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1. INTRODUCTION

Renewable energy sources (RES) are the most cost effective and pollutant free solution to offer
renewable energy to all types of loads. Solar and wind energy are two of the most important RES on the
entire planet. In general, solar energy is a preferred clean energy source due to its accessibility and
encouraging nature for a wide range of power uses, especially electric vehicles (EV) and
microgrid applications [1]-[4]. Considering its static construction, small size, and low maintenance cost,
photovoltaic (PV) energy producing systems are frequently used. However, the voltage that is produced by
the PV system is often low, which has an impact on system's effectiveness and dependability [5], [6].
Scientists use a variety of power electronic devices to address these difficulties, including inverters, voltage
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regulators, active power filters, and DC-DC converters [7]. Among these power electronic devices, DC-DC
converters are particularly efficient for managing DC voltage and increasing an effectiveness of RES. Proper
DC to DC converter design is a crucial factor that contributes significantly to the general efficiency of a
system. The boost [8] converters is a common type converter that is used to enhance the resultant voltage of a
PV panel, which offers a higher magnitude output voltage. However, boost converters have discontinuous
input and output current, as well as significant output ripples. Buck-boost [9] converters can convert voltages
in both directions, but their power output is limited by the discontinuous input current. Cuk [10] and single
ended primary inductance converters (SEPIC) [11], [12], dealing with continuous input currents, eliminate
these issues. These kinds of converters have incredibly huge current waves but perform voltages step-down
and step-up. Furthermore, Cuk converters are confined to medium-low power uses and are susceptible to grid
voltage variations. However, the SEPIC converter on the downside it faces the limitation of excessive current
ripples. As a solution to the aforementioned issues, this article proposes coupled inductor interleaved boost
converter. Due to the interleaved operation, the current ripples and leakage reactance are minimized, also it
achieves a maximum voltage gain than other traditional converters.

Control strategies play critical roles in maximizing the power output of PV panels. Furthermore, the
control strategies are used to optimize the overall functioning of converter topology. The most frequent ways
for removing the optimal power from a PV system are perturb and observe [13]-[15] and incremental
conductance [16]. These methods have particular drawbacks such as insecurity, complexity, challenges, and
greater expense. To solve these problems, artificial intelligence (Al) technologies such as fuzzy logic
controller (FLC) [17] and artificial neural network (ANN) [18], [19] have been developed. FLC has an
efficient reaction, particularly in nonlinear control systems with ambiguous boundary conditions. FLC has
several advantages, but it also has certain disadvantages, such as a longer calculating time, the need for rules
for operation, and a longer settling time. ANN, on the other hand, is well-suited to dealing with nonlinear
features of current voltage curves, but it requires a large amount of computation. Therefore, the RNN-based
MPPT is used in this work for solving all of these issues. When contrasted to other MPPT controllers, it
offers a fast-dynamic response and also it has robust performance.

Hence, this work implements the effective machine learning based MPPT method for delivering the
constant power supply to the EV load with no distortions. With the addition of a coupled inductor interleaved
boost converter, PV output voltage is further raised to the desired level. By utilization of ANN and RNN
based MPPT approach, the maximal power from PV panels is observed with high efficiency. Compared to
ANN-MPPT, the RNN gives better results with improved DC link voltage.

2. PROPOSED SYSTEM DESCRIPTION

Figure 1 represents the solar fed EV load with machine learning based control approach. Which
contains the major elements including, PV system, coupled inductor interleaved DC-DC boost converter,
ANN and RNN based MPPT controllers and EV load. Single PV panel produces a limited amount of
electricity, necessitating the use of an enormous amount of PV panels. The coupled inductor interleaved
boost converter avoids this situation. It is intended to boost PV output voltage while also efficiently
minimizing steady-state error and producing a stabilized output. The oscillations in the converter output are
balanced, and the converter produces a stable DC link voltage output with an aid MPPT controller. The
desired PV voltage has been compared to the PV current of the solar system, and the expected error is then
transmitted to an ANN and RNN based MPPT controller module. In this case, the RNN controller is superior
to the ANN controller in terms of delivering improved control outputs. An efficient proposed control
approach ensures stable power delivery to the EV load.
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Figure 1. Proposed system
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3. PROPOSED SYSTEM MODELLING
3.1. Modelling of PV system

In a solar energy system, several photovoltaic cells are linked in parallel and series to generate the
required voltage or current. The diode that comprises up a PV cell and large p&n junction. A corresponding
circuit for a single diode-based PV cell is shown in Figure 2. The formula for the solar cell output is as (1).

q

eA—KTC(V+IRS) _

Lo = I = o = Ipn = Lo 1 @)

Where, the stack internal resistance, cell temperature, Boltzmann constant, and identity factor are all denoted
by K, Rs, T, and A correspondingly. Isqe, I,n, and q, as well stands for the photocurrent, reverse saturation
current of PN junctions and electron charge. The sufficient power for a solar energy system is generated by
considering the series and parallel configurations of panels. Through the incorporation of an appropriate
converter, the output obtained from the PV panel is significantly increased. In this research, an interleaved
DC-DC converter is used, and it is described in the following manner.

3.2. Coupled inductor interleaved boost converter modelling

With the aid of a linked inductor interleaved boost converter, which generates high gain voltage
with minimal leakage reactance, the achieved PV output is enhanced. Figure 3 depicts the equivalent circuit
diagram of a connected inductor interleaved boost converter. The Figure 3 shows the coupled inductor's
equivalent circuit while neglecting the winding resistance and core loss. L, is mutual inductance, while T;,, is
a transformer with a turn ratio of 1. Leakage reactance in the primary winding and secondary winding are
illustrated correspondingly by L; and L,. The currents entering into L, and L, marked by i, and i,, can be
represented as (2) and (3) using the identical circuit.

i1 =i +ir )
i =l = —ipy 3)

Where by the transformer's main current, secondary current, and magnetic exciting current are designated
asirq, iyg and ip,, respectively. The input current shown by i;, in Figure 3 corresponds to the total of i;, and
i;,. The magnetic departing current, i;, is equivalent to it according to (2) and (3). The equivalent circuit
diagram of coupled inductor presented in Figure 4. The advantages of using coupled inductors in interleaved
converters consist of increased system efficiency and reduced overall current ripples.

lin =i+l =iy (4)

The transformer's two separate windings have identical voltages; hence the equation can be written as (5).
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Figure 2. PV system model Figure 3. Proposed converter
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Figure 4. Coupled inductor equivalent circuit

3.2.1. Mode of operation
- Phasel: (tp <t <tq)

Operating switches S; and S, have been switched on at the time of the start of phase 1. Two circuits
of current are observed. One passes via S; and is i ;; and another one passes via S, and is i ;,. The majority
of the magnetic stimulating i ;,, are given by i ;, because S, gets turned on before S;. In Figure 5(a), the
comparable circuit is displayed. The secondary winding's parasitic capacitance C pg, is where the current in
the secondary winding i ;,. Switches from S,. The voltage across C jg, that is being charged takes relatively
short time to reach the output voltage V ,since the parasitic capacitance is often extremely small. After that,
C ps, gets eliminated by i ;,, which instead flows via D , and the output capacitance C ,. The C , is charged
throughout this time. The following are the voltage computations for converter.

Vin = V1 +vr (6)
Vin =V +vr +Vps; = v +vr + Vg (7)

Where the voltages across leakage inductances L1 and L2 are represented by the letters V ,, and V ;,
correspondingly. The (6) and (7) combined result in (8) and (9).

2Vip = (V1 +v2) + 200 + V) (8)
The attained equation is derived from (8).

Lidiy, Lidij, Lidippm
4tr + 14tL2 + L (9)
dat dat dt

V1 TV =

Calculations (5) and (9) ought to be used as substitutes in (8) to determine the voltage across the mutual
inductance.

vp = —2_ (20, — V,) (10)

T Lj+2Ly

Designing V,, to be greater than twice V ;, would result in an undesirable V ; and a linear reduction
in i, in this mode. (12) can be used to represent the voltages across the leakage inductances by changing
(6) and (7) to correspond to (10) accordingly.

— LiVin LymVo
1+2Lym Li+2Lpy
_ LiVin _ @WitlmVo
V2 = - 12)

Li+2Ly Li+2Ly

Given that L, is significantly bigger than L,, (11) and (12) show that VL, is positive and VL, is
negative. As a result, i ;; increases while i ;, declines linearly. It indicates a change in the direction of the
magnetic stimulating current from the secondary winding to the primary winding.

- Phase2: (t; <t <ty)

The switches both S, and S, are activated in this phase 2 mode and the diodes D; and D, are in OFF
condition. Here, the voltages V;, V;, and V;, are all positive. Hence, the i;, and i, and i, are keep
increasing. The voltage across the switch S; is becomes zero volts. S; is off condition and the circuits enter
phase 3. The equivalent circuit of phase 2 is represented in Figure 5(b). The converter voltage equations are
determined by neglecting diode conduction voltage.

Vin = V1 +vr (13)
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Vin = Vo +Urp (14)

Combining (13) and (14) produces (15).

2V = (v + 1) + 207 (15)
Substituting (5) and (9) into (15) results in (16).

_ 2LpMVin
Vr = Li+2Ly (16)

When (17) is substituted for (13) and (14), the outcome is (17).

LiVin
Li+2Ly

V1 = V2 = (7

vy, V1, and v, are all positive in (16) and (17). Because the mutual inductance L,, is typically much more
than leakage inductance L, the voltages v,; and v, are relatively modest, and the currents i;, and i,, reach
gradually.
- Phase3: (t, <t <tg)

Figure 5(c) depicts the corresponding circuitry of phase 3, with switch S; in the OFF position and
S, in the ON position. Cpg, is the principal parasitic capacitance where the current in the primary winding
i ;1 changes from S;. Because the parasitic capacitance is generally very low, the voltage across Cpg, that is
getting charged requires a remarkably quick period to attain the output voltage V,. Following that Cpg, is
removed by i ;;, which instead flows through D; and the output capacitance C,. The voltage equations of
phase 3 is similar to the phase 1 and 2. The suggested converter employs an ANN and RNN based MPPT
controller, which is primarily employed for optimum control and observes PV system’s maximum power
respectively.

-

L
ol

Figure 5. Modes of operation 5 (a) phase 1, (b) phase 2, and (c) phase 3

3.3. ANN based MPPT
A type of artificial intelligence technique is the ANN. The use of artificial intelligence has more
benefits than traditional methods. The general structure of ANN in MPPT is shown in Figure 6. Solar
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temperature and irradiance are the inputs. The NN intended goal is to reduce duty ratio of the proposed DC to
DC converter. A specific value of duty ratio is provided by the neural network for each variation in solar
temperature and irradiance in order to obtain the greatest power point.

Levenberg-Marquardt algorithmic training method is used to build the network. Duty factor is
obtained and ANN is trained for different solar irradiance and temperature value combinations. To get the
desired values, the weights of layers need to be adjusted throughout neural network training. To monitor
target values with the least amount of error, weights are changed during training. MSE is the ANN's
effectiveness measurement. If an is the current output and t is the target, the attained MSE as in (18).

F =13 - ) (18)

The ANN provides additional advantages such as quick response times for optimal power point
tracking, lower steady state error, and no need for reprogramming because the learning mechanism is built-in.
Although the neural network framework is having a complex design, it requires intensive training. These
issues tackled by using RNN based MPPT algorithm and the following section gives a detailed description of
RNN-MPPT controller.
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Figure 6. Structure of ANN based MPPT

3.4. RNN based MPPT

RNN belongs to a type of ANN which employs data from earlier iterations to enlarge the accuracy
of network on inputs from the present and the future. Since RNNs are the only networks that have loops and
a concealed state (memory), they are frequently regarded to be exceptional when compared to other
networks. The RNN is able to function on sequences and store previous knowledge in the hidden state
according to its structure. To put it another way, it receives a portion of its output as input for the following
time step. These characteristics make it possible to solve a variety of issues involving sequential data of
various lengths. Many RNN designs have been introduced in recent years, includes fully recurrent (FRNN),
gated recurrent units (GRUs), and long short-term memory (LSTM). RNN setup was utilized in various
filtering and modelling applications due to its low complexity. (19) and (20) is used to define the hidden
layer and the RNN output.

he = o), (Wyx, + Uphe_y + bp) (19)
ye = o,(Wyh, + b)) (20)

Where x;, h;, and y, are the input, hidden layer and output vectors, correspondingly; W,U,and b are
variable matrices and vectors; and h and y are the corresponding activation function, provided in (21) and
(22) accordingly.

2
1+e~2%

oy (x) =x (22)

op(x) = 1 (21)
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This work chooses temperature and irradiation as two input feature vectors to train the RNN model,
and output is the reference current vector ,,,,, that reflects MPP's continuous operation. The dataset utilized
in this study contains normalized samples, 15% of which were used for validation and 15% for testing. The
error is the variation among the expected result target, and N is the quantity of training data. MSE, which is
specified in (23), is used to calculate the training performance.

MSE = —2 Y o(e)? (23)

Figure 7 illustrates the architecture for RNN based MPPT controller for PV system. When compared
ANN-MPPT, it attains high prediction output results with stabilized DC output voltage. It is also observing
the optimal power from PV within a short period.

INPUT  gippENLAYER  HIDDENLAYER

)ll TPUT
L

Figure 7. Structure of RNN based MPPT

4. RESULTS AND DISCUSSION

For the purpose of offer a consistent power supply to the EV load without any interruptions, this
research incorporates a reliable machine learning-based MPPT approach. The consideration of a linked
inductor interleaved boost converter raises the PV output voltage to appropriate level. The greatest amount of
energy from PV panels is observed with outstanding efficiency by using an ANN and RNN based MPPT
technique. The RNN performs better than ANN-MPPT and has superior DC link voltage. In
MATLAB/Simulink, the entire validation of the suggested approach is carried out. The parameter
requirements of the proposed systems are presented in Table 1.

Table 1. Parameter description
Parameter Specification
Solar PV system
Series connected solar PV cells 36

Short circuit current 8334
Open circuit voltage 12V
Peak power 10 KW, 10 panels

Coupled inductor interleaved boost converter
Winding 1 self-impedance

Li(H) 1.1mH
Ri(ohm) 1.1
Winding 2 self-impedance

L,(H) 1.1 mH
R,(ohm) 1.1

4.1. Atvariation of temperature and intensity

A temperature change is introduced after 0.2 sec as indicated in Figure 8 to evaluate the efficiency
of the suggested strategy in addressing an intermittent nature of the PV system. Temperature unexpectedly
rises from 25°C to 35°C at this same moment. There is a similar variation in solar irradiation from 800 W/Sq.
to 1000 W/Sq. as there is in temperature. The PV voltage maintains the constant voltage 120 V after 0.2 sec
and current becomes stable value of 15 Amps after 0.23 sec.

Figure 9 representing the waveforms for output voltage and current of coupled inductor interleaved
boost converter using MPPT control method. Here, by the employment of ANN and RNN based MPPT
approach, the constant output voltage 330 V is obtained, after 0.2 seconds as seen in Figures 9(a) and 9(b)
respectively. Likewise, the Figure 9(c) represents constant current 5 Amps is attained.
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4.2. At constant temperature and intensity

The Figure 10 illustrates PV system parameters comprising temperature, irradiation, voltage and
current. A constant temperature and irradiation value of 35 °C and 1000 W/Sq is attained respectively.
Similarly, the steady voltage 120 V is obtained and the current takes 0.13 sec to maintain the constant value
of 15 Amps.

Figure 11 displays the output voltage and current waveforms of a proposed converter that uses the
MPPT control technique. A fixed output voltage 330 V is reached after 0.2 sec by employing an ANN and
RNN based MPPT technique, as shown in Figures 11(a) and 11(b). Similarly, Figure 11(c) shows that a
steady current of 5 Amps is obtained. Table 2 indicates the comparison analysis of suggested converter with
another various converter such as boost [18], Cuk [19], SEPIC [20], and Luo [21]. The attained outcomes
show that the proposed has high efficiency 95% compared other approaches, that is depicted in Figure 12.
Table 3 denotes the attained tracking efficiency of different MPPT controller with recommended controllers.
Figure 13 clearly illustrates that the RNN based MPPT achieves the highest tracking efficiency value of
98.3% when compared to other methods.
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Figure 10. Parameters of PV panel

Table 2. Comparison analysis of converters efficiency

Converters Efficiency (%)
Boost 80 [20]
Cuk 85 [21]
SEPIC 88.82 [22]
Luo 90 [23]

Coupled inductor interleaved boost ~ 95%

Table 3. Comparison analysis of MPPT controllers tracking efficiency
Mppt methods Tracking efficiency (17yppr%)
Pl based P&O [24] 95%

IncCond [25] 96.8%
ANN-MPPT 97.2%
RNN-MPPT 98.3%
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5. CONCLUSION

The purpose of the research is to combine a PV system with an EV load and deliver a consistent
power supply to the EV load. To boost a voltage level of the PV, a coupled inductor interleaved boost
converter is used because it offers a wide conversion range and low leakage reactance. In addition, the
converter generates a stable output with no fluctuations and a high voltage gain. The implementation of
ANN-based MPPT and RNN-based MPPT results in improved converter operational efficiency with constant
dc link voltage. As a result, it has been suggested that using ANN and RNN-based MPPT controllers in PV-
based systems provides enhanced DC link voltage management and decreased power losses with increasing
system efficacy is attained. Hence, it is concluded that the proposed system obtains highest converter
efficiency 95% and tracking efficiency 98.3% respectively. The proposed system is more efficient than other
existing techniques, according to the results.
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