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Abstract This paper discusses the possibility of using adaptive signal processing tech-
niques for maximum power point tracking controllers, in order to extract peak power
from individual photovoltaic modules. A new technique grounded on unsupervised
Hebbian learning theory (maximum eigenvector of the output power) is presented,
which works on-online and is capable of operating without a desired response. Impor-
tant modifications were made to the generic Hebbian adaptation to accommodate the
intrinsic feedback loop between the controller and the plant. Analytic derivation of the
new update rule is presented, as well as stability analysis by means of Lyapunov the-
ory. Simulation results showing its effectiveness are presented, as well as experimental
results.

Keywords Adaptive maximum power point tracking - MPPT - Hebbian learning -
PV optimization

1 Introduction

The solar module current—voltage (IV) characteristic is nonlinear, and the maximum
power extracted relies on various factors such as insolation, temperature and load
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Fig. 1 Typical IV curve of a generic PV module. The corresponding power curve is shown in a strong
dashed curve (note that the vertical scaling is different than that used in IV curve)

impedance. Therefore, there is a unique IV point, called the maximum power point
(MPP), at which the PV system operates with maximum power, maximizing the
produced energy, as shown in Fig. 1. To locate this optimum point, several MPPT
techniques are used, following two approaches: indirect and direct methods. Indirect
methods require the measurement of several variables such as voltage, current and/or
environmental conditions, which are then fitted into an IV curve that has been modeled
off-line [4, 10], or compared with IV values stored in the control system under concrete
climatological conditions [6]. However, to obtain a reasonable MPP approximation,
accurate knowledge of the PV physical parameters is required, large memory capacity
is necessary, and therefore, the computational demands are significantly high. Other
indirect methods assume that the IV characteristic is linear within a specific range, so
by measuring either the open-circuit voltage or the short-circuit current, the MPP is
given as aratio of one of these measurements [1,8]. Nevertheless, the system operation
needs to be interrupted to make such measurements, yielding significant power losses.
In general, indirect methods do not guarantee the optimum point and require previous
knowledge of the PV characteristics.

Direct methods seek the MPP by taking into account the operating point variations,
hill climbing the power curve, through time. Therefore, the search for the optimal point
is made without previous knowledge of the panel or its environmental conditions.
One of the most utilized techniques is the Perturb and Observe (P&O) method [5,
7,11,17], which periodically perturbs the terminal voltage and then moves it in the
direction of the rate of change of power by a fixed and predetermined step. This iterative
process reaches MPP when the rate of change is zero. A disadvantage of this method
is that when a sudden increase of irradiance occurs, the algorithm assumes that the
cause results from a previous perturbation and not from the characteristic change. The
incremental conductance (IncCond) method [19] solves this problem by computing
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the ratio between a change in current and voltage measurements. This ratio indicates
then the direction of change in conductance, which is incremented (or decremented)
with a predetermined step. Some more methods and variations of these exist, and the
most recent ones make use of fuzzy logic and neural networks [2,3,13]. However,
all of these methods measure at least two variables: the output current and voltage
to compute the actual power. Some authors have also proposed a model where the
current is the sole variable needed to reach the MPP, but this model can only be used
for battery charging applications, since the converter output voltage is approximately
fixed [14]. Comprehensive surveys can be found in [7, 16].

In general, all methods seek the optimum impedance “seen” from the PV terminals.
These are connected to DC/DC power converters, which transfer power to a load. In
order to change the impedance, the duty cycle of DC/DC power converters is varied to
match, on average, the desired input impedance. This paper approaches this problem
in an adaptive and scalable control perspective, where the learning system receives
the plant state, x, and computes the new weight, w, which is connected to the external
environment (the PV module) in closed loop, with the goal of maximizing the output
power (Hebbian cost function). This way, the learning system is configured to optimize
a criterion function that relates x and w, which is continuously differentiable and
bounded. In the particular MPPT problem, it is evident that the cost function should
follow the same shape as the actual PVs power curve and that the global maxima of both
functions must coincide. Although the output signal y is computed, it is not directly
used to control the plant. Yet, it is used by the weight adaptation, as in conventional
Hebbian Learning. This feedback configuration, shown in Fig. 2, is unconventional
in adaptive filtering applications, specifically the direct use of the weight as a control
signal. Young and Poon [23] proposed a similar optimal control setup, using the an
Hebbian type of covariance feedback learning scheme. Nonetheless, their approach
effectively uses the learning system output y as a control signal.

This paper is organized as follows. Next section introduces some basic notions of
the classic Hebbian Learning rule, and the possibility of using it to perform MPPT is
discussed. Then, this rule is extended to optimize generic systems with weight feed-
back, presenting a generic modified Hebbian rule. Also, in this section, the particular
learning rule to maximize the delivered power of PV modules is derived, as well as
how to interface the adaptive system with the physical system—a PV panel controlled
with an individual DC/DC converter. The final part of this section presents a stability
analysis of the developed algorithm, proofing that it is globally stable using Lya-
punov Theory. In Sect. 3, it is shown through computer simulations that the proposed
controller is effectively able to optimize the power delivered by a PV module, in a
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robust fashion, even when abrupt changes (step) occur in its characteristic. Experi-
mental results, presented in Sect. 4, confirm our expected results for a real PV module.
Finally, Sect. 5 discusses the advantages of the method as well as comparison between
simulation and experimental results.

2 Controller Architecture
2.1 Hebbian Theory Applied to MPPT

The Hebbian rule maximizes the output variance of a linear processing unit—FE [yz],
assuming y is zero mean, by altering the weights (w;) [17], as shown in Fig. 3. The
output is simply a linear combination of one or more inputs (x;) and the weights
(w;j), where i is the weight and input indexes. After convergence, the weight vector
is aligned with the direction of the largest eigenvector of the input correlation matrix
[12].

The update rule can easily be obtained by taking the derivative of E [y?], as shown
in (1), where the expectation E[. | operator was dropped, because here we will be
seeking a stochastic gradient approach. The direction of change should follow this
gradient (increasing direction), which is the same as the formal rule represented in (2)
(the scalar 2 is embedded in the step size constant 7, controlled by the user).

ay> 9
o2 (x2u)2) =2wx? = 2xy (D
Jw ow
Aw; = nx;y (2

In practical applications, some form of normalization or nonlinearity must be used
to stabilize the weights, otherwise they grow without bounds [9]. If a single input is
considered, the output simply becomes y = wx. If one assigns to x, the square of the
PV’s measured voltage V), and the electrical conductance to w, this model is in fact
optimizing the PV’s delivered power, vazw. Hence, the objective function is defined
as:

J = (x-w)? 3)

Therefore, two systems must be considered: (1) the adaptive system that receives the
present voltage measurement and, given the previously determined weight, estimates
the output power of the panel; (2) the physical system that receives some input from
the adaptive system and changes the panel operating point. One can easily conclude
that such input should be the equivalent electrical conductance (or load) at the PV
terminals. In this way, the controller is able to shift the actual PV state (IV point) to a
different and more appropriate state. This effect is shown in Fig. 1, where two different
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conductances place the PV at different operation points, therefore generating more (or
less) power.

2.2 Recurrent Hebbian Learning Rule

Unfortunately, the simple generic Hebbian update rule shown in (2) cannot be used
in this scenario as it is focused on feed-forward networks, where no feedback exists,
i.e., normally the input signal x is independent of the adaptive system. In the proposed
method, x is also a function of w, since a different conductance implies a different IV
point, related with the particular PV characteristic. Therefore, this interaction must
be taken into account in the update rule. Moreover, the cost function (J) must have
a global maximum with respect to w, and its global maximum must satisfy w* such
that p (w*) is the maximum power point (being w* the optimum conductance, and
p (w*) the maximum power). This system architecture is depicted in Fig. 4. It is
important to note that this configuration still follows the same concept of linear adaptive
models, where the weights work as “knobs” to optimize a certain criterion function.
Furthermore, the weights are naturally bounded (if convergence is assured) by the
plant nonlinearity, avoiding normalization procedures such as Oja’s rule [18].
Under these circumstances, the objective function to be maximized is as shown in
(4):
J=J(xw), w) “)

The rate of change of the objective function, with respect to w, yields the update
rule for the PV system. Thus, J is differentiated with respect to w:

d/  9Jdx dJ

— 5
dw 8xdw+8w )

Since for our problem, the objective function is still defined as the output power
J = y?, substituting in (5) yields

=2w —x(w) + 2w(x (w))2 (6)

dJ o dx(w)
dw dw

The weight is therefore updated proportionally to this gradient, yielding

Wyl < Wy + 0 [XpYn + Wpynd,] @)
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where y, = x,w,,nistheiteration step, g—; was replaced by d,,, a small proportionality

constant n was included for step-size control, and the 2 scalar was aggregated in it.
Note that the role of the adaptive system output (y) is now to provide an estimate of
the current delivered power. This rule effectively maximizes the power delivered by an
individual PV module, providing an on-line system identification method, although not
complete identification is carried out, since it is not necessary. Through this gradient
approach, the power curve is climbed with a variable step size so, as the MPP is being
reached the step size is reduced. This way, 1 should be chosen so that a good trade-
off exists between the speed of adaptation and steady-state oscillations (rattling). Its
resulting expression resembles the conventional Hebbian rule shown in (2), with the
addition of the plant feedback (reflected by the d, derivative). The adaptation ends
when these two terms cancel each other, reaching the MPP. This derivative can be
approximated through temporal differences of x and w, as

Xn — Xn—1

d, = 22l @®)

Wp — Wp—1

The derivative estimation is of major importance, especially because when the
algorithm reaches the optimum conductance w*, its value is nonzero. In fact, by
making (w, — wp—1) = 01in (7) yields:

x*

d* = —— ©)

w*

where d*, x* and w* refer to the optimum values for the respective variables. Here,
we apply smooth derivative operators, as follows:

x(t) — [l px(@)dt
w(®) — [/ pw()de

dt) = (10)

where T is the period of this moving average filter.

2.3 Stability Analysis

The update rule just derived can be written in terms of the time derivative of w, as
follows:

W= f(w) (11)

where (:) refers to the time derivate of the respective variable and

fw) =~ —~— (12)

where T is the sampling step of the controller (note that when T — 0, this approxima-
tion becomes exact). Also, note that the dynamics of an hypothetical DC/DC converter
attached to the PV module are neglected. We are now ready to prove asymptotic con-
vergence.
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Theorem 1 The autonomous system in (11) is globally stable around a nominal
motion—the optimum power point.

The proof will be conducted through the Lyapunov direct method, by transforming
it as a stability problem around the origin of the equivalent system.

Proof Let the error between the optimum conductance w* and the present one be
defined as e(¢) = w(¢) —w*. Therefore, the goal is to study the following autonomous
system with respect to the origin:

e=g(e)
= o)~ f () 13

Let V (e) be a Lyapunov candidate function for this system. It will now be shown
that the conditions for global stability are satisfied for that function, thus proving
global stability of the system. In other words, V (e) is a positive-definite function and
V (e) is negative-definite function for the given system. Let such function be defined
as:

T,
Vie) = —e (14)
4n

This function is positive definite. Note that it was considered that T is to be small
enough to make both sides of Eq. (12) equal. Taking its derivative with respect to time,
one obtains:

V(e) = o-eé
e) = Znee
= e (f ()~ f ()
= Zne w e w
5 5 dx
=el|[x(w)w+ wx(w)—(w) -0 (15)
dw w=w*+e
The terms of this equation can be aggregated into:
. d
Vie) = (ex(w)wM) (16)
dw w=w*+e

For an easier reading, consider the three terms of the equation: the e factor, x (w)w
and C”L’z))w] all evaluated at w = w* + e. The second term is a translated version of
the power curve in the e domain by w*, i.e., y(w* + e). It is always positive within
the domain of interest, i.e., Ve > —w™ (note that for e < —w®, the w value becomes
negative, which will never occur because w always acts as a passive resistor load).
The third term is the derivative of the power (y) with respect to w evaluated at w* +e,
and hence, its value is zero when e = 0. One can study how such function behaves, by
looking at the y(w) function. Note that, when w = 0, the PV operates in open circuit,
and hence, the delivered power is zero. Conversely, if w = oo, the PV operates in
short circuit, also delivering zero power. In the ¢ domain, these two values correspond
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Fig. 5 Current—voltage curve and respective power voltage of the simulated PV module used to compare
the developed method with the P&O method. The dashed curves correspond to the same PV module but
when the irradiance has been reduced to half

to e = —w™* and e = oo, respectively. For ¢ = 0, its value is maximum; therefore
when e € [—w*, O[, the corresponding derivative is positive and when e € ]0, ool, the
derivative is negative. This observation provides a sufficient proof of stability, since
we have shown that: 1) when e € [—w*, 0[ all terms in V(e) are positive, but the e
factor implies that this equation takes a negative value; 2) when e € ]0, ool, all terms
are positive expect for the third one yielding a negative function; 3) V (0) = 0. O

The main conclusion of this proof is that, provided that the g—x derivative (imple-

mented using Eq. (8)) is properly estimated, the controller is able to “force” the con-
nected PV module to operate at its MPP.

3 Simulations

In order to test the effectiveness of the proposed technique, the system was modeled
in the MATLAB/Simulink environment so that different scenarios could be tested.
In order to effectively impose the conductance computed by the adaptive controller,
some sort of interface system must be employed between the adaptive system and
the DC/DC converter, translating the conductance value into an equivalent duty-cycle
value. Assuming an ideal converter, this could be done by using the known input/output
resistance relations for this type of converter. However, the output load would have to
be known, which in most practical situations is unknown. To address this problem, a PI
controller was introduced to adjust the duty cycle based on the error signal determined
between the input resistance returned by the controller and the actual input resistance.
Two sets of simulation tests were conducted. In the first scenario, the algorithm was
compared with the P&O and IncCond methods, since they are perhaps the most fre-
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quently found algorithms in literature. The controlling variable in these two algorithms
is the voltage value, which is later fed into a PI controller, imposing it at the PV termi-
nals. Conceptually, the controllers’ procedure is similar to the developed algorithm,
i.e., a new value of an electric variable is computed and a PI controller adjusts the
duty cycle, so that the present and the desired values match. To achieve proper perfor-
mance comparison, the system to be optimized was kept exactly the same throughout
the various simulations. The simulated PV module was based on the one-diode model,
whose characteristic curve is as shown in Fig. 5 (represented by the solid curves) and
the system setup comprised the following characteristics: an MPPT update rate of
100ms, a digital PI controller updated every 50 ms and a digital first-order low-pass
filter running at 125kHz, applied using:

ylnl = y[n — 11+ a(x[n] — y[n — 1)) 7)

where y[n] is the output of the filter, x[n] is the input and « is the smoothing factor, set
to 0.1. It was applied to voltage, current and power signals, and the impedance value
was further calculated throughout time. The relatively slow update rates of the different
blocks are related to the relativity long time constant of the boost DC/DC converter,
which had the following characteristic values: L = 600uH, C = 1.080 mF, being
operated by a resistive load of value R = 140%. It should be noted that the update
rates were selected, so that they are large enough when compared to the relatively long
time constant of the converter, thus neglecting the converter dynamics.

Regarding the derivative estimation in Eq. (8), the discrete version of the expression
in Eq. (10) was used with a window of size 4 (T = 400ms in the continuous version),
followed by a saturation block. It avoids the high-frequency components present at
the panel voltage, consequent of the converter switching, and also the spikes and large
variations on the derivative estimate (d,;). A good choice for the upper and lower limits
of this saturation function can be obtained using Eq. (9) as follows. It was assumed that
in a real application, the optimum values (x* and w*) are not exactly known. Yet, one
can easily obtain an ¢ value that bounds it, such that & > |d*|. A proper estimate can be
accomplished by using the open-circuit voltage squared as x* in nominal conditions
(assumed known a-priori) and a moderately high value for the optimum conductance
(w*). In the simulation results, & was set to 5 x 10*, which is considerably higher
than the optimum value for this PV (d* = —1.7 x 10*). The block diagram shown in
Fig. 6 represents a simplified schematic of this setup.

In order to effectively compare the performance of both controllers, the step sizes
were set so that the time constant of adaptation is approximately the same. Therefore,
all were initialized with an input impedance of 100 €2, and the AV value was set to
1.5V for the P&O and IncCond algorithms. Regarding the developed algorithm, the
step size (17) was set to 4.7 x 107°, leading to a convergence time of approximately
0.4 s for all the three algorithms.

Figure 7 shows the simulation results when the P&O algorithm was used; (a) shows
the power extracted over time, while (b) displays the resistance and duty cycle, in blue
and green, respectively. The optimum power and resistance values are shown in a
horizontal, dashed red line for both plots.

Figure 8 shows analogous results, but now when the IncCond method was applied.
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Fig. 6 Block diagram of the whole system

Finally, Fig. 9 shows the obtained results when the developed algorithm is applied
to the same system. One thing that becomes immediately clear after comparison is the
much smaller ripple present in steady state, for the same settling time of the algorithm.
This effect is clearer in the resistance plot (note that both plots are in the same scale).
This leads to a decrease on the average power extracted from the PV module.

The second test aimed at validating the designed algorithm against abrupt changes
in the environment. A step change has been simulated in the irradiance, leading to
a new IV characteristic for the attached module, which is shown in the dashed lines
of Fig. 5. Here, the irradiance has been reduced to half, implying that the maximum
extractable power is half of the nominal. Figure 10 shows the simulation results for this
scenario (note that the step change occurred at = 1.5s). As expected, the algorithm
is perfectly capable of tracking such change.

The most significant result from this section is that the proposed algorithm is effec-
tively able to deliver, on average, more power than two of the most commonly found
algorithms in the literature, P&O and IncCond. The benchmarking scenario resulted
in the following average power extracted: 47.01W for P&O, 46.69W for IncCond and
47.67W for the presented algorithm, representing around 2% less power extraction
when compared to the proposed algorithm.

4 Experimental Results

In order to confirm the results obtained during simulations, a simple prototype of the
system was built. It comprises a dedicated DC/DC boost converter whose characteris-
tics are exactly the same as those used in simulations. It was specially designed for this
purpose, similar to the one represented in Fig. 6, controlled by the algorithm that is
run by a PC application interfacing via RS232 port. Figure 11 shows this experimental
implementation.
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Fig. 11 DC/DC boost prototype
built in your experiments

The data are collected by an ATMEL Atmega8 microcontroller, which simultane-
ously reads the electric signals through its internal 8 bit ADC at a sampling rate of
F; = 125kHz. It also generates a 100 kHz rectangular wave, with variable duty cycle,
to control the DC/DC switch (connected to a driver circuit that controls the MOSFET
gate), as in simulations. On the PC side, a dedicated application was developed on
the Lazarus Free-Pascal IDE environment that receives the electric measurements and
implements the adaptation algorithm. A simple digital first-order low-pass digital fil-
ter was also applied with exactly the same characteristics of that used in the previous
section.

A PI controller block is also implemented at this level, for the conductance loop.
Apart from the adaptation algorithm, this application also returns the panel curve, when
needed, sweeping the duty cycle of the PWM throughout all its operational range. The
software keeps a log of the system state (voltage, current, power, etc.), so that one can
later analyze the overall system. Figure 12 shows an image of the developed software
running on a PC after an IV curve has been extracted (allowing adequate knowledge
of the optimum values for the different variables prior to the algorithm execution). All
the update rates were set exactly as in the simulations.

The system was tested in a clear sky day in order to avoid short-time changes in
the PV’s IV characteristic. Thus, the experimental procedure started by first extracting
the PV curve, in order to obtain the optimum operating point. Next, the algorithm was
allowed to run normally, logging the data over time. Figure 13 shows the IV and power
curves of the real PV module used in the experimental setup. Based on this curve, the
optimum operating points of the system are as follows: V* = 32.45V, P* = 53.62W,
R} = 16.64Q2 and w* = 0.050. Note that the load connected at the DC/DC converter
output terminals was considered to be large enough (140€2) when compared to the
optimum resistance, allowing the controller to obtain a sufficiently complete range of
the IV curve.

Figure 14 shows the experimental results of the algorithm running with n = 2 x
1077, starting again with an input impedance of 100 2. The saturation limits for the
derivative estimate were obtained as explained in the previous section, set now to
¢ = 8 x 10*. Here, the step size was significantly increased with respect to that used
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Fig. 12 Overview of the developed software after an I-V curve has been extracted from the connected PV
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Fig. 13 Power and I-V curve of the PV module used in the experimental work
in the simulations, because of the larger noise magnitude present in the measured

variables, mainly related to the used current sensor. However, similar conclusions
can be drawn, confirming the results obtained during simulations. Despite having
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Fig. 14 Measured variables during the adaptation of a real PV module with the developed algorithm. a
Measured output power, b measured resistance, ¢ adaptive system weight (imposed conductance), d adaptive
system input (measured voltage squared)

some overshooting at 2s, the algorithm quickly senses it, reaching steady state at
approximately 6s.

5 Conclusions

This paper provides a methodology to perform MPPT in individual PV modules based
on Hebbian Learning, mimicking the adaptive process carried out in Hebbian networks,
i.e., tracking the largest eigenvectors of the input correlation matrix. Therefore, the
application of adaptive signal processing methodologies to a control problem is by
itself a contribution of this manuscript. Such paradigm leads to a weight feedback
constraint, which is not normally present in these methodologies. It is shown how to
modify the generic Hebbian rule to optimize these systems. A generic expression was
also derived to obtain a learning rule that optimizes an arbitrary criterion function,
which here has been applied to maximize the power output of PV modules. Along
with this, stability analysis was also carried out using Lyapunov theory applied to a
generic PV function, where a theoretical proof of global stability was presented. It
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should be noted that, although focused on MPPT controllers, this methodology may
be applied to any black-box device, where one wants to extract full power (provided
that its function is differentiable and bounded).

Simulation and experimental results show that the method provides a robust alter-
native to perform MPPT in PV modules, especially when compared to two of the most
usually found algorithms in real-life applications, P&O and IncCond. In fact, when
optimizing individual panels, the proposed adaptation expression may resemble that of
IncCond. However, it should be highlighted that as opposed to IncCond, the controller
isin fact only utilizing a single variable (voltage) to perform adaptation, despite the fact
that the impedance still needs to be set at the converter level. Yet, itis capable of extract-
ing, on average, more power in steady state than that extracted by the two other algo-
rithms, when the same settling time is considered. Although various methods have been
proposed to increase the performance of these two algorithms, e.g., reducing AV as the
controller is reaching the optimum, it was opted to test the controllers in their most basic
form, since such approaches could also have been adopted to the developed algorithm.
It should be also highlighted that although the developed methodology has been applied
to a DC/DC converter in a boost typology, it can be used in any converter typology.

The developed method is based on strong theoretical foundations, grounded on an
adaptive signal processing framework. This way, the presented framework may also
open new perspectives on distributed MPPTs systems. It should be easily extended to
incorporate the information of other panels in an aggregation with the purpose to con-
trol the overall power. As in conventional adaptive systems, the output of the controller
will be the weighted sum of the inputs (other panels’ state), and the weights will still be
related to the duty cycle of each associated converter in a certain way. Thus, the output
is still the estimated power delivered, but now in global terms. The proposed method
has no prior information regarding the model itself. In this sense, it is similar to data-
driven frameworks, which operate only based on data gathered from sensors. Examples
of its application [20-22] have shown to produce exciting results. Regarding a practical
implementation of the learning rule itself, the only required free parameter to be set is
the step size (17). This has direct implication in the time of convergence of the system
and steady-state rattling. It also influences the estimation of the voltage-conductance
derivative (d,). A poor estimation of such value might worsen the global performance
considerably. As future research work, we aim at studying the performance and robust-
ness gains of using Hy [15,18] methods in either a single or multi-PV framework.
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