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Abstract: This paper presents a new control scheme for three-
phase three-wire series active power filter to compensate all load
voltage perturbations: harmonics unbalances sags and swells.
The conventional configuration of three-phase series active
power filter is based on the two-level voltage source inverter
with classical controllers requiring a complex and a complicated
mathematical model. In order to overcome these drawbacks and
improve the APF there is a great tendency to use multilevel
converters based on intelligent technique controllers. Today
three-level inverter topology and fuzzy logic controllers are
successfully employed in various industrial applications; in
order to get benefits of their advantages a new control scheme
for series active power filter is proposed in this paper. The fuzzy
voltage controller is designed to improve compensation
capability of active power filter by adjusting the voltage error
using a fuzzy rule. The control strategy use instantaneous
reactive power theory easy to implement and gives a good
performances. The numerical simulation results, using MATLAB-
Smulink and SmPower System BlockSet Toolbox, from complete
structure including control and power circuits are presented and
discussed.

Key words: Series active power filter, Fuzzy logic voltage
controller, voltage perturbations, power quality, Three-level
(NPC) inverter.

1. Introduction

and have harmful effects on the electric equipments
[2]. Series active filter acts as a voltage soutae
used to compensate all voltage load perturbations.
The usual configuration used is based on PWM-
Voltage Source Inverter; it is inserted in series
between the load and the source voltage. Threéesing
phase transformers are used to perform the series
connection. The two level topologies are limited to
low power applications, for medium or high voltage
three-level inverter is recommended.

The controller is the main part of any active power
filler operation and has been a subject of many
researches in recent years [3,4], to improve thé AP
performances there's a great tendency to use
intelligent control techniques, particularly fuzbgic
controllers. Fuzzy logic control theory is a
mathematical discipline based on vagueness and
uncertainty. The fuzzy control does not need an
accurate mathematical model of a plant. It allows o

to use non-precise or ill-defined concepts. Fuzzy
logic control is also nonlinear and adaptive inunat
that gives it robust performance under parameter
variation and load disturbances. This control

With the continuous proliferation of non linear , -
relies on the human capability to

loads, harmonic pollution is being considered as Ort]echnique
’ understand the system’s behavior and is based on
?fualitative control rules. Thus, control design is

of the major problems that degrade the pow
quality. So_far, ?‘Ct"’e power fllte_rs have beeréimple since it is only based on if....then lingjgis
proposed as an interesting and high performan

files [5,6,7].

solution to improve the power quality [1]. The shun The investigation in this paper concentrates on the

active power is used to compensate Curreﬂhzy control approaches for the three-phase three-

h::?l](r)t?;t:izns Tchoensiddelzi;fsgergre'ty\?oel‘tsa eOfunggllgi%i%vel series  APFto compensate all voltage
b ' 9 rturbations. The control strategy used is the

voltage harmonics, voltage sags, and voltage swell i ntaneous reactive power theory [14].
are frequently met on the electrical supply network



The performance of the proposed series actiexist 27 kinds of switching output from the three-
filter is evaluated using Matlab-Simulink andphase three-level inverter [10,11].
SimPowerSystem Toolbox under different voltage

perturbations. The obtained results show the Bl =l B
effectiveness of the proposed control scheme. @ ] e
The organization of this paper begins with the [-= ==
system configuration of series active filter based % ] # [; A Eﬁ
three-level inverter, followed by control strategy = { & } e
adopted to calculates compensation voltages, befor_ —~= R ‘ - \ . - 5
coming to the results simulation and discussiod, an vam € a @ ﬁ%DE} [
ended with conclusions. b i b
2. Series active power filter = W DE]# T %

The circuit configuration of the series activedilt
is shown in Fig. (1), the Series AF is inserted

between the perturbed voltage source and a prdtectﬁ]e switch connection functionk& indicates the

load. It is composed of three phase voltage SourSSened or closed state of the switets [L2];
converter, kCt filter to suppress switching ripples '

Fig. 2. Three-level NPC inverter

1 1f T close

and series transformers which inject the _ (1)
compensating voltage to the line [8]. KS "0 If T Open
@,m} iz For a leg K of the three phases three-level NPC VSI
L L several complementary control laws are possible.
System <l Load The optimal control law of this inverter is:
o FK4=1-FK1
Ij _ )
cl, = FK3=1-Fk 2
Half leg connection functionFé’mis defined as:
F,E’4: FK1FK 2 3)
tef FR,=FK3FK4
e S o With m=1 for the lower half leg and m=0 for the

upper half leg.
As indicated in Table (1), each leg of the inverter

3. Three-level (NPC) inverter can have three possible switching states, P, ®l. or

Multilevel inverters are being investigated andVhen the top two switchesiTand Tz are turned on,
recently used for active filter topologies. Thregdl the switching state is P. When the medium switches

inverters are becoming very popular today for modi2 and T3 are turned on switching state is O. When
inverter applications, such as machine drives at@e lower switches 3 and T4 are turned on, the
power factor compensators. The advantages of thé¥gtching state is N [11,12].

converters are reduction of the harmonic content

generated by the active filter and decreasing theSwitching| Voltage| Tix | Tz | Tz | Tia
voltage or current ratings of the semiconductorg. F States | output

Fig.1. Three-level (NPC) Series active filter

(2), shows the three-level inverter based on the si P Ud#2 | ON | ON | OFF| OFF
main switches (1, T21, T 31, T 14, T 24, T 34) of the 0 0 OFF| ON | ON | OFF
traditional two-level inverter, adding two auxilar N —-Ud/2 | OFF| OFF| ON | ON

switches (T2, T 13, T 22, T23, T32, T33) and two neutral Table (1) Switching states of three-level inverter
clamped diodes on each bridge arm respectively, the

diodes are used to make the connection with tdeVoltagereferenceidentification

point of reference to obtain Midpoint voltages. For The proposed series active filter is adopted to
this structure, three kinds of output voltage lesash compensate all voltage perturbations. The control
obtain Wd2, 0 and -Wd2 corresponding to three strategy used for extracting the reference voltages
kinds of switching states P, 0, N. As a resultyéhebased on the p-q theory described in [13,14]. Beca



when the three-phase voltage source in the gridAscording to the instantaneous reactive power theor

symmetric and distorted: [15], then:
) i H _|Ya s ||ia (10)
i \/— . q U,g Uy ilg
> N sinhat+6,)
Ug n=t . ,
Uy | = Z TR S”_[(nal _7)+9 } (@) Where DC and AC components are included:
U, p]_|p+p
Z Jau, sir{ et +7)+9n} {q} T - (11)
ln=1 3 ] q+q

P and g are passed through low pass filter (LPH) an

Un and6n are respectively the rms voltage anDC component are got:
initial phase angle, n is the harmonic order.

When n=1, it means three-phase fundamental
voltage source: p|_ z|Uicod6)
_ _ -f{ulsi b 91)} (12)
U, VA sint+6;) q
. 2rr
Up |= \/—mls'r{(‘d"?)*el} (®)  According to (7), transformation is made:
Uc
. 21
_\/§J18|I'{(a,t+?)+011 {p}: Ug Ug l:?a:lz ig g {ua} (13)
q Ug —Ug||'p -ig g |YUB

Equation (1) is transformed intw~) reference
As for DC components of p and q:

frame:
! Ug > U, sin(nat +6,) ;_uaf Ut [ia}_ ig g [um} (14)
{U;}:c& Uy | =8| ™ © |- Tlug et i) |- iU
Uc Y FUpsin(nat +6,) q
n=1
Where: The fundamental voltages in-) reference frame
are:
2|1 -1/2 -1/2 | I -
= |£ 7 u i [ ip —i
o e N
q

Three-phase positive fundamental current templaig e three- -phase fundamental voltage is:
IS constructed:
sin(at +6,)

iy . sin(aiz)” Uy y
b | =3[ sn@=") ®)  |uy =c:23L"f }@1 sin(ai+6’r%") (16)
ic . 2 Ut a . 2
Sm(aﬁ?) sm(al+81+?)
Where:

Equation (5) is transformed too—) reference

frame: 0
. ig . B J3
{:ﬂ‘csz{?b]{fgﬁ;ﬂ ©) cos=|-v2 >

'c -1/2 %

(17)




5. Fuzzy logic controller PP ——— o
Fuzzy logic controllers (FLCs) have been intere:
a good alternative in more power electronic
application. Their advantages are robustness, r 1
;

0.

in

need a mathematical model and accepting no /\/\/\/K

linearity [16,17]. To benefit of these advantagesvn "~ —— — — ~—~ > " — =
simple fuzzy logic voltage controller for three-&tv mput variabie "e"
inverter is designed. Fuzzy logic unlike Boolean c MM NS ZE PS PM PL

crisp logic, deal with problems that have vaguenes 1 / '
uncertainty or imprecision and uses membersh_ | \/\/\/

functions with values varying between 0 and 1. Fi¢
(3) shows a schematic block diagram of fuzz .

inference system or fuzzy controller [18]. 4 @6 o6 ms w2z 0o 62 oe 06 08 1
Fig. 4. Membership function for the inputs and alitp
o] Controlting system variables
Fig. 3. Fuzzy inference system e NL | NM|NS | ZE | PS| PM PL
de/dt
The fuzzy voltage controller proposed in this NL NL INL INMINMINSTNS| EZ
paper is designed to improve compensatiqQnym NL INMINMINS | NS| EZ] PS
capability of series APF by adjusting the voltageng NMINMINS | NS | EZ| PSI PS
error using fuzzy rules. The desired inverterzg NMINS INS T Ez| PS| PS| Pm
switching signals of the three-level series actilier PS NS| NS| EzZ| PSI PS PMPM
are determined according the error between ey NS | EZ| PS| PSI PMPM | PL
compensate voltages and reference voltages. In BL EZ |PS| PS| PM PMPL | PL
case, the fuzzy logic voltage controller has tw

inputs, error e and change of error de and oneubutp Table (2) Fuzzy rules

fs. To contvgrtl\ﬁ_lntﬁl Ilngtl_Jlstchvarlablel,\lK/lve L:\lms?. Errors for each phase are discretized by the zero
uzzy SE€ts. (Negative Large), (Nega V€order hold blocks. The error rate is derivativethos

Medium), NS (Negative Small), ZE (Zero), I:)Serror and it is obtained by the use of unit deligck.

(Pos!t!ve small), P.M (Positive Medium) and PL.'The saturation block imposes upper and lower
s soes o esScaton e durmems. Bounds on a signal vinen th nput inal s i
. ._ the range specified by the lower limit and uppenitli
The fuzzy co_ntroller for every phase is characestiz parameters, the input signal passes through
for t.he fgllowflng. f hi unchanged. When the input signal is outside these
. Sggt fﬂig zzg fg: gﬁfpu'tnpm’ bounds, he signal is clipped to_the upper or _Iower
- Triangular and trapez;)idal membershi bound. The_output of the saturation blocks aretspu
function for the inputs and output Ro f_uzzy logic controllers. Th_e outputs c_)f theseziy
- Implication using the “min” operat'or Iog.lc (;ontrqllers are used in generat'lon of pulses
- Mamdani fuzzy inference mechani’sm basem!tch!ng S|gnals of the three-level inverter. The
on fuzzv imolication itching signals are generated by means of
. Defuzzii‘/icat?on usin’ the “centroid” method comparing a two carrier signals with the outputhef
g the “centroid” method. fuzzy logic controllers. The simulink model of the

The fuzzy rules are given by Table (2). E};z>(/5l)og|c switching signals generation is given b



Fig. 6. Three-level series active filter controllgﬁlﬁ:};zy
voltage controller based on p-q theory

[l
o 7. Simulation results and discussion
i The proposed series active power filter is
Fig. 5. Switching signals generation for the seAgs ~ Simulated under MATLAB-Simulink and SimPower
based on three-level inverter System environment to estimate its' performance. It

is tested for several different operating condgion
The controller calculates the difference betweesuch as steady-state, transient condition for gelta
the injected voltage and the reference voltage thedg, swell, unbalance and under balanced distorted
determines the error voltage, this error voltagsspautility voltages, intending to validate the Ser/&BF
through fuzzy controller. The fuzzy voltage errer isystem performance. The simulation results obtained
compared with two carrying triangular identicafor all voltage perturbations are shown in Figdo8
waves shifted one from other by a half period df3 and discussed in the following subsections.
chopping and generate switching pulses [19],[20].
7.1 Voltage har monic compensation
The control of inverter is summarized in the two When the three-phase voltages are balanced-

following stages: distorted, the mains voltages contain harmonic
Determination of the intermediate signals \nd components except fundamental component. The
Viz: expression of the balanced-distorted voltages sourc
= Iferror & >carrying 1 Then \{=1 used is expressed bellow:

= [f error &£ <carrying 1 Then \{=0

= Iferror & 2carrying 2 Then =0 v, =3l1isin@t }+ 141sin(@t ¥ 35sin@ 4 14singb

= [f error & <carrying 2 Then ¥#=-1 Arr o

Vg = 311singt +? )+ 141sin(at +?
Determination of control signals of the switchgs T an orr (18)

and M2 (i=1,2,3 ; j=1,2,3,4): +35sin(4aut +? )+ 14 sin(t +? )

= [f (Vi1+Vi2)=1 Then Ti=1, Ti2=1, Tiz=0, Tis=0,

= [f (Vi1+Vi2)=0 Then Ti=0, Ti2=1, Tiz=1, Tis=0, _ - _ 4 _ o

= If (Vi2+Vi2)=-1 Then Ti=0, Ti2=0, Tis=1, Tia=1, Vg =31lsin@t +— )+ 14lsin(@ +—- } 35sin@d +—

6. Simulation model +14sin(3d +4?”)

The Matlab-Simulink simulation block diagram of
the proposed three-level series active filter bas®d At time t1=0.1s to t2=0.16s, harmonic voltage
fuzzy logic voltage controller is shown in Fig. (6)perturbation is introduced voluntarily in the ujli
The model parameters used for simulation arghe series APF is put into the operation; it starts
Voltage source 220V, Frequency $£50Hz, jmmediately the process of compensation by
Resistor R=0.1m, Inductance &0.0002mH, injecting sum of the 5th, 7th, 9th, and"Harmonics.
Resistor Rh =48.82, Inductance &=40mH, The load voltage before series active filter operat
Capacitance &=300QuF, Resistor &0.27m €, three-phase fundamental voltages, injected voltages
Inductance £=0.8mH. by series APF and the three-phase compensated



voltages delivered to critical load are shown isignificantly reduced from 46.93 % to 3.66 % in
Fig.(7). In this case the load voltage THD isonformity with IEEE-519 standard Norms.

Fig. 7. Three-phase load voltage, three-phase fuadtal voltages, three-phase compensating voltag¢haee-phase
load voltage after compensation with harmonic \g@tperturbation introduced between t1=0.1s and.iBs0
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Fig. 8. Load voltage harmonic spectrum without &&AF

(THD=46.93%)

(THD=3.66%)

Fig. 9. Load voltage harmonic spectrum with SeAEs



7.2 Voltage unbalance compensation phase fundamental voltages, three-phase voltage
In this case, the three phase voltages sources apenpensation and the three-phase compensated load

unbalanced, but do not contain harmonigoltage with unbalance voltage perturbation

components, their expressions are given in (19):  introduced voluntary between t1=0.1s and 0.16s.

Fig. 10, shows the three-phase voltage loadeth

Vg, = 311sin@t )+ 31sindt

2ir

_ . ar .
Vg, =31llsin@ 3 W 31singd 3 (29)

_ . 2 . 4
Vg = 311sin@t +? )+ 31sinfdt +?

Fig. 10. Three-phase load voltage, three-phaseafuedtal voltages, three-phase compensating vadtag¢hree-phase
load voltage after compensation with unbalanceagealtperturbation introduced between t1=0.1s and.15s

7.3 Voltage sag compensation

To study the performance of series active filtei2=0.16s, the system is again at normal working
during voltage sag conditions, we suppose that tkendition. The load voltages, thpimse
load voltage is sinusoidal and the sag (35%) fsndamental voltages, compensating voltages and the
introduced voluntary between instants t1=0.1s ahdad voltages after compensation obtained by
t2=0.16s. The series APF is put into operatiosimulation are shown in Fig.11l. The expression of
instantly to compensate this perturbation. Aftereti  the sag voltage is given by equation (20):



profile before compensation, three-phase fundarhenta



Fig. 12. Three-phase load voltage, three-phaseafuedtal voltages, three-phase compensating vodtagi¢hree-phase
load voltage after compensation with swell voltageturbation introduced between t1=0.1s and t2=0.16

7.5 All Voltage pertur bation compensation

The performance of the proposed Series acti¥®=0.30s the system is again at normal working
power filter system is also tested under all vatagcondition. The load voltages, three-phase
perturbations simultaneously. The simulation resulfundamental voltages, compensating voltages and the
are shown in Fig.13. The voltage swell is introdlceload voltages after compensation obtained by
voluntarily in the utility voltage (35%) betweensimulation are shown in Fig.13. It is illustrateat
t1=0.06s and t2=0.12s. And after that, a voltagss sathe proposed system does not show any significant
(30%) is introduced between t2=0.12s and t3=0.18sifect of distortion present in the utility voltagyen
The voltage harmonics is introduced betweeibls compensation capability and the load voltage
t3=0.18s and t4=0.24s. The voltage unbalances under all voltage perturbations is maintained camtst
introduced between t4=0.24s and t5=0.30®rAf and sinusoidal.



Fig. 13. Three-phase load voltage, three-phaseafuedtal voltages, three-phase compensating vodtag¢hree-phase
load voltage after compensation under all voltagigypbation introduced between t1=0.06s and t5=0.30

The performance of the proposed series A8f perturbation type present in the utility voltagmn
system is tested under all voltage perturbations compensation capability and the load voltage
separately and simultaneously: harmonics, swellgnder all voltage perturbations is maintained camist
sags and unbalances. Fig.(9) and Fig.(10) showasd sinusoidal.
respectively the harmonic spectrum of the voltage
delivered to sensible loads before and afté& Conclusion
application of the series active filter. It is obsl To enhance the power quality and improve the
that the load voltage harmonics is widely reducedbltage delivered to sensible and critical loadsea
from 46.93% to 3.66% in conformity with standardseries active power filter configuration using fuzz
Norms. In cases of voltage swell (35%), voltage sdggic voltage controller based on three-level (NPC)
(30%) and unbalances introduced voluntarily in thverter topology has been proposed in this paper.
supply voltage between t1=0.1s and t2= 0.16s, tfide voltage perturbations studied in this paper
load voltage is instantly compensated. Theoncern voltage: harmonics, sags, swells and
effectiveness of the proposed series active files unbalances, all these perturbations are successfull
been demonstrated in maintaining the three-phasempensated using the proposed system
load voltages balanced and sinusoidal, moreover tbenfiguration. The load voltage harmonic levels are
proposed system does not show any significant teffenaintained below IEEE-519 standard Norms when



the source voltage is distorted, the THD of thedloa
voltage is significantly reduced from 46.93% to
3.66%. The simulation results show that the neht-Yun Wan, Jianguo Jiang,: “The study of FPGA-based
system is efficacies and compensates all type of

voltage perturbations. However, the current soigce
highly distorted and rich on harmonics. To elim@aat

this drawback, the future research work will be
focused on current source compensation using hybrid

series active filter configuration or Unified Powen3..

Quality Conditioner system.
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