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Abstract:

The paper reporis resulis of investigation on the harmonic detection technique of a complicated

power supply system such as an AC excited generation system> which has a variable fundamental frequency

and low order harmonics with rich sub-harmonics whose frequencies are lower than the fundamental one. The

in-phase correlation filiering technique, based on the frequency shifiing principle, is proposed in this paper.

Theoretical analysis and experimental results validate the effectiveness of this technique for the harmonic de-

tections of AC excited generation systems.
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INTRODUCTION

In an AC excited generation sysiem, the ro-
tor windings of the asynchronous generator are
supplied by three-phase AC excitation current
generated by a cycloconverter. This technique
ensures variable speed> consiant frequency pow-
er generation, and enables independent control
of the ouipui active and reactive power from the
generator. Howevers the voliage generated by
the cycloconverter for exciiation contains lois of
harmonics which lead to high harmonic distortion
in the outpui voltage of the generaior. Conse-
quenily, the quality of the ouipui power deterio-
rates. Therefore, a technique for eliminating the
output harmonics is the key to commercialization
of this novel power generation scheme.

The output power harmonics of an AC excit-
ed generator possess characteristics differing from
those produced by mnormal power elecironic
equipment .

1. If the harmonic distortion of the ouiput
voliage is higher than that of the output current,
the voliage reference needed for harmonic deiec-
tion is difficuli to obtain.

2. When the generation system is operated at
variable speed, constant ouipui frequency mode.
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the frequency of the excitation current varies and
is quite lows normally (1 — 100 Hz.

3. The harmonic components to be filtered
out are complicated and contain both “load har-
monics” originated due to the load nonlinearity of
the cycloconverter and the “ source harmonics”
produced in the power generation by the non-si-
nusoidal excitation current.

For example, in an AC excited generation
system fed by a 6-pulse 36-thyristor cycloconve-
rter operating without circulating current, trig-
gered by the cosine-intersection method, the out-
put voltage from the cycloconverter contains har-
monics at the frequencies of f, = 16°g*f; = (2°
n+ 121, where g =1,2,* + ® and n =0,
1,°**5 + %, with wide harmonic bandwidth and
variable frequency. The central harmonic fre-
quencies of the resultant output of the cyclocon-
verter excited generation system become very
complicated and can be given by (6k + 1)f; +6
(k — 1) sf; which are functions of the stator out-
put fundamental frequency f; and the slip fre-
quency sf;1(Wu et al., 1998, 1999.).

Proper harmonic filtering requires precise
measurement of the harmonics. Among different
harmonic detection methods ( Akagi et al..
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1984; Wang et al., 1997; Luo et al., 1993),
that based on the instantaneous reactive power
theory has been widely used due to its high accu-
racy and rapid dynamic response. Howevers this
method is only suitable for detecting the current
harmonics on which the power system has voltage
references ( Akagi et al.,» 1984). As previously
described, in an AC excited generation system;
both output voltage and current are non-sinusoi-
dal and there is no clear voltage reference avail-
able for harmonic analysis and detection. It is
extremely difficult to design a band filter to filter
the voltage waveform because of the large varia-
tion of the fundamental frequency and the wide
bandwidth of the harmonic components. This pa-
per proposes an in-phase correlation filtering
technique based on the phase shifting principles
suitable for detecting the power harmonics gener-
ated by the AC excited generation system. The
principle of this technique and its application for
harmonic detection of an AC excited generation
system will be discussed and the effectiveness of
this technique will be validated by experimental
results.

PRINCIPLE OF THE IN-PHASE CORRELATION
FILTERING TECHNIQUE

According to the digital signal processing
theory ( Oppenheim et al., 1989), a three-
phase time-varying arbitrary real signal [ £,(¢),
£Ct)s £5Ce) 1" can be expressed as a series of
periodic components with different frequencies.
The three-phase signal with frequency of w, a
variable> can be decomposed as positive se-
quence components

[A+(:0s(wt+8+ ),A+(:()s(wr— §n+$+),

A+czos(w£+%1t+5+)]'].,

negative sequence components

[A_cos(w£+5_ ),A_cos(wt+%ft—5_),

A_(:()s(cur,— gn'—E_)]T,

and zero sequence component

Sl =LA, £, (13,

Since the detection of f,(¢) is relatively simple,
no further discussion on it is necessary.

For simplicity, the three-phase time-varying
arbitrary real signal [ £;C2), (), £3C2) 1" can
be expressed by an instantaneous complex func-
tion fCt), as expressed below.

f( t) = %[17 - 02].[_f.|(t)s.f‘2( I)yf';( C):I] =

ZLACD afaC01 a2 /(0] (0
where a = ¢*?, j=./ — 1. It should be pointed
out that instead of being a phasor, f(¢) is an
instantaneous complex function> which is the ex-
pression of a three-phase instantaneous signal in
the time-domain. Therefore, the positive, nega-
tive and zero sequence components with frequen-
cy of w become

fw' (2)= §[1,a, (52]'[A+(:()s(a;£+ &, )

A+cos[wt—%ﬁ+5+);

-
A+(:()S(cut+27l:+f+)]

3

A, el s (2
Jo (t):%[lya, a*J* v A_cosCwt — E_),

A_cos[cut—k%m:—é_),

T’

A_(:()s[wt—%n'—é_)] =

A_ej(—(u\f-i-é'_) (3)
f0(3)=g(A|+(LA2+a,2A3)=AUeﬁﬂ (4>

where A, » A_, Ay» and &, §_, &y» are the
amplitudes and initial phase angles of the posi-
tive> negative and zero sequence components,
respectively, and A;, A, Az, the amplitudes
of phase functions f,Cz), £,Ct), f5Ct), respec-
tively .

Assuming the Laplace transform and Fourier
transform of the complex signal f(¢) are F(s)
= Lg( t)] and F(w) = FIJ( t )] respective-
ly, then the centre of coordinates on the frequen-
cy axis of the frequency spectrum F(w) repre-
sents the DC component> while the left and right
axis represent the negative and positive sequence
components, respectively. Since | F(w)| = A,
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and | FC — @)1 = A_, it can be seen that the
frequency spectrum of f(¢) is not symmetric
with respect to @ = 0. Therefore, the negative
sequence components whose frequencies are
identical to the positive sequence componenis
should also be treated as harmonics and need to
be deiected and decomposed. Since

F[f(t)'ef"'wﬂt]zF(w+w0> (5>

it is clear that the frequency spectrum of the
complex signal f(z)e *' can be obtained by
left shifting that of fC¢) along the frequency axis
by wg» i.e., the component of f(zJe *' with
frequency of @ has the same amplitude and
phase angle as that of f( ) with frequency of Cw
+ wy)» and especially, the DC component of
JFCtde #' corresponds to the components of
JCt) with frequency of wq. This principle is
called frequency shifting. Using this technique;
band-elimination

a band-pass or filtering

B, Cw) of signal fCt) with central frequency of
wg can be implemented in a few steps. Firstly
the narrow band filtering By(w) of signal f(¢)
e *' = yu(t) at a ceniral frequency of zero is
performed to obtain the complex signal v(z) at
w = 0. Then v () is multiplied by &' to
recover the original spectrum; and finally io get
the output of f,, (1) = v(z)e!,

is the fundamental of in-phase correlation filter-

This process
ing.

HARMONIC DETECTION USING IN-PHASE
CORRELATION FILTERING

Let us define a complex signal as
uli) :f(t)'efjwﬂt =

2 ar @1 LA A A Tem s =
%[fl(t)e’f"’o’ + £>C e o3 4
f3(t)e_j(“’0’+.%”):|=ux(t>+j'u},(t) (6

whose real and imaginary componenis can be ex-
pressed by

[00] =

cosCawgt) cos( wpl — %Tt)

2[ COS( wot+%n) ]
3 —sinCawy 1) —sin( wol —%n) —sin( wyl +%n)
£ | = 2M; Cop| SO

3
A2 f3Ce)
where M} Cwy) is the frequency specirum shift-

7

ing matrix of the positive sequence, whose ele-
ments can be determined accordingly. The re-
sultant filtered complex signal v(¢) is then de-
fined as

v =0,C) + uw, (2 (8

Since there are

eiwﬂ[ = %[1’ a» a2:|'

[cos(w t),cos(w [2 —gTC) ,cos(w [2 +27c)]T'
0 0 3 0 3

ei(“’n'+2) :%[17 a» a2:|’

[ —sinCwyt)>» —sin( wyt —%TE) ,

' 5 v

—s1n(w0t+§75)] ]
9

the output complex signal after spectrum recover-

ing f,.Ct) can be computed by

fou[( L‘) = v( L‘)ejwnt = 'Ux( L‘)eiwﬂt

+ 11}.( t)ej(“’ﬂHg) = %[1, ara’]le

v, (2 JcosCwgt) — v, (¢ sinCwyt)

vx(t)cos( wql —%ﬂ) — v},( t)sin( wol — %TE)

Ux(t)COS( wol +%TC) -, ( t)sin( wot + %TC)
Foutr € L‘)]

:%[1’ a s dzj.!ﬁ)UQ(t)
fouL’S(t>

Therefore, the output three-phase signals can be
derived

—.][()utl ( 12 >]

(100

foulZ( t)
| £z C 8D

cosCawqt) — sinCawqgt)

cos( wot — 2TC) — sin( wot — zTC)
3 3 *
2
3

_cos( wqt -l—%ﬂ,’) —sin( wgl + TC)
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v, Ce)

[Ux(t> v, (¢

— + Te
U},(t) _[le(wo):l [

1
According to Egs. (7) and (110, the block
diagram of the positive sequence harmonic detec-
tion using in-phase correlation filtering technique
can be drawn as shown in Fig. 1.
In accordance with the frequency specirum

X channel
. N } udf) [He | [20] o
F— FHedan Moo —Fs
— u.{t)w ¥ )

1 >

v chantel

Fig.1 Block diagram of positive sequence
harmonic detection using the in-phase
correlation filtering technique

shifting theory, band pass or band elimination-
filtering B, Cw) of a complex signal f(t) at a
central frequency of wqg can be achieved by per-
forming narrow band filtering By(w ) of a com-
plex signal f(z)e o at the central frequency of
zero. Normally, the amplitude-frequency char-
acteristics of the narrow band filter By (w ) is
required to be symmetric with respeci to w =0
and conventional low pass and high pass filters
just possess such characierisiics. Therefore, the
block Hy(w) in Fig.1 can be realized by a low
pass filter when the fundamental signal of fre-
quency wy is to be filtered> or by a high pass fil-
ter when the total harmonics excepi the funda-
mental one with frequency of wy is to be filtered .

In Fig. 1, the relationship between the out-
put f..Ct) and the input fCz) can be derived
using an impulse function. Assume the impulse
response of HyCw) is

h(ed)=F '[H,(] (12>
In Fig.1, for X and Y channels, we have

vx(t):ux(t)*h(t)} (13)

2, ()= u, (1) % h(p) 13

where * is the operaior of convolution integral .
Consequently

v =0, () +jo, () =ule) * () (14D

If the Fourier transform of fC¢), uCz), v(g)
and f,,(t) are F(w), UCw)> V(w), and

F,,Cw), respectively, from equation (14D, we

have
Viw)=ulw)* Hy(w) = Flw + wy)* Hy
(w?. s>
Since
F,(w)=V(w—wy)=Flw)*Hyw— w,)
16>

we have

Foul( )

ﬁ:Ho(w—wOD. Qa7

From Eq. (17) it can be found that the transfer
function of the system shown in Fig. 1 is HyCs
— jwgy > which is the result of right shifting the
spectrum of HyCw) along the frequency axis by
wq. As the amplitude-frequency characteristics
of low pass and high pass filters are symmetric
with respect to w =0, this resulis in the narrow
band filtering at the central frequency of wy .
Similarly, the block diagram of the negative
sequence harmonic detection using in-phase cor-
relaiion filtering technique can also be derived,
which has the same struciure as that shown in
Fig.1 wiih the frequency spectrum shifting ma-

trix being
MI:U((’UO> =
2 2
Cos(wot) cosl wyt +§TC cos wot—gn
. . 2 . 2
sm(wot> sin w0t+§7t sin wot—gn
(18>

As the transfer function of the narrow band filter
is H(w) = HyCw + wy)> this implies perform-
ing the narrow band harmonic filtering at the
ceniral frequency of ¢ — wq).

IMPLEMENTATION
TION

OF HARMONIC DETEC-

As it has been demonstrated that the process
of the in-phase correlation filtering used for pro-
viding frequency transformation and harmonic
detection is accomplished by transforming the
three-phase vector signal into the reference frame
rotating at the frequency of wgy. Therefore, the

circuit in-phase correlation filtering of the har-
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monics, in a broad sense, should consist of a
positive ¢ P) and a negative ( N ) sequence
channel with frequency spectrum shifting matrix

being M} Cwy) and M,

- w Cawg ) respectively,
and a zero sequence channel. However; for the
harmonic detection of harmonics in AC excited
generation systems, it is unnecessary to distin-
guish the positive and negative sequence compo-
nentss since only the positive sequence funda-
mental component or the harmonic components in
a broad sense need to be exiracied. As a result,
only P channel is needed as shown in Fig. 2.
Meanwhiles a closed loop control is used to ve-
duce the filtering error and improve the noise im-
munity. In order to keep the iransfer function of
the closed loop system the same as Hy(s), the
original filter should be in the form of H,(s) =
L1- Hy(s)1/HyCs) which is a low pass system
with a DC gain of infinity. Consequently, the P
channel itself forms a band pass system with a
central frequency of wy .

:

F9) —ﬁ@? £
ey

, T
EAE 5 Mad @) [

Fig.2 Block diagram for detecting the
harmonics in a broadsense using
in-phase correlation filtering

Compared to the conventional harmonic de-
tection methods, the in-phase correlation filter-
ing technique based on frequency shifting princi-
ple has the following advaniages:

1. It increases the octave between the fre-
quencies of the componenis to be detected and
the fundamental frequency and, hence; it sim-
plifies the design of the filter. For instance,
when a high pass filter is used for eliminating the
fundamental componeni wiih frequency of wq to
acquire the harmonic compensation signal, the
cut-off frequencies of iis band pass and band
elimination are w, and w,» respectively. By the
conventional design method, the high pass filter
will be normally used because of the small nor-
malized cut-off frequency of w,/w, which will re-
sult in poor dynamic response ( Lou et al.,

1995). In contrast> if the in-phase correlation

filter technique is adopted, the normalized cui-
off frequency of the filier can be increased to
(wp — wy X Cw, — wy?) and this significantly
simplifies the filter design.

2. When the fundamenial frequency wg of a
signal varies, the equivalent ceniral frequency of
a band pass or band elimination filter used in the
in-phase correlation filtering can be changed ac-
cordingly to achieve constant bandwidih, fre-
quency conirolled narrow band filtering. The
values of coswyt and sinwgyt can be given exter-
nally or generated on-line by a phase-locked loop
(PLL), which provides adaptive function for the
harmonic detection of the signal whose funda-
mental frequency is varying{ Wang, 2001) .

3. The phase-frequency characierisiic of an
in-phase correlation filter has zero phase shift at
the frequency of wq and small phase error for the
harmonic detection. Furthermore, accurate con-
trol of the central frequency wg is not required
and digital implementation is easy to realize.

The characteristics of this iechnique is a
close match for the requirement of harmonic de-
tection in the AC excited power generation sys-
tem. In order to validate the effectiveness of this
technique in a complicated power supply system
like the AC excited generation system, experi-
mental study on the harmonic detection and har-
monic suppression for a prototype AC excited
generaiion system was conducted. The AC excit-
ed generator was a 3-phase, 4-pole wound-rotor
asynchronous machine excited from the rotor side
by a 6-pulse 36-thyristor, triggered according
io the cosine-intersection method. A type
TMS320F240 DSP (digital signal processor) was
adopted to implement the harmonic analysis and
to generate the compensation signal, controlling
the serial-active filter part of a hybrid power fil-
ter for harmonic suppression. Figs.3 — 6 show
some measured waveforms recorded from this ex-
perimenial sei-up. Use of a conventional FIR
(Finite Impulse Response) filter as a low pass
filier resulted in the Fig.3Ca) and (b) wave-
forms of the measured original signal to be de-
tected taken from the rotor side of the generator
and the detecting signal with fundamental fre-
quencies of 2.5Hz and 5Hz, respectively. The
results shown indicated clearly that a large phase
shift exisis between the two signals and varies
with the fundamenial frequency in the conven-
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Fig.3 Rotor voltage wavetorms with ordinary FIR low-pass filtering,
FIR order n = 109Cupper: original signal: bottom: filtering result)
(a) fundamental freq.: f =2.5 Hz; sampling freq.: f, =0.75 kHz;
fundamental phase shifting: $ = 85° (10 V/div, 100 ms/div)
(b) fundamental freq.: fy =5 Hz: sampling freq.: f, =1.5 kHz;
fundamental phase shifting: ¢ ~65° (10 V/div, 40 ms/div)

Y Laey & M100ms A Chl S 146,
] 106y baoms

@)

Fig.4 Rotor voltage wavetforms with low-pass filtering FIR of complex
signal based on the in-phase filtering, FIR order n = 109
(a) fundamental freq.: f; =2.5 Hz: sampling freq.: £, =0.75 kHz (10 V/div, 100 ms/div>)
(b) fundamental freq.: fy =5 Hz; sampling freq.: £, =1.5 kHz (10 V/div, 40 ms/div)
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Fig.5 Waveforms of the experimental AC excited generator connected into grid before
filtering under the condition of P =1000 W, O =200 VAR, f, =5 Hz, n =1350 rpm
(a) upper part: rotor voltage (10 V/div, 40 ms/div): bottom pari: rotor current (5 A/divs 40 ms/div>)
(b) upper part: stator current (5 A/div, 10 ms/div); bottom part: stator current spectrum (20 dB/div, 250 Hz/div)

tional detection method. For comparison, Fig.4 correlation filiering technique under the same op-
shows the experimental resulis using the in-phase eration condition. Fig.4 shows that there is no
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phase distortion anymore, so that the detecting
harmonic signals can be used as the true refer-
The effective-
ness and suitability of the developed harmonic

ence signals for the active filter.

detection scheme for suppression of harmonics in
the AC exciied generator were tested. Fig.5 and
Fig.6 show some waveforms and specirum taken
from the rotor and stator of the generator in the

. #470.0ms A om s zzumv}
40, Dns @se00n

. 109y

(a}

operational condition of connecting into the grid.
From the resulis presented it can be concluded
that the harmonic detection method based on the
in-phase correlation filtering technique and the
hybrid serial-active power filter are quiie effec-
tive and practical for the detection of harmonics
in the cycloconverier excited power generation

system.

wﬂ‘ﬂ*’%ﬂ%wm s

’MIU dmis A Chl /5 32amv
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(b}
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Fig.6 Waveforms of the experimental AC excited generator connected into grid after
filtering under the same condition as in Fig.5
(a) upper part: rotor voliage (10 V/div.: 40 ms/div); bettom pari: rotor current (5 A/div, 40 ms/div)
(b) upper part: stator current (5 A/div, 10 ms/div); bottom part: stator current spectrum (20 dB/div, 250 Hz/div)

CONCLUSIONS

The in-phase correlation filtering technique
based on the frequency shifting principle is prop-
osed in this paper. lt was shown to have the ad-
vaniages of simple structure, ease of design and
ability of self-tuning. This harmonic detection
technique is suitable for application to the power
system which has a variable fundamental fre-
quency:
monics whose frequencies are lower than the fun-

rich low order harmonics and sub-har-
damental frequency. The experimental resulis
showed the effectiveness of this technique for de-
tection of harmonics in AC excited generation

systems.
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