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strongly dependent upon the system mmpedance which is
usually unknown, and the reduction rate 1s not satisfactory
Three-phase four-wire active power filters employing a
four-leg mverter or three single-phase inverters
demonstrate superior compensation characteristics, but the
schemes are complicated 1n control and high m cost!l”)

A cost-effective active harmonic suppressor system
employmg a smgle-phase mverter along with a A-Y
transformer has been proposed to reduce the neutral
current harmonics™. This scheme does not need special
design of the transformer for low zero-sequence
impedance unlike the passive zigzag transformer
arrangement proposed mn the Iiterature”, and therefore the
magnetic could be smaller 1n size and weight. The
effectiveness of the scheme does not depend upon the
system impedance, and reduction rate 1s over 90% in most
cases., However, under unbalanced loading, the
zero-sequence component of the fundamental load current
can flow through the harmonic suppressor system This
may cause ovetloading of the harmonic suppressor system
which is usually sized for zero-sequence harmonics and
power loss due to unequal fundamental currents between
the source and the load.

In this paper, the problem of the control method
provided n the literature' under unbalanced loading 1s
addressed and an mmproved control method 1s proposed.
With the proposed control method, overloading and power
loss of the active filter are remedied smce only the
harmonic currents pass through the active filter while the

fundamental current remains unaffected
2. Proposed Analysis and Control Method

2.1 Neutral Current Under Unbalanced Load
Condition

In three-phase four-wire systems, neutral current 15 the
algebraic sum of three phase currents. Three phase
currents with balanced and lmear loads sum to zero, thus
there 1s no neutral current in this case Nonlmear loads
such as power supplies and rectifiers have phase currents
that are not sinusoidal, The algebraic sum of three
balanced and non-sinusoidal phase currents does not sum
to zero, as shown in Fig 1(a) Especially, the
zero-sequence odd-triplen harmomes (3™, 9%, 15®. ) do
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Fig 1 Neutral current waveform (a) balanced load condition
and (b) unbalanced load condition

not cancel each other mn the neutral conductor, thus
resulting m excessive neutral current,

In the meanwhile, neutral current resultmg from
unbalanced and nonlmear loads consists of not only the
harmonic zero-sequence components but the funda-mental
Zero-sequence component which should remain unaffected
Fig. 1(b) shows a typical neutral current waveform and 1its
frequency spectrum under 26.8% of unbalance factor

The voltage unbalance factor (UBF) defined
European standards' 1s used 1n this paper as an mdex of
degree of unbalance In percentage value, it 15 expressed

as,

UBF — Negative Sequence Magnitude

x100 (%)
Posiive Sequence Magnitude 1)

2.2 Conventional Control Method

Fig, 2 shows the power circuit of the active neutral
current harmonie suppressor system proposed mn'®. The
Y-connected primary provides a neutral pomnt, and the
A-connected secondary provides a path for zero-sequence
currents to circulate and supplies a three-phase diode
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Fig 2 Active neutral harmonic suppressor system

rectifier that provides a small amount of power required to
maintain the dc voltage across the capacitor.

The block diagram of the closed loop control system 1s
shown m Fig. 3(a) The source-side neutral current 1,, 1s
sensed, passed through a 60Hz notch filter n order to
remove fundamental component, and then compared with
the reference current 1, which 18 set to zero as the desred
neutral current 15 zero The transfer function G(s) of the
60Hz notch filter 15 assumed to be,

2

G (s) = 5 +c002 2)

sT+H L s+,
o

where @), 1s the angular notch frequency tuned at 60Hz
and Q 1s the quality factor

The error signal 1s amphfied 1 the controller gain
stage, and then the resulting control signal v is compared
with a high frequency tniangular signal to get the gating
command for the mverter switches Assuming that the
peak amplitude of the triangular signal is A; and the
inverter dc voltage 1s ¥, the gain of the power switching
block can be expressed as',
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Fig 3 Block diagram and compensation characteristics of the

conventional control method (a) block diagram of the closed
loop control system and (b) compensation chatacteristics

The inductor Ly 1s selected to filter the switching ripple
caused by the PWAL operation of the nverter switches
Then, the closed loop transfer function between the
source-side neutral current i,, and the load-side neutral
current 1, 1s expressed in equation (4).

Fig. 3(b) shows the compensation characteristics of the
active filter 1n case of Q =40, Q = 605 and Q = 9.0,
respectively. With the quality factor smaller than 9.0, the
fundamental component can be amplified mn the source
side neutral, which 1s undesirable The pass band 15 so
narrow that a small vanation on the fundamental
frequency may cause severe attenuation of not only the
harmonic components but the fundamental component
the source-side neutral current. Further, the compensation
characteristics of the neutral current are not influenced by
the qualty factor. Thus illustrates that the fundamental
zero-sequence current resulting from unbalanced loading

V., 3
K y (3) can flow through the active filter and may cause power
r
s° [i + &]32 +[££0L + wﬂ} +£a)02
5, (5) L Q L, 0 Ly (4)

L

s (5) S3+(£+&_Kc KAMP]S2+(L%+Q)O2J+{;_KC KAMP}CU;
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Fig 4  Simulated waveforms of the conventional control

methed

loss and overloading of the harmonic suppressor system
which 15 usually sized for zero-sequence harmonics

Fig 4 shows the simulated waveforms of the control
method, illustrated 1 Fig 3(a), with 26 8% of unbalanced
loadmg With the control method presented m Fig. 3(a),
not only the harmonic components but the fundamental
component n the load-side neutral current z,; flows
through the harmonic suppressor system, and therefore the
source-side neutral current z,, becomes nearly zero This
may cause overloading and power loss of the harmomc

suppressor system

2.3 Proposed Control Method

The block diagram 1llustrating the proposed control
method 1s shown in Fig 5(a) The load-side neutral current
1 18 sensed and passed through a 60Hz notch filter in
order to remove fundamental component The resulting
neutral harmonic current r,;; becomes the reference i,/
for current control of the mverter The actual nverter
output current 7, 1s sensed and compared with the

reference current 1,/

The remaining part of the block diagram s denticaf to the
conventional one Then, the closed loop transfer function
between the source-side neutral current iz, and the
load-side neutral current 1,; 18 expressed 1n equation (5)
Fig. 5(b) shows the compensation charactenistics of the
harmonic suppressor system m case of Q =40, Q =605
and Q = 990,
mereases, the pass band becomes nanow For any quality

respectively As the quality factor Q

factor Q, only the fundamental component of the load-side
neutral current could flow through the source side while
the harmonic components are blocked from flowmg nto
the source-side neutral conductor The proposed control
extracts only the harmomic currents from the load-side
neutral line and has them pass through the harmonic
suppressor system while the fundamental current remains
unaffected and flows through the source-side neutral

conductor
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Fig 5
proposed control method (a) block diagram of the closed loop

Block diagram and compensation characteristics of the

control system and (b) compensation charactenstics

K, K R
SS+L£-S2+ Lig‘hr%&ﬁha)oz S+f_w°2
L () _ ! s ;@ 5 (5)
lm’-(s) S3+(_£+Kc KA.MP]52+(£&+KC KAMP &"'woz}""[iHKc KAMP]wOZ
I’f Lf Lf Q ! Q Lf Lf

Copyright (C) 2003 NuriMedia Co., Ltd.

ME2k87|ETHEH | IP: 117.17.198. %% | Accessed 2019/04/17 17:06(KST)



Performance Improvement of an Active Neutral Harmonic Suppressor System: 155

0.0 T
00 - i
. 100.00 i
L M 1 ) j

-100.00 1 |
(A) -20000 i i
500,00

80000

20000

100.00

1 Dog
nf -100.00

(A) -0
a0

30000 T T
poudul : i i
. 10000 - H i
s 10 v N T T AT
-10000 t i i
(&) 200m : X
0000 . .
030 [E 035 [ 040

Time {s)

Fig 6 Simulated waveforms of the proposed control method

Fig. 6 shows the simulated waveforms of the proposed
control method illustrated m Fig 5(a) With the proposed
control method, only the harmeonic currents 1,., m the
load-side neutral conductor flow through the active filter
and the zero-sequence fundamental current 15 prevented
from flowing mto the harmonic suppressor system, thus
passing the current through the source. This prevents the
harmonic suppressor system from being overloaded and

causing power loss

2.4 KVA Rating of the Harmonic Suppressor
System

The KVA rating of the A-Y transformer 1s calculated by
considermg the product of the rms voltage and the rms
current asgociated with each of its windings The KVA
ratmg of the inverter switchs 1s calculated as the product
of the peak current and peak voltage The dc bus voltage 15
determuned to be two to three times the peak voltage
between the transformer neutral ‘N” and the utility ground
‘n’, where it takes into account the voltage drop across the
leakage mductance of the transformer In this calculation,
the voltage rating is assumed to be 1dentical for all of the
cases

Table 1 shows some typical values of the many possible
combinations of the load phase currents assuming that the
loads are three single-phase rectifiers with capacitive filter
and resistive load. Sums of the three fundamental load
phase curents are kept constant to illustrate equal load
KVA ratings for each of the cases.
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Table 1  Fundamental load phase currents for specified

unbalanced factors
UBF Tt Iy Ire

Balanced 1£0 1£-120 12120

10% 120 0.83.£-120 1 172120
20% 1£0 0.652-120 1352120
30% 1£0 048.2-120 1522120
40% 1.£0 0312-120 1 692120
50% 1£0 0132-120 1872120

Table 2 Requmred KVA rating of the harmonic suppressor

system {1n per unit)

Conventional system Proposed system

UBF Transformer  Inverter | Transformer  Inverter
(o) () (o) ()
Balance 10 1o 10 10
10% 102 112 099 106
20% 1 0S 125 097 113
30% 111 137 094 117
40% 119 156 089 [.18
50% 132 166 085 118

The comparative results are shown i Table 2, where
the KVA ratings of the inverter and the transformer are
normalized to be 1 pu with respect to balanced loadmngs. It
1s noted that the effectiveness of the proposed control
method becomes significant as the degree of unbalance
meraases.

3. Experimental Results

A laboratory prototype of the active neutral harmonic
suppressor system employing the proposed control method
has been built and the experimental results are discussed
m this section The system parameters used 1n the
experiment are given as follows:

* Supply: 220V (line-to-line, RMS), 60Hz , L, = 3mH
¢ Loads. Three single-phase diode rectifiers with
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capacitive filter and resistive load. C, = C,= C. = 3300uF,
R,= R, = R, = 3004 for balanced loading C,=C,=C, =
3300uF, R, = 11082, R, = 1902 , R, = 300£ for unbalanced
loading,

e Active Filter Full-Bndge PWM mverter operated at
switching frequency f;,, = 20kHz with a filter mductor L,=
2mH

¢ A-Y transformer. Turn ratio of 1:1

3.1 Balanced Loading

Fig. 7 shows the experimental waveforms of each
current under balanced loadmmg. Since the rectifier loads
are nonliear even though they are balanced, the load-side
neutral current i, becomes excessive and contans
significant triplen harmomes such as 3, 9™, and 15™, etc,
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al The rms value of the load phase current 11,18 1424,
but the neutral current 15, 18 2.36A which 1s 1 66 tunes the
phase current. The source-side neutral current 1,; becomes
nearly zero since the zero-sequence triplen harmonics mn
the load-side neutral conductor flow through the active
filter and do not appear m the source-side neutral
conductor, In this case the actrve filter output current ¢, 18
almost the same as the load-side neutral current ;.

In the meanwhile, the THD of the load phase current 7,
18 759% The THD of the source cumrent 15 reduced to
28 7% since the zero-sequence triplen harmonics njected
mnto the A-Y transformer cancel the zero-sequence triplen
harmonic 1n the load phase current as well It can be seen
from the FFT of the source current i, that all the triplen
harmomics are suppressed i the source
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Fig 7 Experimental waveforms and frequency spectra under balanced loading (2A/div, Sms/div).
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3.2 Unbalanced Loading
The experimental waveforms of each current under
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unbalanced loading are shown mn Fig 8 With 22% of the
unbalanced factor, the rms values of the load phase
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Fig 8 Expermmental waveforms and frequency spectra under unbalanced loading (2A/dwv, Sms/div)
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cutrents iy, Iy and i, are 2.13A, 1.46A, and 0.98A,
respectively. The load-side neutral current 7,; is 2.6A and
contains not only the harmonic zero-sequence components
but the fundamental zero-sequence component due to the
unbalanced loading among the phases as shown in the FFT
of i,. The active filter extracts only the zero-sequence
harmonics from the load-side neutral current and has them
flow back to the load phase. Therefore, the zero-sequence
fundamental component of i, caused by unbalanced
loading passes through the source and is not affected by

the harmonic suppression system.

The THDs of the load phase currents iz, iz, and i, are
66.4%, 76.5%, and 86.2%, respectively. The THDs of the
source currents i, i, and iy, are reduced to 25.3%, 32.3%,

and 51.4%, respectively.

4. Conclusions

In this paper, a modified control method for the
harmonic suppression system is proposed to improve

compensation characteristics under unbalanced

conditions. The proposed control method prevents the
zero-sequence fundamental component due to unbalanced
loading from flowing through the harmonic suppression
system. Therefore, the fundamental component remains
unaffected. This overloading and power loss of the

system.

The THDs of the phase currents are also reduced since
the zero-sequence triplen harmonics injected into the A-Y
transformer cancel the zero-sequence triplen harmonic in
the load phase current as well. The experimental results on

a prototype validate the proposed control approach.
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