Energies 2015, 8, 79-93; doi:10.3390/en8010079

([ ]
energies
ISSN 1996-1073
www.mdpi.com/journal/energies

Article

Real-Time Estimation of Power System Frequency Using
a Three-Level Discrete Fourier Transform Method

Soon-Ryul Nam *, Seung-Hwa Kang and Sang-Hee Kang

Department of Electrical Engineering, Myongji University, Yongin 449-728, Korea;
E-Mails: melenp@naver.com (S.-H.K.); shkang@mju.ac.kr (S.-H.K.)

*  Author to whom correspondence should be addressed; E-Mail: ptsouth@mju.ac.kr;
Tel.: +82-31-330-6361; Fax: +82-31-330-6816.

Academic Editor: Chris Bingham

Received: 21 October 2014/ Accepted: 17 December 2014 / Published: 24 December 2014

Abstract: This paper proposes a three-level discrete Fourier transform (DFT) method to
provide an accurate estimate of power system frequency in real time. The first level
decomposes a power system signal into two orthogonal cosine- and sine-filtered signals.
The second and third levels are used to determine the amplitude ratio of the cosine- and
sine-filtered signals without encountering the zero-crossing problem and with an increase
in ability to suppress harmonics and inter-harmonics. The performance of the three-level
DFT method is evaluated using computer-simulated signals with harmonics and
inter-harmonics. The three-level DFT method is also implemented on a digital signal
processor (DSP)-based hardware prototype, and its performance in the hardware
implementation is evaluated using a real-time digital simulator (RTDS). The evaluation
results show that the three-level DFT method can achieve real-time estimation of power
system frequency with satisfactory performance.

Keywords: amplitude ratio; power system frequency; hardware implementation;
real-time estimation; three-level discrete Fourier transform; zero-crossing problem

1. Introduction

The frequency is one of the most important quantities in the operation of power systems, and its
deviation is a good indicator of abnormal operating conditions. Therefore, estimation of the power system
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frequency is an important task in the monitoring, protection and control of power systems. In particular,
accurate estimation of the power system frequency in real time is a prerequisite for rapid-response
applications, including load shedding, generator protection, and renewable energy control [1-3].
Although the power system frequency may deviate from the nominal value due to unexpected system
disturbances, the transient response of rapid-response applications should be no longer than four to five
power system frequency cycles [1].

The zero-crossing method is one of the simplest ways to estimate the power system frequency, and
involves measuring the time interval between consecutive zero crossings of a power system signal [4].
However, measured signals in real power systems typically contain harmonic distortions, which may
introduce significant errors when using the zero-crossing method. To address with this problem, a
variety of approaches have been proposed over the past couple of decades, including orthogonal [1,5-13],
modified zero-crossing [6,14], phase-locked loop [15-17], Kalman filtering [18-21], adaptive
filtering [22-26], least error square [21,27-32], neural network [33,34], Newton-algorithm [35-38],
Prony [1,10], and wavelet approaches [39—41]. Orthogonal approaches have attracted widespread
attention for real-time use, due to their estimation accuracy and ease of implementation. Demodulation
methods [5-7], finite impulse response (FIR) filter-based methods [1,8—10], and discrete Fourier
transform (DFT)-based methods [11-13] are orthogonal approaches. Although these methods suppress
harmonics and inter-harmonics effectively, most of them have certain limitations. In exceptional cases,
some methods, such as those described in [12,13], can increase their ability to suppress harmonics at
the cost of ease of implementation. When greater ability to suppress harmonics is required, the
implementations increase in complexity and it becomes more difficult to complete real-time estimation
of the power system frequency within the required DSP timer-interrupt interval. Consequently, depending
on the required ability level, these methods can become impractical for real-time applications.

In this paper we propose a three-level DFT method for real-time and accurate estimation of the
power system frequency. Triple use of DFTs allows accurate frequency estimation with a particular
increase in ability to suppress harmonics and inter-harmonics. Although the three-level DFT method
leads to an additional two-cycle delay compared with other DFT-based orthogonal approaches, it is
fast enough for rapid-response applications where the delay should be no more than five cycles in total.
Evaluation results confirm the efficiency and validity of the three-level DFT method to achieve
real-time estimation of the power system frequency.

The remainder of this paper is organized as follows: frequency estimation using the three-level DFT
method is formulated in Section 2, and the performance is evaluated in Section 3 using both computer
simulations and a digital signal processor (DSP)-based hardware implementation. Conclusions are
drawn in Section 4.

2. Frequency Estimation

Assuming that a power system signal has a purely sinusoidal waveform with an amplitude 4 , power
system frequency f, and phase 0, it can be described in discrete time steps as:

f n
x(n) = A-cos(2n—7+9) (1

0 0

where fo is the nominal frequency and No is the number of samples per cycle at fo. The power system
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signal can be decomposed into two orthogonal signals via DFT, using cosine and sine filters.
The coefficients of the cosine filter in the DFT are:

2 n o w
Hc(”)=FCOS(2nV+_) n=0,---,N,—1 2)

0 0 0

The amplitude and phase response of the cosine filter can be found from the unilateral Z-transform
of Equation (2):

cos(Nl) sin(i ff) sin(m i)

4 0 NO 0 fO
| He(f) = —- (3)
No o cos(ZE Ly cos(ZM
0 fO 0
AHc(f)=n—n¥fi (4)

Applying Equations (3) and (4) to x(n) in Equation (1) yields a cosine-filtered signal of the
first-level DFT:

%) = A -cos(2nL L +0,) )

0 0

where Ac = A|Hc(f)| and 0, =0+ ZH.(f). Note that Ac and Oc depend on the power system
frequency. Similarly, the coefficients of the sine filter in the DFT are:
2

.27 T
Hy(n)=——sin(~—n+-—) n=0,---, N, -1
s (1) N, (No No) 0 (6)

The amplitude and phase response of the sine filter can be also found from the unilateral
Z-transform of Equation (6):

. T T f. . f

sin(—) cos(— ~—) sin(m~—

4 Ny Ny fo fo
| Hy(f) | —- 7
No o eos(ZE Ly _cos(2M 2

NO fO NO
-1

éHs(f)=%ﬂ—nN]°v—fi ®)

Applying Equations (7) and (8) to x(n) in Equation (1) yields a sine-filtered signal of the
first-level DFT:

f n
xg(n) = A -COS(2TE—N— +05) )]

0 0

where Ag=A-|H¢(f)| and 0, =0+ ZH (f). The relation between 0. and 0 can be found from
Equations (4) and (8) as:

Oy =0,-— (10)
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and applying this relation to Equation (9) yields the following expression:

xg(n) = A -sin(znfiNiwc) (11

0 0

The amplitude ratio of A to 4, can be determined from Equations (3) and (7) as follows:

e _[H (D] Ny fy )
A THDl (™
NO
From this, the power system frequency can be determined using:
Ny . n . A
= f,—tan | tan(—)—
=5 " ( (NO)AS (13)

As can be seen from Equation (13), the amplitude ratio should be known prior to determining the
power system frequency. To determine this amplitude ratio, a second-level DFT is applied to the

output signals of the first-level DFT, as shown in Figure 1.

| Power System Signal || First- level DFT [l Second- level DFT >l Third- level DFT |
" n
; V"'gccc)

f Xece(m) = Ageercos(2m —
: n 0 0
xc(n)= Ac-cos(me—OFO +0.) F Xee(n)= ACC.cos(ZH%OFOJr Op0) { -

9 n
Xecs (M) = A SIN27T-—+ Opc)
o Mo

x(n)=A- cos(Zn'L.L +0)
Jo Ny fon
Xgse () = Ageer COS(Z”'*F +0ccc)

xs(n):AS-sin(Zﬂ%NlJrﬁc) - xss(n)ASS-COS(ZEJJ:NnJrBCC){ 0 Mo

0 0 0 0

. n
Xgo5(1) = Ay sin(2 L +6ccc)
o Ny

4 Ly Ac= A‘Hc(f)‘ N Acc = A(“Hc(f)‘ _’Ac(‘c = A(‘ ‘HL(/),‘Z ACCS = AC‘H((f)HHs(f)‘
As = A‘Hs(f)‘ Ass = As‘Hs(f)‘ Asss = As‘Hs(f)" Assc = A?‘H(‘(f)HHs(f)‘
| 0 H 0C20+4Hc(f) H 9(‘(‘:9C+4‘H(‘(f)‘ H GCCCZGCJrZZ‘Hc(f)‘ |

Figure 1. Amplitude and phase relations of the output signals in the three-level DFT method.

The second-level DFT provides four output signals, including x.-(n), which is obtained from

applying a second cosine filter to Equation (5):

Xee(n) = Aee -COS(ZniNL +0cc) (14)

0 0
where Ao =Ac|He(f)] and 0. =0, +ZH.(f). Similarly, xg,(n) can be obtained from applying

a second sine filter to Equation (11):

xgs(n) = Agg .COS(zninNLO +0cc) (15)

where Age = Ag-| Hg(f)|. The amplitude ratio can be determined using Equations (14) and (15):
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\/xcc(n):\/Ac-ch(f)lz\/Az:i (16)
X5 (1) Ag | Hs(f)] A5 A

Since Xg(7) has an instantaneous value, the zero-crossing problem introduces considerable errors

into the calculation of the amplitude ratio. These errors may be magnified when Xxg(n) has an

instantaneous value near to a zero crossing, due to the resolution of the hardware implementation.

To overcome this problem, a third-level DFT is applied to the output signals of the second-level
DFT. The output signals of the third-level DFT, x..-(n) and x..(n), are obtained from applying

cosine and sine filters to x..(n) , respectively:

_ S on
Xece(n) = Acee .COS(zn_ON_O +0ccc) (17)

where Acee = Acr|Ho(f) P and Ope =0p +2£Hc(f) , and:

. n
Xees(M) = Aeeg 'Sm(QRLN— +0ccc) (18)

0 0

where Apeg = Ao |Ho(f) || Hg(f)|. Similarly, xgo-(n) and Xxg(n) are obtained from applying

cosine and sine filters to x4 (n), respectively:

n
Xgse(n) = Agge COS(2T[L— +0ccc) (19)
o Ny
where Aggc = s'|Hc(f)|'|Hs(f)|, and:
. n
Xg55(n) = Aggg .Sm(2n%oﬁo +0ccc) (20)

where Ay = Ag-|Ho(f)[* . Since x.0g(n) and xg-(n) are equal to xqg-(n) and x g (n) ,
respectively, xg(n) does not need to be obtained from the second-level DFT. For a similar reason,
Xg-(n) does not need to be obtained from the second-level DFT. To overcome the zero-crossing
problem that occurred in Equation (16), the pseudo amplitude of x-(n) is estimated using X (7)

and X (1) :

V¥ (n) + s (m) =Ac| Ho(f) | <M (n) 1)
where
_ 2 2 il 2 2 LL
M(”)—\/’ H.(f)]" cos (Znnfo N, +0cce)H | Hg(f) ] sin (Znnfg N, +0ccc)

Similarly, the pseudo amplitude of x¢(7) is estimated using X¢g-(77) and x5(7):

Ve )+ xss(m) = Ag | H(f) | xM (n) 22)
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Finally, the amplitude ratio can be determined using Equations (21) and (22) as:

‘i/xécc(”)"‘xécs(”) :\/Ac | Ho(f) [xM(n) =\/£=i 23)
Xise(M) +x555(n)  \ Ag |[Hg(f) |xM(n) | 45 Aq

It should be noted that the pseudo amplitude in Equation (22) has a value far from zero, even though
it may have an instantaneous value that depends on M(n). It follows that we can avoid the
zero-crossing problem by using the expression in Equation (23). Substituting Equation (23) into
Equation (13) yields the following estimate of the power system frequency:

_ N L Xoee(n) + x¢cs(n)
f=5 _tan [tan( N ) \/ J (24)

2 2
0 Xgge(n) + x5g5(n)

3. Performance Evaluation
3.1. Computer Simulations

To evaluate the performance of the three-level DFT method, the results were compared with those
obtained using the Prony method [1], which is one of the most commonly used orthogonal approaches
to estimate the power system frequency. The Prony method estimates the power system frequency by
applying Prony analysis to a sine-filtered signal:

M-1

N, ) ;{xs(m—l)erS(erl)}z
fZZ—COS (= ) (25)
" 23 g (m)- {xg (m—1) +xg (m+1)}

where M is the total number of sine-filtered samples used to calculate the best estimate of the power
system frequency. Considering that the three-level DFT method requires three cycles, here we also
used the Prony method with the same amount of samples for the sake of comparison. Since one-cycle
samples are required for the sine filter in the Prony method, M was set to the number of samples
corresponding to two cycles. In the simulations, a moving average filter with a length of two cycles
was applied at the last step to obtain a stable response. Therefore, both the Prony and three-level DFT
methods used five cycles as a data window.

The simulation results described in this section were processed using Matlab, and the sampling
frequency was set to 1920 Hz (32 samples per cycle in a 60-Hz system). To evaluate the performance of
the three-level DFT method, three types of frequency variation were considered: a ramp-up
frequency variation:

2-n
SoNo

where u(n) is the unit-step function, a ramp-down frequency variation:

Siln)=fo+ {u(n) —u(n—f o No)} +2-u(n—f, Ny) (26)

2-n

Sr(n) :fo_fo N,

{u(m)—u(n—1oNo)}=2-u(n—f,No) (27)
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and a sinusoidal frequency variation:

fi(n)=f, +2-sin(2n—"

JoNo

)iu(n) —u(n—fy Ny)j (28)

A clean signal described by Equation (29) was provided as an input to both the Prony and three-
level DFT methods:

o fn
x,(n) =1.00xsin(2n——+= N, ) (29)

where f,(n) denotes the type of frequency variation. As shown in Figure 2, the two methods have

0

an almost identical time response to the ramp-up frequency variation, except that the three-level DFT
converges to the final reference frequency slightly faster than the Prony method (by 2.75 ms).

T T T 62.02
L — B
w615 N 6X = &
T z
E;' A R 7 S S §61.99—
E S 61,98
o o
] 2
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: i i —-Prony Method : -“-Prony Method
BO— et 8- Three-level DFT Method = Three-level DFT Method
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Time (s) Time (s)
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Figure 2. Estimation of a ramp-up frequency variation. (a) Estimated frequency;
(b) Close-up of the convergence.

With the sinusoidal frequency variation, the two methods also had an almost identical time
response, as shown in Figure 3. The Prony and three-level DFT methods estimated the peak frequency

to be smaller than the reference frequency by 0.008 and 0.006 Hz, respectively, due to the smoothing
effect of the moving average filter.
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Figure 3. Estimation of a sinusoidal frequency variation. (a) Estimated frequency;
(b) Close-up of the convergence.
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To investigate the influence of harmonics, the following signal with a total harmonic distortion of
30% was considered:

Si(n)

x,(n) =1.0xsin(2nn )+ 0.2 xsin(2nn m) +0.2 xsin(2nn EVAQ) (n))

s N

57,0, (30)

+ 0.1xsin(2nn

s

Figures 4 and 5 demonstrate the ability of the three-level DFT method clearly. When the reference
frequency was close to the nominal frequency in the presence of harmonics, the simulation results
show a good response of both methods; however, when the reference frequency deviated from the
nominal frequency, the Prony method resulted in considerable errors. In contrast, the time responses of
the three-level DFT method were almost identical to those for the clean signal. This is because triple
use of DFTs allows accurate frequency estimation that is insensitive to harmonics.

60 -s-Reference Frequency \\/\ -=-Reference Frequency
—-Prony Method 5804 -Prony Method
<=Three-level DFT Method - \\ - Three-level DFT Method

g 59.5 g 58.03 \V\j\

§ . ;58_02 \\,

5 8 001 UV A AN AN AN AN AA AN A

o oo }g\l W Y W W W

(] (0]

I.t 585 I.t 58 -
\ 57.99

N
58
0 05 1 15 2 % 1.05 K 175 72

Time (s) Time (s)
(a) (b)

Figure 4. Estimation of a ramp-down frequency variation in the presence of harmonics.
(a) Estimated frequency; (b) Close-up of the convergence.
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Figure 5. Estimation of ramp-up and sinusoidal frequency variations in the presence of
harmonics. (a) Ramp-up frequency variation; (b) Sinusoidal frequency variation.
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The effect of inter-harmonics in the signals was evaluated using the following signal:

L0y 1 0.2 xsinrn 2L 4 0.2 xsin(2mn 2240
0 0 0 0 0 0 (31)
M) +0.1xsin(2nn M) +0.1x sin(2nnm

)
0 0 0 0 0 0

x;(n) =1.0xsin(2nn
+0.1xsin(2nn

Figures 6 and 7 demonstrate the ability of the three-level DFT method in the presence of
inter-harmonics in addition to harmonics. A comparison of Figures 5a and 6 shows that
inter-harmonics have an adverse effect on both methods in the case of the ramp-up frequency
variation. Although the effect of inter-harmonics resulted in some errors, the three-level DFT method
exhibit improved frequency estimation compared with the Prony method. This is because triple use of
DFTs allows accurate frequency estimation that is insensitive to harmonics and inter-harmonics.
Similar results can be confirmed by comparing Figure 4 with Figure 7a, which shows the response of
the two methods to the ramp-down frequency variation.
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/
/ 62.05 r\\/ \—/\v/\ f\v/\/r\
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—¥ 7
-e-Reference Frequency --Reference Frequency
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>
=
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Frequency (Hz)
3 4 .
o —_
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Figure 6. Estimation of a ramp-up frequency variation in the presence of harmonics and
inter-harmonics. (a) Estimated frequency; (b) Close-up of the convergence.

58.1

62.06 - = =
-+-Reference Frequency -=-Reference Frequency

-=Prony Method 62.04[{==Prony Method L | S —
“|-=Three-level DFT Method = Three-level DFT Method
; 62.02 e A}

58,08 |

621

Frequency (Hz)
[4)] (4] (%))
@ [e2] [e2]
8 & 8
Frequency (Hz)
2
8

61.96 ‘ _ ‘
58 A E i
S7.98 105 1 115 12 182 022 026 _028 03 0.36
Time (s) Time (s)
(a) (b)

Figure 7. Estimation of ramp-down and sinusoidal frequency variations in the presence of

harmonics and inter-harmonics. (a) Ramp-down frequency variation; (b) Sinusoidal
frequency variation.
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3.2. Hardware Implementation

The three-level DFT method was implemented on a 50-MHz TMS320C31 DSP-based hardware
prototype. Its performance in the hardware implementation was evaluated through the testing
procedure shown in Figure 8.

PSCAD/EMTDC Output Data
(Comtrade Format)

¢ Digital Input
Real Time Digital Simulator
C Playback Library )

< 16-bit Analog Output Card )

i Analog Input
Prototype Unit

< 1st-order Low-Pass RC Filter )

( 12-bit A/D Converter (ADS7804) )

( 50-MHz TMS320C31 DSP )

Figure 8. Hardware implementation.

PSCAD/EMTDC was used to simulate the voltage and rotor-speed waveforms of the modified
IEEE 5-bus system shown in Figure 9. The simulated voltage waveform was imported to the real-time
digital simulator (RTDS) and Playback library in the RTDS generated a 16-bit analog voltage
waveform in the range +10 V. This voltage waveform was passed through a first-order low-pass RC
filter to a 12-bit analog-to-digital (A/D) converter on the hardware prototype. The —3-dB cutoff
frequency of the low-pass RC filter was 132 Hz, and the sampling rate of the A/D converter was
1920 Hz. The three-level DFT method completed real-time estimation of the power system frequency
within each timer-interrupt interval of the DSP (520.83 us), which corresponds to the sampling rate of
the A/D converter.

In the modified IEEE 5-bus system, two 200-MVA generators supplied electric power to the load,
which was initially set to 170 MVA (0.97 lag). Two types of dynamic conditions were considered:
a load increase and single phase-to-ground faults.

The load switch shown in Figure 9 was closed at time ¢ = 5.00 s, thus loading the generators with
an additional 34 MVA. This caused the terminal voltage of generator A to decrease instantaneously
from 16.89 kV to 16.39 kV, as shown in Figure 10a. The estimated frequency using the three-level
DFT method implemented on the DSP-based hardware prototype is shown in Figure 10b together with
the reference frequency, which corresponds to the rotor speed obtained from the PSCAD/EMTDC
simulation. The instantaneous variation in the terminal voltage was responsible for a —0.11-Hz spike at
5.05 s in the estimated frequency. There is, of course, no corresponding instantaneous variation in the
rotor speed, and so the power system frequency did not vary in the same manner. Disregarding this
artifact, Figure 10b clearly shows that the estimated frequency of the three-level DFT method closely
followed the reference frequency with an estimation delay of approximately 0.04 s.



Energies 2015, 8 89

[Exciter (SCRX)|

Fault Load -
(108 Timed
R BUST BUS1 Switch BUS2 Switch Breaker
m I T Logic @Ak
TLine12L TLine12R. Open@to

Timed
Fault
- Logic

1

BRK

|\}—4L-N—
Ed
Y
©
1
BMVAR] 33 MM

[Exciter (SCRX)|
= - abg  reff-~T0T 3
100 [MVA] L
20 [kV]/ 345 [kV] = o
Generator BUS2
Vi =
— C:\:
i mo ) 100.0 [MVA]
T 345 [KV]/ 20 [KV]
Generator
! ap :
Wi | | Tméiayt TLine13) o4
w ~ w m Tmw
L y T TL\r-\re34 T TLmTeas T - Tmo
Hydro Gm'z:l L Hydro Tur 1 TLinez3| TLinez4| TLinezs Tihz
i .
Wref Wref Tmstdy2 | |
w2
TTm  w w
Timer z Bz
S5 Hydro Tur 1 N Hydro Gov 1
BUS3 BUSY wat Wref

oE AR AR A

45 [MWw] 15[MVAR] 40 [MW] 5[MVAR] 60 [MW] 10[MVAR]

Figure 9. Modified IEEE 5-bus system.
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Figure 10. Estimation of the power system frequency when the total load increased by
20%. (a) Terminal voltage of generator A; (b) Estimated frequency.

The fault switch shown in Figure 9 was closed at # = 5.00 s and then opened at # = 5.10 s, creating
an “a” phase-to-ground (a-g) 90° fault with a duration of 0.10 s. As shown in Figure 11a, the a-g 90°
fault caused the amplitude of the generator terminal voltage to decrease instantaneously from 16.89 kV
to 9.31 kV. This instantaneous decrease in the terminal voltage caused a —1.54-Hz spike at 5.06 s in
the estimated frequency of the three-level DFT method. After removing the fault at 5.10 s, the
generator terminal voltage increased to 18.33 kV and then settled to the initial value. Due to the

instantaneous increase in the terminal voltage, the estimated frequency had a 2.45-Hz spike at 5.16 s.
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Figure 11. Estimation of the power system frequency when a single line-to-ground 90°
fault occurred. (a) Terminal voltage of generator A; (b) Estimated frequency.

Similar to the a-g 90° fault, the fault switch was closed at # = 5.00 s and then opened at = 5.10 s,
creating an a-g 0° fault. As shown in Figure 12b, the instantaneous decrease in the terminal voltage
caused a —1.51-Hz spike at 5.05 s in the estimated frequency of the three-level DFT method.
After removing the fault at 5.10 s, the estimated frequency had a 2.37-Hz spike at 5.15 s.

With the exception of the spikes during the a-g faults, the estimated frequency using the three-level
DFT method followed the reference frequency closely. These results show that the hardware prototype
can accurately estimate the power system frequency in real time.

20

63

.
18

i
Avae— Y |

(o2}

N
e
o
0

=y
»

)]
=

Voltage (kV)
IS

-
n

Frequency (Hz)

_7
|

-
o

)]

©

--Reference Frequency
= Three-evel DFT Method

15

o@

&
o

10 15
Time (s) Time (s)

(a) (b)

Figure 12. Estimation of the power system frequency when a single line-to-ground 0° fault
occurred. (a) Terminal voltage of generator A; (b) Estimated frequency.

4. Conclusions

We have proposed a three-level DFT method for real-time estimation of power system frequency.
The method is based on the fact that the amplitude gains of cosine and sine filters differ when the
power system frequency deviates from the nominal frequency. Since the amplitude ratio of the
cosine- and sine-filtered signals should be known prior to estimating the power system frequency, a
second-level DFT was applied to these cosine- and sine-filtered signals. Although the amplitude ratio
can be determined using the output signals of the second-level DFT, the errors in the amplitude ratio
may be large when the output signals of the second-level DFT are near to a zero crossing.
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To overcome this problem, a third-level DFT was applied to the output signals of the second-level DFT.
After the amplitude ratio was accurately determined using the output signals of the third-level DFT,
the power system frequency was estimated. This triple use of DFTs allows accurate frequency
estimation that is insensitive to harmonics and inter-harmonics. Although the three-level DFT method
may lead to an additional two-cycle delay compared with other DFT-based orthogonal approaches, it is
fast enough to be used in rapid-response applications where the transient response should be no longer
than five cycles.

The performance of the three-level DFT method was evaluated using computer-simulated signals
with harmonics and inter-harmonics. The simulation results confirmed that the method was able to
estimate the power system frequency accurately, even in the presence of harmonics and
inter-harmonics. The method was then implemented on a TMS320C31 DSP-based hardware prototype.
The RTDS was used to evaluate its performance under dynamic conditions, including a load increase
and single phase-to-ground faults on the modified IEEE 5-bus system. The results of this
implementation showed that the hardware prototype was able to accurately estimate the power system
frequency in real time.
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