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To enhance the power quality in electric power systems, active power filter can be
successfully used for harmonics mitigation and reactive power compensation. In this
paper, a new approach using novel direct power control PDPC based on grid voltages
estimation is proposed to improve the dynamic performance of shunt active power filter
and reduce the system cost and robustness by minimizing the number of sensors in grid
connected PV system. The grid voltages are estimated online by using an adaptive linear
neural network (ADALINE) and the proposed PDPC is based on the extended pq theory.

According to the simulation results, the proposed control strategy using a voltage estimator
instead of voltage sensors not only reduce the size and cost but the reliability of the active
power filter PV-APF is improved under normal and severe grid voltage conditions.

1. INTRODUCTION

Harmonic pollution in electrical power systems caused by
extensive use of nonlinear loads is one of the most serious
power quality problems that have great concern and attract
researchers interests. The presence of harmonics and reactive
power cause several harmful effects such as power losses,
malfunction of the grid equipments. These problems can lead
to degradation of the system efficiency (indicated by low
power factor). As a result, it is prerequisite to compensate
harmonics and reactive powers to develop unity power factor
and avoid unwanted losses [1]. Basically, there are two kinds
of compensators: passive power filters (PPFs) and active
power filters (APFs), the first PPFs have been considered as a
good alternative for harmonics compensation due to its low
cost, simplicity and high efficiency [2], however, PPFs have
many disadvantages such as large size, instability and
resonance with loads and/or source impedance, in addition, the
PPF cannot to be adapted to the dynamic changes of the
nonlinear loads. That is why PPFs are gradually replaced by
active power filters APFs. APFs have the capability to
overcome the above-mentioned disadvantages inherent in
PPFs and have become an alternative solution to improve
power quality. Among various APF configurations [3], the
shunt APF is the most popular active filter and widely used in
electric power systems. Recently, in the grid-connected
photovoltaic PV system, power quality issues have been
resolved by the use of the multifunctional PV inverter acting
as active power filter APF which can inject active power and
mitigate the harmonics [4]. Several control strategies have
been proposed to extract and estimate the harmonic currents
like FFT technique, p-q theory, Synchronous d-q reference
frame theory [5]. Many works, on harmonics elimination in
SAPF such as sliding mode control, neural network control,
and fuzzy control are discussed in refs. [6-8]. A model based
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on Direct Power Control DPC for three-phase shunt active
power filtering in grid connected PV system, is proposed to
eliminate line current harmonics and compensate reactive
power [9]. Neural network-based intelligent control strategies
have been developed to alleviate quality problems [10].
Generally, in the conventional APF controllers three types of
sensors are required; current sensors; source voltage sensors
and dc-bus voltage sensor. Hence, to reduce the cost, system
complexity and sensor noise while retaining the system
performance and reliability, some sensors can be emulated.
The first and the third sensors are indispensables regarding
system control, and system protection against overcurrent and
dc-side overvoltage. However, the ac-voltage sensors can be
eliminated and estimated from other measured quantities such
as the currents and the DC-link voltage [11].

Several control strategies based on voltage estimation have
been proposed in the literature. The grid voltages are estimated
using disturbance observer (DOB) in the stationary reference
frame [12]. The voltages are calculated from the estimated
instantaneous active and reactive powers for PWM converters
[13], other techniques utilized the measured currents and
converter parameters in order to estimate grid voltages are
discussed in ref. [14]. A nonlinear Luenberger type observer
has been presented to eliminate the line voltage sensors [15].
Abouelmahjoub et al. [16] proposes an adaptive observer
estimating the grid voltages and impedances parameters in
three phase shunt active power filter SAPF. In others works,
fuzzy logic and neural network are utilized to estimate
unknown parameters without detail information [17-20].

The goal is to ensure satisfactory compensation performance
at difficult situations. However, the majority of the previous
controllers present instability under unbalanced grid voltages,
which decrease their efficiency and reliability.

This paper addresses this problem by proposing an adaptive
neural-network voltage estimator for a SAPF control operating
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in an unbalanced system, the control strategy utilize a novel
DPC method based on extended pq theory. The proposed
algorithm provides low complexity design structure and
ensure a satisfactory compensation.

2. APF CONTROL STRATEGY BASED ON VOLTAGE
ESTIMATION

The SAPF structure is based on voltage-source inverter with
only a single capacitor in the DC side as shown in Figure 1; it
is connected in parallel with the nonlinear load. SAPF injects
compensating currents at the PCC which have the same
magnitude but opposite in phase of the harmonic currents
drawn by the nonlinear loads, as a result, the source currents
can be balanced, sinusoidal and in phase with the source
voltages.
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Figure 1. Topology of active power filter

The proposed SAPF configuration based on the new DPC
control and neural network voltage estimator in this work is
shown in Figure 2. The considered load to evaluate the
effectiveness of the SAPF is three-phase rectifier with R-L

load.
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Figure 2. Structure of PV-SAPF integrated based on voltage
estimator with DPC Control strategy

Direct power control DPC proposed by Nogushi has
become an interesting control strategy of Active power filter.
The converter switching states are selected from a switching
table based on errors of active and reactive powers and the
vector voltage position without any inner current control and
PWM modulator. The active power reference is obtained from
an outside DC voltage Pl controller, the reactive power must
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be kept to zero value to achieve unity power factor. These
references are compared with the calculated P and Qnov
values given by Eq. (4), in reactive and active power hysteresis
controllers, respectively.
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Figure 3. Equivalent circuit topology

Figure 3 shows the equivalent circuit of the SAPF connected
to the grid and the nonlinear load per phase, the expression of
grid voltage e,z with respect to grid current is «f and converter
voltage Vs is given by:

disqp
dt

di
— Ls saf

T (1)

ea[g + vfa[? + Lf

Voltage vectors generated by the inverter, when expressed
in terms of the switching states and the dc link voltage is:

2 . 2T . AT
Vrap = \/;Vdc(sa + SbeJ(T) + Sce](?)) )

where, S, Sp and S are the switching states at each leg of the
inverter:

¢ - {1, if S, ON and S, OFF
a0, if S; OFF and S, ON
6 {1, if S, ON and S5 OFF
b=10, ifS,OFF and S5 ON
G - {1, if S3 ON and Sg OFF
¢ 0, if S3 OFF and S, ON

It is worth noting that both the grid voltages and grid
currents are expressed in stationary reference frame is given

by:
1
5 Y €sa
3 eSC

The conventional DPC strategy based on original pq theory
gives satisfactory performances as long as the supply voltage
is ideal, but when this condition is not verified and distortion
or unbalance affect the grid voltages, the performance will
degrade severely, for this reason, the motivation in this paper
is to extended the performance of DPC to be operate under
unbalanced grid voltages. So, the incompetency of the
conventional DPC under unbalanced grid voltages has
prompted an initial employment of the extension pq theory by
Komatsu et al.

In the extended power theory, the instantaneous active and
the novel reactive power Q"™ can be expressed as [13]:

©)

eaim + eﬁisﬁ ) (4)

P
(Qnov) - <e,aisa + e,/?is/?



where, the grid voltage e',s denote the quadrature voltage e
lagging e, and ez by 90 degrees respectively. It is important to
mention that with this novel reactive power, the performance
under both sinusoidal, unbalanced grid voltages are not
affected, and sinusoidal currents are obtained.

Reconsidering equation 4 the active power derivative and
novel reactive power derivative are given by:

dp dig, . deg, digg .~ deg

= Caqp Theg tes g tie g ®)
dq™°? , disg de, ,digg  deg
g =gy Thag teg g ©

The derivate of voltages and currents can be expressed as:

de, de de'
T weg; — +we,; T (7
S
_ B _ o, aB 8
dt ~ Lo+Lf S ®

According to Egns. (5) to (12), the variation of active and
the novel reactive power for different converter voltage
vectors can be calculated and illustrated in Figure 4. Only one
optimal inverter voltage vector which leads to the minimum
powers variation, will be selected.

The VDC is the dc link voltage and Vf is the converter
voltage vector Vi=2/3Vdc el 0D (n=1, 2, ..., 6), e=le,l and
@ is the angular position of the grid voltage vector in of
coordinates defined as:

e
6 = artan 1( ﬁ) 9)
ea
d
d—i:K(K’—Cos(H—(n—l)—))—wq (10)
dg™°? Vs
(th =-K (sin (9 —(n—-1) §)> + wp (11)
where, K = e \FV‘“' K = el
Ls+Lg3 Ls+Lg
3 w1 V‘\\ /”\ o b | —
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Figure 4. Instantaneous power variations for different
voltage vectors
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The optimal inverter voltage vector can be selected to adjust
the active power and the reactive power from the new
switching table which elaborated depending the output of the
hysteresis comparators dp, dq and the voltage vector position
as defined as:

5 (12)

T
(n—l)gSOnSn

dp = 1if Pref —P = hp
p_{OifPref—PShp
do = 1if Qref —Q = hp
q_{Oieref—QShp

For this purpose, the working plane (a, f) is divided in 12
sectors (see Figure 5):
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Figure 5. Sectors classification for DPC in stationary of3
frame

P is controlled from an outer loop, so the dc link voltage
of VSI is measured and compared with the reference dc link
voltage which output from the MPPT algorithm, a traditional
Pl algorithm is used for better regulation and the prer represents
the output of the pi controller, and the reactive power is
controlling to be zero to achieve unity power factor.

To obtain the switching table for the DPC control, four
combinations of active and reactive power variation are
available and by examining Figure 4, we can see that are
several voltage vector possibilities for a particular
combination of power variation for each angular position.
However, only one suitable voltage vector should be chosen
for a particular combination of power variation which produce
much lower active power and reactive power variation
(dp/dtmin) and (dg/dtmin) to minimize the errors between
reference and the measured active power and reactive power.

Table 1. Proposed DPC

dp dg 01 6203 01 05 06 0708 Oy 010 611 012
0 0 Vi Vi V2 V2 V3 V3 Vs Va4 V5 Vs V6 Ve
0 1 V2 V2 V3 V3V4 V4 Vs V5 Vg V6 V1 Vi
1 0 V5 V6 V6 V1 VI V2 V2 V3 V3 V4 V4 Vs
1 1 V3 V4 V4 V5V5 V6 Ve V1 Vi V2 V2 V3

3. ADALINE BASED GRID VOLTAGE ESTIMATOR

In this paper, active and reactive power based DPC
controller are calculated by using the estimated grid voltages
in the af frame. For removing the ac voltage sensors, the grid
voltage is obtained in terms of the inverter voltage and the
source current as shown below:



digap
eaB = L—dt + vfoc[)’

where, L=Ls+L+.

The developed grid voltages estimator is depicted in Figure
6, the Adaline algorithm is used to extract the fundamental
component using least-mean-square (LMS) algorithm as its
learning rule to update the weight W. To help to give a good
estimation, the source currents which can be affected by noises
and harmonics will be filtered by an adaptive neural filter ANF
(bloc diagram of the adaptive neural network). The adaptive
linear algorithm ADALINE introduced by Widrow Hoff based
on LMS learning rule represents now an efficient approach for
fast prediction and estimation of signal parameters. Due to its
simple structure and the capability, self-adapt on line.

Apprentissage | Saim
LAS

Figure 6. Proposed grid voltage estimator

The designing methodology supposes that the
voltage/current can be represented by the sum of a
fundamental frequency and multiple of fundamental frequency
components which can be written as:

N
Yak) = D" ¥, cos(@n kT + @) =
n=1 o
Y, cos(w kT, + @) + Z Y,cos (Y, kT, + @,)
N =2 (13)
Y300 = ) Yy sin (kT +,) =

n=1

Y, sin(w,kTs + ¢41) + Z Y,sin (Y. kT + ¢,,)

n=2

where, e.,5=Yqs, @n, An and ¢, are pulsation, amplitude and
phase angle.

The process of the line voltage estimator is similar to that of
the adaptive filter, which extracts fundamental components
and neglects all harmonic components greater than 1.

The estimated grid voltage using ADALINE process can be
expressed as:

Ya(k) =Y, cos(w kT + 1)

. 14
V5 () = Yy sin(w; KT, + ;) (14)

v, (k) =Y; cos ¢, cos(w,kT,)
—Y; sin @, sin(w,k Ty) (15)

yp (k) =Y; cos @y sin(w; kTy)
+ Y sin ¢, cos(w,k Ty)

So, in vectorial notation the estimated grid voltage using
ADALINE process can be written as:

€ap = Yapest (k) = WTX(k) (16)
where, X(K)=[cos(cw:KTs)sin(w:kTs)]".

Wo=[Wi,  Wae]=[Y1€C0S@1 -Y1Sing:] (17)
Wﬂ:[Wlﬂ Wzﬂ]:[Ylsingm Y1COS(01]
where, X(K) is the reference input vector of the ADALINE and
the W represents the weight vector whose are updated by using
the adaptive learning process.

The LMS algorithm is used as learning rule in order to
minimize the error &(k), the learning rule can be expressed as:

Wk +1) = W(k) + us (k)X (k) (18)
where, x is the learning factor, &(K) is the estimation error.

§(k) = y (k) = Yest (k) (19)

Thus, at each iteration, with the supervised learning process
of ADALINE LMS, neural filter parameters (adaptive neural
network diagram) are updated to make the above error can
asymptotically converge to zero. And the estimated output
Vest(K) behavior becomes close to set of desired output y(k).

4. STABILITY OF LMS ALGORITHM

An algorithm with a high rate of convergence, stability and
good tracking ability is required. The optimization method
widely used for many identification applications is the
gradient descent technique but it has the drawback of having a
very slow convergence rate, however, the Least Mean Square
(LMS) algorithm developed by Widrow-Hoff became the most
used adaptive algorithm due to its simplicity of calculation and
its proven robustness.

In order to enhance the precision of the proposed
ADALINE voltage estimator, the weights updating are
adjusted using the learning rate x (0<u<2 [20]) (u=0, 2 is
chosen in order to have a faster algorithm and ensure good
convergence).

The stability of the proposed algorithm is proved using
Lyapunov's theory [20].

A candidate Lyapunov function satisfying the learning rule
(13) above, is proposed as:

V(k) = £2(k) + €k — 1) (20)
V(k) = BEX(k) (21)
where,
(. 8k-1)
p= 1+ ) 2

The Lyapunov stability conditions are:

V(k) >0

{V(k) —V(k—1) = AV(k) <0 (23)

AV(k) can be evaluated as:



AV (k) = Bild(k) — WT (l)x (k)] — B§*(k — 1)

AV(k) = =é*(k —1) <0

(24)
(25)

According to (20) the tracking error can converge to zero,
hence the stability condition is satisfied (see Appendix A).

5. DC LINK VOLTAGE REGULATION

The PV generator behaving as a power source for the SAPF,
is drained by the boost converter of the photovoltaic panel with
a maximum power point tracking control (MPPT) using the
Perturb and Observe (P&O) algorithm. Therefore, in order to
regulate the voltage of the DC link and compensate for the
losses of the system under all conditions, a simple Pl controller
is proposed, the gains Kp and Ki are calculated and adjusted
according to the dynamic response.

6. SIMULATION RESULTS

The performance of the proposed neural network voltage
estimator with PV-SAPF controller employing a novel DPC
method has been evaluated through simulation using
MATLAB/SIMULINK. The challenge of the whole system is
to achieve sinusoidal and balanced grid current under balanced
and unbalanced supply condition and varying irradiance. To
verify the behavior of SAPF in grid connected PV-system, an
irradiation profile showed in Figure 10(a) is proposed. For
modeling the PV system, the ESPMC270 panel is utilized, the
key specification are shown in Table 2. And Table 3 illustrates
simulation parameters.

Table 2. ESPMC270 PV panel parameters

Description Value
Ideality factor a=1.3
Maximum Power Pmax=270W
Short-circuit current Isc=8.2A
Open circuit voltage Voc=21.06V
Parallel connected modules Np=2
Serie connected cells Ns=15

Table 3. List of each component used for the proposed SAPF

Parameters Values
es, fs, 100 v,50 Hz
Ls, Rs 10 ].IH, 0.1 Q
L, RL 10 mH, 30 Q
L+, Ry, 8 mH, 0.01 Q
Cdc Vdc 2200 pF, 300 v
Kp, Ki 2,0.008

6.1 Case 1 balanced grid voltages

The actual and estimated grid voltages are given in Figures
7(a) and (b), it can be observed that at the steady state the
waveforms of the estimated grid voltage and actual one are
very close with minimum estimation errors.

Figure 8 shows the simulation results under balanced and
sinusoidal grid voltages for the proposed DPC using the
extended pq theory, in this case, without SAPF compensation,
the source currents are distorted severely with the THD around
to 27.28%. At t=0.1 s, SAPF starts to compensate harmonics,
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and the source current becomes sinusoidal and in phase with
the grid voltage and the THD current reduces to 1.01% at 0
W/m= (1.57% at 200 W/m=and 2.47% at 1000 W/m%, the
compensating current injected by the SAPF at the PCC is
depicted in Figure 8(b). Reduction in the THD means that the
proposed controller has better steady-state response, which
confirms the effectiveness of the control method in varying
solar irradiation.
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Figure 7. (a) Grid voltages, (b) Estimated grid Voltage and
actual grid voltage and estimation error in steady state and in
transitional state, (c) Load current, (d) Irradiance profile

The active and reactive powers of the whole system are
depicted in Figure 9 showing successful transfer of power
from the PV-SAPF to the grid and to the load under steady-
state condition. When active power is injected from the PV
system (1000 W/m3, the source current is decreased and will
be in opposite in phase with the grid voltage, this means that
the PV power is higher than the power demanded by the load.

Figure 8(e) illustrates the dc link voltage Vdc, it maintains
its reference perfectly at different irradiations, at t=0.2 s,
oscillation can be observed due to exchange of powers
between the grid and PV system under rapidly change of
irradiation, in the same time p and q are well controlled to their
references. Figure 9 (a) shows the successful transfer of power
from the PV-SAPF to the grid and PVV-SAPF power is exactly
equal to the sum of the source power and load power under
steady-state and in Figure 9(b), negligible reactive power Qs
(extended pq theory)with a few oscillations in the steady state,



confirms the operation at unity PF. Consequently, the
proposed control strategy based on the neural network voltage
estimator presents a good stability and best performance
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6.2 Case 2 unbalanced grid voltages

To verify the performance of the developed neural network
voltage estimator, an unbalanced system is applied, the
magnitudes of phases B and C are 80% of the magnitude of
phase A, as depicted in Figure 10(a). In Figure 10(b), the actual
and estimated grid voltage are presented under unbalanced
grid voltages sag, according the obtained results, the neural
network estimator is not affected and is stable, the actual and
estimated grid voltages stay close with an acceptable error in
steady state as shown in Figure 10(c).
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The proposed PDPC algorithm behavior in this case is
shown in Figures 11. Thanks to the extended pq theory good
results are obtained under unbalanced grid voltage, it is
observed in Figure 11(a) that the source currents are balanced
and have the same magnitude during a solar irradiation
changing, The THD is improved to a lower values (2.44% at 0
W/m=2.55% at 200 W/m=and 5.66% at 1000 W/m3. In
Figure 12(a), it can be not supply local loads but also it can
inject the surplus of the power to the grid at the fort irradiation
(G=1000 w/m=fand in Figure 12(b), it is observed that the new



reactive power stills constant and tracks its reference (0 VAR)
to achieve unity power factor under unbalanced voltage
conditions.
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Figure 12. (a) Active Powers, (b) Reactive Powers

Figure 13 illustrates the current THD of the PDPC based on
the extended theory under the balance and unbalance grid
voltage. The performance of the proposed and developed
control method is determined by significant reduction in the
THD, meanwhile, under unbalanced voltages the THD of
current increased slightly, but it still remained within the limits
of the IEEE-519 standard as seen in Table 4.

Unbalanced
grid voltages|

Balanced grid
voltages

400 600 800

0 200
THD variation of source current under solar irradiation variation
under balanced and unbalanced supply voltages

1000

Figure 13. THD variation under solar irradiation variation

Table 4. Current THD under balanced and unbalanced grid

voltages
THD APF off APF on
Solar Irradiation 0W/m=2 200W/m= 1000W/m=
Balanced grid 27.28% 1.01% 1.57% 2.47%
Unbalanced grid  27.52% 2.44% 2.55% 5.66%

7. CONCLUSION

In this paper, a new voltage sensorless control strategy is
developed for shunt active power filter in grid connected PV
system, this control method is based on a neural voltage
estimator using ADALINE network. Good dynamic
performance, stability and strong robustness under different
aspects are proven in dynamic operation and during steady
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state. The Lyapunov stability theorem has been exploited to
ensure the convergence and stability of the proposed control
performance.

The simulation results confirm that the proposed Adaline
estimator algorithm, using the proposed DPC based on
extended PQ theory represents high accuracy of harmonics
mitigation with significant reduction of THD. In addition, it
has also able to maintain the balanced grid current under
unbalanced grid voltage as well as in changed solar irradiation.
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APPENDIX
AV (k) = Bild (k) = WT (k — Dx(k) — u&" (k)x™ (k)x (k)]?
— Bé?(k — 1)
AV (k) = Bild (k) = WT(k — Dx(k) — AWT (k)x(k)]?
— Bié?(k — 1)

where,

y(k) = Wop (l)x (k)
AV (k) = Bi[Wop (R)x (k) = W (k — Dx(k)

— AWT ()X (k)] = B2 (k — 1)
AV () = Be[AWS () x (k) — AWT (l)x ()]
— Bré%(k — 1)

When k — oo WT (k) = W,," (k), then

Wy, (k) =WT(k —1) = W' (k) = W7 (k - 1),
lim [AWE () (k) — AW (l)x (k)] = 0, and

§2(k-1)
§2(k)

lim g = 2> 0, lim B* (1 + =2

NOMENCLATURE

e

Source Voltage

is Source Current

iL Load Current

iF Filter compensator Current
Ls Source-side inductor

Lf Inductor filter

LL Load side inductor

Vdc Dc-link Voltage

Cdc Dc-link capacitor

PV Photovoltaic

SAPF Shunt Active Power Filter
THD Total Harmonic Filter

P/Q Active and Reactive Power

Greek symbols

4

Estimator Error
Learning Factor





