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Abstract

Due to the rapid decline of fossil resources and the impact of their use for electric power generation on the
environment, renewable energy sources are increasingly explored and integrated into the power grid. Among the
Renewable energy sources, photovoltaic (PV) systems are one of the most integrated into the utility grid. Thus, this
paper presents a control scheme based on instantaneous power theory (IPT)and model predictive control (MPC) to
inject the PV power into the grid at unity power factor with minimum current harmonics. The proposed control strategy
is applied to a two-stage grid connected PV system which employs boost converter and two-level voltage source
inverter. The current references are obtained in the dq reference frame based on IPT. A finite control set model
predictive control (FCS-MPC) is used to control the inverter current in order to inject with high accuracy the current
references into the grid. The effectiveness and the performance of the proposed control strategy is confirmed by
MATLAB/Simulink under various solar irradiance level.
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1. Introduction

Global energy crisis and environmental concerns from exhaustible fossil fuels have pushed numerous
researchers to alternative energy sources which are inexhaustible and produce less environmental impact(M. vinary
Kumar, 2020). Among various alternative energy sources, the solar energy has a cutting edge over others(Patil, n.d.).
Grid connected photovoltaic system (GCPVS), compared to off-grid system, has advantage of not requiring storage
system. The integration of PV energy production into grid is experiencing a significant growth in recent years. Since
the Penetration of the Solar PV energy has been increased rapidly over the decade, the issue of maintaining the power
quality within the allowable range has been a topic of major concern(Obi & Bass, 2016). The widespread integration
of inverters for integrating distributed units with the grid has lead harmonics distortion and complications in attaining
frequency stability(Liang, 2017). The power quality at the point of common coupling(PCC) is an important
parameters to the utilization of PV energy(Reveles-Miranda et al., 2020). In GCPVS, one of the major power quality
concerns is the harmonics and the total harmonic distortion (THD) is the most useful way to assess harmonics of a
given signal.

The performance of GCPVS depends mainly on the control scheme applied(Zeb et al., 2018) and the control
of the inverter is one of the most significant part of the GCPVS (Arulkumar et al., 2016; Zeb et al., 2018). The grid
connected inverters require a suitable control technique in order to inject pure sinusoidal current into the grid(Sinha
et al., 2018). In this sense that several controllers of PV inverters including Proportional-Integral(P-I) controllers
(Liu et al., 2014; Selvaraj & Rahim, 2009), proportional resonant controllers (Tariq et al., 2017; Ye et al., 2016), linear
quadratic regulators (Huerta et al., 2012; Xie et al., 2020), sliding mode controllers (Benadli et al., 2015), neural
network controllers (Kalla, 2017; Kaushik et al., 2020), fuzzy logic controllers (Hannan et al., 2014; Ramalingeswara
Rao & Srikanth, 2014), repetitive controllers(Gao et al., 2018), hysteresis controllers (Mosazadeh et al., 2012; Rahim
etal., 2007) , predictive controllers (Ahmed et al., 2020; Boukezata et al., 2016; Long et al., 2021) have been developed
in order to inject high current quality into the grid. The classical PI controllers can not eliminate the steady state error
(Arulkumar et al., 2016). The proportional resonant controllers cannot achieve the fully power factor control in the
of3 coordinates control strategy and they become more complex in the abc reference frame control strategy (Arulkumar
et al., 2016). The current regulation by hysteresis regulator is highly complex (Arulkumar et al., 2016; Sinha et al.,
2018) and present variable switching frequency(Arulkumar et al., 2016). for neural network controller, to find the
proper learning is though(Babu P et al., 2020). Sliding mode controllers suffer from chattering effect which in certain
can even damage the actuator (Zhu & Fei, 2017). Fuzzy logic controllers must be carefully tuned to achieve maximum
performance(Justin Boitano, n.d.) and the choice of fuzzy membership function as well as scaling gain may be a
tedious process.

Due to the rapid improvement in the microprocessor, the mathematical control techniques such as MPC
become an effective method to control several applications with different control variables (Abdelrahem et al., 2020).
The subset known as finite-control set model predictive control(FCS-MPC) is the most intuitive implementation of
MPC, as control actions are considered directly, and eliminates the need of a modulator(Easley et al., 2021). Several



varieties of control scheme based on FCS-MPC have been proposed in the literature such as FCS-MPC with Kalman
filtering capability (Ahmed et al,, 2020), Synchronous Reference Frame Theory based on FCS-
MPC(Sathiyanarayanan & Mishra, 2016), A Lyapunov function based model predictive control (Golzari et al., 2019)
to enhance the THD level of the injected current into the grid .

In this paper, a control scheme based on IPT and FCS-MPC is proposed to inject the PV power into the grid
at unity power factor with minimum current THD. The main advantages of the proposed control scheme are its
simplicity and its effectiveness under various solar irradiance level. The rest of the paper is structured as follows:
Section 2 presents the description of the studied system. Section 3 describes the proposed control strategy. The
simulation results are presented and discussed in section 4. Finally, concluding remarks are given in section 5.

2. Description of the studied system

The schematic diagram of the studied grid connected photovoltaic system is shown in Figure 1. The studied
system has three phase utility grid which is connected to a PV array. The latter is integrated into the grid via a boost
converter and two-level voltage source inverter. a direct duty cycle control P&O maximum power point tracking
(MPPT) method(Pandiarajan et al., 2012) which is the most used in practice is applied to the dc boost converter to
extract the maximum available power of the PV array. A PI controller is employed to keep the dc bus voltage at its
reference. The 0 represent the grid phase angle information obtained by Phase Lock Loop (PLL).
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Figure 1: Structure of the Studied System

2.1 PV array modeling
In this paper, a single diode model which is the most commonly employed(Mohamed Rida et al., 2018) is
used and its PV cell equivalent circuit is shown in Figure 2(Villalva et al., 2009). The current(I,)-voltage (Vpy)
relationship is given by(Villalva et al., 2009):
Iy =Tph —Iq = Lsn (1)

Tov =Ipn — I [exp (—vazvltslp" - 1)] - (_va ;siSlpv) @
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Figure 2: Equivalent Circuit of a PV cell

Where R, and Ry, are respectively the equivalent series and parallel resistance of the PV cell. I, and I
represent the current generated by the incident light and saturation currents of the diode. Their equations are well
described in reference (Villalva et al., 2009). V, = XK i the thermal voltage of the PV cell with N; cells connected

in series. K is the Boltzmann constant (K = 1.38 X 10 — 23 J/K)), q is the electron charge (q = 1.6 X 10— 19 C), T
is the absolute temperature in Kelvin, and A is the diode ideality factor.
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Figure 3: (a) I,,, — V,,,, Characteristics; (b) Pp,, — V,,,, Characteristic

The Kyocera KC200GT PV module is used to make a PV generator of SKWp. The PV generator consist of 10 modules

in series and 4 modules in parallel. The IpU(va) and va(va) characteristics of the PV generator at fixed temperature
(25°C) and different solar irradiance level are shown in Figure 3.

3. IPT-based FCS-MPC

In three phase system, active and reactive power is  suitably controlled by
using the approach of dq rotating synchronous frame (Arulkumar et al., 2016). According to the IPT, the active power

P and reactive power Q under dq synchronous rotating reference frame can be expressed as follows(Huang et al.,
2013):
3 ) .
P =E(Udld + V4iq) 3)
3, . )
Q =§(vqld _vdlq) 4
If the rotating frame is aligned with the A-axis of the grid voltage vectors, The d-axis and g-axis references
current can be expressed as :
) 2P
lag ref = 3;Zf (5

. _ ~2Qrer
lq_ref - 3vq4 (6)




The reference active power (Py.¢) to be injected into the grid is obtained by subtracting the output of the PI
controller (Py.) from the power generated by the PV array (B,,) (Lalouni & Rekioua, 2013). The reference reactive
power to be injected is given by an external command and it is held at zero in this paper.

Prer = By — Pyc (7

Equation (5) and (6) are transformed in the off reference frame to get the references current for the MPC
controller. The prediction of the injected current(Boukezata et al., 2016) and cost function(Almaktoof, 2014;
Boukezata et al., 2016)in the a-f coordinates are respectively given by equation (8) and (9)

fag” e+ 1) = (1= 22) 1 ) + £ [viag () = vap (K] ®)
9 = (o) = if, G+ 1)) + (ifp () — ify k + 1)) ©)

Viqp and v,p are respectively the voltage generated at the output of the inverter and grid voltages in the aff
coordinates. T is the sampling period. For a two-level voltage source inverter, 8 switching states are generated which
produce 7 different voltage vectors. For each voltage vector, equation (8) is used to predict the future injected current
and equation (9) is used to minimize the error between the reference current and the predicted one. The overall control
scheme is depicted in Figure (4)
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Figure 4: IPT Based FSC-MPC

4. Simulation results and discussion

The proposed control strategy is simulated under various Irradiance level. The system specifications are given
in Table 1. Isc and Voc are respectively the short circuit current and open circuit voltage of one PV module. The
subscript mpp stand for maximum power point. The system is simulated under different level solar irradiance and
current THD is monitored at each solar irradiance level.

Figure 5 present the simulation results when a solar irradiance (G) of 1000W/m? is applied from time t = Os
to t = 0.25s, then the solar irradiance falls to 800W/m? at t = 0.25s. during the interval where G = 1000W/m? , the
injected power oscillates around it reference with an amplitude of around +22W. from t = 25s, the PV power falls to
6372W and consequently the reference power drops from 7783W to 6175W. in this time interval, the injected power
oscillates between 6180W and 6185W.

Table 1: System Specifications

Parameters Values

Grid voltage 220V

Frequency 50Hz

Capacitors 2200uF

Boost inductor and switching frequency 1.6mH, SKHz

Coupling inductor (L, R¢) ; Ts 2.2mH, 0.01Q ; 1us

PI regulator, Pmpp, Vinpps Impp, Isc and Ve Kp=218; ki=10 ; 200.143W, 26.3V, 7.61A, 8.21A, 32.9V
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The simulation results for a G = 600W/m? and 400W/m? are depicted in Figure 6. Once more the solar
irradiance variation has occurred at t =0.25s. From that time, the injected power into the grid has dropped from 4575W
to 4520W. the injected power tracks it references with minimum oscillations.
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Figure 6: Simulation results for a solar irradiation variation from 600W/m? to 400W/m?

Finally a simulation is made for a variation of G from 900W/m? to 200WW/m? and the simulation results are
presented in Figure 7. The voltage at the PCC is imposed by the grid, therefore the injected current is the image of the
transferred power. The injected current has suddenly dropped from 15A to 2.8A due to the important decrease in solar
irradiance level.
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Figure 7: Simulation results for a solar irradiation variation from 900W/m? to 200W/m?

In all the simulation results, there is difference between the maximum PV power extracted by the MPPT
algorithm and the reference power. This is especially due to the equation (7) in the control process. The variation of
solar irradiance has an impact on the current THD

(Patsalides et al., 2007), which can also be noticed from the simulation results. The current THD for all the
operating point are given in Table 2. The higher the solar irradiance level, the lesser the injected current THD. All the



studied operating point exhibit a grid current THD level lower than the 5% of the IEEE standard 519-19992. Moreover,
for all the solar irradiance level simulated, the dc bus voltage is kept at it reference (600V) with no more than 1.5%
ripples.

Table 2: Current THD for different of solar irradiance

G(W/m?) The injected current THD (%)
1000 0.36

900 0.4

800 0.45

600 0.6

400 0.94

200 2.14

5. Conclusion

In this paper, instantaneous power theory based on model predictive control is proposed to efficiently control
a grid connected photovoltaic system. the simulation results confirm the performances of the proposed method in
terms of current THD injected into the grid even under low irradiance level. A practical implementation is
recommended for a future work.
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