnotations

H1 phase voltage
M2 mains current
W3 rectifier current
M4 converter currents.

1->]y

2) Mains current (R) 50 A 4 mS5 . . . . i .
[3) Rectifier current (R) 40 AT 4 mS i . . ] 3) Rectifier currert (R) 40 AT 4 m5S

A L T T T ] [ Copverter current (RY S8 4, 4mS, 1010

[4) Converter curregnt (R) 50
Current improvements Voltage improvement
W5t harmonic from 22% to 3.5% M5% harmonic from 2.6% to 1.9%
BTHD from 25% to 5% BMTHD from 2.8% to 2.2%
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Accrued problems

® Oscillation of the ripple filter capacitor with the grid

inductance

i’
B Delayed converter current o=

grid inductance

variac inductance

additional

commutation inductance

J

GRID

0.00063 0.0003
YY) YV
'I|—| —
50E-005 | o
o]
o
ripple filter 8
=

&

ACTIVE FILTER

B

DIODE RECTIFIER
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LC-oscillator (C and L)

ripple filter

B Simulation ® |aboratory
m Graph1 — Line-line voltage m Blue — non-oscillating signals
m Graph2 — Rectifier current = 1line-line voltage
_ m 2 mains current
m Graph3 — Mains current

m Red - oscillating signals
m 3 line-line voltage
m 4 mains current

Oscillation
Line-line voltage

R T
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Delayed converter current

B Simulation ® Laboratory
m Graph1 — Rectifier current m Signal 1 — Mains current
m Graph2 m Signal 2 — Rectifier current
m red mains current m Signal 3 — Converter current

m black converter current

Effect of a delayed converter current \

Rectifier current
| rectifier R
+0.045 e e
+0.027 }
+0.009
-0.009
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0 | | e N ] :
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........ Lov v b v bvas

Time (SeC) 3) Cupvertelr currt?nt QR)I 5III J

SINTEF SINTEF Energy Research



Different delays

® Micro controller delay

m delay between rectifier current measurement and output of the current
reference

® Current controller delay
m delay between reference and output of the fire pulses

® |IGBT on delay
m Turn on turn off of the gate drivers (negligible small)

® Annotations
m Signal1 — Rectifier current
m Signal2 — Current reference
m Signal3 — Converter current

[ 3) Cghverter current (R) 2 2 ms : : : 1
A LA I W IS ST [P I I B ]
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Micro controller delay

B between current measurement and current reference output
M 60us - fastest interrupt repeating time

| dX: 62.2222 us]
¥ -291 556 uS ]
|

® Improvements
B faster AD-converter

® Annotations
m Signal1 — Rectifier current
m Signal2 — Current reference

B Decrease number of channels in use

SINTEF
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Current controller delay

B between current reference and output of the converter current
m 0 to 150us — depending on the reference frequency

B bandwidth pro

blem

® Improvements

B Faster current controller
m Different typ of current controller

SINTEF

® Annotations
m Signal1 — Current reference
m Signal2 — Converter current
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Diode rectifier with inductive DC-load

1 Line-line voltage

5.0E-005
B

- 1 Rectifier current

® a . . . L . . . .
H) volitage (TS) 200 v :4m%‘ X X X X ]
) Regtifier eunrent (T3 ,40 A T4 WS 0 00 1ol il 3

22%

B 5% current harmonic 22% 19.8%

17.6%

B Current THD 25%-29% 5.0
(Depending on the commutation) 13.2%

11%

it et

5.8%

6.6%

4.4%

2.2%
0%

2z 6 10 14 18 22 26 30 34 38 42 46 50

Harmonic magnitude as a % of the fundamental amplitude
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Different constellations for the rectifier

| 5.0E-005 0.00063 0.0003 Z|:§ | 5.0E-005 0.0003 ZD§
\H : ) \H : }——’ v

> >
I \H — ' \}—1 —
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3 3
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o o

.LCommutation = 980“H ®H mL = 350|JH ®H

Commutation

ACTIVE FILTER ACTIVE FILTER

grid inductance

| : 5.02—005 ZD§
-

5.0E-005

0.00082

GRID ripple filter DIODE RECTIFIER

.LCommutation = 5O“H ®H

ACTIVE FILTER
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Waveforms (LCommutation

grid inductance variac inductance additional

= 980uH)

commutation inductance

| 5.0E-005 0.00063 0.0003 ZD§
\H : '——‘

>
——
5.0E-005 N
3
GRID ripple filter 8 DIODE RECTIFIER
(=1

M Simulation & ML aboratory

Compensation for harmonic currents Compensation for harmonic currents

ACTIVE FILTER

Compensation of harmonic currents |
Voltage (R)

;

+0.19 B T A t t'
s L .. EAnnotations
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Mains curren (R)
= Imains R _ .
wooore T e B2 mains current
+0.0092 [’ VAN
-0.0092 L Y .
00276 - ‘ ‘ e S M 3 rectifier current
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» Rectifier current (R)
s0.gag -SSR W4 converter current
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Results current ( = 980uH)

I-Commutation

mOscillation frequency 883Hz=17" harmonic

mSimulation ML aboratory
Active filtering
THD 41.8%
+12.97 = THD 432%
+12.18 3.84%
+11.46 — 3.36%
+10.74 ‘ ‘ 2.88%
+10.02 THM‘HUH““\“H‘m”“mu_ . 2 4%
*9312 0.14 0. 16 .18 02 0.22 1.97%
Harmonics
—E—(M)Sharm—g—(M)7harmﬁf—(M)11harn—e— (M)-13.harn 1.44%
+0.0021 ‘ 0
DR NN
+0.00184 \“ M - 0.96%
+0.00158 | 1y, ‘ B 0.48%
+0.00132 [~ H‘\ ‘H 0%
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+0.0008 12 6 0.22 Harmonic magnitude as a % of the fundamental amplitude

T|me (sec)

MCurrent THD about 9.5%

M Current THD about 9.3%
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Results voltage (

= 980uH)

I-Commutation

mOscillation frequency 883Hz=17" harmonic

mwithout active filtering

1.7%
3.33%

2.96%

2.59%

2.22%
1.85%

1.48%

1.11%

0.74%

0.37%

0%

Harmonic magnitude as a % of the fundamental amplitude

m\Voltage THD 5.97%

SINTEF

mwith active filter

4.1%
3.69%

3.20%

2.87%

2.46%
2.05%

1.64%

1.23%

0.82%
0.41%

Harmonic magnitude as a % of the fundamental amplitude

mVoltage THD 6.94%
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Waveforms (LCommutation

grid inductance additional
commutation inductance

| 5.0E-005 0.0003 ZD§
\H : }——‘ v

= 350uH)

>
M
5.0E-005 N
3
GRID ripple filter 8 DIODE RECTIFIER
<1

BSimulation £ Ml aboratory
Compensation for harmonic currents Compensation for harmonic currents
and reactive power and reactive power

ACTIVE FILTER

Compensation of harmonic currents and reactive power

Voltage (R)

+0.19 7 YR —— .

a | WAnnotations

-0.038 [

0.114 [ Sme e
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Mains current (R)

0.04g I MANSR :
oo U T e M2 mains current
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-0.0086 [~ 7 o
-0.0278 - g
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‘ Rectifier current (R)

. W4 converter current

+0.009 \ ‘ ;

-0.009 [~ \

-0.027 [ \ /

-0.04§ 18 01642 0.1684 01526 07968 0201

Converter current (R) R .
| converter_filtered

el a M Oscillation _
+0.0058 |~ Hﬂu o \t{ A9 [2) Mains current (R) 50 A 4 mS -
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Results current (

I-Commutation

= 350uH)

W Oscillation frequency 3183Hz=63" harmonic

Active filtering
THD
THD
+10.8
+10.02| ‘ L
+9.24 — “ ‘
+8.46 —
H\
\“““““M‘“w w@ e I ) ) -
r e Bl B B
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o N TSNt e T B
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+0.00114 il i H " “
+0.00092 [ sl 8 “ ‘ e
N LI DA

+0.000y 13 014 016 0.18 0.2 0.22
Time (sec)

BCurrent THD about 7.2%

ML aboratory

3.7%
3.33%
2.96%
2.59%
2.22%
1.85%

1.48%
1.11%

0.74%
0.37%

Harmonic magnitude as a % of the fundamental amplitude

BCurrent THD about 6.68%
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Results voltage ( = 350uH)

I-Commutation

W Oscillation frequency 3183Hz=63" harmonic

mwithout active filtering mwith active filtering

2.6% 2.1%
2.34% 1.89%
2.08% 1.68%
1.82% 1.47%
1.56% 1.26%
1.3% 1.05%
1.04% 0.84%
0.78% 0.63%
0.52% 0.42%
0.26% 0.21%

0% 0%

2II I IIl:I I I1||]I I Illdl I IIIBI I I2I2I I I2|l3I I I3|l]I I |3|4| I IBIBI I Ie1|2I I Idlﬁl I I5||]I 2II I Iél I I1||]I I I1|41I I I1IBI I I2I2I I IZIEI I I3||]I I |3|4| I I3IIEII I I41|2I I Idlﬁl I I5||]I
Harmonic magnitude as a % of the fundamental amplitude Harmonic magnitude as a % of the fundamental amplitude

mVoltage THD 2.83% mVoltage THD 2.21%
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Waveforms (LCommutation = 5OIJH)

grid inductance

5.0E-005
i <: ) FAVN

%
——
5.0E-005 I
3
GRID ripple filter 8 DIODE RECTIFIER
o

. . B
M Simulation ML aboratory

Compensation for harmonic currents Compensation for harmonic currents
Compensation of harmonic currents |
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- - 2 _ MAnnotations
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e ®2 mains current
BoYoTd L h

i) [ \JEIH.‘ SO o . g
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B Rectifier current (R)

:g:ggg&'ffcﬁlfterﬁ? — W4 converter current
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Results current (Legmmutation = DOMH)

W Oscillation frequency 3183Hz=63" harmonic

mSimulation ML aboratory

Active filtering
THD
+9.1 —= THD
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+8.32 e ‘\‘ ‘_‘\‘ |
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MCurrent THD about 8.2% BCurrent THD about 12.5%
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Results voltage ( = 50pH)

I-Commutation

W Oscillation frequency 3183Hz=63" harmonic

mwithout active filtering mwith active filtering
2.5% 1.9%
2.25% 1.71%
2% 1.52%
1.75% 1.33%
1.5% 1.14%
1.25% 0.95%
1% 0.76%
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0.5% 0.38%
0.25% 0.19%
0% 145E-016%
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Harmonic magnitude as a % of the fundamental amplitude Harmonic magnitude as a % of the fundamental amplitude

mVoltage THD 2.83% mVoltage THD 2.21%
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Diode rectifier with capacitive DC-

lo=A
~ /7 Line-line voltage
A 1
5.0E-005 -
B %g 8
1 Rectifier current
Zi Z& | (discontinuous)
88.8%
B 5% current harmonic 89% s
B Current THD 105% 62.16%

(discontinuous current flow)
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Waveforms (RC-DC-load)

M Simulation ML aboratory
Compensation for harmonic currents Compensation for harmonic currents

Compensation of harmonic currents |
Voltage (R)
—+= VR

+0.2
+0.12 7//54\8\
+0.04 =

-0.04
-0.12 ‘ ‘
0¢.12 0.1242 0.1284 0.1326 0.1368 0.141
Mains current (R)

o
5
D
a
P

|

+0.04
+0.024
+0.008
-0.008
-0.024

0.06

Ve T

| | | |
0.1242 0.1284 0.1326 0.1368 0.141
Rectifier current (R)

=
N

+0.045
+0.027

- | _rectifier R
+0.009
-0.009

N

0.0 | | | |

-0.04% 12 0.1242 0.1284 0.1326 0.1368 0.141
Converter current (R)
—= | _converter_filtered

+0.045
+0.027 -
+0.009 &= N R B N
-0.009 - . V- O\
-0.027 [
| | | | .
-0.045 17 0.1242 0.1284 0.1326 0.1368 0.141 [ 3) Rectifier current (T) 40 AL 5 ms
Time (sec) |

:i‘? F:Iulnlvlelr-thrlql‘lrlr?rl..tl ;T} ISIIJI I 1 Ilslrﬁl..lsl 11 11 1 1 1

B Annotations B Annotations

m1 phase voltage (R) ®1 line-line voltage (TS)
W2 mains current (R) W2 mains current (T)
W3 rectifier current (R) W3 rectifier current (T)
W4 converter current (R) W4 converter current (T)
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Results current (RC-DC-load)

mOscillation frequency 883Hz=17" harmonic

B Simulation
Active filtering
THD
+30 == THD
+24 ]‘ L [y
]

ey
+18 =
+12
+6 [
19125 0.1562 0.1674 0.1786 0.1698 0.201

+0.003
+0.0024
+0.0018
+0.0012

+0.0006 |

Harmonics

—— (M)-5.harm «*— (M)-7.harm «—— (M)-11.harm<—— (M)-13.harnm

B R
. A“‘/H\“

PG

o [
B P e 8

A Y

v @l -0

10145

| | |
0.1674 0.1786 0.1898

Time (sec)

|
0.1562

M Current THD about 22%

ML aboratory

11.8%
10.62%
9.44%
8.26%

1.08%
5.9%

4.712%
3.54%

2.36%

1.18%

Harmonic magnitude as a % of the fundamental amplitude

BCurrent THD about 25%
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Results voltage (RC-DC-load)

mOscillation frequency 883Hz=17" harmonic

mwithout active filtering mwith active filtering
3.9% 3.4%
31.51% 3.06%
3.12% 2.72%
2.13% 2.38%
2.34% 2.04%
1.95% 1.7%
1.56% 1.36%
1.17% 1.02%
0.78% 0.68%
0.39% 0.34%
I189E-016% I1B9E-016%
élllélll1lﬂlll1ldlll1lﬁlIIZIEI IIZIEIII3I|]III3I4II I3IBII élllélll]lﬂlll1l4lll]l3lIIZIEI II2IEIII3I|]III3I4II I3I3II
Harmonic magnitude as a % of the fundamental amplitude Harmonic magnitude as a % of the fundamental amplitude

mVoltage THD 5.4% mVoltage THD 7.3%

SINTEF SINTEF Energy Research 29



Summary

B Current improvements
m Possibility of compensation for harmonic currents and reactive power
m Filter is able to improve all types of distorted current shapes
B Voltage improvements
m depending on the current flow trough the rectifier
m continuous current flow: able to improve
m discontinuous current flow: no guaranty for an improvement
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Conclusions

B The major problems must be improved or solved

® Delayed current
m Faster AD-converter

B Replacement of the micro controller
= by DSP
m by Tricore

m Current controller with a higher bandwidth
® Reducing the oscillation

m Passive damping of the oscillating circuit (added resistor)
m Active damping by modified control algorithm
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