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Abstract:  The best quality of PV energy into the grid is now problematic that is why this paper focuses on
the design and implementation of a robust Proportional Integral Derivative based on Atrtificial
Neural Network (ANN-PID). This technique used to ensure the regulation of the Boost Converter
(BC) output voltage and the Three Phase Inverter (3 PI) output currents of a photovoltaic solar
system (PVS) connected to the grid. The mathematical model of the DC bus and the 3-Pl is
presented. Applications under Matlab/Simulink justify the efficiency of the neural regulator. In
comparison with the conventional one, the proposed method presents the best follow-up of the
DC link voltage reference and a maximum overshoot of 3.16 %. In addition, despite the long time
put in transient mode, the proposed method keeps better robustness and ensures an injection of
current of a total harmonic distortion (THD) of 0.96 % against 2.18 % of the classical PID
regulator.

Keywords:  Robust ANN-PID;DC bus; THD and PVS

Daouda, G., Alphousseyni, N., & Amadou, D., Design and implementation of a robust ANN-PID

Cite this paper as:

corrector to improve high penetrations photovoltaic solar energy connected to the grid. Journal
of Energy Systems 2023; 7(1): 121-131, DOI: 10.30521/jes.1053423

© 2023 Published by peer-reviewed open access scientific journal, JES at DergiPark (https://dergipark.org.tr/en/pub/jes)

Nomenclature

GHG

THD

PID

3-PI, BC
kp, ki, kd
Vdc, |dc,Cdc
Eabc, Uabc, labe
L,R

Edg, Udg, ldg
Ecc, Ecs

Sec, Scs

Greenhouse gases

Total Harmonic Distortion

Proportional Integral Derivative

Three Phase Inverter, Boost Converter

Proportional gain, Integral gain, Derivative gain

DC link voltage, DC link current, DC link capacity
Grid voltage, Inverter output voltage, Injected current
Inductance and Resistance of the inverter filter

Active and reactive voltage, active and reactive current
Inputs of hidden layer neurons and output layer neurons
Outputs of hidden layer neurons and output layer neurons
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1. INTRODUCTION

The global energy crisis, marked by a rise in the price of oil, has long compromised, the effects of several
developing countries, notably Senegal [1]. This problem is on top of an already delicate situation for
most utilities. Faced with the latter, Senegal, in 2014, implemented a new economic policy called Plan
Senegal Emergent, which focuses on inexhaustible sources of energy on a human scale and less
polluting: Renewable Energies [2]. The share of renewable energies, reaching 600 MW of total
electricity production capacity in 2020, is 13 % hydropower, 13 % solar photovoltaic and 8 % wind
power [2]. However, photovoltaic solar energy is able to partially meet current energy needs and
overcome the year after year of fossil sources reduction and the emitting aspect of greenhouse gases
(GHG) [3,4,5,6,7,8]. It represents an incontestable solution to meet Senegal's energy requirements
thanks to its position (5.7 kWh / m? per day) and the law No. 2010-21, orientation law on renewable
energies [1]. Based on this law, various photovoltaic solar power plants have been built since 2016.
These are those of Bokhol, Malicounda, Kahone, of Sakal. Thanks to these investments, Senegal can
benefit, from 2021, a power of 265 Megawatts solar photovoltaic systems autonomously or by injection
into the grid [9].

The injection of photovoltaic solar energy into the grid is becoming a development technology because
it allows participating in the reduction of GHG emissions. Despite their advantages, it is difficult in
realization and possible that by the use of converters as BC and 3-Pl. However, the intermittent nature
of the photovoltaic source is a real problem [10,11,12,13]. The latter influences the BC output voltage
through meteorological changes (temperature and / or sunshine) through the BC output current. In add,
the voltage dip or short-circuit at the 3-Pl also perturb the BC output voltage. The 3-PI influences the
quality of the injected energy because of high level of THD in current and the total efficiency of the
system. These disturbances caused by significant switching losses and conduction losses, which are due
to the properties of the type of transistor. In order to overcome these problems, three methods can be
considered. The first is the use of modulation techniques, the second is to reduce the transistor current
or voltage and the third is to use a DC bus.

It is in this context that various methods based on the 3-PI control have been proposed in the literature.
Hysteresis control, thanks to its simplicity, is used to control current with a Pl regulator to control the
DC bus voltage [14,15]. The simulation results give a response time of nearly 0.25 s of the bus in the
presence of variations in illumination and a THD of 2.61% [9]. Contrary to Ref. [16], it is used for the
control of the active and reactive powers. However, the unstable of the switching frequency is still its
real problem. The latter leads to a reduction in efficiency due to the large switching loss [14,15,16]. In
Ref. [17], using the fractional order PI as regulator of the BC output voltage, a reactive power
compensation and low THD (while basing on IEEE 519 standard) are achieved. A modified PID
regulates BC output voltage and 3-PI currents in base of Park [18]. Applications exhibit a tracking of
the BC output voltage and a good sinusoidal shape of the injected current injected. In spite of these
advantages like simplicity, performances and so for, the manual adjustment always remains a major
drawback of the corrector. A PI regulator in the Park base gives a THD lower than international
standards [19]. In Ref. [20], an adaptive Pl regulator is proposed for controlling the currents of the 3-PlI
connected to the grid. An algorithm based on the power, the voltage and the modulation index
automatically adjusts it. The simulation and experimental results in view of the climate variations, the
response time is improved up to 20 to 25 ms. On this same lance, a linear quadratic regulator is used as
a digital controller of the inverter connected to the grid [21]. This method, compared to the classical
technique, is faster, more robust with regard to perturbations and gives low THD. In add, experimental
tests proved its performances. In Ref. [22], a robust technique based on the approach of the theory of
Heo is proposed. This technique is compared to the resonant proportional regulator for controlling a PV
grid-connected. The applications prove the Hoo technique superiority with a THD of 0.67% in simulation
and 1.78 % experimentally.

122



The best form of currents into the grid is obtained using intelligent techniques. Hybrid neuro-fuzzy
control has been proposed in order to overcome the limitations of classical controls in order to improve
THD [23]. It injects a current of a THD of 3.02% with a precision and an appreciable speed compared
to PI regulator. The simplicity of the PI controller pushed the author towards a comparative study of
meta-heuristic techniques like Whales Optimization Algorithm, Grey Wolf Optimization algorithm,
Antlions Optimization algorithm and Moth Flame Optimization algorithm) [24]. These meta-heuristic
techniques determine the optimal gain of PI regulator, which enable to increase efficiency of the inverter
PV system grid-connected and to ensure stability, unit power factor and low THD. However, the
obtained results attained through Matlab/Simulink prove that the Whales Optimization Algorithm
technique is better than the three others studied meta-heuristic techniques in terms of inverter efficiency,
stability, power factor and THD. In Ref. [25], the parameters K, and K; of the PI corrector are provided
by the radial function of neural networks to solve the problems of active or reactive power. The same
neural network is used to improve the PID parameters in order to regulate the BC output voltage of a 3-
PI through a photovoltaic system [26]. The application results show better tracking of the BC output
voltage reference using the proposed method. In comparison with the classical PID, overshoots of 0.54%
against 15.9% are obtained in transient. Dynamic control based on ANN is proposed for controlling a
single-phase inverter in order to ensure an energy quality to the grid through a photovoltaic system [27].
Application results, compared to the resonant proportional regulator, show the best performances of the
neural technique in terms of DC bus voltage stability and total harmonic distortion of 3.83%. A PI
regulator based on ANN is respectively offered for controlling the BC output voltage and the currents
of the 3-PI connected to the grid [28]. This technique is used for improving the system output transient
mode. Compared to the classic Pl regulator, the applications show a fast response time and elimination
of static errors of the BC output voltage and from the direct and quadratic axes of the current. In addition,
it presents a significant reduction in THD by 1.97% against 5.06% of the classic PI regulator. In Ref.
[29], a review based on the artificial neural networks in order to pay attention of the artificial neural
network users like microgrid, supervisory control and optimization. Different techniques were
elaborated which one note multilayer perceptron, EIman neural network, radial basis function network.

However, by limiting to the injection of PV energy, the general objective of this paper is to design and
implement a robust corrector to improve the PV energy penetration to the grid. Today, the most used
controls in PV systems connected to the grid are the classic ones thanks to their simple implementation.
These commands have limitations with respect to the variations in weather conditions and do not prevent
the creation of harmonics. It is thereby the object of realizing adaptive control techniques based on ANN
in order to ensure a flexible injection to the grid. To achieve this, a neural control of the 3-PI is performed.
The latter is split into two loops with a PID regulator based on the ANN: one for regulating the BC output
voltage and another for the 3-PI output currents.

2. MODELLING AND APPROACHES

2.1. Modelling of the Controlled System

2.1.1. DC bus modelling

The DC bus is, in our case, an interface between the BC and the 3-phase inverter. The DC bus plays a
role of energy storage but also of filtering. Its mathematical model is obtained thanks to the relation
between the current (lqc) which crosses it, the voltage (Vac) and the equivalent capacity (Cac). This

relation is given as in Eq. (1).

dVy
Igc = Cdcd—tc @
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The constancy of the BC output voltage is very important for performances of the 3 PI. It is sometimes
disturbed by the BC output current and the injected saturation currents. It is in this context that its
regulation remains necessary to maintain it constantly and to discharge the energy previously stored.

2.1.2. Modelling of the three-phase inverter

The three-phase inverter is a static device used to convert direct to alternating energy. It represents a
very essential element in the photovoltaic system injected energy to the grid. However, it influences the
waveform of injected currents through high total harmonic distortion but also on the overall efficiency
of the system through switching and conduction losses. Its mathematical model is defined by the
differential equations obtained through the application of the mesh law. These equations highlight the
relationship between the output voltages of the inverter (Uanc), injected currents (lanc), grid voltages (Eanc)
and filter components (R, L) as given in Eq. (2).

dl
Uabc =L ;tbc + RIabc + Eabc (2)

However, the Park transform remains necessary because output currents of the 3-PI are regulated using
linear techniques. This transformation makes it possible to simplify the three-phase model into a two-
phase model. The application of the latter gives as in Eq. (3).

di
—% } Rlgq + Eqq + Looly, (3)

U, =1L
dq dt

2.2. Approaches Used for System Control

With its classic nature, the PID controller has limitations in a PVS where the regulated systems depend
on weather conditions. Added to this is the limit on the experimental Ziegler-Nichols adjustment of the
corrector parameters when the studied system is slow. These problems direct the work towards other
techniques that will take into account or face unexpected changes in the regulated system. This idea
pushed us in this paper to use a method based on ANN to generate the optimal parameters of the PID
corrector according to the corrected error in order to improve the performance of the 3-PI. Thus, we will
present in this part the PID regulator based on ANN. This approach is proposed for regulating the BC
output voltage and the output currents of the 3-PlI.

2.2.1. Proportional-Integral-Derivative
The PID corrector is a linear regulator. It improves the stability and precision of a system. It remains a
regulator widely used in the industry despite the complication of certain systems. Its transfer function

(Ft) is defined as given in Eq. (4).

Skd
1+7s

Fi(s) =k, + % + 4)

2.2.2. Neural regulator (ANN-PID)

The neural regulator is the combination of the classical PID corrector and artificial neural networks
(ANN). The ANN, depending on the error to be corrected, determines the parameters of the PID. This
structure, represented in Fig 1, is generally made up of three types of layers: an input layer represented
by the neurons, which receive the initial information, an output layer, which represents the conclusions
obtained by the network, or the response to input signals, and hidden layers that represent the
intermediate layers between the input and output of the network.
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Figure 1. Structure of the neural PID.

Activation functions as sigmoid and hyperbolic tangent are respectively used to activate neurons in the
hidden layer and output layer. They are noted G(£) and H(£), and given as in Egs. (5,6). The sigmoid
function has the advantage of giving intermediate values unlike the threshold and linear functions which
return either to “0” or to “1”. It also has the advantage of being differentiable. Given the outputs of the
neural network must positive parameters, therefore the activation function of the output layer neurons
iS non-negative. This is how the tangent function is chosen. There are other activation functions such as
the ReLU function, which is generally used in convolutional neural networks or the Gaussian function.

1+e~¢
H(e) = %(1 + tanh ¢€) (6)

Starting from these functions, neurons in the hidden layer are obtained in Egs. (7,8). From these results,
the inputs and outputs of neurons of the output layer are calculated as in Egs. (9,10).

E, = Z I; Error (7
Sece = G(Eee) ®)
Fes= ) OpS ©
Ses = H(Ecs) (10)

A learning supervised algorithm is used to learn the neural network. With the cost or error function (F),
the algorithm adjusts synaptic weights (l;;) and (O;). Adjustment and error functions are respectively
given in Egs. (11,12).

F(p) = %(Ref (p) — Measure(p))? (11)
_ 9F (p)
wlp+1) —w(p)—yaw(p)+5F(p) (12)

With y and d are respectively the step of training and the inertia coefficient. The variable ® is synaptic
weights, which can take I;; or O;. The step summarizing the operating principle of ANN-PID is given
below and the overall control scheme of the system is given in Fig. 2.

Step 1 Initialization of l;i (o), Oij(0), n and a for the iteration p= 1,
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Step 2 Collect the measurement and reference value and calculate the error at iteration p
(F(0));

Step 3 Calculate the input and output of each neuron and obtain the PID parameter (K,
Kiand Kd);

Step 4 Calculate the PID output;

Step 5 Online learning: Adjust synaptic weights of neurons in the network through the back
propagation of gradient descent in order to ensure adaptive tuning. This step is made using
Eq. (12);

Step 6 if the fixed condition for the error is reached, the program is finished else one turns
over at the step 2 and pass to the iteration p+1.

Boost Three Phase
Converter Inverter
DC laAb.c
TCJL ‘ |
Ve ==
DC
DC link. voltage S abe POW
regulation loop Generation of U a.b.c ref
control signals abo = -
) 0dq
: Ug ret
I ab.c — abe I d.q+® T d.q| e :: # i
U_ab.c — Odq ;l LD o d_ref
I'hree phase inverter currents
regulation loop

Figure 2. Overall control scheme of the system

3. RESULTS AND DISCUSSIONS

To study the behavior of the proposed technique, simulations of the system illustrated in Fig. 2 are
carried out using the Matlab/Simulink environment. It has undergone climatic variations illustrated in
Fig. 3. These data are obtained through the experimental bench of the Higher Polytechnic School (HPS)
in Dakar. This school is located in the Dakar region of latitude and longitude respectively equal to 14°
41'37 " North and 17° 26'38" West.

T T T T T

—p S—T Solar Panel

<1000 f A ~
? ) !

¢ “ 23 R
| R
800+ "*—'\\M ¥

600 ; ! ; ; ’
0 0.5 l 15 2 25

Time (5)
Figure 3. The irradiation, temperature profiles and setup.
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The results of the carried out regulation of the DC link voltage are illustrated as in Fig. 4. These results
are obtained by the use of the neural and conventional PID. Vdceip and Vdcann-rio respectively are the

BC output voltage using the conventional PID and neural regulator, and Vdcref is the reference BC
output voltage.

‘_WCP]D - = -Vde, _Vd“,m.mn‘ 1

o

=

=
T

400

200

DC link voltage Vdc (W)

0 0.5 I 15 2 25 3
Time (s)
Figure 4. DC link voltage.

The curves of Fig. 4 justify the efficiency of the neural regulator, in comparison with the conventional
one, by a clear follow-up of the DC link voltage reference and a maximum overshoot (O) of 3.16 %. It
goes through a transient regime of one second before following its reference. Unlike the classic PID
regulator, the neural regulator proves its robustness to climate change.

The superiority of the neural technique over the classical one is also proven by a comparative study in
terms of errors (Root Mean Square Error (RMSE), Mean Absolute Percent Error (MAPE) and Mean
Absolute Error (MAE)), response time (Ry). These results are illustrated in the Table 1. This table shows
that the neural method presents better precision basing on the RMSE that allows taking account the

impacts of infrequent important errors contrary to MAPE and MAE. The system is precise, the smaller
is the RMSE.

Table 1. Comparative study on the DC link voltage.

Methods Ri () O(@®) RMSE  MAPE (%) MAE
PID 0550  74.86  3.35 0.42 0.0042
ANN-PID 0278  3.16 0.91 0.055 5.5 10

The output current regulation of the three-phase inverter is performed on the Park’s base. In other words,
a regulation of the active and reactive currents is made. The results obtained with the proposed technique
and the conventional one are presented as in Fig. 5 and 6.

10

1d Id
measure refd

Active current (5)

| ° 75 8 85
j 0.5 1 1.5

Time (s)

6.2
-+ (i)
5.8
5.6

0.2 0.3 0.4 0.5 225 23 235 24 245

Figure 5. Active current using PID

N
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The curves in Figs. 5,6 prove the effectiveness of the both techniques used. The neural regulator, despite
the long-time put in transient mode, keeps better robustness with respect to disturbances as shown in the
zoomed parts. In the absence of transient rapidity, the performance criteria proving the effectiveness of
the neuronal technique are given in Table 2. Like the Table 1, the Table 2 proves the precision of the
neural basing on the RMSE.

Table 2. Comparative study on the DC link voltage.

Methods RMSE  MAPE (%) MAE
PID 0.071 0.73 0.0073
ANN-PID 0.029 0.27 0.0027

Moreover, thanks to the inverse Park transformation, the sinusoidal currents injected to grid and obtained
by the neural regulator are illustrated in Fig. 7. These last underwent a study of total harmonic distortion
compared to that of the conventional regulator. The smaller the THD, the better is the signal quality.
These results, given as in Figs. 8 and 9, prove the quality of the injected energy and justify the superiority
of the proposed technique on the classical method.

20

10

-10

Injected currents (A)

-20

[
=
L
")

0 0.5 1 1.5
Time (s)

220 L s
0.9 0.92 0.94 0.96 098 1

Figure 7. Injected currents using ANN-PID.
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Fundamental (50Hz)=8.295, THD= 2.18%

2 =2 2
= = o =
. . .

\_
=
[

Mag (%0 of Fundamental)

0 200

=

I |||| | ||I||,.‘|.I‘I
400

600 800 1000
Frequency (Hz)
Figure 8. Currents THD using PID.
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Figure 9. Currents THD using ANN-PID.
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Operation at unit power factor can be justified by keeping the reactive current at zero but also by the zero
dephasing between the corresponding injected currents and grid voltages. This last criterion is used and
is shown in Fig. 10. This phenomenon explains the single injection of the active power to the grid.
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Figure 10. I phase current and grid voltage using ANN-PID.
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4. CONCLUSION

This paper has been devoted to the design and implementation of a robust corrector to improve
penetrations of the PV energy to the grid. For this, a PID controller based on ANN is proposed for the
regulation of the BC output voltage and the output currents of the 3-PI in referential direct and quadratic
(dg). The purpose of this regulation is to ensure a flexible injection of PV energy to the grid. System
simulation results have proven the efficiency and robustness of the ANN-PID corrector in the regulation
voltage. The proposed method ensures an overshoot of 3.16% against 74.86% of conventional PID. In
addition, the injected currents have a sinusoidal form with a current THD of 0.96% with the ANN-PID
corrector compared to the classic PID corrector which gives 2.18%.

However, to make the THD almost perfect, the future works is the use of ANN based on genetic algorithm
technics of controlling currents of the 3-Pl. An experimental validation of the obtained results is also
envisaged on dSPACE.
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