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In this paper, a new hybrid adaptive filter for all fiber current transformer system based on tristate polarization diversity
receiver is researched. The entire system is a fully polarized system. Based on the optical pulse interference modulation and
demodulation, the tristate polarization diversity receiver and hybrid adaptive filter are used to reduce the current ratio errors.

It can be seen that in the 60A@50Hz current grade, ratio erro

rs obtained by new method is less nearly 3 times than by

traditional scheme. In the 240A@50Hz current grade, ratio errors obtained by new method is less almost 1.4 times than by
traditional scheme. In the 1200A@50Hz current grade, ratio errors obtained by new method is less nearly 1.3 times than by

traditional scheme. The new method can be best applied to high
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current sensing system and improve its stability.

Keywords: Polarization diversity receiver, Full optical current transformer, Phase generation carrier, Adaptive variable step size

recursive least square method, CL multi-wavelet

1. Introduction

In this paper, the proposed new system is different
from the traditional full optical current transformer system
(FOCTS) [1-4]. The traditional current sensor system is
based on continuous optical interference scheme, but the
new system is based on polarized optical pulse
interference scheme.

And, the hybrid adaptive filter is used into the new
system, which is based on CL multi-wavelet [5] composed
with adaptive variable step size recursive least square
(RLS) [6-7] method for the FOCTS [8-9]. Although some
filters in the current transformer system [10-13] are studied,
few article focus on the hybrid adaptive filter based on
tristate polarization diversity receiver for the FOCTS. The
new FOCTS reduces the optical and electrical noise in the

whole system. So, the fluctuation of ratio errors is
compressed to between 1/3 and 1/1.3 times for different
current size grades. Testing results have good stability
between -40°C and 75°C in the new system. The new
method can be best applied to high current sensing system.

2. Theoretical model of hybrid adaptive filter
for the FOCTS

Because the reflective FOCTS is relatively insensitive
to temperature variation, fiber vibration and distortion [14],
we propose a new full optical current transformer structure
in the Fig. 1 to meet the 0.2s national standard.
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Fig. 1. All fiber current transformer structure (color online)
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In Fig. 1, the center wavelength of light pulse is 1490
nm. light emitted from narrow-line-width light source is
modulated by acousto-optic modulator to form an optical
pulse and instantaneous power of optical pulse is 50 mW.
Firstly, optical pulse is transmitted to isolator to cut off the
reflected light. Then, the optical pulse is transmitted to
polarization maintaining (PM) fiber coupler to form an
upward and downward light paths. Secondly, the
descending optical pulse is linearly polarized by polarizer.
Then, optical pulse is transmitted to the X-axis and Y-axis
of PM fiber through 45° fusion. Two orthogonal linearly
polarized lights form left-rotated and right-rotated
circularly polarized light when optical pulse has passed
through a high birefringence spinning fiber. During two
circularly polarized lights transmitting in the high
birefringence spinning fiber, Faraday magneto-optical

effect produces a phase difference ® between left-rotated
and right-rotated circularly polarized light. The reflective
mirror draws back two circularly polarized lights to the
original high birefringence spinning fiber, the phase
difference @ is doubled. Two circular polarization lights
become two linearly polarized lights propagating along
X-axis and Y-axis, then, optical interferring signal is
formed through the 45° fusion point. The polarized light
passes through the polarizer and PM fiber coupler again to
enter the polarization diversity receiver (PDR) [15-18].
The signal eliminated the polarization fading enters the
adaptive hybrid filter and signal processing units.
Afterwards, an inverse tangent-based phase generation
carrier (PGC) [19] demodulation calculation is performed,
and the measured current magnitude is obtained in the
Fig. 2.
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Fig. 2. Hybrid adaptive filter and signal processing unit (color online)

When optical pulse signal with phase difference enters
the tristate PDR, each signal enters hybrid adaptive filter,
respectively, which is partl, part2 and part3 in the Fig. 2.
Optical signal is decomposed to third order structure by
CL multi-wavelet [20-21] transformation. The maximum
minimum threshold method [22-23] is used to rebuild high
frequency wavelet coefficients for each order. The low
frequency wavelet coefficients are filtered by adaptive
variable step-size RLS filter for each order [24-25]. New
optical signal is obtained by CL multi-wavelet inverse
transformation. Then, three new optical signals are
squared and summed. After bandpass filtering, total power
is squared again. Then low-pass filtering, new squared
result is divided with above summation. The result is
inputted into the arctangent PGC unit, phase difference is

calculated. The measured current is obtained by inverse
Faraday magneto-optical effect.
Assumed that two interfering light

ES and Er are linearly polarized, elliptic angles &,=0

pulses

and¢,=0. E,, E andg,, @ are amplitudes and phases

of E, and E, . 4, and 6, are azimuth angles.

Subscript S , r indicate two interfering lights,

respectively. E_, and E, are components of E andE, in

x axis. E and Eare components of E  and E_ in y axis.
The Jones matrix expression is,
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When the linearly polarized optical signal with
interfering information passes through the photodetector,

the linearly polarized optical pulse forms € angle with
photodetector. Then, matrix of & angle is,

£, - (c_os HJ 3
sin @

Instantaneous light intensity | is,

| =|E, -E, +E, E[ @

Because | is power sequence with time, | can be

expressed as  discrete  noise-containing  signal
sequence A(N) .
Firstly, A(n) is vectorized,
Ay N
A n)= 2t ’ n=1121'”1_ (5)
-] :
Then, A(n)is prefiltered,
b,
B(n) =Y P.(K)A(-K)=|
k 3+n (6)
n=12, E
2
174 1/4
Here, pre(k): 1 -1 @)
1+4/7 1447

CL multi-wavelet transform is implemented on low
frequency part of B(n) , marked as B~ (n).

by
B"(m)=> H(n-2m)B(n)=|
“ e
m:]_,z,...’ﬂ
4

H(n)is low-pass parameters,

1/22 —1/2\/5}

H(0) =
© {—1/4\/5 142

-1/\2 0
H(l)_[ 0 V7/242]
V2 w2
H(2) =
@ {1/4\/5 1/442 |

CL multi-wavelet transform is implemented on high

frequency part of B(n), marked as B"(n).

by,
BH(m):Zn:G(n—Zm)B(n): b§+m ©
m=12, %
G (n) is high-pass parameters,
6(0) = 12 -11\2
7142 71442
1/d2 0
G(l){o ﬁ/zﬁ}
)= 1242 -1/2{2
71242 7122

CL multi-wavelet decomposition of noise-containing
signal is obtained.

An)=[aa,--a,]=

{bf“'bh b ---b,:'}:[L H]

2 2

(10)

Similarly, D(n) is a reference signal sequence.

Then, b ande/™ are calculated according to threshold
value W . The W depends on discrete sample value N ,

0, N <32
w= (12)
0.3036+ 218NN 3
In2
Here, N=64 . Low frequency part of

L
i

signal,biL ande; , are filtered by an adaptive variable
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step-size RLS filter.

y(n)is low frequency part of signal sequence, x(n) is
expected value sequence, e (n)is prior estimate error
sequence,

y(n)=bf={bf---bh} (13)

x(n)=eﬁ{ef---e;} (14
2

R(n) is correlation matrix sequence of input
vector, »(n) is weighted coefficient sequence. d, (n) is

actual output sequence of equalizer, k(n) is Kalman gain
vector sequence. A(n) is forgetting factor sequence,

NINT means taking integer closest to p£?(n). Adaptive

variable step size RLS filter is modified by following
equations.

d,(n)=w"(n-1)y(n) (15)
£(n)=x(n)-d,(n) (16)
k(n)= R™(n-1)y(n) (17)

R’l:%[R’l(n—l)—k(n)yT(n)R’l(n—l)] (18)

w(n)=w(n-1)+k(n)&(n) (19)
An)= Ay + (1 Ain J2- ™ (20)

L(n)=—NINT[ p&*(n)] (21)

Here,a=0.75,p=0.75and 4, = A(n)/6.
Similarly, high frequency part of signal, b™ and eiH ,are

also filtered by an adaptive variable step-size RLS filter.
Assumed that, y, (n)=d,(n)and y,(n)=d,(n). CL

multi-wavelet coefficients are reconstructed by following
equation,

0 =V2Y Ho i)+ Gy, (1) (22
neZ
y5(n) is obtained and g, is its elements.

Then, y, (n) s post-filtered,

G(n)=ZPaf(k)y3(n—k):[32 ] n:l,2,---,% (23)

k —+n
2

The sequence of elements is reorganized in the G(n).

Then,
G’(n){gl,gn;gz,gnﬂ;--} (24)
2 2
G’(n) contains interference items ',

I'=(E,E, +E,E, Jcos’ 0+
(E,E, +E, E, )sin’ 0+

(EE +E'E

Ty —sx 1y s

+E E+E _E, )sinfcosd

X sy X sy

(25)

Here, ¢ = @, — @, is phase difference between two

interferometers.
Then,

I'=E,E, (acog+b si) (26)
a=cos(6,—6,)+cos(6, +6, -20) -
b=sin(6,-6,)+sin(6,+6, -20)

Optical power in tristate PDR is I, ,
1
I, —HEsEr[COS(Q—ef) (28)
+cos(6, +6, —20)]cos ¢
Here,ezﬂ—k,n =3,k=0,...2.
n
I is sum of square,
n-1
I =Y 1
k=0
= n_22 EZE7(cos2¢+1)x (29)
n-1 2
{cos(@s —”—kj cos(@, —”—kﬂ
k=0 n n
Assumed that,

®(E,E, 6,.6,)=

SEE!x (@0)

n-1 2

[cos(@s —”—kj cos(@r —”—kﬂ
k=0 n
Then,
I, =®(E,,E,.0,6)+ 31)
®(E,,E,,6,,6,)cos(24(t))
Another,
ol(t)=C'cos m,t + Qt) (32)

Q(t)=Dcos ot + g, (t)
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Here, C' =1.315 . @, is the carrier frequency of signal,

;s the frequency of sensing signal and ¢,(t) is phase

difference caused by external environment.
Then,

I, ~ 1. =®(E,E,.0,,6,)

ST r1 s r

(33)
{1+ cos Ccos et + ZQ(t)]}

C =2C'=2.63, and, modulation requirements is,

J,(€)=3,(c) (34)
Expanding formula (34) with Bessel function,

I =®(E,,E,.6,6,)x

{1+J0(Sc;)cr;s(2g(t))+
g(—l)k 3, (C)x[cos(2Kat+20(1) (35

+cos(2kayt - 2Q(t))] -

> (D, (C

+20(t) -sin((2k + 1) et - 22(t))]

)Isin((2k +1) yt

Here, Af _1 f, = 4kHz, bandwidth of bandpass filter
2
is(f, —Af,2f, +Af ).

Above formula goes through bandpass filter,

l;, =20 (E,,E,,6,6,)x
[J,(C)cos(2amyt )cos(2Q(t))+ (36)
J,(C)cos(amyt)sin(2Q(t))]
Then, 17, passes through the low-pass filter,
17, =40 (E,,E,.0,,6,)
[3;(C)cos? (20(t)) + @37)

JZ(C)sin? (2Q(t))]

Let be,
J,(C)=J,(C) (38)
And,
cos’ (2Q(t)) +sin? (2Q(t)) =1 (39)
Then,

l7, =2d°(E,,E,.6,6,)[ 3 (C)] (40)

Afterwards, formula (40) is squared root,

;=20 (E,.E,.0,6,)[3,(C)] (41)

Dividing I"by 17,
I £{1+

23,(C) (42)
cos| Ccosat +20(1))

Then, | i goes through an arctangent PGC system,

L E 2

Y 23,C) 23,C)
{{JO(C) +2§(—1)k JZk(C)cos(kaot)}x
cos(2Q(t))-2x

{i(_l)k Jy1(C)cos(2k +1) a)ot} X

sin(2Q(t) )} 43)
Here,k = 0,1,
So,
I, = 2 + V2
*23,(C) 23,(C)
{3,(C)cos(2Q(t)) - (44)

2J,(C)cos(2am,t)cos(2Q(t))
—2J,(C)cos(amyt)sin (2Q(t) )

Multiplying cose,t on both sides of formula (44).

\/E X
23,(C)

cos(2Q(t) + at) + cos (2Q(t) - th)J
2

I = V2 cos(apt) +
23,(C)

[{Jo(C)(

_JZ(C)((COS(ZQ(I) +3myt) er cos (3wt —2Q(t))

. cos(2Q(t) + ayt) +cos (2Q(t) - at)
2

sin(2Q(t) + 2t ) - sin (2t - 2Q(1))

2

2J,(C)((
+sin(2Q(t) )}

)

After low-pass filtering,2fs is frequency of ZQ(t)’

and2fs < fo.

Above equation is simplified to I .

I, =—/2sin(2Q(t)) (45)
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Similarly, multiplying cos(2a,t) on both sides of
formula (44).

1= V2 cos(2am,t) + V2 x

23,(C) 23,(C)
HJO(C){COS(ZQ(tH2a)0t)n2Lcos(ZQ(t)—2a)0t)J
_JZ(C)(COS(ZQ('[)+4w0t)J2rcos(ZQ(t)—4a)0t) (46)
-J,(C)cos(2Q(t)))
_Jl(c)[[sin(3w0t+2Q(t));sin(3w0t—2g(t))J

2

J{sin (204t +2Q(t)) —sin (2a,t - ZQ(t))J}

|; passes through a low-pass filter, equation is
simplified to 1, .

ly =—gcos(29(t)) )
Dividing lgwith I .
Iy =2tan(20Q)(t)) (48)
Simplifying formula (48),
Q(t)zacrtanz(IQIZ) (49)

Formula (49) is introduced into current and phase
relational equation,

Q(t) = 4NVI(t) (50)

Then, current amplitude with time, I(t) can be
calculated.

I(t) = ?T(i/) (51)

3. Experimental results and discussion
The new FOCTS is placed in the temperature control

box for high and low temperature test. The testing method
[26] is as shown in the Fig. 3.
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A

AC High
Current
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Standard
Electronic
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Fig. 3. Performance testing structure for full optical current
transformer system (color online)

This system includes merging unit, high birefringence
spinning fiber ring, fiber current transformer host, standard
electronic transformer, alternating current (AC) high
current source and calibrator. The formula of current ratio
error is

(le—la)xlOO (52)
|

a

B is current ratio error, | and |, are real primary

current and real secondary current, respectively, and M is
rated current ratio. High birefringence spinning fiber ring
whose main function is to collect current signal. The
function of fiber current transformer host is signal
modulation and calculation, acquired result outputs to
merging unit. Calibrator compares the measured electric
current with standard electric current obtained by
electronic transformer. Merging unit obtains the ratio error
under the conditions that temperature periodically and
quickly changes between -40°C and 75°C for almost ten
minutes.

In Fig. 4, red symbol ‘-+-’ curve indicates temperature
change. Blue symbol ‘---’ curve shows ratio error variation
at the earlier FOCTS [27]. Pink symbol ‘-*-* curve
displays improved ratio error, where Haar wavelet
combined with RLS filter is used. Black symbol ‘-.-’ curve
indicates improved ratio error, in which CL multi-wavelet
combined with adaptive variable step-size RLS filter is
used.

In Fig. 4 (a), it can be seen that current size is 60A,
fluctuation of ratio error marked by blue symbol ‘---* curve
is within £0.6%. Fluctuation of ratio error marked by pink
symbol ‘-*-* curve is within +0.25%. Fluctuation of ratio
error marked by black symbol ‘-.-” curve is within +0.2%.
It can be seen that three experimental results meet national
standards, where fluctuation of ratio error is within =+
0.75%. However, the result based on CL multi-wavelet
combined with variable step-size RLS filter is best, where
fluctuation value of ratio error is within £0.2%. The result

ﬂ:
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based on Haar wavelet combined with conventional RLS
filter is better, where fluctuation value of ratio error is
relatively more +£0.5% than those obtained by the first
method. The result based on traditional system is the last,
where fluctuation value of ratio error is relatively more
+0.35% than those obtained by the second method.
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Fig. 4. Ratio errors for different currents: (a) 60A @ 50Hz,
(b) 240A @ 50Hz, (c) 1200A @ 50Hz (color online)

In Fig. 4 (b), it can be seen that current size is 240A,
fluctuation of ratio error marked by blue symbol ‘---’ curve
is within £0.3%. Fluctuation of ratio error marked by pink
symbol ‘-*-’ curve and black symbol ‘-.-’ curve are clearly
within +0.25%. It can be found that three experimental
results meet national standards where fluctuation of ratio
error is required to be within +0.35%. However, the
result based on CL multi-wavelet combined with variable
step-size RLS filter is best, where fluctuation value of ratio
error is least and quickly keeps up with current variation in
all data. The result based on Haar wavelet combined with

conventional RLS filter is better, where fluctuation value
of ratio error has left behind the current variation in the
starring data. The result based on traditional system is the
last, where fluctuation values of ratio error are relatively
more 0.05% than those obtained by above two methods.

In Fig. 4 (c), it can be seen that current size is 1200A,
fluctuation of ratio error marked by blue symbol ‘---’ curve
is within £0.2%. Fluctuation of ratio error marked by pink
symbol ‘-*-’ curve and black symbol ‘-.-’ curve are clearly
within +0.15%. It can be seen that three experimental
results meet national standards where fluctuation of ratio
error is required to be within £0.2%. However, the result
based on CL multi-wavelet combined with variable
step-size RLS filter is best, where fluctuation value of ratio
error is least and quickly keeps up with current variation in
all data. The result based on Haar wavelet combined with
conventional RLS filter is better, where fluctuation values
of ratio error have left behind the current variation in the
starring data. The result based on traditional system is the
last, where fluctuation values of ratio error are relatively
more 0.05% than those obtained by above two methods.

It can be found that when temperature quickly
changes from -40°C to 75°C for almost ten minutes, the
experimental result based on CL multi-wavelet combined
with variable step-size RLS filter is best for the FOCTS.

4. Conclusions

In this paper, a new hybrid adaptive filtering full
optical current transformer system based on tristate
polarization diversity receiver is proposed. We used Jones
vector method to calculate the polarization state along the
improved FOCTS. Power and phase difference along the
new FOCTS are obtained. The experiment occurred
between -40°C and 75°C for about 10 minutes and testing
results show ratio errors can meet national standards.
Specifically, in the 60A@50Hz, ratio errors obtained by
CL multi-wavelet combined with variable step-size RLS
filter is less nearly 3 times than those obtained by
traditional scheme. In the 240A@50Hz, ratio errors
obtained by CL multi-wavelet combined with variable
step-size RLS filter is less almost 1.4 times than those
obtained by traditional scheme. In the 1200A@50Hz, ratio
errors obtained by CL multi-wavelet combined with
variable step-size RLS filter is less nearly 1.3 times than
those obtained by traditional scheme. The new proposed
hybrid adaptive filtering FOCTS based on tristate
polarization diversity receiver can be best used to the high
current sensing system.
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