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Abstract — In this paper, it is first attempted to
provide a small signal model of the photovoltaic (PV) sys-
tem, DC-DC boost converter, and pulse width modula-
tion (PWM) generator. Then, a technique is provided for
maximum power point tracking (MPPT) in grid-connec-
ted solar systems based on variable and adaptive perturb-
ation and observation with predictive control of the PV
current. An innovative aspect of the proposed predictive
current control method is to use the current controller to
achieve the value of PV impedance, which has been used
in DC-DC boost converter. The proposed method is to
obtain the coming current value on the basis of the cur-
rent predictive model. The goal of the proposed method is
to make the DC-DC boost converter inductor current
track the current reference. Voltage and current ripple
minimization is added to the cost function simultaneously
as a system constraint to optimize system performance.
This reduces the amount of voltage and current fluctu-
ations around the maximum power point. The proposed
method is capable of detecting rapid changes in solar radi-
ation. A sudden and simultaneous increase in voltage and
current is detected by the algorithm and then the duty
cycle becomes increasing instead of decreasing. The simu-
lation is carried out in MATLAB Simulink environment
in real-time for a 26.6 kW three-phase grid-connected sol-
ar system. The simulation results of current predictive
control are compared with perturbation and observation
techniques and linear voltage and current proportional in-
tegral derivative (PID) controller-based adaptive control.
The results show that the total harmonic distortion
(THD%) of the inverter voltage with proposed method
has been reduced by 0.16% compared to the PID method.
In addition, the THD% of the current in the proposed
method is reduced by 0.1% compared to the PID method.
The solar system output voltage variation of the pro-
posed method is less than 5 V.
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I. Introduction

The electricity consumption is expected to become
twice by the year 2050 [1]. Despite the development of
electrical grids in recent years, the present power sys-
tems are not capable of supplying this energy demand
sustainably. Hence, it is essential to find clean and re-
newable energy resources [2]. After a long time, solar
systems are a suitable, reliable, and environmentally
friendly candidate to supply the electrical energy of
consumers [3]. The generating power of solar systems is
DC power that is connected to the national grids
through DC-DC and DC-AC converters [4]. Given the
nonlinear behavior of solar systems in different environ-
mental conditions (ambient radiation and temperature),
in order to ensure the proper performance of such en-
ergy resources, there is a need for special control al-
gorithms, such as the maximum power point tracking
(MPPT) algorithm, and if these algorithms are not
used, the system will become unstable [5]. Maximum
power point tracking is a process in which the voltage
or current of the solar system is adapted to its maxim-
um operating point in different weather conditions [6].
In commercial inverters, maximum power point track-
ing is done through a DC-DC boost converter. Commer-
cial inverters are usually considered three-phase for
powers above 6 kW and single-phase for powers below 6
kW. Different methods have been provided for maxim-
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um power point tracking in grid-connected solar sys-
tems.

Various techniques are used for MPPT in photovol-
taic (PV) systems. There are different methods, includ-
ing perturbation and observation (P&O) algorithm [7],
incremental conductivity (INC) [8], constant voltage
(CV) [9], open voltage (OC) method [10], voltage or
current feedback method [11], closed-loop voltage con-
trol, PID controller-based PV current [12], fuzzy logic
control [13], adaptive neural network for tracking. Un-
fortunately, two critical problems can be seen in con-
ventional methods, one problem is the impossibility of
creating an interaction between the dynamic behavior
of MPPT algorithm and fluctuations around the max-
imum power point in the steady state of the system.
Another problem is the need for high computational
volume to reach the optimal point of the work. Among
other problems with such methods is the low-speed re-
sponse of the system during sudden changes in solar ra-
diation.

One of the most popular tracking methods is the
P&O algorithm, however, this method has certain dis-
advantages. The incidence of a large disturbance on the
side of the solar system will cause severe fluctuations on
the side of the grid [10]. In addition, the lack of quick
response and fluctuations around the operating point is
the other disadvantages of this algorithm. The incre-
mental conductivity algorithm is another well-known
for MPPT. The lack of access to the exact operating
point and hardware problems for implementation are
the major disadvantages of this method [11]. To im-
prove the performance of the above methods, an im-
proved P&O technique is proposed based on propor-
tional integral derivative (PID), which has better stabil-
ity than the previous methods. However, this method
depends on PID controller parameters, which are very
complex to regulate [12]. In recent years, intelligent al-
gorithms have been used in maximum power point
tracking. The fuzzy logic-based improvement method is
one of these techniques [13]. The performance of fuzzy
logic control and neural network control is very dynam-
ic and stable in maximum power point tracking.
However, the design of this controller requires a lot of
skill and experience, and the long calculation time and
the need for digital signal processing are the disadvant-
ages of these techniques. One of the improved methods
in maximum power point tracking is to use compulsory
learning algorithms. In recent years, digital control
methods for maximum power point tracking in distrib-
uted and renewable energy resources have grown dra-
matically. The current predictive control method and
powerful current predictive control technique are two
examples of these methods. Among the various track-
ing methods, the current predictive control method is

more popular. Limited switching, low cost, fast re-
sponse, and high dynamics are the advantages of this
control method.

In this paper, it was first attempted to provide a
small signal model of the PV system, DC-DC boost
converter, and pulse width modulation (PWM) generat-
or. Then, a technique is provided for MPPT in grid-
connected solar systems based on variable and adapt-
ive perturbation and observation with PV current pre-
dictive control. An innovative aspect of the proposed
current predictive control method is to use the current
predictive control to achieve the value of PV induct-
ance based on the PV current predictive model, which
has been used in the DC-DC boost converter. The pro-
posed method is to obtain the coming current value on
the basis of the current predictive model. The cost func-
tion consists of at least one controlled variable refer-
ence tracking section, which can be current, voltage,
torque, and so on. The goal of the proposed method is
to minimize the voltage and current ripple to optimize
the system performance by adding to the cost function
simultaneously as a system constraint. Accordingly, an
additional part in the cost function is considered as the
difference between the measured value of voltage in the
current and the next state. In order to optimize the
voltage ripple, a meta-heuristic mehod, namely arith-
metic optimization algorithm (AOA) has been used [14].

II. Main Components of the Solar
System Modeling

In Fig.1, the integration of a solar system with a
distribution grid is shown through a two-stage static
converter. A grid integration system includes solar ar-
rays, DC-DC boost converter, DC-AC inverter, and
LCL filter. The generating power of solar arrays is DC,
which is a function of solar function and ambient tem-
perature [8]. A mathematical model is often used for
modeling short-term solar systems. In practice, solar
systems can be modeled as a variable voltage resource
or variable current resource [9]. For a proper under-
standing of the effects of radiation and temperature on
the generating power of the solar system, a current re-
source model is used for simulation.

The main notations used in this paper are listed
below:

Ip — Diode current (A);

Io — Diode saturation current (A);

Ve — Cell voltage (V);

q — Electron charge (1.6 x 1071 C);

A — Ideal diode constant;

K — Boltzmann’s constant(1.38 x 10723 J/K);

Tc — Cell temperature (K);

Ng — Number of modules in series in the solar ar-
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Fig. 1. Grid-connected solar system with a two-stage static converter.
ray; these losses are added as a series resistance and parallel
Np — Number of parallel modules in the solar ar-  resistance to the model to make the operation of the
ray; simulated system more realistic. To show the V-I curve

ng — Number of cells in the solar module;

Isc — Current generated by solar radiation in the
module;

R, — Series resistance of module;

Ry, — Parallel resistance of module;

Vb — Diode double voltage;

Vi — Energy vacuum band (eV);

I, — Reverse saturation current.

An ideal solar cell can be theoretically simulated
by a current resource in series with a diode. In Fig.2, an
improved model of a solar cell is shown in which the ef-
fects of series and parallel resistance have been ob-
served.

Ideal cell R
- se
Isc #ID #Ih +
’ Ly
G
O RN I
o o

Fig. 2. An ideal solar cell with series and parallel resistances.

According to the Shockley equation, the current is
as follows [3]:

Ve
Ip = Io % <em§;c _ 1) (1)

In general, the cell current is obtained from the
current difference between the current generated by sol-
ar radiation and the diode current [4]:

Ipy = Isc — Ip (2)
In the real operation of solar cells, there are some
losses that must be added to the model. In practice,

in the solar system, there is a need for adding other ad-
ditional parameters [2].

Ns

(V+1Rse)q V+ FPIRSC

Ipy = Nplsc — Nglp X | e ms4KTc —1 ) — S
sh

(3)

It is shown in (3) that the output current of gener-
ation depends on the module voltage, solar radiation,
and ambient temperature. The characteristic equation
V-I of the circuit of Fig.2 will be as follows [3]:

1%
Rsh

(4)

Ipy = Isc — Ip —

Saturation current of the cell diode is as follows:

T\? an(—1)
Io = I (Tf> eAK(T‘l‘Ef %) (5)

This equation shows that the diode saturation cur-
rent depends on the cell temperature. The inverse sat-
uration current is obtained from the following equation

[4]:
aVoc
Irs = ISCref [6 NsKAT 1:| (6)

In the end, the output power of the solar system is
as follows [5]:

Ppy =Vpy X [prsc — Nglp

(V+£—EIRS(~,)Q V + IR
o (o ber— )| _ VIR (7)
Rsh
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III. Small Signal Model of Solar System

The current resource model of a solar cell is already
shown in Fig.2. In the current resource model, the equi-
valent resistance value of the solar panel is as follows:

Req = Ry + Ran
Voc — Vappr

Rse -
Ivippr
W
Rsh = —MPPT - Rse (8)
Isc — Ivppr

Pulse generation in pulse width modulation is done
through the comparison of carrier signal with the input
signal V. The resulting output signal is applied to the

Vev

DC-DC converter as the switching cycle. The conver-
sion function of pulse width modulation is a linear
equation compared to the switching cycle signal (D)
and is defined as follows [6]:

D(s) 1
chom B VP

(9)

In conventional pulse width modulation, the value
of Vp = 1 is considered.

The transfer function of voltage control and input
current compared to the switching cycle (D) of the in-
cremental converter, considering the effects of equival-
ent resistance Req and Cg., will be defined as follows:

Ochquch + D/IPVReq

GV/D(S) = =

D(S) o OdCvaLReqS3 + CycLs? + (vaRqu/2 + Ccheq)S + D2

Ipy CacCpvReqVacs® + (CacVac + CoyD'Ipy Req)s + D' Ipy

G]/D(S): =

D(S) o CdCvaLReq83 + CycLs? + (vaRquIQ + CdCReq)S + D'2

where D'/ =1 — D.

IV. Maximum Power Point
Tracking (MPPT)

1. Closed-loop control of voltage and cur-
rent with PID

One of the oldest methods for maximum power
point tracking in solar systems is to use the closed loop
voltage and current control based on the linear PID
controller. This maximum power point tracking in-
cludes two parts, a closed-loop voltage system, and a
closed-loop current regulator. Fig.3 shows the block dia-
gram of the closed-loop voltage and current based on

vt
e @ KK D
Vv
Gyp (5) I—

Fig. 3. Block diagram of the closed loop voltage and cur-
rent based on PID control.

Py=xGxA

(10)

the PID control.

As shown in Fig.3, the error resulting from compar-
ing the solar system voltage with the reference voltage
is applied to a PID controller. The output of the PID
controller of voltage is defined as the reference current
I5y. The main current of the solar system is compared
with current Iy, and is applied to another PID control-
ler. The output signal from the PID is applied to the
DC-DC converter as the switching cycle signal (D) [2].

Block diagram of closed loop voltage and PV cur-
rent with PID control of a grid-connected solar system
is shown in Fig.4. PID parameters are regulated using
(10) and SISO-Tool features of MATLAB software. Ta-
ble 1 indicates the PID parameters obtained for a 26.6
kW solar system with the specifications of Table 2 and
Bode plot, Nyquist plot, root locus, and step response of
the compensated function Goy x Gy ,p(s) (see Fig.5)
and Gy x Gr/p(s)(see Fig.6).

As shown in Fig.5, the step response of the com-
pensated system in the voltage control loop had a fast
response and the poles were on the negative side and
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control

L. PCC
Ve PCC
v,

dc

—
Vr\r‘ =Gy
PV

—

LeL | (b
filter £ AC grid

inverter Ipce

o O+
. f

Fig. 4. Block diagram of the distribution grid-connected solar system with maximum power point tracking of closed loop voltage

and current based on the linear PID controller.
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Table 1. PID controller parameters for maximum power

Table 2. 26.6 kW solar system parameters

point tracking Parameter Value
P I D Crv 60 uF
Gv/p(s) 2 1.5 5.751E—5 I 85 pH
Gr/p(s) 0.254 0.305 5.751E—3 Fow 5 kHz
- Cac 6.8 mF
stabilize the system. DC link voltage 500 V
Additionally, in Fig.6, the step response of the cur- Vinas 243 V
rent control loop is shown, as can be seen, the function Power PV 26.6 kKW
response is slow but lacks any overshot.
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2. Proposed method

PV current predictive control method is a tech-
nique to determine the value of leading current based
on present current of the system (see Fig.7). When the
incremental converter switch is ON, the PV current is
calculated as follows [12]:

dlIpy
11
o (11)

When the incremental converter switch is OFF, the
PV current is calculated as follows:

dIpy

L = Vv — Ve 12
i pv — Vae (12)
For a sampling period (7}), the derivative form dfft’"
is redefined as follows:
dIpy Ipv(k + 1) — Ipv(k)
L =L 13
dt T, (13)

In both ON and OFF modes of DC-DC converter,
the current predictive current is defined as follows [10]:

To(k 1) = Tv(k) + = Vv (k) (14)
To(k+1) = Toy(K) + 2 (Vo (K) ~ VaelB)  (15)

The main purpose of current predictive current
control is inductance current tracking of converter from
the reference current. Assuming the present switching
cycle (D(k)) and that the PV current is equal to the in-
ductance current of the converter, formula (15) can be
redefined as follows:

Ip(k+1) =Ipy(k) + D(?Ts Vev (k)
7.0~ D(k))

(Vev(k) — Vac(k)) ~ (16)

L

Therefore, the switching cycle (D(k)) will be as fol-
lows:
1 L

D(k) =1 = g | 7 Uy (k) = By (k + 1) + Vv (k)
(17)

where, I}y (k + 1) will be calculated as follows:
Ipy(k +1) = 3(Ipy (k) — Ipy(k — 1) + Ipy(k = 2)) (18)

The basis of the proposed method of current pre-
dictive current is as follows:

e The voltage, current and power of system in the
kth period is measured using a sensor.

e In a sampling period (20 ms), two subsequent
samples of power at the present moment are compared
with previous moments.

o Power variations (AP) are calculated and then
the reference voltage is decreased and increased in pro-
portion to this value.

Eventually, the reference voltage is calculated us-
ing the parameters in the current predictive control
method.

The cost function is the main difference between
MPC and other predictive control strategies. Basically,
this is a collective function that includes various sub-
functions that represent our demands on the control
system. The cost function consists of at least one con-
trolled variable reference tracking section, which can be
current, voltage, torque, and so on. In this paper,
voltage and current ripple minimization is added to the
cost function simultaneously as a system constraint to
optimize system performance. Accordingly, an addition-
al part in the cost function is considered as the differ-
ence between the measured value of voltage in the cur-
rent and next state. In order to optimize the voltage
ripple, the arithmetic optimization algorithm has been
used [14].
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Fig. 7. Block diagram of a solar system connected to the distribution grid with maximum power point tracking of PV current pre-

dictive.
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V. Simulation Results

In this study, BP Solar SX3190 solar panels are
used and the technical specifications are listed in Tabl-
es 3-5. The voltage-power and voltage-current curves
are shown in Figs.8 and 9 per composition (10 cells in
series and 14 cells in parallel), also Isc and Iy, Vi, and
Ry, are shown in Figs.10 and 11.

Table 3. BP Solar SX3190 module specifications

Parameter Variable Value
Maximum power P 190 W
Maximum voltage Vin 243V
Maximum current I 7.85 A

0O.C Voltage Voc 30.6 V
S.C Current Isc 85 A
Cells in series Ng 50

Table 4. Maximum current and voltage in the BP Solar
SX3190 module

G(W/m?) [ 1000 750 500 250 100
Vi (V) 243 242.8 | 2407 | 2337 220.3
In(A) 109.6 81.9 54.2 26.3 10.14
Ru(Q) 2217 | 2964 | 4.443 | 8873 | 20.792

Table 5. Series and parallel resistance, modulus diode
saturation current

T(°C) 0 25 50 75 100
Io(A) 1IE—9 | 4E—8 | 9E—5 1E—5 1E—4
Ra () 479 189 120 107 267
Reo(Q) 0.249 0.248 0.254 0.277 0.316

Array type: BP Solar SX3190; 10 series modules;
14 parallel strings

Q 1.00 kW/m*

= 100 | _ozskwee o _____
g Lo_osoxwme

R
@] 0 L L L
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Power (W)
S = N W

150 200 250 300 350
Voltage (V)

Fig. 8. V-I and V-P curve in BP Solar SX3190 module.

A 26.6 kW solar system was simulated in MAT-
LAB Simulink environment and in real-time. The run-
ning time of the simulation is 2.5 s. According to Fig.12,
the solar radiation is reduced from 1000 W/m? to 100
W/m? in this period. The simulation results include
changes in voltage and current of the solar system, DC
link, PV power generation changes, maximum power
point tracking, and study of power quality parameters
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Fig. 9. (3-D) V-I and V-P curve in BP Solar SX3190 module.
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Fig. 10. (3-D) Isc and I current in BP Solar SX3190 module.
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Fig. 11. (3-D) Rum and Vi in BP Solar SX3190 module.

on the inverter output.

In Figs.13-18, it has been shown that tracking in
current predictive current control is much more accur-
ate than other existing methods. The amount of fluctu-
ations around the operating point in the proposed
method is less than other methods. According to Figs.17
and 18, the fluctuations of system power generation and
DC link voltage with current predictive current control-
ler have a better performance than PID and P&O. The
ripple power of the proposed method is about 0.02 kW
(see Table 6). In Fig.19, it is shown that the maximum
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Fig. 12. Solar radiation changes during the simulation period. Fig. 15. PV voltage and current with the proposed and PID
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Fig. 13. Fluctuations around the operating point with the

proposed and PID methods. Fig. 16. PV voltage and current with the proposed and

P&O methods.
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Fig. 17. PV power and DC link voltage with PID and pro-

resistance value (Ryppr) with the proposed method is posed method.

much closer to the reference value.
As shown in Figs.20-23, the total harmonic distor-  method has been reduced by 0.16% compared to the
tion (THD%) of the inverter voltage with proposed PID method. In addition, the THD% of the current in
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Fig. 18. PV power and DC link voltage with P&O and pro-
posed method.

Table 6. Comparing the results of different methods

Inverter voltage with proposed MPPT method

400
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Fig. 20. Inverter output voltage quality with the proposed
method.

Inverter voltage with conventional MPPT method

Ripple power | Ripple current | Ripple voltage
Method
W) (A) V)
Proposed method 20 5 5
PID 100 13 8
P&O 60 20 15
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Fig. 19. Comparison of maximum resistance Ryppr in dif-
ferent method.
the proposed method is reduced by 0.1% compared to
the PID method.

VI. Experimental System and Results

1. Experimental system

The boost converter circuit comprises a DC voltage
source, an inductor, and an electronic switch, with
MOSFET components, diodes, capacitors, and resistors
serving as loads. On this circuit, an IRF250 MOSFET
with sufficient Vs over a 600-V voltage range was used,
and also had small enough R4 to increase the load ca-
pacity of this circuit (Fig.24).
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Fig. 21. Inverter output voltage quality with PID method.

Inverter current with proposed MPPT method
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Fig. 22. Inverter output current quality with the proposed
method.

The ACS712 is a current sensor that operates on
the principle of field effects. This current sensor is cap-
able of measuring both AC and DC. This sensor mod-
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Inverter current with conventional MPPT method
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Fig. 23. Inverter output current quality with PID method.

Fig. 24. Design and experimentation of a boost converter.

ule includes an operational amplifier circuit, which in-
creases the sensitivity of the current measurement and
enables it to detect minimal current changes.

The voltage sensor used in this paper was the Ar-
duino voltage sensor, which allowed for the reading of a
circuit’s voltage value. Analog pins on the Arduino en-
able it to read voltage values.

The TR2110/IR2113 are high-voltage, high-speed
power MOSFET and IGBT drivers with independently
referenced output channels on the high and low sides.

Arduino Uno R3 is a minimum system board based
on the AVR microcontroller type ATmega328P. The
BP SX3190 solar panels which used in the experiment is
shown in Fig.25.

Fig. 25. BP SX3190 solar panels which used in the experi-
ment.

2. Experimental results

To evaluate the performance of the PV system, an
experiment has been carried out. Here, the results of
the experiment are represented. The set of experiment-
al results are shown in Fig.26. This experiment shows
the inverter response to rappidly variations of the radi-
ation. In this experiment, the radiation changes rap-
pidly between 1000 to 100 with step of 250 per 1.75 s
intervals. The frequency of the inverter is 5 kHz. It can
be properly concluded that the inverter follows these
rappidly changes of the radiation which can be seen in
the waveforms of the output voltage and current.

One of the challenges faced by the MPPT al-
gorithms is on reaching the global MPP under partial
shading condition. Another experiment have been done
under partial shading conditions. The results of this im-
portant experiment are presented in Fig.27 and Fig.28.

Comparison of practical and simulation results
shows that the production capacity is consistent and
the proposed method can have high accuracy of track-
ing in partial shading conditions.

One important set of methods, called software-
based GMPP tracking (GMPPT) algorithms, identifies
the GMPP of a multiple peak P-V curve of a PV array
without hardware modifications, since it can be in-
cluded as routines in the inverter controller. A reliable
GMPPT algorithm must correctly find the GMPP for a
P-V curve with any number of peaks. On the other
hand, reliable GMPPT algorithms that track the
GMPP under any PSC have been proposed in [15].
However, to obtain reduced energy losses, GMPPT al-
gorithms must also be as fast as possible.

Model predictive current control method has a
faster dynamic and better steady-state response. But,
the dynamic and steady-state response depends on step
size in the production of the reference current in MPC
method. In the proposed method under uniform condi-
tions, the PI controller applied to the error between the
initial reference current from P&O and the actual cur-
rent of the photovoltaic array. The reference current
from the PI controller and the predictive current are
applied to the cost function and the required switching
pulses are generated.

The simulation and experimental results show that
the proposed method has a faster dynamic response and
low steady-state power ripple. The simulation and ex-
perimental results demonstrates that the MMPC meth-
od tracks the MPP more accurately and quickly than
the MPC method under PSCI6:17],

VII. Conclusions

In this paper, the maximum power point tracking
in a solar system connected to the distribution grid was
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Fig. 27. Curves of a 10-module PV array with each module
under different random irradiances < 1000 W/m? at
T =25 °C.

Fig. 28. picture panel and inverter experimental in partial
shading.

analyzed using three methods of P&O, closed loop
voltage and current control with PID controller, and
maximum power point tracking with PV current pre-
dictive The performed in
Matlab/Simulink environment and in real-time for a
26.6 kW three-phase grid-connected solar system. The
simulation results are compared with current predictive
control, P&O techniques, closed-loop voltage control,
and PID controller-based PV current. The results show
that the proposed control method has the lowest fluctu-
ations around the operating point. The proposed meth-
od has also improved power quality parameters. The
results showed that voltage, current, and output power
at the MPP point with PV current predictive control
has a much better performance. The AOA optimiza-
tion algorithm was applied to minimize the voltage and

current. simulation is
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current ripple. Therefore, in the proposed maximum
power point tracking algorithm, a decrease can be seen
in voltage and current fluctuations around the operat-
ing point. Additionally, it was shown that the proposed
method has a better response rate than the changes in
the radiation. Based on the experimental results, the
output power of the system in the proposed method has
also a better performance than other methods. It is also
shown that the lower the fluctuations around the opera-
tion, the quality of the voltage and current delivered to
the inverter will be improved.
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