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Abstract:

Nonlinear loads, including power electronic converters and arc furnaces, are now widely deployed
across both industrial and residential settings. As the penetration of such loads increases, the harmonic
currents injected back into the supply also grow, raising the total harmonic distortion (THD) and causing
a range of faults in electrical equipment. Among the available mitigation techniques for current
harmonics is the double-tuned passive filter. This type of filter reduces reactive power by utilizing
passive elements to supply local reactive power compensation at the fundamental frequency. This work
presents an optimal design of a double-tuned filter using the Lagrange interpolation method to suppress
harmonics within a power system. Lagrange interpolation is employed to obtain the filter’s optimal
parameters. Simulation carried out in MATLAB SIMULINK confirms that the resulting design fulfill
to recognized limits such as those of IEEE 519.

Keywords: Double tuned passive filter, Total harmonic distortion, Nonlinear loads, Lagrange
method.
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Introduction

From a mathematical standpoint, a harmonic is defined through the ratio between its own
frequency and that of the fundamental reference waveform [1]. The presence of harmonics
gives rise to numerous problems in electrical apparatus, among them distortion of the voltage
and current waveforms, excessive heating of motors, and erratic failures of computing
equipment. Within industrial environments, harmonics are responsible for additional line
losses, elevated transformer losses, and resonance phenomena, among other effects.

The principal origin of harmonic content in a network is the nonlinear load. Devices of non-
linear load, such as fluorescent lighting, electric arc welders, and three-phase rectifiers, mainly
produce the 5™ and 7" current harmonics together with a number of higher-order components.
Because harmonics in a power system cannot be avoided altogether, dedicated standards have
to be drawn up to keep them within acceptable bounds so that the network operates as intended
[2]. A number of guideline documents addressing harmonics have been issued by international
organizations, notably IEEE 519 and IEC 61000 [3, 4].

Although harmonic distortion can never be removed completely, it may be lowered through a
variety of approaches, including active filters and hybrid filters. Another widely adopted
technique relies on the passive filter. Passive filters carry several merits: they are the simplest
to implement, they require no external power supply, and they deliver the most favorable cost-
to-benefit ratio of all mitigation options for low- and medium-voltage rectifier installations [5].
Representing an evolution of the single-tuned passive filter, the double-tuned filter is conceived
to enhance the behavior of passive filtering, particularly that of the single tuned arrangement,
while remaining more cost-effective [6].

In one study, a double-tuned harmonic passive filter was installed on low-voltage feeders and
brought the current THD of the 3rd, 5th and 7th harmonics down to 0.90%, 0.10% and 1.67%,
values that sit within the limits advised by IEEE 519 [7]. The work reported in [8] succeeded
in lowering the voltage THD from 6.9% to 3.3%, the distortion having originated from the 7th
and 11th harmonic orders introduced by a capacitor bank, while the power factor was corrected
from 73.56% to 98.27% [8]. A novel damped double tuned filter aimed at improving power
quality was proposed in [9], achieving a reduction of the current THD from 204% down to
3.57%. In [10], a hybrid passive arrangement that pairs a double tuned branch with a high-pass
section was applied to harmonic mitigation in an industrial HVAC installation; the simulations
reported there reduced the overall THD to 3.45% and the 3rd-order current THD to 3.42%,
thereby satisfying IEEE 519 in full.

Despite the extensive literature on double-tuned passive filter design, a notable gap persists in
achieving a single optimization that reconciles demanding harmonic limits, such as those of
IEEE 519, with low filter costs. This challenge arises because driving the Total Harmonic
Distortion (THD) below 5% typically requires larger, more expensive components. Therefore,
this study proposes an optimal design for a double-tuned filter based on the Lagrange
interpolation method. This approach strikes a balance between compliance with harmonic
standards and cost-effectiveness for efficient harmonic suppression.

Passive Filter

The passive filter is the technique most frequently used to cancel harmonic currents within a
distribution network. The passive harmonic filter is built on either single-tuned or band-pass
filtering principles [11,12].

True to its description, the shunt filter is placed in parallel with the load. At the frequency to
which it is tuned, the filter presents a very low impedance to the network, thereby diverting the
corresponding harmonic current. Since a passive filter inherently supplies a degree of reactive

25| Albahit Journal of Applied Sciences



power, a shunt design serves two objectives at once: it filters the targeted harmonics and, at the
same time, provides reactive compensation to bring the power factor to the desired level [12].
The basic configuration of a passive filter in a power system is depicted in Figure 1, comprising
the voltage source, the nonlinear load, and the passive filter itself. A sinusoidal supply (Va,
Vb, Vc) feeds the nonlinear load through a transmission line characterized by three inductances
(La, Lb, Lc). The nonlinear load distorts this sinusoidal waveform.

The compensation of the resulting distorted, harmonic-laden current is accomplished by a
passive filter connected in parallel between the supply and the load. This filter is formed from
a combination of resistive, inductive, and capacitive elements. Passive filters exist in several
forms, the most common of which are illustrated in Figure 2 [13].
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Figure 1. Basic scheme of passive filter
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Figure 2. Different type of passive filters
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Lagrange interpolation method

In many practical situations, the available data take the form of discrete points such as (m,, o),
(my,,ni), ...., (my,nk). To describe them, one constructs a function spanning all (k+1) points as
a continuous curve f{m) passing through the (k+1) data points, as illustrated in Figure 3.

n

(mne3,123)

{11y ,117)

Jtm)

(rre2,123)

(1neg,100)

Ll /[

Figure 3. Interpolation of discrete data

Interpolation makes it possible to estimate the value of (n) corresponding to any intermediate
value of (m). When f(m) is evaluated beyond the span of (m) covered by the supplied data, the
procedure is instead termed extrapolation. Polynomials are a popular choice of interpolating
function, since, compared with alternatives such as trigonometric or exponential series, they
are straightforward to evaluate, differentiate, and integrate. Polynomial interpolation amounts
to determining a polynomial of order (k) that passes through the (k+/7) given data points, and
one established technique for obtaining it is the Lagrange interpolation method. The Lagrange
interpolating polynomial is expressed as [14]:

fie(m) = Z Li(m)f (my) (1)

Where (k) in f (m) denotes the (k”)- order polynomial approximating the function n = f (m)
given at (k+1) data points as (mg,ng), (m,ni),...., (mi,ni), and

« m—m]

bim) = ﬂm @
j=0 " 1
JE!

Where L; (m) denotes a weighting term formed from the product of (k-1) factors, the term for
which j=i omitted.

Optimal design of double tuned filter
A double-tuned filter is realized by combining series- and parallel-connected passive elements.

With a single circuit, it is able to suppress two lower-order harmonics (the 3,5%, 7% and so
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on), whereas a single tuned design would need two independent parallel branches to achieve
the same effect [15].

The double-tuned filter is placed in parallel with the distribution network, where it presents a
low impedance path that draws the harmonic currents away from the system. A basic
configuration of the double-tuned passive filter appears in Figure 4 [16].

R 12

Figure 4. Simple arrangement of double-tuned filter

Designing the double tuned passive filter requires determining suitable values for a series
branch (L1, C1) and a parallel branch (R, L2, C2) such that the harmonics present in the power
system are attenuated.

Here, optimal design refers to keeping the filter cost to a minimum by selecting the smallest
capacitor, inductor, and resistor values that still yield a THD of 5%, this being the maximum
permitted by the IEEE 519 standard [10].

The procedure for designing the double tuned filter proceeds as follows:

1. Determine the three-phase capacitive reactive power (Qc) in VArs, taken as a positive
quantity. To this end, Qc was swept from 1000 to 9000 VArs in increments of 1000, and the
THD was recorded for every value of Qc, where the Qc bears an inverse relationship to the
THD. The optimal value of (Qc) was then identified through Lagrange interpolation (equations
(1) and (2)) as the one corresponding to a THD of 5%, noting that the filter size grows in direct
proportion to Qc.

2. Obtain the capacitive reactance (Xc) together with the series capacitance (C) at the
fundamental frequency (f).

X — i i 3
C 1
1 21'[fXC ( )

Where: V= The (rms) nominal line to line voltage (in V).
n= The harmonic order desired.

3. Compute the inductive reactance (XL) along with the series inductance (L1) at the
fundamental frequency.

28 | Albahit Journal of Applied Sciences



XL=—3 (5)
L, = 2nf (6)

4. The series branch (C1, L1) is computed for the first desired nth harmonic order, after which
the parallel branch (C2, L2) is obtained for the second desired nth harmonic order of the double
tuned filter, applying the same relations given above.

5. Determine the resistance (R) of the parallel branch from a chosen quality factor (Q) and the
geometric mean frequency (fm), with Q lying in the range of 30 to 50.

R=0Q %L, x2nf, (7)

fm =12 (8)

where: fl1= The first tuning frequency.
f2= The second tuning frequency.

Parameters of power system model with double-tuned filter design

The circuit parameters of the power distribution network illustrated in Figure 5 are listed in
Table 1 [12], where the variables of the power circuit have been chosen to create a harmonics
issue. The optimal values of the double tuned filter (C1, L1, C2, L2, R) are presented in Table
2; these parameters of the double tuned passive filter were obtained from equations (3) through
(8) at Q=30 with a 5% THD target in line with IEEE Standard 519. Tuning was set to the 5"
and 7™ harmonics, since these exhibited the largest magnitudes relative to the fundamental
component.
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Figure 5. Power system model with double-tuned filter
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Table 1 Test circuit parameters of power system

Parameter Values
Network voltage V=220V
Network frequency f=50Hz
Line inductance Labc=1.7mH
Rectifier load inductance LL=1mH
Rectifier load resistance RL =100 Q
Table 2 Optimal values of double-tuned passive filter
Cl (mF) L1 (mH) C2 (mF) L2 (mH) R (Q)
0.4545 0.8916 0.4638 0.4458 24.8

Results analysis and discussion

The effectiveness of the chosen double-tuned passive filter parameters was verified in
MATLAB. A nonlinear load represented by a three-phase bridge rectifier was modeled both
with and without the double-tuned passive filter present. The corresponding MATLAB

simulation circuit, noted earlier, appears in Figure 5.

The supply voltage and the line current waveforms in the absence of the double tuned filter are
presented in Figure 6 and Figure 7, respectively. Figure 7 reveals that the line current is visibly
nonlinear. A fast Fourier transform (FFT) was therefore applied to extract its frequency
spectrum and to quantify the THD, the result of which is given in Figure 8; the THD is found

to be approximately 28.28%.
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Figure 6. Voltage source without double-tuned filter
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Figure 7. Line current without double-tuned filter
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Figure 8. Frequency spectrum of the line current without double-tuned filter

The harmonic magnitudes, expressed as percentages of the fundamental component with the

optimal double-tuned

Table 3. Harmonic values in the line current with respect to the fundamental component

filter disconnected, are set out in Table 3.

(without double-tuned filter)

Fundamental (S50Hz) = 3.28 A THD = 28.28%
% of % of
Harmonic order fundamental Harmonic order fundamental
harmonic harmonic
1 100 11 8.64
2 0.03 12 0.03
3 0.05 13 5.69
4 0.03 14 0.03
5 22.59 15 0.05
6 0.03 16 0.02
7 10.83 17 4.94
8 0.03 18 0.02
9 0.05 19 3.52
10 0.03 20 0.00

Figure 9 presents the line current waveform with the double-tuned passive filter in service. The
waveform is now essentially a pure sinusoid, confirming that the filter has suppressed the

harmonics.
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Figure 9. Line current with double-tuned filter

As shown by the line current frequency spectrum in Figure 10, the 5", 7 harmonics have been
removed, while the 3™ has grown relative to Figure 8.

Fundamental {50Hz) = 29.17 , THD= 4.99%

Mag (% of Fundamental)

0 100 200 300 400 500 600 T00 800 900 1000
Frequency (Hz)

Figure 10. Frequency spectrum of the line current with double-tuned filter.

Table 4 reports the harmonic content, in percent of the fundamental, once the filter is connected.
The 5™ and 7™ harmonics fall from 22.59% to 0.15% and from 10.83% to 0.07%, respectively,
so that the overall THD drops from 28.28% to 4.99% once the double tuned passive filter is
introduced. Here, the 3™ harmonic was increased from 0.05% to 4.96% due to unsuitable
impedance shifting at lower frequencies. In the context of harmful harmonic orders, the 3™
harmonic in [11] was also grown to 4.79%. The line current amplitude, on the other hand, rises
from 3.28 A to 29.17 A as a consequence of the filter impedance; for comparison, the authors
of [16] employed four single tuned filters and observed the source current rising from 6.35 A
to 13.06 A.

32| Albahit Journal of Applied Sciences



Table 4. Harmonic values in the line current with respect to the fundamental component
(with double-tuned filter)

Fundamental (50Hz) =29.17 A  THD =4.99%
% of % of
Harmonic order fundamental Harmonic order fundamental
harmonic harmonic
1 100 11 0.24
2 0.14 12 0.03
3 4.96 13 0.18
4 0.23 14 0.03
5 0.15 15 0.02
6 0.17 16 0.03
7 0.07 17 0.14
8 0.06 18 0.02
9 0.05 19 0.11
10 0.04 20 0.00
Conclusion

This work has set out an optimal design of a double tuned filter, based on Lagrange
interpolation, for suppressing the harmonic distortion produced by nonlinear loads in a power
distribution network. The simulation outcomes indicate that the double tuned passive filter
design successfully reconciled compliance with harmonic standards and overall cost. In
particular, the line current THD was lowered from 28.28% to 4.99%, and the design was carried
out so as to keep the dimensions of all the passive components (inductors, capacitors, and
resistor) as small as possible. A THD of 4.99% lies within the recommended IEEE 519 limit.
The line current amplitude, by contrast, increased from 3.28 A to 29.17 A owing to the
impedance of the double tuned passive filter. Examining the harmonic levels before and after
the filter was applied, the 5th harmonic fell from 22.59% to 0.15%, the 7th from 10.83% to
0.07%, and the 11th from 8.64% to 0.24%. In summary, the effectiveness of the double tuned
passive filter in attenuating harmonics rests on the chosen values of its parameters, namely C,
L, and R in suppressing the harmonics.
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