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Abstract--Real time measurement of phasor angle is nowadays
required in modern power system purposes. For protection
applications of large grid-integrated wind farms, in particular,
accurate estimation of current angles may be utilized for fault
analysis, detection and location purposes. Severe transients, AC
amplitude decaying and significant DC-decay offset of fault
current contributed by the induction generators may
significantly affect the accuracy of real time phasor estimation
procedures. Those aspects are broadly investigated in this paper.
Different mathematical cores including Discrete Fourier
Transform (DFT), Kalman filtering and Least Squared (LS)
computational methods are considered in this study. Fault cases
are taken from a typical wind farm simulation with Matlab
package. The results provide a better understanding of the digital
phasor extractor performance in the real field.

Keywords: keywords. Wind Farm Protection, DFT, Kalman
Filtering, Least Squared error.

1. INTRODUCTION

HE impressive growth in the utilization of wind energy
has consequently spawned promising research activities
in a wide variety of technical fields. Moreover, the
increasing penetration of wind energy into conventional power
systems highlights several important issues such as reliability,
security, stability, power quality and protection applications.
Among the abovementioned issues, providing wind farms
with the proper protection is quite essential. The essential
benefits from the dedicated protection functions are to avoid
the possible local damage resulting from incident faults and
minimize the impact of these abnormal conditions on other
sound parts of the network. This consequently enhances the
reliability and dependability of the overall grid performance.
Wind farms are characterized with some unique features
during their normal and faulty operating conditions. Different
factors participate usually into these conditions such as the
distributed generation concept, the own behavior of the wind
generator and varying wind speed. Moreover, the dynamic
behavior of the wind generators during disturbances depends
mainly on their type and their associated control strategies [1].
The common type of the wind turbine generators that are
commercially available nowadays are permanent magnet
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synchronous generator (PMSG) and induction generator (IG).
The latter are the most preferable generator type nowadays for
driving wind turbines due to the uncontrollable characteristic
of wind speed.

During faults in wind farms, high DC-decay offset is
observed in the fault current due to the dynamic response of
the IGs accompanied with their time varying parameters. AC
amplitude decaying is remarked as well [2]. Under such
circumstances, there is a challenge to accurately identify the
fault current direction using the phasor angles. The current
direction can be utilized to estimate the faulty zone without
real communication channels, if it is accurately estimated.

Digital signal processing is widely applied in digital relays
in order to extract the fundamental phasors for protection
applications such as fault classification, overcurrent
protection, distance protection, differential protection, ground
fault detection and fault location. Among the most famous
algorithms for such purposes, DFT [3], [4], Kalman [5]-[8]
and Least square (LS) [9]-[11] arise as the most common ones.
In the literatures, such algorithms are evaluated in order to
overcome the DC-decaying component in the fault current.
However, the performance with AC amplitude decaying is not
assessed sufficient till present.

The objective of this paper is to evaluate the performance
of DFT, Kalman and LS for phasor extraction of fault currents
in wind farms. A practical example of Egyptian wind farm is
simulated in the Matlab package. This simulation is used to
take fault cases. Then, their phasors are extracted using the
aforementioned mathematical methods. For reasonable
comparison between them, the extracted phasors of known
digital signals are evaluated where this signal is designed to
contain AC amplitude decaying and DC-decay offset.

II. WIND FARM CONSTRUCTION AND PROTECTION OVERVIEW

A. Wind farm Construction

Fig. 1 shows a schematic diagram of a typical wind farm.
Nowadays, modern wind farms include 20 to 150 units with
typical size up-to 5 MW wind turbine-generator sets. Larger
rates with 7 and 10 MW will be available soon in the market.
The typical generator’s terminal voltage may range from 575
to 690 V with frequency of 50/60 Hz. The generator terminal
voltage is stepped up to the “Collector Bus” system with
typical voltage ranged from 22 to 34 kV. The step up
transformer is an oil cooled, pad mounted located at the base
of the wind turbine unit. Sometimes, the step up transformer is
mounted in the turbine nacelle (with dry ones). Certain
considerations should be applied for avoiding the harmonic
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Fig. 1 Typical wind farm construction with its protection zones.

effects. Usually some reactive power compensation units are
provided by a collection of switched capacitors. Finally, the
collected power is transferred to the utility side via an
interconnection step up transformer [1].

The two basic types of wind turbines used nowadays are
Fixed-Speed Wind Turbine (FSWT) and Variable-Speed Wind
Turbine (VSWT). Squirrel-cage induction generators work
normally within a limited wind speed range, which is one of
their main drawbacks in comparison with variable-speed ones.
Variable-speed wind turbines are mainly equipped with a
doubly-fed induction generators (DFIG) with variable
frequency excitation of the rotor circuit. The stator windings
are connected directly to the AC grid whereas the rotor
windings are coupled through a partial scale back-to-back
converter. The main advantage of DFIG wind turbines is their
ability to supply power at a constant voltage and frequency
while variations of the rotor speed. The concept of DFIG for
variable-speed wind turbine provides the possibility of
controlling the active and reactive power, which is a
significant advantage regarding grid integration.

B. Wind farm Protection

The wind farm protection system is usually divided into
different protection zones including the wind farm area, wind
farm collection system, wind farm interconnection system and
the utility area. First, the induction generator protection is
typically accomplished via the generator controlling system
covering some certain protection functions such as under/over
voltage, under/over frequency, and generator winding
temperature (RTDs). Whereas, the generator control system
does not contribute for the interconnecting system or the
utility zone [1].

The generator step up transformer is usually protected with
primary fuses. For those cases when the transformer is
mounted in the nacelle, a circuit breaker is integrated with
dedicated phase and ground time-overcurrent relays. The
collector feeder protection is simplified considering it as a

radial distribution feeder using overcurrent protection (50/51).
A basic challenge arises due to the distributed generators
connected together to the radial feeder in determining the
minimum faulty zone. That is in order to keep the remaining
sound parts of the farm supplying the power. On the other
hand, the protection of the wind farm substation collector bus
and main power transformer consists of multi-function
numerical relay system including main transformer differential
relay, transformer backup overcurrent relay, collector bus
differential relay and breaker failure relay [12]-[15].

Considering the utility area, different protection functions
may be used according to the voltage level and the considered
protection topology. Direct transfer trip scheme, line
differential relay, pilot protection, zones distance relaying,
over/under voltage protection, over/under frequency
protection, breaker failure protection, synchronous checking
and backup overcurrent protection can be used [1].
Communication system with dedicated SCADA is quite
important for wind farm operation. Nowadays, the data from
each wind generator control is transmitted via optic cables and
spread the substations for general control and monitoring
purposes. This provides an ideal situation for providing them
with an integrated monitoring and protection system.

Owing to the distributed generation topology (where the
utilized generation sets share a typical radial distribution
feeder), such networks raise their particular fault current
contribution. During normal power flow, the accumulated
current is incremented regularly towards the common coupling
point. Faults, on the other hand, disturb the normal current
distribution forcing the flowing currents beyond the fault point
to reverse their direction towards the fault point. Then, sensing
the fault current direction can be therefore utilized to pinpoint
the faulty segment along the faulty feeder. For achieving this
goal, realizing a dependable and accurate phasor estimation
computation may be essential.

III. MODELING ISSUES

A. Egyptian Wind Farm

A 425 MW wind farm was established in Al- Zaafarana,
220 south east of Cairo, Egypt and connected to the 220 kV
Egyptian grid. This promising area is distinctive with different
superior features such as an average annual wind speed of 9.5
m/s, and its excellent geographical and environmental

features. The farm was structured through seven stages of
30, 33, 30, 47, 85, 120 and 80 MW respectively. Except the
latter three stages, other ones are with fixed speed and variable
pitch operation. Currently, two further stages are being
constructed adding extra 240 MW to the farm. The fifth stage
is selected for the simulation purposes representing a typical
example for variable speed operations. The fifth stage consists
of 100 wind turbines (with a 850 KW DFIG units for each
turbine) providing a total power of 85MW. Fig. 2
demonstrates the distribution of the turbine units with seven
collecting feeders for the considered stage showing the
number of utilized turbine units for each feeder. Each wind
turbine-generator was represented explicitly in the simulation
using Simulink/Matlab with its full dynamic DFIG model.
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Fig. 2 Schematic of fifth stage of Al-Zaafarana wind farm.

Each wind turbine is connected to a 690V/22 KV local
step-up transformer and then integrated with the grid through
22/220 kV step-up transformers. The collecting feeder (7) was
considered for developing the required simulation examples
for this study.

When a 3-phase fault occurs, the crowbar will short circuit
the IG rotor circuit to protect the inverter against over-voltage.
When the crowbar circulatory is fired, the DFIG will act as a
squirrel cage IG which excitation is dependent on the grid.
The nominal wind speed was assigned to 9.5 m/sec (according
to the annual average wind speed in its corresponding
location), whereas the “cut-in” speed was assigned to be 4.5
m/sec. Further details for the utilized simulation platform are
available in [16].

B. Problem Clarification

Fig. 3 described the collector feeder current supported by
one of the generators and feeding for a three-phase fault case
occurred at the point of common coupling along feeder (7) of
the simulated fifth stage of Al-Zafarana farm. Turbines along
feeders 5, 6, and 7 are the sole contributors for the fault
current. After the fault occurrence, the DC-decay offset is
positive in phase-a and negative in phase-b while there is no
offset in phase-c. The other observation is that the AC
amplitude is decaying as very clear in phase-c.

For unsymmetrical faults, the transient behaviour of d-q
models representing electrical machines has not been
sufficiently verified up to now in almost all electromagnetic
programs. On the other hand, the performance of such d-q
representations for three phase faults was justified well.
Hence, considering three-phase fault is preferred for
investigating phasor measurements in a simulated network
including AC machines such as the example under study.

Fig. 3. The collector feeder current for three-phase fault occurred at the point
of common coupling at 1.260 s.

Furthermore, the three-phase fault can provide +ve, zero
and —ve dc decaying in the fault current which considers
various dc decaying and may represent the worst conditions
for phasor measurements.

IV. DIGITAL PHASOR EXTRACTOR CORES

In this section, three approaches are evaluated for
extracting the phasors of the current waveforms shown in Fig.
3. They are DFT, Kalman and LS as discussed in following.

A. DFT Computational Routine

Towards reducing the Fourier Transform computational
time, Fast Foureier Fransform (FFT) has been used. However,
the FFT pitfalls can be summarized as follows [17-18]. The
aliasing is alleviated by satisfying that the sampling frequency
must be greater than twice the highest frequency in the signal
to be analyzed. The leakage effect is avoided, when the
number of samples per cycle period of resolution frequency is
an integer. However, the picket fence effects are produced if
the waveform has frequencies are not integer multiples of
resolution frequency. Last condition is that waveforms must
be stationary and periodic.

Concerning the DFT algorithm for the phasor identification
it is important to underline that several algorithms have been
proposed. In particular, DFT-based algorithms can be grouped
into one-cycle DFT estimators, and fractional-cycle DFT
estimators performing recursive and non-recursive updates
[19-20]. The coefficients of Fourier Transforms are
determined by the inner product of input function being
transformed and one of the bases functions that are sines and
cosines of different frequencies. The voltage and current
phasors are tracked using a recursive Discrete Fourier
Transform (DFT). The recursive DFT is in the form [3]:

X, =X o +2(x(k) = x(k = N))sin(k€)/ N (1)
X e = X + 2(x(k) = x(k = N))cos(kO0)/ N (2)
X=X, +iX, A3)

rea mag

where x(.) is the discrete input samples of the voltage or
current at sample number k. X, Ximqe and X are the in-phase,
quadrature-phase and the phasor in complex, respectively. N is

the number of samples per the power cycle and §=27x/ N.
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Fig. 4 DFT Performance for extracting phasors of the current waveforms
shown in Fig. 3.

Fig. 4 shows the performance of the recursive DFT when it
is used for extracting the current waveforms shown in Fig. 3.
The DFT apparently succeeded to track the current amplitude
and angle changes. However, it is difficult to calculate the
phasor estimation error extracted by the DFT using the
waveforms from a detailed dynamic simulation.

B. Kalman Computational Routine

In [5], Kalman filter is used for timely tracking of phasors
of power system voltage and current waveforms and their
harmonics. The Kalman filter is based on a state space
approach, in which a state equation models the dynamics of
the signal process and an observation (measurement) equation
models the noisy observation signal. If input signal x(z) has
amplitude A4, frequency @, phase shift § and dc decaying of B
amplitude and 7time constant, it can be written as:

x(t) = Asin(wt + 0)+ Be 1T
= x_cos(wt) + x_ sin(wt) + x T (4)
1 2 3
where x1 = Asin(d), x2 = A cos(#) and x3 =B. It can be
described in the following state equations:
= +
Yot S0 Tk
1 L0 0% "
Xy =0 1 0 Xy + Wy (5)
0 0 1
X X w
3k +1 35k -3k

where w; allows the state variables to random walk (time
variation). The measurement equation would include the
signal and noise and it can be represented as:

Current Amplitude (A)

Current Angle (Deg)

b) Angle
Fig. 5 Kalman Performance for extracting the current phasors.
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where v, represents the error due to noise or un-modeled
harmonics. However, this Kalman derivation is only suitable
for input signal defined in eqn. (4) and therefore presented in
the state eqn. (5) and in the measurement eqn. (6). For on-line
application of Kalman approach, the aforementioned state
equations are solved using the steps mentioned in [5]-[8]. The
prediction of state is based on the samples available up to time
k and it can be expressed recursively as a linear combination
of the prediction based on the samples available up to time .-/
and innovation signal at time £. Not only describing the state
space equations but also selecting Kalman parameters is a
challenge for its accurate applications; for example, initial
process vector, noise variance and state variable covariance
matrix. In the current study, the default values for the Kalman
applications in power system transients are considered as
reported in [5].

By applying the Kalman algorithm on the current
waveforms shown in Fig. 3, the corresponding performance is
shown in Fig. 5. The Kalman performance is apparently
similar to the DFT performance shown previously in Fig. 4.

C. LS Computational Routine

Utilizing “Least Square Technique” (LS) for estimating
electrical phasors is based on curve fitting of the collected trail
of measured samples that are captured at evenly distributed
points in time over certain time window. As compared with
orthogonal algorithms, LS is distinctive with their ability to
reproduce the unknown decaying parameters in conjunction
with the periodical harmonic contents. Considering n



harmonic orders, the unknown time samples can be described
as a function of time as;

e(t) = K, e + Kosin(wpt+0,)+ .... + K,sin(nayt+6,) (7)

Using Taylor’s series, the exponential part (¢”) can be
expressed as,

—tlT t 1t
e =1-—
r 212
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Considering only the first three terms of the taylor’ terms,
Eqn. (7) can be rewritten as,

2

t 11¢
-K —+K ff+K2sin(a)0t+c91)+...+Knsin(m)0t+9n)

N=K
A=K =K 122

(€]
For a predetermined window length with m known
samples, the related signal can be then profiled as,

a1 Q12 a1(2n+3) e(ty)
az1 Az _|e(t) (10)
am1 am(2n+3) x2n+3) e(tm)

where a;j, az, ..... are computed according to the known
constants from eqn. (9), whereas xi, x,, ... are the unknowns
required to be estimated. Then the unknown vector [X] can be
directly computed each sample as:

[X] = ([a [a])" [a] [e] (1)

These resulting estimated unknowns can be then employed
to calculate the corresponding magnitudes and angles of the
selected harmonics in addition to the accompanied DC
component.

Fig. 6 shows the LS performance when it is used for
tracking the current waveforms shown in Fig. 3. The LS
performance is apparently similar to the DFT shown in Fig. 4
and to the Kalman shown in Fig. 5.

For the comparison point of view, Fig. 7 shows the
performance of the three approaches considering phase-a only.
There is a small difference between their performances.
However, it is difficult to decide which approach is the most
accurate one. To give an answer, the parameters of the input
signal should be known as discussed in the following section.

V. EXTRACTOR PERFORMANCE EVALUATION USING STATIC
INPUT SIGNAL

A static input signal is designed in order to evaluate the
performance of DFT, Kalman and LS. It is observed after the
fault instant in the waveforms shown in Fig 3 that there is DC-
decay offset and decaying in the AC amplitude. Therefore, the
designed waveform can be in the form:

A1 sin(ar + 91)

x(0) = —t/

(A2 +A3e

fort <t

f

T —tlt
l)sin(a)t+92)+A4e 2 fort>t

(12)
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Fig. 6 LS Performance for extracting the current phasors.

150,
<
,§1CO
<
B =
3
[0}
1.
Time (sec)
a) Amplitude
O ————T1 [ T [ — N E—
I I I I — DT
: : : ||k
OF ————9----- - To- - —--J= =1l j
I I I | [
I I I I
I I I I
§ BOp - - - -+ i e + - +--——4
I I I I
I I I I
I I I I
ET0 T - - - RN
I I I I
I I I I
I I I I I
150 I ! ! I I
12 125 13 1.35 14 1.45
Time (sec)
b) Angle

Fig. 7 Comparing the performance of the selected algorithms considering
phase-a current waveform.

In this signal, the reference amplitude is changed from 4,

—t/t
to (A2 + A3e 1y at the instant trwhile the angle is changed

from 6, to 0,. After this instant #; there is DC offset decay with
amplitude A4, and time constant 7,. Fig. 8 shows the
performance of the DFT, Kalman and LS considering an
assumption that the static signal parameters are 4; = 50, 4, =

100, 4; =250, 4,=200,0,=3n/4,0,=n/4, 7, =0.020 and
7, = 0.080. By comparing the performance with respect to the
reference amplitude and reference angle, the Kalman
algorithm is the best one where it is close to the reference
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Fig. 8 Comparing the performance of the selected algorithms considering
known reference.

amplitude and the reference angle within half cycle from the
disturbance instant. After this half cycle, the Kalman
performance is still better than the others. The prediction
behavior of Kalman filter provides better performance to
quickly track the signal transient. So, Kalman correctly define
the change within half-cycle. Including the time constant
parameter in Kalman derivation (as in Eqns. (4) to (6)) gives
the ability to overcome the effect of dc decaying on the phasor
extraction.

VI. CONCLUSIONS

During faults in wind farms, the fault current features are
suddenly increased with high DC offset decay and AC
amplitude decay. Such features provide errors during
extracting the current phasors. Three algorithms of DFT,
Kalman and LS have been evaluated for the phasor extraction
of current waveforms captured from a well prepared fault
cases from a detailed dynamic simulation of a real wind farm.
A 425 MW wind farm in Al-Zafarana-Egypt has been
considered as a simulated example. Apparently, the three
algorithms succeeded to extract the phasors. For deciding
which algorithm provides better performance, a static signal
input has been designed. The Kalman performance has been
found better than the DFT and LS. However, the
computational time in real time of each algorithm has been not
evaluated yet. This will be experimentally done using DSP
boards in a work to follow.

VII. APPENDIX

The data of the wind farm is as following.

- Nominal wind speed 9.5 m/s, cut-in wind speed 5.4 m/s

- 3 blades with diameter 58 m, swept area 2642.08 m” and rotor speed
rating range 14.06-30.08 rpm.

- DFIG Generator: 850 kW Asynchronous rated 690 V with speed

range 900-1900 rpm.

- Transformers: Farm transformer rating 0.69/22 kV, 5%, Delta/Star
earthed while the grid transformer 22/220 kV, 0.16, Delta/Star
earthed.

- Feeder parameters: + ve and zero sequence resistances 0.1153 and
0.413 Q/km, respectively. +ve and zero sequence inductances are
1.05 and 3.32 mH/km, respectively. + ve and zero sequence
capacitances 11.33e-009 5.01 nF/km, respectively.
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