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Abstract: This paper proposes a new maximum power point tracking (MPPT) method based on
machine learning with improved power production efficiency for application to photovoltaic (PV)
systems. Power loss occurs in the incremental conductance (InC) method, depending on the size of
the voltage step used to track the maximum power point. Additionally, the size of the voltage step
must be specified by the initial user; however, an appropriate size cannot be determined in a rapidly
changing environment. To solve this problem, this study presents a gradient descent InC (GD InC)
method that optimizes the size of the voltage step by applying an optimization method based on
machine learning. The effectiveness of the GD InC method was verified and the optimized size of
the voltage step was confirmed to produce the largest amount of power. When the size of the voltage
step was optimized, a maximum difference of 4.53% was observed compared to the case when the
smallest amount of power was produced. The effectiveness of the GD InC method, which improved
the efficiency of power production by optimizing the size of the voltage step, was verified. Power
can be produced efficiently by applying the GD InC method to PV systems.

Keywords: gradient descent; incremental conductance; machine learning; maximum power point
tracking; photovoltaic

1. Introduction

Owing to the persistent climate crisis, decarbonization through energy transition has emerged
as a major element. Among decarbonization methods, the photovoltaic system, a source of renewable
energy with relatively low facility costs compared to its power generation capacity, is in the limelight,
and the number of relevant facilities is increasing every year [1-3].

However, the power production of PV systems is determined by factors such as the amount of
solar radiation and temperature. Therefore, it is essential to apply the maximum power point tracking
method, which enables the production of maximum power at all times. Among various MPPT
methods, those that are used popularly are the perturb and observe (P&O) method and the
incremental conductance method.

The P&O method was used to track the maximum power point by comparing the current voltage
and power to the previous voltage and power. Additionally, the incremental conductance algorithm
detects the slope of the P-V curve and the maximum power point (MPP) is tracked by searching for
the peak in the P-V curve. The algorithm de-tects the MPP based on the size of the slope, and the
maximum power point occurred when the slope was 0. However, in the case of the P&O and InC
methods, power loss occurs depending on the size of the voltage step in the process of tracking the
maximum power point [4-7]

There are two categories of techniques proposed to effectively track the MPP in PV system
modelling. The first category is based on conventional approaches, such as the fractional open circuit
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method [8], the short circuit current method [9]. Perturbative & observe method [10], and incremental
conductance method [11]. The conventional techniques are easy to implement, cheap and most
widely used in commercial products. The second category is based on the soft computing approach,
for instance the fuzzy logic control technique [12], the artificial neural network method [13], particle
swarm optimisation method [14], ant-colony optimisation method [15] and differential evolution
method [16]. In cases where the voltage step size is large, the maximum power point is reached
quickly; however, accurate maximum power point tracking is difficult because of excessive voltage
fluctuations at the maximum power point. In addition, when the size of the voltage step is small, an
accurate maximum power point is tracked; however, it takes a long time to reach the maximum
power point. To solve this problem, methods such as the variable and adaptive InC methods, which
change the size of the voltage step by multiplying the voltage step by a constant or exponential
function, have been proposed; however, all the above-mentioned MPPT methods require the
determination of the size of the initial voltage step. Therefore, it is difficult to select the appropriate
voltage step size for PV systems, which have nonlinear output characteristics [17].

Therefore, this study proposes the gradient descent incremental conductance (GD InC) method,
which optimizes the constant §, which determines the size of the voltage step of the adaptive InC
method, to derive an appropriate voltage step. The GD InC method is a technique that adopted the
gradient descent method among the optimization methods of machine learning, and the optimization
process compares the power production results when PV panels are ideal and when MPPT was
performed to derive the constant 3 value with the least error.

In addition, simulations were conducted using PSIM to analyze the effectiveness of the GD InC
method. Based on the simulations, a DSP-based hardware was developed, and experiments were
conducted to verify whether the same effectiveness could be achieved in a real environment.
According to the results, it was found that the case where the optimized [ value was applied
produced the largest amount of power, and through the foregoing, the performance of the GD InC
method was verified.

2. Analysis of Various MPPT Methods for PV Systems and Methods to Apply the GD InC Method

2.1. Analysis of the P&0O Method

The P&O method involves the installation of voltage and current sensors at the output terminal
of a solar panel and comparing the initial values with the current voltage and power until the
maximum power point is reached to determine the direction of the voltage step and determine the
maximum power point based on the foregoing. Figure 1 shows the operation process of the P&O
method, and the maximum power point tracking process is divided into a total of four cases. That is,
when the power difference is positive, an increment is added to the voltage step and the output power
is compared again to reduce the power difference. This is repeated until the power difference
becomes negative to track the maximum power point. In addition, because the perturbation continues
to maintain production at the maximum power point, the phenomenon of oscillation occurs even in
the steady state, which is a loss; depending on the fixed voltage step, loss may be induced as the
tracking performance degrades. conventional P&O method has the advantage of being easy to
implement due to its simple algorithm and can be widely used in terms of maximum power point
tracking performance, but it is relatively inefficient in terms of power production efficiency. Various
algorithms have been proposed to solve this problem, such as the derived InC method and variable
MPPT with variable voltage step size [19,20].
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Figure 1. Flow chart of the operation process of the P&O method.
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2.2. Analysis of the InC Method

Figure 2 shows the operation process of the InC method and compares the instantaneous and
incremental conductance. In this case, the output conductance is the ratio of current to voltage (I/V),
and the incremental conductance refers to the ratio of the difference between current and voltage (A
I/AV). The maximum power point was tracked by comparing the two relationships of incremental
conductance and instantaneous conductance. If dI/dV >0, the reference voltage increases with a fixed
step voltage. However, if dI/dV <0, the reference voltage decreases following the fixed step voltage,
and the maximum power point is reached when the size of the slope (i.e., the size of the voltage step)
becomes 0.

Many researchers report that the INC algorithm offers better performance than the P&O
algorithm during rapidly changing weather conditions. The InC method has the advantage of
tracking the maximum power point at a faster rate than the P&O method [21-27].

| Read Vpv(k), Ipv(k) |

dIpv=Ipv(k) - Ipv(k-1)
dVpv=Vpy(k)- Vpv(k-1)

dIpv/dVpy =
>=Ipv/ Vpv

Vdcref=Vpv(k-1) +Step size Vdcref=Vpv(k-1)-Step size |
Return
|

Figure 2. Flow chart of the operation process of the InC method.

2.3. Performance Comparison for Selecting Appropriate MPPT Methods

In the actual experiment, to select a more appropriate MPPT technique, we aim to compare the
performance of commonly used MPPT methods and identify the most effective one. This will allow
us to introduce an algorithm that can increase power production in photovoltaic systems. From the
data in Table 1, it can be seen that the according to the experimental results of reference [19] results
of the maximum output power of the PV cells are 15.85 W and 19.78 W when the light intensity is 800
W/m? and 1000 W/m?. The tracking accuracy of the perturbation observation method is the worst
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because the process of its maximum power point tracking has been in a fluctuating state. Therefore,
in this paper, we have introduced the InC technique and will compensate for the shortcomings of the
existing InC method

Table 1. Comparison of power production and efficiency by MPPT Methods.

MPPT Algorithm 800W/m?>  1000W/m? Tracking Accuracy

Constants voltage 15.76][W] 19.69[W] 96.5[%]

Perturb & observe 15.35[W] 19.08[W] 86.7[%]
Incremental Conductance 15.59[W] 19.78[W] 97.5[%]

2.4. Derivation of Problems with the InC Method

The InC method has two problems: power loss according to the size of the voltage step and the
fact that power production is determined by the size of the voltage step initially specified by the user.
Figure 3 shows a comparison of the operation processes when the size of the voltage step is small and
when the size of the voltage step is large. When the size of the voltage step is small, an accurate MPP
is tracked, but the MPP reaching time is delayed, resulting in a relatively low power production
efficiency. However, when the voltage step is large, the speed at which the MPP was reached was
enhanced. However, an accurate maximum power point can cannot be tracked because the oscillation
in the steady state near the maximum power point is large. Therefore, methods to solve the
shortcomings, such as varying the size of the voltage step by multiplying the size of the voltage step
by a constant, have been proposed [28-33].

Additionally, the InC method has a fundamental limitation in that the size of the voltage step
must be set initially, and it is difficult to select an appropriate voltage step size every time a PV system
is installed in a rapidly changing external environment. In this study, to solve the problems of the
InC method, the GD InC method, which can improve power production efficiency by designing an
algorithm that introduces the gradient descent method among the optimization methods of machine
learning to derive an appropriate voltage step size, was used

r 3

—— G = 1000 (W/m?]

Power[W]

Voltage [V]

Y

Figure 3. Comparison of InC method operation processes according to the sizes of the voltage step.

2.5. Operation of the Proposed GD InC Method and the Optimization Process

Figure 4 shows the operation process of the proposed GD InC method. A key characteristic of
the GD InC method is minimizing the error of the objective function. The sequence indicates that the
objective function to be optimized is set first. In this case, the subject to be optimized is the constant
(3, which varies the voltage step. Next, the number of iterations for the GD InC method is set to
determine the learning capacity of the optimization technique in machine learning.

AP
del Viop = B* 17 (M
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As shown in Figure 4, when the proposed GD InC method is operated for the first time, it is
necessary to set i, the number of iterations for the GD InC method, and z, the number of iterations
for the gradient descent method. Subsequently, optimization of B is performed using the gradient
descent method, as expressed in equation (2). This process minimizes the difference between the
maximum power a PV panel can produce, and the power generated when MPPT is implemented.

£ initial set
Gradient
GD InC MPPT Algorithm Descent

Set the GD InC MPPT cycle
Set the GD Optimization

!

7
D P = Papea (8]

=

del_V_ref>0

| 7 < 7+ del_V_ref I | z « 7 - del_v_ref | H

— |

Figure 4. Flow chart of the operation process of the proposed GD InC method.

N
Minimize = Z[Pmpp,i — Popt,i(B)] 2)

® P.,p» = maximum produced power of ;l)hlotovoltaic system
® P, = i—thproduced power when applying MPPT

When the conditions in equation (2) are not satisfied, the z-value is subtracted or added
repeatedly until the conditions are satisfied. That is, the operation process of the GD InC method
performs MPPT n times and thereafter compares the accumulated power amounts by  value to
derive the £ value that produces the largest accumulated power amount.

Figure 5 shows the summarized results of the machine learning optimization process. The gray
solid line represents the accumulated power amount, and the blue solid line represents the f value.
In addition, Beta means the f in equation (1) that determines the size of the voltage step, and Epoch
means the amount of learning the amount of learning is 60 times of learning in total when 1,000
iterations of MPPT is regarded as one time of learning. That is, the results of power production by
performing the GD InC method 1,000 times by 8 value are compared to finally derive the § value that
produces the largest amount of power. Based on the result, 0.3694 is the f value that produces the
largest amount of power, which is approximately 99,387 W.
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Figure 5. § value and accumulated power amount change process in the course of 60 times of
learning.

3. Simulations and experiments to verify the effectiveness of the proposed GD InC method

3.1. Analysis of the Effectiveness of the GD InC Method through Simulation

Simulations were conducted to analyze the effectiveness and characteristics of the GD InC
method. One PV panel and a DC-DC converter were used. A flyback converter was applied to the
topology of the DC-DC converter. The converter consisted of voltage and current sensors, capacitors,
transformers, and diodes. The turn ratio of the transformer was 1:4 and the switching frequency was
set to 20 kHz. Additionally, the GD InC method and voltage control were set to be performed through
DSP. Furthermore, the results derived through the GD InC were compared with the cumulative
power amounts of other f values. The environment applied to the simulation was standard test
conditions (STC), where the amount of solar radiation was assumed to be 1000 W/m? and the
temperature was assumed to be 25 °C. The goal of the simulations was to identify the maximum
power point tracking performance and the voltage control performance of the flyback converter.

Figure 7 shows the simulation results based on the circuit diagram shown in Figure 6. According
to the results in Figure 7(a), power production increased linearly from 84.9 W when  was 0.2 t0 90.6
W when 8 was 0.3, and 93.4 W when 3 was 0.3694. However, when 8 was 0.4, the MPPT reaching
time was the earliest, but excessive voltage ripple occurred at the beginning. It was confirmed that,
consequently, less power was produced, averaging 92.7 W, compared to the case where 3 was 0.3694.

:D C=—

1000[uF] LWM

PV

L
C,—_—/ §Load
1000[uF]

freq : -
20[kHz]

Figure 6. PV power generation simulation power circuit diagram to verify the effectiveness of GD InC
method.

Figure 7(b) shows the result of the cumulative calculation of the power production shown in
Figure 7(a), which indicates the cumulative power amount and shows the result of the measurement
of the maximum values. It was found that when (3 was 0.3694, the largest amount of power was
produced at 201.2 W, followed by the case where 3 was 0.4 at 199.9 W. Additionally, it can be seen
that power production was relatively low when g was 0.2. Through the foregoing, it was confirmed
that the optimized f produces the largest amount of power.
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Figure 7. PSIM simulation results according to the f values used; (a) Power change waveform; (b)
result of calculation of cumulative power amounts.

3.2. DSP-Based Hardware Design and Production

To verify the performance of the GD InC method, a DSP-based hardware designed based on
simulations was used to conduct the experiments. In this case, the TMS320F28335 was used as the
DSP. The MOSFT and diode applied to the flyback converter were attached to the heat sink at the
bottom. A voltage sensor was located at the input terminal, and a current sensor was located at the
output terminal of the PV panel. The values measured by the attached sensors were input to the DSP.
Vrer was generated using the input voltage and current values. Thereafter, Vr,; and V..., were
compared, and the results were compared with a triangular wave through a PI controller to generate
a PWM waveform. Signals were stably supplied to the MOSFET so that voltage control could be
performed. In this case, the target output voltage of the flyback converter was 80 V, and the circuit
diagram designed for the above experiment is shown. Figure 9 shows the actual flyback converter.

q’( Ip D
1
I .
.
- ;

:_TT»igstoT-‘z_seTSE ____________________ ]|
v, V.
| GD_InC ref + error |
: MPPT ’,O ’ + Vi :
¥
| T s |

Figure 9. Production and configuration of the flyback converter for PV systems.
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3.3. Analysis of the Effectiveness of the GD InC Method through Experiment

Experiments were conducted to verify the performance and effectiveness of the GD-InC method.
The experimental equipment was configured as shown in Figure 10, with a 100 W PV panel, one
electronic load, and one flyback converter. Additionally, an oscilloscope, two voltage probes, and
two current probes were used. In this case, the math function of the oscilloscope was used to set the
equipment to measure the average power of the panel and the cumulative power obtained by
accumulating the power produced. In this case, the unit measured and displayed is kiloJoule. This
unit was then converted to watts

PV Panel
F—

B
d | Electronic and

e
4 ~

ﬁlyback :
Converter |

Computer

Figure 10. View of the experiment to verify the effectiveness of the GD InC method.

Figure 11 shows the experimental results in the case where f# was 0.2. According to the
experimental results, the average value of the input voltage is 14.02 V, and the average value of the
input current is 4.196 A. The average value of the output voltage was measured as 80.33 V, and the
average value of the output current was measured as 681 mA. Through the foregoing, it can be seen
that the voltage control of the flyback converter was being performed well. Additionally, the
calculated value after measuring the power produced for 50 s was an average of 58.19 W, as shown
in Figure 11(b). The accumulated energy value is 2.91 k], which converts to approximately 58.2 W.
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Figure 11. Experimental results when f was 0.2 (a) input/output voltage, current; (b) produced power
and resultant accumulated power.

Figure 12 shows the experimental result in the case where (3 was 0.3. Figure 12(a) shows the
results of the measurements of the input voltage, output voltage, input current, and output current.
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In this case, the input voltage and current were 13.86 V 4.512 A, respectively. The measured output
voltage was measured as 80.31 V and the output current was 725 mA. From the above-mentioned
discussion, it can be seen that voltage control was performed using the target voltage of the flyback
converter at 80 V. Figure 12(b) shows the results of the power measurements produced by the panel.
An average of 61.81 W was produced, and the cumulative calculation of the power produced was
3.09 kJ. When this was calculated in W, it was confirmed that approximately 61.8 W was produced,
which is 3.6 W more than the case where 3 was 0.2
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Figure 12. Experimental results when f is 0.3 (a) input/output voltage, current; (b) Results of
measurement of produced power and accumulated amount of power

Figure 13 shows the experimental results in the case where 3 was 0.3694, which is the optimized
value. To analyze the foregoing, the input voltage was 14.44 V, and the output current was 754 mA,
which was the result of the measurement of the average values. Voltage control was also
implemented in this case.

Figure 13 (b) shows the results of the power measurements produced by the panel. An average
of 64.61 W was produced, and the cumulative calculation of the power produced was 3.23 k], and the
value calculated in Watt was 64.6 W. It was confirmed that 2.8 W more power was produced than in
the previous case where 3 was 0.3
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Figure 13. Experimental results when f is 0.3694 (a) input/output voltage, current; (b) Results of

measurement of produced power and accumulated amount of power.

Figure 14 shows the results of the experiment conducted when 3 was 0.4. According to the
experimental results, the average input voltage was 15.52 V and the average value of the input current
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was 4.084 A. The average output voltage was measured as 80.35 V, and the average output current
was 731 mA. Based on these results, it can be seen that the voltage control was performed-well with
a difference of approximately 0.35 V when compared to the target value 80 V for the voltage control
of the flyback converter. Figure 14(b) shows the results of the power measurements produced by the
panel. An average of 62.83 W was produced, and the cumulative calculation of the power produced
was 3.14 kJ, and the value calculated in Watt was 62.82 W. It was confirmed that 1.78 W less power
was produced than in the previous case where § was 0.3694. Through the foregoing, it can be seen
that less power is produced in this case than the case where 3 was optimized.
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Figure 14. Experimental results when £ was 0.4 (a) input/output voltage, current; (b) Results of

measurement of produced power and accumulated amount of power.

Figure 15 summarizes the experimental results. The figure shows a linear increase in power
production when comparing the cases where § was 0.2, 0.3, and 0.3694. However, when comparing
the cases where f# was 0.4 and 0.3694, approximately 1.98 W less power was produced in the case
where f was 0.4. This indicates that the least power was produced when f was 0.2, with a power
difference of approximately 4.53% between the case with the least power and the case with the most
power. These results demonstrate that the largest amount of power is produced when f8 is optimized,
verifying the performance of the GD InC method.
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Figure 15. Summary of measurement of cumulative power according to f values.

4. Conclusions

In this paper, we proposed the GD InC method to address the limitations of the conventional
InC method. The conventional InC method has a fundamental drawback where power production
efficiency is constrained by the initially set voltage steps. To overcome this issue, we introduced a
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machine learning-based optimization method. The GD InC method optimizes the {3 value to achieve
maximum power production, with the optimization results indicating that a 3 value of 0.3694 yields
the highest power output.

The effectiveness of the GD InC method was validated through simulations and experiments
using DSP-based hardware. We compared four different scenarios, including the case with the
optimized 3 value. The results demonstrated that the optimized {3 value produced the highest power
output, with up to a 4.53% efficiency improvement compared to the non-optimized {3 value. These
findings confirm that the GD InC method is effective in enhancing power production efficiency by
optimizing the voltage step size.

The proposed GD InC method has been shown to significantly improve power production
efficiency when applied to PV systems. Future research should explore the applicability of the GD
InC method across various environmental conditions and system configurations.
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