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Abstract

With the development of smart grid, the accurate estimation of phasor measurement is increasingly significant to help
achieve the reliable transmission and distribution of power system. However, the power system frequency may
deviate from its nominal value and lead to estimation errors for the most traditional approaches. To perform the
accurate synchrophasor measurement, a technique based on adaptive linear neural network (ADALINE) is applied.
With the high frequency resolution of autoregressive model, the variation of power system frequency can be
effectively extracted. Through the testing results corresponding to different power quality disturbances, the total
vector errors of several uncertainty examinations for synchrophasor measurement in IEEE Std. C37.118.1-2011 can
be maintained in the permissible range.
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1. Introduction

The application of synchrophasors for the wide-area monitoring is one of important techniques in the
protection of power systems. In recent years, the estimation of synchrophasors has suffered from
interferences of power quality disturbances due to the widespread use of renewable generations and
development of microgrids. The power system frequency deviation, harmonics/interharmonics, power
quality events would lead to inaccuracy in the estimation of synchrophasors with the conventional fast
Fourier transform (FFT) based methods [1]-[3]. In this paper, a technique based on the adaptive linear
neural network (ADALINE) is applied to deal with this problem.

The ADALINE is an adaptive filter, which analyzes the power signals with the Fourier series. The
advantages of ADALINE over the conventional FFT are the computational efficiency with the recursive
mechanism and the capability to track the dynamic trends of power parameters [4]-[6]. However, the
estimation of conventional ADALINE would be deteriorated when the power system frequency deviation
and interharmonics are present [7]. This is because the decomposition model of ADALINE is still
dependent on the Fourier analysis bases. From this phenomenon, it is revealed that the estimation of
frequency is the most important task to the accurate synchrophasors. To improve such problem, an
autoregressive (AR) model is applied. With the high resolution for the frequency estimation, the AR
model can effectively detect the significant frequency components in a power signal. Since the AR model
can be easily implemented with the recursive mechanism, the analysis structure of ADALINE can be used.

With the information of significant frequency components obtained in the first stage, the
decomposition model of conventional ADALINE in the second stage can be remedied. In this way, the
estimation of synchrophasors (including magnitudes and phase angles) would not be interfered with the
power quality disturbances. To verify the performance of developed two-stage ADALINE synchrophasor
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estimator, the evaluation index of total vector error (TVE) and related testing requirements in IEEE Std.

C37.118.1-2011 are applied [8]. In addition, several power system simulations and actual field

measurements are performed to display the practicality and effectiveness of proposed synchrophasor

estimator.

With the developed synchrophasor estimator, the benefits can be obtained as follows.

1. Using the AR model to estimate the time-varying frequencies, the resampling process of
synchronization is not necessary.

2. The proposed two-stage ADALINE is not window-based technique, so no corrections or windowing
issues would be encountered.

3. The estimation results meet the compliance requirements in IEEE Std. C37.118.1-2011 and the
performance of proposed synchrophasor estimator would not be interfered with the power quality
disturbances.

2. Solution Mechanism of Two-Stage ADALINE

To perform the synchrophasor estimation from the power signal contaminated with power quality
disturbances, the signal under analysis can be generally represented in the discrete-time form, y(n), of
finite length N sampled at the time interval At by H sinusoidal components as

y(n>=hi:1 A, (n) cos(nay, (WAL + ¢, () (1)

where A, (n) is the time-varying amplitude, ¢, (n) is the time-varying phase angle, o, (n)=2xzhf (n) is
the time-varying harmonic radian frequency, and fi(n) is the time-varying power system frequency. After
obtaining the amplitude and phase angles, the hth harmonic phasor Y,(n) can be represented as

Y, (n) = (A, (n)/+/2)e® )

In order to evaluate the accuracy of phasor estimation, the TVE between the measured (MEAS) and
expected (IDEAL) phasors at a given instant of time n is introduced in IEEE Std. C37.118.1-2011 [8], as
given in (3).

TVE, (n) =100% [V s () =Y e (1)
h = .

3
|Yh_IDEAL (n)|
In the traditional ADALINE method, the signal model in (1) is further decomposed as
H
y(n) = X (A, (n)cos 4, (n) cos 27hf, (n)nAt — A (n)sin ¢, (n)sin 2zhf, (n)nAt)
=i (4)
H
= > (W,y,_, (n) cos 27hf, (N)nAt — w,, (n)sin 27zhf; (N)nAt)

h=1

where w,,1(n) and wn(n) are the weights of the ADALINE, which can be obtained with the gradient

decent approach in (5), where W(n) = [wy(n), Wip(n), ..., Wara(n), Wan(n)], x(n) = [cos2zfi(n)nAt,

sin2zfi(N)nAt, ..., cos2zHf;(N)NAt, sin2zHfy(n)nAt]", « is the learning rate of ADALINE, and e(n) is the

estimation error between the actual and measured signals at time instant n.
ae(n)x(n)

A+ X" (n)x(n)

Then, the amplitude and phase angle of hth harmonic phasor can be obtained with (6) and (7).

W(n+1) =W (n)+AW(n) =W (n)+ (5)

Wgh—l + Wgh (6)
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¢, =tan™ [Mj (7

However, the analysis in the above relationship of ADALINE is based on the assumption that the
power system frequency is fixed to its nominal value. Once the power system frequency deviation and
interharmonics are present, the estimation errors for the synchrophasors would be increased. To deal with
this problem, the two-stage ADALINE structure proposed by authors in [7] can be applied, as shown in
Fig. 1. According to relationship of autoregressive (AR) model, the sampled signal can be written with
linear prediction as [7]

aoy<n)=—%1amy<n—m):> éamym—m):o (®)

where coefficients a,,s are real numbers and M is the estimation order of AR model. If it is possible to
minimize the estimation error for each n, the actual data sample and the estimated one will be identical.
From [7], it is known that the coefficients a,s are related to the transfer function of AR model, as
expressed in (9).

a,z2" +az"*+L +a, ,z+a, =0 9)

where z, =" |k=1,2,K ,M , and f, is the harmonic frequency, which is not necessary to be the

integral multiple of power system frequency. Therefore, the AR model in (8) can be easily implemented
with ADALINE. Once the correct frequencies are obtained, the harmonic phasors can be accurately
calculated in the second stage of ADALINE.
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Fig. 1. Solution structure of two-stage ADALINE.

3. Performance Evaluation for Proposed Measurement Mechanism

To verify the performance of proposed two-stage ADALNE for the synchrophasor measurement,
several compliance tests listed in IEEE Std. C37.118.1-2011 are performed [8], as shown in Table 1. The
test results with conventional and proposed ADALINE methods are displayed in Fig. 2. From the
comparisons, it is found that the two-stage ADALINE method meets the accuracy requirements of
synchrophasor measurement. Due to the assumption of fixed nominal power system frequency in the
analysis model of conventional ADALINE, the estimation related to variations of frequencies in
conditions C1, C4, and C5 would result in larger estimation errors.
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Table 1. Compliance tests for synchrophasor in IEEE Std. C37.118.1-2011 [8]

Minimum range of influence quantity over which PMU
shall be within given TVE limit
Condition | Influence quantity Refejrle!icc P class M class
Range Max TVE Range Max TVE
4 (%) 2 (%)
Signal frequency Frominal +2.0Hz 1 +2.0 Hz for F<10 1
cl Tange—fgey (fo) + FJ5 for
- (test applied nominal 10<F,<25
+ deviation: fo = fu.,) + 5.0 Hz for F, 225
o Signal magnitude— 100% 80% to 120% 1 10% to 120% rated 1
- Voltage rated rated
3 Signal magnitude— 100% 10% to 200% 1 10% to 200% rated 1
Current rated rated
Phase angle with Constant +n radians 1 =n radians 1
4 | fin—/fo| <0.25Hz or slowly
varying
angle
o5 Harmonic distortion <0.2% 1%, each 1 10%, each harmonic up 1
(single harmonic) (THD) harmonic up to to 50th
50th
W Conventional ADALINE M Proposed ADALINE W Conventional ADALINE M Proposed ADALINE
3 25
® 20
r
15
B 37 5
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= c4 C5
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Fig. 2. Maximum TVE of compliance tests for (a) P class and (b) M class in IEEE Std. C37.118.1-2011.
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Fig. 3. Experimental setup for harmonic phasor estimation.

To realize the effectiveness of harmonic phasor estimation, a measurement system based on LabVIEW
and National Instruments (NI) CompactRI10 is established, as depicted in Fig. 3. A power signal in (10) is
synthesized by the arbitrary waveform generator and extracted through the analog-to-digital converter on
CompactRIO with sampling rate of 7680 Hz, which is the integer multiple of nominal power system
frequency. To examine the robustness of phasor estimation to the power quality disturbances, the power
system frequency is set to be deviated from 60 Hz to 59.7 Hz, and 3rd and 5th harmonics are included.

v(t) =sin(27 x59.7 +30°) + 0.3sin(3x 277 x59.7 +90°) +0.25in(5x 277 x 59.7 +150°) (10)

From the amplitude measurement in Fig. 4, it is found that there are slight influences on the estimated
amplitudes with the conventional ADALINE. This is because the power system frequency deviation only
introduces very small disturbances for weights in the calculation of amplitude in (6). In the proposed two-
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stage ADALINE, the effect of power system frequency deviation can be perfectly prevented. Due to the
fixed nominal power system frequency used in the analysis model of conventional ADALINE, the
estimated phase angles would rotate in the complex plane as illustrated in IEEE Std. C37.118.1-2011, as
displayed in Fig. 5 (a), even though the phase angles in (10) are fixed values. In this way, the difficulty of
phasor identification would lead to inconvenience in the related power system applications. On the
contrary, the phase angles can be accurately detected and maintained in the fixed state by using the
proposed solution mechanism, as represented in Fig. 5 (b).
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Fig. 4. The estimated amplitudes with (a) conventional ADALINE and (b) proposed two-stage ADALINE.
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Fig. 5. The estimated phase angles with (a) conventional ADALINE and (b) proposed two-stage ADALINE.

4. Conclusions

In this paper, the two-stage ADALINE has been applied for the measurement of harmonic
synchrophasors. With the high frequency resolution of AR model, the accurate frequency information for
each harmonic component can be obtained without the traditional synchronization mechanism in IEC Std.
61000-4-7 [9]. After feeding the extracted frequency information into the second stage of ADALINE, the
original structure could perform the synchrophasor measurement accurately. Different from the traditional
methods illustrated in IEEE Std. C37.118.1-2011, the estimated harmonic phasor with proposed two-stage
ADALINE would not rotate in the complex plane when the power system frequency deviates from the
nominal value. This is because variant phase angles would cause inconvenience for the identification of
direction of power flow, operation of protective relays, and interconnection of power grids. Therefore, the
proposed synchrophasor measurement mechanism would provide accurate estimation results for the wide-
area monitoring.
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