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Abstract: Recently, an increasing use of power electronic facilities in industry has produced considerable harmonics and
interharmonics in power systems. The power supply quality is therefore seriously threatened. The discrete Fourier
transform (DFT) is currently the most important tool in signal analysis. However, a misapplication of DFT may result in
incorrect outcome because of some inherent limitations such as spectral leakage or aliasing effect etc. The existing
interharmonics even raise more difficulty in signal analysis than harmonics. To overcome this dilemma, this study
develops a strategy of leakage energy allocation method for both stationary and non-stationary interharmonics
identification. The proposed algorithm can regain its original interharmonics amplitude by restoring all spilled leakage
energy, and also finds its individual frequency component according to the distribution of spilled leakage energy. The
performance effectiveness of the proposed approach is verified using the numerical examples in terms of reliability,

rapid response and high-precision performance.

1 Introduction

The fast growing use of power electronics equipment and periodical
time-varying loads in electric power system has led to serious
harmonics and interharmonics problems. Interharmonics can be
thought of as the inter-modulation of the fundamental and harmonic
components of the system, and their frequencies are not an integer
of the fundamental components. They are generated by the loads
that are not pulsating synchronously with the fundamental power
system. Major sources have been found in variable-load electric
drives, double conversion system, cycloconverters, time-varying loads,
wind turbine and unexpected sources [1-5]. In addition to typical
problems caused by harmonics, interharmonics create some new
problems such as cathode ray tube (CRT) flicker, low-frequency
oscillation in a mechanical system, voltage fluctuations etc. Even
under low amplitude, the above phenomena may still exist [6—12].
The measurement of interharmonics does pose more difficulty
than harmonics. This is mainly due to spectral leakage sensitivity,
very low magnitude values in interests, waveform periodicity
change, and time-variant frequencies and amplitudes. To address
aforementioned measuring issues, IEC 61000-4-7 standard
provides a guide line for interharmonics measurement by grouping
methods, where 200 ms window width used for 12 cycles of
60 zHz systems and 10 cycles for 50 Hz systems [13]. A 5 Hz
frequency resolution with rectangular window is suggested to be
adopted. However, interharmonic frequencies may not be obtained
accurately under this framework [14]. The point is that in this
standard the central frequency of interharmonic group is defined as
the group frequency. This results in no exact interharmonic
frequency information available from the measurement.
Theoretically, it is not difficult to extensively apply some
harmonic analysis methods to interharmonics measurement by the
concept of Fourier transform [15-23]. In a practical circumstance,
however, there are still many concerns as follows [24]: (i) It is not
easy to extend to low power analogue model and time-domain
model. (ii) Direct injection method may cause inaccurate outcome
easily. (iii) Harmonic power flow method is very difficult in
modelling a non-linear system if the signal contains
interharmonics. (iv) Iterative harmonic analysis is unable to model
non-linear load. For the above reasons, the research work in
interharmonics measurement is still on the way [25-38].
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2 Traditional measurement methods
2.1 Discrete Fourier transform (DFT) measurement

By Fourier theory, any repetitive waveform can be extended to a
series of sine waveforms in different frequencies which are a
multiple of fundamental system frequency. For a distorted
waveform iy(¢), it can be resprented using a complex number by

i) = i ¢, ™" ()

n=—o00

where ¢, = l/ng i(e?™dr, and T (=1/f) is the period.

Cy (:1/ng i(t) dt) is the dc component.

Sample iy(¢) using the sampling rate f; with N points. Therefore
is(t) is expressed in a discrete form, that is, is[n]. Use DFT, and
the sequence of i[n] is transformed into an N-periodic sequence of
complex numbers

L[k] = 15 i [n]e kN )
s N £ S
The inverse DFT is given by
N—-1
if[n] =) L[kl ™Y 3)

=~
1l

0

Assume iy(?) is a periodic signal and its period is 7. The fundamental
Fourier angular frequency () is defined as

w=" @)

If the waveform is sampled using p periods where p > 1, Aw can be
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represented as

_277_9

Aw="—=
pT p

®)

Accordingly, the Fourier fundamental frequency (Af) can be
written as

pT ~ pN,T, NI, N

(©6)

where N, £ N/p, T, £ 1/f, and f; is the sampling rate. Note that
the Fourier fundamental period is defined as 7= 1/Af.

If the sample window length, that is, the duration of the sampled
data vector, is the multiple of fundamental period, the DFT method
can be well performed. However, the spectrum leakage problem is
unavoidable once the waveforem has a fundamental frequency
drift or contains interharmonics. When two steady-state signals,
which have constant amplitudes but different frequencies, are
linearily superimposed, its time-domain waveform is not
necessarily periodic. For example, two frequencies have the
relation of non-rational number (v/3 ory/3). In addition, Table 1
shows components to form a waveform whch has both harmonics
and interharmonics. It can be seen that the waveforms not
symmetrical and periodic although every componet is periodic.

2.2 Concept of grouping method

IEC Standard suggests the concept of grouping for measuring the
interharmonics [13]. In a 50 Hz power system, the sampling time
window is 10 periods, and 60 Hz system is sampled 12 periods. It
means that the sampling time takes 200 ms, where the spectrum
resolution interval (Af') is 5 Hz. The profile of IEC subgrouping of
‘bins’ of harmonics/interharmonics can be seen more details in [13].

By the Parseval relation [39, 40], the power, P, of the waveform
can be written as

N-1 N-1

> il =Y LIk ™

P =
n=0 k=

=z =

The individual power P[ f;] at the frequency f; can be written as [39]
P[] = L[K* + I[N — k]* = 2L[k]? ®)

where k=0,1, 2, ..., N/2—1.
The amplitude of mth harmonic at the frequency f; can be
expressed as

A1 = VPIR] = V21K ©)

where m=1,2, ..., M.

The harmonic power at f; may spill surrounding to neighbours. By
the concept of grouping, all dispersed power within adjacent
frequencies can be regarded as a ‘group power’ [13]. In theory, the

Table 1 Components of system waveform

Frequency Amplitude Phase, deg
50 1 0
102 0.2 0
121 0.35 0
139 0.1 0
153 0.1 0
250 0.4 0
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‘group power’, can be restored as

47
Pilfl= Y Al (10)

Ak=—1

where 7=0, 1, 2, 3, ... is the group bandwidth.
From (10), the harmonic amplitude can be obtained as

A0 = VP4 (11)

3 The proposed algorithm

3.1 The relation between harmonic frequency and
dispersed energy

Based on the empirical observation, the relation between harmonic
frequency and dispersed energy can be induced and defined.
Consider the following cases based on DFT analysis. Case 1:
Fig. la reveals that the second larger magnitude (4,,[fi+1]) at fi1
is located at the right side of the dominant frequency at f;, where
Aulfi]> Al fir1] - Generally, f; may be wrongly interpreted as the
dominant harmonic frequency. Actually, it is found that the true
frequency known as an interharmonic should be equal to f; plus
the ‘frequency deviation’ (Af;) defined in (12). It is confirmed that
higher 4,,[f;+1] will introduce more amount of deviation (Af;)
distant from f;. Similarly, in Fig. 156 Case 2 shows
another situation that the second larger amplitude (4,,[fi] ) at f; is
located at the left side of the dominant frequency at f;.;, where
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Fig. 1 Relation between harmonic frequency and dispersed energy

a Small frequency deviation
b Big frequency deviation
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Amplitode

Fig. 2 Depict of piece-overlapped sampling

Al fi] <Al fir1] - In this case, f;; may be wrongly interpreted as
the dominant harmonic frequency. Like Case 1, the true
interharmonic frequency in this case should be equal to f; plus the
‘frequency deviation’ (Af;). Higher A4,[f1] will also introduce
more amount of deviation (Af;) distant from f;.

3.2 Proposed leakage energy allocation (LEA) algorithm

Actually, it is very difficult to model the interharmonics using
mathematic equations theoretically. Nevertheless, it is found that
the frequency deviation amount has a relation with the dispersed
energy distribution [25]. Based on the inductive method from
empirical results, the frequency of interharmonic can be
represented by the dominant frequency (f;) plus ‘frequency
deviation’ (Af;), that is, f; + Af;. Note that the dominant frequency
(f%) can be directly obtained from DFT. Besides, the principle can
be also applied to the system frequency deviation situation.
The frequency deviation range (FDR) is defined as

+7 A 2
A, = > niet Amlfiran] A (12)

\/ng=—1Am [ﬁc-%—Ak]z + \/ZZII:l Am [ﬁc+Ak]2

where Af’is a factor of fundamental frequency, that is, 50 Hz. In other
words, Af must be 1, 2, 5, 10, 25, 50.

According to the analysis of group-harmonic frequency deviation,
the restored amplitude (RA) can be used for retrieving dispersed
amplitude, being defined as

(13)

where 7=0, 1, 2, 3,....

In order to track time-varying harmonics/interharmonics more
rapidly, the piecewise-overlapped method is proposed. The
principle is based on the idea of overlapped sampling period. It
means that the signal analysed using DFT can be overlapped for a
certain period. Therefore it becomes easier to track the variation of
dynamic signal. The illustration of this method is shown in Fig. 2.
The sampling period is set as 7y, where the number #n (=1, 2, 3,
4, ...) denotes the sampling sequence with a 7% time period, and
next number, that is, n+ 1, has a overlapped period (7,) with the
current number 7.

The overlapped percentage 7 is defined as the ratio of overlapped
period to the sampling sequence as follows

_overlapped period (7,) (14)
" sampling period (7})
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Fig. 3 Flowchart of the proposed LEA scheme
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The flowchart of the proposed LEA algorithm shown in Fig. 3 is
described briefly, as follows:

(1) Set f, N, 7, 1.

(2) Sample the power line waveform iy(¢) using 7r sampling time.
(3) Implement DFT.

(4) Determine the number (M) of dominant harmonics/
interharmonics.

(5) Find the location of dominant frequency f;.

(6) Calculate Af;, RA.

(7) Find the respective frequency and amplitude of the harmonic/
interharmonic, that is, f; = f; + Af,, 4; = RA.

®)M=M-1.

(9) Check if M=0. If yes, continue next step. Otherwise, return to
step (5). Note that the procedure is repeated until all harmonics/
interharmonics are obtained.

(10) Check if the time for n is up. If yes, go back to step (2).
Otherwise, continue next step.

(11) Go back to step (10) until the system is requested to stop.

4 Model validity

The proposed LEA model is based on DFT, and its implementation
requires only one more algebra computation step. Therefore the
model validity is analogous to the real measurement system using
DEFT. For this reason, the numerical examples can be used for test
with no concession between its potential applications and model
validity.

4.1 Stationary waveform analysis with fundamental
frequency drift

Firstly, a stationary waveform with fundamental frequency drift is
considered. The numerical example that may represent a possible
signal distortion situation is employed in this study [41-44]. It
indicates that i, has 0.4 Hz drift at the fundamental frequency (f}).
It also contains two interharmonics (f; and f3)

Iy = aysin27fi1 + @) + a sin Q7fyt + @) + a3 sin 27f3t + ¢3)
(15)

where f; =49.6 Hz is the fundamental system frequency that has 0.4
Hz drift from 50 Hz. The f; and f; are 123, and 327 Hz, respectively.

The a;=1.0, a,=0.3 and a3=0.15 are amplitudes. The ¢;=0°,
@2 =12° and @3 =35° are phase degrees.

Consider the case: Af=5 Hz (f;=1 kHz, N=200, 7x=0.2 s), n=0,
7=4. Spectrum of i, based on DFT is shown in Fig. 4a. It notes that
the system frequency and all interharmonics have serious spilled
energy around their frequency because of the leakage problem.
Using LEA method, the result is accurate, shown in Fig. 4b. For
details, it is discussed as follows:

a. System frequency fi: Initially, M= 3. The FDR beyond 45 Hz can
be calculated as (see (16))

The 45 Hz (f;) plus 4.5 Hz (Af;) is equal to 49.5 Hz, almost matching
the real value (f; =49.6 Hz) (see (17))

The RA is equal to 1.0, completely matching the real value (a; =1.0).
b. Interharmonic (f>): In this stage, M= 2. The FDR beyond 120 Hz
can be calculated as (see (18))

The 120 Hz (f;) plus 3 Hz (Af;) is equal to 123 Hz, matching the real
value (£, =123 Hz) (see (19))

The RA is almost equal to 0.3, matching the real value (a, =0.3).
c. Interharmonic (f3): In this stage, M= 1. The FDR beyond 325 Hz
can be calculated as (see (20))

The 325 Hz (f;) plus 2 Hz (Af;) is almost equal to 327 Hz, matching
the real value (f3 =327 Hz) (see (21))

The RA is very close to 0.15, matching the real value (a3 =0.15).
After this process, M =0 so that the calculation of individual
frequency and amplitude stops.

Some more cases using Af=1, 2, 10 and 25 Hz, respectively, have
been also tested and achieved similar performance outcomes. It is
concluded in Table 2. Obviously, DFT cannot give an accurate
solution except f, and f; components using Af=1Hz. For the
proposed LEA scheme, all components identification using Af=1,
2, 5, 10 Hz can achieve a very correct value for either frequency
or amplitude. On the other hand, Af using 25 Hz is unable to
obtain a satisfactory result because of no remarkable adjacent
dispersed energy. Actually, it is clear that the sampling time (7%)
will be reduced if a large Af'up to 10 Hz is chosen, not paying the
cost of accuracy. However, in a view of general practice, the risk
of reciprocal interference between surrounding harmonics/

992+ 0.072% + 0.0382 + 0.0262 994
A, = 4/0.992 +0.0722 + 0.0382 + 0.026 - 0.99 S~ 45045
4/0.0242 + 0.032 4 0.0442 + 0.0882 0.106 + 0.994 (16)
++/0.992 4-0.0722 + 0.0382 4 0.0262
RA = /0.0242 + 0.032 + 0.0442 + 0.0882 + 0.992 + 0.0722 + 0.0382 + 0.0262 ~ 1.00 (17)
0.222 4+ 0.0622 + 0.0352 + 0.0242 0.236
A, = v + + + ~_ T 5~289~3
+/0.028% + 0.0382 4 0.0592 + 0.152 0.172 4 0.236 (18)
++/0.222 + 0.0622 + 0.0352 + 0.0242
RA = 1/0.0282 + 0.0382 + 0.0592 + 0.152 + 0.222 + 0.0622 + 0.0352 + 0.0242 ~ 0.29 = 0.3 (19)
0.0762 + 0.0282 + 0.0182 + 0.0132 0.0835
Af, = v + + + ~—————— x 5~205x=2
1/0.0132 +0.019% + 0.0322 4 0.112 0.12 4 0.0835 (20)
++/0.0762 4 0.028% + 0.0182 + 0.0132
RA = +/0.0132 + 0.0192 + 0.0322 + 0.112 4+ 0.0762 + 0.028% + 0.0182 + 0.0132 ~ 0.146 == 0.15 21
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Fig. 4 Spectrum of i, using Af=5 Hz

a Spectrum of i, with DFT
b Spectrum of i, with LEA

Table 2 Result comparison between DFT and LEA

interharmonics spilled energy may arise once a larger Af'is used. To
reach a compromise, Af=5 Hz is taken an account in this study.

4.2 Non-stationary waveform tracking analysis

For non-stationary waveform analysis, we set Af=5 Hz, n=0.5 and
7=4 for time-variant frequency and amplitude tracking.

4.2.1 Time-variant frequency tracking: In order to verify the
capability of time-variant frequency tracking with the proposed
algorithm, the waveform of 7, (¢) using (22) has been tested

i,(t) = a; sin 27fit + ) + a, sin Qafrt + )

+ ay sin 27fst + ¢y) 22)
where a; = 1.0, a,=0.23, a3 =0.14, f; =50 Hz, f, =29 Hz, ;=122 Hz,
&1 =8° ¢, =52°, p3=23°.

Assume that the waveform frequency components of i, (#) change
every 0.1 s, as follows. The frequency tracking curve using LEA is
shown in Fig. 5. We see that each frequency variety can be
tracked successfully

. t=0.0s:/=29 Hz, ;=122 Hz;
. t=0.1s:£,=28 Hz, f3=124 Hz;
. t=02s:f,=25Hz, f;=121 Hz;
. t=0.3s:f,=34Hz, ;=120 Hz;
t=04s:f,=35Hz f;=113 Hz;
t=0.5s:f,=38Hz, ;=117 Hz;
t=0.6s:f,=37 Hz, ;=114 Hz;
. t=0.7s:£,=33 Hz, ;=117 Hz;
. t=08s:f,=32Hz f;=120 Hz;
. t=09s:/£,=31Hz, ;=115 Hz
. t=1.0s:,=30Hz, ;=122 Hz.

— OV UL A WN —

—_—

4.2.2 Time-variant amplitude tracking: Consider the situation
with time-variant amplitude using (23), and the waveform of i,(¢) is

Af
Real values Af=1Hz Af=2 Hz Af=5Hz Af=10 Hz Af=25Hz
DFT LEA DFT LEA DFT LEA DFT LEA DFT LEA
f,=49.6, Hz 49 49.6 48 49.6 45 49.5 40 49.5 50 50
f, =123, Hz 123 123 122 123 120 123 120 123 125 127
f;=327, Hz 327 327 326 327 325 327 320 327 300 322
a1=1.0 1.0 1.01 0.93 1.03 0.99 1.00 1.0 1.02 1.0 1.0
a,=0.3 0.3 0.3 0.19 0.29 0.22 0.29 0.26 0.29 0.31 0.31
a;=0.15 0.15 0.15 0.095 0.146 0.076 0.146 0.13 0.148 0.15 0.16
140
120 =" ———0_ S S e
- 100 - 12 real value
% a0- £3 real value NG
H o
Z g 12 tracking value ||~
o
& 3 tracking wvalue | *_°
e 40- e —— —
L~ | T ———
20 - X
L L 1 [ 1 1 |
0 0.2 04 06 08 1
Time (sec)

Fig. 5 Frequency tracking curve of i,(t)
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Fig. 6 Waveform changing of iy(t)

a Waveform of i(¢)
b Amplitude tracking curve

shown in Fig. 6a. Its amplitude that contains both interharmonics
(312 and 425 Hz with different time constants) is decaying down
to zero within 1 s. From the results shown in Fig. 6b, it is obvious
that the amplitude can be also tracked successfully

iy(f) = asin 2af; H)e”T + bsin Quf,t)e " (23)

where a=1, f;; =312 Hz, 1/T,, =7, b=0.5, f, =425 Hz, 1/T,=6.

As above, the changes in both time-variant amplitude and
frequency are tested using the same interval, that is, 0.1s. It is
realised that the proposed model computes both interharmonic
amplitude and frequency at the same time. Consequently, it is
obvious that simultaneous frequency and amplitude changes can
be tracked simultaneously.

4.3 Discussion for selection of group bandwidth (7)

Interharmonics is asynchronous with fundamental and harmonics so
that using DFT for spectrum analysis will cause spectral leakage if
the waveform contains interharmonics. In such a situation, the
power of the harmonic at f; may disperse over a frequency band. It
is noted that the larger group bandwidth (7) may restore all
leakages and thus regain the actual amplitude/frequency. However,
with a large bandwidth the ‘group power’ may cover some
harmonic contents at distant frequencies. For this reason, the group
bandwidth (7) should be chosen as large as possible but small
enough to avoid the overlap between two neighbouring harmonic
groups. Based on this principle, 7 is chosen as 4 for selecting
Af=1, 2 and 5 Hz, and 7 is chosen as 3 for selecting Af=10 Hz.
However, 7 should be set as 1 for Af=25 Hz to exclude possible
dispersed power interaction.
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5 Conclusions

The DFT is still widely used in signal measurement in industry.
However, it may not be applicable in some circumstances such as
non-stationary or interharmonics analysis. This paper has
developed an LEA approach for both stationary and non-stationary
interharmonics evaluation in power systems. It can recover all
spilled leakage energy to obtain its original interharmonics
amplitude. Also, every individual frequency component can be
calculated using the principle of the distribution state of spilled
leakage energy. In this study, Af=5 Hz is selected for the trade-off
between the sampling time and measurement accuracy. The
piecewise-overlapped method that is integrated with the LEA
scheme can be used to track the signal variation more quickly. For
industrial applications, the implementation cost of the proposed
LEA is lower than traditional grouping methods, where it only
requires one more number of operation than DFT. Also, no
extended memory is needed in general computers or
microprocessors. Accordingly, it can be easily applied to
DFT-based instruments owing to its simple mathematics basis of
DFT. For future work, it recommends that this research can be
extended and focused on the separation or interfere from spectral
leakage between very close harmonics and interharmonics.
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