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Abstract: The significant increase in electronic devices has resulted in serious harmonic pollutions
in electricity grids. In addition, due to the resonance of the system capacitance and inductance,
the harmonic current may be amplified dramatically when it goes through the transmission line
which is harmful to the normal operation of electrical equipment. To suppress the voltage and current
harmonics resonance, many control strategies of active power filter (APF) are proposed. Nevertheless,
these strategies cannot attenuate the amplified harmonic voltage and current due to resonance.
In this paper, the harmonic propagation characteristics are investigated on a long transmission line
and a new control strategy called VI-APF based on current-controlled and voltage-controlled current
sources connected in parallel is presented. According to the simulation results, the proposed control
strategy can suppress the total harmonic distortion to a low level. Finally, the effectiveness of VI-APF
is demonstrated through the simulation on the IEEE 33-bus distribution system.

Keywords: Active power filter; power quality; distribution system; harmonics suppression

1. Introduction

Recently, distributed generations (DGs) have gained popularity for increasing the reliability
of distribution networks, and power quality has become a significant issue [1]. Due to the power
electronics interfacing various DGs with the grid, voltage and current harmonics are increasing [2].
When high harmonic current orders flow through a long transmission line, the line distributed
capacitance cannot be neglected and may resonate with the inductive components of the system
causing significant distortion to the current and voltage waveforms, exacerbating harmonic pollution
which has become an essential problem to be solved [3-6]. According to IEEE STD 519—2014, the
harmonic voltage distortion rate limits are as shown in Table 1 [7].

Table 1. IEEE STD 519—2014 harmonic voltage distortion limit.

Bus Voltage Single Harmonic Distortion (%) Total Harmonic Distortion (%)
U<10kV 5.0 8.0
1Kv<U<69kV 3.0 5.0
69kV <U<161kV 15 25

Much literature reveals that the performance of electric devices is seriously affected when the
total harmonic distortion (THD) is more than 20% [8,9]. To eliminate the effect of harmonic currents on
the performance of a relay, a simple and reliable active filter design is introduced, but the transmission
characteristic and resonance of harmonic currents are not considered in such a design [9,10]. Research [1]
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provides a method to solve the power quality of the source side and reduce the effects of harmonic
components on rectifier transformer. In [11], a control strategy for active power filter (APF) is presented
to suppress the harmonic voltage on long transmission lines under a no-load condition. As transmission
system parameters may change with the load variation, the proposed APF may not have a good
performance at all loading conditions due to its constant damping conductance. A discrete tuning
active filter is proposed to suppress the harmonic voltage in which the damping conductance can be
autonomously adjusted in response to the variation of the harmonic source and transmission line
parameters, but harmonic current resonance is not considered in this technique [12]. In [13], a digital
active power filter controller was proposed to only reduce the current distortion.

In this paper, a new control strategy for the active power filter is proposed to suppress resonance
harmonics in long transmission lines and power systems. In Section 2, the propagation characteristics
of harmonics on the transmission line are realized. In Section 3, the control strategy is analyzed, and
the harmonic abstract part is introduced. Because the alternating current (AC) current generated by
the three-phase bridge rectifier mainly includes 6k + 1 harmonic orders, where k is an integer number,
and the higher order harmonics will be of small amplitudes, this paper only considers the fifth and
seventh harmonics. In Section 4, VI-APF exhibits better results in suppressing both harmonic voltage
and current than a traditional control strategy in a 60 km transmission line simulation. Finally, the
effectiveness of the proposed technique is illustrated through the IEEE 33-bus distribution system
simulation analysis carried out using Matlab / Simulink software.

2. Transmission Line Model and Harmonics Characteristics

Figure 1 represents the R-L-C model of a long transmission line in which the sending end
voltage (V) and current (Is) can be correlated with the voltage and the current at any location on the
transmission line (x, measured from the receiving end) using the following equation [14].
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Figure 1. Long transmission line model.

sinh(yx)
Zc

According to (1), the current flowing through the transmission line comprises of two components;

I(x) =11 + I = cosh(yx) - Vg — -Ig 1)

I; which is an incident wave from source side, and I, which is a reflected wave from the load side.
Due to superposition of the incident wave and the reflected wave, the harmonic current may be
amplified at certain frequency and location. Therefore, it is necessary to develop a cost effective
technique to suppress such harmonic resonace which is the main aim of this paper.

3. Analysis and VI-APF Control Strategy

Harmonic current amplification on the transmission line is mainly due to resonance, during which
the transmission line presents a low impedance to the harmonic current flow. In addition, during
transient and fault events, the harmonic current results in travelling waves [15]. When the transmission
line operates with no load or a light load, the harmonic travelling wave tends to reflect from the load
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side, which may result in harmonic amplification. Thus, this paper considers the line harmonic current
attenuation during the light load condition.

3.1. VI-APF Model

Figure 2 shows a simplified three-phase transmission line with an APF installed at the receiving
end. The three-phase voltage source mainly includes fifth and seventh harmonic orders, and the APF
is represented by an equivalent current-controlled current source and a voltage-controlled current
source. The control coefficients K;(h) and K,(h) are for the i harmonic order.

3 @Voltage Source
Include Harmonics L L L
1 2 5 6 - e— —

Ki(B)Vi (W)l
T TT T
— — —
APF Equivalent Circuit
Diagram
Figure 2. Transmission system model and equivalent active power filter (APF).
When the transmission line parameters and the harmonics voltage V}, and harmonic current I, at

node zero are known, the harmonic current at x km from the receiving end of the transmission line I(x)
can be calculated from:

inh
L,(x) = KiVy + Kol = cosh(yx)V), — szﬂlh ?)
c
Y= \/(Ro + jwLo)(Go + jwCo) = jw VLoCo ®

where y is the harmonic propagation coefficient, and Z. is the characteristic impedance of the
transmission line.

As shown in Figure 2, the APF is installed at the end point of the line, and the APF current
command i, can be represented by:

e = labe + Z inpe(h) = K tgper + Z[Kl (h) -y + Ko (h) - ] 4)
T T

where i, and 1, are the compensating harmonic current and voltage during the no resonance
condition and iz is the compensating current for the amplified harmonics because of resonance. uy,
and 7 are the amplified hth harmonic voltage and current because of resonance. The compensation
coefficients K;(h) and K,(h) can be calculated as follows,

K=1/Zz. K4y = cosh(yl) Koy = —sinh(yl)/ Zc (5)
where [ is the length of the line.

3.2. Harmonic Extraction

In this paper, instantaneous reactive power theory is used to detect and extract harmonics [16-18].
The method is based on Park’s and Clark’s transformations to obtain the three-phase harmonic currents,
and the relevant calculation as shown in Figure 3 [19].
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Figure 3. iy-i; calculation.

In Figure 3, the instantaneous values of the three-phase current i, i, and i, are transformed into the
(a-B) coordinate system using Park’s transformation, and the fundamental current component becomes
a dc value. Then, the dc component can be filtered using a low-pass filter (LPF) as shown in Figure 3.
Thus, the three-phase harmonic current component can be extracted by Clark’s transformation [20].

The two-phase instantaneous currents iy, iﬁ and iy, iy can be obtained as below [21,22].

sinwt  —coswt
C:[ —coswt —sinwt ] ©)
_ T 1 -1/2 -1/2
Co=Cos’ = Vm[o V3/2 —«/5/2] @)

where w is the power frequency in rad/s.

3.3. Proposed Control Strategy of VI-APF

The control strategy of VI-APF is shown in Figure 4. In this figure, the current command 7’ is
calculated using ey, i5pc and v,pe, where egp. and iy, are the voltage and current at the start point of the
transmission line, and v,y is the voltage at the APF installed point. e and iz are used to obtain the
current command for attenuating the amplified harmonics due to the resonance, and v, is used to
obtain the current command for suppressing other harmonic orders.

The total harmonic components of e, and i, can be obtained by Park’s transformation, the
low-pass filter and Clark’s transformation of the fundamental frequency w. Due to the different
coefficients of various harmonic orders, the amplified harmonic current because of resonance and
other harmonic components need to be derived from the total harmonic orders. Similarly, specific
order harmonics can be selectively derived by Park’s transformation, the low-pass filter, and Clark’s
transformation at harmonic frequency wjy,. The cut-off frequency of the employed low-pass filters in this
paper is set at 10Hz where ¢, and i, are the single-phase voltage and current measured at one end of
the transmission line; ¢, e5, e; and i, i5, iy are used to obtain the fifth and seventh harmonic components
that lag e, and i, by 2mt-(1 — #/T+ | #/T]) rad; and t is voltage-optic and optic-computer conversion time.

It is worth mentioning that measured AC harmonic signals can be conversed to the dq reference
frame before at the point of measurement. The data transmission delay would not be a serious issue as
the main aim is to damp the steady state harmonic propagation.

s = Egsin(wt + ¢1) ip = Iy sin(wt + ¢2)
e=Egsinfwt+¢1—-2n-(1-t/T+[t/T])]

i = igsinfwt + @y — 27 (1= /T + |t/T))]

es = Egsinfbwt + o1 —2m- (1—t/T + [t/T])] (8)
ey = Egsin[7wt + @1 —2n- (1-t/T + [t/T])]

i5 = igsin[Swt + @y — 21 - (1—t/T + [t/ T])]

i7 = igsin[7wt 4+ @y —2m- (1=t/T + [t/ T])]
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where e; and i, are the single-phase voltage and current measured at one end of the transmission line;
e, e5, ey and i, i5, iy are used to obtain the fifth and seventh harmonic components that lag ¢, and i, by

2n-(1 — t/T+ |#/T]) rad; t is voltage-optic and optic-computer conversion time.
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Figure 4. VI-APF control strategy.

4. Simulation Results and Discussion

4.1. Case 1 Transmission Line System Simulation

The VI-APF control strategy was assessed through its application on a 60 km transmission line
shown in Figure 5 with the parameters of the transmission line as listed in Table 2 [23,24].

Table 2. Transmission System Parameters.

System ratings Value
System frequency 50 Hz
Source Voltage 1kV
Fifth Harmonic Voltage 10V
Seventh Harmonic Voltage 10V
Load 10 kW
Transmission line length 60 km
Line inductance per km 0.6 mH
Line capacitance per km 15 uF
Inductance of LC filter (L) 2 mH
Capacitance of LC filter (C) 30 uF

The system voltage was 1kV including the fifth harmonic and seventh harmonic. Considering
fifth and seventh harmonics amplification because of resonance; the coefficients K, K;(5), K;(7), K»(5),

K5(7) can be calculated using (5) as follows:
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K =6.32, K1(5) =0.9976 , K1(7) = 0.9652, K»(5) = —j4.927 x 1073, Ky(7) = —j6.898 X 1073
The 60-km transmission line was divided into six, 10-km sections from node zero to node six as

shown in Figure 5. The APF was installed at node six, and an LC filter was connected with the APF to
suppress the high frequency harmonic components due to the APF itself.

0 1 2
1kV AC Source | | LC filter
with harmonics
——— | | | | §a ‘E’} APF

Figure 5. Simulation system.

4.1.1. Fifth Harmonic Suppression

At first, the voltage of the fifth harmonic at node one was set at 40 V so that the voltage THD,
Vrup was 4%. Figure 6 shows the magnitude of the current and voltage THD (Ityp, Vup) at all the
nodes. Figure 6a reveals that when VI-APF was connected, the magnitude of Ityp at all nodes except
node zero and node five was significantly reduced. The THD at nodes zero and five was less than 2%
with APFE. Although Ityp at node zero was 0.44% when the APF was off, it was magnified by nearly
10 times at node two (Ityp = 4.28%), while the fifth harmonic current was not amplified when the APF
was on. In Figure 6b, Vryp at node six was around 10% when the APF was off; exceeding the limits of
the IEEE STD 519—2014 harmonic standard. When the APF was on, Vtyp at all nodes it was reduced
to a level less than 6%.

Vrip
10%

ITI iD

4%
8% APF
I OFF

3%
° 6% |

2% I

4% 3
| APF ON

1% 2%

0 1 2 3 4 5 6
Node

(a) (b)

Figure 6. THD of the fifth harmonic: (a) current, and (b) voltage.

4.1.2. Seventh Harmonic Suppression

Similarly, the amplitude of the seventh harmonic voltage at node zero was set at 10V so that Vryp
was 1%. As shown in Figure 7, the magnitude of the seventh harmonic current reached a peak THD
value at node one of about 15%, and it reaches nearly 10% at node three and node four when the APF
was off. On the other hand, although the voltage THD at node zero was only 1%, the value reached
28% at node six without the connection of the APF. When the APF was connected, Ityp at all nodes
was reduced to a level less than 3%, and the maximum Vtyp at node six, was significantly reduced to
a level less than 6%.



Energies 2019, 12, 4099 7 of 12
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25%
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Figure 7. Total harmonic distortion (THD) of seventh harmonic (a) current and (b) voltage.

The above results revealed the effectiveness of the VI-APF control strategy in suppressing and
attenuating the fifth and seventh harmonic orders in both current and voltage waveforms.

4.1.3. Nonlinear Load with Fifth and Seventh Harmonics

In this simulation, the harmonic suppression performance of a traditional APF called R-APF and
VI-APF were compared, and the simulation results are shown in Figures 8-13.

Figure 8 shows the THD based on the existence of both harmonic orders, fifth and seventh with
the same voltage amplitudes in the above case studies. In addition, a nonlinear load was connected
at node six. The harmonic components generated by the nonlinear load is as shown in Table 3.
Figures 9 and 10 are voltage and current waveforms, and are provided to clarify the improvement of
the current and voltage waveforms. Figures 11 and 12 are the current and voltage at node zero and
node six when VI-APF is used. Figure 13 is voltage and current waveforms when the traditional R-APF
is used.

When the APF was off, the Ityp at node zero reached a level higher than 30%, while Vyp reached
a maximum value of 28% at node six as shown in Figure 8. When the APF was connected, V1pp and
Itap were all reduced. As for voltage, VI APF and R-APF both reduced the THD to a level less than 6%,
but R-APF suppressed the harmonic current to a low level, for instance, ITyp reached 11% at several
nodes as shown in Figure 13. With the connection of VI-APEF, Ityyp was reduced to a level less than 5%.
It was obvious that VI-APF had a better performance in harmonic suppression than traditional R-APF.

Table 3. Harmonic components of the nonlinear load.

Harmonic order 2 3 5 7
Voltage THD (VTHD) 0.3% 1.70% 1.41% 1.01%
Trup Vinp
35% 35%

30% 30% |

25%
20%
15%
10%

5%

S%I\Q—G\O—Aop—l:ﬂ—o—”:
0

25% L
20% |
15% |
10% |

(a) (b)

Figure 8. THD with nonlinear load and background harmonic: (a) current, and (b)voltage.
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Figure 9. Voltage waveform with nonlinear load and background harmonic: (a)VI-APF off, and

(b)VI-APF on.
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Figure 10. Current waveform with nonlinear load and background harmonic: (a) VI-APF off, and
(b) VI-APF on.

Voltage(V)/Current(A) Voltage(V)/Current(A)
1000V 1000V
100A 100A
Node 0 Node 0
4
-100A -100A
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-1000v Current -1000v Current

(a) (b)
Figure 11. Voltage and Current at node zero: (a)VI-APF off, and (b)VI-APF on.



Energies 2019, 12, 4099 90f12
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Figure 12. Voltage and current at node six: (a)VI-APF off, and (b)VI-APF on.
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Figure 13. Voltage and current waveform with traditional R-APF: (a) voltage, and (b) current.

4.2. IEEE 33-Bus System Simulation

To investigate the robustness of VI-APF on harmonics suppression in a large distribution system,
the IEEE 33-bus system shown in Figure 14 was simulated using Matlab/Simulink, with a 60km length
transmission line connecting each adjacent node [25]. A nonlinear load was connected at bus 17 to
inject harmonic components as listed in Table 3.

Simulation results show that Vryp and Itygp at bus 17 (Itgp = 2.61%, Vrup = 4.48%) and at bus 18
(Ittp = 2.59% V1hp = 4.75%) were higher than other buses when the APF was off. The THD at other
buses was less than 1%. Therefore, the harmonic amplification characteristic on the transmission line
between bus 17 and bus 18 should be investigated. In this context, the 60 km-line between bus 17 and
bus 18 was divided into six 10-km sections from node zero to node six.

From Figure 15, it was observed that Vryp was less than 6% with and without the connection
of the APE. However, if VI-APF was connected, the magnitude of Vrp at most nodes decreased.
Additionally, when the APF was off, Ityp at node five was nearly 14%, exceeding the IEEE STD
519—2014 harmonic standard. With the connection of the APF, ITyp at all nodes was reduced to a level
less than 5% that complied with IEEE standards.
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Figure 14. The IEEE-33 bus distribution system.
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Figure 15. THD at nodes between bus 17 and bus 18 of the IEEE 33-bus distribution system: (a) current,

and (b) voltage.
5. Conclusions

In order to control harmonic pollution, a new APF control strategy was proposed to effectively
suppress harmonic voltage and current components in power systems in this paper. Simulation
results showed that, even if the magnitude of THD at the harmonic source was within the standards,
it may exceed the standard at other nodes due to harmonic resonance within the transmission lines.
In contrary to existing APF control strategies (R-APF), the proposed control strategy in this paper
can effectively suppress and attenuate voltage and current harmonics of different orders and hence
improve a system’s power quality. VI-APF can suppress the magnified harmonic currents due to
resonance in radial transmission lines and a large distribution system and it is easy to implement in
active power filters.
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