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Abstract. The paper presents a method for a direct-power control (DPC) based on Artificial Neural Networks
(ANN) applied to a shunt active-power filter (SAPF). The aim is to improve the performance of conventional

controls. SAPF is one of the most advanced pollution control solutions. DPC is a high-performance control for

PWM converters based on the instantaneous-power theory. However, the presented control has some drawbacks,

such as the presence of ripples in the current. To improve the performance of the system to be controlled, artificial

neural networks are applied to the conventional control. To achieve the objective, DPC-ANN is combined with

conventional DPC using MATLAB/Simulink, Simulation results show a very satisfactory performance.

Keywords: Shunt Active-Power Filter (SAPF); Direct-Power Control (DPC); Artificial Neural Networks (ANN);

Harmonics compensation; Nonlinear load.

Uporaba umetnih nevronskih mrez za krmiljenje z
neposrednim nadzorom porabe moci

Clanek predstavlja krmiljenje z neposrednim nadzorom porabe
moci (DPC), ki temelji na umetnih nevronskih mrezah (ANN).
Cilj predlaganega krmiljenja je izboljSati ucinkovitost v
primerjavi z obi¢ajnimi krmilniki. Krmiljenje DPC predstavlja
visokozmogljivo strategijo krmiljenja za pretvornike PWM, ki
temelji na trenutni porabi moci. Za ta pristop je znacilno nihanje
elektricnega toka. Z namenom izboljSanja delovanja sistema
smo uporabili umetne nevronske mreze. Pravilnost predlagane
metode smo potrdili v postopku simulacije.

1 INTRODUCTION

After its production, electric energy has to be maintained
and monitored to avoid disturbances during its transport.
The origin of the most significant disturbances in the
electric power networks is on the consumer side. They
are caused by the proliferation of non-linear loads, such
as static converters, computer equipments, air-
conditioning units, and lighting devices. These devices
absorb non-sinusoidal currents and thus introduce a
harmonic pollution into the currents and voltages of
electric distribution networks [1].

For these reasons, the focus of the current concerns is
on filtering the current and voltage distortions for both
suppliers and users of electric energy. The shunt active-
power filters (SAPF) are currently the most suitable
pollution control solution. Their response is
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instantaneous and they automatically adapt to changes in
the disturbances introduced by the electric network loads
[2].

In the presence of a non-linear load, harmonics are
superimposed on the source current creating a polluted
current. The injection of compensation currents into the
electric network by SAPF allows the initial form of the
current to be restored.

The most commonly used control strategies are
Voltage-Oriented Control (VOC) [3], and Virtual-Flux-
Oriented Control (VFOC) [4]. They assure a high
dynamic and static performance by using an internal
current-control loop. They have become widely used and
are being constantly improved.

Since the combination of a grid-active filter-pollutant
load results in a non-linear system, it makes sense to use
a direct-power control (DPC). It is based on an
instantaneous control of the active and reactive power. In
this control, the current control loops and the modulation
block are eliminated, and the switch states of the
converter selected from a switching table are based on
instantaneous errors between the estimated active and
reactive power and their reference values [5].

The major DPC drawback is the presence of ripples in
the current waveform. To avoid them, modern artificial
intelligence techniques are used, such as the fuzzy
control [6], genetic algorithms [7], and neural networks.
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The aim of our work is to simultaneously improve the
SAPF performance in terms of residual distortion, allow
it to compensate for the reactive power, enable it to
selectively compensate for harmonics and to reduce the
complexity of the computing architecture.

The paper is organized as follows. Section 2 presents
the SAPF model. Section 3 describes the control method
based on a conventional DPC modelling. Section 4
presents DPC based on Artificial Neural Networks
(DPC-ANN). Section 5 discusses the simulation results
made with Matlab/Simulink. Section 6 draws
conclusions of our work.

2 SAPF MATHEMATICAL MODEL

Using a model of the active filter in a three-phase
reference frame and applying the direct Concordia
transform, the SAPF model in the stationary reference
frame (af) is given by:

Oy VB Vi ||

The mathematical model of the shunt active power for
power control is given by:

(Eq D

dPy 1
——=—|—-R, P +V

dt Lf( fiF fa)
— —R +V Eq2
i Lj( fQF f/;’) (Eq2)
dVdc Pdc

dt VieCoe

Where Prand O are the active and reactive filter power,
respectively, Rrand Lyare the SAPF filter resistance and
inductance, respectively.

Where:

Via = VaVsa +VpVss = (Ve +V5)
Vie ==VpVra+VaVsp

The energy storage on the DC side is often done by a
capacitive storage system represented by capacitor Cgc
which plays the role of DC voltage source Vg. The
choice of the storage system parameters (Cyc and V)

effects the SAPF dynamics and compensation quality,
respectively [8].

(Eq 3)

Figure 1. SAPF power circuit.
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3 CONVENTIONAL DPC THEORY

The DPC main idea, which was first proposed by Ohnishi
in 1991 [9] and later developed by Noguchi and
Takahachi in 1998 [10], is similar to the direct torque
control (DTC) of induction machines. Instead of the flux
and torque, the instantaneous active and reactive power
are chosen as the quantities to be controlled [11]. Figure
2 shows an overall DPC configuration applied to SAPF.
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Figure 2. General configuration of the conventional DPC.
3.1 Estimation of the instantaneous power

The instantaneous active power is defined by the scalar
product between the line currents and voltages. Where
the reactive power is defined by the vector product
between them. The complex apparent power can be
expressed by the following expression [12]:

S=p+jq (Eq 4)
S :vsclz dgqtVgp g +Vge Ige
— [( Vsb Ve )'isa +( Vsc "Vsa )'isb +(vsa “Vsb )'isc ] (Eq 5)

3

Where v; is the instantaneous voltage of the network and
is s the instantaneous line current.

However, Eq.4 requires the knowledge of the grid
voltages. Therefore, it is necessary to express the powers
by other expressions independent of the network
voltages. Thus, the expressions that estimate the
instantaneous active and reactive power without
capturing the voltages are [13]:

ﬁ= I disa +dl:vb +disc
dt dt dt

j+Vdc(Sa sa +Sbl sb +5, vc) (Eq 6)

di, di
é':al:{ lwlsc'*J sa}v/dt(s ( b_l J'*"Sé)(lsc sa)+S (lsa sb)) (Eq 7)
J3 \dt™ at

The first part of both expressions represents the power of
the line inductors. Their internal resistance is negligible
because the active power dissipated in these resistors is
actually much lower than the power [14]. The second part
represents the SAPF output power. Eqs 6 and 7 are
functions of the states of switches S, S5 S.. The
knowledge of line inductance L is also necessary to
estimate the powers.
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3.2 Voltage calculation

As the sector number calculation is based on the position
of the voltage vector, the line voltage is calculated [15].
The following expression gives line currents i, i, isc in
stationary coordinates a, j3:

1 1 || ig

i

sa :\/Z 2 2 .
i | V3|, A3 3
2 2

(Eq 8)

lSC

Both the active and reactive-power equations can be
written in a matrix form as follows:

_13 Vsa Vsp isa
|- | (Eq9)
L 4 Vsp " Vsa || lsp

The voltage can be estimated by the following equation:

Vsa 1 Isa “lsp || P

(10)

2 . .
a +lsﬂ Lsp Lsa q

L VsB
Components v, and v p being projections of voltage

vector v; onto the o and P axis, respectively, the three
voltage vectors in a three-phase plant can be represented
by single voltage vector v, in a two-phase plane o-f

which rotates with the pulsation of w=2zfin a circle of

radius of 43/2.V,, [16].

fis the frequency of the network.
Vi, is the amplitude of three-phase voltages.

3.3 Switching table

Digital error signals S, and S, and the sector number are
the inputs to the switching table where switching states
Sa, Sp and S, are stored [17].

The optimal switching state can be chosen in each
switching state according to a combination of digital
signals S, and S, and the sector number. That is, the
optimal switching state is chosen so that the active-power
error can be restricted to a hysteresis band of width of
2hy,, and similarly for the reactive-power error to a band
of the width of 24,.

Switching-table synthesis is based on the signs of the
active and reactive-power derivatives in each sector [18].
For each sector, the change in the reactive power is
positive for three vectors, negative for three vectors, and
zero for Vy, V7. The sign of the active power change is
positive for four vectors and negative for two or three
vectors. For all sectors, the switching table is shown in
Table 1.

Table 1. DPC switching table

Sp S¢ Y1 Y2 Y3 Y4 ¥Ys Yo Y1 Vs Yo Yu Yu Yo
1 0 Vs Vs Vs Vs Vi Vi Vo Vo Vi Vi V4 Vy
1 1 Vs Vs Vi Vi Vs Vs Ve Ve Vi Vi Vo Vs
0O 0 Vs Vi ViV, Vo Vi Vi Vg Vi Vs Vs Vs
0 1 Vi Vo Vo Vs Vs Ve Ve Vs Vs Vs Ve Vi

3.4 DC-link voltage control with the conventional
method

The DC voltage is controlled by a PI-type controller

which corrects the error between the measured DC

voltage and its reference. The product of the reference

DC current and DC voltage gives the reference active

power.

The corresponding transfer function is given by:
ki

F(s)=k,+— (Eq 11)
s

where s is the Laplace operator.

Figure 3 shows the DC voltage control using a PI
corrector.

Viere 2 :
_J'®S—’ F(s) = ky + ky/s -3{G(s) = 1/C.s |-V

Figure 3. PI controller to control the DC-link voltage.
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4 DPC ARTIFICIAL NEURAL NETWORKS

One of the challenges for humans today is to copy nature
and reproduce its own patterns of reasoning and
behaviour. The neural network architecture is the way in
which neurons are interconnected to form a network.
When the structure of a neural network is fixed, a
learning process must be chosen, by which the weights
will be adjusted in order to satisfy an optimisation
criterion [19]. A satisfactory solution can only be
obtained if the complexity of the neural network is
adapted to the problem to be solved [20].
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Figure 4. Block diagram of the proposed DPC-ANN for SAPF.

In our study, we use the perceptron neural networks.
They are well suited to our application because of their
simplicity of implementation and parallel computation,
which makes online learning more efficient [21].

The neural network structure which replaces the
switching table in conventional DPC of SAPF and the
voltage controller (Vu) by another ANN are shown in
Figure 4.
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4.1 DC-link voltage control based on ANN

In our study, the Adaline neural networks are used. They
are a special type of the multilayer network which has a
very simple architecture (one input layer and one output
layer). They are very efficient in signal estimation tasks
and in their implementation. Moreover, their operation
allows a better exploitation of their characteristics [22].
The Adaline (ADAptive LINear Element/ADAptive
Llnear NEuron) neural network belongs to the
Perceptron family.

Hidden Layer

Input Layer Output Layer

€ =Vgc* — Ve

Figure 5. Neural network structure of the DC voltage controller.

A schematic diagram of an Adaline network is given in
Figure 5. Estimated output y(?).. of reference signal y*(?)
is set up by the following linear relation:

V(t)ey =WT (1).X(1)

where W(¥) is a vector of the weights estimated by
Adaline and X(?) is the vector of inputs consisting of the
known components of reference signal y(?).

Thus:

W =[Wo (1) Wi(t) Wa(t) .. Wuy(t) Wy (1)](Eq13)
X()=[1 x1(t) x5(t) .. x,4(t) x,(1)](Eq14)
4.2 SWITCHING TABLE based on ANN

The structure of the SAPF direct neural power control
(DPC-ANN) is shown in Figure 6. The switching table is
replaced by a neural controller. The inputs are active
power error S, reactive power S,, and sector number N.
The outputs are pulses S, Sk, Sc which control the inverter
switches.

In order to generate an ANN controller by
Matlab/Simulink, 30 hidden layers and three output
layers with activation functions of the type "tansig" and
"purelin" are used (Table 2).

(Eq 12)
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Hidden Layer

Input Layer Output Layer

Figure 6. Replacement of the switching table by a neural
network structure.

Updating the network weights and biases is performed by
a backpropagation algorithm termed the Levenberg-
Marquardt (LM) algorithm.

Table 2. Properties of the LM algorithm.

LM parameters Values
Number of the hidden layers 30
Learning step 0.005
Display step (displaying the error in pieces) 50
Number of iterations (epochs) 2000
Convergence acceleration coefficient (mc) 0.9
Error (goal) 0

Activation functions Tansig. Purelin

5 SIMULATION RESULTS

To validate the effectiveness of the presented control
strategy, a system simulation controlled by conventional
DPC and DPC-ANN is performed wunder the
MATLAB\SIMULINK environment. The parameters of
the simulated system are given in Table 3.

Table 3. The parameters of the simulated system

Power grid V=400V, R=0£2 L,=400uH

Pollutant load (Graétz bridge
with thyristors)

Rej= 00, L= 566uH
R,=7Q L~ 1mH

Shunt Active-Power Filter R=32me L=500uH, Vy=700V

The simulation is carried out in two scenarios:
5.1 First scenario:

The simulation is performed in three steps:

e t= [0; 0.06] the electric network supplies a linear
inductive load,

e t=[0.06; 0.12] elimination of the load,

e t=[0.12; 0.2] the voltage source feeds a non-linear
load.
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Figure 9. Current harmonic spectrum.

These three steps can be clearly seen by observing the
waveform of the current absorbed by the load (Figure 8).
- For a linear inductive load it is well seen that the current
lags behind the phase with respect to the voltage (Figure
7).

- A zero current corresponds to a charge removal between
0.06s and 0.12s.

- The distorted form of the current that appears between
0.12s and 0.2s corresponds to a non-linecar load
represented by a three-phase bridge rectifier with six
diodes. Its harmonic spectrum of the value of THD=
26.92% is shown in Figure 9.

The figures below show the waveforms of the different
quantities to be analysed in a simulation for conventional
DPC and DPC-ANN.
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Figure 13. Instantaneous reactive power [VAR].

As seen from the above figures, it noted that DPC-ANN
improves the grid current harmonic content (Figure 11).
In the used control technique, the active filter has a
double role: compensation of the reactive power (Figure
13) in the steady-state (at /=50Hz) and attenuation of the
dominant harmonics by pushing them toward higher
frequencies.

Figure 10 shows that the DPC technique offers some
extra speed and robustness to the system response
compared to the conventional DPC technique. The
figures clearly illustrate that the main advantage of using
the neural network in the development of the switching
table and DC voltage control, i.e., are significantly
minimised ripples.

5.2 Second scenario

The DC voltage control system as well as the neural
network-enhanced DPC strategy are tested following a
step change in the DC voltage at t=0.1s from 700V to
750V by using an inductive load (Figures 14 - 17).
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Figure 14 shows that the DC voltage tracks to the set
point well and that when using an artificial neural
network, the system becomes more stable compared to
the system with a conventional control. The overshoot
and response time are reduced. Figures 16 and 17 show
the line active-and reactive-power waveforms. Figure 16
shows that when the DC voltage reaches its new
reference value, the active power increases and so does
also the line current (Figure 15). In the case of DPC-
ANN, the power increase is limited to prevent the system
from being subjected to a dangerous overcurrent. In
Figure 17, the reactive power is significantly lower in
DPC-ANN than in conventional DPC.
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The harmonic spectrum of the source current after
compensation is for the two techniques shown in Figures
18 and 19. The Total Harmonic Distortion (THD) before
compensation is 26.92% and after its it is reduced to
0.81% for DPC-ANN compared to 4.77% for
conventional DPC.

6 CONCLUSION

The paper presents a new technique to control the direct
power. It used an artificial neural network instead of a
conventional switching table and controls the DC voltage
by a neural network controller.

The presented DPC based on an artificial neural
network provides a good response, reduces the
instantaneous power ripples, enables an excellent DC
voltage control and a good performance and minimises
harmonic disturbances. The simulation results show that
DPC-ANN out performs the conventional control. THD
is reduced from 26.92% to 0.81%, these ensuring a very
good power quality compliably with the specifications of
the IEEE 519-1992 and IEC 61000.3-2 standard.
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