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A Novel Frequency Estimator for Protection

Applications in Active Distribution Networks
Yashasvi Bansal, Member, IEEE, and Ranjana Sodhi, Member, IEEE

Abstract—Frequency is a useful parameter for ensuring the
proper functioning of the power system operation, control, and
protection. In this paper, a fast and accurate Frequency Estimator
(FE) is developed using a zero-crossing and a peak, occurring in
the buffered data, unlike the commonly used two zero-crossings.
Prior to this, the signal is pre-processed using the Sliding
Goertzel Filter (SGF) that mitigates the impact of undesirable
features such as harmonics, noise, etc., from the signal. The
two FEs, with and without SGF, then work in tandem to form
the hybrid estimator and named as ZCPk-HFE. The estimated
frequency is chosen based on the minimum error computed from
the two parallel estimators. The performance of the estimator
is, then, validated using the simulated signals polluted with
harmonics, noise, transients etc. The paper also discusses the
protection-oriented applications of the proposed FE in Active
Distribution Network (ADN). Moreover, the evaluation results
with the real-time field data and the IEEE-13 ADN incorporated
with PhotoVoltaic (PV) using dSPACE1104 and Real Time Digital
Simulator (RTDS) show its capability to estimate the real-time
frequency with satisfactory output.

Index Terms—Distributed Generation, dSPACE1104, Real
Time Digital Simulator, Sliding Goertzel, Zero Crossing Detector

I. INTRODUCTION

The estimation of frequency is a well-defined problem in the

field of power systems, where the frequency value fluctuates

over a short allowable range due to continuous load variation

in the system. The problem of accurate frequency estimation

becomes further challenging when the estimation is done at

the distribution-level [1], where:

• the signal is corrupted with noise,

• the signal is polluted with various harmonics and inter-

harmonics,

• the signal encounters various power quality events such

as, phase jumps, voltage sags, etc.,

• the signal undergoes various kinds of dynamics due to

the ever-increasing integration of Distributed Genera-

tion (DGs) in electric distribution systems; transforming

the passive networks into Active Distribution Networks

(ADNs) or Microgrid (MG).

A MG can work in two operational modes viz., Grid-

connected mode and Standalone mode. To facilitate the seam-

less transition between the modes, frequency acts as a key

feature in the MG control scheme. IEEE Standard 1547 [2]
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suggests that the difference between MG and grid frequency

should not exceed 0.1 % during MG reconnection to the grid.

Although the frequency is permitted to deviate within the

allowable band in conformity with the National Electricity

Grid Codes, the continuous monitoring with a rapid response

is the pressing priority for applications such as fault detection

[3], load shedding, generator protection [4], islanding detection

[5], etc. Besides this, other frequency aimed fields are load-

frequency control, renewable energy control, and open-loop

based distribution-level Phasor Measurement Units (D-PMUs)

[6] that require prior frequency information for the parameter

estimation. It, therefore, becomes imperative to accurately

measure the signal frequency under the various distorted con-

ditions, i.e., noise, harmonics, frequency drift, phase jumps,

voltage sags, etc., that too in a fast manner.

In the literature, several methods have been documented,

among which Zero Crossing dependent Detector (ZCD) is the

most common and simplest frequency estimation technique

[7]. However, the technique gives large error when the actual

signal is contaminated with harmonics and noise. The limita-

tion associated with ZCD is resolved in [8] using Non-linear

Least Error Squares (NLES) algorithm. The sampled signal

is, at first, convoluted with the filter coefficients that provide

approximated frequency. Then, this frequency information and

cycle length are fed to NLES, which provides the final funda-

mental frequency. The method is computationally efficient and

maintains good accuracy during various steady and dynamic

conditions.

Another common class of algorithm is Frequency or Phase

Locked Loop (FLL or PLL) [9]–[11], which has turned into

cutting-edge technology for grid synchronization. Although

the PLL leads to undesirable frequency swings under faulty

conditions, it can be minimized by using the FLL concept. In

general, these are light to execute on a real-time processor,

but their output depends heavily on the parameter tuning

to provide an adequate trade-off between dynamic response

and precision. In [9], an elaborative comparative study is

performed for the various Orthogonal-Signal-Generator-based

PLLs (OSG-PLLs). The study uncovers the benefits and draw-

backs of various PLLs. In [10], a Frequency-Fixed SOGI

(FF-SOGI) based PLL is presented, and its performance is

found to be similar to the standard SOGI-PLL. Nonetheless,

the dynamic performance of the Second-Order Generalized

Integrator (SOGI)-PLLs/FLLs is improved in [11] using the

non-adaptive discrete-time FLL. Since the method is affected

by the presence of harmonics and DC-offset in the grid signal,

the cascaded discrete-time pre-filters are employed at the cost

of a poor dynamic performance.
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A Half-Cycle Fast Discrete Orthonormal

S-Transform-Based Protection-Class µPMU

Yashasvi Bansal , Student Member, IEEE, and Ranjana Sodhi , Member, IEEE

Abstract— This article proposes a novel, fast discrete ortho-
normal Stockwell transform (FDOST)-based protection-class
microphasor measurement unit (P-µPMU) algorithm. The pro-
posed algorithm provides very fast and high-resolution mea-
surements of the system state, which are then expected to
serve various active distribution networks (ADNs) protection
applications, e.g., islanding detection and fault detection. The
phasors are estimated from FDOST, utilizing the half-cycle
discrete Fourier transform (DFT). The two major concerns
of the half-cycle FDOST with respect to the response in the
presence of even harmonics and off-nominal frequency are
handled using the even harmonics filtration (EHF) and half-cycle
sample value adjustment (HC-SVA), respectively. Since both of
these techniques, namely, EHF and HC-SVA, require system
frequency as the input, a new peak and zero-crossing-based
hybrid frequency estimator (PZC-HFE) is also proposed in
this article. The performance of the proposed methodology is
evaluated for various simulated scenarios as per the IEEE Std.
C37.118.1a-2014, as well as in the hardware setup. The results
of the proposed P-µPMU algorithm are also compared with two
other methodologies, i.e., the Hilbert transform and convolution
based PMU (HTC-PMU) and two-cycle interpolated discrete
Fourier transform-based PMU (IpDFT-PMU) using the hardware
setup. The test results reveal the superiority of the proposed
P-µPMU algorithm over the compared methods in terms of
response time and the estimation accuracy.

Index Terms— dSPACE1104, fast discrete orthonormal Stock-
well transform (FDOST), frequency estimator FE, half-cycle
discrete Fourier transform (HC-DFT), microgrid, phasor mea-
surement unit (PMU), protection-class (P-class), real-time digital
simulator (RTDS), zero-crossing detector (ZCD).

I. INTRODUCTION

T
HE synchrophasor measurement units (PMUs)-based

wide-area monitoring, protection and control (WAMPAC)

system is quite mature at the transmission-level grid now [1].

Inspired from the immense benefits that this synchrophasor

technology inherits, researchers are now exploring the feasi-

bility of its usage at the distribution-level networks too [2].

The main motivation behind using such a technology at

the distribution level is the ever-increasing penetration of

Manuscript received September 20, 2019; revised January 21, 2020;
accepted March 2, 2020. Date of publication March 12, 2020; date of
current version August 11, 2020. This work was supported by FIST through
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Editor coordinating the review process was Ferdinanda Ponci. (Corresponding
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renewable sources (RSs) at low- or medium-low-voltage levels

of the grid, which, in turn, is giving rise to the active

distribution networks (ADNs). Needless to say that the RS has

helped in reducing the CO2 emissions, transmission losses,

and so on. However, their integration is also creating many

potential challenges for the operation, control, and protection

of the ADNs [3]. As an example, change in fault level,

intermittent nature of the RS, nuisance tripping of the circuit

breakers, relay miscoordination, reliability degradation due

to the polluted signals with harmonics, and so on are some

of the immediate issues for the ADN protection systems.

Some preliminary studies reveal that the abovementioned

protection-related issues can be well handled with the advent

of µPMU-based ADN protection schemes [4], [5].

There exist many protection-class (P-class) or protection

and measurement-class (P+M-class) PMU techniques in the

literature, which are broadly classified as the discrete Fourier

transform (DFT) and non-DFT-based methods. Many vari-

ants of DFT, such as interpolated discrete Fourier trans-

form (IpDFT) based [6], [7], the Clarke transformation-based

DFT (CT-DFT) [8], and quasi-positive-sequence DFT

(Qps-DFT) [9], have been reported in the literature to estimate

the phasor compatible with IEEE Std. C37.118.1a-2014 [10].

All these methods basically try to compensate for the spectral

leakage, which arises because of the off-nominal frequency

operation of the power system. The short-time Fourier trans-

form (SFT)-based approaches, such as in [11] and [12], have

also been reported, where the dynamic phasor estimation

is improved by blending the SFT with the Taylor series

derivatives but at the cost of the increased computational

burden.

The non-DFT-based approaches include methods, such as

in [13]–[17]. Affijulla and Tripathy [13] brought an idea

of dictionary-based phasor estimation for the phase-angle

estimation, least-square (LS) method utilizing the stored dic-

tionary matrices for the estimation of magnitude, frequency,

and the rate of change of frequency error (RFE). However,

the parameterization with the LS increases the complexity.

The other dynamic phasor estimation methods [14], [15] also

employed the LS approach. In [16], the fundamental compo-

nent is extracted using the Hilbert transform and convolution.

In [17], the phasors are estimated based on approxima-

tion of K th Taylor polynomial by means of the Taylor–

Kalman–Fourier filter. However, the coefficient determination

of the higher order polynomial model is computationally

heavy.

0018-9456 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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PMUs Enabled Tellegen’s Theorem-Based Fault

Identification Method for Unbalanced Active

Distribution Network Using RTDS
Yashasvi Bansal , Student Member, IEEE, and Ranjana Sodhi , Member, IEEE

Abstract—The correct identification of the fault in the distribu-
tion systems can help in the healing process, system restoration,
and thus lessen the duration of the outage. With the latest trend of
penetrating the DG with the distribution network, the conventional
fault identification (FI) methods become inappropriate for the
promising active distribution network. Hence, the FI methods in
the multisource, unbalanced, and weak distribution system is a
challenge. In this article, the entire network is divided into the
number of zones with each phase representing the two-port net-
work. Further, the adjoint network matrices are formed for each
of the two-port networks. The Tellegen’s theorem based on adjoint
circuit concept is then, used to identify the open-circuit section or
the faulted node in the network using the input and output port
information only. The voltage and current phasor information of
the ports are acquired from the phasor measurement units based
on the DFT. The methodology has been extensively verified on the
IEEE-13 and IEEE-34 bus distribution systems integrated with
the DGs, for all types of open and short circuit faults, with very
encouraging results, with the real-time digital simulator.

Index Terms—Active distribution network (ADN), fault
identification (FI), open and short-circuit faults, phasor
measurement unit (PMU), real-time digital simulation (RTDS),
Tellegen’s theorem.

I. INTRODUCTION

I
N THE recent years, with the growing energy demand and
attraction toward the renewable energy, the electric distri-

bution system is witnessing radical topological transformation.
The connection of the distributed energy resources in close
proximity to the load, has modified the configuration of the
distribution network from the single-ended source to a multiple
source system. This further impacts the magnitude and direction
of the fault current in the distribution network. Consequently, the
intrinsic complexities of active distribution networks (ADNs)
such as unbalanced structures, bidirectional power flow, the pres-
ence of laterals with distributed generators, multiended sources,
etc., inhibit the direct application of established fault location
approaches for the conventional radial distribution networks. In
order to improve the network resiliency, redundancy, and relia-
bility of the system, an efficient and accurate fault identification
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(FI) method is, thus, needed to speed up the restoration processes
and to reduce the customer interruption cost allied with the
outage.

Technical literature reports a number of fault detection tech-
niques that comprise of mainly model-based and data-driven
methods in ADNs [1]. Model-based methodologies entail a
comprehensive understanding of how the component works.
Recently in [2], the fault is identified based on the phase dif-
ferences between the positive sequence fault component of the
bus voltage and current feeders. In [3], the sequence Thevenin
equivalents of the sources are used with the voltage and current
measurements at the connection of DG unit to determine fault
section. The method assumes that digital fault recorders are fitted
to record three-phase voltage or current phasor data. However,
the technique requires fault contribution due to the DGs that
are affected by the current transformer (CT) saturation and
calculation errors. In [4], a communication-less method that
uses voltage magnitude to decide the relay operating time is
presented, whereas in [5], a communication-assisted method
was proposed, where overcurrent and undervoltage relays are
used for the purpose of fault detection in grid-connected and
islanded modes of distributed system, respectively. But, it re-
quires a backup protection in case of communication failure.
Moreover, [4] and [5] suffers from slow response against the fault
detection. In [6], transient monitoring function was measured
from the inverter output current as local variable. However, the
performance of the algorithm is dependent upon the moving
window length used for the current waveform, longer windows
improves the precision but reduce the speed and time response.

The data-driven methods are based on observing the data
regarding the system or discovering the relation among the
input and output state variables. Retrieving the current signal
measurements and then, preprocessing them through the wavelet
transform and decision tree was applied in [7] to identify the
fault. In such methods, usually it is hard to select correct wavelets
for specific mode. Another data mining-based differential pro-
tection method, which makes use of discrete fourier transform
(DFT) to extract differential features was presented in [8]. These
features are then used to build a decision tree for assessing the
fault status. Other data-oriented methods such as, support vector
machine [9], neural network [10], adaptive neuro-fuzzy infer-
ence system with artificial neural network-based [11] methods
have also been used by the researchers to identify the fault by
taking or transforming features as an input, and making out a
decision regarding the status of the system.

Within the context of phasor measurement unit (PMU)-based
fault detection, following works discuss about the possibility to
identify the faults for ADNs by means of PMU e.g. [12]–[17].
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