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Abstract—This paper describes a reference algorithm
specifically designed for PMU Calibration System. Contrary to
existing DFT-based and curve fitting-based methods, which use
a single signal model, the proposed algorithm applies an
adaptive mechanism, and switches signal models according to
specific signal input. Signals are modeled with parameters with
apparent and certain physical meaning, fundamentally avoiding
error magnification from derivative calculation for frequency
and rate of change of frequency estimation. Levenberg-
Marquardt algorithm is used for solving the signal parameters.
The test results show that the proposed algorithm has a much
higher accuracy than the requirements of IEEE standard
C37.118.1, and hence can serve as a reference algorithm in a
PMU Calibration System.

Index  Terms—Levenberg-Marquardt  algorithm, PMU
calibration system, reference synchrophasor algorithm,
synchrophasor estimation, power system measurements.

I. INTRODUCTION

Synchronized  phasor measurements and  phasor
measurement units (PMUSs) have grown to enhance wide-area
situational awareness, and have gained wide application in
modern power system worldwide. An efficient method of
estimating phasor using Discrete Fourier Transform (DFT)
was introduced in 1983 [1], and has gained prevalence thanks
to its high computational efficiency. The prototype of PMU
was built in Virginia Tech, and the first PMU device was built
by Macrodyne in 1992. So far, there are more than 1000
PMUs commissioned in the US electric power grid, creating a
complex wide-area measurement system. [2]

Multiple versions of IEEE standards have been proposed.
In 2011, the original IEEE standard was further revised, and
separated into two standards: IEEE C37.118.1-2011 [3] for
synchrophasor measurement, and IEEE C37.118.2-2011 [4],
for synchrophasor data transfer. In the new standard, a
dynamic synchrophasor model with broader scope was used.
The standard categorized the PMU into P-Class and M-Class,
and added the requirements for PMU dynamic tests. The
standards were amended by IEEE C37.118a-2014 [5] in 2014.

This work was supported by the Power Systems Engineering Research
Center (PSERC) Project T-57HI “Life-cycle management of mission-critical
systems through certification, commissioning, in-service maintenance,
remote testing, and risk assessment”

IEEE Synchrophasor Measurement Test Suite Specification [6]
was published in 2014 as an unambiguous guidance of PMU
testing.

Industry, academia and government are contributing to
synchrophasor development and PMU calibration systems
together. North America SynchroPhasor Initiative (NASPI) [7]
carried work under the auspices of the North America
Reliability Corporation (NERC), and has proposed several
guides for PMU testing and certification [8]. Funded by the
National Institute of Standard and Technology (NIST), DOE,
and DOC, SynchroMetrology Laboratory was established at
NIST in 2006, the static PMU Calibration System was built in
2008, and the dynamic PMU Calibration System is
constructed in 2009 [9]. Besides NIST, many universities and
institutes are developing PMU calibration systems and testing
laboratories [10]-[13].

A great number of papers have introduced synchrophasor
estimation methods in the past three decades. References [14]
and [15] proposed interpolated DFT method in frequency
domain by estimating the discrepancy between local maxima
and DFT bins. This method works only for static multi-
frequency signal. Reference [16] analyzed the spectral leakage
and averaging effect of DFT, concluding that frequency
domain methods cannot perform well if subject to dynamic
input. By introducing dynamic phasor model to improve
estimation accuracy, references [17] and [18] used Taylor
polynomials to fit dynamic signals in time domain, and then
calculate synchrophasor using fitting parameters. Time
domain methods essentially acknowledge the dynamic nature
of synchrophasor. The computational efficiency of this
method was improved in [13] by introducing Legendre
polynomials. Moreover, Model-based Kalman filter was used
for dynamic phasor estimation [19].

The aforementioned methods are capable of performing
well under certain test signals, but none of them can keep high
accuracy for all test signals, which is required in a PMU
calibration system. The algorithm that we propose in this
paper, however, takes into account each test signal property,
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and matches the model to the signal parameters for that case,
hence can achieve high accuracy for all test scenarios.

The rest of the paper is organized as follows, Section Il
reviews the structure of PMU calibration system that uses a
new PMU algorithm as a reference. Nonlinear regression
methods, especially Levenberg-Marquardt algorithm, are
introduced in Section Ill. In Section IV, a new reference
synchrophasor estimation method based on nonlinear
regression method is presented. Algorithm implementation
and test results are presented in Section V.

1. PMU CALIBRATION SYSTEM BASED ON
REFERENCE PMU

A. Requirement Specification of a Calibration System

A PMU Calibration System is a platform for testing and
calibration of PMU devices before their commissioning in a
power grid. Typically a PMU Calibration System consists of
the following subsystems: signal generation, timing reference,
PMU measurement receiver, PMU under test, synchrophasor
reference source, and result documentation. Structure of a
PMU Calibration system is shown in Fig. 1.

Although there are various ways to implement the PMU
Calibration System, the basic mechanism of PMU testing is
using the reference value to evaluate measurements from
PMU under test, and then by comparing reference values and
measurements according to the corresponding timestamps.
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Figure 1. Structure of a typical PMU Calibraiton System

B. Reference PMU

According to [7], based on the choice of reference values,
three methods can be applied to implement synchrophasor
reference source: Direct Measurement, Inference, and Transfer
Measurement. In Transfer Measurement method, a devices
with higher accuracy, typically with a test uncertainly ratio
(TUR) greater than 4, is utilized as the source of reference
values. In this paper, Transfer Measurement is adopted where
the Reference PMU algorithm serves as the synchrophasor
reference. The accuracy of Reference PMU can be achieved
by carefully choosing the correct hardware and implementing
high precision synchrophasor estimation methods. The inputs
and output of a Reference PMU are shown in Fig. 2.

When utilizing a Reference PMU, test scenario input can
be used to identify test signal input so that Reference PMU
can select the most suitable signal model and algorithm for
each input signals to achieve highest estimation accuracy. The
proposed algorithm is suitable for either offline or online

PMU testing as long as the input signal type is controlled and
known in advance.
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Figure 2. Input and Output of a typical Reference PMU

I11. NONLINEAR REGRESSION METHODS

In 2011, a dynamic synchrophasor model is proposed in
IEEE Standard C37.118-2011, as shown in (1).

x(t) = V2Xyms cosRufot + 21 [ Af (£)dt + @o) (1)

where instant phase angle @(t) = 2m [Af(t)dt + ¢, is
described as an offset from cosine wave at the nominal
frequency. From this definition, phase angle is an
accumulation of angular velocity deviation over time.

In our approach, power system signals, which are
combination of nonlinear trigonometric functions, can be
modeled by (2),

b= f(tx) 2

where b is the known data sample from one data window, t is
the unknown time vector corresponding to b, and x is the
unknown fitting parameter vector. f represents the model of
power system signals.

Solving (2) is essentially a nonlinear regression problem.
The objective function is given by (3),

minimize, SSR(x) ?3)
where SSR, or Sum of Squared Residue, is given by (4),
SSR(x) = [|[b = bope|, = [[b — b = £ (t, x0p0)||, (4)

where the subscript opt indicates optimized values to be
attained.

A common strategy of solving nonlinear regression
problems is to linearize (2) and then solve linear regression
problems instead, which is much less complicated. Typical
nonlinear regression methods include Gauss-Newton
Algorithm (GNA), method of gradient descent (also steepest
descent). GNA is not suitable for iteration when the initial
condition is far off from the actual value. This drawback can
be compensated by method of gradient descent. However,
gradient descent method shows a poor converging quality
around true value. Levenberg-Marquardt algorithm (LMA)
[20] uses a damping factor pLto adjust iteration increment to
find a trade-off between GNA and gradient descent method.
For a nonlinear equation (2), the increment of LMA is shown
in (3).

Ax® = [JOTO 4 M(i)diag(](i)T](i))]'l JOT[b — (£, xD)]
(®)



where J = 0f /0x is the Jacobian matrix.

The damping factor puis chosen to be a relatively large
value at the beginning of iteration, where the initial value
tends to be away from the real value. The iteration increment
is large, which is similar to gradient descent method, for a
fast approach of real value; then u decrease and LMA
becomes similar to GNA, in order to get more accurate result.

IV. SYNCHROPHASOR ALGORITHMS FOR REFERENCE PMU

The drawback of the existing curve fitting based, time
domain methods is that there is no physical meaning of the
fitting parameters. The quantities with physical meaning,
namely amplitude, phase angle, frequency, and rate of change
of frequency, are derived from the fitting parameters. As a
result, the input signal cannot be modeled in a way that the
model truly reflects the input signal. Moreover, usually the
frequency and rate of change of frequency (ROCOF) are
acquired by taking the derivative and second derivative of
phase angle, respectively. This process, however, magnifies
the error in phase angle estimation.

A general rule of thumb is, the more information about the
signal to be estimated can be acquired, the more accurate
estimation results can be expected. As stated above and shown
in Fig. 2, Test Scenario should be considered as a known
parameter to the PMU Calibration System. The algorithm
proposed in this paper employs the additional Test Scenario
input to identify the test signals, and apply respective signal
models for each scenario. Nonlinear least square method is
used to calculate fitting parameters in the models.

A. Procedure of Synchrophasor Estimation using Proposed
Algorithm
According to IEEE standards, a PMU has to be subjected
to static and dynamic tests. Details of the test types as well as

the corresponding power system scenarios are listed in Table 1.

Diagram of how the algorithm works as a reference algorithm
is shown in Fig. 3.

TABLE I. TEST SCENARIOS IN PMU TESTS

Test Types Power System Scenarios

Frequency deviation under
normal condition
Magnitude levels under
normal condition

Signal frequency range

Signal magnitude range

Static Normal condition featuring a
Tests Phase angle range slowly varying angle
Harmonic distortion Harmonic infiltration from
power electronic devices, etc.
. Testing PMU anti-aliasing
Out-of-band interference effectiveness
. . Amplitude oscillation, low
Amplitude modulation Frequency oscillation
; . Frequency oscillation
Dynamic !
}'/I'ests Phase modulation subsynchronous resonance

Frequency ramp Generator out-of-step

Input step change Faults in power grids

As shown in Fig.3, during a PMU test, the proposed
reference algorithm uses Test Scenario to identify input
signal and select corresponding signal model, which is

introduced in the following sections. Then LMA performs
nonlinear regression method to estimate model parameters.
The signal model is chosen in an optimized way so that the
most prior knowledge of input test signal is employed for
improved accuracy.
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Figure 3. Procedure of synchrophasor estimation with proposed algorithm

B. Model for Static Signals and Frequency Ramp Signals

In static and frequency ramp signals, the parameters of
particular interest are: root-mean-square value X,,,s, initial
angle ¢, instant frequency deviation from nominal frequency
Af), and rate of change of frequency (ROCOF) Ry.

x(t) = V2X, s cos(2mfyt + 2mAft + TR % + ¢, )(6)

where f, denotes nominal frequency. The corresponding
synchrophasor of signal in (6) is,

p(t) — ersej(szw TRt*+ @o) (7)

C. Model for Harmonic Distorted and Out-of-Band Signals

In signal with harmonic distortion model, an additional
harmonic term is added to (6). The harmonic signal is
modeled as a single frequency sinusoid.

x(t) = V2X, s cos(2nf0t + 2nAft + 71'th2 + (po) +

‘/Eers,har COS(Zﬂkat + ZHkAfhart + §00,har) (8)

where k represents the order of harmonic, subscript =,
denotes the parameters for harmonic signal.

The corresponding synchrophasor for (8) is the same as
(7), since harmonic signal is not taken into consideration in
synchrophasor model.

The out-of-band (OOB) test signals can also be
considered as a signal harmonic input. IEEE standard requires
that the PMU can withstand harmonics from 2" order to 50"
order, and OOB signal from passband to 2" harmonics. [5]

D. Model for Modulation Signals

IEEE standard [5] specifies two types of modulation tests,
amplitude modulation and frequency/phase modulation.
Modulation parameters are added to (6).

x(t) = V2Xyms[1 + kypy cosRrft)]
cos[2mfyt + 2mAft + kycosnfpt — ) + @0l (9)

where k,, is the amplitude modulation level, k, is the
frequency modulation level, f;, is modulation frequency.

The corresponding synchrophasor model for (9) is,



P(t) = Xpms[1 + ki cos(2m ft)]
ej(ZnAft+kacos(2nfmt—rr)+ ®0) (10)
Note that frequency deviation Af is added to take into
account the frequency error of signal generator. Frequency of
(9) is the first derivative of the phase angle,
f(O) = -0 = Af — frkgsin@ufut =) (11)

2m dt

ROCOF of (9) is calculated by taking the derivative of
(11),

By = O _ g2k cos(anft - )

" (12)

E. Model for Input Step Signals

Input step test signals can be considered as a
concatenation of two steady state sinusoids. Therefore the
model in (6) is used.

However, input step tests focus on evaluating the response
time and delay time of the algorithm, rather than the
estimation accuracy. Hence, a Reference PMU should be able
to accurately detect and locate the moment of a step change.
Since the transition time of an algorithm is usually equal to
the length of data used for estimation, shorter data window
(preferably shorter than one cycle) should be used. To
compensate the loss of available data, higher sampling rate
should be utilized.

V. ALGORITHM IMPLEMENTATION AND TESTING

A. Reference PMU Setup

The Reference PMU implementation at Texas A&M
University is based on National Instruments PXI platform,
which is composed of a 2.0GHz dual-core embedded
controller, analog acquisition card, and a timing card capable
of decoding IRIG-B signal. Timing signal is provided by
Symmetricom clock. Software for reference PMU, including
users’ interface, reference algorithms, and hardware
configuration codes, is written in National Instruments
LabVIEW. The hardware system is shown in Fig. 4.

Figure 4. Reference PMU Test System at Texas A&M University

B. Iteration Flowchart

As introduced in Section Ill and 1V, the proposed
synchrophasor reference algorithm utilizes different nonlinear
signal models for respective input signals. As a result, LMA

is needed to acquire the model parameters. LMA requires
iteration and initial values input of fitting parameter vector Xx,
as in (2), and damping factor p as in (5). Flowchart of
iteration process is shown in Fig. 5.

C. Test Conditions

While test signals specified in [6] are used, two set of
tests are performed to evaluate the accuracy of the proposed
reference algorithm. The first set of tests is theoretical
simulation tests, where the algorithm is tested under
theoretical input in LabVIEW. The second set of tests is
implementation test, where white Gaussian noise (WGN) is
added to the theoretical signal to simulate the effect of
digitization and sampling noise. An effective-number-of-bits
(ENOB) of 14-bit is chosen to represent the actual 16-bit
ADC resolution, which is equivalent to a signal-to-noise ratio
of 70dB WGN [18]. Sampling noise is modeled according to
[21].
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Figure 5. Flowchart of Reference Algorithm

In the theoretical simulation test, the following test
scenarios are considered: steady-state tests, harmonic test,
out-of-band test, frequency ramp test, modulation test. The
signal models are chosen according to Section IV.

For the implementation test, same test scenarios are used
as the theoretical simulation tests. However, white Gaussian
noise is added to the input signals.

D. Theoretical Simulation Test Results

As is shown in Table 11, the proposed reference algorithm
presents high accuracy in typical tests specified in IEEE
standards. Since frequency and ROCOF are specifically
modeled, they can present the same accuracy level as
amplitude and angle estimation, which cannot be achieved by
traditional algorithms. Note that the algorithm is designed to
comply with requirements for M-class PMU, but for



Harmonic and OOB tests, only P-class ROCOF requirements
are available so far.

E.

Implementation Test Results
As is shown in Table IllI, the proposed reference

(1]

REFERENCES

A. G. Phadke, J. S. Thorp, and M. G. Adamiak, "A new measurement
technique for tracking voltage phasors, local system frequency, and rate
of change of frequency," IEEE Trans. Power Apparatus and Systems,
vol. 102, pp. 1025-1038, May 1983

algorithm can remain adequate accuracy for PMU Calibration  [2]. NASPI. (2014, Mar.). PMUs and synchrophasor data flows in North
System. Thanks to customized modeling of input signal, Ame_rica. [Online].  Available:  https://www.smartgrid.gov/files/
frequency and ROCOF estimation exhibits high accuracy. For -~ et gmudda(;afﬂogvs fhap §01403'\2A5-Ddf o Power S
modulation test, ROCOF is not modeled as unknown [ tandard for Synchrophasors Measurements for Power Systems,
hus it i cul i h L f IEEE Std. C37.118.1-2011, Dec. 2011
parameter, thus It Is calcu at_ed k_)y taking the de_”Yat'VG O [4]. IEEE Standard for Synchrophasors Data Transfer for Power Systems,
frequency, and this is how estimation error is magnified. IEEE Std. C37.118.2-2011, Dec. 2011
[5]. IEEE Standard for Synchrophasor Measurements for Power Systems,
TABLE II. ALGORITHM ACCURACY IN THEORETICAL SIMULATION Amendment 1: Modification of Selected Performance Requirements,
TESTS IEEE Std. C37.118.1a-2014, Mar. 2014
[6]. A. Goldstein, et al., IEEE Synchrophasor Measurement Test Suite
Test Type TVE/IEEE Frequency/IEEE ROCOF/IEEE Specification. New York: IEEE, 2014
(%6) (Hz) (Hzls) [7]. US Department of Energy. (2012, Jun.). Summary of the North
Steady-state 1059%/1% 10°5/0.005 10501 American SynchroPhasor Initiative (NASPI) Activity Area. [Online].
test_ - - - Available: http://energy.gov/sites/prod/files/North%20American%20
Harmonic test 10°%/1% 10~/0.005 2>10"/0.4 (P) Synchrophasor%20Initiative%20%28NASP1%29%20Program%20Facts
OOB test 10°%/1.3% 10°/0.005 2x10°/0.4 (P) heet.pdf
Frequency 5510%/1% 5x10°4/0.01 310°5/0.2 [8]. M. l_(e_zur]ovic, et gl. (2013,_ Oct.). Report of Task !:orce on Testing and
ramp test Certification. [Online]. Avaiable: https://www.naspi.org/documents
Modulation 50/ 120 -6 3 [9]. Y. Tang, G. N. Stenbakken, and A. Goldstein, "Calibration of phasor
test 5>107%/3% 2-107/0.06 10772 measurement unit at NIST,” IEEE Trans. Instrumentation and
Measurement, vol. 62, no.6, pp.1417-1422, Jun. 2013
TABLE lll.  ALGORITHM ACCURACY IN IMPLEMENTATION TESTS [10]. Fluke Corporation (2013, Dec.). Fluke Calibration 6135A/PMUCAL
Phasor Measurement Unit Calibration System Keeps Smart Grid
Test Type TVE/IEEE | Frequency/IEEE | ROCOF/IEEE Running. [Online]. Available: http://us.flukecal.com/literature/press-
(%) (Hz) (Hzls) releases/fluke-calibration-6135apmucal-phasor-measurement-unit-
Steady-state 0110 -4 calibration-system-k
test 0.01%/1% 0.0004/0.005 5-107/01 [11]. P. Chen, Y. Dong, V. Malbasa, and M. Kezunovic, "Uncertainty of
Harmonic test | 0.01%/1% 0.002/0.005 10%/0.4 (P) measurement error in intelligent electronic devices," PES General
OOB test 0.01%/1% 0.002/0.005 103/0.4 (P) Meeting | Conference & Exposition, 2014 IEEE , vol., no., pp.1-5, 27-31
Frequency 4 July 2014
ramp test 0.04%/1% 0.002/0.01 4>407/0.2 [12]. R. M. Moraes, H. A. R. Volskis, and Y. Hu, "Deploying a large-scale
Modulation PMU system for the Brazilian interconnected power system," Electric
test 0.09%/3% 0.012/0.06 0.212 Utility Deregulation and Restructuring and Power Technologies, 2008.

VI. CONCLUSION
In this paper, a reference synchrophasor algorithm for

PMU Calibration System is presented. The conclusions are as
follows.

Input test signals are modeled with parameters with
specific physical meaning for accurate description of test
signals.

Test scenario is used as an additional known input to
identify and switch respective signal models, so that higher
estimation accuracy can be achieved.
Levenberg-Marquardt algorithm is adopted to perform
nonlinear parameter estimation. The proposed algorithm is
tested against an algorithm provided in the IEEE standard.
Test results show high accuracy of the proposed algorithm.
Differentiation of phase angles, which magnifies angle
estimation error, is avoided during frequency and ROCOF
estimation. Hence, higher accuracy of frequency and
ROCOF estimation is achieved.

The proposed algorithm requires prior knowledge of test
scenario and employs iteration method, which can be used
in a PMU Calibration System for online/offline PMU
testing with controlled signal input.

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

DRPT 2008. Third International Conference on, vol., no., pp.143-149,
6-9 April 2008

C. Qian, T. Bi, J. Li, H. Liu, and Z. Liu, "Synchrophasor estimation
algorithm using Legendre polynomials,” PES General Meeting |
Conference & Exposition, 2014 IEEE, vol., no., pp.1-5, 27-31 July 2014.
T. Grandke. “Interpolation Algorithms for Discrete Fourier Transforms
of Weighted Signals,” IEEE Trans. Instrumentation and Measurement,
vol.32, no.2, pp.350-35, Jun. 1983.

G. Barchi, D. Macii, D. Belega, and D. Petri. “Fast Synchrophasor
Estimation by Means of Frequency-Domain and Time-Domain
Algorithms,” IEEE Trans. Instrumentation and Measurement, vol.63,
no.2, pp.388-401, Feb. 2014.

T. Bi, H. Liu, Q. Feng, C. Qian, and Y. Liu, "Dynamic Phasor Model-
Based Synchrophasor Estimation Algorithm for M-Class PMU," IEEE
Trans. Power Delivery, vol.30, no.3, pp.1162-1171, June 2015.

J. Ren, and M. Kezunovic, "An Adaptive Phasor Estimator for Power
System Waveforms Containing Transients,” |EEE Trans. Power
Delivery, vol.27, no.2, pp.735,745, April 2012.

J. de la O Serna. “Dynamic Phasor Estimates for Power System
Oscillations,” IEEE Trans. Instrumentation and Measurement, vol.56,
no.5, pp.1648-1657, Oct. 2007.

A. M. Stankovic, H. Lev-Ari, and M. M. Perisic, “Analysis and
implementation of model-based linear estimation of dynamic phasors,”
IEEE Trans. Power System, vol.19, no.4, pp.1903-1910, Nov. 2004

C.T. Kelley. (1999), lterative Method for Optimization. [Online].
Auvailable: https://www.siam.org/books/textbooks/fr18_book.pdf
National Instruments. (2005, May). NI 6122/6123 Specifications.
[Online]. Available: http://www.ni.com/pdf/manuals/371396b.pdf.


https://www.smartgrid.gov/files/%20naspi_pmu_data_flows_map_20140325.pdf
https://www.smartgrid.gov/files/%20naspi_pmu_data_flows_map_20140325.pdf
http://energy.gov/sites/prod/files/North%20American%20%20Synchrophasor%20Initiative%20%28NASPI%29%20Program%20Factsheet.pdf
http://energy.gov/sites/prod/files/North%20American%20%20Synchrophasor%20Initiative%20%28NASPI%29%20Program%20Factsheet.pdf
http://energy.gov/sites/prod/files/North%20American%20%20Synchrophasor%20Initiative%20%28NASPI%29%20Program%20Factsheet.pdf
https://www.naspi.org/documents
http://us.flukecal.com/literature/press-releases/fluke-calibration-6135apmucal-phasor-measurement-unit-calibration-system-k
http://us.flukecal.com/literature/press-releases/fluke-calibration-6135apmucal-phasor-measurement-unit-calibration-system-k
http://us.flukecal.com/literature/press-releases/fluke-calibration-6135apmucal-phasor-measurement-unit-calibration-system-k

