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Abstract. When an optical current transformer is used to measure current, its output signal is mostly non-

linear and contains colored noise; on the other hand, when the power system is in steady state operation, the

frequency is not stable. This paper proposes an optical current transformer signal processing method based
on colored noise extended Kalman filter which can reduce the measurement error caused by colored noise

and realize frequency tracking. The following two cases are considered: 1) the dynamic noise is colored noise;
2) the observation noise is colored noise. In these two cases, the corresponding formulas of the proposed
method are analyzed and derived. Simulation results showed that the extended Kalman filtering method based

on colored noise can effectively filter the colored noise, and the output waveform and output error obtained

by this method are improved effectively.

1 Introduction

As a sensing element of the primary system, the current
transformers are the data source of all relay protection
devices and electric energy metering devices, which
requires the high output precision of current transformers
[1-2].

Compared with traditional current transformers, the
optical current transformers based on Faraday Effect have
s series of advantages, such as strong anti-electromagnetic
interference ability, good insulation properties and large
dynamic response range[3]. However, there are still some
problems in the practical application of optical current
transformers.

When measuring a low current, the internal noise of
the optical current transformers may be larger than that of
the electro-optical signal, which results in low output
precision and difficulty in separating AC and DC
components. In order to solve these problems, Kalman
filter is usually used to process the output signal of the
optical current transformers.

The traditional Kalman filter is a linear filtering
method, which requires that the state noise and
observation noise of the system are all Gauss white noise
[4-5].

But in the operation of the power system, most of the
systems are nonlinear, and the output of the optical current
transformers include some colored noises, such as 1/f
noise, integrated noise and sinusoidal noise[6]. In addition,
the frequency of the power system is not stable in actual
operation, but the traditional Kalman filter method is
difficult to achieve frequency tracking.

At present, many scholars have studied the use of
Kalman filter based on colored noise. CS Zhao adopted

the method of model compensation to modify the
covariance of one-step prediction and the filter gain [7].
Considering the nonlinear problem of system, T Zou
presented an unscented Kalman filtering method which
used the observation information expansion method to
modify the colored noises[8].

Based on the above problems, this paper presents a
signal processing method of optical current transformers
based on colored noise extended Kalman filter, and
deduces the extended Kalman filtering formula of the
nonlinear system in two cases of colored state noises and
colored observation noises.

2 Extended Kalman filter method

The functional model of extended Kalman filter method is
X(k+1) = f[X(k)]+T (k) (1)
Y(k)=h[X(k)]+v(k) (2)

where, X(k) is the system state vector of time k; Y(k) is the
system observation vector of time k; w(k) and v(k) are the
state noise and observation noise respectively. It is
assumed that E[w(k)]=0, E[u(k)]=0, E[w(j)w (k)]=08\,
E[v (v "(K)]=Rdy;, Elw(k)v'(k)]=0, E[X(0)]=wo.

The recursive formulas of the extended Kalman filter
under white noise are as followed.

One-step prediction:

X(k+11k) = f1X (k| k)]

The covariance of one-step prediction:
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P(k+1|k) = F[X (k| k)]P(k | k)FT[X (k | k)]+TOT"
Filter gain:

K(k+1)=P(k+1| k)H [X (k+1| k)]
LH[X (k+1| PGk +1|k)- H' [X (k+1]k)]+ R}

Covariance updating:

Plk+1]k+1)
={1—K(k+1)H[@’(k+1|k)]}~P(k+1|k)

State updating:

Y(k+1]k+D)=X(k+1|k)
+K(k+ DY (k+1) - X (k+1|k)]}

In the formulas, F[*] and H[*] are the first derivative
of f[*] and A[*], respectively.

3 Extended Kalman filtering method
with colored state noises

If the covariance of state noise w(j) and w(k) is not zero,
it means that the state noise is colored. It is assumed that
w(k) is related to adjacent elements w(k-1) and w(k+1),
and non-adjacent elements are not related. In other words,
the covariance matrix of the state noise is a block
tridiagonal matrix [9-10].

In the nonlinear Kalman filtering method, the first-
order Taylor expansion of the system functional model is
needed, and then the linearized model is obtained.

X(k+1)
= fTX (k| k)]+ FIX (k| K)ILX (k) — X (k | k)]+Taxk)
)
k+1) =X (k+1|k
Y(k+1) = HX (k+1] k)] )

FHIX (k+1] Xk +1) =X (k+1] k)] +v(k+1)

According to the projective recursion formula, the
state prediction value of time k+1 based on the previous
k+1 state observation data is obtained.

Y(k+1|k+D)=X(k+1|k)
+E[X (k+1)e” (k+1D)]-{E[e(k+De" (k+ 1]} " e(k+1) (6)
=X (k+11k)+ K(k+De(k +1)

In the above formula, K(k+1) is the filter gain, e(k+1)
is the innovation sequence of time k+1.

Next, one-step predictions of formula (4) and (5) are

derived (in the subsequence calculations, H is used instead
of H[X(k+1]k)] to simplify writing).

X(k+1|k)
= fIX (k| )]+ FIX (k| X (k [ k) =X (K [K)] (7)
= fIX (k| k)]

Y(k+1|k)
=W (k+1| )]+ HIX(k+1|k)-X(k+1|6)]  (8)
= WX (k+1]K)]

Then, the one-step prediction formula of time k+1 is
as followed.

@’(k+l|k)=X(k+1)—@’(k+l|k)

= fIX (k| )]+ FIX (k| )X (k) — X (k | )]
+Laok) - f1X (k| k)]

= FX (k| K)][X (k) — X (k | k)] + T axk)

)

Thus, the covariance of one-step prediction is obtained.
Due to the colored state noise, w(k) is related to adjacent
elements w(k-1) and w(k+1). It is known from the formula

(1) that @'(k\k) is related to (k-1). As a result,
X(k|k) is related to (k).

Pk+1]k) = E[XCk+1| )Xk +1] k)]
= F[X (k| K)]P(k | k)FT[X (k | k)]+TOT”

+F[X (k | K)IP, I7+TP FTIX (k| 6)]

(klk).0(k) (k)X (klk)

In this formula, ¥ (k| k) is the error between state
X (k! k)
Therefore, ¥ (k| k) should have the same error property

estimation value and theoretical value.

as ¥ (k| k) . So this formula can be rewritten as

P(k+1|k) = F[X (k | k)IP(k | K)F"[X (k | k)]+TOT”

+HX (k| k)] T74TP, o F X (k| )]

» 10)
W (klk).o(k)

¥ (k| k) 1is derived based on the formula (6).

@’(k|k)=X(k)—§'(k|k)

=K(k)v(k)+{I —K(k)H[@’(k [k-D1}

'{F[Q'(k—l | k—1)][X(k—1)—@'(k—1)]+1“w(k—1)}

Thus, the cross-covariance about state noise can be
obtained.

PL\*(k\k),m(k) :E[@(k | k)wT (k)]

(11)
={I- K(k)H[@'(k | k- 1)]}FPw(k—l),w(k)

_pT
Pm(k),?e‘(k\k)_P W (klk), (k)

And the innovation is as followed.
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ek+)=Yk+1)- %(k +1|k) (12) same error property as @’(kﬂ | k).
= HX (k+1|k)+v(k+1) Ele(k+1)e" (k+1)]= HP(k+1|k)H" + R
19)
T
Then, +HP§((k+1\k),u(k+1) + Rj(ku),&*(kn\k)H
Ele(k+D)e" (k+1)]=HP(k+1|k)H" +R  (13) E[X(k+De" (k+1)]=P(k+1|k)H" +P, oot
(20)
E[X(k+De" (k+D)]=P(k+1|k)H" (14) Then, we can get the filter gain.
_ T

So, we can get the filter gain. K+ ) =[P+ H + Pw“‘*”")’”("*“]
K(k+1) [HP(k+1|k)H" + R 1)
= E[X(k+1)e" (k+1)]-{E[e(k+De" (k+D]}™ (15) HPy ooty T P 1

=P(k+1|k)H " [HP(k+1|k)H" +R]"
The error of the state estimation value of time k+1 can
be obtained.
@’(k+1|k+1):X(k+1)—§’(k+1|k+1)
= X(k+1)—[X(k+1|k)+K(k+ ek +1)]
={I-K(k+)H}X(k+1]k)— K(k+)v(k+1)
(16)

The covariance updating formula is derived and
simplified from the above formula.

P(k+1| k+1)=E[@'(k+l | k+l)@T(k+1 | k+1)]

=[I - Kk +1)H]P(k+1|k)

(17)

In this way, the complete recursive formulas of the
extended Kalman filter is obtained in the condition of the
colored state noise. It can be seen that the recursive
formulas is consistent with the extended Kalman filter in
the condition of the white noise in the form. When the
cross-covariance term is zero, that is, the state noise is
white noise, the formula is restored to the extended
Kalman filter under white noise.

4 Extended Kalman filtering method
with colored observation noises

If the covariance of observation noise v(j) and v(k) is not
zero, it means that the state noise is colored. It is assumed
that v(k) is related to adjacent elements v(k-1) and v(k+1),
and non-adjacent elements are not related. In other words,
the covariance matrix of the observation noise is a block
tridiagonal matrix.

The covariance of one-step prediction is obtained by
formula (10).

P(k+1|k)= F[@’(k | K)1P(k | k)FT[Q'(k | k)]+TOr" (18)

Due to the colored observation noise, v(k+1) is related
to adjacent elements v(k) and wv(k+2). The one-step
prediction is estimated by the previous k state observation

data, which is means that g (k+1| k) isrelated to (k). As
a result, e (k+1| k) is related to (k+1). iy (k+1]k)is the
error between one-step prediction value P (k+1]k) and

theoretical value. Therefore, X (k+1]k) should have the

To obtain the cross-covariance about X (k+1] k)
and (k+1), ¥ (k+1]k) should be modified as followed

first.
W(k+1|k)=X(k+1)-X(k+1|k)
= X(k+1)— f[X (k| k)]

And,

STX (k| k)]
=f{§’(k | k—1)+K(k)[H@’(k [ k=) +v(k)]}

To simplify the calculation, let
glo()] = £ {X (k | k=1)+K(OLHX (k| k1) +v(k)]}

In order to obtain the relationship between X (k+ | k)
and (k), a first-order Taylor expansion is performed on

g[v(k)] at v(k)=0, thus
Q’(kﬂ [ k)= Xk+1D—glv(k)]
= X (k+1)- g[v(k)]- g Tu()[v(k) - v(k)]
=X (k +1) - g(0) - g'(0)v(k)
Then,

’
Pbé(kﬂ\k),v(kn) =-& (O)PU(k),v(kﬂ)

T

Pv(k+1).§’(k+l|k):P W (k+1]k),v(k+1)

According to the formula (16), the covariance
updating formula is derived.

P(k+1|k +1):E[@’(k +1| k+1)@fr(k +1|k+1)]
=[I - K(k+D)HP(k+1| kI -K(k+1)H]
+K(k+DRK" (k+1)

I -K(k+ l)H]PE{(Mk),U(M)KT (k+1)
—K(k+DP, il — Kk + HH]"
=[I - K(k+)H]P(k+1|k)-K(k+1)P,

(k+1),% (k+1]k)

In conclusion, the complete recursive formulas of the
extended Kalman filter is obtained in the condition of the
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colored observation noise. It also can be seen that the
recursive formulas is consistent with the extended Kalman
filter in the condition of the white noise in the form. When
the cross-covariance term is zero, that is, the observation
noise is white noise, the formula is restored to the
extended Kalman filter under white noise.

5 Experimental results and
comparison

Considering the frequency offset, the following output
model is obtained.

v = AsinQ2rkfT + 2wk AT + )+C

In the above formula, f'is the fundamental frequency
of the power system, Af'is the offset of frequency based
on the fundamental frequency f, and T is the sampling
interval.

According to the formula for summation of angles,

y = Asin(2wkfT + 2k AfT) cos ¢
+Acos(2rkfT + 2wk AfT) sin p+C

It’s selected that x1=4f, x;=Acos@, x3=Asing, the
noise driving matrix I' is /, the state driving matrix is /,
Then the functional model is

X(k+1)=Xk)+ak)
Y(k+1) = X(k+1)]+v(k+1)

where, E[w(k)]=0, E[v(k)]=0, E[w(j)w (k)]=06k, E[v (j)
v '(k)]=R6i;, E[w (k)" (k)]=0, E[X(0)]=p.

Based on the above formulas, experimental
verification and comparison of results are made. When the
white noise is superimposed, the traditional extended
Kalman filtering method, the extended Kalman filtering
method under colored state noise and colored observation
noise are used respectively. The output waveforms as
shown in Figure 1. It can be seen that the three filter results
are basically the same, indicating the extended Kalman
filter under colored noise is also suitable when the noise
is white noise.

When the colored state noise is superimposed, the
traditional extended Kalman filtering method, the
extended Kalman filtering method under colored state
noise and colored observation noise are used respectively.
The output waveforms of the three methods as shown in
Figure 2. It can be seen that the waves of extended Kalman
filtering method under the colored state noise are
smoother and less error, and the filtering effect is better
than that of the traditional extended Kalman filtering
method.

When the colored observation noise is superimposed,
the traditional extended Kalman filtering method, the
extended Kalman filtering method under colored state
noise and colored observation noise are used respectively.
The output waveforms of the three methods as shown in
Figure 3. It can be seen that when the extended Kalman
filtering method under colored observation noise is

applied, the output waveform fluctuates less and is more
stable, which can confirm the effectiveness of the method.
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Figure 1. Comparison of output results of different filtering
methods when white noise is superimposed
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Figure 2. Comparison of output results of different filtering
methods when colored dynamic noise is superimposed

Output waveform AC componentfd

2
H

Current/A

1
2

3 10 20 30 40 50 60 70 80 90 100 110115
Sampling point

(a) The AC waveform of the EKF under white noise when

colored observation noise is superimposed

Output waveform DC component
1.

Current/A
2

10 20 gO :10 .I50 (ISO ;0 éO éO j 104
Sampling point
(b) The DC waveform of the EKF under white noise when

colored observation noise is superimposed

Output waveform

AC component™

o

Current/A

0 10 20 30 40 5 60 0 80 90 do0 110115

Sampling point
(c) The AC waveform of the EKF under colored observation
noise when colored observation noise is superimposed

Output waveform DC component "7

1.
1.H
<C H
g 09
O 03]
5 oA
O os]

05

0.

T T T T T T T T
0 10 20 30 40 50 60 70 80 90 102

Sampling point
(d) The DC waveform of the EKF under colored observation
noise when colored observation noise is superimposed
Figure 3. Comparison of output results of different filtering
methods when colored observation noise is superimposed

6 Conclusion

When the power system is in normal operation, the output
signals of the optical current transformer are mostly
nonlinear, and there are problems such as frequency
fluctuation and noise color. A large error may be caused
when the output signal is processed by the traditional
Kalman filtering method. In this paper, considering the
nonlinearity, frequency fluctuation, colored noise of the
system, a method of extended Kalman filtering in the
condition of colored noise applied to optical current
transformer signal processing is proposed.

In this paper, the output of different Kalman filtering
methods under various noise conditions is experimentally
compared. It is proved that the extended Kalman filtering
method in the condition of colored noise can be effectively
applied to nonlinear systems with colored noise. In the
condition of colored noise, the filtering effect of the
optical current transformer output signal is better than the
traditional Kalman filtering method. It can separate the
frequency components needed in the output signal with
high precision, make the output waveform more smooth,
reduce the filtering error, and improve the accuracy of
filtering.
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