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Abstract  

 

Due to its intermittence, strong dependability on the climate conditions, penetration of 

PV plants to grid utilities is a big challenge for the power system operators. This project is 

intended to design and implement a three-phase grid-connected PV system. Two controllers 

will be developed namely the Golden Section Search (GSS) –based MPPT and the SVM for 

the three level T-type inverter being used as interface with the Gird. The MPPT algorithm 

ensures maximum power extraction from the PV generator and the SVM ensures the 

requirements of grid connection standard in terms of power quality. 

Phase locked loop (PLL) is used to lock the grid phase and frequency  and to eliminate 

the high frequency ripples and reduce the THD at the inverter output an LCL filter is used.  
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General Introduction 

Due to the great dependability to fossils in energy production all around the world and 

its huge effect on ecology and economy, the tendency to use more reliable and renewable 

energy sources is growing remarkably.     

PV energy is one of the biggest promising energy sources with very huge availability 

and practically zero pollution, however its main drawback is its low efficiency and 

complicated controlling technique at an expensive cost,  for that lot of researches have been 

carried out to maximize the system efficiency and simplify its design and controlling 

techniques.  

Among variety of types of PV systems, the grid connected PV system is considered 

the best solution to assure the continuity of power and minimize cost. PV systems depends 

on PV effect to converts solar energy into a DC power, for that the use of inverters is essential 

to perform the DC/AC conversion, on the other hand to improve the PV system efficiency 

lot of maximum power point tracking algorithms (MPPTs) were developed.      

This modest work goes in the details of the design and implementation of T-type three 

level inverter based grid connected PV system with single stage maximum power point 

tracking capability. The report is divided into 4 chapters: chapter one deals with the modeling 

and principal of working of PV system, whereas chapter two is devoted to present in details 

the key element of the PV system that is the three level inverter. Chapter three gives a clear 

idea about the design of grid connected PV system and in chapter four the simulation and 

part of the implementation is presented. 

Finally, some recommendations for further work are stated to improve the system 

capabilities.   
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1.1   Introduction 

With the increasing demand on power all around the world and even the pollution 

problems, the need for new energy sources that are renewable and pure becomes more 

and more interesting. One of the solutions is solar or as it is called Photovoltaic energy. 

From its name, Photovoltaic systems use photovoltaic effect to convert sunlight 

into electricity that is the most known way of using solar energy. According to Einstein 

law E=h*ν, the electromagnetic radiation of sunlight can be directly converted into 

direct electricity, through the effect of photovoltaic, however the conversion of solar 

energy passes through many phases and require complicated controlling loops to reach 

the form of a useful energy. 

Depending on the application, comprises batteries for electricity storage, DC/AC 

inverters that connect a PV solar system to the electrical grid, and other miscellaneous 

electrical components or mounting elements are essential in a PV system. 

This chapter goes in details about modeling and principle of working of a PV system. 

 

1.2   Solar radiation 

The basic processes behind the photovoltaic effect, on which the operation of 

solar cells is based, is generation of the electron-hole pairs due to absorption of visible 

or other electromagnetic radiation by a semiconductor material. Today we accept that 

electromagnetic radiation can be described in terms of waves, which are characterized 

by wavelength (λ) and frequency (ν), or in terms of discrete particles, photons, which 

are characterized by energy ( h*ν ) expressed in electron volts. The following formulas 

show the relations between these quantities: 

 

 /v c                                                                                                                     (1.1) 

1 hc
E hv

q 
                                                                                                            (1.2) 

Where c is the speed of light in vacuum (2.998 × 108 m/s), h is Planck’s constant (6.625 

× 1034 Js), and q is the elementary charge (1.602 × 1019 C).  

Only photons of appropriate energy can be absorbed and generate the electron-

hole pairs in the semiconductor material, more specifically only photons that have 

energy equal or greater than the band gap energy of the electron  are able to make that 
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latter free and create the electron-hole pair. Therefore, it is important to know the 

spectral distribution of the solar radiation [2]. 

1.3   Solar Cell  

The basic building block of PV technology is the photovoltaic cell. Different 

materials are used to produce PV cells, but silicon is the main ingredient since it is 

mainly extracted from sand, which by itself is widely available. 

Solar cell is merely a p-n junction semiconductor device; the p-n junction (diode) 

is a boundary between two differently doped semiconductor layers, one is a P‐type 

layer (excess holes), and the other is an N‐type (excess electrons). At the boundary 

between the P and the N area there is a spontaneous electric field, which affects the 

generated electrons and holes and determines the direction of the current [1].                                        

1.3.1 Solar cell working principle 

To obtain the energy by the photovoltaic effect, there shall be a directed motion 

of photoelectrons, i.e. electricity. All charged particles, photoelectrons also, move in a 

directed motion under the influence of electric field. The electric field in the material 

itself is located in semiconductors, precisely in the impoverished area of PV junction 

(diode).  

It was pointed out for the semiconductors that, along with the free electrons in 

them, there are holes (also called cavities) as charge carriers, which are a sort of a 

byproduct in the emergence of free electrons. Holes occurs whenever the valence 

electron turns into a free electron, and this process is called the generation, while the 

reverse process, when the free electron fills the empty space and combine with a hole, 

is called recombination. If the electron‐hole pairs occur away from the impoverished 

areas, it is possible to recombine before they are separated by the electric field. 

Electrons and holes in semiconductors are accumulated at opposite ends, thereby 

creating an electromotive force. If a consuming device is connected to such a system, 

the current will flow and we will get electricity. 

In this way, solar cells produce a voltage around 0.5‐0.7 V, with a current density 

of about several tens of mA/cm2 depending on the solar radiation power as well as on 

the radiation spectrum [1]. 
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Figure 1.1 Functioning of the photovoltaic cell [1]. 

1.3.2 Equivalent circuit of photovoltaic cell 

Several circuits can model solar cell, the equivalent circuit of an ideal cell is 

formed by a current source in parallel with a diode. Several circuits include resistors for 

real effects of a photovoltaic cell. Other models include two diodes. However the model 

of figure 1.2 is the most commonly used. 

 

Figure 1.2 Equivalent circuits of photovoltaic cell.  

 

1.3.3 Mathematical modeling of a photovoltaic cell 

The most common model used to predict energy production in photovoltaic cell 

modeling is the single diode circuit model (figure 1.2.c) that represents the electrical 

behavior of the pn- junction. Therefor the I-V characteristics equation of solar cell is 

given as follows: 
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S(V IR )
[ ] s(V IR )

{ 1}c

q

AkT
L O

P

I I I e
R




                                                                        (1.3) 

IL is a light generated current or photocurrent (representing the current source), IO 

is the saturation current (representing the diode), Rs series resistance, A is diode 

ideality factor, k (= 1.38 ×1023 W/m2K) is Boltzmann’s constant, q (=1.6×1019C) is the 

magnitude of charge on an electron and TC is working cell temperature. 

Such that: 
 

SC I C ref[I K (T T )]LI G                                                                                              (1.4) 

Where Isc is the short circuit current at 25℃ and 1KW/m2, KI is the short circuit current 

temperature coefficient, Tref is the reference temperature and G is the solar insolation 

KW/m2. 

On the other hand, the cells diode current or saturation current varies with the cell 

temperature that is described as: 

1 1
( * )

[ ]
3( )

GqE
Tref Tc

C
Ak

O RS

ref

T
I I e

T
                                                                                      (1.5) 

 

Where IRS is the cells reveres saturation current at reference temperature and a solar 

radiation EG is the band-gap energy of the semiconductor used in cell [2]. 

1.3.4 I-V and P-V Curves of PV system  

The I-V (current-voltage) curve of a PV string (or module) describes its energy 

conversion capability at the existing conditions of irradiance (light level) and 

temperature. 

 
Figure 1.3 The I-V and P-V curves of a photovoltaic device [5]. 
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Referring to Figure 1.3, the span of the I-V curve ranges from the short circuit 

current (Isc) at zero volts, to zero current at the open circuit voltage (Voc). At the ‘knee’ 

of a normal I-V curve is the maximum power point (Imp, Vmp), the point at which the 

array generates maximum electrical power. In an operating PV system, one of the jobs 

of the inverter is to constantly adjust the load, seeking out the particular point on the I-

V curve at which the array as a whole yields the greatest DC power. 

The I-V curve of a PV cell, module, or array does not by itself tell us anything 

about just where on that curve the system will actually be operating. This determination 

is a function of the load into which the PV delivers its power.  

•Loads do have their own I-V curves: The same voltage is across both the PV and load, 

and the same current runs through the PV and load.  

•The intersection point of the two curves is the operating point.  

Plotting equation (1.3) will lead to the following curve that clarifies the PV cell 

behavior [4]: 

 
Figure 1.4 I-V Curve for Different loads [4]. 

 Scaling I-V curves  

Thinking of PV arrays as composites of smaller PV building blocks is key to 

interpreting electrical measurements in troubleshooting situations. The I-V curve of a 

PV array is a scale-up of the I-V curve of a single cell, as illustrated in Figure 1.5. 
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Figure 1.5 Scaling the I-V curve from a PV cell to a PV array [5]. 

 Shading Effects  

In a PV module, all the cells are connected in series, thus the same current 

must flow through each cell. The shaded cells operate at a current higher than their 

short-circuit current which occurs at negative voltage, thus yielding negative power. 

The shaded cells will dissipate power as heat and cause “hot spots.” Bypass diodes 

allow current to pass around shaded cells thereby reducing the voltage losses of the 

system [5]. 

1.3.5 Solar cell external parameters 

 Short-circuit current 

The short-circuit current, Isc, is the current that flows through the external circuit 

when the electrodes of the solar cell are short-circuited. It depends on the photon flux 

density incident on the solar cell that is determined by the spectrum of the incident light 

[5]. 

 Open-circuit voltage 

The open-circuit voltage is the maximum voltage that a solar cell can deliver at 

which no current flows through the external circuit. 

ln( 1)
ph

OC

O

kT I
V

q I
                                                                                                     (1.6) 

Where Iph is the photocurrent and can be approximated by equation (1.7). In the ideal 

case, Isc is equal to the Iph. 

N P(L W L )phI qG                                                                                                  (1.7) 
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 Fill factor 

The fill factor is the ratio between the maximum power (Pmax = Imp × Vmp) 

generated by a solar cell and the product of Voc and Isc. In other words, it is the ratio of 

two areas defined by the I-V curve, as illustrated in Figure 1.6 (a). 

   
mp

s c

mp

c o

V
FF

I V

I
                                                                                                          (1.8) 

Any impairment that reduces the fill factor also reduces the output power by 

reducing Imp or Vmp or both. The I-V curve itself helps us identify the nature of these 

impairments. The effects of series losses, shunt losses and mismatch losses on the I-V 

curve are represented in Figure 1.6 (b). 

 

                                (a)                                                                                    (b) 

Figure 1.6 (a) The Fill Factor, defined as the gray area divided by the cross-hatched area. (b) 

Several categories of losses that can reduce PV array output [5]. 

 Conversion efficiency 

The conversion efficiency is calculated as the ratio between the generated 

maximum power and the incident power. 
 

mpmax mp sc oc

in in in

V V FF

P P

P I I

P
                                                                                               (1.9) 

 

 

1.3.6 Types of solar photovoltaic cells 

The main types of a solar are: 

• Monocrystalline, conversion efficiency for this type of cells ranges from 13% to 17% 

and the expected lifespan of these cells is typically 25‐30 years. 
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• Polycrystalline, more efficient compared to monocrystalline, the lifespan is expected 

to be between 20 and 25 years. 

• Thin‐film technology, lower efficiency ranges from 5% to 13% with lifespan around 

15‐20 years. Although less efficient than mono and polycrystalline silicon, thin-film 

solar cells offer greater promise for large-scale power generation because of ease of 

mass-production and lower materials cost [1]. 

1.4   Solar module  

The power produced by a PV cell is very small, for that, many PV cells are 

connected in series or parallel to form solar modules. However, the power produced by 

a single module still not enough for commercial use, so modules are connected to form 

array to supply the load. 

1.5   Solar array  

For large-scale generation of solar electricity the solar panels are connected 

together in series and parallel to comprise the solar array according the demands. 

 

 Figure 1.7 Solar PV Cell, Module and Array [2].  

1.6   Photovoltaic system types 

Photovoltaic power systems are generally classified according to their functional 

and operational requirements, their component configurations, and how the equipment 

is connected to other power sources and electrical loads, this section will state the most 

common types of a PV system. 

1.6.1 Grid connected systems (on‐grid) 

Grid-connected or utility-interactive PV systems are designed to operate in 

parallel with the electric utility grid. The main components of a grid connected PV 
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system are PV modules, inverter, mounting sub-frame and measuring cabinet with 

protective equipment and installation. 

PV modules convert solar energy into DC current, while the inverter that is the 

primary component of the power conditioning unit (PCU), adjusts the produced energy 

in a form that can be submitted to the public grid by converting the DC power produced 

by the PV array into AC power consistent with the voltage and power quality 

requirements of the utility grid. Moreover the PCU automatically stops supplying 

power to the grid when the utility grid is down for maintenance or during grid failure 

state. Finally, the AC voltage is supplied to the electricity network through the 

protection and measuring equipment. 

A bi-directional interface can be made between the PV system AC output circuits 

and the electric utility network. This allows the AC power produced by the PV system 

to either supply on-site electrical loads or to back-feed the grid when the PV system 

output is greater than the on-site load demand.  

Figure 1.8 shows the general block diagram of the grid connected PV system. 

 
Figure 1.8 Block diagram of grid-connected solar PV system. 

 

1.6.2 Stand‐alone systems (off‐grid) 

Such systems are used in rural and remote areas where there is no electricity 

network, it is generally designed and sized to supply certain DC and/or AC electrical 

loads. 

Typical stand-alone PV systems are connected to a reservoir of energy (battery) 

by a control over the charging and discharging. The inverter can also be used to provide 

alternating current for standard electrical equipment and appliances.  

The simplest type of stand-alone PV system is a direct-coupled system, where the 

DC output of a PV module or array is directly connected to a DC load. It is called direct 

coupled systems because the DC output of a PV module or array is directly connected 

to a DC load. There is no electrical energy storage (batteries), as because of that, the 
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load only operates during sunlight hours. The maximum power point tracker (MPPT) is 

used between the array and load to help better utilize the available array maximum 

power output and for matching the impedance of the electrical load to the maximum 

power output of the PV array. 

Figure 1.9 shows the general block diagram of the stand-alone solar PV system [4]. 

 

 

 

 
 

 

  

 

 

                               (a)                                                                                          (b) 
 

Figure 1.9 (a) Direct coupled solar PV system. (b) Block diagram of stand-alone PV system 

with battery storage. 
 

1.6.3 Hybrid systems 

If you were thinking that there is nothing stopping you from having both types of 

system installed at the same time you would be absolutely right. A Hybrid system gives 

you all the benefits of both systems with the added benefits of protection from power 

cuts and outages, coupled with the ability to live independently of fossil fuels while 

supplying others with clean green energy. 

Hybrid systems generally refers to the combination of any two input sources, here 

solar PV can be integrated with Diesel Generator, Wind Turbines, Bio-mass or any 

other renewable on non-renewable energy sources. Since it is known that, no renewable 

energy sources, including photovoltaic systems, are constant in energy production. It 

means that, when there is no sun, the system does not produce electricity, for that a 

hybrid PV system takes place to ensure a constant and sufficient supply of electricity. 

Hybrid systems can also be sensible approach in situations where occasional demand 

peaks are significantly higher than the base load demand. 

A Hybrid Solar PV System would use a connection to the grid enabling power to 

be exported and use batteries to protect against power cuts and store power for local 

use. 

Please note that, as with all grid connected PV systems, in hybrid systems we 

need to protect against islanding, this is where the PV system would continue to 

generate and export power to the grid even if the mains power was unavailable. For 
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safety, the PV system will disconnect itself from the grid if the mains power is 

unavailable [4]. 

 
Figure 1.10 Block diagram of photovoltaic hybrid system. 

 

1.7   Advantages and Drawbacks of PV system 

The advantages and drawbacks of the PV solar energy can be summarized in the 

following points: 

Advantages: 

• No emissions.                                                          • Modular. 

 • Minimal maintenance requirements.                      • Long lifetime, up to 30 years. 

• Electricity is generated wherever there is light.      • No noise, no moving parts. 

Drawbacks: 

• No electric power when there is no light. 

• High initial costs. 

• Large area needed for large scale applications. 

• Inverters and energy storage (batteries) are needed in off-grid applications. 

1.8   Conclusion 

Solar system uses the Photovoltaic effect in the solar cell to convert the light 

irradiance to a small DC electric power, to lift up the produced power; PV cells are 

connected in series and in parallel to form a PV module that is transformed to a PV 

array through another series and parallel connection. 

PV generator can operate as grid connected or standalone system. Moreover, it 

can be coupled with other power sources to assure the continuity of the supplied power.   
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2.1   Introduction 

The PV panel delivers a DC power, however most of the loads needs AC power 

to operate, for that, the inverter plays the role of the key element of grid-connected PV 

systems. Its main function is to convert the DC power generated by PV panels into 

grid-synchronized AC one. 

Among various kinds of multilevel inverters, the three-level T-type inverter , has 

drawn a lot of attention these days since it combines the advantages of the two-level 

inverters such as low conduction losses and a simple operation principle with the 

positive aspects of three-level inverters such as low switching losses and superior 

output voltage quality, etc. 

For that, this chapter it devoted to give a clear idea about the three-level T-type 

inverter, its principle of working and the controlling techniques that can be used. 

2.2   Types of multi-level inverters 

Inverters can be classified according to their level of conversion from two, three 

to n level inverter. The higher the level the better the power quality and the more 

expensive and complicated design circuit and control technique, an optimal solution 

between cost, complexity and power quality is the three level inverter.   

Recently, 2-level inverters were replaced by MLIs due to the low level THD and 

high efficiency output of the latter.  

2.2.1 Neutral Point Clamped Inverter 

A simplified configuration of a three-level neutral point clamped (NPC) 

inverter fed drive is shown in Figure 2.1. Some manufacturers use GCTs as 

switching devices while others use IGBTs or injection enhanced gate transistors 

(lEGT) in the inverter. The DC link capacitors split the DC voltage into two, 

providing a neutral point N. The diodes connected to the neutral point are referred to 

as clamping diodes, which clamp the inverter terminal voltage to the neutral point 

potential. Due to the clamping function of the diodes, the maximum voltage on each 

of the switches is E, which is half of the dc link voltage for the three-level inverter. 

Depending on the drive system design requirements, it is optional to use one 

or two DC voltage sources. With two DC voltage sources, the DC capacitor voltage 
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is fixed. Otherwise, the DC capacitor voltage is floating, and certain measures 

should be in place to minimize the neutral point potential deviation [8]. 

 
Figure 2.1 Simplified configuration of three-level NPC inverter [8]. 

 

The three-level NPC inverter based drive offers the following features and drawbacks: 

• No Dynamic Voltage Sharing Problem. Mainly due to the use of clamping 

diodes. 

• Low Harmonics Distortion. Compared with the conventional two-level inverter, 

the NPC inverter is able to produce better output voltage waveforms with lower THD. 

• Provision for four-quadrant operation. For more advanced applications where 

regeneration capability is necessary, the same topology can be applied to the rectifier 

working as the DC voltage source. 

• Possible neutral point potential deviation. Special measures should be taken 

when designing the PWM schemes to prevent such deviations, which makes the PWM 

pattern design more complicated. 

• Additional clamping diodes. The NPC inverter requires clamping diodes. The 

number of clamping diodes can be calculated by 3(m-l)(m-2), where m is the number of 

voltage levels. The substantial increase in the clamping diodes makes the four-level and 

five-level inverters impractical for industrial use [8]. 

2.2.2 Cascaded H-bridge Inverter 

Cascaded H-bridge multilevel inverter is one of the popular converter topologies 

used in megawatt drives. It is composed of multiple units of power cells as shown in 
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Figure 2.2. Each power cell is mainly composed of an H-bridge inverter powered by a 

three-phase diode rectifier connected to an isolated secondary winding of a phase 

shifting (zigzag) transformer. 

The power cells in one inverter phase are normally connected in cascade on their 

ac output side to achieve high voltage operation and low harmonic distortion. The 

number of power cells in a drive is mainly determined by the operating voltage and 

manufacturing cost.  

The use of identical power cells leads to a modular structure, which is an 

effective means for cost reduction. The number of voltage levels in a cascaded H-

bridge inverter, m, can be found from m = (2H+1), where H is the number of H-bridge 

cells per phase. The cascaded H-bridge inverters with seven to eleven voltage levels are 

most widely used in industry. 

The multilevel inverter requires a number of isolated DC supplies, each of which 

feeds a power cell. The dc supplies are normally obtained from multipulse diode 

rectifiers.  

 
Figure 2.2 Simplified topologies of cascaded H-bridge multilevel inverter [8]. 

The cascaded H-bridge multilevel inverter fed drive has a number of features, 

including: 

• Low voltage THD and dv/dt. The inverter output voltage waveform is formed by 

several small voltage steps (levels), and distributed sinusoidally over time, resulting in 

a low THD and dv/dt. 
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• Modular structure. The multilevel inverter is composed of multiple units of 

identical H-bridge power cells, which is an effective means for reducing the 

manufacturing cost. 

• High voltage operation without switching devices in series. The power cells are 

connected in cascade to withstand high ac voltages. There are no voltage sharing 

problems among the switching devices. 

• Low line current THD. The low-order harmonic currents produced by diode 

rectifiers are cancelled by the phase shifting transformer, assuring compliance with 

IEEE Standard 519-1992. 

• Optional degrees of redundancy. The modular nature of the drive allows optional 

degrees of redundancy.  

There are some drawbacks associated with the drive: 

• A large number of isolated dc supplies. The DC supplies for the cascaded H-

bridge inverter are usually obtained from a multipulse diode rectifier employing an 

expensive phase shifting transformer. 

• No regenerative operation capability. None of the cascaded H-bridge inverter fed 

drives currently operating in the field has regenerative operation capability. It is 

technically possible to design a multilevel regenerative PWM rectifier that provides 

isolated DC supplies for the inverter. However, the manufacturing cost of such a drive 

will be too high to be accepted by its user [8]. 

2.2.3 Flying Capacitor Inverter 

As shown in Figure 2.3, the flying-capacitor multilevel inverter can be easily 

constructed by adding dc capacitors to the two-level inverter. Therefore, it preserves 

some of the features of the two-level inverter such as modular design. Like other 

multilevel inverters, the flying-capacitor inverter also features low THD and dv/dt in 

the inverter output voltage. 

The main drawbacks include a) difficulties to balance the voltages on the dc 

capacitors, b) complex switching pattern design, and c) necessity of isolated pre-

charging circuits for the dc capacitors. It is these drawbacks that prevent this topology 

from a widespread application in high-power drive systems [8]. 
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Figure 2.3 Simplified power circuit of three-level flying capacitor inverter [8]. 

 

2.2.4 T-type Inverter 

T-type converters are becoming popular for low voltage and cost sensitive 

applications such as for automotive and photovoltaic (PV) converters to achieve high 

energy conversion efficiency and better power quality. The T-type inverter combines 

the positive aspects of the two-level inverter such as low conduction losses, small part 

count and a simple operation principle with the advantages of the three-level inverter 

mentioned earlier. 

Compared to the three-level NPC inverter the T-type inverter employs two active 

bidirectional switches [see Figure 2.4] to the DC-link voltage neutral point connected 

back-to-back, thus creating a third output voltage level without the need to the 

clamping diodes.  

As seen, the three-level NPC converter uses two more clamping diodes per leg 

than the T-type converter, but all the devices just need to withstand half of the dc-link 

voltage (Vdc/2). Lower device voltage rating leads to reduced device switching and 

conduction loss. In the T-type converter, T1(D1), T4(D4) need to withstand the full dc-

link voltage (Vdc) and T2 (D2) and T3(D3) just needs to withstand half of the dc-link 

voltage (Vdc/2). During switching, all the devices in the T-type and NPC converter just 

need to switch half of the dc-link voltage [3]. 

 

                                            



Chapter Two                                               Modeling of Three-level inverter 
 

18 
 

 
Figure 2.4 Topology of the T-type inverter system [9]. 

However, a similar to NPC inverter, the major concern for the T-type inverter is 

the fluctuation in the NP voltage. To take full benefit of this inverter, the neutral-point 

voltage must be actively balanced. Several researches have been presented to keep the 

neutral voltage balanced. The analysis is based on selecting redundant vectors in the 

space-vector diagram for each switching period. 

 

 Switch Configuration 

There are basically two ways the two clamping switches can be configured to 

form a bidirectional switch, either in common emitter configuration or in common 

collector configuration. 

The common emitter configuration [see Figure 2.5 (a)] would require one 

additional isolated gate drive supply voltage for each bridge leg, summing up to three 

additional gate drive supplies compared to the two-level inverter topology. 

This number can be reduced even more if a common collector configuration [Figure 2.5 

(b)] is used.  

T2 shares now a common emitter with the high-side switch T1 and can be 

supplied with the isolated gate drive voltage of T1 . The emitter of the second clamping 

switch is connected to the midpoint voltage level. If the 3-phase topology is considered, 

all three IGBTs T3,a,b,c share a common emitter, and therefore only one isolated gate 

drive supply is necessary. In total, the complete T-type topology can be implemented 

with only one additional isolated gate drive supply compared to the two-level inverter 

topology [9]. 

 

Vdc/2 

Vdc/2 
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Figure 2.5 Bidirectional switch to the midpoint in (a) common emitter configuration, (b) 

common collector configuration [9]. 

2.3   Modulation Techniques for Multilevel Inverter 

The modulation schemes for the multilevel voltage source inverters can be 

generally classified into carrier based modulation and space vector modulation. 

2.3.1 Carrier Based Modulation 

There are two commonly-used carrier based modulation schemes: phase-shifted 

and voltage-shifted modulations. In general, a multilevel inverter with m voltage levels 

requires (m-1) triangular carriers. The modulating signal is usually a three-phase 

sinusoidal wave with adjustable amplitude and frequency. The gate signals are 

generated by comparing the modulating wave with the carrier waves. 

a) Phase-shifted Modulation 
 

All the triangular carriers of phase-shifted modulation have the same frequency and 

the same peak-to-peak amplitude, but there is a phase shift between any two adjacent 

carrier waves, given by 360 / (m 1)    . Figure 2.6 shows the principle of the phase-

shifted modulation for seven-level cascaded H-bridge inverter. The triangular carriers 

Vcr1 toVcr6 are compared with modulation wave VmA to generate gate signals [8]. 

 

Figure 2.6 Phase-shifted modulation scheme for a seven-level inverter [8]. 
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b) Voltage-shifted Modulation 

All of the (m-1) triangular carriers of voltage-shifted modulation have the same 

frequency and amplitude. They are vertically disposed such that the bands they occupy 

are contiguous. Figure 2.7 shows three schemes for the voltage-shifted modulation for a 

Five-level inverter: (a) In-Phase Disposition (IPD), where all carriers are in phase; (b) 

Alternative Phase Opposition Disposition (APOD), where all carriers are alternatively 

in opposition disposition; and (c) Phase Opposition Disposition (POD), where all 

carriers above the zero reference are in phase but in opposition with those below the 

zero reference [8]. 

 
Figure 2.7 Voltage-shifted modulation schemes for a five-level inverter [8]. 

 

2.3.2 Space Vector Modulation 

Space vector modulation (SVM) is one of the preferred real-time modulation 

techniques and is widely used for digital control of rectifiers and inverters. For a given 

inverter (or rectifier) topology, there are a certain number of switching states. Each 

switching state produces a defined inverter output voltage, which can be represented by 

stationary voltage vectors in space. A collection of all the space vectors forms a space 
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vector diagram. A reference voltage vector rotates in space within the space vector 

diagram. For a given position in space, three nearest stationary vectors can approximate 

the reference vector on which the gating signals for the switches in the inverter can be 

generated. Therefore, when the reference vector rotates in space for one revolution, the 

inverter output voltage changes one fundamental cycle. The magnitude of the inverter 

fundamental output voltage corresponds to length of the reference vector while its 

frequency corresponds to the rotating speed of the reference vector and vice versa.  

Figure 2.8 shows the space vector diagram for a three-level inverter.  

This section presents the general principles of the SVM. The space vectors, 

reference vector, dwell time calculation, space vector selection and switching state 

sequence of the inverter [8]. 

 

 

Figure 2.8 Space vectors 0 ~ 18( )V V  and reference vector ( )refV for three-level inverters [8]. 

 

The space vector modulation in general provides the following features: 

• Low harmonics distortion. 

• Effective neutral point potential control. 

• Easy digital implementation. 

However, the traditional space vector modulation scheme produces even order 

harmonics in the output voltages of the multilevel inverter, which is not desired for 

most industrial applications. Especially, if SVM scheme is used for three-level 
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rectifiers, it produces even order harmonics in the input currents, which cannot satisfy 

the IEEE standards 519-1992 [8]. 

2.3.2.1 Per-phase Switching States 

Each leg in the T-type inverter can take one of three possible states [P], [O] or 

[N] table 2.1 illustrates the switching combinations for obtaining these states, where x 

represents the number of the leg (1, 2 or 3). 

Table 2.1 Switching states for each phase in three-level T-type inverter. 

Switching  

States 

Status of switching devices  (x=a,b,c)  (1=ON , 0=OFF) 
Output 

voltage 

Sx1 Sx2 Sx3 Sx4 VXO 

P 1 1 0 0 Vdc1 

O 0 1 1 0 0 

N 0 0 1 1 -Vdc2 

 

• [P] State: In this state switches Sx1 and Sx2, are ON, while Sx3 and Sx4, are OFF. 

As a result, the phase voltage is +Vdc/2. 

• [O] state: In this state, switches Sx1 and Sx4 are OFF while Sx2 and Sx3 are ON. 

Therefore, the phase output voltage in this state is clamped at zero. 

• [N] state: In this state, switches Sx1 and Sx2 are turned OFF, while Sx3 and Sx4 

are in ON-state. Hence, the output phase voltage is -Vdc/2 in this state. 

It can be observed that the operations of switching devices in the same leg, such 

as a pair of Sx1 and Sx3 or a pair of Sx2 and Sx4, are complementary. When one of 

them in a pair is switched ON, the other in the same pair must be OFF. The both-ON or 

both-OFF situation of the complementary devices is not allowed. 

Moreover the transition between [P] state and [N] state is prohibited. Therefore, 

the dynamic voltage sharing problem could be avoided in the three-level inverter. 

Furthermore, the magnitude of step changes of the output voltages in the three-level 

inverter is V/2, which is only half of that in traditional two-level inverters. As a result, 

less EMI is generated. 

2.3.2.2 Inverter Switching States 

Since the proposed T-type inverter has three per-phase switching states, there 

exist 27 switching states in the three-phase inverter, which are shown in Table 2.2. 



Chapter Two                                               Modeling of Three-level inverter 
 

23 
 

The voltage vector can be grouped as follow: 

I. Zero vector 0V  , representing three switching states [PPP], [OOO] and [NNN]. 

The magnitude of 0V  is Zero. 

II. Small vector ( 1V  to 6V  ), all having a magnitude of 𝑉𝑑𝑐/3. Each small sector has 

two switching states called (redundant switches). 

III. Medium vectors ( 7V  to 12V  ), whose magnitude is 𝑉𝑑𝑐 ∗ ( 3 / 3  ). 

IV. Large vectors ( 13V  to 18V  ), all having a magnitude of 𝑉𝑑𝑐 ∗ (2/3). 

Table 2.2 The 27 switching states of T-type inverter with their vector magnitude. 

Space Vector  Switching State 
Vector 

Classification  
Vector Magnitude 

V0⃑⃑⃑⃑  ⃑ [PPP],[OOO],[NNN] Zero Vector 0 

V1⃑⃑⃑⃑  ⃑ [ONN],[POO] 

Small Vector 

 

 

Vdc/3 

V2⃑⃑⃑⃑  ⃑ [OON],[PPO] 

V3⃑⃑⃑⃑  ⃑ [NON],[OPO] 

V4⃑⃑⃑⃑  ⃑ [NOO],[OPP] 

V5⃑⃑⃑⃑  ⃑ [NNO],[OOP] 

V6⃑⃑⃑⃑  ⃑ [ONO],[POP] 

V7⃑⃑⃑⃑  ⃑ [PON] 

Medium Vector 

 

 

Vdc*(
√3

3
) 

V8⃑⃑⃑⃑  ⃑ [OPN] 

V9⃑⃑⃑⃑  ⃑ [NPO] 

V10⃑⃑ ⃑⃑ ⃑⃑  ⃑ [NOP] 

V11⃑⃑ ⃑⃑ ⃑⃑  ⃑ [ONP] 

V12⃑⃑ ⃑⃑ ⃑⃑  ⃑ [PNO] 

V13⃑⃑ ⃑⃑ ⃑⃑  ⃑ [PNN] 

Large Vector 

 

 

             Vdc *(
2

3
)  

V14⃑⃑ ⃑⃑ ⃑⃑  ⃑ [PPN] 

V15⃑⃑ ⃑⃑ ⃑⃑  ⃑ [NPN] 

V16⃑⃑ ⃑⃑ ⃑⃑  ⃑ [NPP] 

V17⃑⃑ ⃑⃑ ⃑⃑  ⃑ [NNP] 

V18⃑⃑ ⃑⃑ ⃑⃑  ⃑ [PNP] 
 

Assuming the instantaneous voltage value of three-phase sine wave is respectively: 

 

*sin( t)

*sin( t 2 / 3)

*sin( t 2 / 3)

a m

b m

c m

V V

V V

V V



 

 



 

                                                                                          (2.1) 

The magnitude and angle of the rotating vector can be found using Clark’s Transformation 

where: 

a b c2 / 3(V V ² V )refV V jV a a                                                                              (2.2) 

Where: 
2 /3ia e    
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2 2 1, tan ( / )
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                                                                                                                       (2.3) 

2.3.2.3 Determining the sector 

Now θ is calculated so we can know in which sector refV is located as follow: 

 If θ is between 0° ≤ θ < 60°, then refV  will be in Sector A. 

 If θ is between 60° ≤ θ < 120°, then refV will be in Sector B. 

 If θ is between 120° ≤ θ < 180°, then refV will be in Sector C. 

 If θ is between 180° ≤ θ < 240°, then refV will be Sector D. 

 If θ is between 240° ≤ θ < 300°, then refV will be Sector E. 

 If θ is between 300° ≤ θ < 360°, then refV will be Sector F. 

2.3.2.4 Determining the region in the sector  

As already stated, wherever the reference voltage refV  is located it can be 

represented using the three adjacent vectors in the region.  

                                                            

Figure 2.9 Space vector diagram for m1 and m2 in Sector A. 

 

From Figure 2.9 m1 and m2 can be calculated as: 

2
2 2

sin
3 3sin( )

3

n
b

a m b m 


                                                                      (2.4) 

1
2 sin

cos ( sin )cos( / 3) (cos )
3 3

n n nm m m m


                                           (2.5) 

Then the sub-region can be detected as stated below: 
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 If m1, m2 and (m1 + m2) < 0.5, then refV is in Region 1. 

 If m1 > 0.5, then refV  is in Region 4. 

 If m2 > 0.5, then refV  is in Region 3. 

 If m1 and m2 < 0.5 and (m1 + m2) > 0.5, then refV  is in Region 2. 
 

2.3.2.5 Dwell Times 

By using sector A as an example, the calculation of the on time can be 

demonstrated below: 

 

Figure 2.10 Vector combination in sector A. 

Suppose refV  laying in the region 2, so it can be composed by the three nearest 

vectors V1, V2 and V8 as illustrated in Figure 2.10. During a sampling period  the 

equations for on time of the voltage vectors can be given as: 

1 8 2* * *ref s a b c

s a b c

V T V t V t V t

T t t t





  


 
                                                                               (2.6) 

s

s

2 sin( )

2 sin( ) T
3

T 2 sin( )
3

a s

b

c

t T k

t k

t k










  



  



  

                                                                                     (2.7) 

Where: s
4 3

( )( )T
3 / 2

refV
k

E
   

Using the same procedure, the dwelling time in other regions in sector A can be 

obtained as shown in Table 2.3. 
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Table 2.3 ON Times in sector A. 

                  On time 

Region 
ta tb tc 

1 2K sin(
𝜋

3
− 𝜃) Ts − 2K sin(

𝜋

3
+ 𝜃) 2K sin(𝜃) 

2 Ts − 2K sin(𝜃) 2K sin(
𝜋

3
+ 𝜃) − 𝑇𝑠 Ts − 2K sin(

𝜋

3
− 𝜃) 

3 2K sin(𝜃) − 𝑇𝑠 2K sin(
𝜋

3
− 𝜃) 2Ts − 2K sin(

𝜋

3
+ 𝜃) 

4 2Ts − 2K sin(
𝜋

3
+ 𝜃) 2K sin(𝜃) 2K sin (

𝜋

3
− 𝜃) − 𝑇𝑠 

 

2.3.2.6 Switching Sequence Arrangement 

Generally, two design criteria have to be met during the switching sequence 

design in order to achieve the minimum device switching frequency. 

1. The transition from one switching state to the next should involve only two switches, 

one being turned OFF and the other being turned ON; and  

2. The transition from one triangular region to the next should involve minimum 

number of switching. 

After calculating the ON time, the switching sequence has to be determined. As 

the converter has some redundant switching states, the switching sequence are arranged 

in order to achieve low THD and balancing the DC-link capacitors. 

The switching sequences in the regions of sector (A) are arranged as follows: 

Region 1: PPO-POO-OOO-OON-ONN and return. 

Region 2: PPO-POO-PON-OON-ONN and return. 

Region 3: PPO-PPN-PON-OON and return. 

Region 4: POO-PON-PNN-ONN and return. 

 

Figure 2.11 Switching sequence arranged in a symmetrical pattern. 
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According to switching sequences arranged in symmetrical pattern, the PWM 

firing time setting for each switch in sector A can be achieved as given in Table 2.5. 

Table 2.4 PWM firing time setting for each switch of upper arms in sector (A). 

                Region      

Time 
1 2 3 4 

PWM_S1a 
𝑇𝑐

4
 +

𝑇𝑎

4
 

𝑇𝑐

4
 +

𝑇𝑎

4
+

𝑇𝑏

2
 

𝑇𝑠

2
−

𝑇𝑐

4
 

𝑇𝑠

2
−

𝑇𝑎

4
 

PWM_S2a 
𝑇𝑠

2
 

𝑇𝑠

2
 

𝑇𝑠

2
 

𝑇𝑠

2
 

PWM_S1b 
𝑇𝑐

4
 

𝑇𝑐

4
 

𝑇𝑐

4
+

𝑇𝑎

2
 0 

PWM_S2b 
𝑇𝑠

2
−

𝑇𝑎

4
 

𝑇𝑠

2
−

𝑇𝑎

4
 

𝑇𝑠

2
 

𝑇𝑎

4
+

𝑇𝑏

2
 

PWM_S1c 0 0 0 0 

PWM_S2c 
𝑇𝑠

2
−

𝑇𝑎

4
−

𝑇𝑐

4
 

𝑇𝑐

4
+

𝑇𝑎

4
 

𝑇𝑐

4
 

𝑇𝑎

4
 

 

 

2.3.2.7 Simplified Algorithm for SVM 

The main idea of the simplified algorithm is how to achieve the Calculation Flow 

based only on one sector instead of six just by knowing the relationships in Dwell Time 

calculations and arrangement for switches between the first sector and the others as 

explained below. 

 

Figure 2.12 Simplified algorithm for SVM. 

Suppose reference vector A stays in region 2 of sector A, while reference vector 

B is obtained by rotating vector A counterclockwise by 60° as shown in Figure 2.13. 

So the reference vector 𝑉ref B can be expressed in the following form: 

2 2

3 3 3
_ _A b c a* 2 / 3( V ( V ) ( V ) )

i i i

ref B refV V e e e
  



                                            (2.8)  
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Figure 2.13 Two vectors with 60° shifting in the sector A and B. 

When the reference vector is in the other sectors will be rotated to sector A by 

𝑛𝜋/3 where (n=1, 2, 3, 4, 5). 

The corresponding reference vector in other sectors can be constructed as given 

in Table 2.5. 

Table 2.5 Relationships of voltages constructing the reference vectors in six sectors. 

Sectors 
Phase  

Voltage A 

Phase 

Voltage B 

Phase  

Voltage C 

A Ua Ub Uc 

B -Ub -Uc -Ua 

C Uc Ua Ub 

D -Ua -Ub -Uc 

E Ub Uc Ua 

F -Uc -Ua -Ub 

 

 

 

2.4   Conclusion 

There are many types of power inverters, but only the T-type inverter provides 

the optimal solution between power quality and circuit complexity. 

 The principle of the space vector modulation for the three-level T-type inverter was 

introduced in this chapter. The power circuit and the switching states of the T-type 

inverter were described. 

The space vector selection method was introduced and the dwell time calculation 

equations were derived. Based on the requirement of minimizing the device switching 

frequency, the switching state sequence of the inverter was developed.  
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3.1   Introduction  
 

Grid connected system without batteries are the simplest and cheapest solar power 

setup available, and the fact that it does not have to charge and maintain batteries they 

are also more efficient. Grid connected system can be decomposed into PV array, three-

level inverter (T type), LCL filter and the grid utility. In order to achieve maximum power 

point tracking (MPPT), an adaptive golden section MPPT is used. 

PV array is discussed in details in chapter one and the three level T-type inverter 

structure and controlling technique (SVM) details are presented in chapter two. This 

chapter will go in the details of the remaining parts of the grid connected PV system. 

 

3.2   Grid Requirements for PV 

As an important source of distributed generation (DS) the PV systems need to 

comply with a series of standard requirements in order to ensure the safety and the 

smooth transfer of the electrical energy to the grid. 

There are lot of international standards that state constraints to inject power to the 

grid. The most relevant international regulations that are known worldwide are IEC 

61727 Characteristics, VDE 0126-1-1 Standards (German regulations), IEC 61000 

Standards, EN 50160 (in Europe) Standards and IEEE 1547, that latter has the longest 

history and probably is the most used standard [10].  
 

In general, these standards deals with the following requirements: 

 Voltage harmonic levels (THD). 

 Voltage unbalance for three-phase inverter. 

 Voltage amplitude and frequency variations. 

 Voltage dips.  

 

3.3   Voltage-Oriented Control 

Grid connected system requires interfacing power electronic converters from the 

photovoltaic arrays to the grid. Such power electronic converters are mainly meant for 

two objectives. One is to ensure that the PV arrays are operated at the maximum power 

point (MPPT) and the other one is to inject a sinusoidal current into the grid.      

Conventionally, these two functions are realized in two stages of power conversion, 

one is a DC/DC converter with MPPT control and the other one is a DC/AC power 

converter which is required to inject sinusoidal current to the grid at grid frequency.  
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A two-stage or sometimes called double-stage power conversion results in more 

power loss than that of a single-stage conversion.  

A single stage grid-connected PV systems is proposed in this project where both 

the control objective i.e. extracting maximum power from the solar panel at different 

temperature and insolation level and injecting sinusoidal current into the grid at desired 

power factor are realized simultaneously in one power conversion stage. Such 

configuration will reduce losses and simplify the system topology [11]. 

 

The Block diagram of the whole system is given in Figure 3.1.and it consists of 2 

main parts: 

  the hardware part such as Solar panel string which represents the dc source, two 

symmetrical DC link capacitors, three-phase three-level inverter, LCL output 

filter, Line frequency transformer is employed to step up the inverter output 

voltage and inject it to the grid utility. 

 Software part (The control part) consists of PLL (Phase-Locked Loop), MPPT 

algorithm, SVPWM, dc voltage control and PI current control loops. 

 

 

Figure 3.1 Grid-connected PV system with the proposed MPP tracker. 

3.4   SVPWM mathematical model based on Three-Level Inverter 
 

As stated in chapter two, the switching function for the three-level inverter is 

given by: 
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                                                   (3.1) 

          In order to facilitate the analysis, we assume that all switches of the inverter 

are ideal. 

 
Figure 3.2 Simplified mode of three-level inverter [13]. 

  

As Figure 3.2 refers, a three-phase circuit's differential equations are driven as follow: 

       

a
AN a a

b
BN b b

c
CN c c

di
U Ri L E

dt

di
U Ri L E

dt

di
U Ri L E

dt








 

  

  






                                                    (3.2) 

Written as matrix form:                          

             

0 0 0 0

0 0 0 0

0 0 0 0

a

AN a a

b
BN b b

CN c c
c

di

dtU R i L E
di

U R i L E
dt

U R i L E
di

dt

 
 

         
                    
                 

 
 
 

                                    (3.3)      

          Furthermore, the relationship between load-phase voltage and inverter output 

voltage can be expressed as follows: 

            

2 1 1
1

1 2 1
6

1 1 2

AN a

BN d b

CN c

U S

U E S

U S

     
    

      
         

                                                                  (3.4) 
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Replacing equation (3.4) into (3.3) yields the main circuit mathematical model of the 

three-level inverter [13]. 

 

*

*

*

(3 )0 0
6

0 0 (3 )
6

0 0 (3 )
6

a d a
a

a

b d b
b b

c
c d c

c

di E ER
x S

dt L LL i
di R E E

i x S
dt L L L

i
Rdi E E

x S

S

S

S
Ldt L L

    
     

     
              
      

          
    

                                    (3.5) 

Where:       
*

a b cS SS S     

 

3.5   Maximum power point tracking (MPPT) 

Due to the nonlinear voltage-versus-current characteristic of a photovoltaic (PV) 

array, there is a unique maximum power point (MPP) at which the PV operates to output 

maximum power. However, the MPP moves under different weather conditions because 

the output voltage and current of a PV array vary as the insolation and temperature 

change. The MPPT technique is necessary for a PV system to increase its energy 

generation efficiency, and thus to reduce its operating cost. In fact, a lot of MPPT 

methods have been proposed such as perturb and observe, incremental conductance 

method, and so on. It seems very difficult to determine which method among them is the 

best one. Nevertheless, this MPPT method using golden section search (GSS) algorithm 

is another competitive one because of its advantages of fast response, robust 

performance, and guaranteed convergence [14]. 

3.5.1 Perturb and observe (P&O) algorithm 

 Perturb and observe algorithm is also called hill climbing algorithm, as it is a 

standard MPPT algorithm it will be the first to be discussed in this section. 

 In this  algorithm  the  MPPT  method  is based on  the  calculation of  output  

power, such that any  perturbation in the PV voltage leads  to  change  in  the  output  

power  of the system.   

If  the perturbation  increases  towards  the  maximum power  point  then  voltage  

must  be  increased, on the other hand, if the perturbation decreases away from the 

maximum power point then the voltage must be decreased. With this Vref that is the output 

of the algorithm is also continually changing and this process continues until the 

maximum power point is reached. Figure 3.3 clarify the flowchart of the P&O algorithm 

[17]. 
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Figure 3.3 P&O MPPT flowchart [12]. 

3.5.2 Golden section search algorithm 

The Golden Section Search (GSS) is a technique for finding the extremum 

(minimum or maximum) by sequential narrowing the range of values inside which the 

extremum exists. The main aim is to find maximum functional value of the function 

within an interval [a,b]. Two points x1 and x2 are selected in the interval [a,b] and the 

function is evaluated at these points, the points x1 and x2 are selected such that each point 

subdivides the interval into two parts satisfying the following relationship: 

        

        

Length of the whole line Length of the larger fraction

Length of the larger fraction Length of the smaller fraction
                              (3.6) 

Assume a line segment as shown in Figure 3.4 that is close to the P-V 

characteristics of the PV array, then as stated in equation 3.6: 

1
² 1 0

1

r
r r

r r
    


                                                                                                                      (3.7) 

, hence,   r =0.618  

 Knowing that:              
1

2

( )

( )

x b r b a

x a r b a

  


  
                                                                   (3.8) 

 i.e. x1 is 0.618 of interval away from ‘b‘ and x2 is 0.618 of interval away from ‘a‘. 
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Figure 3.4 Interval markings of a function f(x) [14]. 

When GSS is applied to photovoltaic system for maximum power point tracking, 

the voltage is used as the search variable; the GSS computes the voltage (Vref) that 

corresponds to the maximum power point for the corresponding operating conditions i.e. 

irradiation and temperature level. 

The P-V characteristics correspond to power whose maximum value has to be 

tracked and is represented by f(x), whereas x1 and x2 correspond to the array voltage. The 

range of operation is from zero to open circuit voltage (Voc), i.e. a=0 and b=Voc. The 

flowchart for finding the maxima of a function using GSS is shown in Figure 3.5 [14].  

 

Figure 3.5 Flowchart of GSS algorithm [14]. 
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3.6   Closed loop inverter control  

The grid voltages and line currents are transformed into d-q reference frame (park 

transformation) at the angular frequency of the utility grid ω that is extracted from the 

PLL to be used as feedback variables for the controller. 

3.6.1 Park Transformation  

 The three phase AC voltage (current) quantities are converted into rotating 

reference frame quantities (DC quantities) and vice versa using Park transformation as 

follow [18]: 

        
1

0

0

0

0

( ) ( )

d a a d

q dq b b q

c c

dq

V V V V

V T V V

V V

T V

V V

 


       
       

           
       
       

                                              (3.9) 

Where: 

0

2 2
cos( ) cos( ) cos( )

3 3

2 2 2
( ) sin( ) sin( ) sin( )

3 3 3

1 1 1

2 2 2

dqT

 
  

 
   

 
  

 
   
 
 
 
  

                                                   (3.10) 

θ is the angular displacement of Park’s reference frame.  

        These transformations are implemented in MATLAB/ Simulink to convert the three 

phase AC quantities into DC quantities so that control scheme can be implemented. 

  3.6.2 Phase-Locked Loop (PLL) 

A grid-connected power converter perfectly matches the PLL’s theory since it 

should work in harmony with the grid. It should phase-lock its internal oscillator to some 

particular grid power signal in order to generate an amplitude and phase-coherent internal 

signal that is used by different blocks of the control system. The output signal (ωt) of 

PLL block is a ramp that varying between 0 and 2*pi and take the frequency of the grid 

(50Hz) as shown in figure 3.6 below [19]: 
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Figure 3.6 PLL output signal (ωt). 

 3.6.3 Voltage oriented control strategy 

         The voltage oriented control was based on the synchronously rotating d-q axis 

frame. The VOC had two control loops, the inner current loop, and the voltage outer loop. 

According to the mathematical model of the three-level inverter discussed in section 3.3: 

d
d q d d

q
q d q q

di
L Ri Li V e

dt

di
L Ri Li V e

dt






    


     


                                                                           (3.11) 

3.6.3.1 Inner current loop control  

          Equations (3.11) show that id and iq are coupled, which means that when one is 

being controlled, then the other one will be altered. So, the decoupling control needs to 

be carried on in order to control them independently. The strategy of feed forward 

decoupling control is used, making: 

            
*( )( )

d I
d p d d

di K
Ri L K

dt
i i

S
                                                                            (3.12) 

           
*( )( )

q I
q p q q

di K
Ri L K

dt
i i

S
                                                                              (3.13)  

Replacing equations (3.11), (3.12) in equation (3.13) we get: 

              
*( )( )d d

I
d p d d

k
V i e

S
iK Li                                                                 (3.14) 

             
*

p(K )( )q q

I

q q q
K

V i ei Li
S

                                                                   (3.15) 

       According to the equations (3.14) and (3.15), id and iq can be controlled 

independently after decoupling. Then, the active and reactive powers, respectively, can 

be controlled independently, and this can make the design of the current loop much 

easier. The principle current loop controller is presented in Figure 3.1 above. 
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3.6.3.2 Outer DC voltage control loop 

 The main function of the outer voltage loop control is to regulate the DC link 

voltage and to generate the reference current id for the current inner loop. To design the 

voltage outer loop to ensure the unity power factor, the reactive power component (iq) 

should be equal to zero. The outer voltage control based on the PI controller connecting 

with inner current loop control is shown in Figure 3.1 above [20]. 

3.7   Active and reactive power control 

In the synchronous rotating frame d-q, the active and reactive powers of a three-

phase grid-connected VSI are given by: 

         

d d

d q q d

3
(V i V i )

2

3
(V i V i )

2

q qP

Q



 












                                                                                 (3.16) 

          If the three-phase grid voltage is ideally sinusoidal without any harmonics, then in 

the dq frame, the grid voltage vector is given by: 

             
0

d

q

V V

V









                                                                                                          (3.17) 

          

 In practice, the grid voltage is non-sinusoidal due to harmonics. Therefore, both 

Vd and Vq will not be constant but have slight ripples whose frequencies and magnitudes 

depend on the harmonic components. However, in steady state, the average value of Vq 

is still equal to zero. Consequently, (3.16) can be rewritten as (3.18). Hence, its active 

power depends on the d-axis current, and the reactive power depends on the q-axis 

current. Furthermore, in order to achieve unity power factor fundamental current flow, 

the q component of the command current vector is set to zero. 

    

d d

d q

3
(V i )

2

3
(V i )

2

pvP P

Q

 









                                                                                                        (3.18) 

Equation 3.18 allows one to obtain the relation: 

         
2

3
d pv

d

i P
V

                                                                                                    (3.19) 

 

Therefore, the PV power information can be obtained from the d-axis grid current 

component by the relation (3.19) [12]. 
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3.8   LCL filter parameters design 

        Compared with the L filter or LC filter, the LCL filter can use a smaller inductance 

to achieve the same filtering effect, which has great importance in reducing the cost and 

size of filter. The LCL filter is a third-order system and the existence of resonance 

problems can be suppressed by increasing damping coefficient in the system. 

 

3.8.1 Mathematical model of LCL filter 

The single-phase equivalent diagram of the LCL filter is shown in Figure 3.7 uinv 

is the output voltage of the T-type three-level inverter, and (i1) is the current through arm 

side inductance (L1) and resistance (R1). Current (i2) flows through the grids-side 

inductance (L2), resistance (R2) and the power grid e. Current ic flows to the filter 

capacitor whose voltage is uc. 

 
Figure 3.7 The single-phase equivalent diagram of the LCL filter [7]. 

          

        Ignore parasitic resistance of the filter inductor, then R1=R2=0. The equivalent 

circuit of the LCL filter can be obtained as Figure 3.8. 

 
Figure 3.8 The simplified equivalent diagram of the LCL filter [7].     

The reactive power of the LCL filter generated by the filter capacitor must be less 

than 5% of the rated power in the inverter, thereby the value range of filter capacitance 

can be determined as below.   

               
2

5%P

6  f
C

e
                                                                                       (3.20) 

 

          Where P is the PV array’s power, (e) and (f) are the grid phase voltage and 

frequency respectively.  
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 The voltage of the filter inductor in the LCL filter must be less than 10% of that in 

the grid-side, which can determine the upper limit of the total value of inductance 

according to.   

                1 2

210
 

2 fP

%e
L L


                                                                                       (3.21) 

In order to minimize noise and loss of the inverter, L1 should be 3 to 5 times larger than 

L2 depending on the resonance frequency. 

         The resonance frequency fres should be taken in between 10 times and an half time 

of the switching frequency fs  in order not to make the resonance frequency occur at the 

high frequency nearby the switching frequency or low frequency nearby the fundamental 

frequency. Since the LCL filter has resonance problems, the value rang of fres is showed 

in (3.22). 

       10
2

s
res

f
f f                                                                                                  (3.22) 

3.9   Total harmonic distortion 

The total harmonic distortion, or THD of a signal is a measurement of the harmonic 

distortion  present in the signal  and  is  defined  as  the  ratio  of  the  sum  of  the  powers  

of  all  harmonic components  to  the  power  of  the  fundamental  frequency.  Hence,  

Current  THD is the ratio of the root-sum-square (RMS) value of the  harmonic  contents  

of  the  signal  to  the (RMS) value  of  the fundamental current. According to IEEE 

standards the current THD must be less than < 5% to inject power to the grid [7]. 
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                                                         (3.32) 

3.10   Conclusion 

To maximize the power delivered by the PV array and improve the efficiency 

MPPT algorithms are unavoidable, one of the most efficient MPPT algorithms is the 

Golden section search (GSS). 

However in order to inject this power to the grid utility, strict standards must be 

satisfied, for that complicated control loops must be implemented in addition to well-

tuned filtering device have to be integrated to the system.     
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  4.1   Introduction 

The next step after going through the theoretical part of the single stage grid 

connected PV system is to enhance it with practical results. To do so a simulation of the 

system is essential to assure the safe and correct working of each part of the system 

before passing to the implementation where any error is prohibited.   

This section presents the model and simulation results of PV system single stage 

three-phase three-level T-type grid interactive inverter. 

 4.2   Simulation part  

 4.2.1   Single stage grid connected PV system Simulink model 

Computer simulation has been done using MATLAB/SIMULINK simulation 

package. The full simulation mode of the system is shown in Figure 4.1. 

 

Figure 4.1 The whole system Simulink model.  
 

The PV array is chosen to be a SolarWorld SW220 Poly one with 10 parallel 

strings each one contains 10 series connected modules, providing the P-V 

characteristics presented in figure 4.2.  

 

Figure 4.2 The P-V characteristics of the PV array used in the simulation. 
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Two identical DC link capacitors with values of 0.0155F are directly coupled to 

the PV array to split the DC voltage and create the neutral point for the three level 

inverter. 
 

4.2.1.1 The three level T-type inverter Simulink model 

The three phase three level T-type inverter used in the system and its controlling 

that is the SVM are presented in figures 4.3 and 4.4 respectively, the switching 

frequency is set to 10KHz. The line and phase output voltages of the inverter are shown 

in figure 4.5. 

 

Figure 4.3 The Simulink model of the T-type inverter used.  
 

 

Figure 4.4 The SVM technique Simulink model. 
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(a)       (b) 

Figure 4.5 Inverter output voltage: (a) Line voltage and (b) Phase voltage. 

Discussion: 

The output voltage of the inverter is as expected, the line voltage consists of three 

steps (levels); zero, Vdc/2 and Vdc. Hence, the name three level inverter is deriver.    

The small distortion at the beginning is due to the fact that the PV voltage takes time to 

build up, this causes an over modulation. 

4.2.1.2 The LCL filter Simulink model 

The filtering device is shown in figure 4.6 where all high frequency harmonics 

are eliminated to give a smooth sinusoidal current at the output as shown in figure 4.7.  

 

Figure 4.6 The LCL filter Simulink model. 

 

Figure 4.7 The three phase currents at the LCL filter output. 
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Figure 4.8 The FFT analysis of the filter output current. 

The filter parameters are set to be as follow (refer to section 3.8 for more details): 

1 2

1 2

0.00157388

L =L =5.0098e-04H

R=0.2098

C=3.03489e-04F

R R  







  

Discussion: 

As it is shown in figure 4.8, the THD of the filter output current is 1.53% that is 

within the IEEE standards for grid power injection, which means that the LCL filter is 

well tuned to perform the filtering role.   

4.2.1.3 Maximum power point tracking ‘MPPT’  

Two MPPT algorithms were implemented in this simulation, the classical Perturb 

and Observe algorithm and the powerful Golden Section Search. However to complete 

the single stage tracking of the maximum power, these algorithms collaborate with two 

controlling loop, the current loop (figure 4.10) and the voltage loop(figure 4.11).  

 

Figure 4.9 The MPPT Simulink model. 
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Figure 4.10 Vdc regulator model.  

 

Figure 4.11 Current controller Simulink model. 

The PIs parameters of both controllers were tune using manually and the best results 

were gotten for the following values: 

_
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Iq is set to zero to make the system operating at unity PF, figure 4.12 shows the 

phase shift between Va and Ia (Ia is multiplied by 10 to make the phase shift clearer).  

 
Figure 4.12 The phase shift between Va and Ia.  

A typical three-phase 2.2KW 150/707V transformer is used to step up the voltage 

and provide an isolation function between the PV system and the high power grid.    
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Over the simulation time, the temperature is kept constant at 25°C while the 

irradiance is changed from 1000W/m² to 500W/m² then back to 1000W/m². Figures 

4.13 and 4.14 shows how the PV voltage follow the MPPT reference voltage. While 

figures 4.15 and 4.16 shows the PV power that is delivered by the PV array using both 

GSS and P&O algorithms. 

 
Figure 4.13 The GSS output (Vref) compared with PV voltage (V_PV). 

 
Figure 4.14 The P&O output (Vref) compared with PV voltage (V_PV). 

 
Figure 4.15 The delivered PV power for variable irradiance using GSS.  
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Figure 4.16 The delivered PV power for variable irradiance using P&O. 

Zooming enough the deference between the GSS response and that one of P&O will 

appear as shown on figure 4.17. 

      
(a)                                                                            (b) 

Figure 4.17 Zoom of the responses (a) Zoom of figure 4.15, (b) Zoom of figure 4.16. 

The three phase voltages and currents at the grid bus under variable irradiance using 

either MPPT algorithms lead to roughly the same response as shown in figure 4.18. 

  
Figure 4.18 Three phase currents and voltages at the grid bus under variable irradiance. 
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Finally, the system efficiency that is the input (PV) power over the output (Grid) 

power (figure 4.19) using either MPPT algorithms lead to approximately the same 

efficiency as shown in figure 4.20. 

 
Figure 4.19 The power at the grid bus. 

 
Figure 4.20 The system efficiency. 

Discussion: 

As it is clearly mentioned in figures 4.14 and 4.15 the MPPT algorithms used in 

the simulation are effectively tracking the maximum power point regardless of the 

irradiance. Setting Iq to zero makes the system operates at unity PF, which means that 

the system exports only active (useful) power to the grid.   

The advantage of the GSS over the classical P&O algorithm is the fast 

convergence to the MPP (figure 4.12) and its ability to track the MPP even ender 

shading effect.  

The total system efficiency is around 90%; in fact, this is due to the system losses 

at each level starting from the switching losses of the inverter to the losses in the 

damping resistances used in the LCL filter and coming to the power transformer losses.  

4.3   Implementation Part 

Generally, the implementation of three-level three phase T-type inverter consist 

of three main stages. The first stage is programing the STM32F4 discovery board by 

writing the algorithm code in MATLAB Function that is able to generate the desired 
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pulses, then designing and implementing the gates driving circuitry, then ending up by 

the power circuitry that will be responsible for generating the three-phase three level 

voltage signal. The logic is depicted in the figure below: 

 

Figure 4.21 (a) STM32F4 Discovery board, (b) Gates driving circuit, (c) T-type inverter 

Power circuit. 

4.3.1 Introduction to STM32F4 DISCOVERY board 

The  ST  Microelectronics  STM32F407  arm  cortex  micro  controller  is  

world's highest performance cortex M series micro controller. The main specification of 

STM32F4.  

Discovery kit: 

-Discovery board fitted with STM32F4 microcontroller running at 168MHz. 

-Power supply with transformer and mains cable. 

-Evaluation  version  of  the  keil  MDK-ARM  development  kit  which  includes  a  

cross complier, assembler and debugger. 

STM32F407 micro controller in an LQFP100 package running at 168MHz (max) 

providing peak through out of 210 MIPs; hardware level debugging is done by on board 

ST-LINK/V2 debugger (SWD connector for programming and debugging).There are 

various on chip peripherals are available such as ADC, DAC, GPIOs, Timers and 

USART [21]. 

4.3.2 Pulse (SVM) generation using STM32F4 board 

Experimental results were obtained by applying the proposed SVM method using 

STM320F4. The source code was written in MATLAB Function blocks (Figure 4.22) 

then compiled and uploaded to the board to get the desired switching patterns at the 

output pins, the switching frequency is selected to be 5 kHz. 

To run model file user needs two hardware: 
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• ST Microelectronics STM32F4 discovery board. 

• USB type A to mini B cable. 

 

Figure 4.22 Embedded simulated model for Three Phase SVM Technique in STM32F4 

Discovery Kit in Waijung Simulink library. 

The switching signals at the output pins of the STM32F4 board and their fundamental 

signals gotten using RC filter, as shown in figure 4.23. 

  

(a)                                                                      (b) 

Figure 4.23 (a) The gate signal and its inverse generated by STM32F4. (b) The 

fundamental signals. 

The dead time necessary to avoid the short circuit case was introduced in the switching 

signals using the embedded STM model and is chosen to be 3µs as it is clear in figure 

4.24. 

 

Figure 4.24 The dead time between two switches Sa1 and Sa3. 
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4.3.3 Power supply circuit 

Buffers and optocouplers all need DC power supply. In general, for solar systems, 

DC power supplies are provided using batteries or directly from the panels. However, 

in this study, components are fed using the grid’s power. 

A step down transformer that converts the 110 V AC to 15 V AC, a Wheaston 

bridge for signal rectification, 470 μF/50V smoothing capacitor to remove the ripples, 

and 15V zener diode and 1kΩ resistor  to generate the desired voltages +15V and  -5V 

that feeds the optocouplers by power. Using the same method another circuit of 5 Vdc 

is implemented to power the buffers. 

Buffers: A buffer with the reference (T54LS/T74LS244) is used; its main role is 

protect the STM32F4 from high current. 

Optocoupler: The HCPL-3120 consists of a LED optically coupled to an integrated 

circuit with a power output stage. This optocoupler is ideally suited for driving power 

IGBTs and MOSFETs. 

Resistors: Different resistors with variety of values are used. 

The implemented power circuit is shown in figure 4.25 below:  

 

Figure 4.25 The implemented power circuit to drive the inverter IGBTs. 

4.3.4 T-type inverter components 

Power supplies: Two power supplies of 20V are used instead of using panels since the 

inverter working in open loop. 

Power  IGBT:  A IGBT  is  a  type  of  transistor  used  for  amplifying  or switching  

electronic  signals.  Twelve IGBTs  with  the  reference  of  IRG4PH40KD (VCES= 
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1200V- VGE= 15V  IC= 15A)  are  used  in  our  circuit  (4  for  each  leg),  turning  

on/off  of  this IGBT's give us the desired voltage levels.  

At the beginning one leg of the inverter was implemented in a breadboard (figure 4.26), 

after verifying its correct functionality, the three legs were printed in PCBs and 

connected in T-type inverter form, Figure 4.27 shows the implemented circuit.  

 

Figure 4.26 The breadboard prototype of one leg of the T-type inverter. 

 
Figure 4.27 The T-type inverter designed in a PCB. 

 

4.3.5 Experimental results 

The phase to neutral voltage at the output of the inverter is shown in figure 4.28.a, 

whereas the line-to-line voltage wave form in shown in figure 4.28.b. 

Using an LCL filter the fundamental sinusoidal AC voltage is extracted and 

presented in figure 4.28.c   
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(a)                                                                            (b) 

 

 

 

 

 

(c) 

Figure 4.28 (a) The inverter line to neutral voltage, (b) The inverter line-to-line voltage, 

(c) The fundamental voltage waveform. 

Discussion: 

The phase and line voltages at the output of the T-type three level inverter are 

close to some extent to those obtained in the simulation, a small distortion in the line 

voltage is due to some problems in the stability of the transformers’ output voltage. 

Using the low pass LCL, the fundamental sinusoidal waveform is extracted. As it 

is clear in figure 4.28 the frequency of the signal is the desired 50 Hz.  

4.4 Conclusion 

In this chapter, three-phase three-level T-type inverter for grid connected PV 

system is simulated and its responsiveness was testified. The proposed system consists 

of PV array, T-type inverter, LCL output filter, line frequency transformer, grid utility 

and the proposed control strategy.  

The system proved its value in terms of the system efficiency (90%) and time to 

reach MPP due to the use of GSS algorithm. 

The T-type inverter is tested experimentally using SVM technique carried out by 

STM32F4 discovery kit, each element has been defined and the hardware result is 

discussed by the end. 
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General Conclusion 
 

Throughout this work, T-type three-level inverter based single stage grid-connected 

PV system mathematical modeling and principal of working is presented, and a special 

emphasis on the key element of the PV systems that is the three-level inverter (T-type) and 

its controlling technique (SVM) is discussed in details. 

To enhance the theoretical analysis of the system with practical results, a simulation 

of the system was performed using MATLAB/Simulink and the biggest part of the system 

that is the three-level inverter (T-type) was implemented. 

For maximum power extraction from the PV system, a powerful algorithm that is the 

Golden section search (GSS) was used to achieve the work’s goal that is extracting maximum 

power form the PV array, transform it into high quality AC power using LCL filter and inject 

it to the grid at unity power factor within the international standards. 

The total system efficiency is optimized due to the low switching losses of the used 

inverter (T-type) and the system size and cost are reduced.  

 

Further work 

Deferent research axes can be investigated to improve further this work: 

 Designing of protection system for large PV power plants such as the anti-islanding 

protection. 

 Implementing the system with less complex and more efficient filter.   

 Designing a sensorless PV system (using observers). 
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