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Abstract-- Distributed Energy Resources (DER) is emerging
as the future of the electrical grid commonly known as Smart
Grid or Micro grid. The electrical infrastructure of the power
grid is under changes, in a sense that more and more independent
power producers will supply power to the network of users that
could or could not be connected to the main grid. The Micro
grids are connected to the main power system grid through
power electronic interface for flexible control so that the Micro
grid will be crucial towards a well-functioning network.
However, at the same time, the interface domain will be under
high stress due to non-linear behaviour of power electronic
components. Also, the use of non-linear loads at the consumers
end in the form of power electronic converters, UPS, electric arc
furnaces, and growing use of adjustable speed motor drives is
increasing day by day. The power electronic based interface and
loads inject harmonic current and reactive power into the supply
grid having a significant impact on voltage and power quality,
thus polluting the electric distribution network. With a network
then dominated by nonlinear components (power electronics
coupling for generators, and non-linear loads connected to
distribution system), non-sinusoidal regimes will be a common
situation. On the other hand, there is a high degree of demand for
premium electric power because of the high number of sensitive
loads, which can malfunction if the supply has bad power quality.
The paper suggests potential solution to the harmonic current
and reactive power problems under unbalanced and distorted
regimes using shunt active power filter (SAPF) with control
based on Instantaneous active and reactive (p-g) power Theory.

Keywords: Active power filters, Distributed energy resources,
Harmonics, Instantaneous p-q theory, Non-linear loads, Power
Quality, Reactive Power, Smart Grid, Total harmonics
distortion.

I. INTRODUCTION

LECTRICAL energy is a product and, like any other
product, should satisfy the proper quality requirements
called power quality limits [1].These set of limits allow
the electrical systemsto function in their intended manner
without significant loss of performance or life [2]. From the
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last few decades, the tendency of connecting the power
electronic (PE) equipment’s based loads to the power
distribution system is increasing because of significant
improvements in the voltage and current ratings of power
electronic devices [3], [4]. PE loads are high source of
harmonics and reactive power which results in an increased
deterioration of the power system voltage and current
waveforms, because of line impedance, the voltage at the point
of common coupling (PCC) is no longer remains sinusoidal
[3], [5]. The impacts of harmonics result in deterioration of
insulation, increase in power losses, shortening life span of
electrical installations, shutdowns, misoperation of sensitive
equipment, capacitor failures, communication interference,
overheating of transformers, overloading of neutral conductor,
harmonic resonance, maloperation of electronic equipment,
distorted supply voltage, system voltage dips, protection
tripping’s, and AC/DC drives failure [2], [6], [7]. The higher
value of reactive power causes voltage stability problems, low
power factor, higher copper losses in the line conductor, and
bulky equipment’s [2].

Because of these problems, the issue of the power quality
delivered to the consumers end is of more interest than ever
before [8]. Several International standards have been set with
regards to power quality like IEEE-519, IEC-61000, EN-
50160 and others [2], [8]. These standards demand that the
total harmonic distortion (THD) produce by electrical
equipment’s should not be higher than the defined limits of the
standards.

THD is a power quality term that is used to define the
amount of distortion in voltage or current waveform [2], [9].
THD in current waveform is given as:
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where 1, is the fundamental component of current and I, is
the component of current with nth order harmonics.

Il. ACTIVE FILTERING

In the past, tuned passive filters were used to solve the
problems of reactive power and harmonics distortion [10].
However, these filters offered some drawbacks like they filter
only the frequencies they are tuned for, their operation cannot
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Fig. 1. Basic configuration of shunt active filter.

be limited to a certain load, resonances can occur because of
the interaction between the passive filters and other loads with
severe effects [10]. To compensate these drawbacks, recent
efforts have been made on the development of an important
group of power system conditioning circuits, commonly
known as active power line conditioners (APLC) or simply
active power filters [11]. The active power filters have gained
much more attention because of excellent performance to
mitigate the harmonic and reactive power problems. However,
the performance of the active filters depends upon the control
theory that is employed to formulate the control algorithm of
the active filter controller [12].

Many control techniques have been suggested to control the
active power filters and generally have two categories. The
first category is based on time domain such as the p-q theory,
the d-q theory, the synchronous reference current theory,
direct power control, and conservative power theory [13]. The
second category is based on frequency domain like Fourier
Transformation, and Kalman Filter [13]. The time domain
analysis is superior over the frequency domain and of great
interest in recent years [13]. However, in this paper p-q
Instantaneous power theory is used because of its excellent
performance and simplicity to develop the control algorithm
of the shunt active filter.

The voltage source inverter (VSI) based shunt active power
filter (SAPF) has used to mitigate the harmonics and reactive
power problems because of its low cost and higher efficiency
compared to current source inverter (CSI) based SAPF [14].
However, both active filters have the same functionality: to
force the converter to behave as a controlled current source
[14].

The Fig. 1 shows the basic configuration of the shunt active
filter. The supply can be sinusoidal or non-sinusoidal, and the
loads can be diode, thyristor or any other power electronic
loads. The shunt active filter draws or injects current I¢ in such
a way that the sum of load currents I_ and converter I¢ is
source current Ig that should be sinusoidal i.e.

Ig =1, +1¢ 2

S

In this paper, a 3-level PWM natural point clamped voltage
source inverter (NPC-VSI) shown in Fig. 2, has been used
because it offers low voltage stress to power semiconductors

devices, lower current or voltage harmonics, and less
electromagnetic interference [4].
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Fig. 2. NPC-VSI power converter for shunt active filter.

The purpose of the paper is to compensate the harmon-
ics and reactive power in the source current under unbalanced
and distorted conditions of supply voltages. The THD in the
source current after the working of the Instantaneous p-q
Theory based SAPF should be according to the defined
standards and it should be in phase with the distribution utility
voltage.

I1l. ACTIVE FILTER REFERENCE CURRENT GENERATION BY
INSTANTANEOUS P-Q THEORY

The Instantaneous p-q Theory is based on a set of
instantaneous powers defined in time domain that bring about
a good dynamic response with no restrictions are imposed on
voltage and current waveforms [14]. It can be applied to a 3-
phase system with or without neutral wire and equally valid
for steady state and transients conditions. This theory is very
efficient and flexible in designing the controllers for APCL
based on PE devices [14]. The theory first transforms voltage
and current waveforms from abc to af0 coordinates by
Clarke’s transforms, then defines instantaneous powers in a0,
and finally computes the compensating reference currents in
abc by Inverse Clarke’s transforms. The theory always
considers the 3-phase system as a unit, not a superposition or
sum of three single-phase circuits [14].

For a 3-phase sinusoidal system the supply voltages and
loads currents are measured and transformed from abc to a0
frame using Clarke’s transform by (3) and (4):
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where v, v, V. are the supply voltages and i, i, i are the
load currents.
The instantaneous powers p and g can be written as:
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From (5) we have:
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where p=p+p and g=g+4. These powers are defined as:
p=Active power for a 3-phase system with or without neutral
conductor in steady state or transients. It represents the total
instantaneous energy flow per second between power source
and load.
g=Imaginary power and proportional to the quantity of energy
that is being exchanged between phases of the system. It
doesn’t contribute to energy transfer between source and load
at any time.
p=Average value of the instantaneous real power and is
transfer from source and load. It is the only desired power
component to be supplied by the power source and is due to
fundamental active current.
p=0scillating component of the instantaneous real power
exchanges between source and load and doesn’t involve any
energy transfer from source to load. It is because of harmonics
and must be compunsated.
g=Average value of the instantaneous imaginary power
exchenges between the system phases and doesn’t imply
energy transfer between source and load. The choice of
compensation of g depends on reactive power compenation. It
is because of fumdamental reactive current.
g=0Oscillating component of instantaneous imaginary power
exchanges between system phases and doesn’t transfer energy
from source to load. It is also due to harmonics and must be
compensated.

The zero sequence power po doesn’t exist because the
considered system is 3-phase 3-wire.

A. Compensation Strategy and Selection of Reference
Power for Compensation

The compensation strategy depends upon the desire
purpose to achieve. Several kinds of compensation strategies
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Fig. 3. Algorithm for the calculation of reference current of the compensator
for compensation of harmonics and reactive power.
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Fig. 4. Block diagram of Fundamental positive voltage detector.

are available when working with the Instantaneous p-q
Theory. However, in this paper harmonics compensation (i.e
compensation of p & ¢) and reactive power compensation (i.e
compensation of ) have done.

Therefore the compensator has to select the following
powers as a reference to follow the control strategy. The
instantaneous reactive power supplied by the compensator:

de =74 (7)
Instantaneous active power supplied by the compensator:
Pe = =P+ Pros ®)
where piqs IS the power drawn by the compensator from
the power source to make up the switching losses of the

converter and to maintain constant voltage across the dc-link
capacitor at a pre-specified value.

B. Reference Current Calculation for the Compensator
The compensator reference current in o8 will be:
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and in abc by Inverse Clarke’s transformation:
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IV. FUNDAMENTAL POSITIVE SEQUENCE VOLTAGE DETECTOR

The designed SAF based on adopted control strategy
should perfectly determine the reference current by the
integration of the Instantaneous p-q Theory to mitigate the
current harmonics and to make the source current in-phase



with the utility voltage at the same time. This control works
very well in the presence of ideal supply voltages. However,
in case if the supply is unbalanced or highly distorted then the
reference current calculated by control algorithm shown in
Fig. 3 without the fundamental positive sequence voltage
detector, neither completely filter the current harmonics nor
compensate the fundamental reactive power [15]. Under
unbalanced or distorted supply voltage conditions the
Instantaneous p-g Theory must have fundamental positive
sequence voltage detector for the successful operation of the
active filter.

Fig. 4 drives the fundamental positive sequence signal from
an unbalanced and distorted three phase voltage signal carried
by power lines. The phase locked loop (PLL) control circuit in
Fig. 5, described in next section, determines accurately the
fundamental frequency and phase angle of the unbalanced and
distorted measured system voltage [16]. This fundamental
frequency is used in the sine wave generator to produce the
auxiliary currents i', and i'; which are used together with v,
and vg in the Fig. 4 to calculate the auxiliary powers p' and q'.

However, the average values of the real (p') and imaginary
(9") powers are considered here. The average powers p’ and g’
are composed of fundamental positive sequence component
V.1 as the auxiliary currents i', and i'; also composed of
fundamental positive sequence component (l.;). The impact of
fundamental negative sequence component and other high
frequency harmonics appear in the oscillating components (5’
and ¢q").

The instantaneous voltages v', and v'; which correspond to
time function of fundamental positive sequence voltage
component V., are given by (11):

A= @Z ilﬂﬂg-} (1)

By applying the Inverse Clarke’s transform, the fundamen-
tal positive sequence voltages (v'y, V', V'¢) Without error in
amplitude and phase angle are given in (12):

(12)

A. The Design of Phase Locked Loop Circuit

The PLL circuit shown in Fig. 5, tracks continuously the
fundamental frequency of the system voltage. It works very
well under unbalanced highly distorted conditions of the
system voltage to quickly determine the system frequency and
phase angle of the measured system voltages (v, Vp, Vc). The
circuit uses the algorithm based on a fictitious instantaneous
power given by (13):
=V i Vi Vi = Vi vl (13)
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Fig. 5. Functional block diagram of PLL circuit.

The expression in (13) considered that i',+ i'y+ i'.=0. The
p's, is called fictitious power because it is just a variable and is
not related to any instantaneous power in the power system.
The fictitious current feedback signals i',(w#)=sin(wt) and
i'c(wt)=sin(wt+27/3) of the PLL circuit are built by calculating
the time integral of the output w of the PI controller. The
current i'y(wt) lags at 120° by i';(w¢) and both of them have
unity amplitude. The PLL circuit can reach a stable point of
operation only if the input p';, of the PI controller has zero
average value (p7,=0) and has minimum low frequency
oscillating portion in p';,, where p';,= p';,+ p'3,.

The average three phase power (p';,=p%,) in term of
phasors is given as:

P'3, = P'3, =3Vl COS0 (14)

The expression in (14) is valid only if the output of the Pl
controller  corresponds to the system frequency and the
feedback signal i'y(wt) becomes orthogonal to the fundamental
positive sequence component of the measured voltage V,.

However, if the point where V, leads the signal i'y(w?) is
reached, this is still an unstable point of operation . At this
point, an eventual disturbance that slightly increase the system
frequency (the frequency of the V,, and V¢, in Fig. 5) will
make the voltage phasor V., rotate faster than the current
phasor built up by the feedback signals i'y(w?) and i'(w?).
Hence, the displacement angle between V, and i';(w?), given
by cose in (14), becomes greater than 90°. This results to
negative average input (p’,<0), and consequently to a
decreasing ®, making the cosg even greater. This characterizes
an unstable point of operation. Thus, the PLL has only one
point of operation, that is i';(w?) leading by 90° the
fundamental positive sequence component corresponding to
Va.

Now for the same disturbance mentioned above, i'y(w?)
leading V, by 90°, the cosg will become less than 90° and the
average power in (14) will be positive. This will make the
current phasor to rotate faster, keeping the orthogonality
(leading currents) between the generated 7,; [i's(w?)] and the
measured V.,

Fig. 6. Block diagram of Triangular carrier PWM current control circuit.



This fundamental characteristic of the PLL circuit shown in
Fig. 5 is exploited to form auxiliary signals i', and i'; that are
needed in the fundamental positive sequence detector of Fig.
4. Since, i'y(wt)=sin(wt) leads by 90° the fundamental positive
sequence component V., of the measured system voltage.
Hence, the auxiliary current i',(wt)=sin(wt-z/2) will be in-
phase with 7.

V. CURRENT MODULATOR

The performance of the active filter heavily depends on the
design characteristics of the current modulator i.e method to
generate the gating signals for the VSI [4]. Mostly pulse width
modulation (PWM) strategies are employed in the active filter
controller to modulate the current modulator. In this paper,
Triangular Carrier control PWM technique is used. Fig. 6
demonstrates this method. At the input, the active filter
reference current generated by Instantaneous p-q Theory and
the filter actual current are compared to produce the error. To
make the error steady, it is passed through P1 controller. At the
end, steady current is compared with the triangular wave with
fixed carrier frequency to get the gate pulses for the VSI.

VI. SIMULATION RESULTS

A complete model of the shunt active filter connected to
distribution power system is simulated in Matlab/Simulink and
only the important results are presented. The parameters of the
simulated system are shown in Table I. The unbalanced and
highly distorted distribution source is supplying power to the
unbalanced diode and thyristor bridge based loads shown in
Table I. The expression for the source is shown in (15):

sin(at)
sin(@t-120")
sin(@t+120")

sin(at)
sin(ot+120")
sin(@t-120")

sin(3et)
sin3(wt-120°)
sin3(wt+120")
sin(7wt)
+0.0318V, | sin 7 (at-120")
sin7(at+120°)

=V +0.0909v +0.0681v

Va
Vb
Ve

(15)

sin(5wt)
sin5(at-120")
sin5(wt+120°)

+0.0455V

TABLE |
PARAMETERS OF THE SIMULATED SYSTEM

Vs=220VRrums(Line-Ground),
R=10pQ, L=0.01mH
Viae1=Ve2=350V,Cy1=Cyo=1.8mF,
parameters | Ri=10uQ, Li=2mH, f;=15kz

Load R =10pQ, L .=2mH
parameters ||~ 3_phase thyristor bridge supplying R-L
load of 20Q2 + 20 mH, Firing angle=15"

1. 2-phase diode bridge step change in load
connected to phase-ab with Initial value
10A and final value 20 A

I11. 3-phase thyristor bridge supplying R-L
load of 10Q2 + 30 mH, Firing angle=10"

Source
parameters
Filter

The total simulation run time is 0.3 sec (Dell Latitude E6400
machine). Fig. 7a shows that the source voltage profile is
unbalanced and distorted. The fundamental positive sequence
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Fig. 7. Source voltages, Load currents and fundamental positive sequence
voltage (a) Source voltage (b) Load current (c) Fundamental positive sequence
voltage.

voltage is extracted from the source (shown in Fig. 7¢) for the
efficient working of the control. The dynamic behavior of the
active filter is checked by connecting different loads to the
system during the run time of the simulation. The loads 1 is
connected from the start (t=0s) of the simulation and is
triggered at firing angle of 15°. The load Il is connected
between phase ab at t= 0.1s with step change in current from
10A to 20A. The connection of load Il make the load side
unbalanced. Similarly, the load I1l is connected at t= 0.2s and
is triggered at firing angle of 10°. Fig. 7b shows the
connection of these loads to the system. Fig. 8b shows (i.e at
t=0.1 s and t= 0.2 s when load Il & IlI are connected) that the
active filter is dynamically fast and responded to the change in
load within 1 power cycle.

Fig. 7b shows that load is highly unbalanced and highly
distorted with a value of THD=20.17% shown in Fig. 9a. The
SAF closely follows the reference current generated by
Instantaneous p-q Theory (shown in Fig. 8b) to supply
negative sequence current to make the source current balanced
and sinusoidal shown by Fig. 8b. The level of THD reduced
from 20.17% to 2.27% shown by Fig. 9a and 9b. However, the
THD in source current after the active filtering is not exactly
zero. It is because internal switching of the compensator itself
generates some harmonics.

Fig. 8c shows that after the operation of the active filter the
power factor of the distribution system becomes unity (source
voltage and current are in phase) and source supplies only
constant active power to the load.
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The comparison of Fig. 9a and 9b shows that after the
operation of active filter the amplitude of the fundamental
source current reduced from 52.27 A to 40.55 A. It is because
active filter has compensated the p, ¢ and ¢ demanded by the
load. Now, the source is supplying only active only portion of
current of 40.55 A to load.

VII. CONCLUSIONS

The solution to the harmonic and reactive power problems
for an unbalanced and distorted distribution supply system
feeding to an unbalanced nonlinear load system is provided by
shunt active power filter. The control of the shunt active
power filter is developed by Instantaneous p-q Theory. The
Instantaneous p-q Theory with the help of fundamental
positive sequence voltage detector computes the compensating
reference current that comprises all components that differ
from the active portion of the fundamental positive sequence
current of the load. The link between the control and
compensator is established through gating signals issued for
the semiconductor switches. The gating signals are obtained
by Carrier Control pulse width modulation technique that
works nicely to trigger the compensator based on Insulated
gate bipolar junction transistors switches. The simulations
results show that shunt active power filter has managed to
control the harmonics defined by the limits, and made the
source current balanced, sinusoidal, and in-phase with the
supply voltage to ensure the supply of constant active power
from source to load.

VIIl. REFERENCES

[1] Henryk Markiewicz, Antoni Klajn, “Voltage Disturbances Standard EN
50160 - Voltage Characteristics in Public Distribution Systems,” Copper
Development Association IEE Endorsed Provider, July 2004, pp. 1-16.

[2] Surajit Chattopadhyay, Madhuchhanda Mitra, Samarjit Sengupta,
“Electric Power Quality,” Springer, 2011, pp. 1-32.

[3] N. Mohan, T. Undeland, W. Robbins, “Power Electronics: Converters,
Applications and Design,” J. Wiley & Sons, 2003, pp. 483-504.

[4] Muhammad H. Rashid, “Power Electronics Handbook,” Academic
Press, 2001, pp. 829-851.

[5]

[6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Elisabetta Tedeschi, Paolo Tenti, and Paolo Mattavelli, “Synergistic
Control and Cooperative Operation of Distributed Harmonic and
Reactive Compensators,” IEEE- PESC, 2008.

Rana Abdul Jabbar Khan, and Muhammad Akmal, “Mathematical
Modeling of Current Harmonics Caused by Personal Computers,” World
Academy of Science, Engineering and Technology, 2008.

Ali I. Maswood and M.H. Haque, “Harmonics, Sources, Effects and
Mitigation Techniques,” Second International Conference on Electrical
and Computer Engineering ICECE, 2002.

Jodo Afonso, Carlos Couto, Julio Martins, “Active Filters with Control
Based on the p-q Theory,” IEEE Industrial Electronics Society
Newsletter Sept. 2000.

Roger C. Dugan, Mark F. McGranaghan, Surya Santoso, H. Wayne
Beaty, “Electrical Power Systems Quality,” 2" Edition, MeGraw — Hill,
pp. 167-224.

Gary W. Chang, Shou-Yung Chu, Hung-LuWang, “A New Method of
Passive Harmonic Filter Planning for Controlling Voltage Distortion in a
Power System,” IEEE Transactions on Power Delivery, vol. 21, no. 1,
January 2006.

Bhim Singh, Kamal Al-Haddad, Ambrish Chandra, “A Review of
Active Filters for Power Quality Improvement,” IEEE Transactions on
Industrial Electronics, vol. 46, no. 5, October 1999.

G.Tsengenes, G. Adamidis, “A New Simple Control Strategy for Shunt
Active Power Filters under Non ldeal Mains Voltages,” International
Symposium on Power Electronics, Electrical Drives, Automation and
Motion, SPEEDAM 2010.

G.Tsengenes, G. Adamidis, “An Improved Current Control Technique
for the Investigation of a Power System with a Shunt Active Filter”,
International Symposium on Power Electronics, Electrical Drives,
Automation and Motion, SPEEDAM 2010.

H. Akagi, E.H. Watanabe, and M. Aredes, "Instantaneous Power Theory
and Applications to Power Conditioning, “J. Wiley & Sons, 2007, pp.41-
158.

Mauricio Aredes, Luis. F. C. Monteiro, Jaime M. Miguel, “Control
Strategies for Series and Shunt Active Filters,” IEEE Power Tech
Conference, June 2003.

Maur’icio Aredes, J'urgen H'afner, Klemens Heumann, “Three-Phase
Four-Wire Shunt Active Filter Control Strategies,” IEEE Transactions
on Power Electronics, vol. 12, no. 2, March 1997.



	I.   Introduction
	II.   Active Filtering
	III.   Active Filter Reference Current Generation by Instantaneous p-q Theory
	A.   Compensation Strategy and Selection of Reference Power for Compensation
	B.   Reference Current Calculation for the Compensator

	IV.   Fundamental Positive Sequence Voltage Detector
	A.   The Design of Phase Locked Loop Circuit

	V.   Current Modulator
	VI.   Simulation Results
	VII.   Conclusions
	VIII.   References

