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1. Introduction

The quality of energy depends on the loads and their sensitivity to supply voltages
variations. The loads being more sophisticated, the voltage disturbances become very
expensive for the industrialists in term of loss of production and damage of materials. A
universal solution for improving power quality in the network and protecting sensitive
loads can be used by combination of the series - parallel active power filters called Unified
Power Quality Conditioner (Han et al., 2006 - Khadkikar et al., 2005 - Reza et al., 2009). It is a
versatile device that can compensate almost all types of perturbations such as voltage
harmonics, voltage unbalance, voltage flicker, voltage sag and swell, current harmonics,
current unbalance, reactive current, etc. A typical configuration of UPQC is shown in fig. 1.
This paper is focused on voltage sag and along with current and voltage harmonics
compensation based on fuzzy hysteresis band control. Initially, the equivalent circuit of the
UPQC is presented. The control algorithm for parallel active power filter (PAPF) is
discussed in section 3 and the control algorithm for series active power filter (SAPF) is
discussed in section 4. The UPQC performances will depend on the design of power
semiconductor devices, on the modulation technique used to control the switches, on the
design of coupling elements (the decoupling inductance Lf for shunt part, the filter
parameters L -Cr for series part and the DC link capacitor value Cqy), on the method used to
determine active filters current and voltage references and on the dynamics and robustness
of current and voltage control loops. For the PAPF, the standard instantaneous p-q
algorithm is used to determine current references (Fujita & Akagi, 1998 - Mekri et al., 2006).
Among various PWM techniques, hysteresis fixed band current control is popularly used
because of its simplicity of implementation. This known technique does not need any
information about system parameters and has the disadvantage of uncontrolled frequency.
As a result, the switching losses are increased and current sources contain excess ripples.
The current controller performances can be improved by using adaptive control system
theory (Rahman et al., 1997- Tzou & Shiu, 1998). An adaptive hysteresis band current control
PWM technique can be programmed as a function of supply and APF parameters in order to
maintain a fixed modulation frequency. Unfortunately, adaptive control is very sensitive to

www.intechopen.com



332 Power Quality

parameters system and its global stability is hard to be proved. A new technique, based on
the same concept, but where the hysteresis band is implemented with fuzzy logic is
proposed to optimize the PWM performances. For the SAPF, a robust PLL system is used
for supply voltage disturbances identification. The PLL is developed to achieve good results
under unbalanced, interruption or distorted voltage conditions based on a fuzzy logic
regulator. Appropriate fuzzy hysteresis band voltage controller is also synthesized for SAPF
output voltage control. Simulation results will be shown and discussed in the last section to
verify the performances of the proposed UPQC in different conditions such as voltage and
current harmonics.
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Fig. 1. Global diagram of Unified Power Quality Conditioner

2. Equivalent scheme of an UPQC

The UPQC is controlled in such a way that the voltage at load bus is always sinusoidal and
at desired magnitude. The function of the PAPF is to compensate current harmonics, to
maintain the dc link voltage at constant level and to provide the var required by the load.
The SAPF serves us to mitigate the mains voltages perturbations. The single phase
equivalent circuit for a UPQC is shown in fig. 2. The source voltage; terminal voltage at PCC
and load voltage are e;, vs and vy, respectively. The source and load currents are is and ia,
respectively. The voltage injected by SAPF is v. and iris the current injected by PAPF.
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Fig. 2. Equivalent Circuit of a UPQC

3. Parallel active power filter control

3.1 Current reference extraction

The objective is to get sinusoidal line currents in phase with the supply voltages at the
common coupling point. The well known instantaneous p-q algorithm is used to determine
the current references (Akagi, 1996). The distorted supply voltages conditions may result in
partial compensated source current. To overcome this problem, a robust PLL system is first
used to extract the fundamental positive sequence voltage components. The generated
sinusoidal voltage signals are then used as new inputs of the p-q algorithm for
instantaneous current references extraction fig. 3. The PLL is a common block between
PAPF and SAPF and will be detailed in section IV.
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Fig. 3. Block diagram of implementing p-q algorithm

3.2 DC voltage control
In the UPQC the management of DC bus concerns the role of the PAPF. This one determines

the active power (current) necessary to keep constant the DC voltage in steady state or
transient conditions (Mekri et al., 2006). There are three principal factors that affect the
voltage fluctuations of the DC capacitor. The first is the alternating power of the load to be
compensated, the second is the active power imbalance during transients and the third is the
active power absorbed by the SAPF part for compensating network voltage sag.

If a power imbalance occurs; because of load changing or voltage dips; the PAPF should
consume or supply real power. This power is given by:

Pf = P - Ps = 3V< (Ichl -COS @1 - Is ):i3VsIO (1)
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I is the fundamental current of the load and ¢y it phase, p,, is the DC power consumed by
the non-linear load, Ps is the active power provided by the supply and Ip component is given
by:

IO = Ichl COs ¢ -Is |

The active fundamental current necessary to ensure the balance of the active power called
io(t), must be sinusoidal and in phase with the supply voltage (fig. 4). It combines of two
fundamental components:

i,(t)=1,,sin(ot) + 1, sin(wt) (2)

The first fundamental component corresponds to the active power consumed by the series
active filter during a long term voltage dip for the network, and the second term refers to
the power losses consumed by the power transistors in both inverters.
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Fig. 4. Block diagram of shunt APF control

If switching losses are neglected, the real power absorbed by the PAPF can be expressed as:

2

Pp=- %Cdc _dv;ct(t) (3)
The aim of the synthesized voltage regulator is to adjust v7.(t) to its reference, to reject the
internal disturbance dI of the system due to the variation of real load power and to assure a
good filtering of the external one dE relating to DC voltage ripple due to the alternating
power (Mekri et al., 2006). To realize these objectives, a fuzzy logic controller is considered.
It consists of fourth stages: fuzzification, knowledge base, inference mechanisms and
defuzzification. The knowledge bases are designed in order to obtain a good dynamic
response under uncertainty in process parameters and external disturbances. In our
application, the fuzzy controller is based on processing the voltage error and its
derivation e . The input variable ‘e’ is:

*2 2
€= Vdc - Vdc (4)

Triangle shaped membership function has the advantages of simplicity and easier
implementation and is chosen in this application (Tzou & Shiu, 1998 - Xiong & Gatland, 1996).
Fig. 5 shows the membership functions of the input and the output linguistic variables.
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In the design of a fuzzy control system, the formulation of its rule set plays a key role in
improvement of system performances. The rule table is constructed to contain the 49 rules as
shown in Table 1, where PL, PM, etc, are linguistic codes (PL: positive large, PM: positive
medium, PS: positive small, ZE: zero, NL: negative large, NM: negative medium, NS:
negative small). In this paper, we applied max-min inference method to get implied fuzzy
set of the turning rules.

Weé NL NM NS EZz PS PM PL
14

-1 -0.8 -0.4 0 04 0.8 1
e €

Fig. 5. Membership functions for input variables (e, ¢ ) and output variables.

e/e|l NL |[NM | NS | EZ | PS | PM | PL
NL | NL | NL | NL | NL | NM | NS | EZ
NM | NL | NL | NL |[NM | NS | EZ | PS
NS | NL | NL [ NM | NS | EZ | PS | PM
EZ | NL [ NM | NS | EZ | PS | PM | PL
PS |{NM| NS | EZ | PS |PM | PL | PL
PM | NS | EZ | PS (PM | PL | PL | PL
PL | EZ | PS |PM | PL | PL | PL | PL

Table 1. Rules of inference for the DC voltage

3.3 Fuzzy hysteresis band current control
The shunt active filter is realized with a current controlled PWM inverter. The core of active

filter is the control section that must be able to derive the reference current waveform
matching the harmonic content of the line current and to drive the inverter producing a
filtering current faithfully tracking the reference one. So there are two sections: the reference
current generation, that, the standard instantaneous p, q algorithm is used to determine the
current references (Mekri et al., 2006 - Akagi, 1996), and the current control.

To compensate harmonics and fundamental reactive power, two current control methods
can be considered, according that the regulated variables are respectively the line currents
or the active power filter currents. Both methods are equivalent. In fact, the error signal at
the input of the current regulator has the same dynamic and only its sign is modified Our
algorithm will be focused on the following on calculating and controlling directly the mains
currents. The objective is to get sinusoidal line currents in phase with the supply voltages at
the common coupling point.
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The current control strategies, often used, can be classified in the hysteresis current control,
the ramp comparison control methods (natural, asymmetrical or optimal PWM) associated
with linear controller and the predicted current control. The first method is very simple and
easy to implement, but has the disadvantage of an uncontrollable high switching frequency.
This high frequency produces a great stress for the power transistors and induces important
switching losses. The second and third methods allow operating at a fixed switching
frequency and are usually performed by software using the system parameters. In this case,
the operating conditions must be known to meet sufficient and accurate control (Xiong &
Gatland, 1996). Consequently, a fuzzy hysteresis band circuit control for a sinusoidal input
current is involved for our application.

Fixed hysteresis band method is very sample and easy to implement, but has several known
disadvantages such as uncontrollable high switching frequency and induced important
switching losses. To improve this control, an adaptive and fuzzy hysteresis band current
control technique is studied (Mekri et al., 2006).

An adaptive hysteresis band current control PWM technique can be programmed as a
function of the active filter and supply parameters to minimize the influence of current
distortions on modulated waveform (Mekri et al., 2006 - Jiang & Chang, 2004).

The band (HB) can be modulated at different points of fundamental frequency of the cycle
to control the PWM switching pattern of the inverter.

The hysteresis band is given by:

912 v (t di’,
HB; = Ve (1- 5() + —2)2) j=1,2,3 ()
6.f-Ly 4V, Ly dt

Where fn is the modulation frequency, is* is the source reference current and di, /dt

represents its slope.

Fig. 6 shows the block diagram of the adaptive hysteresis band current control using (5).
Current control with an adaptive hysteresis band current control needs a precise knowledge
of the PAPF parameters (Lsand Vg4). To improve active filter performances, equation (5) is
implemented in our case with fuzzy logic. In order to establish a fuzzy logic controller,
input and output variables must be treated. The supply voltage wave vs(t) and mains

current reference slope di. /dt, are selected as input variables and HB as output variable.

¥ —> T’

Ig
+
- —DO—) T;
1 A HB
» HB
v, > Calculus

Fig. 6. Simplified model for fuzzy hysteresis-band current control

The following step is to determine the set of linguistic values associated to each variable.
Triangle memberships are chosen. Each input variables is transformed into linguistic size
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with five fuzzy subsets, PL: positive large, PM: positive medium, PS: positive small, EZ:
zero, NL: negative large, NM: negative medium, NS: negative small and for the output
variables are: PVS: positive very small, PS: positive small, PM: medium positive, PL:
positive large, PVL: positive very large. Then, fig. 7 shows the membership functions of the
input and the output variables. The resulting rule is presented in Table2.

dig*/dlt

Wal(t)
H HE : FVS PP PM PL PVL
0.5
0 -
0 0.2 0.4 0.6 0.8 1
HE

oK

Fig. 7. Membership functions for input variables % , Vs(t) and output variable HB

dia*/dt |\ | am | EZ | PM | PL
vi(t)
NL ps | ps | pM | ps | Ps

NM PS PM PL PM PS
EZ PVS | PM | PVL | PM | PVS
PM PS PM PL PM PS
PL PS PS PM PS PS

Table 2. Rules of inference for Fuzzy hysteresis current control
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4. Series active power filter control

The main function of a series active power filter is the protection of sensitive loads from
supply voltage perturbations such as sags or voltage harmonics.

4.1 Voltage reference calculation

There are various methods of the identification of the network voltage perturbations
(Khadkikar et al., 2005 - Awad et al., 2003 - Svensson & Sannio, 2002). The proposed method
is based on a robust PLL system and is able to detect quickly any voltage drop due to dips
or flickers besides voltage harmonics in the network (figure 8) (Mekri et al., 2010). The PLL
block allows to detect the amplitude and phase (Vs andé,) of fundamental positive
sequence components of the utility voltages. The direct component voltages (Va1,2,3) will be
subtracted from the instantaneous network voltages (Vi,23) to determine disturbing
homopolar and inverse components (Viin,23). The difference between the desired voltage
amplitude (Vyom-desired) and the direct voltage amplitude provided by the PLL, gives, through
Park inverse transformation, the regulated load voltages (V/123). Finally, the reference
voltages (Vyer1,23), which will be used for control of the series active filter, are obtained by
the sum of disturbing components (Vii,2,3) and regulated load voltages (V;1,2,3).

The detailed block diagram of the PLL, which can be completely implemented in software,
is presented in fig. 9. The PLL block allows to control of an estimated phase angle éd with
respect to the angle 6, of mains voltage.

Assuming that the measured voltages at the common coupling point are sinusoidal and
balanced, the d-q supply voltage components are given by:

v, in(6, - 6 in(AQ
sd | _ BV, sin(6 d)A SN {sm( ) } ©)
Ve —cos(6, - b;) —cos(A0)
According to (6), the PLL will be locked out of the supply voltages when the error between

the phase of the supply voltage and the exit of PLL is null (AH =0, - Hd) . In this case Vi =0
and Vg, gives the amplitude of the fundamental component of the utility voltage.

V=0 aa V, =3V, 7)

Thus, it is possible to control 8, by regulating V4 to zero.

The synthesized regulator must answer the following objectives: the control of Vs; must be
carried out without bias and with a fast dynamics, the predominant undesirable frequencies
present on voltage component V,; under unbalanced mode (100Hz) or distorted conditions
(300 Hz and 600 Hz) must be filtered by the regulator. For this purpose, several regulators
are studied and compared to satisfy these constraints (Mekri et al., 2010). The functional
diagram of the PLL based on a fuzzy PI regulator is shown in fig. 10 where E is the error
E=V., -V, and E is the derivation of the error.

We choose the triangular and trapezoidal functions for the variables of entries and exit in
the same manner than presented in fig. 5. They allow an easy establishment and the stage of
fuzzification requires a little computing time during its evaluation in real time. The
knowledge obtained on the behavior of the system is put in the form of rules, which are
summarized in Table 1 of inference.
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Fig. 9. Detailed block Diagram of the PLL

Fig. 10. Functional Diagram of the PLL with the fuzzy regulator

4.2 Series active filter output voltage regulation
The control part of the SAPF must be able to derive the reference voltage waveform with
matching the harmonic content of the line voltage. A fuzzy hysteresis band control is
adopted allowing operating at nearly fixed frequency which is detailed in (Mekri et al,,
2010). The adaptive hysteresis band is given by:
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IRxCp) (

Vo(t) | Var(h)
4Vi  RCx  dt

Ve (q- ) ®)

B=
6fchsCfs

Wlth: Vsl = V f + LfSCfSF_(LfS dt + RfSICh)

re

This equation shows that the hysteresis band can vary while keeping the switching
frequency nearly constant.

In order to establish a fuzzy logic controller, the input and the output variables are again
treated. The voltage reference slope dV, %dt and it derivation (Vi(t)=d(dV.rYdt)/dt) are
selected as input variables and HB as output variable. The following step is to determine the
set of linguistic values associated to each variable. Fig. 11 shows the membership functions
of the input and the output variables. The resulting rules are the same that presented in
Table 2.

0 0.2 04 06 08

1
HB
Fig. 11. Membership functions for input variables dv,.;/ dt , v«(t) and output variable HB

5. Simulation results

The system (UPQC) shown in fig.1 is simulated using Matlab/ Simulink software. The
parameters of simulation are: V=700V, V=220V-50Hz Lg=4*104H,Cr=73 *10-*F,f.=8kHz,
R=0.5 mQ, L=11 uH and L= 150uH . The non-linear load is composed by a diode rectifier
feeding an R-L load (Rd=0.66Q L;=4mH).

Fig. 12 illustrates the behavior of the PLL block (see fig. 9) under excessive distorted and
unbalanced supply voltages conditions. The rms values are V=230V, V=180V and
V=300V and the main voltages are affected by 5t and 7th harmonic components with
individual harmonics distortion rate respectively 20% and 24,5%. These results of
simulations show us that the application of fuzzy logic in the control loops makes it possible
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to fulfil the desired requirements concerning the locking of PLL, even under the most
unfavorable conditions. The estimated pulsation is constant and the extraction of unity
sinusoids synchronized with the direct supply voltages components at the point of common
coupling (PCC) is quasi instantaneous.

Fig. 13 shows the behavior of the UPQC under distorted supply voltages conditions. Before
t=0.06s, the PAPF is operational. It shows that the source current is sinusoidal and in phase
with the supply voltage. The THD of the source current decreases from 29,5% before
filtering to 2%. At t=0.06s a sag (50% during 40 ms) is introduced on the system, both SAPF
and PAPF are operating together as UPQC. Results show that UPQC is maintaining the load
voltage sinusoidal and at desired constant level even during the sag. While SAPF is
providing the required real power to the load, the PAPF is maintaining the DC link voltage
at constant level and the source delivered more current. This extra power flows from source
to PAPF, PAPF to SAPF via DC link and from SAPF to the load. The THD of the load
voltage decreases from 27.5 % before compensation to less than 0.5%.

The waveforms of the nonlinear load current i, the line current and its reference (is, is*),
injected shunt active filter current if and current error ¢ given by hysteresis fuzzy band
current control for the PAPF are shown in fig. 14. The current error is reduced. The
performance of the proposed control algorithm of the active power filter is found to be
excellent and the source current is practically sinusoidal. The THD decreases from 29.5%
before filtering to 2% for fuzzy hysteresis band control after filtering.

Fig. 15 shows the response of the UPQC with 50% voltage sag. As it can be seen the voltage
sag is very fast detected by the voltage perturbations identification method and
compensated by the series part of the UPQC. The voltage of the DC bus goes down to about
674 V when sag occurs, but this value is enough for the series filter to compensate the
perturbations.

Vs(V)

sings

Vsd(V)

ws(rd/s)

I I
I I
| |
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
t(s)

-500
0

Fig. 12. Performances of the PLL block under unbalanced and distorted supply voltages
using fuzzy regulator
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Vs(V)

Veh(V)

Fig. 13. Performances of the UPQC for voltage sag and harmonics compensation and a 3-
phase non linear load

0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06
t(s)

Fig. 14. Compensation of harmonic currents with fuzzy hysteresis band control
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- 1
0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

Fig. 15. Response of the UPQC for a three phase 50% voltage sag and non linear load

7. Conclusion

This paper demonstrates the validation of simpler control approach for the Unified Power
Quality Conditioner based on the fuzzy logic. In the first, for the parallel active power filter
while basing on the method of the instantaneous real and imaginary powers to identify the
currents of references, and for determination of voltage references for series active power
filter we based on a robust three-phase digital locked loop (PLL) using fuzzy logic regulator.
The PLL system has a good reliability, a fast tracking performances and assures a good
attenuation of undesirable supply voltage frequencies. In other hand, the UPQC has shown
the ability to compensate sag, unbalanced voltages and current and/or voltage harmonics
based on a new hysteresis fuzzy band voltage and current control which constraints
constant switching frequency without being influenced by parameters of active filter. The
current and voltage bands can be easily implemented with fuzzy logic to maintain the
modulation frequency nearly constant for each control. Simulation results confirms the
viability of the proposed approach and proves that the UPQC, thanks to robust voltage and
current controllers, allows to improve power quality by maintaining the load voltage at
desired level even during unbalanced, distorted or supply voltage sag conditions. Therefore,
the proposed control can easily be adapted to others more severe constraints

8. References

B. Han, B. Bae, H. Kim, S. Baek, (2006), Combined operation of unified power quality
conditioner with distributed generation, IEEE Trans on Power Electronics, 21 (1),
(2006), 330-338.

www.intechopen.com



344 Power Quality

V. Khadkikar, A. Chandra, A.O. Barry, A.O., and T.D. Nguyen, (2005), Steady state power
flow analysis of unified power quality conditioner (UPQC) , IEEE International
Conference on Industrial Electronics and Control Applications ( ICIECA), November 29-
December 2, pp. 1-6, Quito, Ecuador.

H. Reza. Mohammadi, A.Y. Varjani, H. Mokhtari (2009), Multiconverter Unified Power-
Quality Conditioning System: MC-UPQC” IEEE transactions on power delivery
ISSN 0885-8977, vol. 24, no3, pp. 1679-1686,

H. Fujita, H. Akagi, (1998),The unified power quality conditioner: the integration of series-
and shunt-active filter”, IEEE Trans. on Power Electronics, vol. 13, no. 2, March 1998,
pp. 315-322.

F. Mekri, B. Mazari, M. Machmoum, (2006), Control and optimization of shunt active power
filter parameters by fuzzy logic, Canadian Journal of Electrical and Computer
Engineering, 31 (3) (2006) 127-134

KM. Rahman, M.R. Khan, M.A. Choudhury, (1997),Variable band hysteresis current
controllers for PWM voltage source inverters”, IEEE Trans on Power Electronics , vol.
12, no. 6, November 1997, pp. 964-970.

Ying-Yu Tzou, Shiu-Yung Lin, (1998),Fuzzy -tuning current-vector control of a three phase
PWM inverter- performance AC drives”, IEEE Trans. on Industrial Electronics,
October 98, pp. 782-791.

H. Akagi, (1996), New trends in active filters for power conditioning”, IEEE Trans. on Ind.
Appl., vol. 32, no.6, pp 1312-1322, 1996

H. Xiong. Li, H. B. Gatland, (1996), Conventional fuzzy control and its enhancement, IEEE
Trans. on Systems, vol. 26, N°5, October 1996.

Jiang Zeng a, Chang Yu b Qingru Qi (2004), A novel hysteresis current control for active
power filter with constant frequency, Electric Power Systems Research 68 (2004)
75_/82

H. Awad, J. Svensson, M. Bollen, (2003), Phase locked loop for static series compensator”, in
CD-ROM of the 2003 European Power Electronics Conference, France.

J. Svensson, A. Sannio, (2002), Active filtering of supply voltage with series-connected
voltage source converter”, EPE Journal, Vol. 12, n° 1, February 2002, pp. 19-25.

F. Mekri, M. Machmoum, N. Ait-Ahmed, B. Mazari, (2010), A comparative study of voltage
controllers for series active power filter, Electric Power System Research, Ed. Elsevier,
Volume 80, June 2010, Issue 6, pp 615-738.

www.intechopen.com



Power Quality
Edited by Mr Andreas Eberhard

ISBN 978-953-307-180-0

Hard cover, 362 pages

Publisher InTech

Published online 11, April, 2011
Published in print edition April, 2011

Almost all experts are in agreement - although we will see an improvement in metering and control of the
power flow, Power Quality will suffer. This book will give an overview of how power quality might impact our
lives today and tomorrow, introduce new ways to monitor power quality and inform us about interesting
possibilities to mitigate power quality problems.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Mekri Fatiha, Machmoum Mohamed and Ait Ahmed Nadia (2011). High Performance of An Unified Power
Quality Conditioner Based on a Fuzzy Logic, Power Quality, Mr Andreas Eberhard (Ed.), ISBN: 978-953-307-
180-0, InTech, Available from: http://www.intechopen.com/books/power-quality/high-performance-of-an-
unified-power-quality-conditioner-based-on-a-fuzzy-logic

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERAEIK6SS LiEEPr R # ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




