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This paper is aimed at investigating MPPT of PV system controlled by
SPWM which is generated by comparing sinusoidal wave with variable
frequency sawtooth wave. Perturb and Observe (P&O) method is used for
MPPT control of PV system. NPC three-phase three-level converter with
LCL filter is designed to produce output voltage with minimum Total
Harmonic Distortion (THD) and high efficiency. The simple and fast method
to get MPP of PV system with variable irradiation is digital control where the
maximum power point is obtained from look-up table for the values of
optimum voltage that achieve the maximum power for each irradiance value
is used for digital control signal in microcontroller. The output voltage
harmonic of multi-level three-phase inverter is controlled using SPWM
control. THD of output voltage of multi-level three-phase inverter is 22% of
stand-alone and grid-connected PV system. Small rate LCL filter is used to
limit voltage harmonics within medium and low voltage limits (5%).
THD output voltage of LCL filter is 4.9% and 3.51% of stand-alone and grid-

connected PV system respectively.
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1. INTRODUCTION

The penetration level of photovoltaic (PV) generated energy into the grid system was increased in
worldwide. This increased penetration level offers unique challenges to systems operators. Improving
reliability so as to reduce replacement cost during the life of the system is one of significant challenges [1].
Usually PV plant consists of 3 main parts: large number of PV modules which are combined together to feed
inverters. The inverters then are connected to low frequency transformer (medium voltage electric grid) [2].

Converters are main part in PV system in order to integrate with AC loads or electric grid [3].
Nowadays multilevel converters are widely used and recommended for medium and high voltage applications
due to reduce switching losses, low harmonic distortion, high voltage capability and good dynamic response [4].
In general there are six main common multilevel converter topologies; Neutral point Clamped converter (NPC)
[5], cascaded H-bridge [6], Y-connected Hybrid Cascaded [7], Capacitor Clamped [8], Z-source [9] and quasi
Z-source [10]. The main circuit and control circuit of NPC three-level converter are simple compared with the
traditional two-level topology. The main advantages of the NPC three-level inverter as follows: 1) reducing the
harmonic and the switching frequency, so that the system loss is small, 2) rising rate of voltage(dv/dt) is lower
than the two-level inverter and the rise rate of current (di/dt) is also reduced, 3) reducing the torque ripple and
electromagnetic noise with the increase of the number of levels, each amplitude of level will be reduced
relatively, 4) reducing the volume of the circuit because the voltage which is related to the absorption circuit is
only half of that, the energy flowing into the absorption circuit is small.
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The main technical difficulty in any application of the NPC three-level topology is to maintain
the two DC-side capacitors’ voltages equal and at a pre-specified level, which is very important for the
equipment running safely and reliably. Several methods have been used to retain the capacitor voltages at
a desired value; the hardware implementation method including separate DC sources, an auxiliary converter
to inject a current in the neutral point is used with additional circuit which adds to the equipment the
inefficiency, cost and complexity and the software method is realized by modifying the converter-switching
mode according to related control algorithms based on the space vector pulse width modulation (SVPWM) or
sine pulse width modulation (SPWM) strategy.

For the SVPWM strategy, the related literatures adjust the action time of redundant small vectors by
judging the direction of neutral-point current and the deviation of neutral-point potential with the increase of
level numbers, this method is very complex and very difficult to realize because of the large amount of
calculation. For the SPWM strategy, the algorithm is very simple by using zero-sequence component
injection, and wouldn’t increase as well as the increase of level numbers. However, the existing literatures
can’t accurately analysis the reason for the neutral-point potential drift and the effect of zero-sequence
component by physical mechanism based on the accurate mathematical model. At the same time, these
neutral-point potential balancing control strategies don’t take the parametric perturbation into consideration.
Accurate model of the NPC three-level converter with parametric perturbation is described in [11].
The output power of PV array is depend on irradiation which incident on the PV array surface over the time
due to climatic conditions; the output power also varies producing several power-voltage curves for several
irradiation levels. The maximum power output of PV array is generated by adjusting voltage or current for
irradiation and temperature [12].

Maximum power point tracking control is used to improve the efficiency of photovoltaic power
generation system. Several methods are using to get maximum power point of PV. Perturb-and-observe
(P&O) method is dominantly used in practical PV system for MPPT control due to its simple
implementation. Look-up table would require large memory storage of the microcontroller as large amount of
panel data is stored with high accuracy are implemented. Implement look-up table in a low cost
microcontroller has limited memory space is usually difficult. In order to use curve-fitting efficiently on
a low-cost microcontroller, PV emulator using multiple simple linear equations to mimic an 1-V curve of the
PV panel to reduce computational time while maintaining sufficient accuracy and can be implemented in
a low-cost 8-bit microcontroller is described in [13].

The converter current is included high order harmonic that flows into the grid causing harmonic
pollution. Filters are used to eliminate these harmonics. The most common filter is L-filter while its
inductance must be high value to decrease the current ripple. The LC-filter is used to eliminate these
harmonics but it is expensive for medium and high power application as well as the filtering effect is not
good because uncertainty of grid impedance. LCL filter had an inherently high cut-off frequency and strong
penetrating ability in low frequency. So LCL filter has come into wide use in the inverter. The three-phase
PV grid-connected inverters topology, firstly analyze the inductance, the ratio of two inductances, selecting
the filter capacitor and resonance resistance. Based on these theories, a designed LCL filter is described
in [14]. Also, low pass LCL filter is used to reduce PWM harmonic. A new state space approach for a low
pass LCL filter connected between the converter station and the utility grid is described in terms of active and
reactive power of the connecting buses, and dc voltage of the VSC described in [15]. The design of LCL
filter is having one of the important roles in the entire system and plays vital role for stability of the system.
The grid impedance is also having impact on the stability of the system and special care required in the
design of LCL filter. The resonance frequency of LCL filter varies as the grid impedance varies i.e. stiffness
of the grid. The LCL filter interfaced grid connected system is proposed and simulated with the design
consideration for filter described in [16]. The electromagnetic interference filter (EMI) attenuates the high
frequency current harmonics due to switching of inverter. For normal cases, the filter for grid coupled PV
system includes only an inductance or an LC filter. The value of inductance for above-mentioned cases is
very high, bulky and costly. The LCL filter worked as an EMI filter having common mode inductance and
differential mode inductance.

In this paper, the digital control strategy of SPWM MPPT of PV system is designing for two cases;
stand-alone and grid connected. Cheap and fast digital microcontroller named Microcontroller Arduino Nano
3x (which has clock speed 16 MHz, 6 PWM output terminals and 19 mW power consumption) is using two
detect the irradiation value and control the SPWM by controlling the amplitude value of sine wave signal.
The maximum power output with voltage curve of PV system is obtaining by changing inverter voltage in
different irradiation values. This curve is using for look-up table of microcontroller with curve fitting.
The NPC inverter is using for PV system where NPC inverter has high efficiency and the lowest THD.
A designing of LCL-filter is investigating in this paper to reduce voltage and current harmonics within IEEE
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limit of medium and low voltage (5%) which described in IEEE std 519-2014 and IEC 6100-4-12 [17].
MATLAB/SIMULINK is used for modelling PV system with external digital microcontroller.

2. SYSTEM MODELLING
Figure 1 shows the block diagram of PV system,
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Figure 1. Block diagram of PV system

3. SYSTEM DESCRIPTION

Figure 2 shows grid-connected PV system. As shown in Figure 2, PV array is 800 modules,
each module peak power is rated 250 W at 35 V and 5 A, the number of Series-connected modules per string
is 20 and the number of parallel strings is 40. PV array connected to three-phase three-level NPC converter
controlled using SPWM of MPPT control. Three-phase LCL filter is used to connect the inverter output
voltage to Three-phase load (stand-alone mode) or the grid (grid-connected mode). Digital microcontroller
(Arduino Nano) controls the output voltage of inverter at maximum power point by generating SPWM
signals. Digital microcontroller measures the signals of PV voltage and current to calculate maximum power
point by P&O method.
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Figure 2. Grid-connected PV system
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3.1. Photovoltaic cell (PV)

Photovoltaic Cell is mainly a p-n junction with P-type silicon at the bottom and diffused thin layer
of n-type on the top. PV cells produce current when photons incident on its surface [18]. Reference of
different designs and models solar photovoltaic array of system suggests that the open circuit voltage of
single solar cell is in between 0.5 and 0.7 V depending upon the material of solar cell. PV array module
consists of number of series and parallel connected cells as per the required rating of PV array [16].
The equivalent circuit of a PV cell has a current source (1,,,,), a diode connected in anti parallel (D), a series
resistor (Rs) and a parallel resistor (R,) as shown in Figure 3 [19]. The equivalent resistances of PV
array are:

N N
Rse = Rs (N_:) Rpe = Rp (N_p) (1)

where N = No. of series-connected modules per string, N,= No. of parallel strings
The output current of the PV cell is expressed as,

V+IRs
Rp

I'= L, — I{exp(—i=V + IR,) - 1} - @)

AgTcNg
where I, denotes light generated current, I is the saturation current of the diode, g is the electron charge
which is 1.60 x 10™° C. V and I denote the output voltage and the output current of the PV cell respectively.
The ideality factor of the cell is defined as A, in the equation is Boltzmann constant (1.38x 10 J/K).
The number of series connected cells in a PV module is denoted by N;. The light generated current (1,,)
in (2) is expressed as,

Ly = [Ise + Ko (T, = Tror)]. G ()

where K is the temperature co-efficient of short circuit current of the cell. T, and T, are the cell's operating
temperature and reference temperature respectively. G is the solar irradiation level in W/m?

o 1) Ne S° v

Figure 3. Equivalent circuit of PV cell

3.2. Maximum power point tracking (MPPT)

In this model, Perturb-and-Observe (P&O) method is used. This method works by calculating the
current output power for step (P (k)) for the current values of voltage (V,,(k)) and current (I,,,(k)),
then compare it with the previous output power values (P (k-1)). In case of power increases, change the
voltage in the same direction as the previous change. Otherwise, change the voltage in the opposite direction
of the previous one [18]. Figure 4 shows the flow chart of the P&O method.
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Figure 4. The flow chart of the P&O method

3.3. Three-level neutral point clamped converter (NPC)

The number of levels of a converter is the number of steps in the voltage of the output terminals
with respect to any arbitrary internal reference point. Three level NPC as shown in Figure 2, characterized by
obtaining the lowest THD (36.22%) and very high efficiency (98.93%) in comparing with other multilevel
converters topologies mentioned before [20]. It is necessary to model three-phase inverters to obtain voltage
and current waveforms for each element like IGBT and diode, working out the power losses accurately.
There are three legs which are denoted by a, b, c.

Each leg has four switches and two diodes. For ideal switch, V, is the output voltage for phase a, V,,
and I, are the inductor voltage and current, L is the AC-side filter inductance, r, is the winding resistance
related to the inductance L, R, ., IS the load resistance and V), is the neutral point voltage. Starting from
V;=a, b, ¢, a KVL can relate V; to Vy as below [21].

dly; .

Vi =L—2+ 11 +1jRioaa + Vi, G = a,b,c) 4
Also, the neutral point voltage can be related to the phase voltages in three-phase systems,

VW =a+V, +1)/3 (®)

Combining (4) with (5) as well as doing further rearrangement for getting two independent inductor
currents leads to,

dlra _  ILa(rL+Rioad) | 1 v
Fraled . t5 @ =V, =1)
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dl I1p(rp+R ) 1
b= el 4+ 2V, — V, — V) (6)

In order to avoid the inner switches suffering from high voltage, the outer two switches are not
allowed to be in on state at the same time. So there are three different voltage outputs, and this is the reason
why it is called three-level [22].

3.4. Design of LCL filter

The LCL filter as shown in Figure 2, designing is categorized into two parts. First part deals with the
design of inverter-side inductance (L;) and the second part deals with the design of grid-side inductance (L,)
and capacitance (Cy) which is considered as L,C, second order low pass filter. The grid-side inductance
design is having relation with inverter-side inductance and the ratio between grid-side inductance and
converter side inductance depends upon the ripple current attenuation. The simplified equations are used for
the designing of LCL filter [16].

Ly = N‘efsvm ()
= ot ®
Ziase = 21 ©
Ly = L; (10)

where V; is grid r.m.s. phase voltage, f; is inverter switching frequency, i,y is expressed as a percentage
of the inverter current I;,,, which lies in the range 5%-25%, L, is grid-side inductance, L; is inverter-side
inductance, Cy is capacitance of LCL filter, P, is inverter rated power and w, is operating frequency.

Splitting the total filter inductance Ly into L; (inverter-side inductance) and L (grid-side inductance)
follows the relationship:

Lg =r*Lg (11)

where r (0.4<r<2) is the inductance index [23-25]. However, the following limitations on the filter
parameters have been taken into account [23]:- The total inductance (Ly=L;+Lg) should be less than 0.1 (p.u)
because it results in ac voltage drop during operation. Otherwise, a higher dc-link voltage will be required
and this results in higher switching losses. However, for high power levels, the main aim is to avoid the
saturation of the inductors L; and Lg.- The capacitance is limited by the reactive power limit (normally this
limit is less than 5%).- To avoid resonance problems, the resonance frequency w,.., of the filter should be
higher than 10 times the grid frequency w and smaller than half of the switching frequency w,, .

3.5. Sinusoidal pulse width modulation

The generation of a sinusoidal PWM signal finds more applications in industries, which can be
generated by comparing a sinusoidal reference signal with a sawtooth carrier wave and the width of each
pulse varied proportionally to the amplitude of a sine wave evaluated at the center of the same pulse.
The output frequency of the inverter can be found by using the frequency of the reference signal. The rms
output voltage can be controlled by modulation index and in turn modulation index is controlled by peak
amplitude. The gating signal can be produced by using the variable frequencies unidirectional sawtooth
carrier wave [26]. Figure 5 shows one signal SPWM generation of specific frequency of sawtooth.
The frequency of PWM represents the amount of time taken by PWM to complete one cycle. In order to
produce variable values, the sawtooth frequency can be changed In order to make the analysis of control
PWM it is necessary to define some parameters. The index of amplitude modulation mgand index of
frequency modulation,

Virer fsaw
mem, =— , my = -2 12
f a Vsaw f f‘ref ( )
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Figure 5. one signal SPWM generation of specific frequency of sawtooth

3.6. Microcontroller

The Arduino Nano 3.x is a small, complete, and breadboard-friendly board based on the
ATmega328. It has more or less the same functionality of the Arduino Duemilanove, but in a different
package. It lacks only a DC power jack, and works with a Mini-B USB cable instead of a standard one.
Ardino specifications are 5V operating voltage, 19 mW power consumption and 16 MHz clock speed.
The Arduino clock frequency is 16 MHz that a pulse-width-modulated (PWM) signal, using the hardware
timers on the ATmega328 might be the way to go. This gives very precise and consistent timing and allows
to toggle a pin as fast as fpc,. The delay time response of Arduino and its effect on simulation-based model
are negligible.

4. CONTROL STRATEGY
MPPT curve of PV array is obtaining using P&O method. In this method, the RMS value of output
voltage of inverter is changing using SPWM. SPWM is controlled by amplitude of sine wave signal which
compares with sawtooth signal. To get MPP of PV array in the variable irradiation using following steps:
a) Irradiation is changing from 100 W/m? to 1000 W/m? by step 100.
b)  Microcontroller is changing the amplitude of sine wave signal of SPWM to get MPP in specific
irradiation.
c) Recording MPP with the amplitude of sine wave signal of SPWM.
From the above steps, we are obtained MPPT curve with the amplitude of sine wave signal of
SPWM. This curve is used as look-up table employed in Microcontroller with curve fitting.
Digital control strategy is using to PV system by Microcontroller as the following:
a) Measure the value of irradiation then feed to Microcontroller.
b)  Using Look-up table of MPPT, Microcontroller is adjusting the amplitude of sine wave signal
of SPWM.
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5. SIMULATION RESULTS

Stand-alone and grid-connected PV system is simulated using MATLAB/SIMUINK with coupling
Microcontroller Arduino Nano by USB cable. Figure 6 shows MATLAB/SIMUINK of PV system connected
Arduino Nano using USB.

ids)
&
]

Figure 6. MATLAB/SIMUINK of PV system connected Arduino Nano using USB

5.1. LCL filter design
The design of inverter-side inductance (L;) and the second part deals with the design of grid-side
inductance (L,) and capacitance (Cy) of LCL filter using the rated values of the PV system; V; = 220V,

Vi =380V, f;=50Hz, P, =800%250W =200kW, 1, =5A4%40=2004, ippe=015%1I, =
30 Aare: L; = 0.0299 H ~ 30 mH = L, and C; = 220 uF

5.2. Maximum power curve

Matlab/Simulink is using to simulate controlled three-level three-phase NPC converter gate
switching using variable modulation indices with carrier signal sampling frequency 100 KHz and reference
signal frequency 50 Hz, with irradiation of 1000 w/m? and temperature of 25 degree c. To obtain the
maximum power-voltage curve of PV array, the peak value of sinusoidal wave of controlling SPWM is
changing to get the inverter voltage value of maximum power in different irradiation (100 W/m? to 1000
W/m?). Figure 7 shows the P-V maximum power curve. The proportional relation between rms output
voltages of filter is increasing with the output power of the solar panel while increasing the modulation index
of the SPWM controlled by MPPT. This curve with curve fitting in different points is using as look-up table
employed in microcontroller.
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Figure 7. P-V maximum power curve
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5.3. Case 1: Stand-alone PV system

The PV system connected to three-phase load, in Figure 2, was simulated in irradiation of 1000
W/m? and temperature of 25 degree using Matlab/Simulink. Figure 8 shows the output voltages of the
inverter before and after the filter and their harmonics. As shown in Figure 8, the THD is very small
approximately 22 % using to control SPWM of three-level three-phase converter. The LCL filter is used to
reduce THD to 4.9% within IEEE limit of medium and low voltage (5%). Stand-alone PV system with three-
phase load, in Figure 2, was simulated in variable irradiation from 100 to 1000 W/m? and temperature of 25
degree using Matlab/Simulink. Figure 9 shows DC output voltage and power of PV array. Figure 10 shows
output power of inverter and load.

As shown in Figure 9, DC voltage of PV array is changing from 420 V at 100 W/m? to 620 V at 200
W/m?. DC voltage of PV array is changing with small from 620 V to 782 V with irradiation change from 200
to 1000 W/m?. As well as DC power of PV array is changing from 15 kW at 100 W/m? to 36 kW at 200
W/m?. DC power of PV array is changing with small from 36 kW to 39 kW with irradiation change from 200
to 1000 W/m?. As shown in Figure 10, the load power is variable from 2500 W at 100 W/m? to 6000 W 1000
W/m? where it depends on voltage and irradiation. The power loss of LCL filter is approximately zero which
is the difference between the output power of inverter and output power of filter.
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Figure 8(a). The output voltage of the inverter and harmonics
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Figure 8(b). The output voltage filter and harmonics
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Figure 9. DC output voltage and power of PV array

8000

6000 -~ =

4000 — b

2000 q

Output power of inverter (W)

1 1 1 1 1 1

e

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (sec)
6000 T T
5000
% 4000 =
et
d
Z 3000 - 4
-3
2 2000 - B
3
1000 i
0 L 1 L 1 1 L 1 L 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (sec)

Figure 10. Output power of inverter and load

5.4. Case 2: Grid-connected PV system

The Grid-connected PV system with three-phase load, in Figure 2, was simulated in irradiation of
1000 W/m? and temperature of 25 degree using Matlab/Simulink. Figure 11 shows the output voltages of the
inverter before and after the filter and their harmonics. As shown in Figure 11, the THD is very small
approximately 22 % using to control SPWM of three-level three-phase converter. The LCL filter is used to
reduce THD to 3.51% within IEEE limit of medium and low voltage (5%).

The Grid-connected PV system with three-phase load, in Figure 2, was simulated in variable
irradiation from 100 to 1000 W/m? and temperature of 25 degree using Matlab/Simulink. Figure 12 shows
DC output voltage and power of PV array. Figure 13 shows output power of inverter, filter, load and grid.
As shown in Figure 12, DC voltage of PV array is changing from 300 V at 100 W/m? to 620 V at 200 W/m?.
DC voltage of PV array is changing with small from 620 V to 782 V with irradiation change from 200 to
1000 W/m?. As well as DC power of PV array is changing from 10 kW at 100 W/m? to 36 kW at 200 W/m?.
DC power of PV array is changing with small from 36 kW to 42 kW with irradiation change from 200 to

Digital control strategy for SPWM MPPT of PV system with three-phase NPC... (Mahmoud Aref)
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1000 W/m?. As shown in Figure 13, the load power is constant value (=22 kW). The PV system and grid is
feeding load in different values of irradiation. The power loss of LCL filter is approximately zero which is
the difference between the output power of inverter and output power of filter.
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Figure 12. DC output voltage and power of PV array
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Figure 13. Output power of inverter, filter, load and grid
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6. CONCLUSION

Configuration of MPPT control with multilevel converter gate signals is one of the most effective
ways to optimise PV systems with high performance. Avoiding low amplitude modulation indices to make
the best use of three-level converter utilities. Look up table for the values of optimum voltage that achieve
the maximum power for each irradiation value is used for digital control signal in microcontroller.
The simple and fast method to get MPP of PV system with variable irradiation is digital control where the
maximum power point is obtained from look-up table. The output voltage harmonic of multi-level three-
phase inverter is controlled using SPWM control. THD of output voltage of multi-level three-phase NPC
inverter is 22% to stand-alone and grid-connected PV system. Small rate lossless LCL filter is used to limit
voltage harmonics within medium and low voltage limits (5%). THD output voltage of filter is 4.9% and
3.51% of stand-alone and grid-connected PV system respectively.
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