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Power Gain during Partial Shade Condition with Partial Shade Loss 
Compensation in Photovoltaic System
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Abstract – This paper presents an analysis of the power gain under partial shading conditions (PSC) 
when the partial shade loss is being compensated in photovoltaic(PV) system. To analyze the power 
gain, our study divides the mismatch loss into partial shade loss and operating point loss. Partial shade 
loss is defined as the power difference between a normal string and a partially shaded string at the 
maximum power point (MPP). Operating point loss is defined as the power loss due to the operating 
point shift while following the MPP of the PV array. Partial shading in a PV system affects the 
maximum power point tracking (MPPT) control by creating multiple MPPs, which causes mismatch 
losses. Several MPPT algorithms have been suggested to solve the multiple MPP problems. Among 
these, mismatch compensation algorithms require additional power to compensate for the mismatch 
loss; however, these algorithms do not consider the gain or loss between the input power required for 
compensation and the increased output power obtained after compensation. This paper analyzes the 
power gain resulting from the partial shade loss compensation under PSC, using the V–P curve of the 
PV system, and verifies that power gain existence by simulation and experiment.
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1. Introduction

Energy is a vital resource for human activity, and as 
humankind and the industry are progressing, the energy 
requirement has increased. However, fossil energy, which 
is currently the main energy source for human beings, is 
not only the main cause of environmental pollution effects 
such as global warming, acid rain, and microdust, it is also 
close to being exhausted. The increasing global energy 
demands and environmental pollution have motivated 
the research and technological development of renewable 
energies such as bio-energy, solar thermal energy, and 
photovoltaic (PV) energy. Among the renewable energy 
sources, PV energy is an eco-friendly, unlimited energy 
resource. Moreover, it is easy to install, and electrical 
energy can be produced directly from PV modules without 
requiring additional power converters. Therefore, it is 
receiving much attention in the renewable energy field 
[1, 2].

Generally, PV generation systems consist of series-
parallel connections of PV modules as PV strings and PV 
arrays. A PV string connects PV modules in series to obtain 
the desired voltage and a PV array connects PV strings in 

parallel to obtain the desired current. However, the series–
parallel connection has an adverse effect on the PV array 
because of the mismatch losses under partial shading 
conditions (PSC).

The mismatch loss refers to the difference between the 
output power of the PV array and the sum of the expected 
powers from individual PV modules. Internal factors such 
as errors in the manufacturing processes or deterioration 
of the system due to long-term use, and external 
environmental factors such as differences in the altitude 
of module installation, temperature variation, and partial 
shading by clouds or buildings, cause the mismatch loss 
[3-5].

To overcome the problem of partial shading, modified 
versions of conventional MPPT algorithms [6-14] and 
mismatch compensation methods have been investigated 
[15-23]. However, mismatch compensation methods need 
additional power to compensate for the mismatch, which 
these algorithms tend to ignore. In other words, the gains 
and losses between the additional input power required 
for mismatch compensation and the increased power 
output resulting from mismatch compensation should be 
considered.

This paper analyzes the power gain resulting from 
partial shade loss compensation, considering the additional 
input power and increased output power using the V–P
curve, and verifies the existence of power gain. The 
analysis and verification is done through simulations and 
experiment.
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2. Partial Shade Effect in PV String

The factors affecting the PV generation systems are 
irradiance, the number of shaded modules, the inter-
connection statuses of the PV modules, and the bypass 
diode.

2.1 Effect of irradiance change

PV modules are connected in series to obtain the desired 
voltage, and the number of modules is decided by the 
required voltage of the PV generation system. This section 
describes the effect of irradiance changes on a PV string 
composed of 11 modules connected in series [24]. The 
module specifications used in this paper are shown below, 
in Table 1.

In order to analyze the irradiance effect, 10 modules of a 
string are not shaded and one module is shaded by 0 to 
60%. This means that the irradiance that the shaded module 

is exposed to varies from 1000 W/m2 (0 % shading) to 
400 W/m2 (60% shading), where 1000 W/m2 is the 
maximum irradiance. Fig. 1 shows the –V I curve and 

–V P curve for the irradiance change.
Low irradiance reduces the short-circuit current of the 

PV module, which decreases the output power of the PV 
string and creates multiple MPPs in the PV string.

2.2 Effects of the number of shaded modules and 
bypass diode 

To study the effect of the number of shaded modules, 
one to four modules are assumed to be shaded by 40%. Fig. 
2 shows the shading conditions and the V–I, V–P curves at 
that time. ①~⑤ show the cases of different numbers of 

Table 1. PV module specifications

Pmax (maximum power) 250.3 W

Vm (voltage at MPP) 30.9 V

Im (current at MPP) 8.1 A

Voc (open-circuit voltage) 37.6 V

Isc (short-circuit current) 8.6 A
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Fig. 1. Characteristic curves for irradiance change: (a) V–I
curve, (b) V–P curve
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Fig. 2. Characteristic curves for various numbers of shaded 
modules and bypass diode: (a) shading conditions, 
(b) V–I curve, (c) V–P curve
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shaded modules. ⑥ shows the case of one shaded module 
without a bypass diode, to check the bypass diode effect.

As the number of shaded modules increases, the short-
circuit current decreases. When the operating voltage of a 
string becomes lower than the open-circuit voltage of a 
shaded module, the shaded module will be deactivated and 
the current will flow through the bypass diode. When a 
series-connected string is partially shaded, the short-circuit 
current of the string will be reduced, a reverse bias will be 
applied to the shaded module, and the bypass diode will be 
forward biased. The voltage and current at the MPP are 
determined by the number of normally operating modules.

Without the bypass diode, as shown in condition ⑥, the 

PV string will operate according to the worst characteristic 
of the shaded modules. Irreversible damage may be caused
to the shaded modules by the hot spots in the PV string 
[25].

2.3 PV array characteristic at PSC

PV strings are connected in parallel to produce the
required current. Fig. 3 shows the PV array connection [24].

The V–P curve and V–I curve of the PV array are 
expressed as the summations of the strings’ V–P curves and 
V–I curves, respectively. Fig. 4 shows the V–P curve and 
V–I curve of the PV array, when one module and two 
modules are shaded at 60% in string2.

A PV array consists of PV strings connected in parallel, 
which operate at the reduced voltage of the shaded strings 
because of the parallel connection. It demonstrates two 
or more MPPs, depending on the number of shaded 
modules and the degree of shade. The presence of multiple 
MPPs depends on the number of shaded modules and the 
depth of the shading. Therefore, it is difficult to apply the 
conventional MPPT algorithms to the PV arrays under PSC, 
because conventional MPPT algorithms are based on the 
existence of a single MPP [26-30]. Therefore, the use of 
mismatch compensation methods has been suggested to 
remove the partial shading effect [15-23].

3. Review of Conventional Partial Shade 

Compensation Algorithms

To overcome the partial shading effect, several methods 
have been studied, such as MPP search algorithms [6-14], 
PV module reconfiguration method [31-33], and mismatch 
compensation method [15-23].

The mismatch compensation method properly solves the 
partial shading effect. However, this method tends to 
ignore the additional power required. In other words, in 
order to remove the partial shading effect, additional power 
is required. Therefore, considering the relationship between 
the additional input power for mismatch compensation and 
the increased output power resulting from partial shade 
compensation is necessary.

This chapter reviews the conventional mismatch 
compensation methods.

3.1 PE

The power equalizer (PE) eliminates the multiple MPPs 
commonly associated with the partial shading in PV arrays 
[15]. It removes the multiple MPPs by equalizing the 
overall power of the PV modules using only one inductive 
storage element. Fig. 5 gives an overview of the PE system.

The control algorithm of the equalizer is based on how 
the transistors would be activated and the information 
retrieved using the sensor.

String1 String2

11 modules

Fig. 3. PV array

No shade

One PV shade

Two PV shade

Voltage[V]

P
ow

er
[W

]

  (a)

Voltage[V]

C
ur

re
nt

[A
]

No shade

One PV shade

Two PV shade

  (b)

Fig. 4. Array curves: (a) array V–P curve, (b) array V–I
curve



Power Gain during Partial Shade Condition with Partial Shade Loss Compensation in Photovoltaic System

772 │ J Electr Eng Technol.2018; 13(2): 769-780

Fig. 5. Equalizer topology and a simplified MPPT [15]

The topology of the equalizer system is shown in Fig. 5.
The dc/dc converter for MPPT is modeled as a current 
source. The PE redistributes the generated power between 
the normal modules and shaded modules, using a single 
inductor and a current inverter topology.

The single inductor can be charged by the available 
voltage of any unshaded module. The stored power is then 
used to support the shaded modules by connecting the 
inductor parallel to them, thus creating an alternative path 
for the excess MPPT current.

This method has the disadvantage that it requires too 
many components. Even though it needs only one inductor 
as a power storage element, it requires many diodes and 
transistors.

3.2 Mismatch compensation converter

Irregular modules generate currents that are different 
from those generated by a normal module in a PV string. 
An irregular module is defined as a shaded module or a 
module that has deteriorated with age. When the current of 
an irregular module is less than the current of a normal 
module, mismatch loss occurs and it makes the MPPT 
control difficult because of the presence of multiple MPPs. 
However, if the current of an irregular module is larger 
than the current of a normal module, the mismatch loss can 
be neglected.

When the current of the irregular module becomes the
same as the current of the normal module, the mismatch 
loss is reduced. To reduce the mismatch loss, a mismatch 
compensation converter (MCC) is added parallel to the 
irregular module [16, 17]. Fig. 6 shows the MCC system 
structure.

The string voltage is always greater than the module 
voltage so the step-down converter was used for MCC.

To compensate for the partial shading, the converter 
must be controlled so as to compensate for the current 
difference cI  between the irregular module and the 
regular module.

However, the module current is not consistent, as it 

varies with the irradiance. It changes from time to time 
according to the irradiance conditions. Setting the reference 
current is thus difficult. To compensate for the partial 
shading optimally, the irregular module should operate at 
MPP. The MCC is controlled to produce an output voltage 
that is identical to the MPP voltage.

However, it is impossible to connect an MCC that was 
installed parallel to an irregular module, to another module, 
instantaneously, when the shading conditions change and 
another module is shaded. Therefore, this method can be 
used for improving the power generation efficiency of a 
newly installed PV system and for maintaining an existing 
system.

3.3 Power compensation control system

The basic idea of the power compensation strategy is to 
feed the bias voltage into the shaded PV block so that it 
generates maximum power at the same operation voltage 
as the other blocks [18-23].

Fig. 7 shows the electrical double-layer-capacitor power 
strategy [18-21].

The shaded string is identified by comparing the string 
currents. The current of the string containing the shaded 
module will be lesser than that of the other strings. The 
string is selected by a relay, and is fed a bias voltage bV .
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The inverter DC-link voltage, which directly reflects the 
operation voltage of the PV array, is adjusted to the 
reference voltage drefE  while the chopper circuit controls 
the operation voltage of string1.

The operation voltage of string1 can be adjusted to its 
optimum value, using the bias voltage. The chopper circuit 
controls the bV  from the DC-link voltage. The chopper 
duty cycle is determined by MPPT1, based on the DC-link 
current dI . fL  and fC  are the filtering components 
for the chopper input current cI , and fR  is a damping 
resistor for the filter circuit.

The reference voltage drefE  must be controlled to be 
higher than the AC line voltage and the optimum voltage 
of the string. Generally, the reference voltage does not 
change widely, because of the capacitor dC . Therefore, the 
reference voltage is determined by adding a compensating 
voltage drED  to the DC voltage drE , based on a practical 
value. drED  is regulated by MPPT2 that has the same 
input as MPPT1.

It means that the two MPPT controllers are implemented 
with one input value. In order to control both MPPTs 
independently, but simultaneously, the MPPT2 time 
constant must be sufficiently faster than the MPPT1 time 
constant.

However, if there are partial shadings in more than one 
PV string, the bias voltage has to be controlled separately, 
as the strings need to be supplied with different voltages 
depending on the depth of shading.

For this reason, a voltage-based power compensation 
system was proposed [22, 23]. The basic idea of voltage-
based power compensation is to feed a bias voltage, 
using a dc/dc converter, similar to the electrical double-
layer-capacitor method. However, the difference from the 
electrical double-layer-capacitor method is that the voltage-
based power compensation method feeds a bias voltage to 
each PV string, instead of feeding a single PV string. Fig. 8 
shows the voltage-based power compensation system.

This method is aimed at recovering the powers of the 
normal PV modules into the system, completely, by 
deactivating the shaded modules, using bias voltages. The 
important decision is how many modules need to be 
deactivated in each string. This is required to determine the 
bias voltage that is to be applied to each shaded PV string.

The bias voltage can be defined as the voltage required 
to shift the operating voltages of the normal modules to 
the MPP voltage. The operating voltages of the normal 
modules become higher than the MPP voltage, and 
simultaneously, the operating voltages of the shaded 
modules become lower than the MPP voltage, irrespective 
of whether the corresponding bypass diodes are completely 
forward biased or not.

The different voltages of the different modules in a 
string can be a clue to decide the bias voltage. For this, 
the operating voltage of each module is monitored and 
compared. Thus, each string can be fed a different bias 
voltage. The decision unit supplies the reference voltages 

refV for the dc/dc converter by comparing the module 
voltages in each string separately. The shaded modules are 
deactivated by forward biasing the corresponding bypass 
diode with the bias voltage. This method senses only the 
voltage and does not require current sensors.

Although, voltage-based power compensation has 
relatively low control complexity, it requires many sensors 
to monitor all PV modules. More importantly, this method 
completely deactivates the shaded modules, using a bias 
voltage; therefore, the gain and loss between the input 
power corresponding to the bias voltage and the increased 
power resulting from the recovered power of the normal 
modules must be considered.

So far, this paper has been reviewing the conventional 
mismatch compensation methods. Even though these 
methods have advantages and disadvantages, they properly 
compensate the mismatch losses by eliminating the 
multiple MPPs. However, these methods tend to focus on 
mismatch compensation by removing the multiple MPPs. 
They do not consider the gains and losses between the 
input power for compensation and the increased power by 
compensation. Therefore, these gains and losses are 
analyzed as a power gain concept in the following sections.

4. Analysis of Power Gain through Partial Shade 

Compensation

4.1 Power gain analysis

This section analyzes the power gain resulting from the 
partial shade loss compensation, using the V–P curve of the 
PV array. The above-mentioned mismatch compensation 
algorithms used additional power to eliminate the partial 
shade effect or to compensate for the mismatch loss. 
However, they did not consider the gain and loss caused by 
this additional input power. In other words, they focused 
only on removing the multiple MPPs by compensating for 
partial shade losses. Therefore, this section studies the 
resulting power gain by analyzing the partial shade loss 
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using the V–P curve.
To analyze the power gain, only string2 has shaded PV 

modules in the structure presented in Fig. 3. The string 
consists of 11 PV modules in series and the PV array 
consists of several strings in parallel. The power gain is 
analyzed for the four cases described below:

1) One PV module shaded at 60%.
2) Two PV modules shaded at 60%.
3) Two PV modules shaded at different degrees of 60% 

and 10%.
4) One PV module shaded at 60% in a three-string array.

The power gain is calculated by comparing the V–P
curve of each string. To analyze the power gain, this paper 
uses the partial shade loss and operating point loss 
concepts. The partial shade loss is defined as the power 
difference between the normal string and the partially 
shaded string at each MPP. The operating point loss is 
defined as the power loss caused by the operating point 
change of each string in accordance with the MPP of the 
PV array under PSC.

Fig. 9 shows the V–P curve of analysis case 1. The V–P
curve of the PV array is drawn at a scale that is half of that 
of the PV string. Thus, A, which is the MPP of the PV 
array without shade is identical to A’, which is the MPP of 
string1 and string2 under normal conditions. B is the MPP 
of the PV array when the PV array has one shaded module 
in string2. When one module is shaded in the string, neither 
string1 nor string2 can operate at MPP. String1 also 
demonstrates power losses because of the operating point 
variation.

The power difference between the MPPs A and B of the 
PV array is 364 W. It exceeds 250 W, which is the power of 
one PV module used in this paper. The difference between 
string1’s MPP A’ and string2’s MPP B2’ is 256 W. It is 
caused by the partial shade loss, but string1 and string2 
have additional power losses caused by the operating point 
changes of 74 W for string1 and 34 W for string2. This 
additional loss is defined as the operating point loss. The 
operating point is changed from A’ to B1 for string1 and 
from B2’ to B2 for string2. The mismatch brings about an 

additional power loss of 108 W between string1 and string2 
because of the operating point change.

It is clear from the analysis case 1 that power gain is 
present when compensating for the partial shade loss. For 
this case, we can obtain a maximum power gain of 108 W 
by compensating. It means that, if we compensate 256 W 
for partial shade loss, the power increases to 364 W and the 
power gain becomes 108 W. The power gain is due to the 
operating point changes in string1 and string2, after 
recovering the operating point losses.

Fig. 10 expresses the V–P curve of analysis case 2. The 
V–P curve of the PV array is drawn at a scale that is half of 
that of the PV string, similar to analysis case 1.

The power difference between the MPPs C and D of the 
PV array is 858 W. It exceeds 500 W, which is the power of 
two PV modules used in this paper. The partial shading 
creates a difference of 511 W between the string1 MPP C’ 
and the string2 MPP D2’. The operation point variation 
from C’ to D1 and D2’ to D2 brings about a 294 W loss for 
string1 and 53 W loss for string2, as the operating point 
losses.

Similar to the analysis case 1, the power increases to 858 
W by compensating 511 W for partial shade loss. It means 
that we can get a maximum power gain of 347 W for this 
case.

Case 3 has two differently shaded modules in string2. 
Fig. 11 shows the V–P curve for case 3.

The V–P curve of the PV array is drawn at a scale that is 
half of that of the PV string, as in analysis case 1.

The power difference between the MPPs E and F of the 
PV array is 256 W. The partial shade loss is 180 W, which 
is the difference between the string1 MPP E’ and the 
string2 MPP F2’. The operation point variations from E’ to 
F1 and F2’ to F2 bring about a loss of 64 W for string1 and 
12 W for string2, as the operating point losses.

In this case, the power can be increased to 256 W by 
compensating 180 W for the partial shade loss. Therefore, 
the power gain can be a maximum of 76 W. When more 
than two modules are shaded, the partial shade loss and 
operating point loss depend on the status of the bypass 
diodes of the shaded modules. If all bypass diodes are 
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activated, the power gain will be the same, irrespective of 
the amount of shading. However, if at least one bypass 
diode is not forward biased, the power gain and required 
compensation power will be reduced as analysis case 3.

For the analysis case1 and case2, the output power after 
compensation is the same with the condition without 
partial shade. However, this case the output power after 
compensation is still less than the normal, but the power 
gain become maximum. If we compensates more than the 
partial shade loss to make the same output power with 
normal condition, the power gain becomes negative.

Fig. 12 shows the analysis case 4, which consists of 
three PV strings connected in parallel. This case is similar 
to analysis case 1, but the power loss due to mismatch 
and operating point variations is greater than that in case 1.

The V–P curve of the PV array is drawn at a scale that is 
one third of that of the PV string, similar to analysis case 1.

The power difference between the MPPs G and H of PV 
array is 429 W. It exceeds 250 W, which is the power of 
one PV module used in this paper. The partial shade loss is 
256 W, which is the difference between the string1 MPP G’ 
and the string2 MPP H2’. The operating point of string1 
changes from G’ to H1, causing a power loss of 93 W. The 
operating point of string2 also changes from H2’ to H2, 
causing a power loss of 80 W, as the operating point loss.

In this case, the power can be increased to 429 W by 
compensating 256 W for partial shade loss. Thus, the 
power gain is a maximum of 173 W.

From above analysis cases, it can be inferred that power 
gain can be achieved by compensating for the partial shade 
loss when a PV string of a PV array is under PSC.

Table 2 shows a summary of the analysis conditions.
Partial shading affects the V–P curve of the PV array.

It causes variations in the operating point of each string 
in a PV array. As a result, each string operates far from 
each MPP, and causes large operating point losses. The 
output power can be increased to a value more than the 
input power, for partial shade compensation, since the 
compensation power changes the operating points of all 
strings. Power gain is the power resulting from the 
operating point variations of the strings, owing to power 
compensation.

From the results of the analysis cases, it can be observed 
that the power gain increases as the number of shaded 
modules increases and as the number of strings increases. 
However, when more than two modules are shaded 
differently, the MPP of the PV array is varied according to 
the number of bypass diodes that are activated. If all 
bypass diodes of the shaded modules are activated, the 
power gain will be the same, irrespective of the depth of 
shade. However, the power gain could be negative under 
complex shade condition by compensating more than 
partial shade loss.

Finally, the power gain can be maximized by 
compensating for as much partial shade loss as possible.

4.2 Verification of power gain

The power gain is confirmed after serial compensation 
of the partial shading, by simulation using MATLAB/
SIMULINK. The specifications of the module used in this 
simulation are the same as those presented in Table 1. Fig. 
13 shows the partial shade loss compensation structure 
used in this paper.

Serial partial shade compensation has several advantages 
with respect to its structure. The control complexity of 
this structure is simpler than that of other structures, as it 
uses an additional dc/dc converter for partial shade 
compensation. This is a very secure structure because it 
inserts a diode in the main current path to bypass the 
current during a relay change and it reduces the voltage 
across the relay to the diode forward-bias voltage. 
Moreover, this structure has versatile applications in the 

0 50 100 150 200 250 300 350 400
0

500

1000

1500

2000

2500

3000
E

E'

F2
F2'

F

F1

Voltage[V]

P
o

w
er

[W
]

PV array
string2 F=5066 W

E=5322 W

Fig. 11. Analysis case 3

0 50 100 150 200 250 300 350 400
0

500

1000

1500

2000

2500

3000

PV array
string2 B=7791[W]

A=8220[W]

G

G'

H1

H
H2H2'

Voltage[V]

P
ow

er
[W

]

Fig. 12. Analysis case 4

Table 2. Power gain summary for analysis cases.

Compensation
Power [W]

Increased Power
[W]

Power
Gain [W]

Case 1 256 364 108

Case 2 511 858 347

Case 3 180 256 76

Case 4 256 429 173
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installed conventional PV power generation systems, as it 
compensates for partial shade loss without connecting an 
inverter or MPPT controller.

Fig. 14 shows the simulation results for analysis case 1 
with serial compensation structure.

One module in string2 of the array was shaded, and 
the partial shade loss was compensated at 1 s. Before 
compensation, the array output power was 5116 W, and 
after compensation, the output power was 5480 W. The 
power increased by 364 W, whereas the compensation 
power was 256 W. Thus, the power gain was 108 W.

Fig. 15 shows the simulation results for analysis case 2 
with serial compensation structure.

Two modules in string2 of the array were shaded, and 
were compensated at 1 s. Before compensation, the array 
output power was 4622 W, and after compensation, the 
output power was 5480 W. The output power increased 
by 858 W, while the compensation power was 511 W. 
Accordingly, the power gain was 347 W.

Fig. 16 shows the simulation results for analysis case 3 
with serial compensation structure.

Two modules in string2 of the array were shaded
differently, and were compensated at 1 s. Before 
compensation, the array output power had been 5066 W, 
and after compensation, the output power was 5332 W. The 

output power increased by 256 W, while the compensation 
power was 180 W. Thus, the power gain was 76 W.

If the compensation power was more than the partial 
shade loss, even though the output power is the same with 
normal condition power the power gain became negative.
The power gain from compensation2 in Fig. 16 was -97 
W(5480W – 5066W – 511W).

Fig. 17 shows the simulation results for analysis case 4 
with serial compensation structure.

The array consisted of three strings, with one module in 
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string2 shaded, and it was compensated at 1 s. Before 
compensation, the array output power was 7791 W, and after 
compensation, the output power was 8220 W. The output 
power increased by 429 W, whereas the compensation 
power was 256 W. Thus, the power gain was 173 W.

The simulation results of the power gain with serial 
compensation structure validate the analyzed result. The 
power gain increases as the number of shaded modules 
increases, depth of shading increases, and number of 
strings increases. Also, the power gain could be negative 
as case 3 by compensating more than partial shade loss. 
When the modules are shaded differently, the power gain 
is increased according to the number of forward-biased 
diodes.

4.3 Experiment result

The power gain existence by power compensation 
during PSC in PV system was verified with experiment. 
The experiment system consists of PV array, power 
compensator and inverter. The structure of PV array is the 
same with Fig. 3 and the parameter of PV module is the 
same with table 1. The maximum output power of PV array 
is 5.5 kW.

Fig. 18 shows the PV generation system structure.
To make the partial shade condition, one PV module of 

string1 made 30% ~ 100% artificial shade by covering the 
PV module. Since we use commercial inverter, the inverter 
tries to control MPPT when climate condition varying, so 
we compensated the partial shade loss after the system 
stabilized by serial voltage compensation.

When 30% shaded, the output power was around 3095 
W. The power increased to 3284 W after 97.35 W com-
pensation with 17.7 V serial voltage. The power increment
was 184 W so the power gain was 91.65 W.

When 60% shaded, the output power was around 3069. 

The power increased to 3243 W after 92.88 W com-
pensation with 17.2 V serial voltage. The power increment
was 174 W so the power gain was 81.12 W.

When 100% shaded, the output power was around 

(a)                       (b)

(c)                       (d)

Fig. 18. PV system: (a) PV system image view, (b) PV 
array, (c) inverter, (d) power compensator
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3092. The power increased to 3286 W after 99.12 W 
compensation with 17.7 V serial voltage. The power 
increment was 194 W so the power gain is 94.88 W.

Fig. 19 ~ Fig. 21 shows the experiment result from 30% 
shade to 100% shade. Table 3 shows the inverter voltage, 
strings current and compensation voltage.

Table 3 shows the experiment result summary.
When one module was shaded the power gain was 

similar as around 90 W. The power gain of 60% shaded 
condition was a little bit lower than other result. It might be 
complex shade was occurred on PV system by climate 
change during the experiment.

By the way, when one module was shaded, the 
compensation voltage was similar to 17 V. From the 
experimental result, the power gain existence was verified 
by the partial shade loss compensation.

5. Conclusion

This paper analyzed the power gain under PSC after 
partial shade loss compensation. Partial shading created 
multiple MPPs in the PV array, and thus, the conventional 
MPPT controllers failed to track the MPP as they were 
designed for uniform irradiance conditions. To solve the 
multiple MPP occurrence, mismatch compensation methods
were proposed. However, the mismatch compensation 
methods did not consider the gains and losses resulting 
from the supply of additional input power for compensation.

Therefore, this paper analyzed the power gain, by 
comparing the input power for compensation and the 
increased output power resulting from compensation. The 
loss by partial shading was divided as partial shade loss 
and operating point loss. The partial shade loss was defined 
as the power difference at MPP between a normal string 
and a partially shaded string. The operating point loss was 
defined as the power loss in the strings caused by an 
operating point change due to the MPP of the PV array.

As a result, the power gain was found to be caused by 
both partial shade loss compensation and operating point 
loss. The operating point of each string was changed by 
the partial shade loss compensation for the shaded string. 
Therefore, the power gain could be maximized by 
compensating for as much partial shade loss as possible. 
The power gain could be negative by compensating more 
than partial shade loss especially under complex shade 

condition. When one module was shaded, it requires the 
similar compensation power and serial voltage.

Finally, the power gain existence was confirmed through 
simulations and experiment. The serial power compensator 
has several advantages in terms of structure, such as simple 
control complexity, safety, and versatile applications.
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