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Abstract In this paper, the current total harmonic distor-
tion (THD) is reduced in two stages, including phase
shifting in load currents and using an active filter (AF). An
AF comprises three essential elements, including the
identification phase, the modulation method, and the
inverter. In the identification phase, an appropriate control
reference signal is generated via temporal or frequency
methods. Then the inverter block produces this control
signal in the form of power by using a modulation method
and injects it into the line so that the current harmonics will
be reduced. In the AF for generating reference signals of
the inverter, the frequency spectrum of line current is used.
Current reference signals are converted to voltage refer-
ence signals by a PI controller. Afterwards, these signals
are generated by using an inverter and an appropriate
modulation method. The important point is to determine
the coefficients of the PI controller. It is noteworthy that
the determination of such coefficients and their effects on
the overall performance of the filter has seldom been
studied. In this study, the PI controller coefficients have
been determined using an optimization fuzzy particle
swarm optimization (PSO) algorithm. This manuscript has
been simulated by MATLAB software.
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1 Introduction

Today, using power electronic devices at various levels has
become very popular. Such popularity is due to their high
efficiency and controllability; however, these devices are
the main source of harmonic generation as well. Harmonics
have significantly negative impacts on power systems since
they decrease power quality and power factor and increase
wastage of power [1-3]. Such negative effects can be
divided into two categories: short-term and long-term
effects. Short-term negative effects include voltage dis-
tortion, sensitive loads slippage, and overheating and sat-
uration of the iron cores fitted in the power system (such as
electrical machines, transformers, etc.). Long-term nega-
tive effects include increased power loss and voltage stress
[4].

Each of the aforementioned negative effects involves
other problems as well. For instance, voltage stress may
result in problems such as relay malfunction and excessive
pressure on capacitor dielectrics. One way to reduce har-
monics is to use inactive filters (RLC circuits). This is
usually used in high-voltage discrete current lines. The
inactive filters not only reduce harmonics but also improve
the power factor; however, they can correct only a partic-
ular power system (i.e., the system for which they have
been designed), and they are not capable of adapting to
changes in the system [5]. In addition, resonance with
system impedance may also occur. Considering the prob-
lems mentioned above, developing a design that could
tackle such problems seemed indispensable; therefore,
Sasaki and Machida proposed the active filter in 1971 [6].
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Active filters carry out such actions as reactive power
compensation, harmonics reduction, voltage or current
negative sequence compensation, and voltage adjustment
[7]. There are two types of active filters: series and shunt.
Shunt-active filters are used for current compensation
while series-active filters are mainly used for voltage
compensation [7, 8]. The current control system constitutes
an important part of the structure of shunt-active filters, and
many methods have been suggested for controlling the
inverter current. The main differences among current
controllers include response speed, ease of application,
maximum current capability, insensitivity to line parame-
ters, and reduction in the number of switches.

The optimization of the structure of active filters can be
achieved in different ways. They include changing the
inductance which connects the filter to the line LC to LCL
and optimizing the same [9, 10], using four-switch three-
phase inverters (FSTPI) [11], improved modulation meth-
ods [12], fuzzy logic [13], Kalman filter [14], and the sin
cosine algorithm [15].

In this paper, total harmonic distortion (THD) of the
current is reduced in two steps. First, by phase shifting in
load currents, the existing harmonics are reduced. Then, by
applying the active filter of which coefficients of the PI
controllers, i.e., kp and ki, are adjusted by using the FPSO
algorithm, the harmonics are reduced to a level allowed by
the IEEE-519 standard.

In Sect. 2, the structure of the shunt-active filter is dis-
cussed. The proposed filter is described in Sect. 3. In
Sect. 4, the results of the simulations conducted by
MATLAB software is discussed in order to show the
capabilities of the proposed method. In the end, the con-
clusions made about this structure are provided.

2 Shunt-Active Filter

In the structure of shunt-active filters, as illustrated in
Fig. 1, there are three elements. The first element is the
identification phase. In this phase, the purpose is to gen-
erate the reference signal which needs to be generated by
the compensator for reducing the harmonics of the line
current. Another essential element is the inverter, which
makes the reference signal generated in the identification
phase in the form of a power signal to be injected into the
line and, thus, reduces harmonics. The inverter control
takes place in the modulation phase.

2.1 Identification Method

The methods of generating reference currents are classified
into two groups: temporal and frequency. Temporal
methods, like d—q conversion (synchronous rotary refer-
ence frame) and p—q conversion (theory of momentary
active and reactive powers), are based on three-phase
measurements and conversions whereas frequency methods
are based on Fast Fourier Transfer [16]. Temporal methods
have a higher velocity. In contrast, frequency methods
enjoy a higher accuracy. The theory of momentary active
and reactive powers is one of the temporal theories that do
not yield an appropriate performance with harmonic sour-
ces. This fact has been proved with mathematical
arguments.

Following this theory, first, the current and voltage are
measured using abc coordinates; then, they are transferred
to the orthogonal (aflo) frame, according to Egs. (1) and
(2).
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Fig. 1 Structure of active filter
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Later on, the powers are calculated in the new space,
according to Eq. (3).
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These powers have dc and ac terms. If the purpose is to
reduce current harmonics, the compensating power needs
to be symmetrical concerning the term ac of the powers
mentioned above. Therefore, the reference currents for the
compensator follow Eq. (4). Finally, these currents are
obtained by getting reversed to abc coordinates, following
Eq. ().
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This method yields satisfactory results for sine sources;
however, it cannot provide an appropriate response for
harmonic sources. To prove such a claim, let us consider
the currents and voltages, as shown in harmonic Egs. (6)
and (7).

Vv, = i V2V, sin(not + )

n=1

vy = % V2V, sin(nwt + 120+ y,,) . (6)

n=1

= 3" V2V, sin(nwt — 120 + y,)
n=1

io = > V2I,sin(not — @,)

n=1

iy = > V2, sin(not — @, + 120) . (7)
n=1

o8
i. = Y. V2, sin(nwt — ¢, — 120)

n=1

Now, if such voltages and currents are transferred to the
orthogonal frame and then they are expressed based on
positive, negative, and zero sequences, we will have

Vo = V33 Vi sin(not + ) + V,; sin(not + 1,

n=1
vp = \/52 —VFcos(nowt + 1) + V, cos(nwt + ),
=6 io:l VO sin(not + l,bo)
(8)
®))

ip=13 ; (=L cos(nwt — @) + I cos(nwt —

iy =3 (I sin(nwt — @) + I sin(nowt —
n=1

®,))-

=3 f: (15 sin(not — ¢f)
(9)

The powers of the new frame are calculated by Eq. (10):
— ZZ {\/*14r cos((i =)ot + ¢ —y") + Vi I cos((i — ot + i —})

=V I cos((i + ot + @i + ) = Vi I cos((i + j)ot + i +;)}
=3 Z Z {7\/j+lfr sin((i = j)ot + o =) + VI sin((i = ot + ¢ — ;).

=1 j=

+VHI sin((i + ot + ;) = VL sin((i 4+ ot + of +9;)}

o
P,=3 ZZ Vj"]j’{cos((i —jot + ¢ —§7) — cos((i + jlot + ¢f + IZ/J")}

=1 j=1

(10)

dc powers can be extracted from the above equations, as
described below:

Pi=3 z VL cos(of — ) + V, 1, cos(p, —,)
— Y+ VI cos(p, — ).

Doy =3 Z Vere cos(¢f — yy)

G =3 3 V1 sinl]

(11)

Equation (11) indicates that harmonics also play a role
in transferring dc power from source to the load, so com-
pensating ac powers is insufficient for reducing line har-
monics. Therefore, due to the occurrence of voltage
harmonics, the efficiency of this theory is weakened. The
method used by the authors of the present paper is a fre-
quency method that is based on band-stop filters. In this
method, the line current signal is passed through a band-
stop filter with a definite frequency equal to the basic fre-
quency in the power system. As a result, the signal gained
at the exit of this filter will have all harmonics except the
main element. This signal can be considered a suit-
able reference for compensation.

In addition, band-stop filters only sample the current
while the proposed theory samples both the current and the
voltage. In other words, this method only needs the current
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Fig. 2 Membership function of a normalized fitness, b inertia weight, and ¢ change in inertia weight
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Table 1 Fuzzy rule for inertia Rule no. Fnorm w Aw

weight correction
1 S S z
2 S M N
3 S L N
4 M S P
5 M M Z
6 M L N
7 L S P
8 L M Z
9 L L N

&% %

£ g

Fig. 3 Non-linear load, diode-bridge rectifier

0To

sensor; however, theories of momentary active and reactive
powers need both the current sensor and the voltage sensor,
which increases the costs of the hardware required. It is
needless to say that one end of the experiments is to save
costs, and this is in line with the purposes of this study as
well. Therefore, using band-stop filters is preferred.

3 Proposed Active Filter

In the proposed active filter, the frequency method men-
tioned earlier has been used in the identification phase.
Then, the current signals gained in this phase are trans-
formed into voltage signals. This method will be explained
in the next section. Subsequently, the gained signals will be
generated with the inverter and will be injected into the line
to reduce current harmonics.

3.1 Transforming Current Signals to Voltage

Since a voltage source inverter was used, first, the current
signals generated during the identification phase need to be
transformed to voltages. Then, such voltages will be gener-
ated by an inverter. The inverter output is connected to the
line by a self; hence, there should be some capacitor prop-
erties in the compensator so that the effect of the self will not

reduce the ability of the filter. On the other hand, since the
capacitor voltage is the integral of the capacitor current, the
reference signal acquired in the previous phase will go
through a PI controller so that this signal will be transformed
into a voltage reference signal having capacitor properties.
Now, the PI controller coefficients must be adjusted so that
the filter efficiency will be maximized. Therefore, these
coefficients are determined with the purpose of reducing line
current harmonics with the PSO algorithm.

3.2 PSO Algorithm

PSO algorithm is based on group movements of particles.
In this algorithm, the time interval is considered. There-
fore, as in Eq. (12), the situation of each particle in the new
phase will be its location in the previous phase plus
velocity.

V=A/At=(x—xp)/1 > x=vt+x (12)

Each particle moves in two directions: the direction of
the best situation it has had up to now (P ;), and the
direction of the best situation of all of the existing particles
(Zbest)- As a result,

Avi = Axy ;i + Axy; = (Pbest,i - x,-) + (8bess — Xi)- (13)

It is better to multiply these two expressions by the
random coefficients C; and C,, respectively, so that the
nature of random movements will be created in the parti-
cles. Therefore,

Av; = Cj * (Pbest,ixi) + G % (gbest - xi)» (]4)
VIV = v 4 O x (Ppesiiti) + Ca * (ghest — Xi).- (15)

To gradually reduce the effects of previous velocities,
the expression V;°® is multiplied by the inertia constant w
(w is a coefficient less than 1). As a result,

VIV = W x vfld +C * (Pbest,ixi) + Cs * (goest — Xi), (16)

XI.ICW = x?ld +w V?ld + C] * (Pbest’,-x,‘) + C2 * (gbesl — xi).
(17)

Experientially, the coefficients C;, C,, and w are within
the following limits:

Ci+C< =4

0.1 <W< 1

Here, the coefficient w has been considered constant,
though it sometimes requires changes. In the next section, a
fuzzy method that expresses this coefficient as a variable
will be explained.
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Fig. 4 Line current without a compensator. a Temporal waveform. b Frequency spectrum.

3.3 PSO Algorithm with Fuzzy Inertia Constant

It is proposed that the inertia is not constant in all itera-
tions. These changes can be linear, according to Eq. (18),
but this change only leads to a decrease in inertia [17].

(18)

where wyx and wp;, are maximum and minimum values of
inertia constant, respectively. k is the number of iterations,
k™ is the maximum iteration, and w¥ is the inertia in kth
iteration.

k Wimax — Wmin k
W' = Wpax — kmax 9

@ Springer

In PSO algorithm, the change process of the inertia
constant is not always decreasing or increasing; rather it
occasionally increases or decreases. Also, at times, the
changes are not limited to a number of separate points, and
the change process is not constant. In such cases, the inertia
constant is better defined as fuzzy [17].

In the fuzzy method, first, the objective function must be
normalized. Hence, the function f is normalized, according
to Eq. (19):

fnorm = (f _fmin)/(fmax _fmin)~

Then, the diagram of membership functions for w, £,
and Aw will be as illustrated (Fig. 2).

(19)
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Fig. 5 Line current with phase shifting of load currents. a Temporal waveform. b Frequency spectrum.

v

(II) Forming the initial population in a random manner
and within the authorized range.

(IIT) Calculating the cost function for the initial
population.

(IV) Determining beg; and gpes.

(V) Selecting i, trustworthy member.

(VD) Selecting a member and updating its situation.

(VII) Calculating the cost function for it.

(VIII) Updating beg; and gpes-

(IX) Considering the selection of all members.

No: Return to phase V.

Yes: Move to phase X.

(X) Controlling the convergence condition.

No: Return to phase V.

Table 2 PI controller coefficient

ky 0.081
k; 4.836

The next phase is to define fuzzy rules. This is provided
in Table 1.

where, S = Small, M = Medium, and L = large. More-
over, Z = Zero, N = Negative, and P = Positive.

According to Table 1, Aw will be determined at each
phase, and it will either increase or decrease w.

3.4 Execution Phases of the PSO Algorithm

The PSO algorithm includes several steps as follows:
(I) Determining control variables and their ranges.

Yes: Move to phase XI.
(XI) Selecting gpes; as the final response.
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Fig. 6 Line current with active filter without phase shifting. a Temporal waveform. b Frequency spectrum.
4 Simulation Results | 2n
ag = 1 :2—/ il(t)d(a)t) =0, (21)
To show the capabilities of the proposed active filter for T

reducing harmonics, we need a non-linear load. For this
purpose, we use two diode-bridge rectifiers as the load. The 1/
rectifier, as shown in Fig. 3, is connected to the load RL. an = / i1 (t)cos(not)d(wt)

0
4.1 Simple Load x 11z
= /cos(nwt)d(wt) - /cos(nwt)d(wt) =0,

z In

If we connect the given loads to a sine source, the diagrams
6 6

of the changes related to its line current will be like
Fig. 4A. The line current frequency spectrum is calculated
using the following equations:

(22)

i1(t) = ao + Y _ [ay cos(not) + by sin(nowt)] (20)

n=1
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2n

1
b, = f/il(t)sin(na)t)d(wt)
n
0
= g
1, . .
= /sm(nwt)d(wt) — [ sin(nwt)d(wt) | —
: ¥
0if n=12k

41, . /nm o
—s1n(—) otherwise
nn 3

It is worth mentioning that, in the above equations, the
amplitude of the peak current is equal to (%1,), i.e., the
small variations in peak are neglected in the above
calculation.

According to Egs. (21), (22), and (23), the amplitudes of
2nd and 3rd harmonics and their multiples are zero, and

there are other harmonics. The line current frequency
spectra are shown in Fig. 4b. According to this figure, THD
is equal to 20.56%, which is higher than the allowable
IEEE-519 standard. Initially, to reduce THD, two diode-
bridge rectifiers are linked to the line by two transformers
with D-D and Y-D connections. Subsequently, an active
filter equipped by FPSO is used for further harmonic
reduction.

4.2 Phase Shifting of Load Current

As mentioned, if two diode bridges are connected to a line
with two star-triangle and triangle-triangle transformers,
the load current of the two rectifiers will have 30 degrees
phase difference. The new load current, as shown in Fig. 5,
will be less disturbed, and THD will drop below 8%. In
fact, harmonics 5, 7 and their multiples are eliminated.
However, this value is higher than the standard limit, and it

@ Springer



2738

International Journal of Fuzzy Systems, Vol. 24, No. 6, September 2022

is recommended to use a shunt-active filter and reduce the
current THD. It is described in the next section.

4.3 Shunt-Active Filter Trained by FPSO

Since phase shifting in the load currents did not reduce the
harmonics by less than 5%, so shunt-active filter (SAF) is
employed. SAF with PI controller reduces harmonics.
Fundamental to SAF use is to appropriately tune its filters
coefficients to enhance their performance. For this purpose,
the PSO algorithm of which inertia constant w is deter-
mined by the fuzzy method is used in the objective function
as follows:

Min (THD Ijpe). (24)

If the FPSO algorithm is used to reduce the harmonic
current, kp and ki will be obtained according to Table 2.

It should be noted that these values are obtained by
considering the phase shifting of the current. If the current
phase shift is not taken into account, the obtained THD, as
shown in Fig. 6, will be greater than 7%, which is not
acceptable. Once both the phase shift and the active filter
are used together, the harmonics will be reduced to 2.15%,
(Fig. 7), which is acceptable by IEEE-519 standard.

The FSTPI cannot decrease the current THD to less than
5% [11]. Therefore, it is not an appropriate choice.
Moreover, the variable index method [12, 18] not only
requires variable switching frequency but also increases
switching losses.

5 Conclusion

In this paper, THD initially decreases with load current
phase shifting. Next, a trained active filter with the FPSO
algorithm was used. The adjustment of the inertia constant
w with fuzzy methods yields fairly better results. The uti-
lized active filter not only enjoys some advantages,
including simplicity of control algorithm and accept-
able performance in the presence of harmonics but also can
reduce THD to less than the acceptable value of the IEEE-
519 standard.

Appendix
In the system used in this study, the values considered are
R = 10Q and L = Imh. Also, the voltage amplitude of sine

and triangular sources is 4160 V, and their frequency is
60 Hz.
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