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ABSTRACT: This study examined the harmonic mitigation potential of five shunt power filters
which are shunt passive filter (SPF), shunt active filter (SAF), hybrid shunt passive and shunt
active filter (SASPF), fuzzy based shunt active filter (FLCSAF) and hybrid fuzzy based shunt
active and shunt passive filter (FLCSASPF) in an industrial power network by considering the
electrical distribution network layout of a typical beverage company (7-Up Bottling Company)
in Ibadan, Nigeria. The network was modelled and simulated with and without the considered
filters in MATLAB/Simulink environment. The voltage and current total harmonic distortions
(VTHp and lthp) before and after the application of filters were determined, analysed and
compared. The simulation results showed that the network’s voltage and current waveforms
before filters’ application were distorted with estimated Vtup and Itnp of 6.084 and 19.790%,
respectively. The SPF, SAF, FLCSAF, SASPF and FLCSASPF use on the network minimized
the Vtup from 6.084 to 0.780, 1.311, 1.289, 0.730 and 0.720%, respectively, while the Ithp was
mitigated from 19.790 to 2.448, 4.163, 4.074, 2.240 and 2.227%, respectively. These results are
indications that although all the five shunt filters considered have the capacity to mitigate
harmonic distortion on the network considered, however, the performance of FLCSASPF is
superior over other filters; producing the least Vtup and ltup. This study established that
appropriate use of fuzzy logic with hybrid configured shunt filters in an electrical distribution
network is suitable for power quality enhancement.

Keywords: Electrical distribution network, Harmonic distortion, Non-linear loads, Power
quality, Shunt filters, Industry

1. Introduction

The industrial and technological developments witnessed across the globe in recent times have
increased the non-linear loads penetration in an electrical distribution network, a system that
interfaces the consumers with the power grid. Widespread use of non-linear loads aids disruption
of the optimum operating state of the power distribution networks due to harmonics generation
resulting from their usage. This has, therefore, made harmonic mitigation in power systems a
crucial power quality problem [1-6]. Some of the common non-linear loads that produce
harmonics include computers, arc furnaces, high voltage direct current transmission, fluorescent
lighting, adjustable speed drives among others.

Varieties of techniques have been deployed in literature to mitigate harmonic distortion in power
system networks [7-11]. These include phase-shifting loads, harmonic filters and system
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reconfiguration. Among these techniques, harmonic filters have been reported to exhibit superior
performance [12-15]. Harmonic filters are broadly categorised as active, passive or hybrid filters.
Passive filters which act as frequency discriminators provide a path of low impedance for
grounding harmonic components using passive elements such as resistor, inductor and capacitor
and. Active filters on the other hand employ active components such as insulated-gate bipolar
transistor to generate negative harmonics to cancel out the deleterious effects of harmonics
injected into power networks by the non-linear loads [5]. These filters can compensate
harmonics of several orders, hence, preventing the risk of network impedance-filter resonance.
They equally adapt suitably to load fluctuations and changes in the power system network [4].
Hybrid harmonic filters combine the merits of both active and passive filters with respect to
reliability, efficiency and price. The filters serve as a better approach for harmonic mitigation,
overcoming the issues of physical limitations of passive filters and high cost involved with the
use of high-capacity active power filters [16].

Aside classifications into active, passive and hybrid filters, harmonic filters are also categorized
based on connection mode as series and shunt filters. While series filters are configured serially,
shunt filters are parallel configured. Shunt harmonic filters (SHFs) are more commonly
employed in power system applications because of their ability to create a path of low impedance
for currents grounding on one or more harmonic frequencies [17]. More so, SHFs are more
economical compared to series harmonic filters since the component parts are rated only for a
portion of the system’s voltage unlike the series filters whose component parts are rated for full
system’s current [18]. This requirement leads to a smaller size and lower cost for SHFs [17],
[18]. Therefore, the goal of this study was to examine the effects of selected SHFs for
improvement of power quality in an electrical distribution network.

2. Materials and Methods

2.1  Harmonics Estimation Indices

Total harmonic distortion of voltage and current, Vtup and Ithp, are key indices for power
quality analysis [19, 20]. V1o and Itwp provide respective measure of the total deviation or
variation in voltage and current at harmonic frequencies in relation to fundamental frequency
value. Mathematically, VtHp and ItHp are expressed by (1) and (2), respectively [19, 20]:

o] 2
VTHD = ’Eh;# X 100% (1)
1
ITHD = ’Zh 2 X 100% (2)
1

where V;, Vy,, I, and I, are system fundamental voltage, voltage of harmonic component h,
system fundamental current and current of harmonic component h respectively.

2.2.  Design of Shunt Passive Harmonic Filter
2.2.1. Single Tuned Passive Filter
An inductor and a capacitor connected in series as shown in Fig. 1 constitute a single tuned
passive filter (STPF). The reactor’s intrinsic resistance, R, in Fig. 1 is usually deployed to
prevent overheating of the filter. Any harmonic current will find a path of low impedance
through the STPF if its frequency coincides with that of the filter [21]. The values of the
components of the filter circuit are determined from (3) and (4) while (5) expresses the filter
impedance:
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Fig. 1: Schematic diagra_m of a single tuned filter

Q

1
L= (2nf)zc ()
Z=R+jX,—Xc) (%)

where Q, V, f, C, L, X and X, are filter reactive power at fundamental frequency, filter voltage
level, fundamental frequency, filter capacitance, filter inductance, capacitive reactance and
inductive reactance.

X and X, are expressed by (6) and (7), respectively as:

Xe=— (6)

X, =jolL (7)

where w is the angular frequency given by (8) since X, and X, of a filter circuit are equal at
resonant frequency.

Wy = % (8)
The tuning index of the filter, n, is given by (9):

n=hy/, ©)
where f,, is the filter’ tuned frequency.

The resonant frequency, f,, of a STPF circuit is expressed by (10) while the quality index, Q,
which defines the tuning sharpness of a STPF has been determined elsewhere [13] and it is given

by (11):

fo=5—7= (10)
L
/

Q = % = TC (11)
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where X, is the leading (capacitive) or lagging (inductive) reactance at the tuned frequency.

2.2.2. Double Tuned Filter

Figure 2 depicts a double tuned filter (DTF) circuit consisting of a series coupling of a capacitor,
C; and an inductor, L, serially connected and a capacitor, C, and an inductor, L, connected in
parallel. The parallel STPF equivalent of a DTF in Fig. 2 is shown in Fig. 3. Values of filter’s
components in Fig. 2 are obtained from (12) and (13) [22]:

-
12
I
1

(]

Fig. 2: DTF configuration
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Fig. 3: Parallel STPF configuration

ws = N (12)
w, = J% (13)

where wg and w, are series filter angular frequency and parallel filter angular frequency
respectively.

The angular frequencies w, and w, of the parallel STPF circuit in Fig. 3 are given by (14) and
(15), respectively [22]:

(14)
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1

Wp = +vLpCp

Since the DTF and parallel STPF of Figs. 2 and 3, respectively, are equivalent, (16) to (22) are
obtained:

(15)

WaWp = WsWp (16)
C,= C,+Cp (17)
Li=—5— 18
17 cowi+ Cpw? (18)
1
©s = Tho (19)
wp = 22 (20)
U)Z (1)2
[
b= ot )
1
CZ - szzz’ (22)

Hence, with the parameters L,, Cy, L,, C,, Ly, Cq, L, and C, determined, the operation of DTF
and parallel STPF circuits in Figs. 2 and 3 respectively can be fully defined.

2.3 Design of Shunt Active Filter

A SAF circuit applied on the basis of equivalent harmonic current injection to cancel out the
impact of the original distorted current waveform is shown in Fig. 4. The rating of the filter’s
power converter employed for compensation requirements imposed by the load is determined
from (23) [23]:

\ (sin®1)%2+THD?
Ssar = f—=>—"Sioad (23)

where @, is the load power factor angle.
The filter’s rating is, however, obtained from (24) if harmonic compensation only is required.
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Fig. 4: Shunt configuration of a single-phase active filter [24]

THD

Ssar = ==z St0ad (24)

where S;,44 1S the load power rating.

The dc-link capacitor design is achieved by determining the generated active power by the power
converter into the system based on (25) which modifies into (26):

Peonv (t) = Ps(t) - Pl(t) = ﬁconv + pconv (25)

_ 1
Pconv = Py (VeI — VsIl(l)COS(Dl) (26)

where Poynps Poonw s Ve, 1 Iy1y and cos@, are dc component of P, (t), ac components of

P.ony (1), grid voltage, load current, fundamental load current and load power factor respectively.
Hence, the energy stored in the dc-link capacitor is obtained from (27):

1 —
ECAVCZ = (Pconv - Ploss)At (27)

The ripple of the dc-link voltage is expressed by (28):

AVC _ J((Vsll—Vsll(l)CosQ)l)—Zploss) At (28)
C

Equation (28) expresses the dc link voltage’s ripple as a function of the capacitor energy and

based on this energy; the dc-link capacitor design is possible. The filter’s inductor is designed

via the same procedure.

2.4.  Design of Hybrid Filter

A combination of passive and active filters results in a hybrid filter formation. All the harmonic
currents in the system are confined to passive filter by an active filter which serves as the load’s
compensator. This, therefore, prevents the possibility of series and parallel resonance. The
hybrid filters employed in this study were derived from the shunt passive and shunt active filters
presented in previous subsections and these comprised SASPF, FLCSAF and FLCSASPF.
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2.5. Fuzzy Logic

Two of the harmonic filters considered in this study were applied based on fuzzy logic. Fuzzy

logic is one of the basic techniques for non-linear systems modeling and offers enormous

capabilities for handling uncertainties to achieve the desired state [25]. The key stages involved

in the fuzzy logic implementation for this study are:

(1)  Fuzzification: This stage involves the classical data conversion into membership functions.

(i) Inference process: This stage involves the fuzzy rules application to membership functions
to produce the fuzzy outputs.

(iii) Defuzzification: This stage involves fuzzy outputs conversion into a single output value.

2.6.  Test Network and Simulation Environment

This study considered the electrical distribution network layout of 7-Up Bottling Company as a
test system. The 7-Up Bottling Company situated in Ibadan, Nigeria receives its power supply
from a dedicated 33 kV feeder, stepped down through a 33 MVA power transformer to 11/0.415
kV. The Company has four 500 kVA generators as a back-up. One-line diagram of the diagram
of the Company’s distribution network is delineated in Fig. 5 with Table 1 showing the major
load requirements. The network layout in Fig. 5 was modelled and simulated in
MATLAB/Simulink environment. The Simulink model of the network is shown in Fig. 6.

——p» Panel 25.18
kw

- Packaging
11/0.415 kV Hall 45.14 kW

IBEDC Compressor
Room
115.02 kW
- p-Panel Room |
56.15 kW

33/11 kV

500 kVA ———p»-Panel Room 11

87.10 kW

500 kKVA

500 kKVA

[

500 kVA

T

Fig. 5: One-line diagram of 7-Up Bottling Company electrical distribution network

Table 1: 7-Up Bottling Company major load requirements

Loads S(kVA) P(kW) Q(KVAr)
Panel 30.70 25.18 18.43
Packaging Hall 56.03 45.14 33.61
Compressor Room 140.27 115.02 84.16
Panel Room | 68.48 56.15 41.09
Panel Room |1 106.24 87.10 63.74
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Fig. 6: Simulink model of 7-Up Bottling Company electrical distribution network
3. Results and Discussion

3.1. Results of 7-Up Bottling Company Electrical Distribution Network Simulation without
Filter

Figures 7 to 10 present the obtained simulation results of the 7-Up Bottling Company
distribution layout model in Figure 6 before the application of filters. The network’s voltage and
current signals are respectively depicted in Figs. 7 and 8 while the spectra of voltage and current
harmonics are respectively shown in Figs. 9 and 10. Observing from Figs. 7 and 8, the voltage
and current signals of the electrical distribution network of the bottling Company were found to
be distorted, indicating the presence of harmonics. The Vyyp and Iryp computed from Figs. 9
and 10 were 6.084 and 19.790 %, respectively. The V;yp and Iryp values recorded were above
the voltage and current distortion limits of 5 and 16 %, respectively allowed on the distribution
network [26-27].

Fig. 7: The 7-Up Bottling Company distribution network voltage signal before filtering
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Fig. 8: The 7-Up Bottling Company distribution network current signal before filtering
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Fig. 9: Harmonic spectrum of 7-Up Bottling Company distribution network voltage before

filtering
18 T T T T T T T T T T
16 |-
14 |- ]
=12
o
= 10 -
E [} -
E
-
Q g
4
2 l :
0 1 - e | — | Il .,,,4,,,,,,f,4,7l,, W
0 100 200 300 400 500 600 700 BOO 2900 1000

Frequency (Hz)

Fig. 10: Harmonic spectrum of 7-Up Bottling Company distribution network current before
filtering

3.2. Simulation Results of Electrical Distribution Network of 7-Up Bottling Company with
Filters

The results obtained when the 7-Up Bottling Company distribution network model of Fig. 6 was
simulated with SPF, SAF, SASPF, FLCSAF and FLCSASPF are presented in Figs. 11 to 30.
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Fig. 11: The 7-Up Bottling Company distribution network voltage signal after SPF use

Fig. 12: The 7-Up Bottling Company distribution network voltage signal after SAF use

|
Fig. 13: The 7-Up Bottling Company distribution network voltage signal after FLCSAF use
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Fig. 14: The 7-Up Bottling Company distribution network voltage signal after SASPF use

Fig. 15: The 7-Up Bottling Company distribution network voltage signal after FLCSASPF use

.|

rre mronds|

Fig. 16: The 7-Up Bottling Company distribution network current signal after SPF use
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Fig. 17: The 7-Up Bottling Company distribution network current signal after SAF use

Fig. 18: The 7-Up Bottling Company distribution network current signal after FLCSAF

Fig. 19: The 7-Up Bottling Company distribution network current signal after SASPF use
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Fig. 20: The 7-Up Bottling Company distribution network current signal after FLCSASPF use
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Fig. 21: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network voltage
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Fig. 22: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network voltage
after SAF use
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Fig. 23: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network voltage
after FLCSAF used
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Fig. 24: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network voltage
after SASPF used
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Fig. 25: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network voltage
after FLCSASPF used
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Fig. 26: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network current
after SPF used
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Fig. 27: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network current
after SAF used
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Fig. 28: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network current
after FLCSAF used
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Fig. 29: Spectrum of voltage harmonics on 7-Up Bottling Company distribution network current
after SASPF used
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Figures 11 to 15 show the voltage signals of the network with SPF, SAF, SASPF, FLCSAF and
FLCSASPF respectively applied while the current signals with the five filters are presented in
Figs. 16 to 20. Figures 21 to 25 on the other hand depict the harmonic spectra of the voltage with
the application of SPF, SAF, SASPF, FLCSAF and FLCSASPF respectively whereas Figs. 26 to
30 delineate the current harmonic spectra of the network with the filter states.

The assessment of the voltage signals in Figs. 11 to 15 and current signals in Figs. 16 to 20
revealed that there was a substantial decrease in the level of harmonic distortion present in the
electrical distribution network of 7-Up Bottling Company with SPF, SAF, SASPF, FLCSAF and
FLCSASPF compared to Figs. 9 and 10 respectively when no filter was used. The estimated
Vrup from Figs. 21 to 25 when SPF, SAF, SASPF, FLCSAF and FLCSASPF were applied on
the network were 0.780, 1.311, 1.289, 0.730 and 0.720%, respectively, while Iy, evaluated
from Figs. 16 to 20 with the five filter states were respectively 2.448, 4.163, 4.074, 2.240 and
2.227%. Consequently, the Vyp and Ipyp values after the application of the considered filters
on the network were now improved well-within the recommended voltage and current distortion
limits of 5 and 16 %, respectively allowed on the distribution network.

The comparison of the filters’ performance on the 7-Up Bottling Company electrical distribution
network in terms of both V4, and I;yp Were presented in Figs. 31 and 32, respectively. From
Figs. 31 and 32, the FLCSASPF was adjudged the best filtering technique for harmonic
mitigation on the considered network since it exhibited superiority over other filters by
producing the least V- and Iy, contents of 0.720 and 2.227 % , respectively.
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Fig. 31: Filters’ performance comparison for voltage harmonic distortion mitigation on 7-Up
Bottling Company distribution network
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Fig. 32: Filters’ performance comparison for current harmonic distortion mitigation on 7-Up
Bottling Company distribution network

4. Conclusion

This study assessed the harmonic distortion mitigation capabilities of five shunt power filters
which are SPF, SAF, SASPF, FLCSAF and FLCSASPF on an industrial electrical distribution
network of a typical bottling company, 7-Up Industry Plc. The study observed a high penetration
level of harmonic distortions on the modelled network without any filter being applied.
Application of the five shunt filters on the network was found to be effective for harmonic
mitigation. However, FLCSASPF exhibited superior performance over other filters by producing
the least voltage and current total harmonic distortions. Hence, this study established that hybrid
shunt active and passive filters with integration of fuzzy logic control has a great potential in
mitigating harmonic distortion in an electrical distribution network.
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