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1. Abstract 

Photovoltaic (PV) based distributed energy generation has gained a lot of attention during the last 

couple of decades. The reason for its popularity are low maintenance, no operating cost, no pollution, 

modularity, low gestation period, incentives/subsidies from governments, decrease in the capital costs 

etc. Further, it can be commissioned at the distribution level near the load. However, high penetration 

level of the PV systems in the grid may adversely impact the performance of the system. Hence, inspite 

of all the advantages mentioned above, it is very desirable to investigate the issues related to PV systems. 

The two major issues with the PV system are the partial shading and low efficiency of the PV cells. 

While partial shading presents challenges like difficulty in extracting the maximum power from PV array, 

hot spot formation in PV modules, power quality issues etc., low efficiency of the PV cells increases the 

cost due to the expense on increased number of modules, frame, sensors, commissioning cost etc. to 

generate the desired power under all conditions. Hence, it requires special attention while designing and 

operating the PV system. Various aspects of the PV system have been explored by the researchers over 

the years in this context. It includes exploring maximum power point tracking (MPPT) techniques, global 

peak power point tracking techniques for partially shaded conditions, reconfiguration, array 

configurations, distributed maximum power point tracking techniques (DMPPT) etc.  

The research is aimed to investigate various aspects like PV array configurations, DMPPT 

configurations, level of DMPPT, types of converters etc. on the performance of the PV system in terms of 

output power, number of components, complexity etc. Though some of the aspects have been explored 

earlier, they have not been investigated in depth. DMPPT is reported earlier but their variations are not 

evaluated. Similarly the limited DMPPT is not reported and evaluated for various combinations. The 

research proposes limited DMPPT approach and evaluates the compromise to be made on the aspect of 

output power when working with the different limited DMPPT approaches. The quasi DMPPT 

approaches TCT-CC and TCT-GCC are also presented and evaluated with a view to minimize the cost by 

decreasing the number of converters and sensors.  

Another way of reducing the number of converters involved to tackle the issue of partial shading is to 

have more number of modules connected in parallel (rather than in series) at the input of converters. 

However, it requires the converters with high gain. In this respect, a PV system based on multiplier 

circuit based high gain converter (MCHGC) is proposed and evaluated with that of boost converter based 

PV system as well as against another high gain converter based system. The system’s performance is 

compared even with that of DMPPT based PV system under various conditions. The effectiveness of the 

system is highlighted through the results obtained through the simulations done in MATLAB/Simulink. 

In addition the MCHGC based grid-connected CHB-MLI system is also presented and evaluated against 

the boost converter based grid-connected CHB-MLI system. The superiority of MCHGC based grid-
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connected CHB-MLI in terms of extracting higher power and feeding good quality power to the grid 

under non-uniform conditions is demonstrated through the simulation results. 

As mentioned above, the major focus for the PV based DGs interfaced with the grid through the 

inverters is to generate the maximum active power and supply it to the grid. However, the inverters 

associated with the PV systems can play a role in reactive power exchange as well. The capability of the 

reactive power exchange must be judiciously utilized to have the effective utilization of the inverters. 

However, it must be ensured that it does not lead to the overloading of some inverters. A reactive power 

sharing algorithm is presented in the paper that effectively utilizes the available reactive margin of the 

inverters and shares the reactive power amongst the inverters in such a way that the effective utilization 

of the inverters is nearly the same. Further, it ensures that the total loss in the inverters, while achieving 

the above objective of equal apparent power sharing, is kept to the minimum. 

2. Brief description on the state of the art of the research topic 

It is well established that the current versus voltage (I-V) and power versus voltage (P-V) 

characteristics of a PV module are non-linear. The P-V characteristics usually exhibits a unimodal (single 

peak known as maximum power point i.e. MPP) nature when operating under uniform conditions [1]. 

Hence, it requires MPP tracking (MPPT) techniques to ensure that the operation is maintained at or 

around the MPP. Various MPPT techniques like Perturb and Observe, Incremental Conductance, 

Fractional Open Circuit Voltage, Fractional Short Circuit Current, Ripple Current Correlation etc. have 

been proposed over the years to track the MPP[2]. However, these MPPT techniques show poor response 

under partially shaded conditions.  

The extent to which the partial shading affects the output of the PV array also depends on the array 

configuration, beside the degree of mismatch.  The PV modules can be connected in form of different 

array configuration like series-parallel (SP), total- cross-tied (TCT) and bridge-linked (BL)[3-6]. The 

output power of partially shaded PV array with TCT configuration is high as compared to that of SP 

configuration.  Reconfiguration or rearrangement of modules method can also be used to increase the 

output power of PV array. In reconfiguration, the electrical connections of the modules are dynamically 

changed while in rearrangement of modules (Su-Do-Ku puzzle), position of the modules are changed 

based on the shading conditions [7-9]. 

The performance of the PV system under partially shaded condition can also be improved by 

connecting bypass diode across each module. The bypass diodes not only protect the shaded modules 

against hot spot formation but also improve the power generation capability of the PV strings. However, 

the bypass diodes result in to multiple peaks (global and local peaks) in P-V characteristics, which makes 

it difficult for the conventional MPPT techniques to extract the maximum power corresponding to global 

peak [2]. Tracking of global peak to extract the maximum power from PV array operating in partial 
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shading condition is a challenging task [10-12]. Various techniques have been proposed over the years 

for tracking the global peak (GP). Some of the techniques are periodic reset and periodic curve scanning, 

widening the search range, two-stage tracking, Soft computing techniques like Neural Networks and 

Fuzzy Logic Control, Chaotic Search, Non-linear Predicator, etc. [13-18]. Another approach for tracking 

the GP involves the applications of  naturally bio-inspired algorithms, which involves techniques like 

Genetic algorithm, Particle Swarm Optimization, Firefly algorithm, Ant Colony Optimization, Cuckoo 

Search algorithm etc. Although all these approaches can track the GP, the power is still less than the 

summation of maximum power that all modules can generate if operated independently. 

Unlike the GP tracking, which is generally employed with the centralized converter connected with 

the large PV array, the output power of the array can be increased by associating a dedicated power 

electronics converter (dc-dc converter or inverter) with each PV module. The combination is often 

referred as module integrated converter (MIC). Thus, irrespective of the conditions experienced by other 

modules, maximum power can be extracted from each module with MIC. Hence, for the partially shaded 

PV array, the resultant output power of all the modules is higher than that obtained with a single 

centralized converter operating using GP power point tracking. The technique is often termed as 

Distributed Maximum Power Point Tracking (DMPPT) as all the dc-dc converters associated at the 

module level operate as independent maximum power point trackers [19-26]. Hence, more power is 

extracted with increased cost due to more number of converters, sensors and complexity. Boost converter 

is preferred over other converters for the DMPPT as it scores high on efficiency and reliability compared 

to other DC-DC converters [27-28]. Though DMPPT is best suited for partially shaded conditions, it may 

not be much effective under uniform irradiation conditions as the power losses in the converters may 

decrease the output power vis-à-vis that of a centralized MPPT converter [26]. Some of the drawbacks of 

DMPPT can be overcome with return energy current converters (RECC) which injects the compensation 

current in parallel to the PV modules using isolated DC-DC isolated converters [29-30]. However, it does 

not give true MPP operation. This problem can be overcome by applying current compensation method, 

where isolated DC-DC converter operates in resonant MPPT mode to track MPP of each PV module [31-

32]. However, it requires large number of voltage and current sensors and circuit is also much more 

complex. Another approach based on the charge equalization (voltage equalization) across the modules 

connected in a string is applied using multi-phase chopper where one chopper is connected across each 

module. These choppers are inactive during uniform conditions and come into action only during non-

uniform conditions.  Thus, they help in operating the modules around their MPPs during non-uniform 

conditions [33-36]. Though one converter is connected across each module it is yet not a full DMPPT as 

the operation of each module at the true MPP is not guaranteed. 

For DMPPT techniques often boost converter is used as it helps in boosting the voltage. However, the 

voltage-gain of the boost converter is limited to 3-4 times and hence, may not boost up the voltage to the 
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desired level to have the proper functioning of the inverter employed as grid interface.  This limitation 

can be overcome by employing high-gain converters. The high gain can be easily realized with isolated 

DC-DC converter configurations which employ transformers [37-39]. Integrated boost-flyback converter 

(IBFC) is one of such isolated high-gain converter which has features of both boost and flyback converter 

[38]. But the isolated converters are relatively complex to design, costly and also incur more losses. 

Several non-isolated high-gain configurations are also reported to overcome this limitation [40-44]. The 

high gain in the non-isolated converters can be realized by cascading of converters, multi-phase 

converters, multiplier circuits or using topologies with multi-inputs. 

The alternative way of developing a high voltage from the PV inverter to interface it suitably with the 

grid is to have a cascaded H-bridge (CHB) type of multilevel inverter (MLI) configurations. Each H-

bridge can work with a small PV array as the isolated source and number of such H-bridges can be 

connected in series to achieve desired voltage level.  Though MLI in general offers good quality output 

current, high-voltage high-power capability, low switch stress, low electromagnetic interference etc.[45-

48]; cascaded H-bridge (CHB) inverter is a better choice as it enables flexibility in system. However, the 

voltage balancing across the H-bridges and the maximum power extraction under non-uniform insolation 

conditions is challenging. Such non-uniform conditions may adversely affect the performance of the PV 

system in terms of decrease in output power, higher THD, current/voltage imbalance, instability etc. 

Another critical issues for the PV based energy generation system is the power management when 

several PV based DGs are operating in parallel of in a microgrid. Often the DGs are just allowed to 

exchange active power with the grid. However, now-a-days the grid regulations are relaxed and the DGs 

are allowed to have the reactive power exchange as well. Hence, it is essential that the control scheme for 

the PV based DGs should ensure proper reactive power sharing amongst inverters besides the extraction 

of maximum power from the PV arrays.  

Droop based control is the most popularly employed technique for active and reactive power exchange 

amongst the DGs. However, the active and reactive power is based on the fixed droop in conventional 

control. It does not take into account the change in the active power generation due to environmental 

conditions and hence, the available reactive power margin of the inverters is also overlooked. Hence, 

under partial shading condition or mis-match conditions, the active and reactive power cannot be shared 

accurately amongst the inverters using the conventional droop control. The inverters may get overloaded 

[49-51]. Various reactive power control approaches for PV based micro-grid have been reported [52-54]. 

In optimal reactive power sharing approach the reactive power is assigned to each inverter in proportional 

to active power delivered by the inverter [52]. However, unequal utilization and heating of inverter 

occurs during partial shading or non-uniform conditions. Another reactive power sharing approach 

known as Equal reactive power sharing (ERPS) divides reactive power equally amongst inverters, 
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irrespective of the active power supplied by them. Hence, it leads to unequal utilization of the inverters. 

In Equal apparent power sharing (EAPS) method, reactive power to each inverter is proportional to 

available apparent power limit [55]. This algorithm successfully works for MG having DG of equal 

ratings but fails to provide effective solution in case of unequal DG ratings. However, in achieving equal 

utilization of the inverters the power losses in the inverters may increase/decrease. Nothing has been 

mentioned about the effect of such reactive power sharing on the total power loss in the inverters. 

Thus, there is still a scope to explore alternatives which may help in maximizing the power output of 

the PV system when operating under the uniform as well as non-uniform conditions. In addition due 

considerations must be given to features like reactive power control, efficiency, power quality etc. 

3. Definition of the Problem 

Output of the PV system is dependent on the solar irradiation, environmental conditions and operating 

temperature. In addition, factors like soiling and the array configuration also affects little performance of 

the PV array. Another important factor that affects the performance of PV system is partial shading. It not 

only reduces the output power but may also result into damage to PV modules as well as deteriorate the 

quality of the power supplied by the PV system. DMPPT approach is considered as the most effective 

solution for providing the maximum output power under uniform as well as non-uniform conditions. 

However, the higher output power is at higher cost and complexity. Hence, it is desired to evaluate 

various other approaches that can be an alternative to the conventional DMPPT for extracting the 

maximum possible power from the PV array. The solution should be such that it gives nearly the similar 

level of output power with significant reduction in the components and hence, the cost involved. 

Further, most of the PV systems are grid-connected systems where the output power of PV array is fed 

to the grid through the power electronic interface. If power electronics interface is not well-designed and 

controlled properly, it may result into one or more of the issues like lower efficiency, harmonics, 

imbalance, etc. The issue is more critical when several PV based distributed generators are operating in 

the local or micro-grid. Also, the power management amongst these sources is a challenge, especially due 

to environmental dependency of the performance of the PV system. As the output power of the PV based 

DGs vary with the environmental conditions, the reactive margin available with the inverters vary. 

Hence, the active and reactive power sharing amongst the inverters of the PV system is a challenge. They 

must share the reactive power such that the apparent power supplied by the inverters must be the same to 

achieve their equal utilization. This can help in preventing the overloading of the inverters and can 

increase the lifetime of the components of the inverters. However, it must be ensured that there must not 

be any increase in the power loss while realizing the objective of equal utilization of the inverters. 

4. Objective and Scope of work 

The objective of the research area is summarized as under: 
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“To evaluate the effects of various aspects of the PV system like array configuration, type of 

converter, number of stages, level of distributed maximum power point tracking etc. on the output 

power capability of the PV array under uniform as well as non-uniform operating conditions with a 

view to identify a PV system that can provide optimal solution in terms of output power, components, 

cost, complexity, effective utilization etc. It is also intended to evaluate the effect of environmental 

variations on the performance of the grid-connected PV system and on the utility side; and to suggest 

the measures for minimizing the effect.” 

Thus, the scope of work includes: 

1. To evaluate output of the PV system for various possible array combinations (having the same 

number of PV modules) when operating with DMPPT principle. 

2. With a view to reduce the component count, cost and complexity in control, the DMPPT can be 

restricted to certain extent. However, this may reduce the system efficiency. Hence, it is intended 

to evaluate the output power of the PV system for various limited DMPPT configurations for 

uniform as well as non-uniform conditions and to identify the configuration that gives relatively 

satisfactory performance in terms of efficiency and cost.  

3. To evaluate one or more factors like type of converter, conversion stages, number of converters, 

operating duty cycle etc. on the output power of the PV system and hence, on the overall system 

efficiency.  

4. To study the effects of varying environmental conditions on the performance of a 3-phase grid 

connected PV system and to identify the features that gives satisfactory operation under all 

conditions.  It is desired to design the system configuration and its control scheme that has higher 

system efficiency, has less complexity, can extract maximum possible power from PV array, 

provides low THD, can support reactive power control, etc. 

5. To devise the control strategy for reactive power sharing amongst PV inverters to utilize the 

available capacity (margin available after supplying active power) judiciously. The sharing should 

be such that it not only realizes uniform utilization of inverters but also simultaneously minimizes 

the power losses. 

5. Original contribution  

The main contributions from the research work are as under 

1. Performance evaluation of various PV array configurations (series-parallel configuration, array 

with and without bypass diodes and total-cross-tied (TCT) configurations) are carried out under 

uniform and non-uniform conditions. It is shown total-cross-tied (TCT) configuration generate 

more power under partially shaded conditions. To increase the output of the TCT configuration 

based array, the quasi-DMPPT configurations based on current compensation (CC) and 

generation control circuit (GCC) are presented.  
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2. Different array configurations can be obtained by varying the values n and m of a PV array of size 

n × m, such that the product remains the same. It is reported in literature that the DMPPT 

approach leads to the maximum output power of the PV array as compared to other MPPT 

approaches for the PV array. However, the effect of various array configurations on the output 

power of the PV system has not been explored with the DMPPT. In this research work the effect 

of array configurations on the overall output power of the PV system is studied. The results show 

that the overall efficiency of the system varies upto 2-3% for the different configurations. 

3. With a view to reduce the number of converters and cost, limited DMPPT approach that employs 

a dedicated converter with a TCT or parallel connected modules is proposed. The effect of 

variations in the system’s output power is evaluated for various limited DMPPT configurations. 

4. To generate high output voltage, the converters used for DMPPT or limited DMPPT approaches 

should have high gain. As the gain of the boost converter is limited, transformer based 

configuration could be an alternative. One such converter known as Interleaved Boost-Flyback 

converter (IBFC) is incorporated in the limited DMPPT configuration and the performance of the 

system evaluated. The system’s performance is also evaluated by considering multiplier circuit 

based high gain converter (MCHGC) for the limited DMPPT approach. It is shown that the 

proposed limited DMPPT approach employing MCHGC is superior to other approaches as it 

gives 93% efficiency under all cases with limited components and cost. 

5. MCHGC based two-stage PV systems employing cascaded H-bridge (CHB) inverter for grid 

interface is presented. Due to the cascade H-bridge it inherently employs the feature of DMPPT to 

a certain extent. The MCHGC and CHB based PV system performs equally well for both uniform 

and non-uniform conditions. The performance in terms of current with low THD, active and 

reactive power exchange capability, voltage unbalance and higher efficiency is demonstrated 

through simulation results for a 9-level CHB-MLI. 

6. The reactive power sharing algorithm referred as EAPS-LL (which stands for equal apparent 

power sharing with least losses) is proposed to share the reactive power amongst the PV based 

DGs operating in parallel (or in a microgrid). It is the modification of the EAPS-LSD (equal 

apparent power sharing with least standard deviation) algorithm reported by U. Patel et.al[56]. 

The EAPS-LSD just focuses on achieving the equal utilization of the inverters. However, it may 

not result into a solution that corresponds to the least losses in the system. Hence, rather than just 

focusing on the least standard deviation of the utilization factors (i.e. equal utilization of the 

inverters), the proposed EAPS-LL considers the option that results into the least loss. Thus, the 

proposed EAPS-LL ensures that all the inverters operate with minimum overall power loss and 

with a very little increase in the standard deviation of the utilization factors. Thus, it ensures 

nearly equal apparent power sharing with better system efficiency. 
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6. Methodology of Research, Results / Comparisons 

The research work focuses on various techniques to extract maximum power from PV array under 

uniform as well as non-uniform conditions. It explores various DMPPT configurations and evaluates 

them against the limited DMPPT approach. The effect of the array configuration, type of converters, 

number of converters etc. on the output power is also investigated. In addition to the active power 

maximization, due attention is also given to the issues like quality of the current/power fed to the grid and 

the active/reactive power sharing amongst the PV systems. Following sub-sections present research 

methodology, some important results, deductions and suggestions for design of a good PV system. 

6.1. Proposed Quasi-DMPPT technique 

Two different quasi-DMPPT approaches: Current compensation (CC) based on current equalization 

and generation control circuit (GCC) based on voltage equalization, are presented to extract higher power 

from the partially shaded total-cross-tied (TCT) photovoltaic array. The TCT-CC and TCT-GCC 

configurations comprising of nt ties and that many converters as shown in Figs. 1(a) and 1(b), 

respectively.  These additional converters used for current/voltage equalization operate only when partial 

shading occurs. Hence, they do not incur any losses during uniform conditions. The TCT configuration is 

considered to minimize the number of converters, sensors, cost and complexity involved. 

In TCT-CC configuration, as shown in Fig. 1(a), the DC-DC converters (connected across ties) tap 

the power from decoupling capacitor Cout and utilize it to minimize the current discrepancies among the 

series connected ties.  As all the DC-DC converters are fed from the same capacitor, Cout, it is must to 

have isolation in the DC-DC converters. Hence, flyback converter topology is employed for DC-DC 

converters. Initially all these flyback converters are inactive and the main boost converter operates to 

track the MPP, which may not be the optimum operating point. The voltage across each tie is measured 

and compared to detect whether shading has occurred or not. If all the ties have same voltage, then it 

indicates that the modules have uniform irradiance. If any mismatch in the voltage across ties is detected, 

it indicates that shading has occurred. The tie experiencing shading is characterized by lesser voltage than 

that having less or no-shading. Flyback converter of the shaded tie is controlled to minimize current 

mismatch. The duty cycle of main boost converter (shown as MPPT unit) is kept constant during this 

phase. The duty cycle of converter of shaded tie is adjusted such that the voltage across shaded tie 

increases with a condition that the total voltage across all the ties remains constant. This results into 

increase in the output power from the shaded modules. 

Fig. 1(b) shows a TCT-GCC configuration having ‘nt’ ties where each PV tie has ‘mt’ PV modules. 

Under uniform irradiance conditions when all the ties have same irradiance and generate similar output 

current, the gate-pulses to switches of TCT-GCC circuits are inhibited, making the TCT-GCC idle. 

Switch SWi along-with the anti-parallel diode provides the bidirectional current capability, thereby 
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allowing the capability of exchanging the charge between the capacitors Ci. Thus, it provides the feature 

to achieve voltage equalization amongst the output voltages of all the ties. To extract maximum possible 

power from the partially shaded PV array, the off-duty ratios of multi-stage choppers are controlled such 

that the output voltage of each PV tie is regulated near to the voltage which corresponds to the MPP. 

 
(a) 

 

(b) 

Fig. 1 Quasi-DMPPT configurations: (a) TCT-CC configuration, (b) TCT-GCC configuration. 

The algorithms of both the methods are simulated using MATLAB/Simulink software. SOLAREX-

MSX60 PV modules are considered for simulations. In both cases, PV array comprises of two ties- each 

having two PV modules. Initially at t=0s, all PV modules (PV11, PV12, PV21 and PV22) operate under 

same irradiance of 1000 W/m2. At t=0.5s partial shading occurs and the irradiance on the module PV21 

and PV22 of tie-2 decreases to 500 W/m2. At t=3s irradiance on PV12 module decreases to 800 W/m2 

with other PV module still having earlier irradiance (that prevailing before t=3s). During t=0.5s-0.9s, no 

converters are operated except main boost converter which is tracking the MPP. Output current and 

power is reduced to 3.8A and 130W, respectively compared to 7A and 240W (available before t=0.5s) as 

shown in Fig. 2. At t=0.9s flyback converters of TCT-CC method and multistage choppers of TCT-GCC 

method are activated. In TCT-CC method, voltage across tie-2 is increased in small steps and it injects 

current in tie-2 to minimize the mismatch in current of both ties. This results in to increase in output 

current and power of PV system to 4.7A and 163W, respectively. At t=3s, the net output power of the PV 

system further reduces to 156.5W against the 168W available. 

In TCT-GCC method, the duty-cycles of the multi-phase choppers are adjusted to equalize the 

voltages across the two ties. This results in to increase in output current and power of PV system to 5.1A 

and 171W respectively. After t=3s, the power fed to boost converter with TCT-GCC approach is 161W 

against the 156.5W observed for TCT-CC approach. Thus, compared to TCT-CC technique, the TCT-
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GCC approach shows improvement of about 4.5% in the output power during the period t=0.9s-3s and 

2.9% after t=3s over. 

  
(a) (b) 

Fig. 2 Waveforms of (a) input current of boost converter and (b) power of tie-1, tie-2 and power fed to boost Converter 

Each row of Table-I shows maximum output power of PV array with different shading pattern.                     

It is observed that the GCC method significantly enhances the amount of output power of the array under 

partially shaded conditions compared to TCT-CC method. The TCT-GCC is simple to design as it does 

not require isolated DC-DC converters. In addition, for TCT array configuration, it is more suitable than 

TCT-CC as there are practical constraints in the design of flyback converter where rating exceeds 250W. 

Further, TCT-GCC has an upper hand in terms of reliability. In case if the switches of the multistage 

choppers fail to operate, the bypass diode connected across the switches serves the function of 

conventional bypass diodes connected across the PV modules, thereby preventing any damage to 

modules and simultaneously allowing the MPP tracker to extract higher power by operating near the GP. 

Table I: MPP power of PV array under various irradiance conditions for CC and GCC Method. 

Irradiance 
of  

PV11  
(W/m2) 

Irradiance 
of  

PV12  
(W/m2) 

Irradiance 
of  

PV21  
(W/m2) 

Irradiance 
of 

 PV22  
(W/m2) 

Power without 
CC & GCC 

Po_wo_fc 

(W) 

Power with 
TCT-CC  

Po_CC 

(W) 

Power with 
TCT-GCC  

Po_GCC 

(W) 

Power of PV 
array 

∑P   
(W) 

1000 1000 1000 1000 235 ---- ---- 240 
1000 1000 1000 500 171 200 203 210 
1000 800 500 500 125 156 161 168 
1000 1000 500 500 130 163 171 180 
1000 800 600 400 125 156 161 168 
1000 600 400 400 92 124 126.5 144 

6.2   Evaluation with Different converter pattern / configuration for same PV Array Size  

Different means by which the output power of grid-connected PV system can be increased are 

explored. The effects of some common array configurations, the level of distributed maximum power 

point tracking (DMPPT) and the type of converters; on the output power of the PV system operating 

under uniform and non-uniform conditions are worked-out. Rather than focusing on the output power of 

the PV array, the power supplied to the grid and the overall system-efficiency is considered as the 

performance parameters for evaluation of various approaches. Various factors like switching losses, 
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conduction losses, diode reverse recovery losses, effect of converter duty cycle etc. are considered to 

determine the system-efficiency.  

Fig. 3 (a) shows the system considered to evaluate the power yield with different configurations of the 

PV system. PV system (here in Fig. 3(a)) comprises of PV modules (that may be connected in different 

pattern) and the DC-DC converter(s) (whose role is to boost the voltage and to track the MPP). The 

inverter is controlled using P-Q control to feed the intended active power (P) and reactive power (Q) into 

the grid. The voltage vdc across the capacitor C is regulated at the desired level to ensure transfer of 

maximum power Pmpp extracted from the PV system to the grid side.  

 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Fig.3 (a) System configuration (b) PV array with DMPPT (c) PV array with Limited DMPPT (d) PV array with IBFC (e) 
IBFC (f) MCHGC (g) PV array with MCHGC 

 

 For DMPPT configuration of Fig. 3(b), various combinations of m and n (where m × n is maintained 

constant) are considered to evaluate the systems performance under various conditions. Here, m indicates 
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number of strings of DC-DC converters connected in parallel while ‘n’ indicates DC-DC converters 

connected in series in each string.  

Unlike the DMPPT approach of Fig. 3(b), the limited DMPPT approach represented by Fig. 3(c) 

employs one DC-DC boost converter for each tie having ‘x’ modules connected in parallel. In such case 

even if the modules in the parallel assembly receive different irradiance, the voltage corresponding to 

their MPP is nearly the same. Hence, by regulating the voltage across the assembly around this voltage all 

the modules can be made to operate near to their individual MPPs. However, DC-DC converter has 

limited gain. Hence, it requires ‘y’ series connection of several such assemblies. The number of such 

assemblies and hence the converters can be reduced, if two stage boosting is employed. Each converter of 

the first stage (associated with individual assembly) is independently controlled to extract the maximum 

power from that group. The second stage converter referred as ‘Main Boost Converter’ regulates the 

voltage Vdc across the capacitor Cdc. 

The number of converters and hence, the cost can be decreased if the number of series connected 

assemblies of the limited DMPPT approach i.e. y is reduced. This is realized by employing high-gain 

IBFC in place of boost converter.  Fig. 3(d) shows ‘b’ IBFC connected in series to generate desired 

voltage Vdc, where each IBFC is fed by a tie comprising of ‘a’ modules connected in parallel. In addition, 

as IBFC of Fig. 3(e) achieves high gain due to the boost and two flyback circuits, second stage boosting 

can be avoided as shown in Fig. 3(d). These IBFCs are operated in continuous conduction mode to have 

small ripple across the PV modules for increasing the power extracted from the PV modules. However, 

IBFC requires high frequency transformers, is complex in design and has limited power handling 

capability. The above limitations can be overcome by employing a non-isolated DC-DC converter 

configuration with high-gain. One such converter which employs two boost converters along with several 

voltage multiplier stages is used shown in Fig. 3(f).  The output voltage equation of the converter depends 

on number of multiplier stage (M). This configuration can provide gain as high as 20 by increasing the 

number of stages. Hence, it requires few such converters in series to achieve the desired value of voltage. 

The PV system with MCHGCs is shown in Fig. 3(g). 

The performances for these different approaches are even compared with the cases when the power is 

supplied to the grid by the PV array directly through a centralized inverter i.e. a single-stage system. For 

this single-stage system performances with various array configurations like SP PV array without bypass 

diode (AWOBD), SP PV array with bypass diode (AWBD) and TCT are evaluated. 

For the same number of PV modules, various configuration of PV array, various configurations of 

DMPPT, various configuration of limited DMMPT and various types of high gain converter are evaluated 

by keeping inverter specifications and the control logic for the inverters same for the comparison.                   

These configurations are evaluated under uniform as well as non-uniform conditions with respect to their 

performance in terms of the power yield and efficiency of the overall system. Eighty PV modules (MSX-
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SOLREX60) are used in the study for the various configurations and the approaches discussed above. 

The power generated from the PV is finally fed to 3-phase, 415V, 50Hz utility. For various PV array 

configurations of single-stage system 5 strings connected in parallel with each string comprising of 16 

series connected modules are considered.  The different values of values of m and n for DMPPT (m×n = 

80),  x and y for limited DMPPT (x×y = 80), and a and b for IBFC based PV system (2a×b = 80 where 2 

indicates two strings of IBFCs in parallel) to evaluate various possible PV system configurations are 

detailed in Table-II.  To evaluate the system-efficiency of MCHGC based system, two series connected 

MCHGC converters are considered, with twenty modules connected at each input of the MCHGC.  Each 

MCHGC is considered to have five voltage multiplier stages. 

The irradiance patterns considered in simulation for evaluating various arrangements mentioned in 

above are: (i) all the modules receive irradiance of 1kW/m2 from 0-3s; (ii) modules 21 through 30 and 

modules 31 through 40 receive irradiance of 0.5 kW/m2 and 0.3kW/m2, respectively while remaining 

modules receive 1kW/m2 from 3s-5.5s; (iii) pattern same as that of (ii) with the difference that modules 1 

through 4 receive irradiance of 0.5kW/m2 from 5.5s-8s; (iv) pattern same as that of (iii) with difference 

that modules 51 through 60 receive irradiance of 0.8kW/m2 from 8s-10s.   

TABLE-II 
OUTPUT POWER & EFFICIENCY FOR DIFFERENT TYPES OF A PV CONFIGURATION WITH DIFFERENT TYPES OF CONVERTER 

 t = 0 – 3 s t = 3 – 5.5 s t = 5.5 – 8 s t = 8 – 10 s 
 P (W) η (%) dmax P (W) η (%) dmax P (W) η (%) dmax P (W) η (%) dmax 
Pmax 4800 - - 4080 - - 3960 - - 3840 - - 
Maximum power extraction with different array configuration 
AWOBD 4520 94.20 0.62 3050 74.75 0.64 2350 59.34 0.68 2400 62.5 0.65 
AWBD 4520 94.20 0.63 3200 78.43 0.65 2600 65.65 0.71 2450 63.8 0.71 
TCT 4520 94.20 0.62 2800 68.68 0.72 3000 75.75 0.65 3000 78.12 0.67 
Maximum power extraction with different configuration of DMPPT 
m=4, n=20 4500 93.75 0.53 3810 93.38 0.63 3695 93.30 0.63 3580 93.22 0.63 
m=5, n=16 4490 93.54 0.62 3800 93.13 0.76 3685 93.05 0.76 3570 92.96 0.76 
m=8, n=10 4440 92.50 0.76 3750 91.9 0.76 3625 91.5 0.8 3500 91.10 0.8 
m=10, n=8 4400 91.67 0.81 3700 90.7 0.83 3575 90.3 0.85 3450 89.80 0.85 
Maximum power extraction with different configuration of limited DMPPT 
x=20, y=4 4300 89.58 0.70 3625 88.84 0.75 3500 88.38 0.75 3390 88.28 0.76 
x=16, y=5 4315 89.90 0.62 3650 89.50 0.68 3535 89.27 0.69 3425 89.20 0.70 
x=10, y=8 4325 90.10 0.41 3460 84.80 0.51 3360 84.84 0.52 3250 84.60 0.54 
x=8, y=10 4330 90.20 0.26 3300 80.88 0.42 3175 80.18 0.44 3075 80.07 0.46 
Maximum power extraction with high-gain converters 
IBFC (b=4) 3200 66.66 0.68 1800 44.13 0.81 1800 45.45 0.82 1800 46.87 0.82 
IBFC (b=5) 3450 71.88 0.6 1600 39.22 0.77 2000 50.50 0.74 1950 50.78 0.74 
MCHGC 4425 92.18 0.78 3800 93.13 0.77 3700 93.43 0.78 3600 94.74 0.78 

The results of exhaustive simulation study performed in MATLAB/Simulink are reported as a 

summary in Table-II. It shows the, power supplied to the grid (P), efficiency of the PV system (η = 

P/Pmax) and maximum duty cycles(dmax) of the converters. Overall system-efficiency for different array 

configurations, level of DMPPT, types of converters etc. under uniform and non-uniform irradiation 

conditions varies greatly. Single centralized converter based PV system (irrespective of AWOBD, 

AWBD or TCT array configuration) proves to be better under uniform isolation conditions as it generates 
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higher power and requires the least components, complexity and cost. However output power varies 

greatly for these three configurations under non-uniform conditions. Under such case, the AWBD and 

TCT configuration, especially the TCT configuration, significantly increases the output power and hence, 

the system-efficiency. 

It is observed that DMPPT significantly improves the efficiency under non-uniform conditions, but at 

increased cost. Further, due to the losses in the converters, reduction in efficiency is observed under 

uniform conditions. The efficiency is around 93.5% for the first two cases. It is observed that the shading 

does not have much effect on the efficiency of the system. Also, the duty cycle of all the converters is 

always less than 0.63 for case m=4 and n=20. For case m=5 and n=16 also most of the converters have 

their duty cycle well below 0.65 for most of the times. Unlike these two cases, all the converters for cases 

3 and 4 operate at high duty cycles as observed from Table II. The duty cycle at which the converter 

operates, greatly affects the conduction losses and hence, affects the efficiency of the dc-dc converter. 

The number of converters and cost can be reduced to some extent by limited DMPPT. However, 

simulation result shows that reduction in number of converters leads to the operation of the converter in 

the high duty-cycle range resulting into poor efficiency. It is observed from Table-II that the efficiency 

for uniform insolation conditions is marginally higher for cases-3 and 4 as compared to that of cases-1 

and 2. However, the efficiency for cases-3 and 4 is significantly lower than that registered with cases-1 

and 2. This is due to the reason that the converters associated with the shaded modules are forced to 

operate at low output voltage to maintain high output current, which is required to have the same current 

at the output of the series connected converters. As a result, the converters (especially those that are 

connected with highly shaded modules) may not operate at the real MPP of the associated PV assembly. 

For partially shaded conditions, IBFC efficiency is much lower than that achieved with limited 

DMPPT approach employing boost converters. The reason for the lower efficiency of the converter is 

mainly attributed by the lower efficiency of the isolated (flyback) converter which involves indirect 

energy transfer. The application of limited DMPPT feature along with appropriate converter 

configuration like MCHGC can maintain the high level of efficiency under both uniform and non-

uniform irradiation conditions. The simulation result highlights that non-isolated, high-gain converters 

like MCHGC is superior to all other approaches as it gives 93% efficiency under all cases with limited 

components and cost. 

6.3 Two Stage PV Systems employing Cascaded H -bridge Inverter for Grid Interface 

For the medium or large power applications, often the centralized inverter or multi-string inverter 

configuration is preferred. Multilevel inverters (MLI) can be a better candidate for this centralized 

inverter as  it offers advantages like high-voltage and high-power capability, low THD, low switch stress, 

low electromagnetic interference, low device switching frequency, lower filter size, capability to operate 

in fault tolerant mode by bypassing faulty modules etc. Amongst MLI topologies, cascaded H-bridge 
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(CHB) inverter has several features mentioned above, which make it suitable for grid-connected PV 

applications. Further, PV arrays can easily meet the requirement of isolated DC source for each H-bridge 

(H-cells) of CHB-MLI. It also offers flexibility in system expansion which makes it convenient to 

connect it with medium or high voltage grids without any voltage boosting. In addition it offers the 

feature of maximum power point tracking at each H-cell level. However, issues like unequal irradiance 

on the PV arrays of different H-cells or the imbalance on the grid-side affects the performance of CHB-

MLI and makes the control of the CHB-MLI much more challenging. 

In this research work, a PV system based on cascaded H-bridge (CHB) MLI and MCHGC that can 

effectively perform in uniform as well as non-uniform insolation conditions is proposed. The salient 

features of the two-stage PV system are: (i) The MCHGC at the first-stage reduces the number of 

modules required in series, which minimizes the problem of mismatch caused by partial shading (ii) As 

MCHGC has two inputs due to the two inherent boost converters embedded in the configuration, 

individual MPPT for each sub-array can be applied, resulting into extraction of higher power during 

mismatch conditions (iii) Inclusion of the MCHGC decouples the second harmonic voltage ripple from 

capacitors connected across the PV arrays. This minimizes the voltage deviation around MPP and hence, 

maximizes the output power.  

The 3-phase, 9-level MCHGC based CHB-MLI shown in Fig. 4(a) is considered for the study. It is 

interfaced to a 3-phase, 50Hz, 6.6kV (rms line to line) utility to feed about 250kW into the grid (i.e. 

84.5kW per phase). It can also provide the reactive power support as demanded within the constraints set 

by the grid and the rating of the inverter. As the system configuration for all the phases are identical, the 

details for only phase-A is shown in Figs. 4(a). Voltage-Oriented Control (VOC) strategy is used for grid-

connected multilevel converter systems.  

 
(a) (b) 

 
Fig. 4 (a) Grid connected PV system (b) MCHGC DC-DC converter for phase-A 
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Performance of this system is evaluated for the case where the DC/DC converters of Fig. 4(a) are 

boost converters and compared with the case when the DC-DC converters are replaced by the MCHGCs 

as shown in Fig. 4(b). The desired voltage Vdci  (input to the H-Cell) in both cases are considered same.  

As the gain of the boost and MCHGC converters are different, the PV arrays are accordingly 

appropriately structured to generate the required input voltage for the DC-DC converters. The shading 

pattern for the evaluation of MCHGC based CHB--MLI and boost converter based CHB-MLI is 

considered the same. More details related to the control scheme, design, shading pattern and the results 

and discussions are included in the thesis. 

The MCHGC based CHB-MLI system shows superior performance and is able to extract about 3-4% 

more power from the PV arrays under non-uniform conditions. It is owing to the salient features of the 

MCHGC mentioned above. Further, it has been observed that due to the smaller size of PV arrays and 

less number of modules in series, the chances of occurrence of multiple peaks are also less. It is also 

observed that, unlike the boost converter based CHB-MLI, the THD of output current of MCHGC based 

CHB-MLI is less than 5% and magnitudes of individual harmonics are also less than 3% even under mis-

match conditions. It is also observed that the current injected by the CHBs in the three phases are unequal 

under asymmetric conditions, which ultimately may lead to the voltage imbalance at the PCC (in a weak 

grid). The MCHGC based CHB-MLI configuration can keep the voltage unbalance factor (VUF) under 

the asymmetric (non-uniform or partially shaded) conditions to a much lower value as compared to the 

that with the boost converter based CHB-MLI.  

6.4 Reactive power management strategy for equal utilization of inverter with minimum loss 

PV inverters are generally allowed to exchange active power with the grid. However, they can 

contribute in the reactive power management to a certain extent, if allowed by the utility. A reactive 

power sharing algorithm EAPS-LL is proposed in this work   Reactive power sharing algorithm is shown 

in Fig. 5 and the system configuration considered for the study is shown in Fig. 6.   

EAPS-LL approach first identifies the reactive power references as per EAPS principle [55] and then 

evaluates the various order of reactive power allocation to identify the one that gives the least losses 

rather than the least SD. A complete analysis, control scheme of the inverters, and discussions for the 

configuration is presented in the thesis. 

The effectiveness of the proposed EAPS-LL algorithm over other algorithms like optimum reactive 

power sharing (ORPS), EAPS and EAPS-LSD is evaluated. When operating under non-uniform 

conditions with ORPS, large variations are noticed in the effective utilization of the inverters resulting 

into a large SD. With EAPS and EAPS-LSD the SD is very less showing better and more uniform 

utilization of the inverters. However, the total power loss increases. The total loss with EAPS-LL 
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approach is found to be the least when compared to that of ORPS, EAPS and EAPS-LSD. Thus, EAPS-

LL results into much lower loss compared to EAPS-LSD at the cost of marginal increase in the SD. Thus, 

EAPS-LL not only minimizes the miss-match in the apparent power of the inverters, but also results into 

lower power loss ensuring lower and uniform heating of similar component of the various inverters. The 

results obtained through MATLAB/Simulink for various cases are included along with the discussion in 

the thesis. A sample result showing the performance comparison of various methods for one case is 

included here for reference in Table-III and Table-IV. 

 
Fig. 5. Flowchart for the proposed EAPS-LL approach (a) Main Program to evaluate the  least loss option (b) Subroutine 

‘Equal S’ to equalize apparent power 
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Fig. 6. System configuration of a Microgrid with ‘mg’ DGs. 

 
Table III Performance comparisons for power sharing with ORPS and EAPS methods for case 1 

 ORPS Method EAPS Method 
i 1 2 3 4 5 6 1 2 3 4 5 6 

Pi (kW) 200 390 100 280 50 150 200 390 100 280 50 150 
Qi(kVAR) 154 300 77 215 38 116 143 0 216 0 284 257 
Si(kVA) 252 492 126 353 63 190 246 390 238 280 288 298 
UF 0.505 0.984 0.252 0.706 0.126 0.379 0.492 0.780 0.476 0.560 0.577 0.595 
Piloss(kW) 12.33 46.86 3.08 24.12 0.76 6.96 11.70 29.44 10.97 15.17 16.09 17.14 
Plosstotal(kW) 
SD 

94.11 
0.3138 

100.51 
0.1088 

 
 

Table IV Performance comparisons for power sharing with EAPS-LSD and EAPS-LL methods for case 1 
 EAPS –LSD Method EAPS-LL Method 
i 1 2 3 4 5 6 1 2 3 4 5 6 

Pi (kW) 200 390 100 280 50 150 200 390 100 280 50 150 
Qi(kVAR) 198 40 246 0 248 247 143 0 216 118 237 185 
Si(kVA) 281 392 266 280 253 289 246 390 238 304 242 238 
UF 0.563 0.784 0.531 0.560 0.506 0.578 0.492 0.780 0.476 0.608 0.484 0.476 
Piloss(kW) 15.33 29.75 13.65 15.17 12.39 16.16 11.70 29.44 10.97 17.87 11.35 10.97 
Plosstotal(kW) 
SD 

102.45 
0.0999 

92.30 
0.1224 

 

7. Achievements with respect to objectives 

Some of the achievements in form of the contribution and the publications with respect to the 

objectives are mentioned here. 

 The proposed quasi-DMPPT techniques TCT-CC and TCT-GCC extracts higher output power from 

PV system when operating under partially shaded conditions. The number of sensors and converters 

required are lesser than that used for DMPPT. It gives a good solution for a smaller system upto few 

kW to extract higher power from the shaded PV array. Publication [1,2] 

 The effects of the various PV configurations with different power electronics converter schemes have 

been investigated. Through simulation results it is shown that TCT configuration is better than other 
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PV configuration. Also, performance comparison of the limited DMPPT approach against the 

DMPPT approach shows that a reasonably good efficiency could be achieved with significantly less 

converters and hence, at reduced cost. The limited DMPPT has about 3-4% lower efficiency as all the 

three losses (conduction loss, switching loss and diode-reverse recovery loss) increase marginally. 

The limited DMPPT with MCHGC shows further improvement in the efficiency [Publication 3,4]. 

 The two-stage CHB-MLI based PV system employing MCHGC is proposed. The system has 

capability to extract maximum power from PV system even under partially shaded conditions. The 

extracted power is in close range to that obtained with the DMPPT. It further gives low current THD 

and lesser imbalance. Publication [5,6] 

 The proposed reactive power sharing EAPS-LL algorithm is an effective solution to achieve nearly 

equal apparent power sharing of the PV inverters. It results into lower power loss ensuring lower and 

uniform heating of various inverters while maintaining nearly equal apparent power for all the 

inverters.  Publication [7,8] 

 

8. Conclusion 

This thesis has provided comprehensive investigations into the effect of partially shading or non-

uniform conditions on the output power of the PV system operating and offered some useful suggestions 

and economic solutions that can help in increasing the output power and performance of the PV system. 

The summary of the contribution and some important conclusions are as under: 

1. The DMPPT configuration can offer higher power under partially shaded conditions. However, 

investigation of various configurations for DMPPT shows that the DMPPT configuration that results 

into more strings and less number of series connected converters is likely to give less output power 

(than other DMPPT configurations), as it results into the higher losses in the converter. The reason is 

the operation of the converters at the high duty cycle. 

2. The proposed quasi-DMPPT TCT-CC and TCT-GCC techniques increases the output power of the  

PV array operating in partial shading conditions. These quasi-DMPPT techniques require less number 

of sensors and converters as compared to DMPPT. However, the complexity in the control for these 

quasi-DMPPT technique increases with the increase in size of the system and hence, recommended for 

few kW. 

3. Limited DMPPT approaches presented in this work reduce the number of converters and sensors (as 

compared to DMPPT), but at the cost of some reduction in the output power under partial shading 

condition.  In limited DMPPT as the number of converters increase, the converter(s) whose PV 

parallel assembly (or tie) is highly shaded may fail to generate the current equal to that of the other 

converters. Hence, it forces other converters (associated with unshaded PV parallel assembly) to 

operate at higher output voltage and duty-cycle, which increases losses in this converter. This results 
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into decrease in the overall efficiency of the system. Thus, the limited DMPPT configuration with 

more number of modules in parallel must be preferred as it has higher immunity against the shading 

i.e. has better ability to equalize the current of the series-connected converters. 

4. The effect of partial shading is the minimum, if the number of modules in the string is the minimum. 

However, it demands more converters in series to develop desired high DC link voltage for the 

inverter acting as grid interface. Alternatively it could be achieved with less number of converters 

provided they have higher gain. Proposed PV system based on MCHGC can effectively tackle the 

issue of partial shading due to the higher voltage gain of the MCHGC. It gives more output power 

with lesser components while operating in uniform as well as under partial shading conditions. The 

output power is nearly in the range of that obtained with DMPPT.  

5. It is observed that the MCHGC and the CHB-MLI system performs much better in terms of the power 

extraction from the PV array, as well as in terms of the quality of the current fed to the grid and 

reliability of the system. The power fed to the grid with the proposed system configuration increases 

by 3-4% as compared to the case when fed by low voltage gain converters. Also, the THD is observed 

to be well below 5% and voltage unbalance factor is also relatively lesser. 

6. The proposed EAPS-LL approach, which is the modification of EAPS-LSD, not only ensures that the 

inverters (DGs) share the apparent power equally, but also yields a solution that results into lower 

losses in the inverters.  The results with EAPS-LL approach is the most promising especially when the 

PV arrays (DGs) generate different active power. With a marginal compromise in the value of SD a 

significant reduction in the power losses can be achieved with the EAPS-LL approach. Further, the 

proposed method offers advantages like simplicity, lesser computational burden, no issue of 

convergence, same number of iterations every time, similar results for each simulation run (as long as 

there is no change in reactive power demand or variation in the power generation), freedom from 

issues like initial population selection, diversity preservation etc. over other evolutionary based 

technique. 
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