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Abstract 

 

The human activities contribute to the global warming of the planet. As a result, 

every country strives to reduce carbon emissions. The world is facing not only the 

depletion of fossil fuels, but also its rising prices which causes the worldwide 

economic instability. Numbers of efforts are being undertaken by the Governments 

around the world to explore alternative energy sources .and to achieve pollution 

reduction. Solar electric or photovoltaic technology is one of the biggest renewable 

energy resources to generate electrical power and the fastest growing power 

generation in the world. The main aim of this work is to analyze the interface of 

photovoltaic system to the load, the power electronics and the method to track the 

maximum power point (MPP) of the solar panel.  

The first chapter consists of an overview of the PV market and cost. It describes 

the application of the PV system, the energy storage and the different standard 

requirement when having grid-connected PV system.  

Then main emphasis is to be placed on the photovoltaic system, the modeling and 

simulation photovoltaic array, the MPP control and the DC/DC converter will be 

analyzed and evaluated. The step of modeling with MATLAB and Simulink of the 

photovoltaic system is shown respectively and simulation results are provided. 



The Simulink model of the PV could be used in the future for extended study with 

different DC/DC converter topology. Optimization of MPPT algorithm can be 

implemented with the existing Photovoltaic and DC/DC converter. 
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Chapter 1: Introduction 

 

1.1 Background and Overall Trends 

Governments around the world are facing a steadily rising demand on global 

electric power.  To face this challenge, they are striving to put in place regulatory 

guidelines to aid the adoption of best practices by utilities in terms of the Smart Grid 

and renewable energy applications. Smart Grid organization provides the consumers 

with the ability to monitor and control energy consumption. This is crucial because as 

the world population grows the electricity demand will also increase, but at the same 

time, we will need to reduce our electricity consumption to fight global warming. 

By using the Smart Grid, energy consumers will have an incentive to create power 

on their own with the use of wind turbines or solar paneling, and subsequently sell any 

power that is generated in excess to electrical companies. Several researches are being 

made to improve the system and reduce its cost and size. As a result, the photovoltaic 

(PV) system is becoming much easier to install but the efficiency of solar module is 

still low (about 13%). Furthermore, it is desirable to operate the module at the peak 

power point. 
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This technical report will discuss about the photovoltaic system, the power 

electronics interface and the method to track the maximum power point (MPPT) of the 

solar panel. Before getting into detail, this first chapter will describe the PV market 

and its future, the application of energy storage with photovoltaic system and the 

different standard requirement when having a grid connected PV system. 

1.1.1Photovoltaic Market 

The energy prices keep rising as well as the consumer demand but thanks to the 

monetaryadvantages that the states or government channels are offering, the market 

for solar power equipment is on the rise within the United States.  

Photovoltaic (PV) installation’s capacity was completed during 2010 and has 

increased by over 55 per cent in comparison to 2009, along with that the typical size of 

the PV system is also expanding  Significant incentives program are being offered by 

many states and as a result, the PV market is expanding to those different states. Long-

term situation of the solar market looks bright. [54] 

Overall Trends in Installations and Capacity 

During 2010, the annual US installation capacity in terms of the PV more than 

doubled at an estimated 820 MWDC, which included not only the off-grid but also the 

grid markets. Even though the growth in terms of said installations has seen a more 

typically stable trend for the past few years, it has doubled in the last few years. [55] 
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According to recent studies by the Solar Energy Industries Association (SEIA), 

the U.S market for solar photovoltaic (PV) grew 20% per year until 2006 when growth 

jumped to 36% due to the new incentives. [54] 

1.1.2 Photovoltaic cost 

A steady decline of the solar PV costs is expected, presumably as much as 50% 

within the next 4 to 7 years. The primary aim is to reduce the expenses related to the 

installation and the PV panel. In 2015, the target is to decrease the price for residential 

use to 8- 10 cents Kwh. At this price, the solar PV will be affordable for the masses.  

Several ways were attempted in order to bring down the expenses of the PV. 

Bringing down the costs of manufacturing, augmenting performance along with 

expanding upon the reliability of the technologies that are being used was few. 

Another important avenue where costs could be brought down was the local 

interaction and learning by means of an expanded capacity of manufacturing. A 

forecast suggests that electricity will be stable and consistent through 2025; elements 

such as tax legislation for carbon, fuel prices on a global level, facility/importation 

constructions, costs of labor, inflation and exchange rates could act as contributor to 

the achievement parity of solar energy with electricity prices even faster than presently 

projected. The solar market cost goal will be achieved with “5-10 GW of PV fitted by 

2015 within the country and over 70-100 GW by the year 2030.”[55] 
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Table 1.1 shows that the projection cost of Kwh will be half of the actual price in 

the next five years (2015 cost 5-7 cents /Kwh for utility company and for residential 

will be 8-10 cents/kwh) 

  Cost of energy(cent/kwh 

Market sector 
Current US market price 
range for conventional 
electricity(cent/kwh) 

2005 2010 2015 

Utility 4.0-7.6 13-22 13-18 5-7 

Commercial 5.4-15.0 16-22 9-12 6-8 

Residential 5.8-16.7 23-32 13-18 8-10 

Table 1.1:Projection cost Kwh of PV [55] 

1.2 Typical application of the PV system 

Photovoltaic systems have become an energy generator for a wide range of 

applications. The applications could be standalone PV systems or grid connected PV 

systems. A standalone PV system is used in isolated applications where PV is 

connected directly to the load and storage system. With a standalone photovoltaic, 

when the PV source of energy is very large, having energy storage is beneficial. 

Whereas a PV system that is connected through a grid is used when a PV system 

injects the current directly into the grid itself.  The advantage of the grid-connected 

system is the ability to sell excess of energy.  

Figure 1.1 shows a block diagram of typical hybrid renewables sources of energy. 

The integrated system has wind turbine and PV array as sources of energy. They are 
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connected to the DC bus that could be connected to a different energy storage system, 

or inject the current directly with a DC/AC inverter. Therefore, the characteristic of 

energy storage for a PV system will be explained as well as some specification and 

standards for a grid connected PV system. 

 

Figure 1.1: Block diagram ofrenewable energy system 

1.2.1 Photovoltaic system and energy storage 

The main benefit of integrating storage with renewable energy is the capability of 

shifting the peak demands using charging/discharging (charging when the excess 
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electricity is stored, discharging when there is a peak demand). The storage can be 

charged from the renewable sources or from the grid. The demand on the grid can be 

met with the renewable sources (wind, solar) or energy storage or both.  

The other benefits are: 

• “Mitigation of short-term solar power intermittency and wind gust effects and 

minimizing its impacts on voltage, frequency, and power fluctuations in power 

system” [56] 

• “Lowering the transmission and distribution costs by increasing the 

confidence in renewable distributed generation”.[56] 

• Improving power system stability, reduction of harmonics,  

Characteristics of Energy Storage System 

Energy storage plays a crucial role not only in maintaining system reliability but 

also in insuring energy efficiency and power quality. The functions of an energy 

storage system vary from its applications. The role of storage in power system 

determines the size and type of storage used. The problem is to analyze the domain of 

application of the storage system. With an appropriate choice of storage parameters, 

the storage unit may be used as multifunctional device, able to solve a wide number of 

problems. The combination of storage with grid connected PV system is beneficial.  

There are different applications that an energy storage system can fulfill: 

• Spinning reserve 
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• Generation capacity deferral 

• Frequency control  

• Integration with renewable generation 

•  Load leveling 

• Transmission line stability 

• Distribution facility deferral  

• Transit system peak 

• Reliability, power Quality, uninterruptible power supply 

1.2.2 Specifications and standards for grid connected PV systems 

Power electronics inverters are necessary to transform into AC current then inject 

to the grid the energy delivered by the PV systems. Therefore, there are special 

standards and requirements concerning the connection of the PV to the grid. The rules 

and regulations set by the utility companies must be obeyed. These standards are to 

maintain the power quality produced by the photovoltaic distribution system. 

The grid-connected standards covered the topics about voltage, DC current 

injection, flicker, frequency, harmonics current, maximum current, total harmonics 

distortion (THD) and power factor.  

Some definitions used in grid connected PV are: 
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Islanding:  

Acondition in which the photovoltaic system and its load remain energized while 

disconnected from the grid. 

Distributed resource islanding:  

An islanding condition is when the photovoltaic sources of energy supply the 

loads not from the utility system. 

Non-islanding inverter:  

An inverter ceases to energize the utility line 

Grounding 

NEC 690 standard requires the system and interface equipment should be 

grounded and monitored. It gives more safety and protection in case of ground faults 

inside the PV system. 

Voltage disturbances 

The utility company set the voltage of grid network (in U.S 120 V). The PV 

system cannot control the voltage of the grid so the output voltage of the PV has to be 

within the operating range defined by the standards. The inverters should detect 

abnormal voltages and prevent islanding of the system. The table 1.2 gives boundaries 

limits of the voltage and the maximum trip time allowed for ceasing to energize the 

grid. The PV systems remain connected to the grid and should reconnect when the 
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voltage was restored. The voltage operating range is detailed in IEEE standard 929 

[29]. 

Voltage Maximum trip time 

V<60(V<50%) 6 cycles 

60≤V<106 (50%≤V<88%) 120 cycles 

106≤V≤132 (88%≤V≤110%) Normal operation 

132<V<165 (110 %< V<137%) 120 cycles 

165≤V(137%≤V) 2 cycles 

Table 1.2: Response to abnormal voltage [29] 

DC component injection 

According to [30] IEC 61727, the DC current injected should be less than “0.5% 

of rated inverter output current into the utility AC interface.” The DC current could 

produce inundation of the delivery converters within the grid.  

Total distortion harmonics 

The topology has to be chosen along with the modulation scheme of the inverters 

should give an AC current with low level of harmonic distortion. High current 

harmonics can cause adverse effects on the diverse equipment connected to the grid. 

Table 1.3 gives the maximum limit of acceptable distortion current according by [29]. 

The table shows the output harmonics current for six pulse inverters. 
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- “Total harmonic current distortion shall be less than 5% of the fundamental 

frequency current at rated inverter output.”[29] 

- Even harmonics shall be < 25% of the odd harmonics limits 

Odd harmonics Distortion limit 

3rd-9th <4.0% 

11th-15th <2.0% 

17th-21st <1.5% 

23rd-33rd <0.6% 

Above 33rd <0.3% 

Table 1.3: Harmonics current limits for six-pulse converters [29] 

Voltage flicker 

The voltage flicker should not exceed the maximum limits in IEC 61727 [30]. 

Islanding protection 

The inverters must have a feature that can identify a situation of islanding and 

respond accordingly to safeguard the people and equipment involved.  For instance, 

the standard stated that the inverter should disconnect from the utility line when there 

is disturbance from the system. 

In islanding, the inverters continue to supply local loads even in the case that the 

grid is no longer connected to the inverter. 
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Inverters that are tied to the grid overlook the utility line and can turn themselves 

off with great speed if required (in 2 seconds or less) in the event that abnormalities 

occur on the utility system 

The principal concern is that a utility line worker could be exposed to a line that is 

unexpectedly energized 

 
Power factor 

The IEEE standard929 [29] specifies that the power factor of the PV system 

should be > 0.85 (lagging or leading) when output is >10%. The grid connected PV 

inverter is designed to have a control current with a power factor unity. Sometimes the 

inverter is used for reactive power compensation; therefore, the inverter should be 

capable to control the output power factor. 

Reconnect after disturbance 

The PV system should not be reconnected until continuous normal voltage and 

frequency are maintained by the utility for a minimum of five minutes, at which time 

the inverter can automatically reconnect. 

Frequency 

According to [29], the PV systems should have a fixed frequency between 59.3 – 

60 Hz. The PV systems should stay synchronized with the grid. For small PV systems, 

the frequency trip should be 59.2 Hz and 60.6 Hz. When there is variation of 
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frequency outside the range specified above, the inverter has to stop energizing the 

line of utility within a span of over six cycles. The time delay is set to avoid the PV to 

trip for short time disturbance 
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Chapter 2: Literature Review 

 

The photovoltaic (PV) generation system has been reviewed as listed below: 

1- The system topology 

2- The model of photovoltaic 

3- The Maximum power point tracking (MPPT) controller and algorithm 

4- The power electronic interface 

5- Voltage and current control 

6- The modulation techniques 

2.1 The system topology 

Soeren Baekhoej et al. [9] did a classification of Inverter Topologies for 

photovoltaic system. The inverter could be a single stage inverter, dual stage inverter. 

Each topology has their advantages and disadvantages. An optimization is necessary 

for the choice of topology. The topology should guarantee that the output current is a 

high quality sine wave and in phase with voltage if grid connected, also with low 

distortion harmonic.  
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In In figure 2.1, the different topology of the photovoltaic is shown. In figure 

2.1a, the PV array is connected in series and parallel then linked by a singular inverter. 

A PV string is for PV array connected in series then connected into single inverter in 

figure 2.1b, and a multistring PV is when multiple PV string are connected to a single 

DC bus then connected to a DC/AC inverter. 

 

Figure 2.1: Topology of PV module, PV string and multi string PV [9] 
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Central inverters or single stage photovoltaic system 

Central inverter topology can be called also single stage photovoltaic. In this 

topology, the photovoltaic system includes a series-parallel connection arrangement, 

which is connected to a single inverter DC/AC for the transferal of the higher amount 

of power possible to the grid or the load. Single stage photovoltaic is shown in figure 

2.2. It has one inverter DC/AC that must handle the MPPT, control the current on the 

grid along with the amplification of the voltage, which makes the single stage more 

complex to control. Sachin Jain et al. proposed, “Using conventional H-bridge inverter 

followed by step up transformer or using a PV array with sufficiently large PV 

voltage.” [10] Thus, the boost converter is no longer necessary. However, the extra 

transformer adds up to the cost and the size of the PV system. In addition, the large PV 

array has the disadvantage of “reduced safety and increased probability of leakage 

current through the parasitic capacitance between the panel and the system ground.” 

[10]. In single stage PV system, the dc/ac inverter must ensure all the functions: 

MPPT, boosting and inversion as shown in figure 2.2. 

In [14] Martina Calais et al. defined the central inverter topology as cheap, robust 

and highly efficient. The major disadvantage is the low power factor 0.6 and 0.7. The 

actual PWM full bridge inverter, switched at great frequencies improves the efficiency 

of the system. 
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Figure 2.2: Circuit diagram of DC/AC grid-connected PV system 

String inverter ortwo stages photovoltaic system 

The photovoltaic modules in the given topology are linked in a structure whereby 

they end up forming a string; the voltage from the PV array ranges between 150-450 V 

[13]. The DC/DC converter realizes the MPPT along with the amplification of the 

voltage. The DC/AC inverter controls the grid current with a pulse width modulation 

(PWM) control scheme.  The initial stage is utilized as a means to boost the voltage 

for the PV array and track MPP of solar power; subsequent to this, the second phase 

coverts the dc power into ac power. The two stages have the following drawbacks of 

lower effectiveness, higher count for parts, lower level of reliability, bigger size and 

higher cost. This topology is mostly used due to its simplicity. The two-stage PV 

system is shown in figure 2.3. 
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Figure 2.3: Two stage PV system with boost converter and three-phase inverter 
[13] 

Multi string inverter 

In this topology, “multiple PV module or string is connected to a dedicated dc-dc 

converter that is connected to a common dc-ac inverter.”[14]. Each PV string has its 

own boost converter and MPPT. Each PV operates at MPP. Figure 2.4 represents the 

multi string inverter and can be noted that each dc-dc converters typically link with 

each other by means of DC bus via an inverter. The advantage with multistring 

inverter is its ability to add an extra PV module to the bus if more power is needed in 

the future. In case of failure of one PV string, the PV system still able to operate with 

the remaining PV. 
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Figure 2.4: Multistring PV system [14] 

2.2 Modeling the photovoltaic array 

In order to study the photovoltaic system in distributed generation network, a 

modeling and circuit model of the PV array is necessary. A photovoltaic device is a 

nonlinear device and the parameters depend essentially on sunlight and temperature.  

The photovoltaic cell converts the sunlight into electricity. The photovoltaic array 

consists of parallel and series of photovoltaic modules. The cell is grouped together to 

form the panels or modules. The voltage and current produced at the terminals of a PV 
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can feed a DC load or connect to an inverter to produce AC current. The model of 

photovoltaic array is obtained from the photovoltaic cells and depends on how the 

cells are connected.  

Marcello Gradella et al. [3] use the basic equation from the theory of 

semiconductor to describe mathematically the I-V characteristic of the ideal 

photovoltaic cell. It is a semiconductors diode with p-n junction. The material used is 

monocrystalline and polycrystalline silicon cells. Figure 2.5 is the model of 

photovoltaic cell with the internal resistance and diode. A real photovoltaic device 

must include the effects of series and parallel resistance of the PV. 

 

Figure 2.5: Single diode equivalent circuit of a solar cell 

The equations that give the behavior of the PV are: 

1  

 

where 
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Ipv: current generated by the incident light 

I0:reverse saturation 

q: electron charge (1,602 10-19 C) 

k :Boltzmann constant 

T: the temperature of the p-n junction 

Vt: the thermal voltage of the array 

Rs:the resistance series 

Rp: the resistance parallel. 

The problem of modeling a PV array is to calculate the resistance series Rs and 

resistance parallel Rp.Rs and Rp are determined iteratively, based on the manufacture 

datasheet in [3]. 

The model is obtained with the parameters of the I-V equation given by 

manufacturer datasheet such as open-circuit voltage Voc; short-circuit current Isc,  

maximum output power Pmax, voltage and current at the maximum power point (Vmpp, 

Impp). The method used “the mathematical model of I-V curve without need to guess or 

estimate any other parameters except the diode constant a” [3]. The relation between 

Ipv and Isc replaces the assumption that Ipv is equal to Isc. The model in [3] gives a good 

correlation of PV characteristic and I-V curve. 
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Dezso Sera et al. in [15] have proposed a model for PV panels, which stems from 

values from the datasheet.  The model uses a single-diode and determines five-

parameters framework constructed from the parameters defined in the datasheet. The 

goal is to establish a structure for the PV panels that exudes the given particular details 

in the datasheet. The five parameters are: 

Iph the photo generated current in STC 

I0 dark saturation current in STC 

Rs: series resistance 

Rsh: parallel (shunt) resistance 

A: diode quality (ideality) factor 

The equations are detailed in [15], which allow calculating the five parameters. 

The equations are based from the equal circuit of the single-diode for PV cells. The 

other equations are derived from open circuit point, maximum power point and the 

short circuit point of the PV. The model obtained represents the stipulations put forth 

through the datasheet for the product. The method proposed a new method depends on 

the temperature of the dark saturation current.  

H. Atlas et al. [16] develop other method of modeling the PV cell. The voltage 

serves as one of the main functions of the photocurrent, which is identified or 

measured by solar irradiation. The voltage equation is given by 
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where 

Ic: cell output current, 

Iph: photocurrent, function of irradiation  

I0: reverse saturation current, 

Rs: series resistance of cell 

Tc: reference cell operating temperature 

Vc: cell output voltage 

For the purpose of calculating the voltage array, the equation has been to become 

the product of the cells that are linked within the set. The operating temperature 

changes during the irradiation and ambient temperature change. This method 

introduces new temperature coefficients Ctv for cell output voltage and Cti for cell 

photocurrent. In addition, two constants correction factors Csv and Csi are introduced 

which expressed the variation in the operational temperature, along with the 

photocurrent because of the deviances within the solar irradiation. The coefficients are 

expressed in [16] by the following 

1  
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1  

βT and γT are constant for the cell temperature at 20ºC. The other relations are 

detailed in [16]. The results of simulation shows the loads begin to draw current from 

the photovoltaic array and current and voltage begin moving to the operating values. 

The framework includes the impact of solar irradiation and temperature.  

J.A Gow etal. [38] used a dual exponential framework. The equivalent circuit is 

shown in figure 2.6. The model has one extra diode. The double exponential models 

are obtained from PV cells constructed with polycrystalline silicon.  

 

Figure 2.6: Equivalent circuit of PV cell with two diodes [38] 

The equation of the double exponential model is given by 

1 1  

Is1: saturation current of diode 1 

Is2: saturation current of diode 2 
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Rs: cell series resistance 

Rp: cell shunt resistance 

k: boltzmann’s constant, 1.38x 10-23 J/K 

e: electronic charge, 1.6x 10-19 C 

The model is nonlinear and implicit. To obtain an analytical solution of its five 

parameters, [38] proposed a set of data at specific temperature and used a numerical 

solution using curve fitting method and Newton Raphson iteration.  The first double 

exponential model does not take variation irradiance but only depends on variation 

temperature. The model is unstable. Later on, a new model is developed and the 

variation of irradiance will be taken into account .The equations are developed in [38] 

and applicable to any PV cells with the double exponential model. The equations have 

thirteen constants, which are specific to the cells. 

2.3 Maximum power point controller and algorithm 

Since the Photovoltaic has a non-linearity characteristic, maximum power point 

controller allows operating the photovoltaic array at MPP.The MPPT adjust the pulse 

width of the DC/DC converter or DC/AC of the inverter. Cited below are different 

strategies to obtain the MPP for the PV system. 

Perturb and Observe (P&O) 
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G. M. S. Azevedo etal. use this method in [8]. It tries to measure the prior value’s 

power in terms of the new value and then makes the decision of whether the voltage 

for the PV array can be increased or decreased. The reference voltage value is adjusted 

until the maximum power point is reached. In [8], two parameters control the MPP: 

the sample rate and the reference voltage. With this method, the DC link voltage 

wavers over the supreme point of power.  The voltage is increased or decreased with 

constant value ΔV. The choice of ΔV determines how fast the MPP controller tracks 

the voltage. It is important to note that the reference voltage and MPP never coincide 

in steady state. The output voltage of the PV oscillates and causes loss of energy. 

A P&O algorithm is used in [41] to interface the PV module to the grid. In figure 

2.7, a boost converter is used to step up the voltage from the PV system and a single-

phase inverter DC/AC is used for the connection to the grid. According to Fangrui Lui 

etal[41], in the event that the solar irradiation goes through a change, the voltage that 

is being output is prone to faster stabilization, 4 to 5 cycles with P&O method, instead 

of 12 cycles with Hill climbing. 

Although the P&O algorithm is typically seen as more appropriate in comparison 

to Hill climbing, , P&O method tends to oscillate about the MPP. In [41], with larger 

step size, PV voltage and output power result in ripples of a considerable size, and the 

dc capacitor, which is paralleled with the PV arrays, undergoes tremendous over and 

under voltages that can lead to the deterioration of the PV converter’s performance. 
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Figure 2.7: Two-stagegrid connected PV system with boost converter [41] 

Incremental conductance INC 

MPPT INC method is used to feed a DC motor pump in [42]. In figure 2.8, the 

DC/DC boost converter is the power electronic interface. The duty ratio for the 

converter is obtained from the MPPT controller. INC method is used for better result. 

An incremental algorithm principle associates the prompt conductance of the PV 

module (I/V) to its augmenting conductance (dI/dV) and choses between decreasing 

and increasing the control variable appropriately [42].  

By Elgendyetal [42], INC has higher tracking performance compared to P&O. 

The transient of the motor is better with INC MPPT when the irradiance and cell 

temperature are constant. The tracking efficiency result is 99.73% with step size 

0.02% when a step change of irradiance and temperature are applied. The motor 

current and torque waveforms have low frequency ripple content depending on the 
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rate of the dc link capacitance alone with the size of the step that is utilized in altering 

the duty cycle converter. 

 

Figure 2.8: PV system with boost converter [42] 

Therefore, in [43] a variable size of step INC MPPT is suggested to improve the 

performance of the conventional fixed step size INC algorithm. The variable step size 

INC adjusts automatically the size of the step to the MPP of the PV array It can 

improve the MPPT speed and its accuracy simultaneously. 

This method calculates the slope of power versus voltage characteristic to 

determine the direction of the perturbation as described in [8]. 
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2.4 The power electronic interface 

2.4.1 DC/DC converter stage 

Boost 

The boost converter is widely used to pinpoint the ultimate point of power of the 

PV array.  It is a simple circuit with good response speed. Any algorithm of maximum 

power point is flexible to implement with software and hardware.  The boost converter 

circuit is shown in figure 2.9. 

It is explained in [18] that the boost converter can operate in continuous 

conduction mode along with discontinuous conduction mode. The mode of conduction 

depends of the capacity for storage of energy along with the relative timeframe of the 

switching. The output voltage is dependent of the duty cycle; it is adjusted by the 

maximum power controller. The relation of the output voltage with the input voltage 

as function of duty cycle is given by 

1
1  

V0= average output voltage 

Vi: the input voltage, PV voltage 

Ts: switching period 

D: duty cycle 
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Toff: switching off of the IGBT 

The boost converter in [18] is designed for all possible duty cycles and for all 

irradiations of the PV array. 

 

 

Figure 2.9: Boost converter for PV 

Buck 

The buck converter can be used in the same method as the boost converter. The 

main difference is the link in terms of the output and input voltage. The buck is 

utilized in reducing the voltage for output, since the voltage, power and current of the 

PV array change continuously with temperature and irradiation, the converter 

conduction mode changes too. The duty cycle  still changes continuously to track the 

highest possible point of power of the PV. An example of design of Buck converter is 

given in [19]. The buck converter is used with the PV array to charge a battery. The 
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inductor current can be continuous or discontinuous. The size of the inductor and 

switching frequency depends on the efficiency, power and weight requirements. 

Eftchios K. et al. [19] show the buck converter has higher efficacy, lesser costs and 

can adjust to bear a higher amount of energy. Figure 2.10 shows the buck converter 

with PV, MPPT with battery load. 

 

Figure 2.10: Buck converter charging battery [19] 

Buck-boost  

Weiping Luo et al. use Buck boost converter in [11] to obtain the MPPT of the 

grid-connected PV generation system. The buck boost is a simple converter with good 

response speed and the controlling method is flexible. The overall efficacy of the 

photovoltaic with buck boost is improved. The output voltage function of the duty 

cycle is given by 

1  
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In buck boost converter, the duty cycle is less than one to allow the converter 

operating both boost and buck modes. 

Dual stage boost buck-boost converter 

Sairaj V. etal proposed in [17] a boost buck-boost converter to find the MPP of 

the photovoltaic array. The buck-boost stage tracks the maximum power by matching 

the output load to the optimal photovoltaic impedance. The two power stages shown in 

figure 2.11 worked independently, solving the problem of ineffectiveness, and transfer 

efficiency. The buck-boost tracks the maximum power in continuous conduction mode 

and the boost minimizes the PV current ripple. The duty cycle of the boost can be set 

to control the dc bus voltage.  The dual stage has a better efficiency but increase the 

cost by introducing additional stage to the converter. 

 

Figure 2.11: Dual stage boost buck boost converter [17] 
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2.4.2 DC/AC inverter 

The function of the DC/AC inverter is presented in [9]. It should mold the current 

into a waveform i.e. sinusoidal, and subsequently transform the current to ac current 

with low harmonics content. The PV array is used to inject a sinusoidal current to the 

grid.The topology adopted depends on the application whether it is a standalone PV 

system or grid connected. Other criteria such as the power output of the PV, the total 

current harmonics and the cost could influence the choice of inverter design.  In grid 

connected PV system, the inverters should have island detection, power quality within 

the standards, grounding, etc. 

The typical DC/AC inverter could be a line frequency-commutated current source 

inverter (CSI), a full-bridge three-level, half-bridge diode clamped three-level VSI, 

etc. In [9], line commutated inverters are qualified robust, efficient and cheap but have 

a power factor between 0.6 and 0.7. Self-commutated inverters are used quite often; 

they are capable switching at high frequency, which introduce more losses in 

semiconductor. The self-commutated inverter is robust and cheap technology. 

As described in [9], line frequency-commutated inverter uses a signal sinusoidal 

to generate the AC output. The drawbacks with this configuration are the power 

quality of the harmonics and unnecessary fault situation. The harmonics can cause 

series resonance with the capacitors installed around the system. 

The full-bridge inverter is the most used in PV system. Figure 2.12 shows the 

single-phase full bridge inverter. The inverter could be unipolar or bipolar depending 
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on the shape of the output voltage waveform. The drawbacks with bipolar is “two 

IGBT and two diodes switching at the switching frequency with whole input voltage, 

therefore doubling the switching losses” [21]. 

 

Figure 2.12: Single-phase full bridge inverter [9]  

Figure 2.13 is the three-phase full bridge inverter. The command of the switch 

depends on the modulation schemes to obtain the sinusoidal output. 

 

Figure 2.13: Three-phase full bridge inverter 
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2.5 Voltage and current control 

In order to control the current delivered by photovoltaic array, it is essential to 

transform the three-phase ac signals into d-q reference frame. The voltage control and 

current control are processed in DC equivalents instead of the three-phase originally 

sinusoidal signals. In [7], the current control is realized by extracting the reactive and 

active power from the PV array. After, the regulation is realized by decoupling the d 

and q axis current. The voltage control is to make the dc-link voltage constant. In 

current control, it is imperative that the current be within the phase in terms of the 

voltage of the grid and the system has to be robust with respect to system disturbances.  

- PI controller with feed forward compensation (figure 2.14):  

 Zhou Dejia etal. [4] design a three-phase current controlled space vector PWM 

inverter in rotating synchronous coordinate d-q to connect the photovoltaic array to the 

grid. The control scheme is a PI current regulator that regulates the d and q current 

components. A voltage regulator PI that regulates the PV DC bus voltage generates 

the command id. This type of regulation allows operating the system close to unity 

power factor by setting the iq command equal to zero. The gain parameter of the 

regulator is obtained by trial and error. The result gives a unity power factor with low 

total harmonic distortion (THD). With the MPPT controller, the MPP of the PV array 

is reached quickly and smoothly.  A feed forward compensation is added to the current 

loop, which gives a good dynamic and better performance in steady state. The 

advantage of this type of control is that the design and assessment of the loop of the 
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current control is practical and simple. Liang ma et al. [6] adopted a Synchronous PI 

current control for the grid-connected photovoltaic inverter. The principle is to convert 

the abc reference frame of the current in d-q two-phase rotating frame to achieve the 

rotating frame control structure. By changing the reference frame the three-phase 

symmetric grid voltage and grid current become DC variables. The current loop can 

obtain no steady state error.  The results obtained with this method show that the 

output current and voltage were of the same phase with power factor unity. The 

harmonic contents are very low. 

 

Figure 2.14: PI controller with feed forward [6]  
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2.6 Modulation techniques 

The modulation used to command the three-phase inverter is space vector Pulse 

width modulation (SVPWM). This technique is largely used in power electronics 

nowadays and is easier to implement digitally. The basic techniques are the same for 

three-phase inverter. Jiyong Li etal. [1] have proposed a Space vector PWM control 

scheme for three-phase PWM inverter in PV generation system. Each state voltage is 

calculated from the Vdcinput voltage of the inverter. The reference voltage vector is 

calculated within the appropriateregion for the purpose of minimizing the time for 

switching along with current harmonics [1]. At first, the voltage in αβ reference frame 

is determined, then the duration period T1 and T2 time duration for each vector in each 

PWM cycle. The advantages with SVPWM modulation techniques are “low total 

harmonic distortion (THD), constant switching frequency, well-defined output 

harmonic spectrum, optimum switching pattern and excellent dc-link voltage 

utilization” [1]. However, the drawbacks of SVPWM are explained in [2] by Q. Zeng 

etal. In their research, they find that the regulator of current is sensitive to variation of 

the current due to the non-linearity of the system, time delay and sampling time. The 

SVPWM is a problem when connected to the grid because of the “lacks of inherent 

over current protection of the SVPWM” [2]. 
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2.7 Problem Statement 

The above literature review shows the existing research resulting for photovoltaic 

system. Thus, the following problem topics still need further investigation: maximum 

power point tracker of the PV, the topology of the photovoltaic system, the power 

electronics interface, the voltage control and current control in island mode and grid 

connected mode. The single stage photovoltaic system is a cheap topology because it 

uses fewer components; costs less and weighs less. The DC/AC inverter handles the 

maximum power point and inverts the DC current into AC current. The goal is to 

operate the PV system at the maximum power point and at the same time to produce 

current with less harmonic distortion. 

The Perturb and Observe algorithm is widely used in maximum power point 

algorithm. However, this method oscillates around the MPP. The incremental 

conductance is more stable, but It is not efficient with a boost converter. Having a 

maximum power point control stable, efficient and fast tracking is the goal.  

Since the different area of the photovoltaic system required more investigation, a 

simulation model is required study and analyzes the different converter topology, 

current harmonics, stability and control of the photovoltaic system. 

Therefore, this technical report will develop a study of the photovoltaic system. It 

will analyze and develop the modeling and simulation of the photovoltaic array, the 

maximum power point control and the DC/DC converter. The step of modeling with 

MATLAB and Simulink of the photovoltaic system are shown respectively and 
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simulation results are provided. The Simulink model of the PV could be used in the 

future for extended study with different DC/DC converter topology. Optimization of 

MPPT algorithm can be implemented with the existing Photovoltaic and DC/DC 

converter 

After this literature review, the report is organized with the following structure: 

Chapter 3 will address the theory and modeling of the PV system, 

Chapter 4 will describe the Simulink block used to model the PV system, 

Chapter 5 will give an example of PV system and analyze the results, 

Chapter 6 will conclude the report and future research. 
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Chapter 3:System Description and Modeling ofthe Photovoltaic System 

 

3.1 General topology of photovoltaic system 

As discussed in the previous chapter, there are several methods to connect the 

solar panel. The grid can be directly linked to it or the load itself. The topology of the 

PV system determines the type of converter interface that should be used. It depends 

on the configuration, the cost and the efficacy objective. In the single stage 

configuration, as shown in figure 3.1, the interface of the PV array to the grid is 

realized with the DC/AC inverter. The DC/AC inverter functions are to boost the PV 

voltage, track the MPP of the PV array and control the current injected to the grid. 

 

Figure 3.1: Structure of Single stage DC/AC Photovoltaic system 
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In the other side, the dual stage configuration represented in figure 3.2 is 

composed of the DC/DC and DC/AC inverter to connect the PV array to the grid.  

 

Figure 3.2:Structure of dual stageDC/DC and DC/AC Photovoltaic system 

The topology study in this technical report will be a photovoltaic linked with a 

converter focusing on the boost along with a resistive load. A boost converter with a 

controller for the maximum power point, which is used to track the MPP of the PV. 

This topology is shown in figure 3.3. It allows studying the efficiency of the maximum 

power point control method and the performance of the PV to achieve the maximum 

power at different temperature, irradiance and load. 

PV 
CDCVin

Lboost D1

T1
Rload

Cpv

 

Figure 3.3: Topology of PV with boost converter and resistive load. 
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Figure 3.4 is a three-phase photovoltaic system with resistive load. In this 

topology, the photovoltaic array is the source of energy, the DC/DC boost converter 

isto adjust the DC-link voltage, tracks the maximum power and boost the PV voltage; 

the DC/AC inverter injects the AC currents to the load. 

 

Figure 3.4: Topology dual stage three-phase photovoltaic system with resistive load 

3.2 Photovoltaic array modeling 

3.2.1Curves I-V Characteristics of the PV array 

Figure 3.5 and 3.6 show the current voltage (I-V) characteristics of PV panel. This 

curve is nonlinear and crucially relies on the temperature along with the solar 

irradiation. In figure 3.5, when the irradiation increases, the current increases more 

than the voltage and the power maximum power point Pmpp increases as well. 



42 
 

 

Figure 3.5: I-V Characteristics of the PV as function of irradiance 

Figure 3.6 shows the variation of the current with the temperature, the current 

changes less than the voltage. 

 

Figure 3.6: I-V Characteristics of the PV as function of Temperature 
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Thus, a dynamic point exists on the I-V curve called the Maximum power point 

MPP. The entire PV system has to execute at its maximum output power as shown in 

figure 3.7. The location of the power point maximal is unknown, for that reason we 

use calculation models and search algorithms methods to sustain the PV array 

functioning mark at the MPP. 

 

Figure 3.7: I-Vcurve, P-V curve with the MPP 

3.2.2 Model of the PV cell 

PV cell is a semiconductor p-n intersection that transforms sunlight to electrical 

power. To model a solar cell, it is imperative that we asses the effect of different 

factors on the solar panels and to consider the characteristics given by the 

manufacturers in the datasheet. It is to be noted that to form a PV module, a set of 

cells are connected in series or in parallel. To form a PV array, a set of PV modules 

are connected in series and in parallel. Thus, the mathematical models for PV array are 

attained while utilizing the basic description equivalent circuit of the PV cells. 
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A PV cell is usually embodied by an electrical equivalent of one-diode, resistance 

series Rsand resistance parallel Rpas shown in Figure 3.8. 

 

Figure 3.8: Equivalent circuit of solar cell with one diode 

From the figure 3.8, the different parameters characteristics of the PV cells are: 

Iph: currents generated by the solar cells (A) 

Rs: resistance series (Ω) 

Rp: resistance parallel (Ω) 

Ga: irradiance from the sunlight(W/m2) 

T: cell temperature (K) 

Id: diode current (A) 

I: output current of the PV (A) 

V: output voltage of the PV (V) 
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Manufacturer of the solar module gives the another parameters needed to model 

the solar cells. The datasheet which gives the electrical characteristics is calculated 

under standard test condition STC when the temperature T is 25°C and the irradiance 

G is 1000 W/m2. The parameters that can be found inside the datasheet are: 

Voc: open circuit voltage (V) 

Isc: short-circuit current(A) 

Pmp: power at maximum power point, 

Vmp: voltage at maximum power point 

Imp: current at maximum power point 

The solar cell is model first, then extendsthe model to a PV module, and finally 

models the PV array. From figure 3.5, the output current of the PV cell is 

     

where 

Iph: photon produced by the cell,  

Id:diode current 

By Shockley equation, the diode current Id is given by 

/ 1  
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where 

I0: reverse saturation current of diode,  

q: elementaryelectron charge (1.602x10-19C),  

Vd: diode voltage,  

k: Boltzmann constant 1.381x10-23 (J/K) 

T: temperature in kelvin (K) 

The relation between voltage and current result by replacing the diode current 

/ 1  

where Vd is the output voltage of the PV cell. 

The reverse saturation I0is found by using the above equation. By setting the 

current I equal to zero and calculating at temperature T1[39] 

/ 1  

The current generated by the solar cells Iph can be approximated with the short 

circuit current Isc in [40]. The current generated can be calculated for other irradiance. 

The standard current, temperature and irradiance from the datasheet are used to 

determine the current at different condition. 
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,  

where  

Isc(T1): current at temperature T1 

T1,nom the temperature of cell from datasheet at STC 

Gnom: irradiance from datasheet at STC  

After calculation,[3] gives the equation of the PV 

. .
 

where  

a: diode quality factor between 1 and 2 and must be estimated. The value of “a” is 

equal to 1 for ideal diode. 

V is the cell voltage. For a PV module, the cell voltage is multiplied by the total 

amount of the cells found within the series. 

The reverse saturation current I0 depends on the temperature T. It is calculated by 

the following equation [3]: 

 .  
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The value of resistance series Rs is quantified from the slope dV/dI of the I-V 

curve at the point open circuit voltage [39]. The equation Rs is given by 

/

.
 

The model is completed by using the following recursive equations to find the 

currents [39]. The recursive equation is used to calculate the current for a PV cell. It is 

more convenient to solve numerically. The equation introduces a simplified method to 

calculate resistance series and neglect the resistance parallel. 

.
1

1 . .  

3.2.3Model of the Photovoltaic module 

The following model uses different method to calculate the resistance series and 

resistance parallel. For example, the BP MSX 120 is made of 72 solar cells (silicon 

nitride multicrystalline) in series and provides 120W of nominal maximum power. 

The maximum power point’s voltage is 33.7 V and current delivered at maximum 

power point is 3.56 A. The parameters of the BP MSX120 are given in table 3.1, 

which is essential to model the PV array. 
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Short circuit current Isc 3.87 A 

Open circuit voltage Voc 42.1  V 

Current at maximum power point IMPP 3.56 A 

Voltage at maximum power point VMPP 33.7 V 

Number of cells in series Ns 72 

Temperature coefficient of Isc (0.065±0.015)% ºC 

Temperature coefficient of Voc -(80±10)mV/ºC 

Pmax 120W 

Table 3.1 PV module BP MSX120 datasheet at STC [Appendix B] 

Different models of the photovoltaic are developed in literature [31, 33, 34, 35]. 

The following equation developed in [3] will be used mainly in this report. The model 

consists of finding the curve characteristic of the PV module from the datasheet. The 

equation used to calculate the I-V curve is: 

.

1
.

 

where  

Ns: number of cells in series 

The thermal voltage of the module with Ns cells connected in series is defined by 

/  



50 
 

The current produced Iphis linearly dependent of the solar radiation and the 

temperature 

, ∆  

where 

Ki: temperature coefficient current 

ΔT: variation temperature 

The diode saturation current I0 and the reliance on the temperature can be seen 

through  

,
1 1

 

,
,

,

,
1
 

The series resistance Rs is calculated by determining the slope dV/dI of the I-V 

curve at the Voc. By differentiating the equation, Rs become [39] 

/

.
.  

At the open circuit voltage, voltage V is equal to the open circuit voltage Voc with 

I equal to zero. The resistance series is: 
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/

.
 

Where  

dV/dI: slope of the I-V curve at the Voc. In some situations, Rp is neglected. 

In [38], Rs and Rp are calculated iteratively. The goal is to find the values of Rs 

and Rp that makes the mathematical P-V curve coincide with the experimental peak 

power at the (Vmp, Imp ) point. The value of Rs and Rp are reached when the iteration 

stopped for Pmaxcalculated is equal to Pmax estimated. 

The circuit model of the PV module is shown in figure 3.9. It is a controlled 

current source with the equivalent resistors and the equation of the model above.  The 

variation of the power being taken by the load varies the PV voltage.  
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Figure 3.9: Circuit model of the photovoltaic module [3] 
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3.2.4 Photovoltaic array 

The PV array is composed of several interconnected photovoltaic modules. The 

modeling process is the same as the PV module from the PV cells. The same 

parameters from the datasheet are used. To obtain the required power, voltage and 

current, the PV modules are associated in series and parallel. The number of modules 

connected in series and connected in parallel must be calculated. Figure 3.10 shows a 

photovoltaic array, which consists of multiple modules, linked in parallel and series. 

Nser is the total quantity of modules within the series and Npar is amount of modules in 

parallel. The number of modules modifies the value of resistance in parallel and 

resistance in series. The value of equivalent resistance series and resistance parallel of 

the PV array are: 

,
, .

 

,
, .

 

 

Figure 3.10PV Array composed of NserxNpar modules [3] 
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After extending the relation current voltage of the PV modules to a PV array, the 

new relation of current voltage of the PV array is calculated in [3] by 

1  

Where I0, Ipv, Vt are the same parameters used for a PV modules.  

This equation is valid for any given array formed with identical modules. 

The photovoltaic array will be simulated with this equation. The simulation circuit 

must include the number modules series and parallel. Figure 3.11 shows the 

circuitmodel of the PV array. 
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Figure 3.11: Model structure of the photovoltaic array [3] 
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3.3 DC/DC converter 

3.3.1 Operation of the boost converter 

The main purpose of the DC/DC is to convert the DC input from the PV into a 

higher DC output. The maximum power point tracker uses the DC/DC converter to 

adjust the PV voltage at the maximum power point.The boost topology is used for 

stepping up the low voltage input from the PV. A boost type converter steps up the PV 

voltage to high voltage necessary for the inverter. 

Figure 3.12 shows the Boost converter. The DC input voltage is in series with an 

inductor L that acts as a current source. A switch T is in parallel with the current 

source that turns on and off periodically, providing energy from the inductor and the 

source to increase the average output voltage. 

 

Figure 3.12:Topology of Boost converter 

The voltage ratio for a boost converter is derived based on the time integral of the 

inductor voltage equal to zero over switching period. The voltage ratio is equivalent to 

the ratio of the switching period to the off time of the switch [50] 
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1
1  

Thecapacitor Cdcis large enough to keep a constant output voltage, and the 

inductor provides energy when the switch is open, boosting the voltage across the 

load. 

The duty cycle from the MPPT controller is to control the switch of the boost 

converter. It is a gate signal to turn on and off the switches by pulse width modulation. 

Figure 3.13 shows the DC/DC boost converter with the ideal switches open. 

 

Figure 3.13:Schematic diagram of Boost converter 

In In figure 3.14, the switch T1 is on and D1 is off, the circuit is split into two 

different parts: the source chargers the inductor on the left while the right has the 

capacitor, which is responsible for sustaining outgoing voltage via energy, stored 

previously. The current of inductor L is increased gradually. 
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Figure 3.14:Diagram when switch T1 is on and D1 is off 

In figure 3.15, the switch T1 is off and D1 is on, the energy along with the DC 

source that is stored within the inductor will help supplement power for the circuit that 

is on the right thereby resulting in a boost for the output voltage. Then, the inductor 

current discharges and reduces gradually. The output voltage could be sustained at a 

particular wanted level if the switching sequence is controlled. 

 

Figure 3.15:Diagram when switch T1 is off and D1 is on 

When switch T1is turn on,VL can be expressed as described in [50]: 
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While switch T1 off, D1 on 

 

 

Assuming a small ripple approximation vo≈Vo and iL≈I 

In a stabilized condition, the time integral of the integral voltage around the 

course of a particular time has to be zero 

 

After equating to zero, the voltage output will be: 

1  

Assuming a lossless circuit Pin=Pout 

1  

It can be seen that the output voltage increases as D increases. The ideal boost 

converter is capable of producing any output voltage greater than the input voltage. 
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Continuous conduction mode 

In continuous conduction mode (CCM), the switch is ON for period t to ton as 

shown figure 3.16. The inductor current is positive and ramp up linearly. The inductor 

voltage is Vin. Once the switch is turned OFF (figure 3.16), the current from the 

inductor reduces until the switch is once again turned on.  The inductor voltage is the 

difference between Vin and Vout. In order to attain constant conduction, the voltage for 

the output becomes the function of the duty cycle D along with the voltage for the 

input Vin. 

 

Figure 3.16: Continuous conduction mode [51] 

Discontinuous mode 

The boost converter functions in a discontinuous mode (DCM) if the current 

inductor drops to zero prior to the next turn-on of the switch. The inductor current falls 
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to zero at every period. Figure 3.17 shows the discontinuous conduction mode. The 

relation between input and output voltage become 

 

The average input current is calculated in [51] 

2  

 

Figure 3.17: Discontinuous conduction mode [51] 

Figure 3.18 summarizes the currents and voltages for output in terms of the boost 

converter. The control switch for the voltage of control is shown. The switch turns ON 

and OFF for a period ton and toff. When the switch is on, the voltage across the switch is 

zero and once the switch is turned off, the voltage is Vout. The voltage across the 

inductor L is equal to the photovoltaic voltage during the on time of the transistor. 
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Figure 3.18:.Output waveform of DC/DC converter [14] 

3.3.2 Selection of the inductor 

The input inductor values can be calculated based on the energy discharged 

during ton and toff times and the current ripples. In photovoltaic system, the boost 

converter functions in the discontinuous and continuous modes of conduction. The 

conduction mode of the converter could change depending on the atmospheric 
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conditions. The inductor is then calculated based on the maximum inductor current 

and at maximum input power. In [50] and [53], the inductor of the boost converter is 

given by 

. . 1
∆

 

where 

Dm: duty cycle of the switch at maximum converter input power 

fs: switching frequency 

Vom: maximum of the dc component of the output voltage 

∆ILripple: ripple current of the inductor 

3.3.3 Power decoupling capacitor 

The power decoupling capacitor Cpvis the capacitor linked in parallel with the PV 

array. It is the capacitor at the input of the boost converter. The decoupling capacitor is 

calculated in [53] with 

.
0.02  1 _

 

where 

Iom: output current at maximum output power 



62 
 

Vpv_nmpp: PV output voltage at maximum power point 

The capacitor in parallel with the load is the DC link capacitor.The value of the 

capacitor depends on the minimum ripple voltage. It is given in [18] with: 

.
∆  

where 

Vload: output voltage of the boost converter 

∆Vload: output ripple voltage 

The output voltage of the PV array depends on the variation of temperature and 

insolation. To compensate the variation of the output voltage of the PV, a dc link 

capacitor is installed between the PV and the inverter. It helps to reduce the voltage 

ripple and provides energy storage for a short period and for a rapid change of the PV 

voltage.  

3.4 DC/AC inverter analysis 

In this paragraph, inverter architectures and waveforms will be introduced as an 

overview. Detailed description of single-phase inverter and six-stepthree-phase will be 

analyzed for photovoltaic system. Detailed modulation strategies of the space vector 

modulation will be described for the three-phase inverter. 
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3.4.1 Single phase full bridge DC/AC inverter 

In photovoltaic system, the DC/AC inverter is used to converts the power of the 

source by switching the DC input voltage (or current) in a pre-determined sequence to 

generate AC voltage (or current) output. Figure 3.19 shows the equivalent circuit of 

single-phase inverter. This has four switches that turn on and off to obtain a sinusoidal 

output. 

 

Figure 3.19: Equivalent circuit of the full bridge single-phase inverter [57] 

The load of the inverter is a single-phase AC load or connected to single-phase grid 

power. The topology of the single-phase inverter is represented in figure 3.20. The single-

phase inverter has four switches and four anti-parallel protective diodes. It provide path 

for the inductive current to flow when the switches are open and protect the switches from 

the large voltage by interrupting the inductive current. 
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Figure 3.20 Topology of a single-phaseinverter with filter and load 

To generate an AC waveform in single-phase inverter, the switches S1, S2 ON and 

S3, S4 off for period t1 and t2 as shown in figure 3.21. For that period, the output is a 

positive voltage. 

 

Figure 3.21: Output current for S1, S2 ON; S3, S4 OFF for t1 < t < t2 [57] 

For period t2 to t3 in figure 3.22, the switches S3, S4 are on and S1 and S2 are off to 

obtain negative voltage. 
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Figure 3.22: Output current for S3, S4ON; S1, S2 OFF for t2 < t < t3 [57] 

Switches S1 and S4 should not be closed simultaneously, the same for switches S3 

and S2. Otherwise short circuit of the DC bus will occur. 

By following the switching scheme, the inverter output voltage will alternate between 

positive and negative (figure 3.23), and the sinusoidal fundamental component is obtained 

as shown in figure 3.24.  

 

 

Figure 3.23: Single-phaseoutput voltage [57] 
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Figure 3.24: fundamental component [57] 

The load voltage is calculated by  

     0  

     0  

The resulting output voltage has a fundamental alternating component and its time 

average is zero. The sharp transition in voltage indicates the presence of high frequency 

harmonics. The harmonics can be filtered with inductance and capacitor filters or 

controlled by implementing appropriate PWM techniques. 

The instantaneous inductive load current is given in [58] 

1 tanh 2 ,  0

1 tanh 2 ,  0 2
 

where R is the resistive load and L is the inductance. A blanking time is introduced in 

the switching cycle in order to evade a short circuit across the DC bus. The short 

circuit happens if S1 and S4 are on simultaneously closed due to the time delay 

associated with process of turning the switch OFF. The blanking time is realized by 
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switching S1 and S3 or S4 and S2 OFF and hence the output voltage will be zero.  The 

blanking time introduces low order harmonics to the voltage of the output, which is 

hard to filter out. Using the switching scheme with the blanking time, the output load 

voltage and current waveform is as shown in figure 3.25. 

 

Figure 3.25: Output voltage and current with blanking time [59] 

The magnitude of the n-th harmonic of the output voltage is given by Fourier 

analysis with [58] 

4
cos 

; 1, 2, 3… 

Where α is the blanking time along with the scale of each harmonic rests on it. 

The blanking time is 

2  

The magnitude of the harmonic depends of the angle α. Figure 3.26 shows an 

example of voltage output harmonic spectrum when α is 10. 
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Figure 3.26: Harmonic of output voltage when α is 10. [59] 

The PWM techniques provide control scheme to reduce harmonics. The technics 

can reduce the number of filter in high frequencies. 

3.4.2 Six step inverter 

The six-step inverter is used to obtain a three-phase voltage output from DC 

source. Three-phase voltage source inverter is a combination of three single-phase 

bridge circuits. A simplified diagram of a basic three-phase inverter bridge is shown in 

figure 3.27. There are diodes in antiparallel in addition to the main power devices. 

These diodes are called the return current or feedback diodes. It provides an alternate 

path for the inductive current. 
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Figure 3.27: Three-phase six-step inverter 

To obtain the three-phase AC current in six-step inverter, six gating signals need 

to be applied to the six switches of the inverter. The waveforms of gating signals H1, 

H3 and H5 are shown in figure 3.28. H1, H3, H5 are 3 phase symmetrical switching 

function with phase shift 120°. To produce the symmetrical three phase voltages 

across a three phase load the devices are switched ON for 180°. The switching signals 

of each inverter leg are displaced by 120° with respect to the adjacent legs. The 

switching signals S1 and S4 are complimentary, the same for S3 and S6, S5 and S2. 

The switching sequence will be S1S2S3, S2S3S4, S3S4S5, S4S5S6, S5S6S1, 

S6S1S2, S1S2S3, … for a positive sequence. The sequence will be reversed to get the 

negative phase sequence. 

The line to neutral voltages Van represented the six step of the inverter. Vbn and 

Vcn have the same waveform with phase shift 120°. 
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Figure 3.28: Waveforms of the switching functions. 

  



71 
 

Each switch is turned ON for 180°. The switches S1 and S4, which belong to the 

leftmost inverter leg, produce the output voltage for phase A. The switching signals 

for the switches in the middle leg, S3 and S6 for phase B, and are delayed by 120° 

from those for S1 and S4 respectively for a positive sequence. Similarly, for the same 

phase sequence, the switching signals for switches S5 and S2 are delayed from the 

switching signals for S3 and S6 by 120°.  

It is called “six-step inverter” since there are six “steps” in the line to neutral 

(phase) voltage waveform as shown in figure 3.28. 

For a six steps inverter, the output currents do not have harmonics of order three 

and multiples of three. Figure 3.29 represents the harmonics currents of the six steps 

inverter. 

Control over output heft in a three-phase inverter could be attained by altering the 

voltage of the DC-link (Vdc) 

, 1.278 /2 
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Figure 3.29: Phase voltage normalized spectrum [59] 

In grid connected PV, the current output of the voltage source inverter will be 

injected to the grid. The output of the inverter should be in phase and have an identical 

frequency to the voltage of the grid. 

3.5 Modulation strategies 

3.5.1 SVPWM techniques 

The three-phase power inverter is the same represented in figure 3.27.There are 

six power switchesS1 to S6. Each of them are controlled by individual switching 

variables which are obtained from the principles of space vector PWM.[62]The three-

phase voltage in abc reference frame should be represented in dq reference frame for 

the Space vector PWM. The output voltages can be represented in the space as set of 
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vectors. These vectors correspond to switching combinations for the inverter switches. 

There are eight combinations for the voltage output as is made evident in figure 3.30.  

The three phase output voltages in the full bridge inverter at any instant of time 

can be represented by a set of eight base space vectors as per the eight positions of 

switching in terms of the inverter. The principle of Space vector PWM is one cycle of 

the output voltage that can be represented by six sectors (60˚ each). A rotating 

reference voltage Vref that is calculated through an estimate based on 3 adjacent 

vectors represent the desired output voltage. 

 

Figure 3.30 Eight switching states [23] 

Figure 3.31 shows these base vectors V1 through V6 and the two zero vectors V0 

and V7 which correspond to switching positions resulting in zero output voltage.  
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Figure 3.31:  Switching vectors and the 6 sectors [60] 

Figure 3.31 shows the approximate reference voltage vector Vref, which uses the 

eight switching patterns (V0 to V7) [61]. In space vector modulation, the voltage 

vectors V0 to V7 for certain instances are applied in a manner that the “mean vector” 

of the PWM period Tz is equal to the desired voltage vector. 

The principle of space vector PWM technique is that the voltage vector command 

is calculated by estimation via three adjacent vectors base. It is necessary to 

decompose the space voltage vector , into directions of the sector base vectors. 

[46]. For instance, if Vref is located in sector 1(figure 3.31), the base vectors are V1, V2 

and V0 (V7 can also be used because it gives the same output voltage), if Vref is located 

in sectors 2, the base vector surrounding Vref are V2, V3 and V0. 

The timespan of every vector for the voltage is taken by calculations in sector 1 

where 
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where V1, V2 and V0 basically outline the triangular area in which Vref are found. 

T1, T2 and T0 are the matching vector periods and Tz is the sampling time 

V1 (100) is applied for a period of T1 

V2 (110) is applied for period T2  

V0 (000) or V7 (111) is applied for period of T0 for this sector. 

Table 3.2 summarizes the switching pattern to be applied for each legs to obtain 

the voltage vectors. It shows the amplitude of the output line to neutral voltage and the 

line-to-line voltage. 

Voltage 
Vectors 

Switching Vectors Line to neutral voltage
 

Line to line voltage 
 

 a b c       

 0 0 0 0 0 0 0 0 0 

 1 0 0 2 3⁄  1 3⁄  1 3⁄ 1 0 -1 

 1 1 0 1 3⁄  1 3⁄  2 3⁄ 0 1 -1 

 0 1 0 1 3⁄  2 3⁄  1 3⁄ -1 1 0 

 0 1 1 2 3⁄  1 3⁄  1 3⁄  -1 0 1 

 0 0 1 1 3⁄  1 3⁄  2 3⁄  0 -1 1 

 1 0 1 1 3⁄  2 3⁄  1 3⁄  1 -1 0 

 1 1 1 0 0 0 0 0 0 

Table 3.2: Switching states of the inverter switches [60] 
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Determination of time duration T1, T2, T0 

· · cossin ·
2
3

1
0 ·

2
3

cos 3⁄
sin 3⁄  

0 3⁄  and define  ,  

· ·
sin 3⁄
sin 3⁄  

· ·
sin
sin 3⁄  

   

Switching time duration at any sector [2] 

The base vectors change for each sector. Let define n is the sector 1 to 6 and 

0≤α≤60˚ 

√3. .
 

√3. .
sin cos cos sin  

√3. .
 

√3. .
sin . cos cos . sin  
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The duration T1, T2 and T0 are applied for each sector to caculate the output 

voltage. The switching pattern is determine to have less switching of the devices. For 

instance in sector 1, Tz can be decomposed as  

4 . 2 . 2 . 4 . 4 . 2 . 2 . 4 .  

Thisarrangement allows to prevent un-necessary switching and lower switching 

losses in practice and always maintains the total duration period Tz. Such arrangement 

is used for all the 6 sectors. It allows to have the voltage V0 at the start and end of 

every cycleso when Tz repeats, there is no need to change the states of the switches. 

In sector 2, the base voltages are V2 and V3 ; for sector 3, the base voltages are V3 

and V4. Sometimes the order of T1 and T2 can be interchanged to avoid the 

changement of the state of the switches and to minimize the switching losses. If the 

switching frequency is 5400 hz then 1/Tz=5400hz and the fundamental frequency is 

60hz, then Tz  repeats 15 times for each sector. For one period, the output voltage can 

be represented by 90 vectors. The switching time and switching sequence at each 

sector is summarized in figure 3.32.In this situation, the switching waveforms are 

symmetrical. The switching sequence is described below each switching pattern, for 

example for sector 1, switching sequence is 0,1,2,7,7,2,1,0, for sector 2, switching 

sequence is 0,3,2,7,7,2,3…and so on. 

The DC input of the SVPWM is the output from the boost converter. 
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Figure 3.32: Space vector PWM switching patterns and sector duration 
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3.5.2 Sine PWM 

In sine-triangle three-phase PWM inverter, three sinusoidal reference voltage 

waveforms at each phase are compared to the same triangular carrier. The three-

referencevoltages are 120° apart. 

, sin 2  

, sin 2 2 /3  

, sin 2 2 /3  

With this method, switch S1 is ON when triangular carrier is less than ,  and 

S4 is OFF. The output voltage is equal to Vdc. The same principles apply for the 

other legs of the converter. To summarize the principles: 

, 1     

, 4     

, 2     

, 5     

, 3     

, 6     
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Figure 3.33 shows the waveform of the sine triangle and the voltage reference 

comparison. 

 

Figure 3.33: Sine triangle, voltage reference and phase voltage [52] 

In sine triangle PWM, the amplitude modulation ratio (or index) ma is defined by 

     
     

where  

Vtria:the peak amplitude of the triangular carrier 

Vref :peak amplitude of the sinusoidal reference signal  

The frequencyof the triangular waveformfpwm is the frequency of the inverter. The 

frequency of the reference is thefundamental output frequency. For a grid connected 

PV, it is the frequency of the grid 60 Hz. The ratio of those two frequencies gives the 

frequency modulation index 
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The line to neutral fundamental frequency output voltage of the inverter is defined 

by [59]  

, 2 sin 2 .  

, 2 sin 2 .
2
3  

, 2 sin 2 .
2
3  

The line-to-line voltage rms value at the fundamental frequency is obtained by 

multiplying the fundamental line to neutral fundamental frequency with√3/√2. 

The switching frequency should be higher to reduce the harmonics at the output. 

Thus, less filter harmonics will be used.However, switching losses increase in 

proportion to the switching frequency.  

In PV system, the DC voltage that is the output from the boost converter is the 

input for the inverter. A controller should be implemented in order to maintain the DC 

voltage in a constant manner.  In addition, the voltage reference determines the output 

frequency and amplitude desired. 

The function of inverter DC/AC is to generate AC output current iacin phase with 

the AC grid voltage vac. Switching frequency fpwm is much greater than the AC line 
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frequency (60Hz or 50Hz).By controlling the switch duty ratio D of the inverter, it is 

possible to generate a sinusoidal current iac in phase with the AC line voltage. The 

input DC voltage Vdc must be greater than the peak AC line voltage. 

3.6 Control of the boost converter with MPPT controller 

3.6.1 Maximum power point techniques for PV 

Fromthe characteristic I-V and P-V curves of photovoltaic modules, it is shown 

that there was a unique point for the maximum power (PMPP). This point is defined as 

the maximum power point (MPP) with the optimal voltage Vmpp and the optimal 

current Impp.At this point, the entire PV system should operate with the maximum 

efficiency and produce its maximum output power. 

The solar cell I-V characteristic is nonlinear and changes with irradiation and 

temperature. The location of the MPP  is not known but need to be located. Differents 

MPPT methods have been realized. They vary in “complexity, sensors required for the 

voltage or current, convergence speed, cost, range of effectiveness and implementation 

hardware”[8].  

The three main categories of MPPT algorithms are model-based algorithms, 

training based algorithms and searching algorithms. 

Model-based MPPT algorithm 

MPPT with Fractional short-circuit current method 
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This method is based on the measurement periodically of the PV short circuit 

current, which is approximately linear to the current maximum power point as shown 

in [45] 

   

Experimentally, k2is a constant between 0.78 and 0.92. Once the constant k2 is 

known, IMPP is computed. The PV array needs to be shorted periodically to measure 

Isc. 

Fractional open circuit voltage 

Similarly, the Fractional open-circuit voltage is based on the linear dependence 

between array voltages at maximum power VMPP with its open circuit voltage Voc[45]. 

   (13) 

k1 is a constant between 0.71 and 0.78. Voc is measured by shortly shutting down 

the power converter. 

The implementation of those methods are simple and cheap but here is excessive 

power loss and the efficiency of the PV is very low due to the inaccurate 

determination of the constant k1 andk2. The power loss is caused by the necessity to 

open and close the circuit for measurement. [45] 
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Searching MPPT algorithm 

These algorithms are based on the measurementof the PV module output voltage 

and current. Then, it calculates the PV power and determines if the control parameter 

needs to be increased or decreased. The control parameter could be a reference signal 

(voltage or current) for a controller or it can be the duty ratio for the switching signal 

DC/DC converter. 

The advantage of MPPT with searching algorithm is easy to implement, it does 

not require previous knowledge of the PV module characteristics. However, it is 

necessary to choose the dc link capacitor correctly, the switching frequency and the 

step size used in changing the control variable. The performance of MPPT algorithm 

can be affected from those parameters. 

Among MPPT algorithms methods are Perturbation and observation (P&O), Hill 

climbing and Incremental conductance. 

3.6.2 Perturb & Observe P&O/ Hill Climbing 

P&O and Hill climbing use the same fundamental strategy. The duty ratio is the 

perturbation in hill climbing, while the voltage of the PV module is the perturbation 

for the P&O. Changing the value of the duty cycle causes a change to the current and 

as consequence, perturbs the voltage array. In Figure 3.34, the voltage and current are 

measured and the MPPT controller determines the voltage reference. The input for the 
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regulator PI is the difference of the Vrefand Vpv. The voltage regulated generates the 

PWM for the converter. 

 

Figure 3.34: Block diagrams of MPPT with P&O [41] 

For Hill climbing, there is no regulator, only the duty ratio controls the converter 

directly as shown in figure 3.35. 

 

Figure 3.35: Block diagrams of MPPT with Hill Climbing [41] 

In Figure 3.36, it can be observed that incrementing the PV voltage increases the 

power of the PV and decrementing the PV voltage decreases the power of the PV 

when operating on the left of the MPP. On the right of MPP, incrementing the voltage 

decreases the power and decrementing the voltage increases the power. This process 
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will be implemented in the MPPT controller to extract the maximum power from the 

PV module. 

PMPP

VMPP or IMPP

P

V or I

Increment V

P

Increment V

P

decrement V decrement V

P P

 

Figure 3.36: Principle of P&O 

The system oscillates around the MPP with this method. The process of 

incrementing and decrementing can fail under rapid change in irradiation [45]. The 

system diverges away from MPP if the irradiance increases suddenly. 

To remedy those problems, improved methods of perturb and observe are used: 

reduced perturbation step size, variable step size, three points weights comparison 

methods and optimized sampling rate[45]. 

Figure 3.37 described the flow chart of the perturb and observe method. At the 

input, there are the photovoltaic voltage and photovoltaic current. The power is then 

calculated from those two parameters. The sign of the power determines the duty cycle 
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3.6.3 Incremental conductance INC 

The INC method is based on the principle that the derivative of the PV array 

power curve is zero at maximum power point (MPP), i.e. the slope of the power curve 

is zero(dp/dV=0) [45]. The slope of power curve is positive on the left of the MPP and 

negative on the right.  

In this method, the PV model operates at maximum power when the Voltage 

reference Vrefis reached. When there is a variation of the irradiation or the temperature, 

the current ΔI changes and then the MPP.  

The algorithm decrements or increments the duty cycle and tracks the new MPP 

again. A fast calculation of the slope is required and the sampling rates should be high 

in order to obtain a better result. This method requires an appropriate value of the 

increment size. The MPP may be tracked rapidly with bigger increments but the 

system might oscillate about the MPP. 

Figure 3.38 represents the algorithm for the incremental conductance. The input 

data is similar to the Perturb and Observe method. The algorithm starts by measuring 

the voltage and current of the PV. Then, it calculates the difference from the previous 

measurement and determines the power. The difference of voltage and current will 

need to be performed at each step. 
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Figure 3.38: Flow chart of Incremental conductance [45] 

The duty cycle is incremented or decremented. The output of the incremental 

algorithm is the duty cycle, which is the optimal value to command the boost 

converter. The PV array will operate at maximum power with duty cycle from the 

MPPT controller. The variation of the duty cycle varies the boost converter voltage. 

The algorithm keeps tracking until MPP is reached. 
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3.6.4 Duty cycle step optimization 

The performance of the Perturb and Observe depends on the sampling interval 

and the duty-cycle perturbation of the algorithm [48]. Those parameters set “the 

dynamic response of the MPPT, such as speed, accuracy and stability” [49]. The duty 

cycle step must be chosen properly. Since the Perturb and Observe technique oscillates 

around the maximum power point, reducing the duty cycle step can minimize the 

oscillation and the steady state losses. However, the controller is less efficient when 

the atmospheric conditions change rapidly [48]. 

The other parameter to consider is the sampling interval of the algorithm. Higher 

sampling interval can cause instability. The maximum power can be missed between 

sampling interval if the perturb and observe algorithm samples the PV voltage and 

current too quickly. In [48] suggested that the sampling interval of the algorithm 

should be set as small as possible without causing oscillation of the system and the 

divergence away from the MPP. Otherwise, the instability will reduce the efficiency of 

the PV. 

3.7 Proposed control strategy for the two stage PV system 

Figure 3.39 shows an example of voltage and current control block of two stages 

PV system. A voltage control is required to maintain the DC link voltage constant. 

The boost DC/DC converter is driven by the duty cycle from the MPPT. Then, the 
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voltage from the boost is compared to the reference voltage Vref. It uses the same 

principle as described in [6]. A PID controller can be used for the voltage controller.  

For the current control, the three-phase current in abc reference frame is 

decoupled in dq reference frame. The current iq* reference is set to zero to obtain a 

power factor unity in grid-connected PV. The current id* reference is the current from 

the voltage controller. The difference of current ∆id and ∆iq are the input for the PID 

controller. The outputs from the current controller are the voltage reference for the 

SVPWM. The voltage reference in dq reference frame are vd*, vq*.The input 

command for the SVPWM are vd*, vq* and the phase angle θ. The three-phase inverter 

uses SVPWM modulation techniques. 

 
Figure 3.39: Voltage and current control block for PV system 

Figure 3.40 represents the entire PV system. It shows the boost converter with the 

three-phase inverter. Filters with inductor and capacitor are used for the current. The 

power electronic system is based from [27]. The AC current produced from the 
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DC/AC inverter is filtered, then delta-wye transformer steps up the voltage. A delta-

wye transformer is required to isolate the PV from the grid. A phase lock system is 

necessary to determine the phase of the grid voltage. The control system is the same as 

described above. This typical two stage PV system can be used for grid connected PV 

with unity power factor. 
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Figure 3.40: A two stages PV system with voltage control and current control 
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Chapter 4: Simulation ofthe Photovoltaic System Using Matlab / Simulink 

 

4.1 Simulation of the photovoltaic array 

The simulation of the photovoltaic array is realized with Simulink block. The 

matlab model of the photovoltaic array isbased from [3]. Certain variables are 

modified for the application with maximum power point tracking. The input 

parameters required for the model are: 

Ns: number of cells in series 

Npp: number modules in parallel 

Nss: number of modules in series 

A: 1.3977, diode constant 

k: 1.38e-23, boltzmann constant 

Iscn: nominal short-circuit voltage 

Kp: voltage temperature constant 
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Ki: current temperature coefficient 

Vmp: voltage maximum power at STC 

Imp: current at maximum power at STC 

The PV characteristics from datasheet is usedto generate the file necessary for Rs, 

Rp.and other parameters for the maximum power point. The initial setupis used to 

obtain the I-V curve characteristics of the PV array andshow the maximum power 

point of the PV. The model of the PV is used with the boost converter to determine the 

performance of the maximum power point tracker. 

The model of the photovoltaic array has been implemented in Simulink as shown 

in figure 4.1. The temperature and the irradiance are specified. The simulation allows 

having the curve I-V and P-V characteristics. The Simulink model uses a current 

source, voltage source and the value of the resistance in series and parallel of the PV. 

 

Figure 4.1: Simulation of the PV module [3] 
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The number of modules in series and parallel are set with Nss and Npp. The Im 

result is used for the Simulink block as a current source to obtain the voltage and 

current delivered from the PV. 

Figure 4.2 is the representation block of the PV that can be used with different 

power circuits in Simulink. It can be noted that the inputs of the PV are the irradiation 

and temperature, the outputs are the voltage and the current. 
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Vpv1
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Subtract1
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1000

S1

T

G

+

-

PV model

 

Figure 4.2 Simulink block of the photovoltaic array 

The figure 4.3 shows the mask interface of this PV model. The input parameter 

for this model is the photovoltaic current. The variation ofthe current from the 

photovoltaic varies the photovoltaic output voltage. The Simulink model is derived 

from the model described in [3].  
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Figure 4.3: Simulink subsystem model of the photovoltaic array [3] 
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4.2 Simulink model of boost converter with MPPT controller 

Figure 4.4 shows the Simulation of the boost converter. The input of the boost 

converter is the photovoltaic output voltage. The inductance and the capacitor need to 

be specified. The switching command of the transistor is obtained from the MPPT 

controller. 

Switch T

Lboost

g C
E

D

CoutCin

 

Figure 4.4: Boost converter in Simulink 

 

The maximum power point controller block is shown in figure 4.5. The voltage 

and the current of the photovoltaic array are the input, and the duty cycle is the output. 

The duty cycle is compared to a triangle wave signal to generate the PWM.  The 

frequency of the triangle wave is the pulsation frequency of the boost converter. 
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Figure 4.5: Simulink block for MPPT 

 

The perturb and observe algorithm is implemented and shown in figure 4.6. The 

duty cycle is increased or decreased until the maximum power point of the 

photovoltaic is reached. The step of the duty cycle is constant, and it determines the 

efficiency and accuracy of the MPPT controller. 
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Figure 4.6: Simulink model of the MPPT with perturb and observe  

 

Figure 4.7 is the simulation of the Boost converter, the photovoltaic array and 

maximum power point controller in Simulink.  The system has a resistive load to test 

the simulation. 
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Figure 4.7: Simulink model of the photovoltaic system with MPPT controller 

4.3 Simulation full bridge inverter with SVPWM 

This simulation explains the method to simulate the SVPWM in Simulink. Figure 

4.8 shows the Simulink model of the SVPWM. “Sector determination” gives the 

sector number according to the angle input. Then sector number, angle and the 

sampling time are used to calculate T1, T2and T0. The region determination block 

obtains the region in which the vector falls into according to the fundamental 

frequency. ”SVPWM” block calculates the switching time according to section 3.5.1 
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and generates SVPWM signals for the power switches. Appendix B gives detailed of 

the matlab program for SVPWM. 

 

 

 

Figure 4.8: Simulink block generating the gate signal 

 

Figure 4.9 shows the Simulink model of the inverter.Six ideal switches represent the 

three-phase inverter. It can be simulated independent of the PV source to test the 

SVPWM program. To summarize, the simulation steps are: 
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‐ Determine the switching time ( Ta, Tb and Tc and their complimentary Ta’, Tb’ 

and Tc’) of each transistor (S1 to S6).  

‐ Generate the inverter output voltages 

Neutral point

Va Vb Vc

A
B
C

A
B
C

Three-Phase
RL loads

g 1
2

S6

g 1
2

S5

g 1
2

S4

g 1
2

S3

g 1
2

S2

g 1
2

S1

node 0

node 1

DC Voltage
 from Boost

6 In6 5 In54 In4 3 In3 2 In21 In1

 

Figure 4.9: Simulink block three-phase inverter 

In PV system, the output voltage of the boost converter replaces the DC source. 

The gates signal of the six switches are the same as described in section 3.7. It 

depends on voltage from PID current controller vd*, vq* and the phase angle θ. In this 

technical report, a general simulation of the SVPWM is presented without the current 

controller. 
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4.4 Simulation of the PV with three-phase inverter 

The simulation of the three-phase photovoltaic system is realized by adding a 

three-phasefull bridge inverter from the Simulink block toolbox. A pulse generator 

block is used to generate the PWM signal of the inverter. Figure 4.10 shows the 

settings of the pulse generator. The carrier frequency, sampling time and modulation 

index, can be set up with the pulse generator block. 

 

Figure 4.10: Pulse generator 
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The PV system with three-phase inverter shown in figure 4.11 is used. The three-

phase inverter has three-phase inductance filter and resistance load. An inverter block 

from Simulink is the three-phase inverter. The PV, boost and MPPT, remain the same. 

The pulse generator produces the gating signal for the inverter block. The output 

voltage from the boost converter is the DC voltage for the three-phase inverter.  
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Figure 4.11: Simulation of the PV with boost and three-phase inverter 
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Chapter 5: Simulation Results 

 

The model of the photovoltaic system in the previous chapter is used to determine 

the performance of the MPPT controller with boost converter. This simulation 

presents an analysis of the photovoltaic array with boost converter and resistive load. 

The temperature, irradiance and load, are varied to determine the performance of the 

MPPT and track the maximum power of the PV. 

5.1 Photovoltaic array characteristics 

5.1.1 The I-V and P-V characteristics 

The photovoltaic model used is the BP MSX 120. It has a maximum power output 

120 W. The datasheet of the PV is given in appendix 2.  The table 5.1 givesthe 

characteristic of the module BP MSX 120 at STC 25C. 
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Short circuit current Isc 3.56 A 

Current at maximum power point Impp 3.87 A 

Voltage at maximum power point Vmpp 33.7 V 

Open circuit voltage Voc 42.1 V 

Number cells in series ns 72 

 

Table 5.1: PV module BP MSX 120 datasheet values at STC 

The module BP MSX 120 is connected in series and parallelto achieve a 

maximum power output of 12 kW and output voltage 337 V. Table 5.2.givesthe 

characteristic of the PV for maximum power 12 kW.   A PV of 12 KW is made from 

the BP MSX 120 with 10 modules in series and 10 modules in parallel. 

Number of modules in a string seriesNss 10 

Number of modules in a string parallel Npp 10 

Output voltage rating 337 V 

Output current rating 35.6 A 

Maximum power output 12 000 W 

 

Table 5.2: Characteristics of 12 kW photovoltaic 

The specifications of the resistance Rs and Rp of the PV array are given in table 

5.3, which was obtained from the simulation of the photovoltaic array. 
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Parameters 1 module 12 kW array 

Iph 3.8713 A 38.71 A 

I0 0.323 µA 3.23 µA 

A 1.3977 1.3977 

Rs 0.473 Ω 0.18 Ω 

Rsh 1367 Ω 520 Ω 

 

Table 5.3 Photovoltaic module 12 kW parameters values at STC 

In figure 5.1, the characteristics current-voltage of the PV module BP MSX 120 is 

shown. It can be noted that the maximum current output is 3.87 A and the maximum 

voltage is 33.7 V. They are the same as the values given from the manufacturerin table 

5.1. 

Figure 5.1 is the power versus voltage curve of the BP MSX 120. It can be noted 

that the maximum power of the single module is 120 W. 
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Figure 5.1: I-V curve of the BP MSX 120 module at T=25C and G=1 

 

Figure 5.2: P-V curve of the BP MSX 120 module at T=25C and G=1 
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Figure 5.3 and 5.4 are the characteristics of the PV array 12000 W. The current and 

voltage at maximum power are respectively 35.6 A and 337 V. The maximum power 

with the PV array 12 kW is ten times the PV module BP MS120. 

 

Figure 5.3: I-V curve of the PV array 12000 W 

 

Figure 5.4: P-V curve of the PV array 12000 W 
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5.1.2 Simulation PV with variation temperature 

In figure 5.5, the temperature varies from 25ºC, 50ºC and 75ºC. The variation of the 

temperature has an impact to the output voltage of the PV. The variation of the 

temperature affectsthe output current less.  
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Figure 5.5:I-V characteristics with variation of temperature 

5.1.3 Simulation of the PV with variation irradiation 

In this case, the irradiance varies from 600, 800 and 1000 and the temperature is 

constant. The Simulink model in figure 4.1 was used.  The result in figure 5.6 is the 

power-voltage curve which shows that the maximum power of the PV decrease when 

the irradiance decreases. The figure 5.7 is the current-voltage curve, which shows that 

the current decreases significantly when the irradiance decreases.  
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Figure 5.6: P-V characteristics of the PV at various irradiance  
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Figure 5.7: I-V characteristics of the PV at various irradiance  
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5.2 Photovoltaic system with a Boost converter and MPPT controller 

The simulation presents an analysis of the photovoltaic array 12000W with the boost 

converter to track the maximum power point. The PV system parameters are: 

- DC bus voltage Vdc: 540 V (nominal), 200 V (min) 

- AC output voltage of the inverter: 208 V ( LL), 120 V (L-N), 60 Hz 

The boost parameters are calculated from [50] and, the inductance and capacitance 

values are given in table 5.4. The boost input voltage nominal is 337 V and, the output 

voltage is 540 V.  

Vin (nom) 337 V 

Vout (nom) 540 V 

Cin 78.6 µF 

Lboost 444 µH 

Cout 154.69 µF 

Rload 24.3 Ω 

Switching frequency 10 kHz 

 
Table 5.4 PV system specifications 

Maximum power point controller is used to control the boost converter. Perturb 

and Observe algorithm is implemented to track the maximum power of the PV 

module.  
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Photovoltaic output power, voltage and current 

The simulation is run at t=0s to 1.5 s. At the beginning, the irradiation is set at G=1000 

[W/m2] and at t=0.8 s a step change of irradiation to 600 [W/m2] is performed. Figure 

5.8 represented the output power of the PV array. The output power of the PV varies 

from 12000 W to 7000 W. The PV array operates at maximum power when there is a 

variation of the irradiance. 

 

Figure 5.8: Step change of the Photovoltaic power output  

Figure 5.9 is the output voltage of the PV with the step change of the irradiance. The 

output voltage oscillates around the maximum power with the perturb and observe 

algorithm.  
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Figure 5.9: Photovoltaic output voltage for varied irradiation at =0.8 s 

In figure 5.10, the current of the PV changes when the irradiance changes.The PV 

current Ipv reaches steady state after 0.0002 s. Moreover, the current oscillates around 

the MPP. When the irradiance drops, the current drops from35 A to 22 A. The current 

at 22 A is the maximum current of the PV under 600 W/m2 irradiance. The MPPT can 

track the maximum power almost instantly. 
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Figure 5.10:Photovoltaic output currentfor variant irradiation at =0.8 s 

Boost converter output power, voltage and current. 

The same simulation is performed to test the performance of the boost converter. 

Figure 5.11, 5.12 and 5.13 are respectively the output power, voltage and current of 

the boost converter. The output power of the boost converter is still 12000 W when the 

irradiance is at 1000. The boost converter boosts the input voltage from 337 V to 540 

V then drops to 420 V when the irradiance changes. 
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Figure 5.11: Output power of the boost converter 

 

Figure 5.12: Output voltage of the boost converter.  
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Figure 5.13: Output current boost converter 

Performance of the photovoltaic system for a step change of the load 

Two simulations were performed to test the performance of the photovoltaic array 

and the maximum power point controller. First, the simulation is run with resistive 

load of 24.3 ohm at the terminal of the boost converter. The PV is set at irradiance 

equal to one and temperature to 25ºC. The result of the simulation is in figure 5.14. 
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22.22 A. The boost converter was able to track the maximum power of the PV by 

variation of its duty cycle. 

Then, the load is increased at 36.43 ohm, which is one and half times the initial 

load. The irradiance and the temperature of the PV remain the same. The results are 

shown in figure 5.14. The PV voltages, current and power are expected to remain the 

same, even if the load is increased. The PV output depends with the irradiance and 

temperature. For that reason, the PV should still deliver 12000W. At the load side, 

since there is no voltage control, the output voltage was at 667 V and the current at 

18A in order to keep the power delivered to the load at 12000 W. The duty cycle of 

the boost converter is varied to track the maximum power and transfer the power to 

the load. The photovoltaic array should always give the maximum power, voltage and 

current independent of the load. The boost converter and the MPP regulate the duty 

cycle accordingly. In this situation the design of the boost, determine the output 

voltage. 
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Figure 5.14: Left side is voltage, current and power of the PV; right side is load 
voltage, current and power with resistive load 24.3 Ω 
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Figure 5.15: Left side is voltage, current and power of the PV; right side is load 
voltage, current and power with resistive load 36.45 Ω 
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5.3 Photovoltaic connected to a three-phase inverter 

In this simulation, the output of the boost converter is connected to the three-

phase inverter and the three-phase resistive load. The MPPT controller still tracks the 

maximum power of the photovoltaic array. The simulation model in figure 4.11 is 

used to simulate the three-phase photovoltaic system with 10 Ω resistive loads on each 

phase. The carrier frequency is set at 5 kHz and the sampling time is 5.4e-6 s. The 

three-phase inverter delivers a three-phase current to the load. Figure 5.16 shows a 

sinusoidal load current for phase a.The DC voltage produced by the photovoltaic 

system is converted into AC current to the load 

 

Figure 5.16: Three phase inverter output current 

The simulated phase to phase and phase to ground voltages are presented in figure 

5.17 and 5.18. 
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Figure 5.17Three phase inverter Output phase to ground voltage 

 

Figure 5.18: Three phase inverter Output phase to phase voltage 

Figure 5.19 is the photovoltaic voltage and figure 5.20 is the photovoltaic current. 

The PV system still operates at maximum power with the MPPT; the power produced 

by the PV is independent of the load. Without the current control and the voltage 
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control,the DC link voltage is not constant.The voltage of the DC link is dependent of 

the load. Figure 5.21 is the power generated by the PV. It has a maximum power of 

12000 W. The figures display on the right below are a zoom in portion of the plots on 

the left.It shows the oscillation of the voltage and current around the MPP. 
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Figure 5.19: PV voltage and zoom of the PV voltage 
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Figure 5.20: PV current and zoom of the PV current 

0 0.5 1 1.5 2 2.5 3

x 105

0

2000

4000

6000

8000

10000

12000

Time

P
ow

er
 [W

]
PV power

2 2.01 2.02 2.03 2.04 2.05 2.06 2.07 2.08 2.09 2.1

x 105

1.198

1.1985

1.199

1.1995

1.2

1.2005

1.201
x 104

Time

P
ow

er
 [W

]

PV power

 

Figure 5.21: PV power and zoom of the PV power 

Figure 5.22 is the output voltage of the boost converter. The input voltage 337 V 

is boosted to 540 V. 
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Figure 5.22: Output boost voltage 
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Chapter 6: Conclusion and Further Work 

 

6.1 Conclusion 

In this technical report, the study of the photovoltaic system with maximum 

power point controller has been developed. From the theory of the photovoltaic, a 

mathematic model of the PV has been presented.Then, the photovoltaic system with 

DC-DC boost converter, maximum power point controller and resistive load have 

been designed. Finally, the system has been simulated with Simulink MATLAB.  

First, the simulations of the PV panels showed that the simulated models were 

accurate to determine the characteristics voltage current because the current voltage 

characteristics are the same as the characteristics given from the datasheet. In addition, 

when the irradiance or temperature varies, the PV models output voltage current 

change. Then, the simulation showed that Perturb and observe algorithm can track the 

maximum power point of the PV, it always runs at maximum power no matter what 

the operation condition is. The results showed that the Perturb and observe algorithm 

delivered an efficiency close to 100% in steady state. 

. 
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The simulations of the PV with maximum power point, boost converter and 

resistive load were performed by varying the load, the irradiance and the temperature.  

Finally, the PV performance and the maximum power point was analyzed, and the 

three phase full bridge DC-AC inverter was simulated on a resistive load. The results 

showed that the DC voltage generated by the PV array could produce an AC current 

sinusoidal at the output of the inverter. The amplitude of the current depends on the 

PV power. 

6.2 Further work 

Extensive simulation of the PV system should be done. A voltage control can be 

implemented to keep the boost converter output voltage constant. The simulation of 

the PV with three-phase inverter and current control can be performed. The current 

control will regulate the current that will be injected to the load. In case of grid 

connected PV system, synchronization to the grid can be added. Adding a phase 

locked loop to the system is an intriguing study to determine the performance of the 

grid connected PV. 

Finally, a laboratory setup should be made to verify the simulation results with the 

experimental tests. Further studiescan still be done with PV system for research 

purposesand thedetailed PV simulator can be used for educational purposes. 
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Sizing the boost converters 

The boost converter parameters are: 

- Vin (nom): 337 V 
- Vout (nom): 540 V 
- PV maximum power: 12000 W 
- Fs: 10 kHz 
- Maximum inductor current ripple: 10 % 

The inductor L is calculated with the following equation [50]: 

. . 1
∆

 

Where Vom is 540 V the maximum output voltage of the boost converter. The duty 

cycle Dm is obtained from: 

1
1  

1  

0.3759 

The output current is given by 

 

The converter is supposed no loss. The PV input power is the output power. 

12000
540 22.21   
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The reisistive load is 

540
22.21 24.3   

The inductor L is 

540 0.3759 1 0.3759
10000 2 35.6 0.1  

444   

For the input capacitor the relation in paragraph 3.3.3 is used. 

.
0.02  1 _

 

22.21 0.3759
0.02 1 0.3759 10000 337 

78.6  

For the output capacitor Cout, the following relation is used 

.
∆  

540 0.3759
10000 5.4 24.3 

154.69  
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Appendix B: Listings matlab programs  
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Matlab file for the photovoltaic 

% Matlab script for modeling a photovoltaic array 
% 
% Tested with MATLAB Version 7.3.0.267 (R2006b) 
% 
% Author: Marcelo Gradella Villalva 
% Email: mvillalva@gmail.com 
% University of Campinas, Brazil - May/2009  
% http://www.unicamp.br 
 
%Modified by Falinirina Rakotomananandro december 2010 
% 
% You may freely modify and distribute this file.  
% Please cite my work if you find it useful. 
% 
% For more information refer to: 
% 
% M. G. Villalva, J. R. Gazoli, E. Ruppert F. 
% "Comprehensive approach to modeling and simulation of photovoltaic arrays" 
% IEEE Transactions on Power Electronics, 2009 
% vol. 25, no. 5, pp. 1198--1208, ISSN 0885-8993 
%  
% M. G. Villalva, J. R. Gazoli, E. Ruppert F. 
% "Modeling and circuit-based simulation of photovoltaica arrays" 
% Brazilian Journal of Power Electronics, 2009 
% vol. 14, no. 1, pp. 35--45, ISSN 1414-8862 
% 
% Visit: http://sites.google.com/site/mvillalva/pvmodel 
 
clear all 
 
clc 
 
%% Information from the BP MSX120 solar array datasheet 
%% PV array 12000 W with 10 modules in series and 10 modules in parralel 
 
%  You may change these parameters to fit the I-V model 
%  to other kinds of solar arrays. 
 
Iscn = 3.87;            %Nominal short-circuit voltage [A]  
Vocn = 42.1;            %Nominal array open-circuit voltage [V]  
Imp = 3.56;             %Array current @ maximum power point [A]  
Vmp = 33.7;             %Array voltage @ maximum power point [V]  
Pmax_e = Vmp*Imp;       %Array maximum output peak power [W]  
Kv = -0.08;            %Voltage/temperature coefficient [V/K]  
Ki = 0.00065;           %Current/temperature coefficient [A/K]  
Ns = 72;                %Nunber of series cells  
 
%% Array with Nss x Npp modules 
Nss = 16; 
Npp = 42; 
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%% Constants 
 
k = 1.3806503e-23;   %Boltzmann [J/K] 
q = 1.60217646e-19;  %Electron charge [C] 
a = 1.3977;             %Diode constant 
 
%% Nominal values  
 
Gn = 1000;           % Nominal irradiance [W/m^2] @ 25oC 
Tn = 25 + 273.15;    % Nominal operating temperature [K] 
 
 
%% Adjusting algorithm 
 
% The model is adjusted at the nominal condition 
T = Tn; 
G = Gn;  
 
Vtn = k * Tn / q;                     %Thermal junction voltage (nominal)  
Vt = k * T / q;                       %Thermal junction voltage (current temperature) 
 
Ion = Iscn/(exp(Vocn/a/Ns/Vtn)-1);    % Nominal diode saturation current 
 
Io = Ion; 
 
% Reference values of Rs and Rp    
Rs_max = (Vocn - Vmp)/ Imp; 
Rp_min = Vmp/(Iscn-Imp) - Rs_max; 
 
% Initial guesses of Rp and Rs 
Rp = Rp_min; 
Rs = 0; 
 
tol = 0.001; % Power mismatch Tolerance 
 
P=[0]; 
 
error = Inf; %dummy value 
 
% Iterative process for Rs and Rp until Pmax,model = Pmax,experimental 
 
while (error>tol)     
 
%  Temperature and irradiation effect on the current 
dT = T-Tn; 
Ipvn = (Rs+Rp)/Rp * Iscn;         % Nominal light-generated current 
Ipv = (Ipvn + Ki*dT) *G/Gn;       % Actual light-generated current  
Isc = (Iscn + Ki*dT) *G/Gn;       % Actual short-circuit current 
 
% Increments Rs  
Rs = Rs + .01;   
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% Parallel resistance 
Rp = Vmp*(Vmp+Imp*Rs)/(Vmp*Ipv-Vmp*Io*exp((Vmp+Imp*Rs)/Vt/Ns/a)+Vmp*Io-Pmax_e); 
 
% Solving the I-V equation for several (V,I) pairs  
clear V 
clear I 
 
V = 0:.1:45;               % Voltage vector 
I = zeros(1,size(V,2));    % Current vector 
 
for j = 1 : size(V,2) %Calculates for all voltage values  
 
% Solves g = I - f(I,V) = 0 with Newntonn-Raphson 
 
g(j) = Ipv-Io*(exp((V(j)+I(j)*Rs)/Vt/Ns/a)-1)-(V(j)+I(j)*Rs)/Rp-I(j); 
 
while (abs(g(j)) > 0.001) 
 
g(j) = Ipv-Io*(exp((V(j)+I(j)*Rs)/Vt/Ns/a)-1)-(V(j)+I(j)*Rs)/Rp-I(j); 
glin(j) = -Io*Rs/Vt/Ns/a*exp((V(j)+I(j)*Rs)/Vt/Ns/a)-Rs/Rp-1; 
I_(j) = I(j) - g(j)/glin(j); 
I(j) = I_(j);    
 
end   
 
end % for j = 1 : size(V,2) 
 
plott = 1; %Enables plotting during the algorithm execution 
 
if (plott)  
 
  %Plots the I-V and P-V curves 
 
  %Current x Voltage 
  figure(1)  
  grid on 
  hold on  
  title('I-V curve - Adjusting Rs and Rp'); 
  xlabel('V [V]'); 
  ylabel('I [A]'); 
  xlim([0 Vocn+1]); 
  ylim([0 Iscn+1]); 
 
  %Plots I x V curve 
  plot(V,I,'LineWidth',2,'Color','k')  
 
  %Plots the "remarkable points" on the I x V curve 
  plot([0 Vmp Vocn],[Iscn Imp 0],'o','LineWidth',2,'MarkerSize',5,'Color','k')  
 
  %Power x Voltage 
  figure(2)   
  grid on 
  hold on   



145 
 

  title('P-V curve - Adjusting peak power'); 
  xlabel('V [V]'); 
  ylabel('P [W]'); 
  xlim([0 Vocn+1]) 
  ylim([0 Vmp*Imp+1]); 
 
end % if(plott) 
 
  % Calculates power using the I-V equation 
  P = (Ipv-Io*(exp((V+I.*Rs)/Vt/Ns/a)-1)-(V+I.*Rs)/Rp).*V; 
 
  Pmax_m = max(P); 
 
  error = (Pmax_m-Pmax_e); 
 
if (plott)  
 
  %Plots P x V curve 
  plot(V,P,'LineWidth',2,'Color','k') 
 
  %Plots the "remarkable points" on the power curve 
  plot([0 Vmp Vocn],[0 Vmp*Imp 0],'o','LineWidth',2,'MarkerSize',5,'Color','k') 
 
end % if (plott) 
 
end % while (error>tol)  
 
 
%% Outputs 
 
 % I-V curve 
 figure(3)  
 grid on 
 hold on  
 title('Adjusted I-V curve'); 
 xlabel('V [V]'); 
 ylabel('I [A]'); 
 xlim([0 Vocn+1]); 
 ylim([0 Iscn+1]); 
 
 plot(V,I,'LineWidth',2,'Color','k') % 
 
 plot([0 Vmp Vocn ],[Iscn Imp 0 ],'o','LineWidth',2,'MarkerSize',5,'Color','k')  
 
 % P-V curve 
 
 figure(4)  
 grid on 
 hold on  
 title('Adjusted P-V curve'); 
 xlabel('V [V]'); 
 ylabel('P [W]'); 
 xlim([0 Vocn+1]); 
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 ylim([0 Vmp*Imp+1]); 
 
 plot(V,P,'LineWidth',2,'Color','k') % 
 
 plot([0 Vmp Vocn ],[0 Pmax_e 0 ],'o','LineWidth',2,'MarkerSize',5,'Color','k')  
 
 
disp(sprintf('Model info:\n')); 
disp(sprintf(' Rp_min = %f',Rp_min)); 
disp(sprintf('     Rp = %f',Rp)); 
disp(sprintf(' Rs_max = %f',Rs_max)); 
disp(sprintf('     Rs = %f',Rs)); 
disp(sprintf('      a = %f',a)); 
disp(sprintf('      T = %f',T-273.15)); 
disp(sprintf('      G = %f',G)); 
disp(sprintf(' Pmax,m = %f  (model)',Pmax_m)); 
disp(sprintf(' Pmax,e = %f  (experimental)',Pmax_e)); 
disp(sprintf('    tol = %f',tol)); 
disp(sprintf('P_error = %f',error)); 
disp(sprintf('    Ipv = %f',Ipv)); 
disp(sprintf('    Isc = %f',Isc)); 
disp(sprintf('    Ion = %f',Ion)); 
disp(sprintf('\n\n')); 
 
 
Matlab file for the plot 
 
%program to plot IV for T=25 G=1 
A=xlsread('IVplant.xls'); 
B=xlsread('IVplant1.xls'); 
plot(A,B,'black','linewidth',2) 
hold on 
 
%ipv800 
load ipv800.mat 
C=ipv; 
C=ipv(:,2) 
plot(A,C) 
 
 
Matlab file for the space vector PWM 
 

function y= sv(u) 
%% 
angle=u(1); 
time=u(2); 
T0=u(3); 
T1=u(4); 
T2=u(5); 
 
%%Decide in which sector 
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if (0 < angle)&&(angle <= pi/3) 
    S = 1; 
elseif (pi/3 < angle)&&(angle <= 2*pi/3) 
    S = 2; 
elseif (2*pi/3 < angle) && (angle <= pi) 
    S = 3; 
elseif (pi < angle) && (angle <= 4*pi/3) 
    S = 4; 
elseif (4*pi/3 < angle) && (angle <= 5*pi/3) 
    S = 5; 
elseif (5*pi/3 < angle) && (angle <= 2*pi) 
    S = 6; 
else 
    S = 1; 
end 
 
if (S == 1)  % first sector 
    %Switching pattern  8, 1,2,7,7,2,1,8  
    if (0 <= time) && (time <= T0/4) 
        V = 8;   % switching pattern 8 for period of T0 
    elseif (T0/4 < time) && (time <= (T0/2+T1)/2) 
        V = 1; % switching pattern 1 for period of T1 
    elseif ((T0/2+T1)/2 < time) && (time <= .5*(T2+T0/2+T1)) 
        V = 2; 
    elseif (.5*(T2+T0/2+T1) < time) && (time <= .5*(T2+T0+T1)) 
        V = 7; 
    elseif (.5*(T2+T0+T1) < time) && (time <= .5*(T2+3*T0/2+T1)) 
        V = 7; 
    elseif (.5*(T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+T1)) 
        V = 2; 
    elseif (.5*(2*T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+2*T1)) 
        V = 1; 
    elseif (.5*(2*T2+3*T0/2+2*T1) < time) && (time <= (T2+T0+T1)) 
        V = 8; 
    else 
        V = 8;  
    end 
 
elseif (S == 2)  % second sector 
   %Switching pattern  8, 3, 2, 7,7, 2, 3, 8  
    if (0 <= time) && (time <= .5*(T0/2)) 
        V = 8;   % switching pattern 8 for period of T0 
    elseif (.5*(T0/2) < time) && (time <= .5*(T0/2+T2)) 
        V = 3; % switching pattern 1 for period of T2 
    elseif (.5*(T0/2+T2) < time) && (time <= .5*(T2+T0/2+T1)) 
        V = 2; 
    elseif (.5*(T2+T0/2+T1) < time) && (time <= .5*(T2+T0+T1)) 
        V = 7; 
    elseif (.5*(T2+T0+T1) < time) && (time <= .5*(T2+3*T0/2+T1)) 
        V = 7; 
    elseif (.5*(T2+3*T0/2+T1) < time) && (time <= .5*(T2+3*T0/2+2*T1)) 
        V = 2; 
    elseif (.5*(2*T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+2*T1)) 
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        V = 3; 
    elseif (.5*(2*T2+3*T0/2+2*T1) < time) && (time <= (T2+T0+T1)) 
        V = 8; 
    else 
        V = 8;  
    end 
elseif (S == 3)  % third sector 
    %Switching pattern  8, 3, 4, 7, 4, 3, 8  
    if (0 <= time) && (time <= .5*(T0/2)) 
        V = 8;   % switching pattern 8 for period of T0 
    elseif (.5*(T0/2) < time) && (time <= .5*(T0/2+T1)) 
        V = 3; % switching pattern 1 for period of T1 
    elseif (.5*(T0/2+T1) < time) && (time <= .5*(T2+T0/2+T1)) 
        V = 4; 
    elseif (.5*(T2+T0/2+T1) < time) && (time <= .5*(T2+T0+T1)) 
        V = 7; 
    elseif (.5*(T2+T0+T1) < time) && (time <= .5*(T2+3*T0/2+T1)) 
        V = 7; 
    elseif (.5*(T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+T1)) 
        V = 4; 
    elseif (.5*(2*T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+2*T1)) 
        V = 3; 
    elseif (.5*(2*T2+3*T0/2+2*T1) < time) && (time <= (T2+T0+T1)) 
        V = 8; 
    else 
        V = 8;  
    end 
 
elseif (S == 4)  % forth sector 
   %Switching pattern  8, 5, 4, 7, 4, 5, 8   
    if (0 <= time) && (time <= .5*(T0/2)) 
        V = 8;   % switching pattern 8 for period of T0 
    elseif (.5*(T0/2) < time) && (time <= .5*(T0/2+T2)) 
        V = 5; % switching pattern 1 for period of T2 
    elseif (.5*(T0/2+T2) < time) && (time <= .5*(T2+T0/2+T1)) 
        V = 4; 
    elseif (.5*(T2+T0/2+T1) < time) && (time <= .5*(T2+T0+T1)) 
        V = 7; 
    elseif (.5*(T2+T0+T1) < time) && (time <= .5*(T2+3*T0/2+T1)) 
        V = 7; 
    elseif (.5*(T2+3*T0/2+T1) < time) && (time <= .5*(T2+3*T0/2+2*T1)) 
        V = 4; 
    elseif (.5*(2*T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+2*T1)) 
        V = 5; 
    elseif (.5*(2*T2+3*T0/2+2*T1) < time) && (time <= (T2+T0+T1)) 
        V = 8; 
    else 
        V = 8;  
    end 
elseif (S == 5)  % fifth sector 
    %Switching pattern  8, 5, 6, 7, 6, 5, 8   
    if (0 <= time) && (time <= .5*(T0/2)) 
        V = 8;   % switching pattern 8 for period of T0 
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    elseif (.5*T0/2 < time) && (time <= .5*(T0/2+T1)) 
        V = 5; % switching pattern 1 for period of T1 
    elseif (.5*(T0/2+T1) < time) && (time <= .5*(T2+T0/2+T1)) 
        V = 6; 
    elseif (.5*(T2+T0/2+T1) < time) && (time <= .5*(T2+T0+T1)) 
        V = 7; 
    elseif (.5*(T2+T0+T1) < time) && (time <= .5*(T2+3*T0/2+T1)) 
        V = 7; 
    elseif (.5*(T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+T1)) 
        V = 6; 
    elseif (.5*(2*T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+2*T1)) 
        V = 5; 
    elseif (.5*(2*T2+3*T0/2+2*T1) < time) && (time <= (T2+T0+T1)) 
        V = 8; 
    else 
        V = 8;  
    end 
elseif (S == 6)  % sixth sector 
   %Switching pattern  8, 1, 6, 7, 6, 1, 8  
    if (0 <= time) && (time <= .5*T0/2) 
        V = 8;   % switching pattern 8 for period of T0 
    elseif (.5*T0/2 < time) && (time <= .5*(T0/2+T2)) 
        V = 1; % switching pattern 1 for period of T2 
    elseif (.5*(T0/2+T2) < time) && (time <= .5*(T2+T0/2+T1)) 
        V = 6; 
    elseif (.5*(T2+T0/2+T1) < time) && (time <= .5*(T2+T0+T1)) 
        V = 7; 
    elseif (.5*(T2+T0+T1) < time) && (time <= .5*(T2+3*T0/2+T1)) 
        V = 7; 
    elseif (.5*(T2+3*T0/2+T1) < time) && (time <= .5*(T2+3*T0/2+2*T1)) 
        V = 6; 
    elseif (.5*(2*T2+3*T0/2+T1) < time) && (time <= .5*(2*T2+3*T0/2+2*T1)) 
        V = 1; 
    elseif (.5*(2*T2+3*T0/2+2*T1) < time) && (time <= (T2+T0+T1)) 
        V = 8; 
    else 
        V = 8;  
    end 
end 
if (V == 1) % switching pattern corresponds to base vector V1 S1S3S5 = 100 (S2S4S6=011) 
    y(1) = 1; 
    y(3) = 0; 
    y(5) = 0; 
    y(4) = 0; 
    y(6) = 1; 
    y(2) = 1; 
elseif (V == 2) 
    y(1) = 1; 
    y(3) = 1; 
    y(5) = 0; 
    y(4) = 0; 
    y(6) = 0; 
    y(2) = 1; 
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elseif (V == 3) 
    y(1) = 0; 
    y(3) = 1; 
    y(5) = 0; 
    y(4) = 1; 
    y(6) = 0; 
    y(2) = 1; 
elseif (V == 4) 
    y(1) = 0; 
    y(3) = 1; 
    y(5) = 1; 
    y(4) = 1; 
    y(6) = 0; 
    y(2) = 0; 
elseif (V == 5) 
    y(1) = 0; 
    y(3) = 0; 
    y(5) = 1; 
    y(4) = 1; 
    y(6) = 1; 
    y(2) = 0; 
elseif (V == 6) 
    y(1) = 1; 
    y(3) = 0; 
    y(5) = 1; 
    y(4) = 0; 
    y(6) = 1; 
    y(2) = 0; 
elseif (V == 7) 
    y(1) = 1; 
    y(3) = 1; 
    y(5) = 1; 
    y(4) = 0; 
    y(6) = 0; 
    y(2) = 0; 
elseif (V == 8) 
    y(1) = 0; 
    y(3) = 0; 
    y(5) = 0; 
    y(4) = 1; 
    y(6) = 1; 
    y(2) = 1;  
else 
    y(1) = 0; 
    y(3) = 0; 
    y(5) = 0; 
    y(4) = 1; 
    y(6) = 1; 
    y(2) = 1; 
end 
 y(7)=S; 
 end 
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Appendix C: Datasheet BP MSX120  
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