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Abstract
[bookmark: _GoBack]With the extraordinary market growth in grid-connected PV systems, there is increasing interests in grid-connected PV inverters. Focus has been placed on inexpensive, high-efficiency, and innovative inverter solutions, leading to a high diversity within the inverters and new system configurations. This dissertation chooses cascaded multilevel inverter topologies for grid-connected PV systems to reduce the cost and improve the efficiency. 
First, a single-phase cascaded H-bridge multilevel PV inverter is discussed. To maximize the solar energy extraction of each PV string, an individual maximum power point tracking (MPPT) control scheme is applied, which allows independent control of each dc-link voltage. A generalized nonactive power theory is applied to generate the reactive current reference. Within the inverter’s capability, the local consumption of reactive power is provided to realize power factor correction. Then, the modular cascaded H-bridge multilevel inverter is connected to a three-phase utility system and nine PV panels. Individual MPPT control is also applied to realize better utilization of PV modules. Also, mismatches between PV panels may introduce unbalanced power supplied to the three-phase grid-connected system. Thus, a modulation compensation scheme is applied to balance the three-phase grid current by injecting a zero sequence voltage. A modular cascaded multilevel inverter prototype has been built and tested in both the single-phase and three-phase PV system. Simulation and experimental results are presented to validate the proposed control schemes. 
The three-phase cascaded voltage source inverter (VSI), as another cascaded inverter topology, is also proposed for grid-connected PV applications. The equivalent model and average model of the three-phase cascaded VSI are established to realize the central control. In addition, the control scheme applied in the traditional three-phase two-level VSI is modified for this application. Simulation and experimental results are presented as well. The targets of reducing the cost and improving the overall efficiency of the PV inverters can be achieved by applying the cascaded PV inverters and the proposed control schemes.
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[bookmark: _Toc274744935][bookmark: _Toc384586678]Introduction
Increased demand of energy throughout the world, shortage of fossil fuels, and environmental problems caused by conventional power generation has led to an urgent search for renewable energy sources. Renewable energy is energy that comes from natural resources such as sunlight, wind, tides, and geothermal heat, which are naturally replenished at a constant rate. Renewable energy sources are clean, inexhaustible, and are thought to be “free” energy sources, such as solar and wind energies. Over the past few years, renewable energies represent a rapidly growing share of total energy supply, including heat and transportation. In 2011 (the latest year for which data are available), about 16% of global final energy consumption came from renewables, and the share of renewable energy sources (including hydro) in electricity generation is around 19% [1]. 
[bookmark: _Toc384586679]Solar Energy
Among various types of renewable energy sources, solar energy has become very popular and demanding. The sun delivers energy to the earth at the rate of 1.2 × 105 TW, which is about 104 times of what mankind currently produces and consumes [2]. Solar energy can be collected and used in many ways. 
Photovoltaic (PV) devices use semiconductor materials to convert sunlight to electricity. Thermophotovoltaics uses the energy of heat, or infrared radiation, to generate electricity. Concentrating solar power (CSP) systems use the concentrated heat of the sun as the heat source for conventional power plants. Solar heating technologies use the sun’s heat to meet a variety of needs, such as heating swimming pools, and heating water or air for residential and commercial use. Solar lighting systems collect sunlight and use optical fibers to transmit it inside the building to supplement conventional lighting. 
There is extraordinary market growth in solar energy. For solar PV systems, almost 30 GW of operating capacity was added in 2012, increasing total global capacity by 42% to 100 GW. More than 900 MW of concentrating solar power systems was installed in 2012, bringing global capacity to about 2,550 MW. Solar heating capacity increased by 14% in 2012 to reach approximately 255 GW, excluding unglazed swimming pool heating [3].
[bookmark: _Toc384586680]Photovoltaic Systems
Photovoltaic systems are ideally distributed generation (DG) units, and they offer the advantages of free and unlimited energy source, being pollution free, little maintenance, and no noise. Since 2004, photovoltaic passed wind as the fastest growing energy source in % increase in the world. The average annual growth rates of renewable energy capacity from end-2007 through 2012 [3], [4] are shown in Fig. 1.1. It can be seen that solar PV grew the fastest of all renewable energy sources during last five years, with operating capacity increasing by an average of 60% annually.
The PV market was driven by many reasons, such as decreasing costs, new applications, continued strong policy support, and strong investor interest. The most important reason, decreasing prices, has been caused by the following factors: 1) an increasing efficiency of solar cells; 2) manufacturing technology improvements; and 3) economies of scale [5]. Since the first recognition in 1839 [6], solar cell technology has achieved tremendous progress. The first solar modules commercially produced at a cost of < $1/watt occurred in 2009. Conversion efficiencies of the modules reached 11.1%, and the module manufacturing cost was $0.84 per watt [7]. Sanyo 

[bookmark: _Toc384586740]Figure 1.1. Average annual growth rates of renewable energy capacity (end-2007 to 2012).
Electric produces 200 W modules with efficiency of 17.24%. In 2012, the highest research-cell efficiencies have reached 43.5% by using multiple junction cells at high solar concentrations.
The global cumulative installed PV capacity share [3] is given in Fig. 1.2. Germany and Italy accounted for 48% of global PV capacity, and the United States stands in the 3rd place, with 7.2% of the capacity share.

[bookmark: _Toc384586741]Figure 1.2. Global cumulative installed PV capacity share (until 2012).
In 2012, Europe still accounted for the predominant share of the global PV market, with 57% of all new capacity. China was the top non-European PV market in 2012, with 3.5 GW newly installed, followed by the United States with 3.3 GW. 
In PV systems, the trend towards large-scale grid integration is continuing. 29.7 GW and 29.4 GW of PV systems were connected to the grid in 2011 and 2012, respectively, up from 16.8 GW in 2010 [3], [4]. Eight countries added more than 1 GW of solar PV to their grids in 2012. In the United States, utilities integrated almost 2.4 GW of solar electric capacity in 2012. The market share for large-scale solar projects was 1,106 MW or 46 percent of all annual solar capacity, a growth of almost 160% over 2011 [8]. 
The dramatically expanding PV market is estimated to continue. Fig. 1.3 gives the global annual PV market scenarios from 2000 to 2016 [9]. European Photovoltaic Industry Association (EPIA) expects that more than 77 GW PV systems will be newly installed in 2016, and the global cumulative installed PV capacity would be 350 GW with the right policies in place. 

[bookmark: _Toc384586742]Figure 1.3. Global annual PV market scenarios (from 2000 to 2016, MW).
[bookmark: _Toc274744937][bookmark: _Toc384586681]Motivation and Strategy
With the extraordinary market growth in grid-connected PV systems, there is increasing interests in grid-connected PV inverters.  The main target is to reduce the cost and improve the efficiency of PV inverters.
Fig. 1.4 shows the 2010 benchmark price breakdowns by element for fixed-axis utility-scale PV systems [10].  It can be seen that after the PV module cost and installation fee, the PV inverter cost accounts for the third largest part of the cost of PV systems. As module prices continue to fall, the contribution of the PV inverter cost to the cost of solar energy will increase. Thus, to ensure that solar power is a viable and economic source for the world's power needs and to make solar energy compete better with incumbent electricity technologies, the cost of PV inverters needs to be reduced.

[bookmark: _Toc384586743]Figure 1.4. Benchmark 2010 fixed-axis utility-scale PV system price: breakdown by element.
In the United States, the PV inverter cost is currently $0.33 per watt. Department of Energy (DOE) has set a goal to achieve a total installed cost of utility-scale PV systems of $1 per watt by 2020, where only $0.10 per watt is for power electronics. To achieve this target for PV inverters, both technologies that harvest more energy from the sun and technologies that reduce PV inverters cost and overall balance of system (BOS) costs need to be developed. In this dissertation, cascaded inverter topologies are chosen for grid-connected PV systems to reduce the cost and improve the efficiency, and control schemes with individual maximum power point tracking (MPPT) control are developed to harvest more solar energy.
First, the cascaded inverter topologies use several converters connected in series to reach the high voltage/power level. The voltage stresses on the semiconductor switches in each converter will be reduced. Thus, low voltage rating MOSFETs, which cost less, can be even applied to large-scale PV systems to reduce the cost of PV inverters. Although more components are employed in this topology, the modular design and mass production will lead to low manufacturing cost. The target of $0.10 per watt for PV inverters can be reached.
On the other hand, the cascaded PV inverter can reach a high power level without having to sacrifice the utilization of PV modules, leading to a high overall efficiency of PV systems. In addition, compared to other converter topologies, the cascaded topology itself has higher efficiency due to the low switching frequency. By applying the cascaded topology, the target of high efficiency will be achieved as well.
Thus, the cascaded H-bridge multilevel inverter is applied to both single-phase and three-phase grid-connected PV systems. The control scheme with individual MPPT control will be developed to improve the overall efficiency. A modular cascaded H-bridge multilevel inverter was built in the laboratory and tested with PV panels under different conditions.
However, the cascaded H-bridge multilevel inverter topology employs a large number of electrical and mechanical components, especially in three-phase applications. Thus, a three-phase cascaded voltage source inverter (VSI), which keeps many advantages of the cascaded H-bridge multilevel inverter and has fewer components, is also proposed for grid-connected PV systems. The control scheme for the conventional three-phase two-level VSI was modified for this application. A three-phase cascaded VSI prototype was built and connected to PV panels for testing.
[bookmark: _Toc274744938][bookmark: _Toc384586682]Dissertation Outline
According to the strategy discussed above, the outline of the dissertation is listed as follows. 
Chapter 2 is the literature review. Various configurations of PV systems are summarized and surveyed, and grid-connected PV inverter topologies are categorized and discussed. Meanwhile, a MPPT system is also discussed.
Chapter 3 presents the single-phase cascaded H-bridge multilevel inverter for grid-connected PV systems. A control scheme with individual MPPT control and reactive power compensation is proposed. Then, simulation and experimental results are given.
Chapter 4 discusses the three-phase modular cascaded H-bridge multilevel PV inverter. In addition to the individual MPPT control, modulation compensation is also introduced to the control system. A modular cascaded H-bridge multilevel inverter prototype has been built in the laboratory, and test results are presented.
Chapter 5 proposes a three-phase cascaded VSI for grid-connected PV applications. The equivalent model and average model of the proposed system are established to achieve the central control. A control scheme with MPPT control is proposed. Both simulation and experimental results are presented.
Chapter 6 concludes the work that has been done in this dissertation and the significance of the work. Possible future work is also described in this chapter. 
[bookmark: _Toc274744939][bookmark: _Toc384586683]Literature Review
A PV inverter, which is used to convert DC power from the solar panels into AC power to be fed into the grid, is an essential element in the grid-connected PV system. With a downward tendency in the price of the PV modules, the cost of a grid-connected PV inverter is becoming more visible in the total system price. A cost reduction per inverter watt is important to make PV-generated power more attractive. Therefore, focus has been placed on inexpensive, high-efficiency, and innovative inverter solutions, which has resulted in a high diversity within the inverters, and new system configurations. 
This chapter presents a literature review of the current state of the art on grid-connected PV inverters. First, the configurations of the PV system are summarized. Then, the grid-connected PV inverter topologies are categorized and discussed. Meanwhile, a Maximum Power Point Tracking (MPPT) system, which is required in grid-connected PV inverters to ensure the maximum power extraction from the PV panels, is also discussed.
[bookmark: _Toc384586684]Configurations of PV Systems
Five inverter families can be defined, which are related to different configurations of the PV system: (1) central inverters, (2) string inverters, (3) multi-string inverters, (4) AC-module inverters, and (5) cascaded inverters [11]-[15]. The configurations of PV systems are shown in Fig. 2.1.
In the middle of the 1980’s the market for grid-connected PV systems developed with central inverters of several kilowatts in size. The output voltage of a PV module is relatively low, so PV modules are connected in series, which is called a string to generate a sufficiently high voltage and avoid further amplification. To reach a higher system power level, these strings are then connected in parallel through string diodes, as shown in Fig 2.1 (a). 


(a) Central inverter. (b) String inverter. (c) Multi-string inverter. (d) AC-module inverter. (e) Cascaded DC/DC converter. (f) Cascaded DC/AC inverter.
[bookmark: _Toc384586744]Figure 2.1. Configurations of PV systems. 
In some papers [13], central inverters are described as the past technology of PV systems. This configuration has many drawbacks, such as mismatching losses between the PV modules due to a centralized MPPT control, losses and risk of electrical arc in DC wiring, losses in the string diodes, and poor expandability and adaptability to customers’ requirements. However, the central inverter topology has advantages like simplicity, low cost, and high inverter efficiency due to the higher power rating in comparison to string inverters. Therefore, central inverters are still the first choice for medium- and large scale PV applications, where shading or different orientation of modules is avoided already at the planning stage [14], [16].
A reduced version of the central inverter, which is called a string inverter, was introduced to the market in the middle of the 1990’s. String inverters are designed for a system configuration of one PV string, as shown in Fig. 2.1 (b). There are no string diodes or associated losses, and individual MPPT can be applied to each PV string. Thus, the overall efficiency is increased in comparison to the central inverter. However, a higher price per watt is also seen in the string inverter because of the rather low power level (1-5 kW). String inverters are suitable for smaller applications, especially where the modules cannot be installed with the same orientation and are subject to different shading conditions.
The multi-string inverter, as depicted in Fig. 2.1 (c), is a further development of the string inverter, where several strings are connected to a common dc–ac inverter through their own dc–dc converter [17], [18]. Multi-string inverters can reach a higher power level without having to sacrifice the advantages of the string technology. Since each PV string has a lower power DC/DC converter connected, and individual MPPT can be achieved by this DC/DC converter. Meanwhile, due to the DC/DC converter, multi-string inverters often have a very wide input voltage range, which provides freedom in the design of PV systems. In addition, further extension can be easily realized because a new string with a DC/DC converter can be plugged into the existing system. The main drawback of multi-string inverters is that there are always two power conversion stages, which leads to a smaller peak efficiency compared to string inverters.
The AC-module inverter, which integrates the inverter and PV module into one electrical device [19]-[21], is shown in Fig. 2.1 (d). Since the AC-module inverter is attached to only one PV panel, the mismatch losses between PV modules will not exist in this configuration. Another benefit is that DC wiring is not required, and the risk of electric arc and fire in DC wiring is minimized. Also, due to the modular structure, a “Plug and Play” concept can be realized and the enlargement of PV systems can be easily achieved.
However, the AC-module inverter still has a low acceptance because of several drawbacks. First, the module-integrated inverter needs more complex circuit topologies to achieve high-voltage amplification, which results in a low converter efficiency and high cost per watt. In addition, the packaging of the inverter and PV module to one electrical device requires equal lifetimes of the inverter and PV module. However, with the current inverter technology, the lifetime of the inverter is about ten years [22], which is far less than the lifetime of PV panels, i.e., approximately 25 years. If the lifetime problem is solved, AC-module inverters will be very interesting because of their ease in use and installation [14]. Even the higher cost due to the low power level per unit might be compensated by mass production.
The cascaded inverter, which consists of several converters connected in series, can reach a high voltage level without any amplification. There are two types of the cascaded inverter. Fig. 2.1 (e) shows a cascaded DC/DC converter connection of PV modules [23], [24]. Each PV module has its own DC/DC converter, and the modules with their associated converters are still connected in series to create a high DC voltage, which is provided to a simplified DC/AC inverter. This approach combines aspects of string inverters and AC-module inverters, and offers the advantages of individual module MPPT, cheaper but more efficient than AC-module inverters. However, there are still two power conversion stages in this configuration. Another cascaded inverter is shown in Fig. 2.1 (f), where each PV panel is connected to its own DC/AC inverter, and those inverters are then placed in series to reach a high voltage level. This cascaded inverter would maintain benefits of "converter per panel" [23], like better utilization per PV module, capability of mixing different sources, and redundancy of the system. In addition, this DC/AC cascaded inverter removes the need for the per-string DC bus and DC/AC inverter, which further improve the overall efficiency. Due to the single stage structure, this DC/AC cascaded inverter must handle all tasks, i.e., MPPT, grid current control and perhaps, reactive power compensation. Thus, further consideration and research are needed for this promising structure, which is the main focus of this dissertation.
[bookmark: _Toc384586685]Topologies of Grid-Connected PV Inverters
Grid-connected PV inverter topologies can be categorized as follows: 1) the number of power conversion stages; 2) with or without a transformer; 3) the use of decoupling capacitors and their locations [13], [25]. In this section, the inverter topologies are categorized according to the number of power processing stages.
There are three cases of single and multiple stage inverters, as shown in Fig. 2.2. Note that the symbol for the PV module shall be interpreted as either a single PV panel, or multiple PV panels in series/parallel connections.


(a) Single stage inverter. (b) Dual stage inverter with single DC/DC converter. (c) Dual stage inverter with multiple DC/DC converters.
[bookmark: _Toc384586745]Figure 2.2. Three cases of single and multiple stage inverters.
[bookmark: _Toc384586686]Single Stage Inverter
The single stage inverter, as shown in Fig. 2.2 (a), is the typical configuration for central inverters, string inverters, AC-module inverters, and DC/AC cascaded inverters. It has the advantages of high efficiency and reliability, but must handle all tasks itself. 
In the single-phase system, the full-bridge inverter is commonly used, as shown in Fig. 2.3. Most of the bridges use IGBTs or a combination of IGBTs and MOSFETs [12], which are switching at high frequency to invert the input current into an AC current and reduce harmonics. 


[bookmark: _Toc384586746]Figure 2.3. Topology of the full-bridge inverter.
Many new topologies have been proposed for single stage inverters with MPPT capability. A full-bridge configuration based on the buck-boost principle proposed by [26] is shown in Fig. 2.4. During the positive half cycle of the grid voltage, S1 is kept continuously ON, and S3 operates at high frequency. The path during S3 turn OFF is completed through S1 and D2. During the negative half cycle of the grid voltage, S2 is kept continuously ON, and S4 operates at high frequency. The path during S4 turn OFF is completed through S2 and D1. The output voltage of the buck-boost inverter can be larger or lower than the DC input voltage, depending on the instantaneous duty cycle. The main drawback of this topology is the high conduction loss.


[bookmark: _Toc384586747]Figure 2.4. Topology of the full-bridge series-resonant buck-boost inverter.
Based on the buck-boost principle, many other single stage grid-connected PV inverters have also been proposed [27]-[29]. However, the buck-boost inverter configurations suffer from high peak inductor current stress due to the fact that the entire energy that is transferred to the grid in a switching cycle is stored in the inductor during the ON time of the switching cycle. In addition, only this stored energy is supplied to the grid, which restricts its use to low power applications.
To realize electrical isolation and overcome drawbacks of line frequency transformers, flyback topologies with a high-frequency transformer have been proposed [30]-[33]. Reference [30] has presented an isolated, flyback configuration, which consists of two sets of flyback type chopper circuit, as shown in Fig. 2.5. The main circuit is simple, using only three power devices and a high-frequency transformer. But this topology is only applicable to low power level systems due to the limitation on the value of primary inductance of the flyback transformer. Thus, this inverter topology is suitable for the AC-module inverter when its lifetime is taken into account. A power decoupling circuit is added [32] to enable use of film capacitors with small capacitance for the DC input bus, and hence the additional circuit is expected to extend the lifetime of the inverter.


[bookmark: _Toc384586748]Figure 2.5. Topology of the flyback-type inverter.
In some countries, galvanic isolation is not a requirement in the low-voltage grid or power levels below 20 kW. This leads to the development of single stage transformer-less inverter topologies [14], [34]-[39].  For the transformer-less inverter topologies, if the input DC source, PV modules, and the grid do not share the same ground, the PV modules may have large leakage current, which will cause safety and electromagnetic interference problems [34]. To solve this problem, either extra switches have to be added to the existing topology or doubly grounded topologies have to be used. 
HERIC (Highly Efficient and Reliable Inverter Concept) [35] is one of topologies where extra switches are added. The HERIC topology, as shown in Fig 2.6, introduces a combination of two switches and diodes in parallel to the grid. During the freewheeling periods of the inverter, the switches of the full-bridge can be open, thus the PV modules are decoupled from the grid. The H5 topology shown in Fig. 2.7 [36] also uses the idea that disconnecting the DC side from the AC side during the freewheeling to prevent a fluctuating potential of the PV generator. In the H5 topology, one switch is added to the conventional full-bridge inverter. The main drawback of these topologies is that added switches will increase the cost and system complexity.


[bookmark: _Toc384586749]Figure 2.6. HERIC topology.


[bookmark: _Toc384586750]Figure 2.7. H5 topology.
Another approach to single stage transformer-less inverters is to use the doubly grounded topologies. Reference [37] has proposed the so-called “flying inductor inverter” Karschny topology, where the negative terminal of the PV generator is grounded, as shown in Fig. 2.8. The basic inverter topology is composed of a buck-boost converter that can be shifted according to the positive and negative output of the grid. This topology still employs a large amount of semiconductors, and the necessity of storing the whole energy in the inductor leads to higher losses and higher cost and size. Semi-Z-source inverters can also be used as the doubly grounded topologies [39], as depicted in Fig. 2.9. The circuit can achieve the same output voltage as the conventional full-bridge inverter does, with only two active switches, but additional passive components are required.


[bookmark: _Toc384586751]Figure 2.8. Karschny topology.


[bookmark: _Toc384586752]Figure 2.9. Semi-Z-source inverter.
The aforementioned topologies can only be used for central inverters, string inverters, and AC-module inverters. For DC/AC cascaded inverters, the cascaded H-bridge multilevel inverter has been proposed [40], as shown in Fig. 2.10. As a single stage inverter, the cascaded H-bridge multilevel inverter provides the advantages of low cost and high inverter efficiency. In addition, unlike other single stage inverters, this topology can be used in medium and large grid-connected PV systems without having to sacrifice the utilization of each PV module. More details of this topology are discussed in Chapter 3.


[bookmark: _Toc384586753]Figure 2.10. Topology of the cascaded H-bridge multilevel inverter.
In the three-phase grid-connected PV system, the typical three-phase voltage source inverter (VSI) is widely used, as shown in Fig. 2.11. Due to the buck characteristic of the VSI, it would require a high input voltage for a proper sinusoidal current feed-in. Thus, a PV string of large number of PV modules would be required, which is more likely to get affected by partial shading. Current source inverters (CSIs) can also be used as three-phase single stage PV inverters [41], [42]. Fig. 2.12 shows a MOS-equipped CSI for a PV system. The main advantage of the CSI is its inherent voltage-boost characteristic, so a high input voltage may not be necessary. The Z-source inverter proposed by [43] can boost voltage by using the shoot through states. It is another topology for three-phase single stage PV inverters [44], [45], as shown in Fig. 2.13.


[bookmark: _Toc384586754]Figure 2.11. Topology of the three-phase voltage source inverter.


[bookmark: _Toc384586755]Figure 2.12. Topology of the three-phase current source inverter.


[bookmark: _Toc384586756]Figure 2.13. Topology of the three-phase Z-source inverter.
If galvanic isolation is not required, the three-phase VSI with split capacitor, presented in Fig. 2.14, can be used as the single stage transformer-less PV inverter. Due to the connection of the capacitor middle point to the neutral line, the voltage fluctuations present at DC+ and DC- are much smaller than in the case of the three-phase VSI [46]. Thus, the ground leakage current can be greatly reduced. The three-phase Neutral Point Clamped (NPC) inverter is another topology that is suitable to be used in a three-phase transformer-less PV system [47]. As shown in Fig. 2.15, the middle point of the PV array is also connected to the neutral line, helping to reduce the leakage current to ground. This topology, compared to the three-phase VSI with split capacitor, needs twice the switching devices and six extra diodes. However, the voltage stress on those switching devices is halved. 


[bookmark: _Toc384586757]Figure 2.14. Topology of the three-phase VSI with split capacitor.


[bookmark: _Toc384586758]Figure 2.15. Topology of the three-phase Neutral Point Clamped inverter.
The three-phase inverter topologies presented above can only be used for the central configuration, which introduces mismatching losses between PV modules. In order to harvest more solar energy and improve the overall efficiency, three-phase cascaded inverters, such as the DC/AC cascaded configuration, can also be used in three-phase grid-connected PV applications. Two three-phase cascaded topologies have been applied as a single stage PV inverter in this dissertation. The topologies and control methods will be discussed in detail in Chapters 4 and 5.
[bookmark: _Toc274744942][bookmark: _Toc384586687]Dual Stage Inverter with Single DC/DC Converter
Fig. 2.2 (b) shows the dual stage inverter with a single DC/DC converter. Unlike the single stage inverter, which must handle all tasks itself, the DC/DC converter is now performing the MPPT and perhaps voltage amplification, and the DC/AC inverter is taking care of the grid current control. So the boost converter is usually chosen as the first stage to provide a fixed DC voltage, and the full-bridge VSI is widely used as the second stage in the single/three-phase PV system.
High-efficiency high-voltage gain DC/DC converters have been designed for the first stage. A ZVT interleaved high step-up converter with built-in transformer has been proposed by [48]. The built-in transformer can provide high voltage conversion ratio and increase the system efficiency without an extreme duty cycle compared with the conventional boost converter. 
For the dual stage PV inverter, transformer-less topologies can be designed in two ways. One is designing the transformer-less inverter topology. As shown in Fig 2.16, for example, a neutral point diode clamped inverter is applied in the second stage instead of the conventional full-bridge inverter. Since each DC link capacitor voltage needs to be higher than the grid voltage amplitude, a boost converter is used in the first stage to provide a high DC voltage. 


[bookmark: _Toc384586759]Figure 2.16. A Neutral Point Clamped inverter with a boost converter.
The other way is using a specially designed DC/DC converter in the first stage, which allows simultaneous grounding of source and load. At the same time, a bipolar output is provided to the inverter, and half-bridge topologies can be used as the second stage. A common approach to designing the first stage is to connect two basic DC/DC converter topologies in anti-parallel [49], [50]. One example is the hybrid circuit composed of a buck-boost and zeta converters proposed in [49] and illustrated in Fig. 2.17. The advantage of these circuits is the use of a single active switch, however, the main drawbacks are the limited power level and the large amount of passive components. Another approach is to develop circuits where the energy transfer from source to load is electrically decoupled by a magnetic structure. Reference [51] has proposed a dual stage transformer-less PV inverter, where a DC/DC converter with coupled inductors is employed to realize doubly grounded and a half-bridge inverter is used as the second stage, as shown in Fig. 2.18. However, the power level is still limited by the energy storage requirements.


[bookmark: _Toc384586760]Figure 2.17. Non-isolated DC/DC converter with grounded source and bipolar output.


[bookmark: _Toc384586761]Figure 2.18. Topology of a dual stage transformer-less PV inverter.
The dual stage inverter with a single DC/DC converter can only be used in central, string or AC-module configurations, where a high power level and better utilization of PV modules cannot be achieved at the same time. To solve this issue, the dual stage inverter with multiple DC/DC converters is introduced to the multi-string and cascaded configurations.
[bookmark: _Toc384586688]Dual Stage Inverter with Multiple DC/DC Converters
The topology of the dual stage inverter with multiple DC/DC converters is shown in Fig. 2.2 (c). It will be the solution for the multi-string configuration if the DC/DC converters are connected in parallel. If the DC/DC converters are connected in series to create a high DC voltage, it will be the cascaded inverter. 
   As discussed above, in dual stage PV inverters, the only task for each DC/DC converter is MPPT and perhaps voltage amplification. The common DC/AC inverter will take care of the grid current control. The DC/AC inverter and DC/DC converter topologies have been discussed in the last two subsections and will not be repeated here. A commercially available multi-string inverter topology [52] is presented in Fig. 2.19 as an example. The circuits interfacing the PV strings are standard boost converters, and the grid-connected DC/AC inverter is a two-level VSI.
Due to the dual stage structure, the controller for each stage can be designed independently, leading to simpler controllers for dual stage PV inverters. However, compared to single stage PV inverters, dual stage inverters increase the system complexity, increase the cost, and reduce the overall efficiency as well.



[bookmark: _Toc384586762]Figure 2.19. Topology of the multi-string inverter: Sunny Boy 5000TL.
[bookmark: _Toc384586689]Maximum Power Point Tracking System
To ensure the maximum power extraction from the PV array at any given time is one main objective of the grid-connected PV inverter. Therefore, the MPPT system is an essential part of grid-connected PV inverters. The PV power characteristic is nonlinear, varying with the level of solar irradiance and temperature, which makes the extraction of maximum power a complex task. In order to solve this issue, many methods for extracting the maximum power have been developed and implemented [53]-[57]. Comparisons of MPPT algorithms can be found in the literature [58]-[60]. 
Among those methods, Perturb and Observe (P&O) and Incremental Conductance (INC) methods are widely used in commercial products. Both use perturbative approaches for tracking the MPP, determining the voltage value at which the PV array delivers its maximum power.
P&O method involves a perturbation in the operating voltage of the PV array. As shown in Fig. 2.20, if the operating voltage of the PV array is perturbed in a given direction and dP/dV > 0, it is known that the perturbation moved the array’s operating point toward the MPP. The P&O algorithm would then continue to change the PV array voltage in the same direction. If dP/dV < 0, then the operating point was moved away from the MPP, and the P&O algorithm would change the PV array voltage in the opposite direction. The P&O method is easy to implement, but it has some drawbacks, like oscillations around the MPP in steady state operation, slow response speed, and may even fail under rapidly changing conditions [61].
 (
dP/dV < 0
) (
dP/dV = 0
) (
dP/dV > 0
)[image: ]
[bookmark: _Toc384586763]Figure 2.20. Sign of the dP/dV at different positions on the power characteristic curve.
The incremental conductance method is also based on the fact that the slope of the PV panel power curve is zero at the MPP, but it uses the PV array’s incremental conductance dI/dV to compute the sign of dP/dV. According to d(VI)/dV = 0, we could get that

         	                              (1)
Thus, the MPP can be tracked by comparing the instantaneous conductance to the incremental conductance as shown in Fig. 2.21, where Vref is the reference voltage at which the PV panel is forced to operate. 


[bookmark: _Toc384586764]Figure 2.21. Flowchart of the incremental conductance method.

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The increment size determines how fast the MPP is tracked. With bigger increments, fast tracking can be achieved. However, the system might not operate exactly at the MPP but oscillate around it. An improved incremental conductance method could solve this issue [56]. Let the increment size equal to  (coefficient C is the scaling factor which is tuned at the design time to adjust the step size), then the step size is relatively large when the operating point is far away from the MPP, and the step size is small when the operating point is close to the MPP. Thus, both fast tracking and accurate operating can be achieved.
The efficiency maximization of the grid-connected PV inverter is useless if the maximum power extraction from the PV array is not ensured both at the steady state and under varying climatic conditions. Many MPPT algorithms are proposed and optimized to harvest more solar power from the PV array. However, the maximum power extraction is hardly achieved due to the mismatched operation of the PV array, especially in the medium- and large scale PV system, where the long PV strings are very sensitive to the partial shading caused by the nearby obstacles and even the passing of clouds. 
To reduce partial shading effects, the PV modules are usually equipped with bypass diodes [62]. When bypass diodes are on, partially shaded modules can be bypassed, and the overall power generation from the PV array under partial shading conditions can be increased. However, the bypassed PV modules may still be able to generate power. Thus, this method does not allow the array to produce the maximum possible power under partial shading. In addition, turning these bypass diodes on creates losses due to their ON-state resistances. Other solutions are needed to increase the power production in presence of mismatching effects, like the dynamic reconfiguration of the PV arrays and distributed MPPT control. 
The dynamic electrical array reconfiguration (EAR) strategy is carried out by inserting a controllable switching matrix between the PV modules and the central inverter, which allows the reconnection of the available PV modules. As a result, the PV system exhibits a self-capacity for real-time adaptation to the external operating conditions and improves the power production of the system [63]. However, this technique introduces a controllable switching matrix to the PV system, which increases the system cost. Moreover, for large PV arrays, there will be lots of possible configurations. It will be very difficult to find the optimal configuration in a timely manner, and real-time adaptation may not be reached.
For the distributed MPPT control, each module or group of modules has its own MPPT, thus avoiding mismatching losses caused by the partial shading or different temperatures between the modules. According to the configurations of PV systems, the distributed MPPT control can only be applied to multi-string and cascaded inverters. The distributed MPP tracking can be implemented either by connecting the output terminals of the DC/DC converters in parallel or in series [64], as shown in Fig. 2.22. With DC/DC converters, individual MPPT is performed by each DC/DC converter, and can be easily realized. 


[bookmark: _Toc384586765]Figure 2.22. Distributed MPPT using parallel-connected and series-connected DC/DC converters.
However, as discussed above, dual stage inverters increase the system complexity, increase the cost, and reduce the overall efficiency as well. Thus, a question has been raised, can distributed MPPT control be implemented without the DC/DC converter. The answer is yes. As a single stage inverter, the cascaded H-bridge multilevel inverter has separate DC links, which make independent voltage control possible. But few papers have studied on the distributed MPPT control of cascaded H-bridge multilevel inverters, and no experimental results are given, especially for three-phase systems. There are still challenges for applying distributed MPPT control to the cascaded H-bridge multilevel inverter. Without the DC/DC converter, individual MPPT control of each module must be realized in a central controller, which requires a complicated control algorithm. Also, in the three-phase system, unbalanced power could be supplied to the grid if distributed MPPT is achieved. The grid current must be balanced to meet PV interconnection standards. In the next two chapters, these issues are discussed in detail.
[bookmark: _Toc384586690]Summary
A literature review on grid-connected PV inverters has been provided. According to the different configurations of the PV system, five inverter families can be defined: (1) central inverters, (2) string inverters, (3) multi-string inverters, (4) AC-module inverters, and (5) cascaded inverters. The advantages and disadvantages of these inverters are discussed. Among these configurations, the DC/AC cascaded inverter can be used in medium- and large scale PV applications without sacrificing the benefits of “converter per panel”. Unlike multi-string inverters or cascaded DC/DC converters, the DC/AC cascaded inverter can employ the single stage inverter, which further improves the overall efficiency and reduces the cost.
The grid-connected PV inverter topologies are also discussed. According to the number of power processing stages, the inverter topologies can be categorized as single stage inverters and dual stage inverters. Many single and dual stage inverter topologies have been reviewed. The single stage inverter has the benefits of low cost, high efficiency and reliability, but it must handle all tasks itself.
MPPT systems are discussed as well in this chapter. Many MPPT algorithms have been reviewed, and P&O and Incremental Conductance methods are introduced as examples. Solutions for increasing the power production in the presence of mismatching effects are discussed. 
[bookmark: _Toc384586691]Control of Single-Phase Cascaded H-Bridge Multilevel Inverter for Grid-Connected Photovoltaic Systems
Many different types of PV inverters have been discussed in the previous chapter. The cascaded H-bridge multilevel inverter requires an isolated DC source for each H-bridge; thus, the high power and/or high voltage from the combination of the multiple modules would favor this topology in medium and large grid-connected PV systems [65]-[67]. In addition, the separate DC links in the multilevel inverter make independent voltage control possible. As a result, individual maximum power point tracking (MPPT) control in each string can be achieved, and the energy harvested from PV panels can be maximized. Meanwhile, the modularity and low cost of multilevel converters would position them as a prime candidate for the next generation of efficient, robust, and reliable grid-connected solar power electronics. 
A single-phase cascaded H-bridge multilevel inverter topology for a grid-connected PV system is presented in this chapter. The panel mismatch issues are addressed to show the necessity of individual MPPT control, and a control scheme with independent MPPT control and reactive power compensation is then proposed. Simulation and experimental results are provided to demonstrate the developed control scheme.
[bookmark: _Toc384586692]System Description
The cascaded multilevel inverter topology consists of n H-bridge converters connected in series and is shown in Fig. 3.1. Each DC link is fed by a PV panel or a short string of PV panels to increase the power level.  By different combinations of the four switches in each H-bridge, three output voltage levels can be generated, –vdc, 0, or +vdc. A cascaded multilevel inverter with n input sources will provide 2n+1 levels to synthesize the AC output waveform. This (2n+1)-level voltage waveform enables the reduction of harmonics in the synthesized current, reducing the size of the needed output filters. Multilevel inverters also have other advantages such as reduced voltage stresses on the semiconductor switches, as well as having higher efficiency when compared to other converter topologies [40]. 


[bookmark: _Toc384586766]Figure 3.1. Topology of single-phase grid-connected PV system.
As shown in Fig. 3.1, the cascaded multilevel inverter is connected to the grid through an L filter, which is used to reduce the switching harmonics in the current. There is also a local load connected in parallel. PV power is delivered to the load/grid according to the system operation conditions.
The output voltage of each H-bridge inverter can be described as

         	                              (2)
where vdcj is the dc-link voltage of the jth (j = 1, 2, … n) H-bridge inverter, Sj1(3) represents the state of switch Sj1(3) according to Fig. 3.1, and Pj is the discrete switching function, which has the values -1, 0, or +1.
In order to have a linear model, the discrete switching function Pj can be replaced by the continuous switching function Sj in (2). During the steady-state operation, these continuous switching functions are sinusoidal and bounded in the interval [-1, 1]. Thus, the dynamic behavior of the single-phase grid-connected PV system can be described by the following equations:

          	                                (3)

                                                   (4)

                                                           (5)
where iL is the output current of the cascaded H-bridge multilevel inverter, L and R are the decoupling inductance and its resistance respectively, iLoad is the local load current, and is is the grid current.
According to (3), the inductor ripple current ΔiL needs to be analyzed to select inductor L. Assume the dc-link voltage of each H-bridge module is equal, and we have vdcj = vdc. The cascaded H-bridge multilevel inverter will switch such that

           	                              (6)
Without loss of generality, let k = 0. The unipolar double-frequency sinusoidal pulse width modulation (SPWM) is applied, and if the fundamental current of the inductor L is zero, the ripple current ΔiL can be shown as Fig. 3.2.


[bookmark: _Toc384586767]Figure 3.2. Inverter voltage and inductor ripple current ΔiL waveforms.
From Fig. 3.2, we have 

           	                              (7)
where vave is the average value of the fundamental component of the inverter voltage in a switching period, don is the duty ratio during this switching period, and fsw is the switching frequency.
During 0 < ωt < π, we have

                                                        (8)

                                                         (9)
where m is the modulation index.
From (7) – (9), the ripple current through the inductor L can be expressed as

      	                                  (10)
 Thus, the relationship of the ripple current and the modulation index is obtained, as shown in Fig. 3.3. And we have 

      	                                               (11)
which can be used to select the inductor L. 
[image: ]
[bookmark: _Toc384586768]Figure 3.3. Relationship of the ripple current and the modulation index.
In this dissertation, the modular design is considered to reduce the manufacturing cost. So the dc-link capacitor of each H-bridge module would be the same capacitor C, and we have

                                                        (12)
where Ptotal is the rated power of the cascaded multilevel inverter, Vdc is the mean voltage across the capacitor, and vripple is the amplitude of the voltage ripple. 
For the PV application, Ptotal is the total maximum power of all the connected PV panels, and Vdc is the MPP voltage of the connected PV panel of one H-bridge module. To make PV panels operated around the MPPs without too much fluctuation, the ripple at the terminals of the PV modules should be sufficiently small. Calculations in [68] show that the amplitude of the voltage ripple should be below 6% of the MPP voltage in order to reach a utilization ratio of 99%. Here, the utilization ratio is given as the average generated power divided by the theoretical MPP power. 
[bookmark: _Toc384586693]PV Panel Mismatches
Due to the unequal received irradiance, different temperature, and aging of the PV panels, the maximum power points (MPPs) of each PV string may be different. When there is mismatch between the PV strings, the efficiency of the overall PV system will be decreased if the MPP of each string is not tracked individually. Simulations in MATLAB/SIMULINK are carried out to show the necessity of individual MPPT control in the single-phase cascaded PV system.
[bookmark: _Toc384586694]Modeling of PV Module
The accurate and reliable modeling of the PV module is important to the PV system analysis and design. Some researchers have studied the model of PV modules by using 2-diode or 3-diode model [69], [70]. However, those models can be further simplified to a single diode model, which has moderate complexity and acceptable accuracy. Fig. 3.4 shows the single diode model of a PV module, while the associated relation between PV current and voltage is shown in (13) [71]. 


[bookmark: _Toc384586769]Figure 3.4. Single diode model of a PV module.

             	                          (13)
where I is the output current of a PV module, IPV is the photovoltaic current, I0 is the diode reversed saturation current, V is the output voltage, Vt = NskT/q is the thermal voltage of a module with Ns cells connected in series, Rs is the equivalent series resistance, Rp is the equivalent parallel resistance, and a is the diode ideality constant.
In this dissertation, the PV module model in MATLAB/SIMULINK is built based on the single diode equation. The datasheets from PV manufacturers provide the parameters to solve for the unknowns.
Commercial PV panels, HIP-195BA19, from Sanyo, are used in the simulation and experimental tests. The specifications are shown in Table 3.1. According to the parameters, the PV module is modeled and the I-V characteristics of the panel obtained by simulation are shown in Fig. 3.5.
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(a) Dependence on irradiance (T = 25 ˚C)
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(b) Dependence on temperature (S = 1000 W/m2)
[bookmark: _Toc384586770]Figure 3.5. Simulated I-V characteristics of PV module Sanyo, HIP-195BA19.


[bookmark: _Toc384586726]Table 3.1. Specifications of PV module Sanyo, HIP-195BA19
	Rated Power (Pmax)
	195 W

	Maximum Power Voltage (Vpm)
	55.3 V

	Maximum Power Current (Ipm)
	3.53 A

	Open Circuit Voltage (Voc)
	68.1 V

	Short Circuit Current (Isc)
	3.79 A

	Temperature Coefficient Voc
	-0.189 V/°C

	Temperature Coefficient Isc
	1.98 mA/°C


[bookmark: _Toc384586695]Simulation Results
To show the necessity of individual MPPT control in the single-phase cascaded PV system, a 5-level two H-bridges inverter is simulated in MATLAB/SIMULINK. Each H-bridge has its own 195 W PV panel (Sanyo, HIP-195BA19) connected as an isolated DC source. The established PV module model is implemented to run the inverter simulations.
Consider an operating condition where each panel has a different irradiation: panel 1 has irradiance S = 1000 W/m2, and panel 2 has S = 600 W/m2. If only panel 1 is tracked and its MPPT controller determines the average voltage of the two panels, the power extracted from panel 1 would be around 147 W, and the power from panel 2 would be 60 W, as seen in Fig. 3.6. Without individual MPPT control, the total power harvested from the PV system is 207 W.
However, Fig. 3.7 shows the MPPs of the PV panels under the different irradiance. The maximum output power will be 195 W and 114.6 W respectively when S = 1000 W/m2 and 600 W/m2, which means the total power harvested from the PV system would be 309.6 W if individual MPPT can be achieved. This higher value is about 1.5 times of the one before. Thus, the individual MPPT control in each string is required to reduce the adverse effect of the mismatches and increase the efficiency of the PV system. 
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[bookmark: _Toc384586771]Figure 3.6. Power extracted from two PV panels.
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[bookmark: _Toc384586772]Figure 3.7. P-V characteristics under the different irradiance.
[bookmark: _Toc384586696]Control Scheme
The cascaded H-bridge multilevel inverters can be used in medium and large grid-connected PV systems without having to sacrifice the utilization of PV modules. However, as discussed above, this benefit can be realized only if each PV string is individually MPP tracked. Meanwhile, at higher penetrations, the impact of PV systems may accumulate and affect power quality. The reactive power control of PV inverters provides an opportunity to maintain good power quality in the grid and optimize the performance of distribution circuits. Thus, a control scheme with individual MPPT control and reactive power compensation is proposed, as shown in Fig. 3.8. The details of the control scheme will be discussed in the next subsections.


[bookmark: _Toc384586773]Figure 3.8. Control scheme.
[bookmark: _Toc384586697]Individual MPPT Control 
In order to eliminate the adverse effect of the mismatches and increase the efficiency of the PV system, the PV strings need to operate at different voltages to maximize the energy harvested from each string. The separate DC links in the cascaded H-bridge multilevel inverter make independent voltage control possible. 
As shown in Fig. 3.8, an MPPT controller is added to generate the dc-link voltage reference of each H-bridge. To manage distinct power transfers and different voltage levels on the n H-bridges, n voltage loops are necessary [72]. First, each dc-link voltage vdcj is compared to the corresponding voltage reference vdcjref, and the sum of all the errors is controlled through a PI controller that determines the active current reference. Reactive current reference inref is obtained by using a generalized nonactive power theory, which will be discussed in the next subsection. The current controller then gives the sum of the modulation index of each H-bridge inverter. 
The voltages vdc2 to vdcn are controlled individually through the last n-1 loops. Each voltage controller gives the modulation index of one H-bridge module. The modulation index for the first H-bridge can be obtained by subtracting the remaining modulation index. After obtaining n modulation indices, phase-shifted SPWM (PS-SPWM) switching scheme is applied to control the switching devices of each H-bridge.
In order to design the voltage controllers, suitable transfer functions are obtained by the linearization of (4) around the nominal operating point. For the total voltage controller, the following equation can be obtained according to (4)

                                               (14)
where Cj = C, j = 1, 2, … n, and C is the capacitance.
Considering only the dc component of Sj·iL yields the following:

                                         (15)
To simplify the transfer function, considering the output currents of PV panels iPVj as disturbances. Thus, (15) can be expressed in the Laplace domain as

                                                    (16)
Similarly, the design of the other n-1 voltage controllers can be based on the following equation

                                                     (17)
where k = 2, … n.
[bookmark: _Toc384586698]Reactive Power Compensation
High-penetration levels of PV generation present challenges to distribution utilities. Despite the challenges, there is also an opportunity for the utility to enhance its performance with the grid-connected PV inverters [73]-[75]. For example, the reactive power control of PV inverters provides an opportunity to improve power quality and reduce distribution losses in the grid. However, (18) and (19) provide an excellent expression for gaining intuition about the competing nature of minimizing the voltage variation and reducing distribution circuit losses [75].
[bookmark: OLE_LINK12]The rate of energy dissipation Ej and the change in voltage ∆Vj between nodes j and j+1 of the distribution circuit are given by 

                                                       (18)

                                                     (19)
where Pj and Qj represent active and reactive power flowing down the circuit from node j, Vj is the voltage at node j, rj+ixj is the complex impedance of the link between node j and j+1, as shown in Fig. 3.9.


[bookmark: _Toc384586774]Figure 3.9. Diagram for the radial network.
Equation (18) shows that losses in any circuit segment j are minimized when Qj = 0, which means the consumption and generation of reactive power at the node should be equal. However, (19) shows that Qj = -rjPj/xj is needed to minimize the voltage variation, which is in clear competition with loss reduction. Therefore, reactive power compensation that provides optimal voltage regulation and minimizes losses simultaneously should not be expected.   
Due to the competition between optimal voltage regulation and minimization of losses, there are three reactive power control options: (1) control on local voltage only, (2) control on local flow only, and (3) hybrid control, which considers both local voltage and power flow. The control algorithm based on local voltage only is proposed in other papers. In this dissertation, the control scheme is based on local flow such that losses are minimized when reactive power flows Qj are zero. The local consumption of reactive power is supplied by the PV inverter up to the limits imposed by its capacity and generation, and power factor correction at the point of common coupling (PCC) is achieved.
To provide the local consumption of reactive power, generalized nonactive power theory [76] is applied to calculate the reactive current reference. Consistent with the standard steady-state power definitions, this theory is an extension of the standard definitions and other instantaneous power theories. The defined instantaneous active and reactive power and/or current are valid in various power systems, whether single-phase or multi-phase, sinusoidal or non-sinusoidal, periodic or non-periodic, balanced or unbalanced. 
Considering the single-phase PV system, the average power of the local load is denoted as P(t):

                                                                  (20)
The instantaneous active current of the local load ia(t) is defined by

                                                                                    (21)
where vp(t) is the reference voltage, and Vp(t) is the rms value of vp(t). In this system, the grid voltage is chosen as the reference voltage.
Then, the instantaneous reactive current of the local load in(t) is defined by

                                                            	   (22)
Assuming the instantaneous local load current could be measured by a local smart meter, the instantaneous reactive current is calculated as the reactive current reference of the multilevel inverter. Thus, the reactive current in the local load will be supplied by the cascaded H-bridge multilevel inverter, and the point of common coupling will be operated at unity power factor.
The reactive generation is limited by the inverter capacity, and the reactive current reference is also limited. However, the reactive power of the local load will be compensated to the greatest degree possible by the multilevel inverter, which helps to reduce the distribution circuit losses.
[bookmark: _Toc384586699]Results
Simulation and experimental tests are carried out to validate the proposed ideas. A single-phase modular cascaded multilevel inverter prototype has been built. Each H-bridge has its own 195 W PV panel (Sanyo HIP-195BA19) connected as an independent source. For simplicity and to easily appreciate the control principle, only two H-bridge modules will be considered in the simulation and experimental tests. The system parameters are shown in Table 3.2. 
[bookmark: _Toc384586727]Table 3.2. System parameters
	Parameters
	Value

	DC-link capacitor
	3.6 mF

	Connection inductor L
	3 mH

	Load inductor
	20 mH

	Load resistor
	20 ohm

	Grid rated RMS voltage
	48 V

	Switching frequency
	1.8 kHz


Equation (11) is used to select the connection inductor L. Considering that the PV inverter cannot be operated at the rated power all the time, the current ripple is chosen as the 10% of the rated inverter current, which is calculated as

                                    (23)
Thus, the connection inductor L is calculated as 

      	                          (24)
Here, the connection inductor is selected as L = 3 mH.
To verify the individual MPPT control scheme, the 5-level inverter is simulated in two different conditions. First, two PV panels are operated under the same irradiance S = 1000 W/m2 and temperature T = 25 ˚C. At t = 2s, the solar irradiance on the first panel stays the same, and that for the second panel decreases to 600 W/m2. The dc-link voltage waveforms of two modules are shown in Fig. 3.10. As the irradiance changes, the second dc-link voltage decreases and tracks the new MPP voltage of the second PV panel. 
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(b) DC-link voltage of module 2
[bookmark: _Toc384586775]Figure 3.10. Simulated dc-link voltage of two modules with individual MPPT(T=25 ˚C).
The PV current waveforms are shown in Fig. 3.11. It can be seen that the lower irradiation affects the current in the second PV panel, so the lower ripple of the dc-link voltage can be found in Fig. 3.10(b). 
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[bookmark: _Toc384586776]Figure 3.11. Simulated PV current of two modules with individual MPPT(T=25 ˚C).
Fig. 3.12 shows the power extracted from the two panels. At the beginning, both panels are operated under irradiance S = 1000 W/m2 and generating maximum power 195 W. After t = 2s, when the solar irradiance over the second panel decreases to 600 W/m2, the power extracted from panel 1 is still 195 W, and the power from panel 2 is 114.5 W. According to the P-V characteristics shown in Fig. 3.7, each PV panel is operating at its own maximum power point. Thus, individual MPPT has been achieved, and the efficiency of the PV system is improved.
The voltage and current waveforms of the grid and load are shown in Fig. 3.13. It can be seen that the load current is lagging the grid voltage, however, the grid current has the same phase as the voltage, which means the grid has unity displacement power factor. The output voltage of the multilevel inverter is shown in Fig. 3.14. The 5-level voltage helps to reduce the output filters.
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[bookmark: _Toc384586777]Figure 3.12. Simulated power extracted from two PV panels with individual MPPT.
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[bookmark: _Toc384586778]Figure 3.13. Simulated voltage and current waveforms of grid and load.
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[bookmark: _Toc384586779]Figure 3.14. Simulated inverter output voltage.
A modular cascaded multilevel inverter prototype has been built in the laboratory. The modular design will increase the flexibility of the system, and reduce the cost as well. MOSFET IRFSL4127 is selected as inverter switches operating at 1.8 kHz. The control signals to the H-bridge inverters are sent by a dSPACE ds1103 controller. Fig. 3.15 shows the experimental solar panels and the 5-level cascaded multilevel inverter. 
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(b) Modular 5-level cascaded multilevel inverter
[bookmark: _Toc384586780]Figure 3.15. Experimental prototype.
The experimental results are presented in Fig. 3.16 and Fig. 3.17. Fig. 3.16 shows the grid voltage, current and the dc-link voltage of two H-bridge modules. It can be seen that the two dc-link voltages are controlled independently, which means individual MPPT can be achieved. Fig. 3.17 shows the grid voltage and current, the load current and the inverter output voltage. The experimental results also show that the grid current has the same phase as the grid voltage and has unity displacement power factor. 
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[bookmark: _Toc384586781] (
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[bookmark: _Toc384586782]Figure 3.17. Experimental grid voltage and current, load current and inverter output voltage.
The THD of the grid current is 4.7% and the rms value is 5.0 A, as shown in Fig. 3.18. In IEEE 1547 [77], the maximum harmonic current distortion is set as 5% total demand distortion (TDD). Thus, based on the rated current 8.125 A, the TDD of the grid current is calculated as 2.9%, which is less than 5% and meets the power quality standards.
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[bookmark: _Toc384586783]Figure 3.18. THD of the grid current is shown in Fig. 3.15. 
[bookmark: _Toc384586700]Summary
In this chapter, a single-phase modular cascaded H-bridge multilevel inverter for grid-connected PV system with reactive power compensation has been presented. Due to the cascaded configuration, the inverter has the possibility to reduce the adverse effect of PV mismatches even in medium and large grid-connected PV systems. Individual MPPT control is necessary to realize this benefit. A control scheme with independent MPPT control and reactive power compensation has been proposed. Simulation and experimental results show that individual MPPT control is achieved to maximize the solar energy extraction of each PV string, and the reactive power required by the local load is provided by the proposed system to realize the power factor correction and reduce distribution losses. 
[bookmark: _Toc384586701]Control of Three-Phase Modular Cascaded H-Bridge Multilevel Inverter for Grid-Connected Photovoltaic Systems
The trend towards large-scale grid integration is continuing in PV systems, and three-phase inverters are more widely used in medium and large grid-connected PV systems. The cascaded H-bridge multilevel inverter topology is also a good choice for the three-phase large-scale PV system. By individual MPPT control in each string, the energy harvested from PV panels can be maximized. Meanwhile, the topology itself has higher efficiency when compared to other converter topologies, and the modular design can increase the flexibility of the system, and reduce the cost as well.
[bookmark: _Toc384586702][bookmark: _Toc274744953]System Description
The three-phase modular cascaded H-bridge multilevel inverter for grid-connected PV system is shown in Fig. 4.1. Each phase consists of n H-bridge converters connected in series, and the DC link of each H-bridge is fed by a short string of PV panels. The cascaded multilevel inverter is connected to the grid through L filters, which are used to reduce the switching harmonics in the current.
The behavior of the cascaded H-bridge multilevel inverter has been discussed in the last chapter and will not be repeated here.



[bookmark: _Toc384586784]Figure 4.1. Topology for the three-phase grid-connected system.
[bookmark: _Toc384586703]Control Scheme
[bookmark: OLE_LINK3]As discussed in the single-phase system, the individual MPPT control in each string is required to reduce the adverse effect of PV mismatches and increase the overall efficiency. In a three-phase grid-connected PV system, PV mismatches may cause more problems. Besides decreasing the overall efficiency, this could even introduce unbalanced power supplied to the three-phase grid-connected system. If there are PV mismatches between phases, the input power of each phase would be different. Since the grid voltage is balanced, the different input power will cause unbalanced current to the grid, which is harmful to the grid and not allowed by utility standards. For example, to unbalance the current per phase more than 10% is not allowed by Xcel Energy, where the percentage unbalance is calculated by taking the maximum deviation from average current and dividing it by the average current [78].
To solve the PV mismatch issue, a control scheme with individual MPPT control and modulation compensation is proposed, as shown in Fig. 4.2. The details of the control scheme will be discussed in next three subsections.


[bookmark: _Toc384586785]Figure 4.2. Control scheme for three-phase modular cascaded H-bridge multilevel PV inverter.
[bookmark: _Toc384586704]Individual MPPT Control 
The individual MPPT control scheme applied in the single-phase system can be extended to the three-phase system. Fig. 4.2 shows the individual MPPT control of the cascaded H-bridge inverter in phase a. In each H-bridge module, an MPPT controller is added to generate the dc-link voltage reference. Each dc-link voltage is compared to the corresponding voltage reference, and the sum of all the errors is controlled through a PI controller that determines the current reference Idref. The reactive current reference Iqref can be set to zero. If reactive power compensation is required, Iqref can also be given by a reactive current calculator. As the classic control scheme for three-phase systems, the grid currents in abc coordinates are converted to dq coordinates, and regulated through PI controllers to generate the modulation index in dq coordinates, which is then converted back to three-phase.
The voltages vdca2 to vdcan are controlled individually through n-1 loops. Each voltage controller gives the modulation index proportion of one H-bridge module in phase a. After multiplied by the modulation index of phase a, n-1 modulation indices can be obtained. Also, the modulation index for the first H-bridge can be obtained by subtracting the remaining modulation index. The control schemes in phase b and c are almost the same. The only difference is that all the dc-link voltages are regulated through PI controllers, and n modulation index proportions are obtained for each phase. Phase-shifted SPWM (PS-SPWM) switching scheme is then applied to control the switching devices of each H-bridge.
It can be seen that for one H-bridge module out of the 3n modules, its modulation index is obtained by subtraction. The reason is that 3n voltage loops are necessary to manage different voltage levels on 3n H-bridges, and one is the total voltage loop, which gives the current reference Idref. So only 3n-1 modulation indices can be determined by the last 3n-1 voltage loops, and one modulation index has to be obtained by subtraction. 
[bookmark: _Toc384586705]Modulation Compensation
With the individual MPPT control in each H-bridge, the input power of each phase would be different, which introduces unbalanced current to the grid. To solve the problem, a zero sequence voltage can be imposed upon the phase legs in order to affect the current flowing into each phase [79], [80]. The idea can be explained by the following equations

                                              (25)
where viN (i=a, b, c) is the output phase voltage of the three-phase inverter as shown in Fig. 4.1, vin is the phase voltage of the grid, L and R are the decoupling inductance and its resistance respectively. By injecting the zero sequence voltage vNn, the output phase voltage of the inverter will be unbalanced. If the unbalanced voltage is proportional to the unbalanced power, the grid current will be balanced.
Therefore, a modulation compensation scheme is applied, as shown in Fig. 4.3. First, the unbalanced power is weighted by ratio ri, which is calculated as


[bookmark: _Toc384586786]Figure 4.3. Modulation compensation scheme.

                                              	   (26)
where Pini is the input power of phase i (i=a, b, c), and Pinav is the average input power.
The injected zero sequence modulation index can be generated as

                   (27)
where di is the modulation index of phase i and is determined by the current loop controller.
Then, the modulation index of each phase is updated by

                                                            (28)
A simple example is presented to show the modulation compensation scheme more clearly. Assume the input power of each phase is unequal, 

                                           (29)
By injecting a zero sequence modulation index at t = 1s, the balanced modulation index will be updated, as shown in Fig. 4.4. It can be seen that with the compensation, the updated modulation index is unbalanced proportional to the power, which means the output voltage (viN) of the three-phase inverter is unbalanced and finally results in a balanced grid current.
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[bookmark: _Toc384586787]Figure 4.4. Modulation index before and after modulation compensation.
[bookmark: _Toc384586706]Discussion of Proposed Control Scheme
The aim of the proposed control scheme is to make each PV module operate at its own MPP, so that maximum solar power can be extracted even if there are PV mismatches. As shown in Fig. 4.2, the dc-link voltage of each H-bridge inverter, or in the other word, the output voltage of each PV module, is controlled individually to track its own MPP voltage. However, it is possible that the dc-link voltage of the H-bridge inverter cannot reach the reference, and the connected PV module is not operated at the MPP. The possibility will be analyzed as follows.
According to (3), for each phase, we have

                                                 (30)
where  and  are the fundamental phasors of the grid voltage and current, mj is the modulation index of the H-bridge module j (j = 1, 2, … n), and  is defined as the phasor that is in the direction of  with the size of Vdcj.

With the proposed control scheme, the modulation index of each H-bridge module is determined by an individual voltage loop. If PV mismatches happen, for example, there are shadings on the connected PV panels of the H-bridge modules 1 to k, the extracted solar power from these modules will decrease, and the modulation indices m1 to mk will be small. Meanwhile, the dc-link voltages Vdc1 to Vdck will also drop due to the shadings. To provide the desired output voltage, the term  must increase. Since PV modules should be operated at their own MPPs, the dc-link voltages Vdc(k+1) to Vdcn will not change, and the modulation indices mk+1 to mn will increase. If the inverter can generate the desired voltage without overmodulation, the control scheme will work successfully. However, there is possibility that the dc-link voltages Vdc(k+1) to Vdcn must increase to generate the desired output voltage, and the connected PV panels of the H-bridge modules k+1 to n cannot be operated at MPPs. This can only happen under extreme conditions, like the PV currents of the shaded panels are almost zero and the other panels are still operated at the rated power, leading to very low modulation indices of the H-bridges connected to shaded PV panels.   Considering the redundancy of the cascaded H-bridge multilevel inverter, the individual MPPT control scheme should work well in most cases.
[bookmark: _Toc375142421]For the three-phase PV system, the modulation compensation scheme is proposed to balance the grid current under the unbalanced supplied solar power. However, there is also limitation for the compensation scheme. If the supplied power is very unbalanced, like the power of one phase is much lower than that of the other two phases, the power ratio of that phase will be far larger than 1. According to the principle of the compensation scheme, this may result in overmodulation in the phases with high power. In order to prevent the overmodulation, the power ratio ri (i=a, b, c) should be limited to a certain value rmax, which is related to the modulation index of the inverter operated under the balanced power. When the calculated power ratio ri is larger than rmax, the updated modulation index cannot be unbalanced proportional to the power, which means the output voltage (viN) of the three-phase inverter is not proportional to the power, and the current cannot be balanced.
On the other hand, by injecting a zero sequence modulation index, the compensation scheme improves the utilization of dc-link voltages. More importantly, the compensation scheme reduces the possibility that the PV panels have to be operated at voltages higher than the MPP voltages. As discussed above, if some H-bridge modules in one phase have low extracted solar power and have small modulation index proportions, other modules in the same phase will have larger modulation index proportions to provide the desired output phase voltage, which may cause overmodulation, or the connected PV panels of these modules have to be operated at voltages higher than the MPP voltages. However, by applying the modulation compensation, the modulation index of the phase with less input PV power will be smaller, which helps to prevent overmodulation of those modules with larger modulation index proportions and reduce the possibility of the fail of the individual MPPT control. 
[bookmark: _Toc384586707]Results
[bookmark: _Toc274744957]To validate the proposed control scheme, simulation and experimental tests are carried out. A modular cascaded multilevel inverter prototype has been built in the laboratory, as shown in Fig. 4.5. The modular design will increase the flexibility of the system, and reduce the cost as well. MOSFETs IRFSL4127 are selected for the inverter switches and operate at 1.5 kHz. The control signals to the H-bridge inverters are sent by a dSPACE ds1103 controller. 
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[bookmark: _Toc384586788]Figure 4.5. H-bridge module prototype.
A three-phase 7-level cascaded H-bridge inverter is simulated and tested experimentally. Each H-bridge has its own 185 W PV panel (Astronergy CHSM-5612M) connected as an independent source. The specifications of PV panel Astronergy CHSM-5612M are shown in Table 4.1. The inverter is connected to the grid through a transformer, and the phase voltage of the secondary side is 60 Vrms. 
From (11), the inductor L can be calculated as

                             (31)
To reach a utilization ratio of 99% of PV modules, the amplitude of the voltage ripple should be below 6% of the MPP voltage. From (12), the dc-link capacitor can be calculated as

                      (32)
In this dissertation, the dc-link capacitor is selected as C = 3.6 mF, and the inductor is selected as L = 2.5 mH. The system parameters are shown in Table 4.2.
[bookmark: _Toc384586728]Table 4.1. Specifications of PV module Astronergy, CHSM-5612M
	Rated Power (Pmax)
	185 W

	Maximum Power Voltage (Vpm)
	36.38 V

	Maximum Power Current (Ipm)
	5.09 A

	Open Circuit Voltage (Voc)
	45.12 V

	Short Circuit Current (Isc)
	5.39 A

	Temperature Coefficient Voc
	-0.355%/°C

	Temperature Coefficient Isc
	0.062%/°C



[bookmark: _Toc384586729]Table 4.2. System parameters
	Parameters
	Value

	DC-link capacitor
	3.6 mF

	Connection inductor L
	2.5 mH

	Grid resistor R
	0.1 ohm

	Grid rated phase voltage
	60 Vrms

	Switching frequency
	1.5 kHz


To verify the proposed control scheme, the three-phase grid-connected PV inverter is simulated in two different conditions. First, all PV panels are operated under the same irradiance S = 1000 W/m2 and temperature T = 25 ˚C. At t = 0.8s, the solar irradiance on the first and second panels of phase a decreases to 600 W/m2, and that for the other panels stays the same. The dc-link voltages of phase a are shown in Fig. 4.6. At the beginning, all PV panels are operated at the MPP voltage 36.4 V. As the irradiance changes, the first and second dc-link voltages decrease and track the new MPP voltage of 36 V, while the third panel is still operated at 36.4 V. The PV current waveforms of phase a are shown in Fig. 4.7. It can be seen that the lower irradiation affects the current in the first and  second PV panels, so the lower ripple of the dc-link voltage can be found in Fig. 4.6(a).
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(a) DC-link voltage of module 1, 2
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(b) DC-link voltage of module 3
[bookmark: _Toc384586789]Figure 4.6. Simulated dc-link voltages of phase a with individual MPPT(T=25 ˚C).
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[bookmark: _Toc384586790]Figure 4.7. Simulated PV currents of phase a with individual MPPT(T=25 ˚C).
The dc-link voltages of phase b are shown in Fig. 4.8. All phase b panels track the MPP voltage 36.4 V, which shows that they are not influenced by other phases. With the individual MPPT control, the dc-link voltage of each H-bridge can be controlled independently. In the other words, the connected PV panels of each H-bridge can be operated at its own MPP voltage and will not be influenced by the panels connected to other H-bridges. Thus, more solar energy can be extracted, and the efficiency of the overall PV system will be increased.
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[bookmark: _Toc384586791]Figure 4.8. Simulated dc-link voltages of phase b with individual MPPT(T=25 ˚C).
Fig. 4.9 shows the power extracted from each phase. At the beginning, all panels are operated under irradiance S = 1000 W/m2, and every phase is generating maximum power 555 W. After t = 0.8 s, the power harvested from phase a decreases to 400 W, and the power from the other two phases stays the same. Obviusly, the power supplied to the three-phase grid-connected inverter is unbalanced. However, by applying the modulation compensation scheme, the power injected to the grid is still balanced, as shown in Fig. 4.10. In addition, comparing the total power extracted from PV panels with the total power injected to the grid, it can be seen that there is no extra power loss caused by the modulation compensation scheme.
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[bookmark: _Toc384586792]Figure 4.9. Simulated power extracted from PV panels with individual MPPT.
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[bookmark: _Toc384586793]Figure 4.10. Simulated power injected to the grid with modulation compensation.
Fig. 4.11 shows the output voltages (viN) of the three-phase inverter. Due to the injected zero sequence component, they are unbalanced after t = 0.8s, which help to balance the grid current shown in Fig. 4.12.
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[bookmark: _Toc384586794]Figure 4.11. Simulated three-phase inverter output voltage waveforms with modulation compensation.
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[bookmark: _Toc384586795]Figure 4.12. Simulated three-phase grid current waveforms with modulation compensation.
If the solar power supplied to the three-phase grid-connected PV inverter is very unbalanced, due to the limited power ratio, the modulation compensation scheme may fail to make the injected grid current exactly balanced. However, the compensation scheme still works in making the grid current more balanced. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]To show this, the three-phase grid-connected PV inverter is operated in the following condition: the solar irradiance on the first and second panels of phase a is 150 W/m2, that for the other panels is 1000 W/m2, and temperature T = 25 ˚C. First, the modulation compensation scheme is applied to the control system. At t = 1 s, the modulation compensation block is switched off. 
With the individual MPPT control, the solar power extracted from each phase is shown in Fig. 4.13. The power extracted from phase a is 236 W, and the power from phase b and c are both 555 W. Compared to the P-V characteristics of the PV module Astronergy CHSM-5612M, each PV module is operated at its own MPP voltage and generates the possible maximum power. 
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[bookmark: _Toc384586796]Figure 4.13. Simulated power extracted from PV panels with individual MPPT.
According to (26), the power ratio ra is calculated as 1.9, which is larger than the power ratio limit rmax = 1.35. Thus, the updated modulation index cannot be unbalanced proportional to the power, and the grid current cannot be exactly balanced. As shown in Fig. 4.14, before t = 1 s, even with the modulation compensation scheme, the percentage unbalance of the grid current is calculated as 5.0%. However, without the modulation compensation, the RMS values of the injected grid currents ia, ib, and ic are 5.98 A, 7.96 A and 8.24 A, respectively. The percentage unbalance is 19.1%, which is much higher than the utility standard 10%. Though the compensation scheme has the limitation in balancing the injected grid current, it still helps to reduce the percentage unbalance of the grid current.
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[bookmark: _Toc384586797]Figure 4.14. Simulated three-phase grid current waveforms.
Meanwhile, the modulation compensation scheme helps to prevent overmodulation of the third module in phase a. Fig. 4.15 shows the modulation index of each H-bridge module in phase a. Without the modulation compensation, the third module will be over-modulated. Since the connected PV panel of the first and second modules has lower irradiance and generates less power, the modulation index proportion of these two modules is smaller. To maintain the desired output voltage, the third module has much larger modulation index proportion, leading to overmodulation. As shown in Fig. 4.14, the THD of current ia is 7.0% after t = 1 s, which becomes higher due to the overmodulation in phase a. However, by applying the modulation compensation scheme, the modulation index of phase a is reduced and helps to prevent overmodulation. It can be seen from Fig. 4.15 that the overmodulation in the third module of phase a is prevented when the modulation compensation scheme is applied. 
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[bookmark: _Toc384586798]Figure 4.15. Simulated modulation index of each H-bridge module in phase a.
As discussed above, the cascaded H-bridge multilevel inverter provides advantage of high inverter efficiency. An efficiency model has been developed for a three-phase cascaded H-bridges converter based on the prototype developed for this dissertation. A 30 kW three-phase 11-level cascaded H-bridge inverter, which utilizes 15 H-bridge modules (5 modules per phase), is considered. The inverter is connected to grid (480 V), and the switching frequency is also 1.5 kHz.
The efficiency of the multilevel inverter at different power levels is shown in Fig. 4.16. It can be seen that the modular 11-level cascaded H-bridge inverter has highest efficiency of 98.0% when it is operated at 9 kW. The total power loss includes the switching and conduction loss of MOSFET devices, the conduction loss of diodes, the inductors’ loss, the power loss of gate drivers and the power loss of DC and AC sensors. With the inverter operated at 9 kW as an example, the power loss distribution chart is shown in Fig. 4.17. Since one DC voltage sensor LV 20-P and one DC current sensor HY 5-P are employed in each H-bridge module to realize the MPPT, the power supplied to DC sensors (total of 23.9 W) accounts for a large share of power loss. If resistors are used for sampling instead of those DC sensors, the auxiliary power will be much lower, and the efficiency of the multilevel inverter can be further increased. Meanwhile, due to the low switching frequency of the cascaded multilevel inverter, the switching loss is a small amount compared to the conduction loss of devices.
[image: ]
[bookmark: _Toc384586799]Figure 4.16. Simulated efficiency of the 30 kW multilevel inverter prototype for different input power.

[bookmark: _Toc384586800]Figure 4.17. Power loss distribution chart at 9 kW input power.
A three-phase 7-level cascaded H-bridge inverter has been built by 9 H-bridge modules (3 modules per phase) in the laboratory. Fig. 4.18 shows the experimental solar panels and the three-phase cascaded multilevel inverter. As mentioned above, the dc link of each H-bridge module is fed by one PV panel Astronergy CHSM-5612M. 
[image: ]
(a) Solar panels Astronergy CHSM-5612M
[image: ]
(b) Modular three-phase 7-level cascaded H-bridge inverter
[bookmark: _Toc384586801]Figure 4.18. Experimental prototype.
First, the function of the MPPT system is tested.  All MPPT controllers are switched off and the dc-link voltage reference of all H-bridge modules is set to 35 V at the beginning. Then, for each H-bridge module, its own MPPT controller is switched on and generates the dc-link voltage reference. The extracted solar power is shown in Fig. 4.19. After MPPT applied, the output voltages of all PV panels are tracking their own MPP voltage, and the harvested solar power is increasing to the possible maximum power. Fig. 4.20 shows the three-phase grid current waveforms. The injected grid current is increasing after MPPT controllers are switched on. The MPPT system ensures the maximum power extraction from the PV panels at any given time and improves the efficiency of the PV system.
[image: ]
[bookmark: _Toc384586802]Figure 4.19. Power extracted from PV panels without and with MPPT.
[image: ]
[bookmark: _Toc384586803]Figure 4.20. Experimental three-phase grid current waveforms without and with MPPT.
To validate the proposed control scheme, the three-phase grid-connected PV inverter has been tested under different conditions. In the tests, cards with different sizes are placed on top of PV panels to provide partial shading effectively changing the solar irradiance. 
Test 1: one panel of one phase is partly covered.
Test 1.1: a small blue card (9 cm × 7 cm) is placed on the third panel of phase a, and one cell of the panel is partly covered, as shown in Fig. 4.21.
[image: ]
[bookmark: _Toc384586804]Figure 4.21. PV panels of phase a: one cell of the third panel is partly covered.
The experimental results are presented in Figs. 4.22-4.26.  Fig. 4.22 shows three dc-link voltages of phase a. The output voltage of each PV panel is controlled individually to track its own MPP voltage. Since the third panel is partly covered, its MPP voltage is a little lower. The PV current waveforms of phase a are shown in Fig. 4.23. The current of the third panel is much smaller due to the card covering. However, the first and second panels are operated at their own MPP, and their currents will not be influenced. With the individual MPPT control, the efficiency loss caused by PV mismatches can be prevented. 
As shown in Fig. 4.22, there is second order harmonic in the output voltage of the PV panels. So the second order harmonic is also seen in the output current of the PV panels. In addition, to have a high utilization ratio of 99%, the voltage ripple is about 1.8 V, which is less than 6% of the MPP voltage.
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[bookmark: _Toc384586805]Figure 4.22. Experimental dc-link voltages of phase a.
[image: ]
[bookmark: _Toc384586806]Figure 4.23. Experimental PV currents of phase a (test 1.1).
Fig. 4.24 shows the solar power extracted from each phase, which is unbalanced. To balance the injected grid current, the modulation compensation scheme is applied. As presented in Fig. 4.25, a zero sequence voltage is imposed upon the phase legs. The inverter output voltage (viN) is unbalanced proportional to the supplied power of each phase, which helps to balance the grid current. Fig. 4.26 shows the three-phase grid current waveforms. Even if PV mismatch happens and the supplied PV power to the three-phase system is unbalanced, the three-phase grid current is still balanced.
[image: ]
[bookmark: _Toc384586807]Figure 4.24. Experimental power extracted from PV panels with individual MPPT (test 1.1).
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[bookmark: _Toc384586808]Figure 4.25. Experimental inverter output voltages with modulation compensation (test 1.1).
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[bookmark: _Toc384586809]Figure 4.26. Experimental grid currents with unbalanced PV power (test 1.1).
The THD of the grid current is 3.3%, and the rms value is 6.1 A, as shown in Fig. 4.27. The TDD of the grid current is calculated as 2.2%, which is less than 5% and meets power quality standards, like IEEE 1547 in the U.S. and IEC 61727 in Europe.
[image: ]
[bookmark: _Toc384586810]Figure 4.27. THD of the grid current shown in Fig. 4.26 (test 1.1).
Test 1.2: a large blue card (13.5 cm × 9 cm) is placed on the third panel of phase a, and one cell of the panel is almost fully covered, as shown in Fig. 4.28.
      [image: ]
[bookmark: _Toc384586811]Figure 4.28. PV panels of phase a: one cell of the third panel is covered.
Fig. 4.29 shows the PV current waveforms of phase a. Since one cell of the third panel is almost fully covered, the current of the panel drops to 2 A, while the currents of the other two panels in the same phase are still 4 A. 
[image: ]
[bookmark: _Toc384586812]Figure 4.29. Experimental PV currents of phase a (test 1.2). 
The harvested solar power of each phase is shown in Fig. 4.30. Compared to the test 1.1, the power supplied to the three-phase system is more unbalanced. However, the three-phase grid current can still be balanced by applying the modulation compensation, as presented in Fig. 4. 31. The THD of the grid current is 4.2%, the TDD is 2.5%, and the rms value is 5.5 A. 
[image: ]
[bookmark: _Toc384586813]Figure 4.30. Experimental power extracted from PV panels with individual MPPT (test 1.2).
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[bookmark: _Toc384586814]Figure 4.31. Experimental grid currents with unbalanced PV power (test 1.2).
Fig. 4.32 shows the inverter output voltage waveforms. As discussed above, the inverter output voltage (viN) is unbalanced proportional to the supplied power of each phase to help balance the grid current. Thus, the output voltage vbN (76.0 Vrms) and vcN (75.2 Vrms) are higher than vaN (57.9 Vrms).
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[bookmark: _Toc384586815]Figure 4.32. Experimental inverter output voltages with modulation compensation (test 1.2).
Test 1.3: a large blue card (13.5 cm × 9 cm) is placed on the third panel of phase a, and two cells of the panel are partly covered, as shown in Fig. 4.33.
[image: ]
[bookmark: _Toc384586816]Figure 4.33. PV panels of phase a: two cells of the third panel are partly covered.
Fig. 4.34 shows the PV current waveforms of phase a. Compared to the test 1.2, though a same size card is put on the third panel, the current of the panel is higher in this case. Meanwhile, the currents of the first and second panels are same as those in the test 1.2, which means the solar irradiance does not change in these two tests. So compared to two cells are partly covered, only one cell is covered by the same size card would lead to more maximum power decreasing.
[image: ]
[bookmark: _Toc384586817]Figure 4.34. Experimental PV currents of phase a (test 1.3). 
Fig. 4.35 shows the unbalanced extracted solar power, and Fig. 4.36 shows the inverter output voltage, which is proportional to the supplied power of each phase. The balanced grid current waveforms are shown in Fig. 4.37. The THD of the grid current is 4.1%, the TDD is 2.5%, and the rms value is 5.7 A.
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[bookmark: _Toc384586818]Figure 4.35. Experimental power extracted from PV panels with individual MPPT (test 1.3).
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[bookmark: _Toc384586819]Figure 4.36. Inverter output voltage waveforms with modulation compensation (test 1.3).
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[bookmark: _Toc384586820]Figure 4.37. Experimental grid currents with unbalanced PV power (test 1.3).
Test 2: two panels of one phase are partly covered.
Test 2.1: two small blue cards (9 cm × 7 cm) are placed on the second and third panels of phase a. For each panel, one cell is partly covered, as shown in Fig. 4.38.
[image: ]
[bookmark: _Toc384586821]Figure 4.38. PV panels of phase a: two panels are partly covered (test 2.1).
Fig. 4.39 shows the PV current waveforms of phase a. With the individual MPPT control, each PV panel is operated at its own MPP. Since the second and third panels are both partly covered, the MPP currents of these two panels are lower than that of the first panel. 
[image: ]
[bookmark: _Toc384586822]Figure 4.39. Experimental PV currents of phase a (test 2.1). 
Fig. 4.40 presents the harvested solar power. The power of phase a is lower due to the covering. To balance the injected grid current, the inverter output voltage is unbalanced proportional to the extracted solar power of each phase, as shown in Fig. 4.41. Thus, the grid current is balanced even with the unbalanced supplied power. Fig. 4.42 shows the balanced grid current waveforms. The rms value of the current is 5.6 A, the THD is 4.2%, and the TDD is 2.5%.
[image: ]
[bookmark: _Toc384586823]Figure 4.40. Experimental power extracted from PV panels with individual MPPT (test 2.1).
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[bookmark: _Toc384586824]Figure 4.41. Inverter output voltage waveforms with modulation compensation (test 2.1).
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[bookmark: _Toc384586825]Figure 4.42. Experimental grid currents with unbalanced PV power (test 2.1).
Test 2.2: two large blue cards (13.5 cm × 9 cm) are placed on the second and third panels of phase a. For each panel, two cells are partly covered, as shown in Fig. 4.43.
[image: ]
[bookmark: _Toc384586826]Figure 4.43. PV panels of phase a: two panels are partly covered (test 2.2).
The experimental results are presented in Figs. 4.44-4.47. Fig. 4.44 shows the PV current waveforms of phase a, and Fig. 4.45 shows the harvested solar power of each phase. As in the test 2.1, due to two panels of phase a are partly covered, the extracted solar power of phase a is smaller. 
[image: ]
[bookmark: _Toc384586827]Figure 4.44. Experimental PV currents of phase a (test 2.2). 
[image: ]
[bookmark: _Toc384586828]Figure 4.45. Experimental power extracted from PV panels with individual MPPT (test 2.2).
By applying the modulation compensation scheme, the inverter output voltage is unbalanced, as presented in Fig. 4.46. The output voltage vaN is lower as the power of phase a is smaller. Fig. 4.47 presents the balanced grid current. The rms value of the current is 6.0 A, and the THD is 4.1%, the TDD is 2.7%.
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[bookmark: _Toc384586829]Figure 4.46. Inverter output voltage waveforms with modulation compensation (test 2.2).
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[bookmark: _Toc384586830]Figure 4.47. Experimental grid currents with unbalanced PV power (test 2.2).
Test 3: one panel in each of two of the phases is partly covered. In this test, one large blue card (13.5 cm × 9 cm) is placed on the third panel of phase a, and one is placed on the third panel of phase b. For each panel, one cell is almost fully covered.
Fig. 4.48 shows the PV currents of the third panels in each phase. For phase a and b, since one cell of the third panel is almost fully covered, their PV currents of the third panels are less than 2 A, while the current of the third panel of phase c is about 4.5 A. With the individual MPPT control, each PV panel is operated at its own MPP and not influenced by other panels. 
[image: ]
[bookmark: _Toc384586831]Figure 4.48. Experimental PV currents of the third panels in each phase (test 3). 
Fig. 4.49 shows the power extracted from solar panels. Since the third panels of phase a and b are partly covered, the harvested solar power from these two phases are much smaller. Similarly, the inverter output voltage is unbalanced proportional to the extracted solar power of each phase to balance the grid current. Thus, as shown in Fig. 4.50, the output voltages of phase a and b are lower than that of phase c. 
[image: ]
[bookmark: _Toc384586832]Figure 4.49. Experimental power extracted from PV panels with individual MPPT (test 3).
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[bookmark: _Toc384586833]Figure 4.50. Inverter output voltage waveforms with modulation compensation (test 3).
The experimental grid current waveforms are presented in Fig. 4.51. The rms value of the current is 5.7 A, and the THD is 3.6%, the TDD is 2.2%.
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[bookmark: _Toc384586834]Figure 4.51. Experimental grid currents with unbalanced PV power (test 3).
Test 4: To see the function of the modulation compensation, the system is tested in two conditions: with and without the modulation compensation. In this test, a large blue card (13.5 cm × 9 cm) is placed on the third panel of phase a, and one cell of the panel is almost fully covered.
First, the modulation compensation scheme is applied. Fig. 4.52 shows the extracted solar power. Due to the covering in phase a, the solar power of phase a is much lower than that of phase b and c. However, with the modulation compensation, the grid current is still balanced, as shown in Fig. 4.53. The rms value of the current is 5.3 A, and the THD is 3.5%, the TDD is 2.0%.
[image: ]
[bookmark: _Toc384586835]Figure 4.52. Power extracted from PV panels with modulation compensation.
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[bookmark: _Toc384586836]Figure 4.53. Experimental grid currents with modulation compensation.
Fig. 4.54 shows the modulation index of each H-bridge module in phase a. Since the connected PV panel of the third module is partly covered and generates less power, the modulation index of this module is smaller.
[image: ]
[bookmark: _Toc384586837]Figure 4.54. Modulation index of each H-bridge module in phase a with modulation compensation.
Then, the system is tested again without the modulation compensation scheme. Fig. 4.55 shows the solar power extracted from PV panels. Compared to Fig. 4.52, the harvested solar power has little difference. However, without the modulation compensation, the grid current is not balanced with the unbalanced supplied power, as shown in Fig. 4.56. The rms value of ia is 5.1 A, while the rms value of ib or ic is 5.4 A. The grid current of phase a is lower due to the lower supplied power to phase a. In addition, the THD of the current is 6.7%, while it is only 3.5% when the modulation compensation scheme is applied.
[image: ]
[bookmark: _Toc384586838]Figure 4.55. Power extracted from PV panels without modulation compensation.
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[bookmark: _Toc384586839]Figure 4.56. Experimental grid currents without modulation compensation.
The modulation index of each H-bridge module in phase a is shown in Fig. 4.57. Without the modulation compensation, the first and second modules will be over-modulated. Because the connected PV panel of the third module generates less power, the modulation index proportion of this module is smaller. To maintain the desired output voltage, the first and second modules have much larger modulation index proportion, leading to overmodulation. However, by applying the modulation compensation scheme, the modulation index of each phase will be unbalanced proportional to the power. Thus, the modulation index of phase a is reduced and helps to prevent overmodulation. As presented in Fig. 4.54, the first and second modules are not over-modulated. So the THD of the grid current with the compensation is much better.
[image: ]
[bookmark: _Toc384586840]Figure 4.57. Modulation index of each H-bridge module in phase a without modulation compensation.
As discussed above, the cascaded H-bridge multilevel inverter topology helps to reduce voltage stresses on the semiconductor switches. Thus, low voltage rating MOSFETs with low cost can be applied. Although more components are employed in this topology, the modular design and mass production will lead to low manufacturing cost. Meanwhile, due to the low switching frequency, the topology itself has higher efficiency when compared to other converter topologies. With the proposed control scheme, individual MPPT in each string can be achieved to harvest more solar energy and increase the efficiency of the PV system further. 
[bookmark: _Toc384586708]Summary
In this chapter, a three-phase modular cascaded H-bridge multilevel inverter for grid-connected PV system has been presented. The modularity and low cost of multilevel converters would position them as a prime candidate for the next generation of efficient, robust, and reliable grid-connected solar power electronics. As in the single-phase system, the individual MPPT control is achieved to maximize the solar energy extraction of each PV string and improve the overall efficiency. PV mismatches could even introduce unbalanced power supplied to the three-phase grid-connected system. To balance the three-phase grid current, a modulation compensation scheme is added to the control system. Though the ability of balancing the grid current is limited, the compensation scheme still helps to reduce the percentage unbalance of the grid current. The modulation compensation scheme also helps to prevent overmodulation, and will not cause extra power loss. To validate the proposed control scheme, a modular cascaded multilevel inverter prototype has been built and tested under different conditions. Experimental results are presented to show that the individual MPPT can be achieved and the three-phase grid current is balanced even with the unbalanced supplied power.
[bookmark: _Toc384586709][bookmark: _Toc274744971]Three-Phase Cascaded Voltage Source Inverter for Grid-Connected Photovoltaic Applications
The cascaded H-bridge multilevel inverter topology can be applied in grid-connected PV systems to reduce the inverter cost. However, this topology employs a large number of electrical and mechanical components, especially in three-phase systems, resulting in an increase of systematic volume and labor cost. In addition, the size of the dc-link capacitor is large due to the single-phase pulsating power, and this capacitor is the main limiting factor of the inverter lifetime, which should be kept as small as possible. Thus, a three-phase cascaded VSI composed of three conventional three-phase two-level VSIs can be applied. The topology was first proposed in [81] and applied in medium and high voltage variable speed motor drive systems. The inverter keeps many advantages of the cascaded H-bridge multilevel inverter, and more importantly, it needs fewer switches and reduces the size of the dc-link capacitor [82].
A three-phase cascaded VSI for a grid-connected PV system is proposed in this chapter.  To realize the central control, the equivalent model and average model of the three-phase cascaded VSI are established. A control scheme with MPPT control is proposed to harvest more solar energy. Simulation and experimental results are also given to validate the proposed ideas.
[bookmark: _Toc384586710]System Description
The topology of the proposed three-phase grid-connected PV system is shown in Fig. 5.1. The three-phase cascaded VSI consists of three traditional three-phase two-level VSI units, which are interconnected in a delta to generate higher output voltage. The circulating current in the delta can be limited by placing inductors Ld, which are small at the practical switching frequency. Each VSI unit is connected to a string of PV panels. The three-phase cascaded VSI is connected to the grid through filter L. 


[bookmark: _Toc384586841]Figure 5.1. Topology of the proposed three-phase cascaded PV system.
As shown in Fig. 5.1, the output line voltage of the three-phase cascaded VSI consists of line voltages of two adjacent VSI units, and the voltage across the current-limiting inductor. 

                        (33)
where uAB, uBC, and uCA are the output line-line voltages of the three-phase cascaded VSI; uaibi, ubici, and uciai are the line-line voltages of VSI unit i (i=1, 2, 3); ub1a2, uc2b3, and ua3c1 are the current-limiting inductor voltages; iai, ibi, and ici are the output currents of VSI unit i; vAB, vBC, and vCA are the line-line voltages of the grid; R is the internal resistance of filter L.
By applying the cascaded topology, the three-phase cascaded VSI provides 7-level output line voltage, which reduces voltage stresses on the semiconductor switches in each VSI unit, and enables the reduction of harmonics in the synthesized current, reducing the output filters.
The relationship of line currents is analyzed in [81]. Assuming a balanced system, the injected grid current can be expressed as

                                             (34)
where I is the rms value of the grid current.
For each VSI unit i, we have

                                                           (35)
Due to the interconnection of three traditional three-phase VSI units, we also have

                                         (36)
The fundamental circulating current within the current-limiting inductors loop is zero. Thus,

                                                        (37)
According to (34)-(37), the output currents of each VSI unit can be solved and expressed as

                                            (38)

                                            (39)

                                            (40)
Thus, the current vector diagram of the three-phase cascaded VSI can be obtained, as shown in Fig. 5.2. 


[bookmark: _Toc384586842]Figure 5.2. Current vector diagram.
It can be seen that the line currents of each VSI unit are unbalanced. Take VSI unit 1 as an example, 

                                                 (41)
[bookmark: _Toc384586711]Comparison
In grid-connected PV applications, the three-phase cascaded VSI topology keeps the advantages of the cascaded multilevel inverter. These two topologies are similar in modular structure and isolated DC buses, and a comparison is conducted between them.
A comparison of the three-phase cascaded VSI and the three-phase 7-level cascaded H-bridge inverter is conducted under the same output power, and the same grid voltage. The comparison results are listed in Table 5.1. V is the rms value of the line-line voltage of the grid, and I is the rms value of the injected grid current.
[bookmark: _Toc384586730]Table 5.1. Comparison of three-phase cascaded VSI and three-phase cascaded H-bridge inverter
	
	Three-phase cascaded VSI
	Three-phase 7-level cascaded H-bridge inverter

	Number of switches
	18
	36

	Number of inductors
	3
	0

	Number of capacitors
	3
	9

	Switch voltage stress
	
	

	Switch current stress
	6 switches: I
12 switches: 
	I


From Table 5.1, it can be seen that the three-phase cascaded VSI topology has a reduced component count of all the components except for the inductors. The switch voltage stress of the three-phase cascaded VSI is three times as much as that of the three-phase 7-level cascaded H-bridge inverter. However, 12 switches out of 18 switches of the three-phase cascaded VSI has much less current stress, while other 6 switches has the same current stress as the switches of the cascaded H-bridge inverter. 
In addition, considering these two topologies are applied to PV systems, both of them employ a PV string as the DC source of one inverter module. If the same PV panels are used, the number of panels in one PV string for the three-phase cascaded VSI would be three times more than that for the cascaded H-bridge inverter, which means the three-phase cascaded VSI topology sacrifices the utilization per PV module to reduce the number of required components. 
The proposed topology is also compared with the conventional three-phase two-level PV inverter under the same output power, as shown in Table 5.2. 
[bookmark: _Toc384586731]Table 5.2. Comparison of three-phase cascaded VSI and conventional three-phase two-level inverter
	
	Three-phase cascaded VSI
	Conventional three-phase two-level inverter

	Number of switches
	18
	6

	Number of inductors
	3
	0

	Number of capacitors
	3
	1

	Switch voltage stress
	
	

	Switch current stress
	6 switches: I
12 switches: 
	I


The number of switches needed by the three-phase cascaded VSI topology is three times more than that of the traditional three-phase VSI. However, the switch voltage stress of the three-phase cascaded VSI is only half of that of the conventional three-phase VSI. In addition, the cascaded topology helps to reduce the size of output filters. Meanwhile, the three-phase two-level PV inverter, where PV strings are connected in parallel through string diodes to reach high power level, includes some severe limitations, such as mismatch losses between the PV strings and losses in the string diodes [81]. The three-phase cascaded VSI PV system will not have these issues.
[bookmark: _Toc384586712]Control System
[bookmark: _Toc384586713]Modeling of Three-Phase Cascaded VSI
Due to the structure of the three-phase cascaded VSI, the line currents of each VSI are unbalanced. If each VSI unit is controlled independently, the coordinated operation among three VSIs needs to be considered, and the whole control system is complicated. Therefore, the equivalent model of the system is needed to help design a central controller of the three-phase cascaded VSI, and then phase-shifted PWM technique can be applied to the three VSI units.
To get the equivalent model, a balanced system is considered. The three VSI units will have the same modulation index, and the vector uab (or ubc, uca) in three VSI units will be the same. Thus, we can define 

                                                   (42)
From (33) and (42), we have

                            (43)
According to (38)-(40) and the current vector diagram, the equivalent model of the three-phase cascaded VSI can be obtained

                                  (44)
where 

                                                        (45)
The equivalent circuit model can be drawn from (42) and (44), as shown in Fig. 5.3. According to (42), the equivalent dc-link voltage V’dc is two times of the average dc-link voltage, while the equivalent capacitance C’dc is half of the dc-link capacitance C.  


[bookmark: _Toc384586843]Figure 5.3. Equivalent circuit model of three-phase cascaded VSI.
The average model of the three-phase cascaded VSI in dq coordinates is obtained and shown in Fig. 5.4. Thus, the control method used in conventional VSIs can be easily introduced to the three-phase cascaded VSI.


[bookmark: _Toc384586844]Figure 5.4. Average model of three-phase cascaded VSI in dq coordinates.
[bookmark: _Toc384586714]Control Scheme
According to the average model of the three-phase cascaded VSI, the control scheme used in the traditional three-phase system can be easily introduced, and central control of the whole system can be achieved. A control scheme with individual MPPT control for the three-phase cascaded VSI for the grid-connected PV system is proposed, as shown in Fig. 5.5. 


[bookmark: _Toc384586845]Figure 5.5. Control scheme for three-phase cascaded VSI.
To maximize the solar energy extraction, an MPPT controller is added to generate the dc-link voltage reference of each VSI unit. Each dc-link voltage is compared to the corresponding voltage reference, and the sum of the three voltage errors is controlled through a PI controller that determines the current reference Idref. As the classic control scheme in three-phase systems, the grid currents in abc coordinates are converted to dq coordinates and regulated through PI controllers to generate the modulation index in dq coordinates, which is then converted back to three-phase.
Phase-shifted DPWM is then applied to control the switching devices of the three-phase cascaded VSI. In the cascaded multilevel converter, phase-shifted PWM technique has been widely used. It only needs one carrier to generate all the switching signals, and helps to reduce harmonics in the produced multilevel voltage. 
Phase-shifted technique can also be applied in this case. Each VSI unit adopts a DPWM controller, and the carrier corresponding to each unit is shifted by Ts/3 in sequence, where Ts is the switching period. Phase-shifted DPWM is easily implemented, and helps to reduce the switching loss of each unit [83].
The proposed control scheme is based on a system with balanced input solar power. If PV mismatch happens, three dc-link voltages may be not equal and the injected grid current may be unbalanced. The control scheme needs to be improved under unbalanced solar power. However, based on the modeling method discussed above, the three-phase cascaded VSI can still be equivalent to a similarly VSI circuit model, which exists a coupled relationship containing Vdci/Vdcave in the mathematical model. The central control scheme based on the VSI circuit model will not be influenced much.
[bookmark: _Toc384586715]Results
Simulation and experimental tests are carried out to validate the proposed ideas. A three-phase cascaded VSI prototype has been built in the laboratory. Each VSI unit has a short string of PV panels connected as the isolated DC source. The solar panels (185 W Astronergy CHSM-5612M) shown in Fig. 4.18 are used in the experiment.
To verify the proposed control scheme, a three-phase cascaded VSI for the grid-connected PV system is first simulated. Each VSI unit is fed by a short string of PV panels, which has four 185 W PV panels connected in series. PV panels are operated under the irradiance S=1000 W/m2 and temperature T=25 ˚C. The three-phase cascaded VSI is connected to the grid, and the phase voltage of the grid is 120 Vrms. 
According to (11) and the equivalent circuit model of three-phase cascaded VSI, the inductor L’ is calculated as

                                (46)
From (45), the connection inductor is selected as L = 3.5 mH, and the current-limiting inductor is selected as Ld = 1.5 mH. The system parameters are shown in Table 5.3.
[bookmark: _Toc384586732]Table 5.3. System parameters
	Parameters
	Value

	DC-link capacitor
	3.6 mF

	Connection inductor L
	3.5 mH

	Current-limiting inductor Ld
	1.5 mH

	Grid resistor R
	0.1 ohm

	Grid phase voltage
	120 Vrms

	Switching frequency
	4 kHz


Due to the structure of the three-phase cascaded VSI, the output line currents of each VSI are unbalanced. For instance, the unbalanced line current of VSI unit 1 is shown in Fig. 5.6, which verifies the relationship given in (38). However, with the proposed control scheme, the grid current is balanced, as shown in Fig. 5.7. The TDD of the grid current is 3.0%, as shown in Fig. 5.8, which is less than 5% and meets the power quality standard.
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[bookmark: _Toc384586846]Figure 5.6. Simulated line current of VSI unit 1.
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[bookmark: _Toc384586847]Figure 5.7. Simulated grid current of the proposed PV system.
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[bookmark: _Toc384586848]Figure 5.8. THD of the grid current shown in Fig. 5.7.
The output line voltage uAB of the three-phase cascaded VSI is shown in Fig. 5.9. The 7-level voltage enables the reduction of harmonics in the synthesized current, reducing the output filters. The grid voltage and current waveforms of phase a are shown in Fig. 5.10. The grid current has the same phase as the voltage, which means unity displacement power factor has been achieved. Fig. 5.11 shows the dc-link voltage of VSI unit 1. It can be seen that four PV panels in that string are operated at the MPP voltage 36.4 V.
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[bookmark: _Toc384586849]Figure 5.9. Simulated output line voltage uAB of three-phase cascaded VSI.
[image: ]
[bookmark: _Toc384586850]Figure 5.10. Simulated grid voltage and current of phase a.
[image: ]
[bookmark: _Toc384586851]Figure 5.11. Simulated dc-link voltage of VSI unit 1.
To compare the three-phase cascaded VSI topology with the conventional three-phase two-level inverter, a three-phase two-level grid-connected PV inverter is also simulated. The same output filters and switching frequency are chosen. The grid current waveforms are shown in Fig. 5.12.  The THD of the grid current is 15.3% for the traditional two-level inverter, which is far more than 5%. However, as shown in Fig. 5.8, the THD of the grid current in the three-phase cascaded VSI PV system is only 3.0%. Thus, the three-phase cascaded VSI topology helps to reduce harmonics in the synthesized current.
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[bookmark: _Toc384586852]Figure 5.12. Simulated grid currents of three-phase two-level PV inverter.
A three-phase cascaded VSI prototype has been built. The MOSFET IRFSL4127 is selected as inverter switches operating at 4 kHz. The control signals to the inverters are sent by a dSPACE ds1103 controller. Each VSI unit has two PV panels connected in series as the DC source. The three-phase cascaded VSI is connected to the grid through a transformer, and the phase voltage of the secondary side is 60 Vrms. The connection inductor L is 2.5 mH, and the current-limiting inductor Ld is 1.5 mH.
The experimental results are presented in Figs. 5.13-5.16.  Fig. 5.13 shows the three-phase grid current. With the proposed control scheme, the grid current is balanced, and the THD is 4.9%, as shown in Fig. 5.14. The experimental setup was tested in winter, and the solar irradiance on PV panels was not high enough. Thus, the experimental grid current is only 3.8 Arms. Since the rated current is 6.17 A, the TDD is calculated as 3.0%, which also meets power quality standards.
Fig. 5.15 shows the line currents of one VSI unit. As discussed before, they are not balanced. Fig. 5.16 shows the grid voltage and current waveforms of phase a. It can be seen that the grid current has the same phase as the grid voltage and has unity displacement power factor.
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[bookmark: _Toc384586853]Figure 5.13. Experimental three-phase grid current.
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[bookmark: _Toc384586854]Figure 5.14. THD of the grid current shown in Fig. 5.13.
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[bookmark: _Toc384586855]Figure 5.15. Experimental line currents of VSI unit 1.
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[bookmark: _Toc384586856]Figure 5.16. Experimental grid voltage and current waveforms of phase a.
[bookmark: _Toc384586716]Summary
In this chapter, a three-phase cascaded voltage source inverter for grid-connected PV applications has been proposed. Compared to the three-phase cascaded H-bridge multilevel inverter, the proposed topology keeps many advantages, and has fewer components. Due to the structure of the three-phase cascaded VSI, the line currents of each VSI are unbalanced. To realize the central control, the equivalent model and average model of the proposed PV system are given. The control scheme used in the traditional three-phase two-level VSI is updated for this topology, and MPPT controllers are also added to harvest more solar energy. Simulation and experimental results are presented to validate the feasibility and effectiveness of the proposed ideas.






[bookmark: _Toc384586717]Conclusions and Future Work
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[bookmark: _Toc384586719]Summary of the Work
In this dissertation, the cascaded multilevel inverter topologies are chosen to reduce the PV inverter cost and improve the overall efficiency of the grid-connected PV systems. 
Five inverter families can be defined according to the different configurations of the PV system. Among these configurations, the DC/AC cascaded inverter can be used in medium- and large scale PV applications without sacrificing the benefits of “converter per panel”, and it can employ the single stage inverter, which further increases the overall efficiency and reduces the cost. Many single and dual stage inverter topologies have been reviewed. The cascaded H-bridge multilevel inverter can be used as a single stage inverter for cascaded PV systems.
First, a single-phase cascaded H-bridge multilevel inverter topology for a grid-connected PV system is discussed. The PV mismatch issues are addressed, and simulation results show that the individual MPPT control in each string is required to reduce the adverse effect of the mismatches and increase the efficiency of the PV system. A control scheme with independent MPPT control and reactive power compensation is proposed. Simulation and experimental results show that individual MPPT control is achieved to maximize the solar energy extraction of each PV string, and the reactive power required by the local load can be provided by the proposed system to realize the power factor correction and reduce distribution losses.
The three-phase modular cascaded H-bridge multilevel PV inverter is then discussed. Besides decreasing the overall efficiency, PV mismatches could even introduce unbalanced power supplied to the three-phase grid-connected system. To solve this issue, a control scheme with individual MPPT control and modulation compensation is proposed. As in the single-phase system, the individual MPPT control is achieved to realize better utilization per PV module, so that the overall efficiency of PV systems can be improved. Modulation compensation is applied to balance the three-phase grid current by injecting a zero sequence voltage. The proposed compensation scheme will not increase the complexity of the control system or cause extra power loss. The ability of balancing the grid current is limited, but the compensation scheme works in reducing the percentage unbalance of the grid current. It also helps to prevent overmodulation. A modular cascaded multilevel inverter prototype has been built and tested under different conditions. Experimental results are presented to show that each PV panel is operated at its own MPP and injected grid current is balanced even with the unbalanced solar power. 
By applying the cascaded H-bridge multilevel inverter topology, the target of $0.10 per watt for PV inverters can be reached. However, this topology employs a large number of electrical and mechanical components, especially in three-phase systems, resulting in an increase of systematic volume and labor cost. Thus, a three-phase cascaded voltage source inverter for grid-connected PV applications has been proposed in chapter 5. The proposed topology keeps many advantages of the cascaded H-bridge multilevel inverter, and has fewer components. By establishing the equivalent model and average model of the proposed PV system, the control system design can be simplified. And the control scheme used in the traditional three-phase two-level VSI is updated for the central control of the system. Simulation and experimental results are given to validate the proposed ideas.
[bookmark: _Toc384586720]Contributions of This Dissertation
The contributions of this work are summarized as follows:
· Developed an individual MPPT control scheme in one central controller for both single- and three-phase cascaded H-bridge multilevel PV inverters to realize better utilization of PV modules and increase the overall efficiency of the PV system.
· For the three-phase cascaded H-bridge multilevel PV inverter, balanced the three-phase grid current injection during partial shading or module degradation conditions by applying a modulation compensation scheme. In addition, with the proposed modulation compensation scheme, the overmodulation is less likely to happen. The limitation of the scheme is also pointed out.
· Proposed a three-phase cascaded VSI topology for grid-connected PV applications. Realized the central control of the proposed PV system by establishing the equivalent model and average model of the three-phase cascaded VSI.
[bookmark: _Toc274744973][bookmark: _Toc384586721]Future Work
The following issues can be considered for possible future work:
1. Cascaded inverter topologies are proposed for utility-scale PV systems to improve the efficiency. However, in this dissertation, the cascaded inverter prototypes have been only tested with a low power PV system. It would be interesting to test the cascaded inverters with the proposed control schemes in a high power utility-scale PV system, and verify the advantage of high efficiency. Meanwhile, the leakage current of PV modules is a challenging issue, especially in large-scale PV systems. The leakage current in cascaded PV inverters and its suppression should be studied.
2. For the cascaded PV inverters, an MPPT controller is added to each inverter module to achieve better utilization of PV panels. Thus, one voltage sensor and one current sensor are required for each inverter module. If the MPP voltages in the cascaded PV inverters can be determined by using fewer sensors, the cost of the PV system will be reduced further. 
3. The proposed control scheme of the three-phase cascaded VSI is based on balanced input solar power. If PV mismatch happens, the supplied power to the three VSI units would be different. The control scheme needs to be updated to balance the injected grid current. 
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