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Abstract—Maximum power point tracking is a key asset to
ensure an efficient energy conversion when a photovoltaic
power source is involved. In this work, a novel approach
combining a Neural-Network based tracking technique with an
highly efficient algorithm for non-inverting buck-boost DC-DC
converter (NIBB) control is proposed. The approach is validated
through comparison against the well-known P&O algorithm,
resulting superior both in terms of identifying the correct
operating point for the PV device, and in terms of dynamic
stability of the converter.
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1. INTRODUCTION

Reliance on photovoltaic (PV) devices as power-supply is
found at all different scales, from small applications such as
stand-alone electronics equipment, to power-grid injection by
means of inverters. Still, the non-linear nature of the PV
device, and the strong influence that environmental quantities
such as irradiance (G) and temperature (T) have on its
electrical characteristics, require DC-DC conversion stages
with advanced control algorithms for Maximum Power Point
Tracking (MPPT). The goal of an MPPT algorithm is to
determine the optimal operating point for the PV device where
the delivered power form the device to the load is maximum.

The MPPT converter is, in general, directly interfaced with
the DC-DC converter, since the equivalent load seen from the
PV device (responsible for the load-line and the operating
point) is a function of the DC-DC duty cycle. A very common
MPPT algorithm that is found in several commercial DC-DC
converters for PV application is the P&O. This algorithm
perturbs the operating point of the PV device and measures
the variation in the delivered power. From this perturbation,
the optimal direction of variation (increasing or decreasing the
duty-cycle) is determined. The P&O is very popular for its
simplicity of implementation without any a-priori knowledge
of the PV device itself. However, it lacks in convergence
speed and stability when large transients are involved. The
approach proposed in this work make use of a suitably trained
Artificial Neural Network (ANN) to determine the optimal
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operating point of the PV device. The ANN is trained using a
dataset obtained by the well-known Single-Diode Model for
silicon PV devices. Once the optimal operating point is found,
the optimal value for the converter duty cycle must be reached.
This operation is performed by means of a very efficient
controller adaptive backstepping (4BSC), the basic idea of this
later is used to design stable controls with a recursive
methodology. It must stabilize the origin of a system by means
of closed loop control laws and using Lyapunov functions to
ensure the stability of the system [1-4].

The neural MPPT estimator along with the adaptive
backstepping controller (ABSC) create a Neural DC-DC
controller that can quickly and accurately tune the duty-cycle
to ensure optimal delivered power even in presence of rapidly
and slowly changing environmental conditions.

The approach is validated in Simulink environment on a
simple Non-Inverting Buck-Boost (NIBB) converter
topology[5-6] with a PV power source and a resistive load.
The environmental conditions of irradiance and temperature
on the PV device are considered in different scenarios, either
constant, slowly changing or abruptly changing. The accuracy
of the controller is compared against a classic controller found
in commercial devices composed by a P&O MPPT and a
simple PI (Proportional-Integral) controller, P&O/ABSC and
ANN/PI.

The paper will be structured as follows. In the second
section, the neural MPPT approach will be described in detail,
with insight on the ANN architecture, dataset creation and
training. In the third section, the ABSC algorithm will be
discussed, with special focus on the practical implementation
for PV devices. In the fourth section, the Simulink comparison
versus the classic P&O/PI controller, ANN/PI and
P&O/ABSC will be presented. Conclusions and final remarks
will close the paper.

II. A NEURAL APPROACH FOR MPPT

Solving a control problem with the aid of an ANN is, in
general, a task involving three steps. The first one is, given the
system to be controlled, to identify the desired quantity to be
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estimated by the ANN, and all the input variables required to
estimate it, thus defining the functional relationship between
input and output. The second one is to create, through the use
of an equivalent model, a very large dataset where the
quantities are arranged in terms of input samples and output
samples. The third step is the creation and training of the ANN
on the previously created dataset, eventually saving some
samples for an independent validation check. For the first step,
the quantity to be estimated is the optimal operating point for
the PV device. Although this operating point is defined by a
current (imp) and a voltage (vup), only one is a necessary
quantity for a DC-DC controller. In this approach, only the
optimal voltage is going to be estimated by the ANN. Several
approaches use different candidate inputs (mostly related to
climatic conditions) to estimate the vimp, however, a successful
methodology, previously used [7], involves the measurement
of the actual (i.e. non-optimal) operating point of the PV
device (Vpy, ipv) , and its temperature (T). Thus, the functional
relationship to be learnt by the ANN is the following

Vmp =f (VPV ’ IPV ’ T) (1)

For the second step, a dataset of triplets (v, iy, 7) and the
relative vmp, must be created. The dataset must be
representative of the system, and for this reason, it must be
acquired in all the possible (and sensible) conditions for the
PV device. A set of Ng = 15 irradiance values between
100W/m2 and Nr = 15 temperatures between 263.15K and
365K. Each individual combination Ng-Nr is used to create an
I-V curve of the PV device by means of the One-Diode model,
extracting the vi,p optimal voltage. The parameters of the One-
Diode model were obtained through model identification from
BP MSX 120 and are reported in Tab. I, where Ry is the series
resistance, Ry is the shunt resistance, /- is the photocurrent,
1, is the diode reverse saturation current, and » is the diode
ideality factor.

TABLE L DIODE MODEL PARAMETERS
Parameter Symbol Values
Series Resistance Rg 0.433 Q
Shunt Resistance Rsy 4154 Q
Reverse Saturation Current 1, 3.870 A
Photocurrent Ly 9.65x10% A
Ideality Factor n 1.3
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Fig. 1. Portion of the dataset for the training of the ANN. First three plots
in black show the input data (vyy, ipy, T). Last plot in red shows the output
data Vi,

Non-Inverting
Buck-Boost
Converter

. DUTY-CYCLE

Loy "‘ :

> Adaptive

Vinp Regulator

e > Neural MPPT
e SGRICe LS LLELEEES > J

Fig. 2. Connection scheme for the Neural MPPT estimator. Circles
represent sensors for temperature, current and voltage of the PV panel.

Considering Ns = 1000 points per I-V curve, the dataset
size used for the training is composed of NgxXNxNg=225000
input-output samples. The portion of the dataset is shown in
Fig. 1. An additional, smaller dataset, of 10000 samples, was
created for independent validation.

For the third step, this problem was already solved
successfully in previous works using a single-layer feed-
forward architecture. The network was sized according to an
empiric procedure based on a comparison between the training
error on different datasets and the number of neurons in the
hidden layer. The optimal number of neurons found for the
network is 10, with a mean-square-error at the end of the
training procedure lower than 107,

The ANN MPPT estimator connection scheme with is
shown in Fig. 2.
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ITI. NON-INVERTING BUCK-BOOST ADAPTIVE BACKSTEPPING
CONTROLLER

To obtain the optimal reference voltage, the ANN is used
to extract the condition of maximum delivered energy from
the photovoltaic generator. On the other hand, a non-linear
adaptive backstepping aims to track this reference voltage of
the photovoltaic generator by controlling the duty cycle u of
the NIBB power converter.

This proposed control is based on the fact that the
inductance L and capacitor C; of the NIBB converter are either
unknown or have variations. Therefore, this control may be
used for NIBB converters regardless of the parameter values,
due to its learning capability to solve the model uncertainty
through online estimation of the unknown or changeable
parameters. The dynamic model of the NIBB converter in
term of duty cycle “‘u’’ is given by using the averaging
method presented in [5-6], and that appears in equation (2)

. : 1 1

X =Vpp ZE'IPV _Eﬂxz

Xy =1, =—@xy+Du.(x +x5) )
. X, X3 X,

X, = = PR——

375 =0, Tre, “e,

Where 8 = C, @= 1/L, and it is also important to take in
consideration that the parameter y=1/C; used to facilitate the
calculations. So, the calculation of the control law must be
done in several steps while ensuring stability.

Step 1: Find, a virtual control law

To be able start the controller design it is necessary to
define the error signal, which is defined as the difference
between the actual voltage Vpy and the voltage reference

€ =X =X 3)

where x; . is the voltage reference produced by the ANN
algorithm. Assuming convergence of the voltage error (e; =
0), we can achieve in a simple manner the desired result.
Using equations (3), the tracking error derivative is written as
follows

1

. 1 .
e :g'[PV _;ﬂ-xz TX ref 4)

The following Lyapunov function is considered by

®)

Vl =E€1

To wverify and assure the asymptotic stability, the
Lyapunov function must be positive ¥1>0 and its derivative
with respect to time must be negative V<0 definite. Taking
the time derivative of equation (5), we get

Vi=eé, (6)

. 1 1 .
Vi ZEI(ZJPV —Eﬂ—xz =X rer ] (7

From the derivative of Lyapunov function, V7 is negative if

1

1
—dpy —— X, =X, =K, € 8
g P Hﬂ 27X ref 1€ (3)

At this point, we can defined and write the virtual control law
(the function of stabilization) as follows

1 .
X, :ﬂ:;(IPV —0x |,y +0K, ) )

Using the values of x2 from (9), Eq. (6) becomes
Vi=-Kel (10)

The derivative of V; is definitively negative if K; is
positive, moreover, equation (6) must be satisfied. Therefore,
the asymptotic stability of the system given by equation (2) in
origin is reached.

Step 2: Find u, the original control input

The second error variable, which represent the difference
between the state variable x; = I; and its desired value
X2 ref=P, is defined by

e, =x,-f8 (11)
By Differentiating (11), Equation (4) becomes
. e
6 =K e ~2u (12)

The derivative of ez can be defined as follows

é,=x,-f (13)
Therefore,

: Kle, 6
€, =—Dx;+ @ (x +x3)+K e, +u—%

L ) £
_Iﬂ+6%——r¢f+M+£ﬂ
u u uou

To ensure the asymptotic stability and the convergence of
the errors (e;, e2 )= (0,0), a composite Lyapunov function V;
is defined whose time derivative must be negative and definite
for all the values of x; and x, [8-9].

Ve =V, +%e§ (15)

The derivative of V; is

Vi=—K e} +e, [e-z -4 yj (16)
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To ensure that the value V, negative, it is necessary to verify

. e
ez_gl-ﬂz_Kzez (18)

from equation (18) we can get
(s . .
H =E[€Klel —0K (e ~uK e, — 1K ey +1py )
+i(<i),,u.x3—<i>,uz.(x 1+x3)—éeref —é.fLWf +e—l,u2j
p ¢ (19)

where p=[0,1], ¥, @and ® are the estimated parameters.
The errors are described (20).

Y=Yy
0=6+6 (20)
O=b+d

Now, replacing (20) in (17), yields (21) after some
algebraic manipulations and replacing the estimation
parameters by the errors.

Vt=-K,ef —K,e; —®xye,+p.(x 1+x;) De, — 5 4P

2, . L X, oo = X\ or =
+ Kie Oe, — K Oe, + Lref Oey+ L Oe,
H H H H (21)

Different Lyapunov functions must be defined so as to

achieve parameter adaptation laws for 4’3 0 and W

v, - L
28
v, =g (22)
2A
1 &2
Vi=—W
2T

where {, A and T, are constants and positive.

Finally, the global Lyapunov function is shown in (23).
Vg =V, +V3+V 4, +V (23)
The derivative of Vg is
Vg =—K ef —-K,e3
+[—x3z2 +u(x +xy)e, —é&)ji (24)
+[—€1ﬁz-#—%‘i’]‘i’

K2 X\ e 2~
M DL N L4la
u U A

Thus, in order to make the state vector vanish asymptotically,
the terms with the estimation parameters must be cancelled.

&= éf[—x3 +u(x x g )]e2
P =T [—e e,.4] (25)

é=A[Klzel X or }%

IV. SIMULATION RESULTS

Numerical simulation of the photovoltaic chain shown in
Fig. 2 is developed and implemented in MATLAB Simulink®
environment. The photovoltaic array considered in this work
consists of one PV panel. The parameters of this later, the
NIBB chopper and the ABSC are indicated in Table II.
Concerning the NIBB converter, all the components are
assumed ideal at first instance. The parasitic resistance of the
passive components is taken into account in the simulation as
it can influence the system performance [10-11].

Parameters Values
Maximum power (Pyyp) 120 W
Open circuit voltage (Voc) 421V
Short circuit current (Zsc) 387A
PV panel Voltage at Parax (Vagpp) 337V
Current at Puax (Iygpp) 3.56 A
Number of cells connected in series (Ns) 72
Number of cells connected in parallel (Np) 1
Input capacitor  C; 2200 pF
Parasitic resistance of Input Capacitor r¢, 0.05Q
Output capacitor C, 1100 pF
NIBB .. . .
converter Parasitic resistance of Input Capacitor r¢; 0.05Q
Inductor L 10 mH
Inductor Parasitic resistance r; 0.05Q
Load R 50Q
ABSC K; 7e3
controller K, 100

The studied system is tested firstly, under gradual and
sudden change in solar irradiation as shown in Fig. 3 and a
fixed temperature of 7=25 -C.

As shown by the simulations, during the variation of each
irradiance level, the proposed ANN/ABSC tracks successfully
the reference voltage Vpyr as shown in Fig.4. The
performance of the proposed controller is then confirmed.

Fig. 5. Illustrates the results obtained for the overall power
of the photovoltaic generator with the proposed control
ANN/ABSC and compared with the classical ANN/PI
controller. It can be observed that the proposed controller has
a very high performance at any level of irradiation changes
and the controller performed well.

Fig.5. shows the convergence of the error signal e; to zero
below the sudden and gradual irradiance variations.

In this second test, the irradiation level is permanently
fixed at G = 1 kW/m? and the temperature is change as shown
in Fig.7 . The profile starts at a value of 25°C; during the first
time interval [0.5 — 1] sec, the temperature gradually increases
from 25°C to 65°C. Then, four consecutive step changes are
made: (65-35), (35-45), (45-35) and (35-65) °C. Finally, the
level of temperature gradually decreases from 65 to 25 °C.
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Fig. 3. Solar Irradiance profile.
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Fig. 4. Simulated PV voltage with ANN/ABSC and ANN/PI methods.
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Fig. 5. Simulated PV power with ANN/ABSC (black) and ANN/PI (red)
methods for different values of solar irradiation.
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Fig. 6. Error signal e, under varying irradiance .

From photovoltaic array curves, the performance of the
proposed control ANN/ABSC is again confirmed with good
tracking to Vpy.f, as shown in Fig. 8. Thus, power Ppy
achieves the MPPT at the same time as shown at Fig.9.
Moreover, one can deduce that the proposed ANN/ABSC
presents a good transition response, and a very fast system
reaction against set point change.

Fig. 10 shows the convergence of the error signal e; to a
null value under the variation of temperature, with a low
fluctuation.

0 0.5 1 1.5 5 3 3.5 4 4.5

. Time[s] .

Fig. 7. Temperature profile.
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Fig. 8. Tracking of Vpy for different levels of temperature
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Fig. 9. Power of PV array with ANN/ABSC ((black) and ANN/PI (red)
methods for different levels of temperature
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Fig. 10. Error signal el under varying temperature .

To show the performance of the proposed MPPT
(ANN/ABSC), results obtained in this paper are compared with
those achievable by the classical P&O/PI controller and
P&O/ABSC. The comparison is based on simulations using
the same temperature and irradiation changes than those used
in previous results for the ANN/ABCS and ANN/PI. Also
sampling time and PWM frequency are the same levels.
Fig.11 and 12 shows the dynamic response of PV power for
the conventional P&O/PI, P&O/ABSC and proposed MPPT

ANN/ABSC techniques controller respectively. Firstly, we
consider the irradiation level and temperature levels is
suddenly .
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Fig. 11. PV power: conventional P&O/PI (red), P&O/ABSC (bleu) and
proposed ANN/ABSC (black) under sudenly irrdiation change.
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Fig. 12. PV power waveforms for: conventional P&O (black), P&O/PI (red)
and proposed P&O/AIDSM (blue) under sudenly temperature change.

The Ppy power with conventional methods fluctuates
around the reference Ppy..r , while for the proposed
ANN/ABSC, the Ppy v tracks accurately its reference in a much
narrower voltage range. Moreover, the ANN/ABSC reaches the
MPP more rapidly than the P&O/PI and P&O/ABSC, and also,
during the variation of environmental condition levels, the
proposed controller (ANN/ABSC) results provides more
valuable in terms of a lower maximum overshoots, response
time and oscillations are very low if compared with the
classical methods.

V. CONCLUSIONS

An efficient approach for a fast and reliable MPPT
controller in PV applications was proposed. The approach is
based on the combination of a neural-based estimator for the
optimal operating point of the PV device with an adaptive
algorithm for duty-cycle control. The approach was compared
against a standard approach composed by a simple PI
controller driven by a Perturb & Observe search algorithm,
which is found in different variations for several field-related
applications [12-14]. Both approaches were implemented in
Simulink environment along with a NIBB converter to
validate their capabilities in a real dynamic simulation,
considering rapidly varying conditions of irradiance and
temperature. The comparison shows that the proposed
approach features quicker convergence, smaller oscillations
around the optimal point, and is less prone to instabilities and
overshoot in case of large transients. The practical
implementation of the control approach proposed, coupled
with the computational simplicity of the ANN used, makes
this approach suitable for high-performance implementation
on microcontrollers and FPGA units [15-18].
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