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Abstract. Development of non-linear loading in the application of industry and distribution system and also
harmonic compensation becomes important. Harmonic pollution is an urgeiftsfproblem in increasing power quality.
The main contribution of the study is the m@@&lng approach used to design a shunt active filte the application
of the cascade multilevel inverter topology to improve the power quality of electrical energy. In this study. shunt
active filter was aimed to eliminate dominant harmonic component by injecting opposite currents with the harmonic
component system. The active filter was designed by shunt configuration h cascaded multilevel inverter method
controlled by PID controller and SPWM. With this shunt active filter, the harmonic current can be reduced so that
the current wave pattern of the source is approximately sinusoidal. Design and simulation were conducted by using
Power Simulator (PSIM) software. Shunt active filter performance experiment was conducted on the IEEE four bus
test system. The result of shunt active filter installation on the system (IEEE four bus) could reduce THD current
from 28.68% to 3.09%. With this result, the active filter can be applied as an effective method to reduce harmonics.

INTRODUCTION

The high cost that must be paid requires efficient power service. Power utilization efficiency depends on
some factors, one of the factors is power quality [1]. Good qualit'm power system 1s a must, and the power
quality dﬂds on load type in the system [1.4]. It is known that there are twcm)es of loads, they are linear
load and non-linear load. Linear load generates a sinusoidal wave, meanwhile non-linear load generates non-
sinusoidal (distortion) wave [2]. Ideally, current and voltage must have a sinusoidal wave that can be taken from
the ideal resistor, capacitor, and inductor. Non-linear load requires non-sinusoidal current even on sinusoidal
supplied voltage. If this happens, so the power qualitv 1s imperfect. This imperfect condition is caused by
magnetic load or switching semiconductor that can be obtained from electrical equipment [2,5].

A major problem in power quality is harmonics which is caused by the non-linear load. l[armna.:s will
cause negative effects on other electrical equipment that is installed in the system. The negative effects of higher
haramics include among others [1]:

+ Overloads, too early aging or failures of many elements of power systems, such as motors, transformers,
apacitor banks, generators and specifically components of information and communication networks.

+ Overloads of neutral conductor in three phase systems caused by the sum of the third harmonics. As a result,
the neutral current RMS value can be many times greater than for the phase currents. Many networks that are
currently in use are not ready to supply those loads.

. gher harmonies causes resonance phenomena that lead to failure.

+ System overloads and higher losses in resistive elements because of increased current RMS values, These
effects are typically visible in the case of current impulsive waveforms that are characteristic for switched-
mode power supplies (PC, mobile phone chargers, etc.) and compact fluorescent lights. Even though low
average value these waveforms are characterized by high RMS value. Even, the energy losses in supply
systems can be a few times greater comparing to the sinusoidal case.

Therefore, developing devices capable of reducing harmonic distortion and supplying reactive power is
becoming important. Recently, passive and active filters have been used for harmonic compensation. They have
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the capability of damping harmonic impact between the switching loads and power source. According to the
type of applications and load ratings. an appropriate combination of passive and or active filters can lead to an
efficient compensator capable of improving the electrical energy quality and hence decreasing distributors and
power bills customers.

In the literature [2-7], it has proposed different topologies of series and shunt filters. Using LC passive filters
can simply prevent harmonic noise on the line side of the power source by absorbing generated current
harmonics. But, they can’t adapt load and source frequency change and cause resonances that can accelerate the
failure of the system. The use of active filters (AF) is an alternative solution which recognizes its efficiency and
adtmion to load and frequency change [8].

In this paper, the study is focused on shunt active filter system which behaves like a harmonic current source
connected in parallel to disturbing loads to reduce the injection of current harmonics into the supply system. It
injects with an opposite phase into a current network with the same amplitude of the harmonic current required
by switching loads. Accordingly, power quality is improved and the current supplied by the utility network is
sinusoidal. It is well known that the current (I|..;,.|)B:1uired bv a nonlinear load can be divided into fundamental
(Tigaar ) and harmonic (1,5 ) components. The role of a shunt active filter is to generate current harmonics (ljoun)
required by the disturbing load such that the curm delivered by the power source is sinusoidal. Figure 1 shows
the principle of harmonic compensation using a shunt active filter system.
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FIGURE 1. Principle of a shunt active filter | 10]

Source

Since early 1980 decade. it has proposed many methods for current harmonic reduction using an active filter.
Some of them are time-based (currents correon, instantaneous power or pg-theory, capacitor voltage control,
dg-theory or synchronous reference frame), and others are frequency based (wavelets, Fourier series resonant
coffbllers) [9-11].

On the otn side, the multilevel converters have been very popular in applications because they are capable
of producing better quality waveforms (lower total hmmic distortion) using standard semiconductors [12-13].
The most popular multilevel inverter n'lﬁgurations are Cascade H-Bridge (CHB), Flying Capacitor (FC) and
Neutral Point Clamped (NPC) [14]. Among these multilevel converter topologies, the cascade H-bridge is
possible to use for its modularityd the ability to reach high-power levels using standard semiconductors. The
advantage of cascade H-bridge topology is that possibility to gain more voltage levels using asymmetrical
vollée sources, at the cost of losing redundancies and this modularity [15].

Cascade Multilevel Inverter (CMI) is one of the most important topologies in the group of multilevel
inverters. It needs t number of components comparing to diode-clamped and flying capacitors type
multilevel inverters. It has a modular structure with simple switching method and takes less space [16-18].
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The CMI consists of some H-bridge inverter units with the de source which is separated each unit and
connected in a cascade that is shown in Fig. 2. Each H-bridge can produce three different voltage levels: -Vdc,
0, and +Vde by connecting the de source to ac output side by four different combinations of switches S1, @83,
and S4. The sum of all individual H-bridge outpths synthesized by output voltage waveform in which the ac
output of each H-bridge is connected in series. A nearly sinusoidal output voltage waveform can be synthesized
by connecting the sufficient number of H-bridges in cascade and using proper modulation scheme.

The novel of this work is by using shunt active filter with Cascaded Multilevel Inverter 11-Level cascaded 5-
Bridge method. CMI 11 Level cascaded 5-Bridge output consists of 11 level amplitudes. they are +35, +4, +3,
+2, +1. 0, -1, -2, -3, -4, -5. This method doesn’t require high switching frequency. The output of power is bigger
than it. It doesn’t require any transformer. Besides, by using this method, THD in the system can be reduced.
Shunt active filter is designed by using PSIM software simulation, and after that, its performance is tested by
comparing THD without a filter to THD with shunt active filter cascaded multilevel inverter.

EXPERIMENTAL METHOD

Working principle of cascaded multilevel inverter method as the active filter is by generating harmonic
wave system. A harmonic wave of the system becomes a reference of the inverter circuit. The aim of Cascaded
Multilevel Inverter circuit is to generate same shape and amplitude as harmonic wave system. Then, the output
of the inverter will be injem into the system as harmonic compensation.

Overall. modeling of shunt active filter is shown in Fig. 3. which is the block diagram system. As shown in
Fig. 3. the system is divided into some parts; they are Filtering, Controlling, Leveling, Triggering and Cascaded
Multilevel Inverter.
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FIGURE 3. Shunt active filter block diagram [14.18]
Filtering
The filtering process is aimed to obtain harmonics wave by using band pass filter. Filtering circuit is shown
in Fig. 4.

S Apus

Arus Be‘lnli\n Sistem
1 * Referensi

Band Pass Filter
FIGURE 4. Filtering circuit

IL is load current system. Ii. load current should be reduced by the fundamental component to get reference
wave. One of the ways to get the reference wave is by filtering load current on the frequency of 50Hz band pass.
then load current is reduced by fundamental component so that only harmonic component current is obtained.

Band pass filter current signal input is fundamental current that is sensed by a current transformer (CT).
The input signal (fundamental current and harmonics current) is changed into a voltage signal by constant
modulation, equals one. Then the current signal is the equal voltage signal representative, as a band pass filter
function that is releasing signal on 50 Hz fundamental frequency and blocking another frequency signal.

Band pass filter parameter consists of:
Center frequency [12] Fo=wo /2n (1)

Center frequency is set at 50 Hz because fundamental frequency of voltage source is 50 Hz. The value of
Gain k is | so that output band pass filter equals input band pass filter.

Bandwidth [12] Fb=B/2x )

Bandwidth is 50 Hz so that it can release 50 Hz fundamental frequency and block other frequency. exclude
50 Hz frequency.

Controlling

Control of the simple proportional-integral-derivative (PID) can repair flaw wave that is caused by
nonlinear load and reduces current THD under maximum value whose value is determined by an international
standard (IEEE Standard 519-1992). PID diagram block is shown in Fig. 5.

Output + <= Ny Output
BPF % - PID

=

= A 8T |

ED= !

cu

FIGURE 5. PID control
The input signal on PID control is the difference between the harmonic signal from bandpass filter and the
output signal from multilevel cascade inverter which is negative feedback. While output signal from PID control
will be processed bv the comparator to change signal into a pulse, trig cascade multilevel inverter circuit.
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In this study, a method that is used to determine gain value and time constant is trial and error. Table
method isn’t used due to inappropriate response system. There are some problems should be noticed before
tuning PID to obtain control parameter. The main reference is by observing output signal overshoot. If it is too
high, so the gain value is lowered. If damping 1s too high. so time constant arises, to change duty cycle signal,
switching is conducted by changing gain in PID controller.

Setting parameter value that is used in control system is:

Proportional : Gain = 10
Integrator . Time Constant = 1.09
Differentiator : Time Constant = 0.0003

Leveling

This study is ccnuctcd by utilizing the simplicity of multi-carrier sine PWM. It will be explained in the
following paragraph. For an n-level inverter, N-1 carriers with the same amplitude Ac and the same frequency fe
are disposed of so that the bands they take are impacted. The reference waveform has got maximum amplitude
Am, a frequency fm, and its zero is in the middle of the carrier set. The reference is compared to each of the
carrier signals continuously. If the reference is greater than a carrier signal. then the IGBT related to that carrier
is switched on and if the reference is less than a carrier signal, then the IGBT related to that carrier is switched
off [20].

In multilevel iverters, The ratio of reference amplitude (Awn) to carrier amplitude (Ac) i1s the amplitude
modulation index (M,) [21].

Mil - Am (m' 1) A-l: (3)

The frequency ratio (M) is ratio of carrier frequency (F.) to reference frequency (F,,) [21].

0 Mf=F¢/Fp )

1

In phase disposition method, all the carriers han the same frequency and amplitude. Moreover, all the N-1
carriers are in phase with each other. It refers to the comparison of a sinusoidal reference waveform to vertically
shifted carrier wavefomﬂ shown in Fig. 6. This method uses N-1 carrier signals to generate an output voltage
of n-level inverter [20]. All the carrier signals have the same amplitude, same frequency and are in phase [21].
In this method, ten triangular carrier waves have compared to the one sinusoidal reference wave,
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FIGURE 6. Phase Di'sﬁosi:ion Modulation

Triggering

A number of a switch on the inverter are symbolized by S, with the following equation 5 [14].
§=2(n—-1) (5
Note:
S = Number of switches
n = Number of Levels
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Based on the above equation, switch number of 11 levels cascaded 35 bridge inverters are 20. The output
from each full bridge inverter circuit has got 3 types of the output voltage. They are +V. 0, and V. Those three
types of voltage are generated by switching control (51, S2, 83 and 54).
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FIGURE 7. Triggering circuit

As explained before that on the 11 level cascaded five bridge, the generated amplitude by inverter are

varied from —V35 until +V5, The 20 switches have got the important role in this case to control amplitude
variation.

Cascade Multilevel Inverter

One of the ways to implement cascade multilevel inverter method is by using one-phase full bridge
rectifier inverter that is connected in series with separated voltage source. N-level cascaded H-Bridge where n is
a level number of Multilevel Inverter output while H is cascaded full bridge inverter [18].

n=2H +1 (6)

Note:
n = Number of Cascaded Multilevel Inverter level
H = Number of Full bridge inverter

The number of level on Cascaded Multilevel Inverter, the softer the output voltage. However, as shown in
equation 6, the higher the level, the more the H (number of the inverter) so that the more components are

needed. Research on B2t active filter is by using Cascaded Multilevel Inverter 11-level cascaded 5-bridge. The
whole circuit system is shown in Fig. 8.
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FIGURE 8. Cascade Multilevel Inverter (CMI) configuration of shunt active filter
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In this study, shunt active filter parameter is designed by using Power Simulator 9.0.3 software.
Performance test of shunt active filter is conducted by 4-bus IEEE test system using SimView library PSIM
9.0.3 software. Test system data that is used is distribution network topology, data of load and transmission.
Below is distribution network topology four bus [EEE test system (Fig. 9) [22]:
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FIGURE 9. Model of IEEE four bus test system

RESULTS AND DISCUSSION

In this simulation, a circuit that is used as a performance test of shunt active filter CMI is system
interconnected IEEE 4 bus test system. The optimum power filter placement (passive filter and active filter) is
on the bus 2 and bus 4. Wiring diagram of IEEE 4 bus system is drawn by using PSIM software as shown in Fig.
9.

The following figures show wave shape without a filter, wave shape after passive filter single tuned was
installed, and wave shape after shunt active filter was stalled.
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(c) Wave shape after shunt active filter was installed
FIGURE 10. Wave shape without and with filter
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Figure 10 above show that current wave distortion is decreasing and becomes sinusoidal. It means that by
using passive filter single tuned can also decrease harmonic effect on the 4-bus system that makes the current
wave more sinusoidal. Moreover, the use of shunt active filter can significantly decrease harmonic effect that
leads to the much more sinusoidal current wave,

&0

40

o
o 500 1000 1500
Frequency {Hz)
(a) Spectrum frequency before Filter Installment
B0
&0
40 |
20
0 ———
o 500 1000 1600
Frequency (Hz)
(b) Spectrum frequency after passive filter installment
400
300
200 ||
100
» =
o 500 1000 1500
Frequency (Hz)

(c) Spectrum frequency after shunt active filter installment
FIGURE 11. Spectrum frequency before and after filter installment

From the pictures above, after installment of passive filter single tuned and shunt active filter CMI. harmonic
frequency on network interconnected with harmonic orde low voltage above one will get less value comparing
to the condition before installment of the two types of filters, Current wave on each bus system after installment
of shunt active filter consists of only fundamental current. It means that shunt active filter CMI can decrease
harmonic current on the system interconnected with low voltage. So, wave current on each bus svstem is more
sinusoidal.

TABLE 1. THD IEEE standard
Maximum Harmonic Current Distortion in Percent of Ir.
Individual Harmonic Order (Odd Harmonic)

sl <11 1l =h< 17<h= 23<h< 35=h THD(%)
17 23 35
<20 4 2,0 L5 0.6 0.3 5.0
20 - 50 7 3.5 2,5 10 0.5 8.0
50 - 100 10 45 40 L5 0.7 12,0
1001000 12 5.5 5.0 20 10 15.0
15 10 15 7.0 6.0 2.5 14 200

Is¢ = Maximum short-circuit current
IL = Maximum load current

Table 1 i1s harmonic percentage standard for THD current [10]. Isc=16638.002A is obtained from PSIM
simulation by connecting the short-circuit between line phase and ground then notice the result measurement
Ims. 1.=235.918A is nominal fundamental load current. So, Isc / I = 70.52 (50 - 100). Based on Table 1. the
maximum standard of THD current is 12%.
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TABLE 2. Shows comparison of THD current on the svstem interconnected with low voltage network.

Current Magnitude before Current Magnitude After Current Magnitude After
Orde _ﬂ Filter Installment Passive Filter Installment Active Filter Installment

Busl Bus2 Bus3 Bus4 Busl Bus2 Bus3 Bus4 Busl Bus2 Bus3 Bus4d

5 6.7 6.7 20.1 6.7 13.8 14.3 13.8 143 5.2 3.7 157 3.7
7 32 3.3 9.8 33 6.8 6.7 68 0.7 2.5 3.7 7.4 3.7
11 2.6 2.6 7.7 26 5.1 4.9 5.1 4.9 1.6 2.4 4.9 24

13 1.7 1.7 5.2 1.7 35 3.6 36 3.6 1 0 30 0
17 1.5 1.5 4.5 1.5 3.1 3.2 3.1 3.2 1 1.2 3.1 1.2
19 1.1 1.1 33 1.1 23 23 23 23 0.8 1.3 24 1.3
23 1 1 29 1 2.1 1.9 21 1.9 0.5 0 15 0
25 0.7 0.7 22 0.7 1.6 1.7 1.6 1.7 04 0.7 1.3 0.7
29 0.7 0.7 2 0.7 1.4 1.6 1.4 1.6 0.5 0.9 1.4 0.9
31 0.5 0.5 1.5 0.5 1.1 1.1 1.1 1.1 0.4 0 1:2 0

THD% 2864 28.69 2870 2868 2426 2437 2428 2437 316 3.10 316 3.10

Table 2 shows that there is a significant reduction of harmonic wave after installment of passive filter single
tuned and shunt active filter cascade multilevel inverter. THD current average on each bus is 24.3% with passive
filter single tuned. THD current average on each bus is 3.09% with shunt active filter. Therefore, there is a good
progress of THD current level that is 12% (below IEEE standard) after installment of the shunt active filter
cascade multilevel inverter.

CONCLUSIONS

This paper presented that a shunt active filter cascade multilevel inverter was used to reduce (decrease)
harmonic current on the power system (4-bus system). The result was that a shunt active filter installment could
reduce (decrease) harmonic current that was caused by the nonlinear load (rectifier) with initial THD current =
28.68% then reached final THD current = 3.09%. In this case. final THD current is much better than before
according to IEEE standard 519 -1992, where the maximum standard of THD current for the power system is
12%.
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