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This paper targets to demonstrate the importance of the choice of the
algorithm references detection to be applied with a double fuzzy PI corrector
(DFPI) for the control and the regulation of a shunt active power filter
(SAPF) DC bus voltage. In a previous work, the synchronous reference
frame (SRF) algorithm was applied and gave satisfactory results. In the
present paper, the SRF is compared to the positive sequence of the
fundamental of the source voltage algorithm (PSF) which offered better
results regarding the power quality of the considered main utility feeding a
variable DC RL load throughout a diode bridge. The results were carried out
using computer simulation performed under MATLAB/Simulink
environment. To make the obtained results more convenient, a comparison
between the couples (SRF, PI), (PSF, PI), (SRF, DFPI), (PSF, DFPI) is added
to prove the effectiveness of the couple (PSF, DFPI) in satisfying the
compromise between a good regulation of the SAPF DC bus voltage and a

good quality of filtering resulting in an improved quality of power.
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1. INTRODUCTION

Recently, improving the quality of energy in electrical distribution power utilities becomes a subject
of great interest. The power quality of these utilities is mainly related to the voltage and current waveforms
that should be sinusoidal and in phase each other. However, the power quality can be affected by the
influence of many disturbances, these disturbances are found under different forms (harmonics, sags,
unbalance, flickers and swells) [1]-[2].

To minimize the effect of disturbances on power quality several solutions are proposed as effective
remediation namely active power filters (APFs) based on voltage source (VSIs) or current source (CSIs)
inverters that can be connected in parallel, series or both of them between the power utility and the disturbing
load [3]-[4]. The principle of these topologies is to provide the opposite disturbance that counters the existing
disturbance, so that it can’t attain the power utility.

To be effective in its operation the active power filtering system needs to be well supplied with a
sufficient and non fluctuating DC voltage in its DC bus terminals and well controlled to provide the desired
output signals. To achieve these conditions, the control circuit is designed on the basis of three main blocks:
the algorithm that detects the reference signals, the corrector that compensates the fluctuations of the DC bus
voltage and the modulator that generates the switching signals to be launched to the inverter switches gates.
These three blocks work together to output the compensating signals. Thus, they must be carefully conceived
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to avoid failing in operation of the APF system. Several kinds of theses blocks can be found in the literature
[5]-[6], [7]-[8], [9]-[10].

In this paper two algorithms of reference currents detection are considered to be associated with the
DFPI controller introduced in [11]. It’s a matter of the synchronous referential frame (SRF) algorithm and the
positive sequence of voltage source fundamental (PSF) algorithm. The objective is to conclude about the
most suitable algorithm to be applied with the DFPI controller intended to regulate the DC bus voltage of a
shunt APF system. The pulses generator is a hysteresis modulator and the validation of the presented studies
is based on simulation works performed under MATLAB/Simulink.

This work is summarized in five sections. Section 2 concerns the description of the considered
topology and control technique. Section 3 presents the algorithms SRF and PSF. Section 4 recalls the
principle of the introduced DFPI [11]. Section 5 is consecrated to the verification by computer simulation and
to the comparative studies.

2. DESCRIPTION OF THE CONSIDERED TOPOLOGY AND CONTROL TECHNIQUE

Figure 1 shows the studied system that consists of a three phase power supply and its internal
impedance (R;L;), a nonlinear load (diode rectifier) and a shunt active power filter. The rectifier loaded by a
passive circuit (R;L;). The SAPF comprises a three-phase voltage inverter and an output filter (Ry Ly). This
inverter is formed by a three half-bridges (T,-T4, T»-Ts, T5-Ts) based on IGBTs with anti-parallel diodes. The
inverter legs are fed by a DC voltage V4. To generate the IGBTs pulses a hysteresis current controller is
used. The reference currents are achieved first by the SRF algorithm, then by the PSF algorithm. The
regulation of the DC voltage of SAPF is based on a Double Fuzzy logic PI controller [11]-[12]. A resistor Ry,
is added to the system which is connected in parallel to the capacitor C4. feeding the SAPF through the
regulating loop. The role of this resistor is to minimize Vg4 ripples by controlling the constant time t as
explained in (1).

Ree = /e, (1)

Where C,. is dimensioned in [11] and t takes as value few alternances of the fundamental frequency [13].
The other passive elements and V. are also dimensioned in [11].
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Figure 1. Schematic diagram of the studied system

3. SRF & PSF ALGORITHMS FOR REFERENCE DETECTION
a. SRF Algorithm

The principle of this algorithm is to force the source current to have the same angular frequency as
that of the source voltage (i.e. source voltage and current waves are in synchronism each other), in this way
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the power factor is forced to remain near the unity. The extraction of the reference currents is based on the
Park transformation applied to the load three-phase currents so that the angle is procured from source three-
phase voltages angular frequency through a three-phase PLL. Then from the obtained diphase load currents,
fundamental part is removed using a 2™ order low-pass filter tuned on the fundamental frequency and which
remains are the desired diphase reference currents as expressed in (2). Finally by using the inverse Park
transformation, the three-phase reference currents are carried out. All these steps are summarized in the set of
equations (2)-(4) and illustrated in the synoptic scheme of Figure 2 [14].

[i7abe] = P17 [ihaqg) ©)
Where [P]" is the inverse of the Park transformation [P] [15], iraq are the diphase reference currents given
by (3).

[i;"dq] = [iqu] - [iqudC] 3
With:

[iqu] = [P] [iLabc] 4)

And i} 44q. are outputs of the second order low-pass filter tuned on the fundamental frequency.
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Figure 2. Synoptic scheme of the SRF algorithm (neglecting the zero sequence)

b. PSF Algorithm

The objective of this algorithm is also to keep the power factor around the unity but this time by
forcing the source current to have the same argument as that of the positive sequence of the source voltage
fundamental component. Thus the first step of the algorithm is to extract fundamental components from the
source voltages using a second order band-pass filter. Then, the obtained instantaneous signals are converted
into complex signals with help of Fourier block. Afterward, positive sequence of these complex signals is
extorted through the Fortescue transformation. From this positive sequence component, the module will serve
together with load active power to compute the module of the fundamental component of the source current
as expressed in (5), whereas the argument will be the angle of this current. Then, from the total load current,
the new current is removed; as a result a pure harmonic reference current is produced. The algorithm is
illustrated in Figure 3 [16].

Py,

2
Is+m =§-V+f ©)

The demonstration of this equation is given in [16]. The reference currents are then expressed by (6):

i, i sin (wt + @f)
irp | = |iLo | = Ism- |sin (0t — 21/3 + @f) (6)
Irc fLe sin (ot + 21/3 + @)
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Figure 3. Synoptic scheme of the PSF algorithm

4. THE DFPI CONTROLLER
a. Principle of Vg regulation

Fuzzy logic controller is used for complicated systems and allows translating knowledge and human
reasoning to simple rules that a computer can use, while artificial intelligence and PI Control are used to
achieve this objective. The diagram of Figure 4 shows the control algorithm of the capacitor voltage of the
SAPF DC, this control is based on a double fuzzy PI controller. The DC bus voltage capacitor is compared
with the reference to obtain the error ‘e’ given by the following equation:

e(t) = Vglkc (t) - Vdc(t) (7)

The reference voltage Vdc* corresponds to the charge of the capacitor Cg., these quantities are dimensioned in
[11]. The derivative of the error is given by (8).

Ae(t) = e(t) —e(t—1) ®)
[
x
V;c'Vdc _>—' AVie
— >
— +
X T
X
>

Figure 4. The proposed DFPI Controller for V4 regulation

b. Structural construction of the fuzzy controller

The structural diagram of a fuzzy controller is shown in Fig.5. It consists of four distinct blocks
[17]:

l Base of rules
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Figure 5. The structural diagram of the fuzzy controller
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1. Base of rules
It consists on the establishment of the fuzzy rules based on the direction of variation of the error ‘e’, and the
algebraic sign of the error ‘e’ and its derivative ‘Ae’.

2. Fuzzification interface
In this step the membership functions of the input/output for each fuzzy partition of the universe of discourse
are defined (Figure 6).

3. Inference mechanism
It is the process of designing fuzzy rules like: If e is ... & Ae is ... So ... the command is.

4. Defuzzification interface
In this step real value assigned to the variables of fuzzy output (several methods are available and most of
them use the centroid or the bisector methods).
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Figure 6. Membership function used in fuzzification for a) input variable e, b) input variable Ae,
and c) output variable AV

As shown in Figure 6 the fuzzification consists in using triangular membership functions for ‘e’ and
its derivative ‘Ae’. The inference mechanism describes 49 fuzzy rules summarized in Table 1, The linguistic
values are defined as follows: {Positive Big (PB), Positive Medium (PM), Positive Small (PS), Zero (ZO),
Negative Small (NS), Negative Medium (NM), Negative Big (NB)}. For defuzzification, the bisector method
is applied.

Table 1. Fuzzy rules table

Aele NB NM NS z PS PB
NB NB NB NB NB NM NS
NM NB NB NB NM NS z
NS NB NB NS NS z PS
Z NB NM z Z PS PM
PS NM NS PS PS PM PB
PM NS 4 PM PM PB PB
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c. Dimensioning of the PI controller

The harmonic currents influence on the stability of the capacitor voltage and causes a corrugation of
this latter. To reduce the ripples of DC voltage, a PI controller is used. The dimensioning of coefficients K,
and K; of the PI can be achieved starting from the following diagram (Figure 8) which leads to the transfer
function of the corrected system in the open loop expressed by (9).

® k.
Vde —P@—P kp+ ?1 —p| TF(p) »Vdc

Figure 7. Coefficients Dimensioning of PI controller

TFyithout pr = TF; (p) TFv(p) )
Where,
) Vae
TF(p) = £ and  TF(p) =% (10)

Where ir and Vf are active components of the SAPF output current and voltage.

The passing band of the voltage loop is inferior to that of the current loop, consequently the pole of
TF;(p) will not intervene in the voltage loop stability, so one can consider that TF;(p) =1 [18]. By
neglecting the switching losses in the active filter and in the output filter, the energy is the same in both
DC and AC sides. Thus:

. d
dEdC = CdC'VdC'EVdC'dt = PaC.dt (11)
Where,
. 3 .
Poc = 3.Verus- irrms = 7z Verms: Lpmax (12)
Therefore,
Vac 3.VFRMS 1
TE,(p) = = =— 1
v(p) iFmax  V2.CacVicp  ap (3)
With,
— ‘/E-CdC'Vdc (14)
3.VFRMS
Now by introducing the PI controller, the transfer function for the open loop becomes:
_ ﬁ i — 1+a,.p
TFprso = (Ky + p).a_p - (15)
Where,
=2  ad  a== (16)
In the periodical state, TFp,,,, is expressed as:
+]m—1.p
TFpryy = W (17)

So that,
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a, =— and a, =
1 w1 2

g
on| ™

(18)
According to Bode diagram of TFp,,,, w, and w, can be deduced from the cutting frequency w, =

2.7. f. for which the gain of TFp,, =  [1 4 (592 /(29?2 is null and its phase ¢ equals atan (w./w;).
w1 w1
Finally,

We

w, = m and Wy = ﬁ (19)

Generally, the cutting frequency is set at 20 Hz [18].

5. VERIFICATION BY COMPUTER SIMULATION
In this section simulation works about the previous study are provided. They were carried out using
MATLAB/Simulink software and considering the parameters reported in Table 2.

Table 2. Simulation Parameters

Parameter Value

AC supply voltage and frequency 380V-50Hz

Supply impedance Ry=0.07 Q,L,=0.25 mH
Rectifier load R.=10Q, L, =50 mH

Output filter impedance R =10 mQ, L = 0.95 mH
Upstream filter impedance R.=0.387 Q,L.=0.3 mH

DC link capacitor C4.=3.1 mF

DC Résistance Ry=64.5Q

DC link reference voltage Vi =550V

PI angle, coefficients and saturation 60°, K, =0.1, Ki="7.28,£5V

The simulations models concern for pairs of (algorithm of references, V4. controller) considering
(SRF, PI), (SRF, DFPI), (PSF, PI) and (PSF, DFPI). The obtained results are presented in the figures 8 to 13,
note that only results of phase a are presented since there is similarity with the other phases shifted by +120°
from a.

Figure 8 presents the source current before performing the filtering operation. A nonsinusoidal wave
can be seen in Figure 8.a. The harmonic spectrum of this wave gives a THD% of 25.48% which is not
conform to the standards IEEE 519 and IEC 61000-3-2. Besides, the current is not in phase with the source
voltage which means that the PF is not close to the unity.

60
< 501

40t

30- THDis % = 25.48%
Duration = 1s

Harmonic magnitude

Amp (A, V)

| |
| |
L L
=00 0.85 0.9 0.95 1 0 5 10 15 20 25 30

0
Time (s) Harmonic order
(a) (b)

Figure 8. Results before starting the operation of the SAPF (a). Waveforms of V, and iy, (b) Harmonic
spectrum of ig,
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Figure 9 shows the results after putting the SAPF under operation but without inserting the
controller of V.. The upper plot of Figure 9.a illustrates V4. with its refrence Vj, it is obvious that Vg, is
inferior to Vg, (the deviation is around 6%). However the two other plots of Figure 9.b demonstrate a good
quality of filtering in both current and source voltage as well as a good compensation of the power factor
since no delay is noticed between the two signals. The THD% of the source current is 4.79% as depicted in
Figure 9.c which agrees with the standards restrictions.
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Figure 9. Results before inserting the Vg4, controller (case of PSF algorithm).
(a) Vg and Vg, (b) i, and ig, with Vg, (c) Harmonic spectrum of ig,

Figure 10 shows the obtained results after inserting the PI controller and using the SRF as algorithm
for detecting the references of the SAPF currents. The first curve (Figure 10.a) mentions that Vy. follows
perfectly its reference after a transient state of more than 0.3s. Concerning the filtering quality and the power
factor compensation. Figure 10.b describes sinusoidal waveforms for both current and voltage in the source,
moreover they are in phase which means a satisfactory value of the PF. Figure 10.c gives the THD% of i,
which is also conform to norms (2.79%).
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Figure 10. Results after inserting the PI controller associated to the SRF algorithm
(a) Vg and V. (b) i, and ig, with Vg, (c) Harmonic spectrum of ig,
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Figure 11 provides the results of the DFPI associated to the SRF algorithm. As shown in Figure
11.a, less transient state occurs (less than 0.1s), then Vg reaches Vj. and evolves with it. The impact of the
DFPI in reducing the transient state duration is very clear. Figure 11.b demonstrates the synchronism
between source voltage and current whereas Figure 11.c indicates an acceptable THD% of ig,. Which mean
that the improvement introduced in V4. regulation hasn’t influenced the power factor and the filtering
quality.
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Figure 11. Results after inserting the DFPI controller associated to the SRF algorithm
(a) Vg and V. (b) ig, and ig, with Vg, (c) Harmonic spectrum of ig,

Now, results concerning the couples (PSF algorithm, PI controller), (PSF algorithm, DFPI
controller) will be dressed. The objective is to carry out better results than those of the precedent couples
(SRF algorithm, PI controller) and (SRF algorithm, DFPI controller). Fig.12 shows the results of the couple
(PSF algorithm, PI controller). One can see better result in V4. regulation comparing to that shown in Figure
11.a, the transient state in Figure 12.a describes an exceeding value of 25V, while Figure 11.a indicated a
lack of 50V in the transient state. Although the obtained THD% of ig, (3.89%) is greater than that of Figure
11.c (3.07%), but it remains conform to norms (< 5 %).
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Figure 12. Results after inserting the PI controller associated to the PSF algorithm
(a) Vg and V. (b) i, and ig, with Vg, (c) Harmonic spectrum of ig,
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Finally Figure 13 gives the results of the last couple (PSF algorithm, DFPI controller).
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Figure 13. Results after inserting the DFPI controller associated to the PSF algorithm
(a) Vg and Vi, (b) ig, and i, with Vg, (c) Harmonic spectrum of ig,

Obviously the regulation of Vg is the best for this latest couple. In fact as depicted in Figure 13.a
Vg4 describes less exceeding value (< 25V) in the transient state comparing to Figure 12.a. Furtheremore the
THD% of Figure 13.c (3.62%) is less than that of Figure 12.c. Consequently, one can conclude that the
couple (PSF algorithm, DFPI controller) is the best in regulating Vg, correcting the power factor and
improving ig, waveform.

6. CONCLUSION

In the objective of improving the results carried out in a former work, the present article has focused
on changing the algorithm of detection of the reference currents of a SAPF to obtain better response
simultaneously in regulating the DC voltage Vg, of the SAPF, maintaining the power factor at a satisfactory
level and improving the filtering quality (obtaining a conform THD% of the source current). In the previous
work, the SRF algorithm was used, it was associated to the DFPI Vj4. controller. In this study, the SRF is
compared to the PSF algorithm since it is based on the principle of forcing the fundamental source current to
have the same angle as that of the positive sequence of the fundamental source voltage. Thus, the main
feature of the PSF is to ensure a unity power factor in the source side. After presenting the considered
algorithms and controllers, a verification through simulations were performed under MATLAB/Simulink
environment which concerned four couples of algorithm/controller (SRF/PI, SRF/DFPI, PSF/P1, PSF/DFPI).
The results indicated that the best couple satisfying the targets (less transient state and less exceeding value
of Vg, a unique PF and a conform THD% of i5) is the couple (PSF/DFPI). The continuation of the study
concerns the application of a DFPI controller for regulating the SAPF current.
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