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Abstract— This paper analyzes the operation of PV modules in 
islanded paralleled PV applications under different solar 
irradiance condition in detail. When the batteries in the system 
are fully charged, the PV panels only need to generate power 
depending on the load and may not necessarily track the 
maximum power point (MPP), which exists extensively. In order 
to optimize the system efficiency in this situation, an efficiency-
based model is built and a control strategy that can distribute 
the output power of different PV modules to find minimum total 
loss of the system is proposed. The system efficiency can be 
optimized adaptively under different load and irradiance 
condition with the proposed strategy. A distributed system 
prototype with three converters in parallel has been built and 
tested. The experimental results verified the benefits of the 
proposed strategy. 

Keywords---- islanded paralleled PV applications; micro-
converter; system efficiency; power distribution. 

I. INTRODUCTION 

The applications of distributed photovoltaic (PV) 
generation systems based on micro-converters are increasing 
rapidly nowadays. In such systems, modules with PV panels 
and high step-up converters are connected in parallel to offer 
power to a high voltage DC bus and energy storage units like 
batteries and super capacitors are also required. 

The intended operation of the PV system can be divided 
into two operating conditions: grid-connected system and 
islanded system [1]. In the grid-connected systems, the DC 
bus is connected to a centralized inverter which supports the 
main grid. In this configuration, the system can exchange 
power with the main grid and all PV modules work at 
maximum power point (MPP). The islanded systems are 
widely applied in remote places where no main grid is 
available or the quality of the power grid is not guaranteed, 
such as the mountain areas, islands or even space stations. Fig. 
1 shows the structure of a typical islanded distributed PV 
system. Compared to the conventional centralized, string and 
multi-string structure, the paralleled micro-converters own 
several advantages such as higher MPPT efficiency, more 
flexibility in the system expansion, less installation and 
manufacturing cost in mass production. 
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Fig. 1  Structure of an islanded distributed PV system 

Much effort has been paid to the current share of 
different modules in paralleled applications [2]-[5]. However, 
these researches mainly focus on improving the stable and 
dynamic performance and most assumption is that load is 
equally distributed in different modules. However, the loss of 
single converter varies when its load changes, so different 
load distribution can cause different total loss of the system. 
Hence the total loss of equal distribution is not necessarily to 
be minimum and the system efficiency is not optimal. Phase 
shedding can improve the system efficiency for the multi-
phase converters [6], an improved control scheme without the 
communication signals is analyzed in [7], an accurate 
parameter analysis to minimize loss is proposed in [8] and 
game theoretic approach is applied in [9]. However, these 
control techniques are not suitable for PV applications with 
wide input voltage range due to irradiance condition, so it is 
desired that a control strategy can adjust adaptively to find 
the minimum total loss and optimize the system efficiency 
when irradiance condition changes. 

In order to solve the problems, a control strategy for 
islanded paralleled PV applications is proposed to optimize 
the system efficiency of the system in this paper. 

II. OPERATION OF PV MODULES UNDER DIFFERENT SOLAR 

IRRADIANCE CONDITION 

The characteristic equation for the PV model is given by  
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where I and V are the output current and voltage of PV 
panels, ILG is the light-generated current, Ios is the reverse 
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saturation current, A=1.92 is the ideality factors, K is 
Boltzmann’s constant, q is the electronic charge, Rs is the 
series resistance, Rsh is the shunt resistance, ISCR is the short-
circuit current at 25 °C and 1000 W/m2, KI=0.0017 A/°C is 
the short circuit current temperature coefficient at ISCR, T is 
the PV cell temperature, E is the solar irradiance in W/m2. 

It can be seen from (1) and (2) that the output power is 
approximately proportional to solar irradiation E [10]. 

The average irradiance per day varies in different seasons. 
Table I shows the average solar irradiance per day of Lhasa in 
Tibet, China in different months, 2002. It is observed that the 
lowest irradiance in December is much less than the highest in 
June so the ability for the PV panels to power the load is 
weakest in December and strongest in June. 

Table I Average solar irradiance per day in different months in Lhasa 

Month 1 2 3 4 5 6 
Irradiance 
(MJ/m2) 

15.82 18.00 20.32 22.22 24.68 26.19

Month 7 8 9 10 11 12 
Irradiance 
(MJ/m2) 

22.20 22.29 20.80 19.99 17.11 14.96

In order to guarantee that the system can operate 
normally in all months, the rated output power of the PV 
panels should be designed to supply the load in the worst 
irradiance month. As a result, in the months with the 
abundant solar irradiance, the maximum output power of the 
PV panels is highly possible to be more than the demand of 
the load. 

In the period of one day, the solar irradiance can be 
simulated as a sinusoidal function [11]. Fig. 2 illustrates the 
operation of a PV system as shown in Fig. 1 in 24 hours based 
on the data in Lhasa above. Assuming that the load is constant 
as 167W and the output power of the PV panels is the 
sinusoidal line and the maximum output power is 1000W. 
Region I and Region II are the energy supplied to the load by 
the batteries and the PV panels respectively. Region III is the 
energy that the PV panels charge the batteries. The shaded area 
of Region III should be equal to that of Region I since the 
discharged energy and charged energy into the batteries has to 
be equal. 

 
Fig. 2  Operation condition of the PV panels in one day 

Before t1 and after t5, the PV panels cannot produce power 
and the load is fed by the batteries. From t1 to t2 and t4 to t5, 
maximum output power of the PV panels is less than the 
demand of the load, so the PV panels and the batteries provide 
the power to the load together. From t2 to t3, maximum output 
power of the PV panels exceeds the demand of the load, so the 

PV panels feed the load and charge the batteries at the same 
time. At t3, the batteries have been fully charged, so from t3 to 
t4, the PV panels only need to generate power depending on the 
load which is 167W though they have the ability to export 
more power as the red dotted line. 

In Fig. 3, Part A is the total output time of the PV panels 
(t1 to t5 in Fig. 2) and Part B is the time that PV panels do not 
need to track MPP (t3 to t4 in Fig. 2) per day in different 
months. It can be seen that in June, Part A is 10.16h while Part 
B is 5.45h. Except December, Part B exists in every month. 
During a year, Part B makes up 38% of Part A. So the 
operating condition where the PV panels do not need to track 
MPP exists widely in such islanded PV applications. Therefore, 
it is beneficial to optimize the system efficiency in this 
situation. 

 
Fig. 3  Time of the PV panels without tracking MPP per day in different months 

III. PROPOSED EFFICIENCY MODEL AND CONTROL STRATEGY 

A. Proposed Efficiency Model under Different Load and 
Irradiance Condition 

Table II Nomenclature 

pCo 
Output power of
single converter ηC Efficiency of single

converter

po Total output power pCin 
Input power of single

converter

pPV Output power of PV
panels pin Total input power 

vCin 
Input voltage of
single converter vPV 

Output voltage of PV
panels

η System efficiency iCin 
Input current of single

converter

iPV Output current of PV
panels E Solar irradiance 

The efficiency curve of the individual converters can be 
fitted as a function of pCo and vCin 

 (3)  

pCin is equal to pPV and is directly related to E. So pCin can 
be expressed as a function of vCin and E 

 (4)  
E is hard to measure, since for a PV panel, there is a one-

to-one correspondence between E and the combination of vCin 
and iCin, combining (3) with (4) to eliminate E, the function of 
the efficiency curve can be expressed as 

 (5)  
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In a system consisting of n PV modules, the system 
efficiency η can be expressed by 

(6)  

When the demand of the load is certain, the maximum 
efficiency means the minimum loss and input power. So the 
aim of the control strategy is to distribute the load and find the 
point of minimum input power Pin_min. 

B. Control Structure and Proposed Control Strategy 

Fig. 4 shows the control structure and the master-slave 
mode is used. The PV panels and the converters are the slave 
units that are connected in parallel to the DC bus. The total 
output power Po is examined and transferred to master control 
unit. The master unit calculates the distributed current 
according to Po and vCin, iCin of each PV panel and sends the 
reference pCo_r to each converter to realize the distribution. 

 
Fig. 4  Control structure 

 

Fig. 5  Diagram of proposed control strategy 

Fig. 5 shows the diagram of the proposed control 
strategy. When an additional PV module is plugged into, the 
master unit initially calculates the functions of h (pCo, vCin, iCin) 
according to the data integrated in the PV module. Each 
combination of vCin and iCin corresponds to a unique 
irradiance condition. Then the master unit saves these 
functions into its storage preparing for calculating the load 
distribution. After the system starts operating, the master unit 
obtains information of Po, vCin and iCin from the load and each 
module in real time. Then the master unit callouts the 
corresponding h (pCo, vCin, iCin) of each module from the 
storage and calculates the minimum input power Pin_min by 
Lagrange multiplier method according to (4) and get the 
output power distribution. The converters operate according 
to the distribution reference pCo_r given by the master unit. 
When Po or vCin, iCin changes, the master unit re-callouts the 

functions and calculate the optimal load distribution again. So 
the proposed strategy can keep the system operating at 
highest efficiency point to a greatest extent when the load and 
irradiance condition changes. 

C. Description of the Converter Applied in the Strategy 

The high voltage-gain LLC converter proposed in [12] is 
used. Fig. 6 and Fig. 7 illustrate the main circuit and the tested 
efficiency of the converter respectively. 

 
Fig. 6  Main circuit of high voltage-gain LLC converter 

 
Fig. 7  Efficiency of the converter under different input voltages 

Fig. 8 shows the curves of function h under different 
solar irradiance. It can be seen that different irradiance results 
in different curves. 

 
Fig. 8  Curves of h under different irradiance 

D. Simulation Results and Discussion 

A simulation system model is established in Matlab. In 
the system, three 200W converters in [12] operate in parallel 
and the control strategy above is applied. Fig. 9 to Fig. 11 
illustrate the load distribution among three converters and 
comparison of system efficiency between proposed control 
strategy and equal distribution method under different 
irradiance, where Ei (i=1, 2, 3) represents the solar irradiance 
on each PV panel. 
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(a) Load distribution among three converters 

 
(b) Comparison of system efficiency 

Fig. 9  Load distribution and comparison of system efficiency when E1= E2= 
E3=1000 W/m2 

 
(a) Load distribution among three converters 

 
(b) Comparison of system efficiency 

Fig. 10  Load distribution and comparison of system efficiency when E1= 
E2= E3=500 W/m2 

 
(a) Load distribution among three converters 

 
(b) Comparison of system efficiency 

Fig. 11  Load distribution and comparison of system efficiency when 
E1=1000 W/m2, E2=950 W/m2, E3=900 W/m2 

Table III lists the load distribution which corresponds to 
Fig. 10 (a). There are five periods and the load distribution in 
each period is calculated by the control strategy. 

Table III Load distribution of three converters when E1= E2= E3=500 W/m2 

Po (W) Load of #1 (W) Load of #2 (W) Load of #3 (W)
60–100 Po 0 0 
101–154 Po/2 Po/2 0 
155–200 100 Po-100 0 
201–218 Po/3 Po/3 Po/3 
219–300 100 (Po-100)/2 (Po-100)/2 

In Fig. 9 (a) and Fig. 11 (a), when the irradiance from 
1000 W/m2 changes to 950 W/m2 and 900 W/m2, there is a 
great difference in load distribution. From Fig. 9 (b) to Fig. 11 
(b), the system efficiency is improved significantly especially 
under light load. 

E. Application Extension 

The proposed strategy can also extend to general 
paralleled applications. When the paralleled converters with 
different topologies and power ratings are operating, the 
strategy can be applied. Besides the 200 W high voltage-gain 
LLC converter in [12], another two converters in [13] and [14] 
are applied and their power rating is 250W and 100W. Fig. 12 
shows the efficiency curve of the converters. 

 
Fig. 12  Efficiency of three converters 

Fig. 13 illustrates the load distribution among three 
converters and Fig. 14 illustrates the comparison of system 
efficiency between proposed control strategy and equal 
distribution method. It is noted that the strategy improves the 
system efficiency significantly. 
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Fig. 13  Load distribution among three converters 

 
Fig. 14  Comparison of system efficiency 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

To verify the functionality of the proposed strategy, a 
distributed system has been built. The system consists of three 
paralleled 200W high voltage-gain LLC converters proposed in 
[12] and applied the proposed control structure and strategy. 
The photo of the system is illustrated in Fig. 15. The irradiance 
of the three converters is 1000 W/m2, 950 W/m2 and 900 W/m2 
respectively. 

 
Fig. 15  Photo of the system 

Fig. 16 highlights ZVS and ZCS of the LLC converter for 
high efficiency. 

 
Fig. 16  ZVS and ZCS of the converter 

Fig. 17 illustrates the load distribution that agrees with the 
simulation result of Fig. 11 (a). When the load is 300 W, the 
load distribution of three converters is 130 W, 90W and 80W 
respectively, and the magnitude of current through the output 
diodes of the three converters in Fig. 18 can verify the load 
distribution. When the load is 200 W, the irradiance of the 
module is 900 W/m2 is cut off and the load distribution of the 
rest two modules is 120 W and 80 W. When the load is 100 W, 
only the module with irradiance of 1000 W/m2 is operating. 
The load distribution can also be observed from Fig. 19 and Fig. 
20. 

 
Fig. 17  Load distribution among three converters 

 
Fig. 18  Current through output diodes when Po is 300 W  

 
Fig. 19  Current through output diodes when Po is 200 W 

 
Fig. 20  Current through output diodes when Po is 100 W 

Fig. 21 shows the comparison between tested system 
efficiency with the proposed strategy and equal distribution 
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method under different irradiance. It is observed that the 
strategy can improve the system efficiency significantly. The 
improvement is 6.1% and 6.4% when the irradiance is 1000 
W/m2 and 500 W/m2 respectively. 

 
(a) E=1000 W/m2 

 
(b) E=500 W/m2 

Fig. 21  Comparison between tested system efficiency with the proposed 
strategy and equal distribution method 

V. CONCLUSION 

In this paper, the operation of the PV modules in islanded 
paralleled PV applications is analyzed in detail and the result 
shows that with the irradiance condition changing, the situation 
exists extensively in which the PV panels do not need to 
operate at MPP. In order to optimize the system efficiency in 
this situation, an optimized efficiency-based model is built and 
a control strategy to distribute the load of different PV modules 
is proposed. With the strategy, the system efficiency can be 
optimized adaptively under different load and irradiance 
condition and the strategy can be extended to more general 
application cases. Compared to the traditional equal 
distribution control, the efficiency improvement with the 
proposed control is 6.1% and 6.4% when the irradiance is 1000 
W/m2 and 500 W/m2 respectively. 
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