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Abstract— Photovoltaic (PV) energy generation 
is becoming an increasingly widespread means of 
producing clean and renewable power. In PV 
systems, long strings of photovoltaic modules are 
found to be vulnerable to shading effects, causing 
significant reduction in the system power output. 
In the case of partial shading, the output power 
of the unshaded PV modules will be decreased by 
the influence of the shaded PV modules in one 
branch. In order to solve this problem, this paper 
proposes a novel topology for a PV power 
generation system by connecting a PV module to 
the capacitor in each sub module of a modular 
multilevel converter parallel. As partial shading 
occurs, the maximum power can be extracted by 
regulating the capacitor voltage to the maximum 
power point voltage. With this proposed 
topology, the maximum power tracking 
controller, the redundancy module controller, 
the voltage stability controller, and the grid-
connected controller are studied. Simulation and 
experiment results show that comparing to the 
traditional topology; the proposed topology can 
greatly improve the output power of the PV 
system under the conditions of partial shading 
and features with low-voltage stress and high 
efficiency. Matlab/simulink simulations are 
presented in order to show the outstanding 
performance of the proposed design approach. 
 

Index Terms— Grid-connected, MMC, partial 
shading, photovoltaic (PV) power generation 
system, redundancy control. 
 

I. INTRODUCTION 
 As the time progresses, the demand of 
power is increasing gradually and on the contrary 
the fossil fuels used for power generation are 
decreasing rapidly. Alongside the reason of 
inadequate resources, the methods that are used for 
power generation by fossil fuels are not even eco-
friendly and they are causing global warming and 
greenhouse effects. Now would be the proper time 
to initiate the usage of renewable energy resources 
on very large scale. The renewable energy resources 
that are available to us are Solar Energy, Hydro 
Energy and Wind Energy. They are rich in quantity, 

pollution free, distributed all through the earth and 
recyclable. Hydro Energy generation, Wind Energy 
generation are of course two of the main sources of 
renewable energies, but the disadvantage in Hydro 
Energy is that, it is seasonal dependent and in Wind 
energy is that it depends on geographical location. 
On the contrary, Solar Energy is widespread all over 
the globe and all the time. Also most of the remote 
areas have not been connected to the grid and they 
do not have power supply. These areas can generate 
power on their own using renewable resources such 
as solar energy. The amount of irradiance and 
temperature vary from location to location and from 
time to time but under given conditions Solar 
Energy system can be installed.  
 Photo Voltaic energy system is the most 
direct way to convert the solar radiation into 
electricity based on photovoltaic effect. Despite high 
initial costs, they have already been implemented in 
many areas. Research is going into this area to 
develop the efficient control mechanism and provide 
better control. Recent developments in the 
technology of batteries and solar panel efficiencies 
offers a better performance. So the overall 
installation cost of photovoltaic charging system 
reduces. And therefore, the time is not so far that 
almost any and every middle class person can afford 
a solar panel at home for at least some basic 
requirements. In the light of above points, it is clear 
that Solar Energy plays an important role in the 
forthcoming future. So, it is our duty to learn, 
implement and improvise the idea as early as 
possible, so that it becomes a very useful tool to our 
future generations. 
 A novel topology for the PV system by 
connecting a PV module to the capacitor of each 
submodule (called PM in following) of MMC in 
parallel. As partial shading occurs, the maximum 
power could be extracted by regulating each 
capacitor voltage to the MPP voltage VMPP. The 
proposed topology could effectively improve the 
transmission voltage level by connecting the PM 
modules in series, which may help us to eliminate 
the step-up transformer and suits for the large PV 
plant. Because the PV modules are not connected in 
series directly, the power losses of the unshaded PV 
modules in the series branch can be eliminated under 
partial shading conditions. This topology could also 
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achieve the independent MPPT control of PV 
modules, and solve the multipeak optimization 
problem of MPPT under partial shading conditions 
which may occur in the series connection topology. 
 

II. SYSTEM MODELING 
 
The proposed topology of the PV power 

generation system is shown in Fig.1. Comparing to 
the traditional MMC circuit used in the PV system, 
the proposed one removes the long string PV 
modules connected to the dc side of the MMC, and 
connects a PV module to the capacitor of each 
submodule of the MMC in parallel. Because no PV 
modules are connected in series, the bypass diodes 
are also removed. When there is partial shading, the 
maximum power can be extracted by regulating the 
capacitor voltage in each PM to VMPP. The voltage 
of the capacitor in the PM may fluctuate according 
to the irradiance. Although the voltage fluctuation is 
insignificant for a single module, it could not be 
neglected when a large number of PMs are 
connected in series. Therefore, a redundant module 
(RM) is designed to compensate the voltage loss. 
The one phase equivalent circuit of the novel 
topology is shown in Fig. 1(b). 

 
Fig. 1. Novel topology of the PV power generation 
system. (a) Topology. (b) One-phase equivalent 
circuit. 
 

The operation states of PM are summarized 
as follows. 
State I: T1 is switched ON and T2 is switched OFF, 
the terminal voltage of PM equals to the capacitor 
voltage UPV. 
State II: T1 is switched OFF and T2 is switched 
ON, the terminal voltage of PM is 0. 

State III: T1 is switched OFF and T2 is switched 
OFF, the terminal voltage of PM is uncertain. 

Taking phase A as an example, the block 
diagram of the control method is shown in Fig. 2, 
which is divided into four parts: I) the maximum 
power tracking controller, 2) the redundancy module 
controller, 3) the voltage stability controller, and 4) 
the grid-connected controller. The outputs of these 
controllers are Uref1, Uref2, Uref3, and Uref4, 
respectively. The grid-connected controller gets the 
main modulation waveform Uref4, and its purpose 
is to achieve the energy delivery from PV module to 
power grid. The voltage stability controller is used 
to balance the voltages between phases. The 
modulation waveform Uref3 generated by the 
voltage stability controller is superimposed on the 
main modulation waveform, which will change the 
output power of each phase. Through this 
adjustment, the voltage balance of phases can be 
realized. The redundancy module controller is used 
to regulate the voltage of capacitor in RM. Its output 
modulation waveform Uref2 is superimposed on the 
main modulation waveform too, which can change 
the charge and discharge time of the capacitor in 
RM. The maximum power tracking controller is 
used to obtain MPP voltage of the PV module. Its 
working principle is like that of redundancy module 
controller. When the PV modules work at the MPP, 
the voltages of capacitors in PMs may be unequal, 
but the difference is small, which will have a little 
influence on the THD of the output current of the 
topology. 

 
Fig:2. Block diagram of the control method. 
 
 

III. SIMULATION RESULTS 
 
Case:1- Partial shading With the Proposed 
Topology and Control Method  
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Fig:3(a) 
 

 
Fig:3(b) 
 
 

 
Fig:3(c) 
 

 
Fig:3(d) 
 

 
 

 
 

 
Fig:3(e) 
 
Fig:3. Voltage and power waveforms under partial 
shading. (a) Capacitor voltages of PM1 and PM2. 
(b) Capacitor voltages of PM3 and PM4. (c) 
Capacitor voltages of RM1 and RM2. (d) Output 
power waveform. (e) Output waveforms of PV1 
module in PM.    
   

In this case, the irradiance of all PMs is set 
to 1000 W/m2 initially. After 0.5 s, the irradiance is 
changed to 200, 800, 400, and 1000 W/m2, 
respectively. The simulation results are shown in 
Fig. 3. Fig. 3(a) shows the capacitor voltages of two 
PMs in upper arm of phase A. Both of the voltages 
are about 300 V initially, and then change to 278 and 
300 V with a ripple of about 6 V, respectively. 
Because the output power of the PV module is 
closely related to its output voltage, the ripple of 
capacitor voltage of PM will decrease the output 
power of PV module. The capacitance value of PM 
needs to be increased to reduce this voltage ripple. 
According to the P–U characteristics of the PV 
module, it is known that within a short range near 
the MPP, the change of output voltage has a little 
effect on the output power of the PV module. 
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Therefore, this paper selects the capacitance to be 
2000 μF, and with this capacitance value, the voltage 
ripple is reduced to be less than 3%, the power loss 
is less than 1%. Fig. 3(b) shows the capacitor 
voltages of two PMs in the bottom arm. The voltages 
change from 300 to 292 V and 302 V, respectively, 
which is caused by the MPPT controller. It is known 
that all PV modules still operate at their MPP even 
under partial shading. Fig. 3(c) shows the capacitor 
voltages of two RMs. The value is near 0 V initially, 
and that means the redundancy modules do not work 
under nonshading conditions. After 0.5 s, the 
capacitor voltages of RM1 and RM2 increase to 14, 
5 V, respectively. It means that the redundancy 
module can compensate the voltage loss which is 
caused by partial shading. Fig. 3(d) shows the output 
power waveform of phase A. Its value is about 
4400W before 0.5 s and 2585Wafter 0.5 s. This 
value is very close to the theoretical value, 2602 W, 
which can be calculated. Fig. 3(e) shows the output 
waveforms of the PV module in PM1. The output 
current is 3.65 A initially, and then drops to 0.56 A 
immediately at 0.5 s for the irradiance changing to 
200 W/m2. With the adjustment of MPPT controller, 
the current come back to 0.65Aat 0.52 s. The output 
power is dropped from 1106 to 170Wat 0.5 s and 
come back to 192Wat 0.52 s. These results are very 
close to the theoretical value which justifies the 
effectiveness of the MPPT controller. Note that the 
voltage reference of RMs is 0 V before 0.5 s, but the 
capacitor voltages of RMs cannot be a negative 
value. Hence, during the discharge process, the 
capacitor voltages of the RMs could only be reduced 
to 0 V, and during the charging process, the 
capacitor voltages start to rise. In view of the overall 
process, the average value of the capacitor voltage 
has an offset from zero. The offset is not big, and its 
influence can be ignored. Furthermore, when the 
RMs need to contribute a big voltage compensation, 
the offset will disappear automatically. 
 
Case:2- Some PM is Burnt Out Suddenly  
 

 
Fig:4(a) 
 

 
Fig:4(b) 
 

 
Fig:4(c) 
 

 
Fig:4(d) 
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Fig:4(e) 
Fig:4. Voltage and power waveforms when PM1 is 
burnt out. (a) Capacitor voltages ofPM1and PM2. 
(b) Capacitor voltages of PM3 and PM4. (c) 
Capacitor voltages of RM1 and RM2. (d) Output 
power waveform. (e) Output waveforms of PV 
module in PM1.      
 

In this case, the irradiance of all PMs of 
phase A is set to 1000 W/m2 initially. After 0.5 s, 
the PV module in PM1 is burnt out, and the output 
current of this PV module drops to zero 
immediately. The simulation results are shown in 
Fig. 4. Fig. 4(a) and (b) are the capacitor voltages of 
PMs in upper arm and bottom arm, respectively. The 
voltage of capacitor in each PM is about 300 V 
before 0.5 s, which means that all PV modules work 
at their MPP. After 0.5 s, the capacitor voltage of 
PM1 is slightly decreased to 294 V, and then goes 
back up to300 V at 0.6 s. However, the other PMs 
still work at their MPP, keeping the capacitor 
voltages at 300 V. Fig. 4(c) shows the capacitor 
voltages of RM modules. The capacitor voltages of 
RM1 and RM2 are near 0 V all the time. It is because 
that when any PV module is burnt out, the 
corresponding PM works as a RM. So theoretically 
speaking, the voltage loss can be compensated no 
matter how many PMs are burnt out. Fig. 4(d) shows 
the output power. The value is about 4400W before 
0.5 s and 3300 W after 0.5 s. Fig. 4(e) shows the 
output waveforms of the PV module in PM1. The 
current is 3.6A before 0.5 s, and then drops to zero 
immediately for the reason that the PV module is 
burnt out, and the output power is dropped from 
1106 W to 0 immediately too. These simulation 
results consist with the theoretical analysis well. 
 
Case:3- Partial Shading With the Traditional 
Topology and Control Method  
 

 
Fig:5(a) 
 

 
Fig:5(b) 
Fig:5. Power waveforms with the traditional 
topology and control method. (a) Output power. (b) 
Output voltage of PV array. 
   

In this case, the PV modules are connected 
in series. They are first boosted by a dc–dc chopper, 
and then connected to the grid by MMC circuit. The 
P&O method is adopted for the MPPT control. The 
irradiance of all PV modules is set to be the same as 
that in case 1. The P–U characteristic curve, output 
power waveform, and voltages of PV modules are 
shown in Fig. 5. As can be seen from Fig. 5, the 
output power is about 4400 W initially, and then 
changes to 921 W after 0.5 s. Compared to case 1, 
the output power is almost the same as that of case 1 
before 0.5 s, but is much lower after 0.5 s. The 
reason is that not all PV modules work at their MPP 
under partial shading in the case of using the 
traditional topology and control method. The 
terminal voltage of the series PV branch ultimately 
increases to 1288 V, as shown in Fig. 5(b). Even the 
global MPP is found (point B), for example, take the 
global MPPT method, the output power is about 
1893 W, which is still far less than that of case 1. 
 
Case:4- Some PV Module is Burnt Out With the 
Traditional Topology and Control Method  
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Fig:6(a) 
 

 
Fig:6(b) 
 

 
Fig:6(c) 
Fig:6. Power and voltage waveforms with the 
traditional topology when some PV module is burnt 
out. (a) Output power. (b) Input voltage of the dc–dc 
chopper. (c) DC voltage of MMC.  
 

Suppose all PV modules work at MPPs, the 
terminal voltage of each PV module is Vmpp, the 
number of PV modules is k, then the terminal 
voltage of the series PV branch is kVmpp. When 
some PV module is burnt out, kVmpp will be 
distributed to the rest (k−1) PV modules. Therefore, 
the terminal voltages of the rest PV modules will be 
higher than their MPP voltages, which will decrease 
the output power of the PV system. The simulation 
results are shown in Fig. 6. The output power is 
changed from 4400W (before 0.5 s) to 0W(between 
0.5 and 0.58 s) and then to 3300 W (after 0.58 s). 
Compared with the proposed topology, a gap exists 
in the power waveform, which is due to the intrinsic 
characteristics of the P&O MPPT method. The 
reason is that when some PV module is burnt out, 

the input voltage of the dc–dc chopper will be 
imposed on the new series PV branch with k − 1 
modules, which exceeds the open-circuit voltage of 
the new series PV branch, so the output power is 
zero. At 0.58 s, the input voltage of the dc–dc 
chopper declines to less than the open-circuit 
voltage of the new series PV branch, the output 
power is gradually increased to the new MPP, which 
is 3300 W. If take some intelligent global MPPT 
method, the gap May be narrow, but will not 
disappear. 
   
Case:5- Reconfigure Structure Under Partial 
Shading  
 

 
Fig:7(a) 
 

 
Fig:7(b) 
Fig:7. Power and voltage waveforms with 
reconfigure structure under partial shading. (a) 
Output power. (b) Output voltage of PV array.   
 

So, the global MPPT will be easier to 
realize. The output power is about 4400 W initially, 
and suddenly drops to 0 W, which is because that the 
structure of PV array is reconfigured, and the 
terminal voltage of PV array exceeds its open-circuit 
voltage, as shown in Fig. 7(a) clearly. The terminal 
voltage of PV array is 1195 V before 0.5 s and then 
decreases to 610 V gradually. That means the MPPT 
method converges to point B, and the output power 
of PV array reaches to 2323W, which is more than 
that of traditional topology, but still less than that of 
the proposed topology. 
 

IV. CONCLUSION 
 

A novel topology for the PV array is 
proposed, where a PV module is connected to the 
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capacitor of each submodule of MMC in parallel. It 
aims to improve the output power under partial 
shading by regulating the voltage of capacitor in 
each PM to the MPP voltage of PV module. A RM 
is designed and connected to each bridge arm of the 
MMC to compensate the voltage loss caused by the 
irradiance variation. The proposed PV topology has 
lower voltage stress on switching device and higher 
efficiency. The control strategy has four parts: 1) the 
maximum power tracking controller, 2) the 
redundancy module controller, 3) the voltage 
stability controller, and 4) the grid-connected 
controller. Experimental verifications were 
performed by building a 3-kW PV system 
experimental platform. Simulation results show that 
the proposed topology has the same efficiency as 
that of the traditional topology under nonshading, 
but achieves higher efficiency under partial shading, 
and compared with the reconfiguration structure, the 
proposed topology not only eliminates the 
complexity of the reconfiguration structure, but also 
achieves the ability of higher output power under 
partial shading. 
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