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Abstract

This paper investigates mitigation of current harmonics using different configuration of cascaded multilevel inverter based
shunt hybrid active power filter (SHAPF) and to improve power quality of the system. The main objective of this paper is to
develop and analyze the compensation characteristics of cascaded multilevel inverter based shunt hybrid active power filter by
employing indirect current control algorithm. The indirect current control algorithm is employed to generate reference current
and phase disposition pulse width modulation technique is incorporated to generate gating signal for shunt hybrid active power
filter strategy. The nonlinear loads are connected to distort the source current to 21% of harmonics distortion, as per IEEE 519
allowable current harmonic distortion is 5%. To mitigate harmonic distortion, cascaded multilevel inverter based shunt hybrid
active power filter is proposed and after compensation the source current harmonic distortion is reduced to 2.93%. The
simulation analysis is carried out using SIMPOWERSYSTEMS block set of MATLAB/SIMULINK to determine which of the
inverter topology based shunt hybrid active power filter strategy perform better on compensating source current harmonic
distortion.
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1. Introduction

Recently, power quality has been given attention due to wide application of power converters for controlling and converting ac
power to feed electrical loads. These converters are used at different power levels, ranging from large adjustable speed drives
(ASDs) to low power household appliances, office equipment and computer. The large amount of power pollution produced from
these power converters or non-linear load will causes a low power factor efficiency of the power system, implies to voltage
distortion, and increases losses in the transmission and distribution line (Singh et al., 1998). The conventional compensation,
approaches is done using passive LC filters to eliminate line current harmonics and improve the system power factor. These
passive filters have the disadvantage of large size, resonance and fixed compensation (Singh et al., 1999). In the last couple of
decades, the concept of active power filter has been introduced and many publications have appeared on this subject. A
comprehensive review of active power filter (APF) configuration, control strategies, selection of components and other related
issues is given in El-Harouk et al. (2000). But the initial and operational costs of this filter are too high. Combining the advantage
of both passive and active filters, hybrid filter topologies are developed (Senini and Wolfs, 2000; Karthik, and Quaicoe, 2000;
Yuwen et al., 2000; Jacobs et al., 2001; Ligiao et al., 2004). Hybrid filters effectively mitigate the problems of a passive and an
active filter and provide cost-effective harmonic compensation, particularly for high-power nonlinear loads. A parallel hybrid
power filter system consists of a small-rating active filter in series with a tuned passive filter. This eliminates the possibility of
series and parallel resonances. Correspondingly, Pulse Width Modulation (PWM) inverter (with 10 kHz of high switching
frequency) has been used for harmonic and reactive power compensation. However, the high initial and running cost have been
hindering their practical use in power distribution systems. In addition it is difficult for PWM-inverter based active filters to
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comply with electromagnetic interference (EMI) requirements. A cascaded multilevel inverter has been proposed for both
harmonics and reactive power compensation. This inverter generates almost sinusoidal staircase voltage with only one time
switching per line cycle. When cascaded inverter is applied to line conditioning and active power filtering of a distribution system,
it is expected that the initial and running costs and the EMI will be dramatically reduced below that of the traditional PWM
inverter (Ligiao et al., 2004; Miranda et al., 2004). The various topology for multilevel inverter based shunt active power filter
strategy for compensation of power quality problems are reported in literature survey (Rodriguez et al., 2002; Holmes and
McGrath, 2001). The application of shunt active power filter is applied to distribution generator is discussed in Cirrincione et al.
(2008). The artificial intelligence based active filter strategy and other techniques used to mitigate current harmonic in distribution
system is discussed (Bhattacharya, and Divan, 1995; Park et al., 2000a, b; Dixon et al., 1999; Rahmani et al., 2003).

In this paper five level, seven level and nine level cascaded multilevel inverter based shunt hybrid active power filter by
employing indirect current control algorithm technique with phase disposition Pulse Width Modulation were presented. The
proposed work attempts to analyze compensation the characteristics of cascaded multilevel inverter based shunt hybrid active
power filter by employing indirect current control algorithm with a view to improve power quality is analyzed in this paper. The
paper also discusses a comparative analysis of different configuration of cascaded multilevel inverter based shunt hybrid active
power filter with respect to source current and its harmonic spectrum and reactive power compensation are to be analyzed and
compared. The simulation is carried out in MATLAB/SIMULINK environment.

2. Basic Compensation Principle

The basic compensation principle of active power filter is illustrated in figure 1.
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Figure 1. Operation of active power filter.

The instantaneous nonlinear load current is as follows
o0
ir(t) = X I, sin(hot + Oh)
L 2l
(1
o0
= Iy sin(or + D) + hEL 1, sin(hot +®h)

The instantaneous load power as been formulated as
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P(0) = Vy(0)iy (1)
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Where, I, is the peak value of the fundamental load current, 7, is the peak value of the harmonic load current @; and @hh are the

phase angle of the fundamental and harmonic component of the load currents, respectively. In (2) the instantaneous power of
nonlinear load is divided into three terms. The first term P.(?) is the instantaneous load fundamental power. The second term P;,(?)
is instantaneous load fundamental quadrature (reactive) power and the third term P;,(2) is the instantaneous load harmonic power.
A shunt APF is designed to be connected in parallel with the load, to detect its harmonic and reactive current and to inject into the
system a compensating current, identical with the load harmonic and reactive current. Therefore, instantaneous supply current g
having only fundamental component which is in-phase with source voltage V(z).

3. Proposed Cascaded Multilevel Inverter Based Shunt Active Power Filter

Cascade Multilevel Inverters (MLI) is increasingly used in high power applications. Cascade multilevel inverter uses multiple H-
bridge power cells connected in a series to produce high ac output voltages [11-12]. An m-level cascade multilevel inverter
consists of (m-1)/2 single-phase full bridges in which each bridge has its own separate dc source. This inverter can generate almost
sinusoidal waveform voltage with only one time switching per cycle as the number of levels increase. In Fig.2 nine level cascade
multilevel inverter is shown. It consists of four single phase full bridges connected in series in each leg. In this configuration if S=
no of full bridge cells, then the number of output levels is (2S+1). With S=4 there will be nine levels in phase voltage and peak
magnitude is SVdec. In Fig.2. Is is the AC source current, IL is load current, Ic is the compensated current from APF then
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Figure 2. Nine level Cascaded Multilevel Inverter based SHAPF.
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Shunt active filter acts a current source injecting equal but opposite harmonic and quadrature components of load current at the
point of common coupling. In effect the system views non linear load together with active filter as an ideal resistor. A PWM
voltage source inverter operating as a current controller device can be used as Shunt active Power filter. Latest researches include
the use on multilevel inverter for high power energy conversion. The advantage of multilevel inverter will enable the circuit to
operate with less output voltage harmonics and less electromagnetic interference. Because of the stepped output voltage, multilevel
inverters have fewer ripples in its line current. There is individual capacitor for each H-bridge module. The APF will adopt small
power from source to compensate the switching losses and capacitor losses and for that purpose, the capacitor voltages are sensed
and compared with reference and fed to PI controller to generate loss component of APF. As compared with five levels and seven
levels output voltage waveform is improved in nine levels multilevel inverter.

3. Reference Current Signal Generation

The indirect current control technique using a PI controller in shown in Fig. 3. The shunt hybrid active power filter bus voltage
V¢ is sensed and compared with its reference Vi, the error is fed to the controller, the output of the controller estimate the peak
line current Iy, , it take care of the active power demand of the load and losses in the active power filter circuit[14-15]. The
instantaneous reference supplies current (Isa*, Ly, I*) are evaluated by multiplying the peak line current by three unity voltage
vectors. The shunt active power filter is used to compensate for reactive current absorbed by non-linear load, the unbalanced
current and maintain the dc link voltage at constant level. In this control algorithm, the desired mains current is assumed to be the
product of the magnitude and a unit amplitude sinusoidal wave in phase with the mains voltage. The mains is required to supply
only the active portion of the load current as the shunt hybrid active power filter is expected to provide compensation for the
harmonic and reactive portion of the three phase load current, and also for any imbalance in the three-phase load currents. Hence,
only balanced current will be drawn from the mains which will be purely sinusoidal and in phase with the mains voltages. The
reference compensation currents for the shunt hybrid active filter are thereby deduced as the difference between the actual load
current and the desired source current in each phase can be represented as follows

ia(comp) =irg isa(ref)
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Where the desired (reference) source currents in the three phases are given as,
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Figure 3. Indirect current control algorithm for SHAPF
isa(ref) = is(ref) xV, = is(ref) .sin @t @)
isb(ref) = is(ref) XV = is(ref) .sin(wt —120 ) ()
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xV, =i

ise(ref) = [is(ref) i (ref) sin(@t +120°7) (9)

V., Vyand V. are the unit amplitude templates of the phase to ground source voltages in the three phases respectively.

V, - 1. sin(et ) (10)
Vi = 1.sin(ar —120°") (11)
V.= 1.sin(ex +120") (12)

The magnitude of the desired source current |l.(,(m'q| can be expressed as the average of the magnitude of the real components of the
fundamental load currents in the three phases

‘ReoLaﬂ ‘Rc@Lbﬂ ‘Re@Lbﬂ
3

s(ref)| =
(13)
‘iLa‘.cosqﬁa +‘iLb‘.cos¢b +‘iLc‘.cos¢c
3

To generate firing pulse for shunt hybrid active power filter, Phase disposition (PD) Pulse Width Modulation technique is used.
This is basic sub harmonic PWM technique, in which all the carrier triangles are in phase [18]. The number of carriers is one less
than the number of levels. In this technique, significant harmonic energy is concentrated at the carrier frequency f., because it is
co-phasal components, it does not appear in the line voltage. It should be noted that the other harmonic components are centered

around the carrier frequency as 51debands Fig.4. shows the arrangement of carrier for phase dlsposmon PWM technique.
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Figure 4. Arrangement of carriers- PD
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5. Simulation Results and Analysis

In this section, simulation results of three-phase shunt hybrid active power filter based on five level, seven level and nine level
cascaded multilevel and its comparative analysis are presented. The goal of the simulation is to examine harmonic and reactive
power compensation under balanced system. The system consist of a three-phase network feeds a three-phase diode bridge rectifier
with a resistor R and inductor L in series at its dc output. Simulation investigation was carried on using MATLAB/SIMULINK
simulation software in power system block set toolbox. The system parameters used in these simulations are shown in Table.4.1

5.1 Harmonic and reactive power compensation under balanced ac source and load by 5-Level cascaded MLI:

Fig.6. demonstrates the steady state response of source voltage, source current, compensation current, load current and output
V. voltage under balanced source and balanced load is clearly depicted. The harmonic spectrum of source current before and after
compensation is shown in Fig.5. and Fig.7. From the obtained results, the total harmonic distortion (THD) of source current is
observed to be reduced from 21.03% before compensation to 4.56% after compensation.
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Table.4.1 Simulation Parameters

System Parameter

Values

Sending end voltage (Line to Line) V

415 V (RMS)

Supply frequency F

50Hz

Line impedance L

1.2mH

Line impedance R;,L

20Q,8mH

Active filter parameter Rye,Lge,Cac

0.5mH,0.1Q,2400pF

Carrier Frequency for PWM circuit

10KHz

Passive filter parameter L,,,C,

7mH,40 pF

100

Fundamental (50Hz) = 51.37 , THD= 21.03%
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Figure 5. Harmonic Spectrum of Source current before compensation.
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The harmonic spectrum of source current after compensation is shown in Fig.8. The steady state response of source voltage,
source current, compensation current, load current and output V4. voltage under balanced source and balanced load is clearly
depicted revealed in Fig.9. It shows the supply mains currents in the three phases after compensation are expected to be sinusoidal
and in phase with the mains, this shows shunt compensation has been achieved fairly. For before compensation, nonlinear load
distorted the source current to 21.03% of harmonic distortion whereas after compensation using 7-level Cascaded MLI based
SHAPF harmonic distortion is minimized to 3.44%. This demonstration proves that 7-level Cascaded MLI based SHAPF is better
on mitigating current harmonics compared to 3-level Cascaded MLI based SHAPF.

5.3 Harmonic and reactive power compensation under balanced ac source and load by 9-Level cascaded MLI

The steady state response of source voltage, source current, compensation current, load current and output V4. voltage under
balanced source and balanced load is highlighted in Fig.10. It shows the supply mains currents in the three phases after
compensation are expected to be sinusoidal and in phase with the mains, this shows shunt compensation has been achieved fairly.
The harmonic spectrum of source current before and after compensation is shown in Fig.5 and Fig.11. Before compensation, the
total harmonic distortion (THD) of source current is found to be 21.03% while after compensation using 9-level Cascaded MLI
based SHAPF source current harmonic distortion is reduced to 2.93%.
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Figure 10. Steady State Response of 9-level Cascaded MLI based SHAPF
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Table 5.2 shows the comparison of results obtained from under harmonic and reactive power compensation under balanced ac
source and load. The harmonic spectrum of source current after compensation is clearly indicated in the table5.3. The overall
investigations, proved that the 9-level Cascaded MLI based SHAPF has found to be better compensation capability compared to 7
and 5-level Cascaded MLI based SHAPF and three phase voltage source inverter based shunt hybrid active power filter.

Table 5.2 Comparison of 5-Level, 7-Level Cascaded Multilevel Inverter
based Shunt hybrid Active Power Filter

Different Configuration ComBsggsr:tion ComﬁZfs;tion
oo bascd SHAPE | 21.03% 293%

Table 5.3 Individual harmonic content under non-liner load condition.

Harmonic | Compensation with | Compensation with | Compensation with

Order five level cascaded seven level nine level cascaded
MLI (%) cascaded ML (%) MLI (%)

180Hz(h3) | 0.93 0.33 0.25

300Hz(h5) | 1.90 1.52 1.05

420Hz(h7) | 1.62 0.82 0.67

540Hz(h9) | 0.29 0.24 0.14

660Hz(h11) | 0.89 0.31 0.31

780Hz(h13) | 0.66 0.31 0.20

6. Conclusion

The paper has investigated the comparative analysis of five level, seven level and nine level cascaded multilevel inverter based
shunt hybrid active power filter for compensation of current harmonics and reactive power compensation are presented. The test
results bring out the advantage of cascaded multilevel inverter based shunt hybrid active power filter for power quality
enhancement. The total harmonic distortion of source current has been reduced from a high value to an allowable limit and to meet
the IEEE 519 standard. The simulation results clearly shows that reduction in THD is better in nine level inverter as compared with
seven level and five level inverter based shunt hybrid active power filter. The indirect current control algorithm with phase
disposition pulse width modulation method provides better computation efficiency for generating reference current. The proposed
shunt active filter topology realized an acceptable power factor profile and compensates the wide range of power quality problems.
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