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S-transform-based Hybrid Active Filter for
Mitigation of Current Harmonics
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'Electrical Engineering Department, National Institute of Technology,
Warangal, India

Abstract This article presents a new control strategy for the hybrid active filter using
S-transform. Frequency-domain analysis employing S-transform is used to extract the
fundamental component of the non-linear load current. The switching patterns for
the active filter are generated with pulse-width modulation. The proposed technique is
simple and has better performance, even with low switching frequency, as compared to
time-domain techniques. Simulation results are presented for steady-state and transient
conditions, and the hybrid active filter is effective in maintaining the source current
harmonics within the limits.

Keywords active filters, current harmonics, power quality, S-transform

1. Introduction

In anticipation of the proliferation of non-linear loads and to limit the problems caused
by harmonic currents, the IEEE-519 [1] guidelines are used, which specify the allowable
harmonic distortion in the currents drawn from the utility system. Various types of
current harmonic filters, such as passive filters, shunt active filters [2-5], series active
filters [6-8], and hybrid filters [9—-13], are used for the purpose of limiting utility current
distortion.

Two fundamental approaches that are employed in the control circuit of active filters
are correction in the time domain and correction in the frequency domain. Early designs
of current harmonic compensators are based on the time-domain approach; pulse-width
modulation (PWM)-based methods, such as constant frequency control [4, 14], hysteresis
control [3, 6-8], and triangular wave control [15-17], were used to control the switches
in the active filters. The advantage of time-domain methods is the fast response for on-
line applications without complicated control circuitry. This advantage occurs because
time-domain control strategies operate on instantaneous values of the distorted waveform
rather than at least one period of data as in frequency-domain methods; thus, the required
computational time can be relatively small. The shortcoming of time-domain methods is
that, in order to obtain optimum results, relatively high switching frequencies are needed,
which subsequently leads to excessive switching losses in the semiconductor switches.
The frequency-domain correction approach [18-20] first uses Fourier analysis of the
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distorted waveform to determine the required compensation current needed to correct
the distorted waveform, and then it determines the switching pattern of a converter used
to produce a close approximation to the compensation current.

Frequency-domain methods include predetermined harmonic injection [18] and
PWM-based techniques such as the optimized injection method [19] and adaptive
frequency control [20]. Switching frequencies for frequency-domain methods can be
much lower than in time-domain schemes, resulting in lower semiconductor switching
losses. Many conventional frequency-domain control approaches have been developed.
Recently, the wavelet transform [20-22] technique has been employed to extract the
harmonic components of the signal. Wavelet transform with multi-resolution analysis [23]
used to decompose the signal into multiple levels of detail and approximation coefficients
gives information on a band of frequencies but cannot identify a particular frequency and
also fails to provide phase information of the harmonics.

S-transform (ST) is an extension of wavelet transform or a variable-window short-
time Fourier transform. A key feature of ST [24] is that it uniquely combines a frequency-
dependent resolution of the time-frequency space and absolutely referenced local phase
information. The phase correction of the wavelet transform in the form of ST can provide
significant improvement in the detection and localization of power quality disturbance
transients [25-27]. Classification of power quality disturbances with ST is gaining more
importance due to its ability to classify the disturbances accurately with no further
requirement of other pattern classifiers such as neural networks or fuzzy logic.

In this article, a novel control technique for mitigation of source current harmonics
is proposed by using ST as a tool to generate the reference current signal for active
filter operation. Each module of the hybrid active filter is discussed in detail. The
performance of this filter under steady-state and transient conditions are presented by
means of simulation results.

2. System Configuration and Principle of Operation

The block diagram of the proposed hybrid filter system for mitigation of source current
harmonics is shown in Figure 1. It consists of an active filter connected in series
with the supply and a passive filter in shunt with the load. The shunt passive filter
suppresses the harmonic currents produced by the load, whereas the series active filter acts
as a harmonic isolator between the source and the load.

The active filter is a voltage source PWM-based power electronic converter. Figure 2
shows the operating principle of the filter on per-phase base. Here, the active filter is
represented as a controllable voltage source var, and the load is considered as current
source ij.q. The equivalent impedance of the shunt passive filter is represented as Zpp
and the source impedance as Zg. The series active filter is controlled in such a way as to
present zero impedance to the external circuit at the fundamental frequency and a high
resistance K to the source harmonics or load harmonics. Figure 2 gives two equivalent
circuits, as shown in Figures 3(a) and 3(b), at the fundamental frequency f; (= 50 Hz)
and at harmonic frequency f;, (= hf}), respectively.

At the fundamental frequency, the active filter in Figure 3(a) allows a current /5, =
Tloadl + Tppl to flow through it, where the fundamental current Tppl is drawn by the
passive filter network and Tloadl is the fundamental load current.

At a harmonic frequency f;, the active filter in Figure 3(b) acts like an isolator,
forcing all of the load harmonic current (Tloadh) to flow through the passive filter network.
The voltage across the passive filter (Vpph) and the voltage across the active filter (VAph)
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Figure 1. Combination of series active filter and shunt passive filter for current harmonics miti-
gation.

at harmonic frequency f are given by Egs. (1)—(3) as
Ver, = Zrr, 1 oad, (1)

and

ZPFh ‘TIoadh + VS},
Zs, +Zpp, + K’

Var, = KI5, =K )

where Zpp, and Zg, are the Elssive filter impedance and the source impedance at
frequency fj,, respectively, and Vs, is the source voltage at frequency f;.
If K > |Zpr,|,|Zs,|, then Eq. (2) can be written as

VAFh = ZPFh ‘TIoadh + VS},‘ (3)
Var toad
ZS +/,"-\I\_ 0a
Y

<
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Figure 2. Equivalent circuit of the system of Figure 1 on per-phase base.
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Figure 3. Equivalent circuit: (a) for fundamental frequency and (b) for harmonic frequencies.

If the resistance K is much larger than the source impedance, variations in the source
impedance have no effect on the filtering characteristics of the shunt passive filter, thus
reducing the source harmonic current to zero.

The rating of the active filter is given as

VAar = Vards. “

2.1. Control Strategy

To control the series active filter in such a way as to present zero impedance for the
fundamental frequency and pure resistance for the harmonics, the reference output voltage
of the series active filter [9] is constructed as

* .k
v, = Kiiyy, (5)
where i r";f is the source harmonic current to be compensated. This i r";f is obtained as

lref = lioad — tload,1, (6)

where ij,44 1s the load current, and ij,,4,; is the fundamental component of load current.
The ST-based controller shown in Figure 1 is proposed in this article to extract ij,qq.1
from the measured load current.
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3. ST

ST can be seen as the “phase correction” of continuous wavelet transform (CWT). The
CWT of function A(t)is defined as

W(t,d) = /00 h(t).w(d,t —7).dt, @)

where d is the scale parameter that determines the width of the wavelet w(d, 1), and
is the translation factor.

The ST of the function /(¢) is defined as the CWT with a specific mother wavelet
multiplied by the phase factor and is given by

S(t, f) = e /2 W(z,d), 8)
where the mother wavelet is defined as

FANpRCr -

Nz

The wavelet in Eq. (9) does not satisfy the condition of zero mean for an admissible
wavelet; therefore, Eq. (8) is not strictly a CWT. Written out explicitly, ST is defined as

w(t, f) = €))

_@=?f?
2

S(t, f) = / h(t) |f| e 72t gy, (10)

ST can also be written as operations on the Fourier spectrum H(f) of h(t) as

202

S(t, f) = /_Oo H(o+ f)e U i gy f#0. (11)

The signal A(¢) can be expressed in a discrete form as h(kT) for k = 1,..., N,
where T is the sampling time interval and N is the total sampling number. For t — kT
and f — n/NT, the ST of a discrete time series is given by

N— .
s[kr. ] Z_: [m”} St o (12)

forn # 0 and where k,m =1,...,Nandn=1,...,N.

Equation (12) represents a time-frequency representation of a time series in the form
of a complex valued ST-matrix (STC matrix). Each row of the STC matrix gives the
particular frequency component of the signal analyzed at various sampling times. Each
column of the STC matrix represents the magnitude and phase angles of the harmonic
components in the signal at a given time or sample. It uniquely combines a frequency-
dependent resolution that simultaneously localizes the real and imaginary spectra. With
the advantage of fast lossless invariability from time domain to time-frequency domain
and back to the time domain, the usage of ST is very analogous to the Fourier transform.
The STC matrix generates contours that are suitable for classification by simple visual
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inspection, unlike wavelet transform that requires specific methods like standard-deviation
multi-resolution analysis [23].

The one-dimensional function of the variable T and fixed parameter f; defined by
S(z, f1) is called a voice of fi, written as

S(r. fi) = A(x, fi).e ), (13)

where A(z, fi) = |S(z, f1)| is the amplitude, and ¢(z, fi) = arctan(Im[S(z, f1)]/
Re[S(z, f1)]) is the phase of the voice.

The linear property of ST insures that, for the case of additive harmonics (where
one can model the data as signal(t) = fundamental(t) + harmonics(t)), the ST gives
S{signal} = S{fundamental} + S{harmonics}. Thus, it will be easier to identify the
fundamental and harmonics of the signal.

4. Extraction of Fundamental and Current Harmonics
Using ST

This section shows the application of ST in extracting the harmonics contained in the
current signal. Figures 4(a)-6(a) are current signals considered for analysis, which are
generated using a MATLAB code with a known value of harmonic signal combined
with the fundamental value. The sampling frequency considered is 2 kHz. ST anal-
ysis can extract the information of these harmonics along with magnitude and phase
angle.

Figure 4(a) is a stationary signal consisting of 1 p.u. of the fundamental signal within
phase (1/3) p.u. of the third harmonic. Harmonic analysis of this signal is performed by
formulating the STC matrix using ST. Figure 4(b) shows the plot of RMS value (in p.u.)
of the signal versus samples. The RMS values are obtained from the STC matrix by
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- O
§
—
[
-
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— 2 T T T T T T T T T
2
R (b)
= 0 1 1 1 1 1 1 1 1 1
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Figure 4. Current waveform with fundamental and third harmonic.
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Figure 6. Current waveform with fundamental, third and fifth harmonics.
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Table 1
Extraction of current harmonics using ST
Simulated signal ST solution of
frequency components frequency components

Freq. Mag. Phase Norm. Mag. Phase

Signal (Hz) (puw) ) freq. (p-u.) ) Phase diff. (°)
Figure 4(a) 50 1.00 0 0.03 1.00 —-90 In phase
150 0.33 0 0.08 0.3335 —89.99
Figure 5(a) 50 1.00 0 0.03 1.00 -90 50.69

150 0.33 50 0.08 0.3335 —39.31

Figure 6(a) 50 1.00 0 0.03 09992 -90 49.96 and 87.08
150 0.15 50 0.08 0.1501  —40.04
250 0.10 87 0.13 0.1066 —2.916

identifying the maximum amplitudes of the signal at every sample using
max(|S[kT,n/NT])), (14)

where k =1,2,...,Nandn =1,2,...,(N/2).

Figure 4(c) is the normalized frequency curve. Peak values on this curve occur at
dominant frequencies. The X and Y coordinate values indicated in Figure 4(c) gives the
normalized frequency and RMS value of the signal (in p.u.), respectively, at the peak
values of the normalized frequency curve. Normalized frequency ( f;,) is given by

n.f1
S

where n = 1,2,...,(N/2), fi is the fundamental frequency (50 Hz), and f; is the
sampling frequency (2 kHz). The phase angles of all the frequency contents at a particular
time can be obtained from the STC matrix.

Figure 4(d) shows the curves of normalized frequency versus the phase angle cal-
culated from the STC matrix at all rows of a column. The X and Y coordinate values
indicated in Figure 4(d) are the normalized frequency and phase angles, respectively, for
the dominant frequencies indicated in Figure 4(c).

ST analysis is also performed for other cases of harmonic content in the current
signal. Figure 5(a) is the fundamental signal of 1 p.u. containing (1/3) p.u. of the
third harmonic with a phase difference of 50°. Figure 6(a) is a stationary signal with
1 p.u. fundamental, (1/3) p.u. third harmonic, and (1/5) p.u. fifth harmonic components.
Figures 5(b)-5(d) and 6(b)-6(d) show the plots obtained from ST analysis. Table 1
summarizes the simulation results of ST harmonic analysis. From the table it is clear that
by using ST, harmonics in the current can be easily identified. This feature of ST is used
to design the controller for the hybrid active filter.

fo =

5)

5. Simulation Model of the Proposed System

The MATLAB/Simulink model of the proposed ST-based hybrid filter is shown in
Figure 7. The passive filter is designed for the major harmonics such as the third, fifth and
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Figure 7. MATLAB/Simulink model of the ST-based hybrid filter.

a high-pass filter (HPF) for the eleventh harmonic. The design values of the filter and load
specification are given in Table 2. The series active filter is modeled with a single-phase
full-bridge inverter as shown in Figure 8.

The PWM generator block of Figure 8 consists of ST-based harmonic current ex-
traction as shown in Figure 9. The load current (ij,44) is sensed, and a MATLAB code
is used to perform ST analysis of this signal. From the STC matrix constructed for
i10ad> information, such as the peak value and phase angle of the fundamental component
(iload.1), are extracted. The reference current signal i r";f is then calculated as (ijpad —iload.1)s
and it represents the harmonic components of the load current. To control the series active

Table 2
System parameters used for simulation of hybrid active filter
Supply
RMS voltage 230 V
Frequency 50 Hz
Source impedance Lg

Shunt passive filter

For third harmonic L =326 mH, C =340 uF
For fifth harmonic L =12 mH, C = 340 uF
HPF L =026 mH, C =300 uF, R=3Q
Series active filter
DC bus voltage 220V
PWM frequency 2 kHz
Ripple filter L =10 mH, C =57 uF
Load

One-phase full-bridge converter 230 V, 6 kW with resistive load, R; = 10
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filter in such a way as to present zero impedance for the fundamental and pure resistance
for the harmonics, the reference output voltage of the series active filter is calculated
from i r";f as given by Eq. (5). Gate pulses are generated by the PWM technique as shown
in Figure 9.

6. Simulation Results

Simulation analysis is first performed for the non-linear load of single-phase controlled
rectifier with a resistive load of R = 10 € and without the hybrid filter. The waveforms
of supply voltage v, source current i, load current 7;,,; on the AC side of the converter
load, and DC current i4. in resistance R for this case are shown in Figure 10. The source
current in Figure 10(b) is discontinuous, and the total harmonic distortion (THD) of the
source current is found to be 15.08%. When the proposed hybrid filter is introduced,
as in Figure 7, ST analysis is performed for the load current in Figure 10(b). The
variation of magnitudes and phase angles of the fundamental and harmonic components

outl
. ST-based | /.. Relay
iload—p| Harmonic | >+
Exé:aczon Triangle wave
oc Generation 1 >
1
L
—
Scope
—D|<-0I o 62 out2

Figure 9. Control voltage and gate pulse generation.
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Figure 10. Waveforms of supply voltage, source current, load current on AC side of the converter
load, and current in resistive load R = 10  (without filter).

present in the load current are extracted, and the corresponding frequency-magnitude and
frequency-phase plots are shown in Figures 11(a) and 11(b), respectively.

The fundamental load current ij,,q1, shown in Figure 12(a), is constructed from
the magnitude and phase angle information obtained from ST analysis. The reference
current signal in Figure 12(b) is obtained by the ST harmonic extraction block. Through
the injected voltage generated by the voltage source indicator (VSI), the active filter is
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Figure 11. Fundamental and harmonic extraction of load current by ST.
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Figure 12. Current waveforms with ST-based hybrid active filter (HAF): (a) fundamental compo-
nent of load current ijy4q4,1, (b) reference current i rtf’ and (c) source current iy.

able to compensate for most of the harmonics in the source current. The source current
is approximately sinusoidal, and the THD is now 1.982%.

Simulation results of dominant harmonic magnitudes in the source and load currents
are given in Table 3. The harmonic spectrum of i, in Figure 13 shows the performance
of the proposed ST-based hybrid active filter in maintaining the source current harmonics
within the limits as per the IEEE Std. 519 specifications. Performance of the filter is
tested for rectifier with R load, RL load, and RC loads. The THDs of the source current
and load current are given in Table 4 for these loads. The computer load consists of four
computers that are modeled in MATLAB/Simulink.

Figure 14 shows the simulation result when four computers are connected as load.
The personal computer (PC) is a highly non-linear load, which draws a current shown in
Figure 14(a) having a THD of 91.4%. A typical PC load model uses switch-mode power
supply (SMPS) and comprises of a full-wave rectifier, a DC storage capacitor, a diode
bridge resistance, and a series radio frequency interference (RFI) choke. A PC model

Table 3
Percentage of harmonics and THD of load and source currents
Load current I;,,4 (%) Source current I (%)
Filter h=3 h=5 h=7 THD h=3 h=5 h=7 THD
Without filter 815 719 519 15.08 8.15 7.19 519 15.08

ST-based hybrid filter ~ 3.79 4.29 4.04 1038 0.72 0.81 0.77 1.982
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developed in MATLAB/Simulink is validated by comparing the source current obtained
from simulation with the practical computer current. The fundamental component of this
current and the reference current for the active filter are shown in Figures 14(b) and 14(c),
respectively. The series active filter injects the control voltage given in Figure 14(d), which
supplies the harmonic current, and hence, fundamental current is drawn from the supply,
as shown in Figure 14(e). The source current THD is 1.73%.

The dynamic performance of the filter is tested with a change in load from 20
to 10 €2 at 0.08 sec. The filter could trace the change in load current and inject suitable
harmonic current to make the source current sinusoidal. The waveforms of load current
and source current are shown in Figures 15(a) and 15(b), respectively. The filter compen-
sates the harmonics in the source current at 0.1 sec, and hence, the control circuit takes
one cycle to perform ST analysis and generate the reference current signal. Variation of
the THDs of load current and source current are shown in Figure 15(c).

Simulation is also performed to test the filter for various source inductances. Table 5
shows the effect of source inductance on the source voltage. With the increase in source
inductance, the source voltage harmonics increase. The ST-based hybrid active filter
brings the THD of the source current to less than 5% and the source voltage THD less
than 2%. Hence, the proposed ST-based hybrid active filter is effective in operating and
compensating the utility current harmonics.

Table 4
THD percent of load and source currents with ST-based HAF

Load connected at the

controlled rectifier output 1iyaa (% THD) I, (% THD)
R = 10 ohms 15.08 1.98
R = 15 ohms 15.07 2.55
R = 20 ohms 15.12 1.93
R =20 ohms +L = 10 mH 11.23 1.44
R =20 ohms +L = 30 mH 11.32 1.38
R =20 ohms +C = 10 uF 11.44 0.004

R =20 ohms +C =1 uF 9.36 0.003
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Figure 15. Performance of ST-based HAF for change in load from 20 © to 10 € at 0.08 sec:
(a) load current, (b) source current, and (¢c) %THD curves for the load and source currents.
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Table 5
Performance of ST-based hybrid filter for various source impedances
THD (%)
Source inductance  Load current Source current  Source voltage
Ls (mH) l1paq (amp) Filter I; (amp) Vs (volts)
0 15.08 Without filter 15.08 0
With filter 1.98 0
0.5 14.65 Without filter 14.65 3.50
With filter 3.35 0.77
0.75 14.43 Without filter 14.43 4.29
With filter 1.75 0.76
1.0 14.22 Without filter 14.22 4.97
With filter 3.35 1.24

7.

Conclusion

This article proposes a new control technique for the series active filter employing ST
for reference signal generation. The proposed filter is able to maintain the source current
harmonics within the limits for various non-linear loads under steady-state and transient
conditions. The operation of the proposed hybrid filter is found to be satisfactory when
tested for different source impedances.
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