Digital Simulation of a Hybrid Active Filter - An
Active Filter in Series with a Shunt Passive Filter

I.Mahesh Sitaram, K.R.Padiyar, V.Ramanarayanan

Departinent of Electrical Engineering
Indian Institute of Science, Bangalore

Abstract -~ Active filters have been in use for
filtering load harmonics. In this paper, the dig-
ital simulation results of a hybrid active filter
system for a rectifier load are presented. The
active filter is used for filtering higher order har-
monics as the dominant harmonics get filtered
by the passive filter. This reduces the rating of
the active filter significantly. The DC capacitor
voltage of the aclive filter is controlled using a
PI controller.

INTRODUCTION

The need for efficient use of electrical power has
increased the areas of application of power elec-
tronics. Many such power electronic converters
draw non-sinusoidal current and inject harmonics
into the power distribution system. These har-
monics lead to higher losses in the system. Some
of the harmonic producing loads are rectifiers,
arc-furnaces, cycloconverters and adjustable speed
drives. IEEE 519 Harmonic Standards specify the
voltage harmonic limits at the point of common

coupling (PCC) and the current harmonic limits '

at the PCC between the customer and the utility.
The utility is responsible for the voltage distor-
tion and the individual customer for the current
distortion.

Passive filters had been used initially to compen-
sate for the current harmonics injected by large
industrial non-linear loads. This was due to their
low cost, simplicity and higher efficiency. But
they are susceptible to series and parallel reso-
nances with the supply and the load, and their
filtering characteristics are influenced by the sup-
ply impedance. Tuned passive filters are also sus-
ceptible to load and line switching transients, and
they are always off-tuned. Hence active filtering
becalne necessary.

Active filters can be used for compensating har-
monics as well as damping resonance in a power
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distribution system [1-2]. The functions of the ac-
tive filter can be extended to meet reactive power
compensation, flicker compensation, voltage regu-
lation against sags and swells, etc. to improve the
power quality in a distribution system [3].

Active filters can be of various types - shunt, sc-
ries, hybrid active filters and unified power qual-
ity conditioner. Each in turn can be of a voltage
source inverter (VSI) type or a current source in-
verter (CS1) type. An active filter consisting of a
VSI with a capacitor on the DC side is preferred
over that of a CSI with an inductor on the DC
side, due to its lower initial costs and higher efhi-
ciency. This paper deals with a hybrid active filter
which is a combination of an active filter in series
with a shunt passive filter. The load considered
for compensation is a rectifier load. This config-
uration (Fig.1) is preferred due to improvement
in both the source current and the voltage at the
POC for the load considered. Also the protection
necessary here is simple compared to other config-
urations [4-5].

The hybrid active filter configuration proposed
by Fujita et al [5] has been chosen for the study.
The control scheme for this was based on the In-
stantaneous Reactive Power (IRP) theory [6]. Re-
cent work using this configuration for active fil-
tering and voltage regulation, based on the IRDP
theory, was by van Zyl et al [3]. Several papers
have been reported on other configuratious, viz.,
the shunt active filter and the hybrid series active
filter. The control scheme adopted in this paper is
based on the Synchronous Reference Frame (SRI)
theory proposed by Bhattacharya et al (7). The
details of these are presented later in this paper.

PRINCIPLE OF OPERATION

An active filter requires sensing of a suitable
signal for cvaluating its reference. The signals
that can be sensed for a hybrid active filter are
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Fig. 1. Circuit configuration of the hybrid active filter
system.

the source current (f,) and the voltage (Vi) at
the PCC, the most suitable signal being I, [1].
Therefore, the active filter is controlled as a volt-

age source ) )
Vaf =K Iy (1)

where I, is the harmonic component of the source
current and K is a constant that can have a com-
plex valie.

Cousider a non-linear load which is connecied
to the PCC. This load can be modelled as a cur-
rent source ;. A passive filter of impedance Z
is connected to compensate for the harmonics in
I;,. For harmonic analysis, a simplified model of
the distribution system is considered [5]. Here the
source voltage (V) and the source impedance (Z,)
are approximated as the Thevenin equivalents as
scen from the PCC. The equivalent circuit for the
hybrid active filter system is shown in Fig.2(a).
The harmonic contents in V; and I, are regulated
according to IEEE 519 standards.
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Fig. 2. Equivalent circuit for the hybrid active
filter system, (a)Single-phase equivalent circuit,
(b)Harmonic equivalent circuit for the load cur-
rent, (¢c)Harmonic equivalent circuit for the source
voltage.

The harmonic analysis of the circuit in Fig.2(a)
is carried out using the superposition principle.
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First consider the load alone to inject harmonics
(I Ln) into the system. The source current har-
monic component (I;;) and the harmonic compo-
nent of the voltage (V) at the PCC are given by

= Z

I = .~.——.———L——.—— i N 2
sh K+Z,+Zf1L, (2)
: -2, % ,

Vth - ('3)

I
K+ 2Zy+2;

From equs.(2) and (3), it is scen that there is an
improvement in the filtering characteristics for the
load current harmonics for a large value of K. For
a low harmonic content in source current, the con-
dition |K| >> maxz(|Z,|,|Z/]) is to be satisfied.
A purely imaginary value for K might result in
rcsonance in the system, and hence the very ob-
jective of using an active filter is lost, whereas a
purely real value for K will make the active filter
act as a resistance at harmonic frequencies and
helps in damping resonance in the system. lence
K is selected to be real. The equivalent circuit fox
the load current harmonics is realized from equ.(2)
and as shown in Fig.2(b).

Considering next, the source alone to inject har-
monics (Vy,) into the system; Vi, [, and Vi, ave
related by

. i )

ly, = ————— V, 4
sh K+ Z, + Z! sh ( )
- K+ 2

Va, = Vsh 0

m Zs+ 4y
From equs.(4) and (5) it is seen that eventhough
L, is reduced significantly, Vi worsens if K i«
selected such that K »> |Z, + Z;|. Hence this
configuration of a hybrid active filter is not suit-
able if the source voltage harmonics are to be fil-
tered. Realization of equs.(4) and (5) results in
the equivalent circuit for the source voltage hai-
monics, shown in Fig.2(c).

A disadvantage of selecting K to be real is that
the active filter draws real harmonic power from
the system. This will lead to variation in its DC
capacitor voltage (Vy) [5]. As the regulation of V;
i8 necessary for the successful operation of the ac-
tive filter, a Pl controller is used here. The block
diagram for the DC capacitor voltage control is
shown in Fig.3. The use of the PI controller in-
creases the system itype by one. Therefore, the
steady state error of the system for a step input
in its reference (Vg rer), is reduced to zero. llere
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Fig. 4. Control scheme for the SRF based compensator.
the most popular ones. SRF approach is used here.
Fig.4 shows the control scheme for the proposed
i SRF T Y SRF based compensator. The three-phase source
Harmonic m(D) currents 1,4, 14, and 14 are transformed from their
v a — b— ¢ coordinates into two-phase Kron’s D — Q)
doref Kp+ i coordinates using eqns.(7) and (8).
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14sT

Fig. 3. Block diagram for the DC capacitor voltage
control.

m(t) is a function of the modulation index of the
PWM inverter used as the active filter. If Z; is
the output of the Pl controller, the reference to
the active filter is given by

Vaf = K Gop + Zgigp = m(t) Vy (6)
where i, and iy, are the fundamental and the har-
monic components of the source current respec-
tively. Here i,s and i,, are extracted using the
SRF harmonic isolator. Thus, the real harmonic
power drawn by the active filter is injected back
into the system at fundamental frequency.

CONTROL SCHEME

The performance of the active filter is greatly
influenced by the filtering algorithm employed for
the extraction of the fundamental and harmonic
components of the source current. This extrac-
tion can be done using time-domain or frequency-
domain techniques. The time-domain techniques
are preferred due to their easy implementation,
fast response and little computational burden.
Among the time-domain techniques, the IRP ap-
proach [6] and the SRF approach [7] are presently
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In the synchronously rotating D — Q reference
frame, the components at the fundamental fre-
quency w; are transformed into DC quantities and
those at the harmonic frequencies into non-DC
quantities. They undergo a frequency shift in the
spectrum. The DC components in D —Q reference
frame are extracted according to
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where G (s) is the transfer function of the first or-
der LPF. The DC components are transformed
back into three-phase a—b—c coordinates to obtain

the fundamental and the harmonic components as
shown below:
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TABLE I
CircUIT PARAMETERS FOR DIGITAL SIMULATION

“Supply phase voltage v, 50.81kV
Rectifier commutation inductance Leome  129.6mH
Rectifier DC reactor Ly, 1H
Line inductance L, 14.6mH
Line resistance R, 0.4587Q2
5th harmonic tuned filter inductor Lg 60mH
5th harmonic tuned filter capacitor Cs 6.7547uF
5th harmonic tuned filter quality factor Qs 20
Active filter DC capacitor Cq 5mF
Active filter DC voltage reference Vi_res 50kV

From eQns.(ll) and (12), the reference to the
active filter (ref. eqn.(6)), can be computed as

Yafa sha isfa.
Vafo | =K | tonp | +Zd | tagp (13)
Vafc ishe isfc

SIMULATION RESULTS

Digital simulation using MATLAB SIMULINK,
has been carried out on the use of a hybrid active
filter shown in Fig.1 for a 3-phase, 50Hz, 88kV dis-
tribution system [3]. The non-linear load consid-
ered for compensation is a 20MVA, 6-pulse thyris-
tor rectifier. The supply voltage is assumed to be
sinusoidal. The short circuit ratio (SCR) of the
system at the PCC is 84. The source impedance
has an X,/R, ratio of 10. The passive filter con-
sists of only a 5th harmonic tuned filter. Table
1 shows the circuit parameter values used in the
simulation. A commutation inductance (Leoy) is
designed to have a voltage drop of 5%, as this
will result in smaller notches in the voltage at the
PCC. The switching frequency of the active filter
is 15kHz. K is chosen to be a real quantity of mag-
nitude 5 p.u. Therefore, the active filter inserts a
resistance of 5 p.u. at harmonic frequencies,

Fig.5b shows the simulation waveforms before
and after the active filter is switched on. The ac-
tive filter is started at t=0.12 sec. The cut-off
frequency for the LPF used in the SRF based har-
monic isolator is 30 Hz. There is a significant im-
provement in the waveshape of ¢, after starting the
active filter.

Fig.6 shows the FFT of i; before the active fil-
ter is started. The IEEE 519 harmonic standards
limit the current distortion (for a 88 kV distri-
bution system of SCR=84) to 5.0% for h < 11,
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Fig. 5. Simulation waveforms for phase ‘a’; the active
filter is started at 0.12 sec.

2.25% for 11 < h < 17, 2.0% for 17 < h < 23,
1.25% for 23 < h < 35, 0.35% for 35 < h, and a
total demand distortion (TDD) to 6%, where h is
the harmonic no. It is seen that the current distor-
tion limits are exceeded in the source current for
harmonics of order 11 and above. Fig.7 shows the
FFT of i, after starting the active filter. The har-
monic content in i, is confined to within the limits
stated above. Figs.8 and 9 show the FFTs of v,
before and after the active filter'is started respec-
tively. The IEEE 519 harmonic standards limit
the voltage distortion for this system to 1.5% for
individual harmonics and a total harmonic distor-
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Fig. 6. FFT of i, before the active filter is started for
(a) the fundamental frequency, (b) the harmonic
frequencies.
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Fig. 7. FFT of i, after the active filter is started for
(a) the fundamental frequency, (b) the harmonic
frequencies.
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Fig. 8. FFT of v, before the active filter is started for
(a) the fundamental frequency, (b) the harmonic
frequencies.
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Fig. 9. FFT of v, after the active filter is started for
(a) the fundamental frequency, (b) the harmonic
frequencies.
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tion (THD) to 2.5%. 1t is observed that the har-
monic content in vy is well within the limits before
the active filter is started and reduces further after
starting it.
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Fig. 10. Simulation results for phase ‘a’; the load is
varied at 1.5 sec.

Fig.10 shows the simulation waveforms for a
50% step increase in the load at t=1.5 scc. There is
a drop in the amplitude of the source current when
the load is increased, which gets restored after 0.05
sec. During this period, the output voltage of the
active filter {v,y) consists of a fundamental com-
ponent of notable magnitude. This is due to the
action of the Pl controller for the control of V.

The active filter has been implemented using the
space-vector PWM technique. Fig.11 shows the
trajectory of the voltage reference to the active
filter as a space vector. The output voltage of the
active filter (v,y) closely follows this reference.

Fig.12 shows the DC capacitor voltage V; wave-
form of the active filter. This voltage is controlled
using a PI controller of Kp==0.05 and Ki=0.1. A
first order low-pass filter of cut-off frequency of 30
Hz is used in the feedback path of the V,; control
system. This is to filter the high frequency voltage
ripple in V4. It is seen that Vj initially increases
after the active filter is started at t=0.12 sec. This
is due to the real power flow from the distribution
system into the active filter. The use of the PI
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Fig. 12. DC capacitor voltage control of the active
filter.



controller injects the real power back into the dis-
tribution system. There is a variation in V4 due
to load disturbances also. It decreases temporarily
for a step increase in the load at t=1.5 sec. The
PI controller helps in maintaining a constant Vg
with a zero steady-state error.

The apparent power rating of the active filter
is given as 3*V,;*I; = 1.4096 MVA, where Vg
and Iy are the RMS values of the active filter out-
put voltage (v,s) and the filter current (i) respec-
tively. This is 7.056% of the apparent power rating
of the load, i.e., 20 MVA. But as the active filter
has to output a voltage whose peak value is very
large compared to its RMS value, a true repre-
sentation of the rating is given by its peak value.
The devices used in the active filter also need to
withstand these pezak values. In accordance to the
above argument, the peak power rating of the ac-
tive filter is 9.6758 MVA, which is 24.19% of the
peak power rating of the load, i.e., 40 MVA. The
active filter rating can be reduced by using more
than one tuned passive filter and a high-pass filter.
Another factor that effects the active filter rating
is the value of K selected. A higher value of K
would require a higher rated active filter and vice
versa. The value of K has to be optimized to get
satisfactory harmonic filtering with an acceptable
rating [3].

CONCLUSIONS

In this paper results of the digital simulation
of a hybrid active filter system are presented. A
fifth harmonic tuned passive filter is used to com-
pensate for the dominant harmonic injected by a
6-pulse rectifier load. The harmonic filtering re-
quired a low rated active filter. The rating can be
further reduced by adding another tuned filter for
the 7th harmonic frequency and a high-pass filter
and optimizing the value of K to meet the IEEE
519 harmonic limits. The DC capacitor voltage
control of the active filter is done using a Pl con-
troller which ensures a zero steady state error. Fu-
ture work will be conducted to experimentally ver-
ify the results on a 3kVA laboratory scaled-down
model.
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