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Abstract This paper focuses the optimal placement and sizing (OPAS) of active
power filters (APFs) in a radial distribution system (RDS) for harmonic reduction.
The optimization problem is constrained and nonlinear. The placement of APFs is
achieved through a recently developed technique called nonlinear load (NL) position-
based current injection (NLPCI). The optimal size of APFs to reduce the total
harmonic distortion in voltage (THDy ) to meet IEEE standards, a teaching-learning-
based optimization (TLBO) algorithm is used, and its performance is compared
to that of flower pollination (FPA) and bird swarm (BSA) algorithms. The results
indicate that the TLBO outperforms the other algorithms in computational perfor-
mance, as demonstrated using an IEEE 69-bus RDS with NL and nonlinear distributed
generation (NLDG).

Keywords Active power filter - Power quality - Radial distribution system -
Teaching-learning-based optimization

1 Introduction

Distributed generation (DG) is a key element of the smart grid. It has garnered
significant attention due to its numerous benefits. One of the essential tasks is inte-
grating DG into the radial distribution system (RDS). Power quality issues come
from improper DG integration due to the harmonics generated by the converter
[1]. A converter-based DG is referred to as a nonlinear DG (NLDG) when it intro-
duces harmonics into the RDS [2]. Total harmonic distortion in voltage (THDy) and
individual harmonic distortion in voltage (IHDy) should be less than 5% and 3%,
respectively, by IEEE standard 519 [3]. Harmonics need to be controlled to meet this
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criterion. The straightforward solution to mitigate harmonic distortion in RDS is to
install active power filters (APFs) at all NL buses with current ratings equal to those
of the respective NLs. But the price is rather exorbitant. As a result, an optimization
approach is needed for APF location, rating, and cost [4].

Numerous algorithms, including genetic algorithm, variants of particle swarm
optimization [5], harmony search [4], firefly algorithm, and grey wolf optimizer [6]
algorithms have been utilized for optimal placement and sizing (OPAS) of APF. Most
of the used algorithms have algorithmic-specific parameters. It is too difficult to tune
these parameters for the different problems. Improper tuning of these parameters
may give false results.

The theory of “No Free Lunch” states that no single optimization algorithm can be
considered the best for all issues and that several algorithms can tackle a particular
optimization problem [7]. For the same issue, a different optimization procedure
produces a different outcome.

Considering this aspect, Prof. Rao et al. have developed the teaching—learning-
based optimization (TLBO) algorithm, and it operates without algorithm-specific
parameters [8]. It is used for OPAS of APF and compared with nature-inspired flower
pollination algorithm (FPA) [9] and bio-inspired bird swarm algorithm (BSA) [10].

Below are the main contributions of this paper in relation to the OPAS of APF,
taking into account the integration of NLDG and nonlinear load:

e The TLBO is coupled with harmonic load flow and used to find optimal size of
APF.

e The three algorithms (TLBO, FPA, and BSA) that have different bases are
compared and analyzed for two cases: NL and NL plus NLDG.

e To determine the size of APF in the presence of NL and NLDGs, the TLBO, FPA,
and BSA algorithms were utilized. The computational tests were conducted in
terms of the best value. The results indicated that the APF requirement is higher
when the NLDG is integrated into the RDS as compared to without NLDG.

e The computational tests revealed that TLBO outperformed FPA and BSA by
producing the minimum value of APF current in both cases.

In the next section TLBO is explained.

2 TLBO

A teacher’s influence on students’ performance in a class is the basis for the algorithm
known as TLBO. It is based on the ideas of the teaching-learning process. The two
essential elements of the algorithm are the teacher and the students, who characterize
two fundamental modes of learning: learning from the teacher (known as the teacher
phase) and engaging with other students (known as the learner phase). It is well
explained in [8].
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2.1 Teacher Phase

In this stage of the algorithm, the focus is on replicating the learning process of
students with the aid of a teacher. The teacher imparts knowledge to the learners and
strives to improve the overall performance of the class. If there are “m” subjects (or
design variables) available to a population of “n” learners (with k = 1, 2, ..., n), then
at each sequential teaching-learning cycle i, Mj, i represents the average performance
of the learners in a particular subject “j” (where j = 1, 2, ..., m).

The algorithm selects the most knowledgeable and experienced individual in the
population as the teacher, based on their performance across all subjects. This is
denoted by X ,su1kpes:.i» Which represents the best learner’s result across all subjects,
and who will serve as the teacher for the current cycle. The teacher is expected to
make maximum efforts to improve the knowledge level of the entire class. However,
the quality of learning gained by each individual learner is influenced by the quality
of teaching provided by the teacher and the learners’ abilities. To account for this,
the difference between the teacher’s result and the mean result of the learners in each
subject is calculated as follows:

Difference_Mean;; = r;(X; rpesti — TrM;j;) (D)

The difference between the teacher’s result (X}, kjeq ;) in a given subject 5 and

the mean result of the learners in that subject is expressed in the equation. The value

of the teaching factor, T, determines the extent of change to the mean result, and

is determined by a random number, r; within the range of 0 to 1. T can take on a
value of either 1 or 2, and its specific value is determined randomly.

Ty =round[l +rand(0,1)(2 — 1)] )

The teaching factor (7y) is not a fixed parameter in the TLBO algorithm and is
not provided as an input. Instead, its value is randomly determined by the algorithm
using Eq. (2).

X}’k’[ =X,k;+ Difference_Mean;; 3)

During the teacher phase, based on Difference_Mean;; the existing solution
is updated according to Eq. (3), where X’ ;;; represents the updated value of Xy ;.
This updated value is accepted only if it leads to a better function value. All accepted
function values at the end of the teacher phase are retained and used as input for the
learner phase.
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2.2 Learner Phase

In this stage of the algorithm, the focus is on simulating the learning process of
students through interactions with one another. Learners have the opportunity to
gain new knowledge by engaging in discussions and interactions with other learners.
If one learner possesses more knowledge than another, the latter can learn from the
former.

The next section deals with problem formulation. The simulated results are
discussed later on and it is followed by the conclusion in the last.

3 Problem Formulation

RDS with NLs, NLDGs, and APFs are mathematically modeled as per [6]. The bus
injection to branch current (BIBC) and branch current to the bus voltage (BCBV)
based harmonic load flow is employed in the simulation [11]. Then it is coupled with
the TLBO, FPA, and BSA.

3.1 Modeling of RDS

The RDS is modeled in terms of impedance, which includes the resistance and
inductance of the RDS. It is calculated considering harmonics environment.

3.2 Modeling of Nonlinear Load

The representation of nonlinear load can be formulated by keeping the source of
harmonic current injection as the base as shown in [5, 12]. The magnitude of rms
nonlinear current is given below,

LY =10+, )
In = Z(I,f}‘? + ) )

Here, I,fl)r is the real part of nonlinear current while Ilil )lm is the imaginary part of

nonlinear current, /,; indicates the rms value, the highest order of harmonics is H.
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3.3 Modeling of APF

The APF is represented as a current source [5, 12]. Calculation of 1, is done on the
basis of net nonlinear current at PCC. Net nonlinear current (/,;) is a vector addition
of nonlinear currents of loads.

Iapf = k(lnl) (6)

Here, k is proportionate of net nonlinear current. It has the value such that lapf
satisfies the constraints.

APF is represented as a set of current sources. It injects different orders of
harmonics at a PCC as per the value of k. The current of APF is expressed as

(h) (h) - (h)
Lop = Lapgr + J lupg im )
H 1/2
2(h) 2(h)
Ia[’f = [Z (Iapf,r + Iapf,im):| (8)
h=2

Here, I sz}’r, 1 LEZ;C ;m» and I, are the real part, imaginary part, and the rms value of

current of APF respectively.

3.4 Modeling of NLDG

The DG which is a current source [13, 14], supplies the nonlinear current into the
system. The fundamental current is estimated [13] by power rating of the DG and
therefore, NLDG harmonic current is calculated from spectrum as

I = Kaglag ©)

Here, I ,EZ;,, Kg,, and I, are the harmonic current of DG, part of harmonic current as
per the spectrum of DG, and the fundamental current of DG respectively.

3.5 Harmonic Load Flow

The bus injection to branch current (BIBC) and branch current to the bus voltage
(BCBV) based harmonic load flow is used in this paper [11]. Then it is coupled with
the optimization algorithm. THDv is calculated at all buses using harmonic load
flow and it is essential for identification of critical buses which violates the standard
limits.
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The THDy is given as,

VL, (1HDv)?

1
Vi

THDv = (10)

Here V]l is fundamental frequency voltage.

From the value of THDv at all buses, the vital buses where the IEEE standard
limits are not satisfied are found. It helps in deciding the policy to alleviate the
harmonics; i.e. the placement and sizing of APF.

4 Optimization Process

The optimization algorithms are employed to determine the optimal size. The objec-
tive function is based on the APF current. Here the main objective is to reduce the
APF current such that the constraints are satisfied. It is depicted as:

M
2
OFpr =miny Lo| +DP (11)

m=1

H
h=2

where, “m” represents the bus number, “M” represents the total number of buses,
“h” denotes the order of harmonics, “H” represents the highest order of harmonics,
and “DP” stands for a dynamic penalty.

Subjected to

THDy —0.05<0,THDvy;,s; —0.03 <0, Iapf < Iapf,MAX (12)

By using a black box approach, as illustrated in Fig. 1, TLBO has the advantage
of analyzing a system. It offers the system with input variables, such as the current of
APFs, and observes the resulting output, which is the objective function’s value. The
TLBO continues to adjust the inputs of the system based on the feedback it receives
(output) until the specified end criteria are met. Figure 2 shows the flowchart for
optimization process.
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Fig. 1 Block diagram of TLBO for OPAS of APFs in RDS

5 Results Analysis

This section covers the result analysis.

5.1 |Initial Data

The IEEE-69 bus [15] RDS with modifications is taken into account, for simulation
(Fig. 3). Here, it is assumed that the NLDGs are connected to the NL buses. The
NLs have a harmonic spectrum up to 49" order of harmonics as per the six-pulse
converter [16]. The NLDG exhibits a harmonic spectrum, as illustrated in Fig. 4 [17].
The NLs are placed at buses 27, 46, and 65, i.e., at end nodes.

To find the location of APF, here recently developed NL position-based APF
current injection (NLPCI) technique is used [6].

Table 1 represents the situation of buses regarding the availability of APF. Here,
all the possible combinations of APF allocation are considered. The NLs are at three
buses. So, the possible combinations of APF allocation are (23—1 = 7) seven, viz. 1
through 7. The investigations are carried out for seven states as furnished in Table 1,
wherein “+” denotes the availability of APF and “*” denotes its non-availability.
For finding the rating of APF, the three algorithms viz. TLBO, FPA, and BSA are
implemented to determine APF current in a manner that meets the constraints.
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Fig. 2 Flowchart for OPAS of APF

5.2 Result Analysis

The NLs and NLDGs are connected at buses 27, 46, and 65. There are four different
cases simulated; (i) Only NL (without APF), (ii) NL (With APF), (iii) NL plus NLDG
(without APF), and (iv) NL plus NLDG (with APF).

Case 1 Only NL (without APF): In this case, only NLs are connected with RDS
at buses 27, 46, and 65. The results obtained from THDy without using APF are
tabulated in Table 2. Bus 65 has a maximum THDy (7.97%), compared to the other
NL buses. Outs
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Fig. 4 Harmonics spectrum of NL and NLDG
Table 1 NLPCI matrix
State/APF bus Number of APFs 27 46 65
1 One APF + * *
2 * + *
3 * % +
4 Two APFs + + *
5 + * +
6 * + +
7 Three APFs + + +

‘+” APF; “*” No APF
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Table 2 THDv (%) at different buses (no APF)

Bus THDv (%) Bus THDv (%) Bus THDv (%) Bus THDv (%)
2 0.01 19 6.15 36 0.04 53 2.26
3 0.02 20 6.30 37 0.37 54 2.48
4 0.03 21 6.54 38 0.62 55 2.79
5 0.15 22 6.55 39 0.70 56 3.09
6 0.94 23 6.66 40 0.70 57 4.24
7 1.77 24 6.91 41 2.49 58 4.80
8 1.97 25 7.44 42 3.25 59 5.02
9 2.07 26 7.66 43 3.35 60 5.27
10 2.65 27 7.78 44 3.38 61 5.82
11 2.79 28 0.02 45 3.67 62 5.92
12 3.29 29 0.02 46 3.67 63 6.08
13 4.02 30 0.02 47 0.03 64 6.85
14 4.75 31 0.02 48 0.03 65 7.97
15 5.51 32 0.02 49 0.03 66 2.79
16 5.65 33 0.02 50 0.03 67 2.79
17 591 34 0.02 51 1.97 68 3.29
18 591 35 0.02 52 1.97 69 3.29

of a total of twenty buses, THDy exceeded 5% in all of them. It is an indication of
a highly distorted system. These are beyond the limits as per the IEEE-519 standard.
It shows the necessity of APF/APFs in this system.

Case 2 NL (With APF): To minimize the harmonics up to standard limits, according
to Table 1, for states 1, 2, and 3, one APF; for states 4, 5, and 6, two APFs; and for
state 7, three APFs are located as per NLPCI.

The size of the APFs is found using optimization methods at these placements.
The TLBO, FPA, and BSA are employed in IEEE-69 bus RDS to test the computation
performance. For considered algorithms, the common parameters—number of popu-
lations and total iterations are set to 40 and 100, respectively. Table 3 summarizes
the best fitness value of an objective function for all the states. When the algorithms
have not fulfilled the constraints, they exhibit a high value of the best fitness score as
a result of the penalty applied. This effect of the penalty can also be observed in the
early stages of the iterations (Fig. 7). After locating the APF/APFs, for states 1 to 3,
only one APF, the algorithms are not converged as per Table 3. It shows that more

than one APF is needed to achieve the goal. For states 4 to 6, two APFS are located
as per location matrix. Here, for state 4 and state 6, algorithms are not converged;
i.e., two APFs at buses 27 and 46 for state 4; and at 46 and 65 for state 6 are no
proper solutions to solve the problem.

For state 5 the algorithms are converged. For state 5, two APFs are at buses 27
and 65 the algorithms are converged. Among the optimization algorithms tested, the
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Table 3 Comparison of the value of objective functions for both cases

State | Number of APFs and bus | Algorithm | Iyp (p.u.) (only NL) | Iype (p.u.) (NL + NLDG)
1 One APF at 27 TLBO 29.6727 39.0036
FPA 29.7775 39.3697
BSA 29.6727 39.0036
2 One APF at 46 TLBO 54.4317 61.8787
FPA 54.4317 61.8787
BSA 54.4612 61.8787
3 One APF at 65 TLBO 27.3056 37.0769
FPA 27.3271 37.1788
BSA 27.3058 37.1088
4 Two APFs at 27 and 46 TLBO 29.5767 38.9426
FPA 29.8321 39.4435
BSA 37.2652 47.7294
5 Two APFs at 27 and 65 | TLBO 0.0184 0.0247
FPA 0.0245 0.0649
BSA 0.0300 0.0500
6 Two APFs at 46 and 65 TLBO 27.1974 37.0102
FPA 27.4594 38.3496
BSA 27.8629 37.0813

best value was obtained using TLBO with a result of 0.0184 p.u., outperforming
FPA (0.0245 p.u.), and BSA (0.0300 p.u.). It shows the limitation of BSA; it tends
to suffer from premature convergence and easily gets trapped in local minima [10,
18]. Similarly, premature convergence and poor exploitation are shortcoming of FPA
[19].

As per Table 3, for states 1 to 4 and 6, one APF and two APFs have not fulfilled
the constraints; therefore, all three algorithms failed to converge. The algorithms are
converged for state 5. As shown in Fig. 5, two APFs for state 5 fulfill the constraints,
and all buses have THDy less than 5%. It is found that the TLBO outperforms other
algorithms in terms of performance.

Case 3 NL plus NLDG (without APF): The considered RDS is simulated with NLs
and NLDGs. Due to the inclusion of NLDGs, the system is more distorted compared
to only NL. Previously twenty buses have exceeded the acceptable limit for THDv;
but after incorporating NLDGs total of twenty-two buses have THDy exceeded the
standard

limit. It proves that the penetration of NLDG in RDS increases the harmonic
distortion. As per Fig. 6, the maximum THDy is observed at bus 65 (8.84%).

Case 4 NL plus NLDG (With APF): The scenario for state 5 is shown in Fig. 8. Here,
two APFs are placed at buses 27 and 65. These two APFs have fulfilled the constraints.
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All three algorithms have fulfilled the constraints for considered harmonic environ-
ment and converged. It is again proved that the TLBO has the lowest value compared
to other considered algorithms. Out of the algorithms tested, TLBO produced the
best value with a result of 0.0247 p.u., surpassing the results obtained with FPA
(0.0649 p.u.) and BSA (0.0500 p.u.). It is also observed that the FPA and BSA are
poor in the exploration phase compared to TLBO.

According to Table 3, it is clearly noticed that the inclusion of NLDG in RDS
increases the harmonic distortion. The APFs required for this case have more ratings
compared to case 2.

6 Conclusion

In this study, the OPAS of APF problem was effectively addressed using the TLBO
algorithm, and its results were compared to those obtained from the FPA and BSA
algorithms. The performance of the algorithms is demonstrated for NLs plus NLDGs
in the IEEE-69 bus RDS. The TLBO algorithm implementation is straightforward and
doesn’t require adjusting any algorithm-specific parameters. The obtained numer-
ical results have shown that TLBO has given the lowest APF current (0.0184 p.u.
and 0.0247 p.u.). Also, it has a better convergence characteristic and the ability to
converge near better optimal solution for the given problem. Moreover, it is observed
that harmonic distortion is increased due to the addition of NLDGs in RDS. There-
fore, the required APF current is also increased 1.34 times compared to NL only.
The APF current has increased by a factor of 1.34 when compared to the scenario
where only the NLs are present.
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