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Abstract:

A shunt active filter injects a suitable non-sinusoidal current (compensating current) into the
system at the point of common coupling and makes the source current sinusoidal. This paper presents a
performance comparison of five different methods of estimating reference-compensating current for a
three-phase shunt active power filter. The techniques compared are Instantaneous Active and Reactive
power p-g method, Instantaneous Power Balance method, Instantaneous Active and Reactive current
component id-iq method, Fourier series method and DC-link voltage regulation method. Their
performance is investigated under ideal (balanced and sinusoidal), non-ideal (un-balanced and distorted)
supply voltage conditions and at different load conditions. A three-phase six-pulse converter with R-L
load is considered as the non-linear load. The MatLab/simulink simulation results are presented to
validate and compare the control techniquesin transient and steady state conditions.

Key words. Power quality, Active power filter, Comparative analysis, Harmonic and Reactive power
compensation

Non-linear Load

1 Introduction

V<

The proliferation of power eectronic is—» i —p
converters has led to the degradation of the O_mﬂ\ pce
power quality. The performance of SAPF Rs, L
depends on the method of extraction of the Three-phase T
reference  compensating  current.  This Source i
reference current and the actual SAPF current
is given to a hysteresis based, carrier-less RL
PWM current controller to generate the o % PR ES
switching signals of the inverter. ' LT
Figure 1 shows the SAPF, which is
controlled to supply a compensating currenti.. e Active power ...
at the point of common coupling (PCC) and filter
cancels current harmonics on the supply side. ] ) ) o
Now, the source current is will be sinusoidal Fig. 1 Basic compensation principle of SAPF
and in-phase with the supply voltage Vs. The
organization of this paper is as follows. The ]
different methods of estimating reference- 2 Instantaneous active and
compensating current are discussed and their reactive power p-q method [1]
performance is compared under ideal and non- Most active filters are designed based on
idel mains voltage at different load the instantaneous active and reactive power p-

conditions. q theory. The active filter reference currents
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(icas i, icc) are obtained from the
instantaneous active and reactive powers pp
and g_ of the non-linear load. Thisis achieved
by transforming the mains voltage and load
current into two-axis a-f3 co-ordinates by (1)
and (2).
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The instantaneous active and reactive powers
p. and g, are expressed as

V. VvV i
{pﬁ = " [{' L“} e
a. Vg —V, I'p

The instantaneous active and reactive
powers can be decomposed into oscillatory

and averageterms as p. = p, = p, + P. and
g, = g, + QL. Under balanced and sinusoidal

mains voltage conditions, the average power
components are related to the fundamental
curent and the oscillatory components
represent al higher order current harmonics.
After eliminating the average power
components by low-pass filter (LPF), the

powers to be compensated are p. = - p, and
O = - q,. The reference compensation

currents are obtained by inverting the matrix
in (3). These currents can be calculated by (4)
and (5).
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Fig. 2 Generation of reference compensating
current by p-q method

3 Instantaneous power balance
method [4]

The conventiond instantaneous active
and reactive power p-q theory needs
coordinate transformations (a-b-c to a-3 and
vice versa). In this method, the compensating
current is determined based on the balance of
the instantaneous active and reactive power
generated in the SAPF. The three phase
instantaneous active power consumed by the
load is
PL = Va iLa +VbiLb(t) +VciLc (6)

The three phase instantaneous reactive
power in each phase becomes
QLa: Vp iLc - Ve iLb
Oia= V¢ iLa- Valic
OLa= Va iLb 'VbiLa (7)

The instantaneous active and reactive
power deivered to a nonlinear load must
satisfy (8) and (9).

P =Ps + P = Pu * Pun ..-(8)

Ow = Oue, kK=ab,c (9

where ps - instantaneous active power

supplied by the source

p: -instantaneous active power supplied by the

SAPF

pL1 - instantaneous active fundamental power
of theload

PpLh - instantaneous harmonic power of the load

. - instantaneous reactive power generated
by the SAPF at phase k.

In order to ensure that the
fundamental active power is supplied to the
load from the source, the instantaneous
reactive power and harmonic power must be
compensated by the SAPF. When considering
the compensation of both harmonic and
reactive power, pr is expressed as
pc:Vaica +Vbicb +Vcicc = pLh (10)
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From (9) and (10), the reference compensating
currents are determined as.

Pui

g =l — V., k=abc..(11)
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Fig. 3 Generation of reference compensating
current by power balance method

4 Instantaneous active and
reactive current component ig-iq
method [3]

In this method, the reference
compensating currents ic are obtained from
the instantaneous active and reactive current
components i g and i q of the non-linear loads.
The supply voltages and the load current in a
b-c coordinates are transformed to into two-
axis a-f3 co-ordinates by (12) and (13). The dq
load current components are derived from a
synchronous reference frame based on the
Park transformation, where 6 represents the
instantaneous voltage vector angle.

iy cosd  sind (I
. = , . ...(12)
Iig —sind  cosO | |1

0 = tan™(Vq/vp) ...(13)

Under balanced and sinusoidal supply
voltage conditions, angle 6 is a uniformly
increasing  function of time. This
transformation angle is sensitive to voltage
harmonics and unbaance. Using (12) in (13)
we obtain

ELd} _ 1 Vo Vp E{iw}(M)
iLq V§+V§ 'Vﬁ Vg iLB
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Fig. 4 Generation of reference-compensating
current by ig-iq method

The instantaneous active and reactive
components of the load currents can be
decomposed into oscillatory and average terms
as: g = iLd +14 and ||_q = iLq + ||_q. The
fundamental current, which congtitutes the
average current component, is eliminated from
the all-higher order harmonic component
(oscillatory component) using a low-pass
filter. The currents to be compensated are iqy =

-y and i = i . The compensation currents

in two-axis a-f3 co-ordinates is obtained from
(15).

ica _ 1 Va _VB iod (15)
icﬁ 'V¢27+V§ VB Vv, ioq

The reference compensation currentsin a-
b-c co-ordinates are obtained from (16).

i 1 0

i
i,” | =J230-12 312 DLC"}
i 12 -3z b
...(16)

5 Fourier series method [5]

In this method, the reference-
compensating current is obtained from the
fundamental component of the load current.
According to Fourier series, the instantaneous
periodical load current i (t) can be expressed
as

N
i,_(t):z\/fl Ly SIn(nat + @)
n=1
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=+/21, cosp.sin(ux) + \/Elu

N
sngucos(at) + > 4[21, sinnat+ @) ...(17)

n=2

where
w = 211 — fundamenta angular frequency
I - rms value of the nth harmonic current
@, - phase angle of the nth harmonic current
Theload current has three components namely

iL(t) = ipp(t) +ig(t) +icn(t) ...(18)
where i y(t) = +/21,, cos(@).sin(ax) - active
fundamental component ...(19

ig(t) = V2i L1 SIN(¢py).cos(wt) -
reactive fundamental component

N
i) = D421, sin(nox + @) -
n=2

harmonic component
Multiplying (17) with sinwt and integrating
between zero and T gives

T T
ji (1) .sin(et).dt = j J2 1, cos(gn).sin(ax) ot
0 0

=T/2. \2 liicos(g)  ...(20)
Substituting (20) into (19), the active
fundamental component of load current
becomes
:2 T
W0 =12 j i (0).sn(et) di] Sn(et)  ...(20)
0
The reference current of active power filter
can be easily obtained by subtracting the load
current from its active fundamental
component.

ic*(t) =i(t) - icp(t) --(22)

ILabc

—N sinwt =) [ntegration

Circuit

Fig. 5 Generation of reference source current
by Fourier series method

6 DC link voltage regulation
method [2, 6]

In this method, peak value of the
reference source current is obtained by

regulating the dc side capacitor voltage of the
PWM inverter. This capacitor voltage is
compared with a reference value and the error
is processed in a Pl controller. The reference
source current is obtained by multiplying this
peak value with the unit sine vectors that are
in-phase with the supply voltage.

If non-linear load is applied, then the
load current will have fundamental, reactive
and harmonic components, which can be
represented as

() = i ., sin(nat + @) (23

n=1

= lsin(at + @) + Y1, sn(nat + @)
n=2

The instantaneous load power can be given as
pL(t) = v(t) . i(t)
= Vm ||_1 COS((p_]_)S nz((d) +
Vi Iz Sin(@y).sin(ot).cos(wt)

+ Vi sin(at). D1, sin(not + @)
n=2
= pr(t) +pe () +pn(t) ...(24)
From (24), rea power drawn by the load
Pr (B) = Vil L1 cos(@y). SIn*(at) = vi(t).is (t)...(25)
From (25), source supplied by the source after
compensation is
is(t) = pr (t)/ vs(t) = IL1 cos(@r) . Sin (o)
= lgmSin ()

where, lgn = I.1 cOS (@) ...(26)

The utility has to supply for the
capacitor leakage and inverter switching losses
in addition to the real power of the load.
Hence, total peak current supplied by the
source is expressed as

lp = lsm+ lsL ..(27)
The reference source current is given by
is (1) = lg. Sin () ...(28)

This peak value of the reference
source current has been edimated by
regulating the dc side capacitor voltage of the
PWM inverter. The reference compensating
current is obtained as

ic () =i()-is(®) -(29)
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Fig.6 Generation of reference source current
by DC link voltage regulation method

7 ComparativeAnalysis

The performance of different methods
is investigated based on %THD of the source
current after compensation under ideal
(balanced and sinusoidal), non-ideal (un-
balanced and distorted) supply voltage
conditions and at different load conditions.

7.1 ldeal mainsvoltage

The baanced and sinusoidal three-
phase mains voltages considered for
simulation are

V, = 230 sin(wt)

Vi = 230 sin(wt - 120)

Ve = 230 sin(ot +120) ..(30)

From Fig. 7, it is observed that for al
the five methods, THD of the source current is
reduced well below 5% and meets |IEEE-519
standards for the firing angle a = 0° and 30°.
When a = 60°, THD exceeds the limits for pq
theory, igiq method and power balance
method.

Bl 2pha=0
i . : i [ Alpha = 30
7 e e e e R e S A e R e e e Bl Alpha =60

% THD of Source current

1 2 3 4
Different firing angles

Fig.7 Comparative plots for five methods
under balanced mains voltage and at different
load conditions
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7.2 Unbalanced mainsvoltage
The three-phase unbalanced and sinusoidal
mains voltage considered for simulation is

V, = 180 sin(wt + 20

Vp = 200 sin(wt - 120)

Ve = 230 sin(wt +120°) ...(31)

Under unbalanced mains voltage,
THD of the source current is reduced well
below 5% for Fourier series method and DC
link Voltage regulation method (Table 1). The
performance of pg theory, power baance
method and i4-iq method deteriorates.

The unbalanced three-phase mains
voltage can be decomposed into positive and
negative sequence components. Even in the
two-axis co-ordinates, the mains voltages
contain positive and negative sequence
components. Hence, the sum of v,* and v’
will not be a constant. A second order and
third order harmonic is observed in the
compensated source current, where its
amplitude depends on the negative sequence
components. This leads to the degradation of
the performance of pgq method and igig
method.

Fig.8 shows unbalanced mains voltage (Van),
load current (i ), Source current (i) for po
method, Instantaneous Power Balance method,
Instantaneous Active and Reactive current
component ig-iq method, Fourier series method
and DC link Voltage regulation method
respectively. It is observed that the source
current is sinusoidal and balanced for Fourier
seriesand DC link V oltage regul ation method.

7. 3 Distorted mainsvoltage
The following distorted three-phase
mains voltage is considered for the simulation.
V, = 230 sin(wt) + 25 sin(5wt)
Vp = 230 sin(wt - 120°) + 25 sin(5wt -120)
Ve = 230 sin(wt +120)+25sin(5wt+120)...(32)
Under distorted mains voltage, the
performance of pqg theory, power baance
method and i-i; method deteriorates. When
the three-phase mains voltage is distorted, it
can be decomposed as fundamenta and
harmonic components. The mains voltagesin
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Fig.8 Unbalanced mains voltage, Load current
and Source current for different methods

the two-axis system contain the fundamenta
and harmonic components. As the sum of v,
and vg? will not be a constant, (k-1)™ and/or
(k+1)™ order harmonic is observed in the
compensated source current. This factor leads
to the degradation of performance of p-q,
power balance method and id-iq method.
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Fig.9 Distorted mains voltage, Load current
and Source current for different methods

From (22) and (29), it is observed that
the reference compensating current is
independent of the mains voltage for Fourier
series method and DC link voltage regulation
method respectively. Hence, these two
methods provide a good performance by
maintaining THD of the source current at a
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Reference % THD of source current | % THD of source No. of No. of

compensating current | for different load current for different Multiplier | current

estimation conditions under load conditions under | / summer /

Techniques unbalanced supply distorted supply circuits | Voltage
voltage voltage Sensors
a=0° | a=30° a=60° o=0° | o=30° | a=60°

% THD in source 25.68 | 34.25 53.60 18.50 | 29.03 | 43.11

current before

compensation

Instantaneous 9.24 10.46 14.04 6.49 6.54 9.91 11/19 3/3

p-g method

Power balance 1649 | 16.19 17.71 6.47 6.45 9.94 117 3/3

method

Instantaneous 6.48 6.57 9.42 6.54 7.48 7.16 12/15 3/3

ig-1g method

Fourier seriesmethod | 1.82 1.06 3.04 068 | 1.20 | 3.92 4/3 3/0

DC link voltage 1.05 1.58 3.07 181 2.60 3.69 2/4 3/1

regul ation method

value less than 5%.

Table 1 Comparison of different methods

As the design of Pl

controller is smple and easy, DC link voltage
regulation method is best suited for the
compensation of harmonic and reactive power.
Fig.10 shows its load perturbation response.
The steady is reached after a delay of one
cycle.

i
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Fig.10 Load perturbation response

8 Conclusion

The peformance of  different
reference compensating current estimation
techniques is compared and investigated under
ideal (balanced and sinusoidal), non-ideal (un-
balanced and distorted) supply voltage
conditions and at different load conditions.

Fourier series method and DC link
voltage regulation method provides a good
performance even under non-ideal (un-
balanced and distorted) mains voltage
conditions.
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