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Abstract. Solar photovoltaic (PV) systems continue to be the most prevalent renewable energy resource
despite the presence of numerous limitations. A power discrepancy between PV modules on a large scale
may result in power dissipation throughout the entire PV system. This particular paper proposes an efficient
multi-port converter for distributed maximum power point tracking operation (D-MPPT) for a solar PV
system. The operation details of the proposed multi-port converter along with analytical waveforms are
presented in this paper. To implement the D-MPPT approach in the proposed multi-port converter, a detailed
analysis of mathematical modeling of solar PV systems with a mismatch of PV power and voltage stabilization
approach is done. In addition, the proposed approach eliminates the need for additional current sensors and
semiconductor components to overcome the effect of mismatched power in the PV system. To validate this,
the prototype has been built and integrated with the real environment of the solar PV system. To verify the
operation, a detailed simulation study and experimental investigation have been carried out and presented
in this paper which reveals that the proposed system offers 24% improved power extraction compared to the
centralized converter and MPPT method under partially shaded conditions. After a detailed investigation
and discussion of measured results and analysis, it is concluded that the proposed multi-port DC-DC converter
is the most suitable solution for solar PV applications.
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1 Introduction

Solar photovoltaic (PV) is one of the most promising energy
generation resources due to its pollution-free, friendly envi-
ronment and standby mode of operation [1, 2]. The global
energy market has expanded drastically with the implemen-
tation of solar PV on a large scale and helps to achieve
social development [3–11]. Partial shading, caused by fac-
tors such as the shadows cast by structures like trees, build-
ings, and poles, as well as the motion of clouds in the case of
large-scale PV systems [12, 13], significantly diminishes
the power produced by the PV array. The P-V curve has
several peaks due to partial shading, which results from
nonuniform irradiation conditions and leads to output
power losses [14]. Among the most effective parameters
on these losses are the shading pattern, position of shaded
modules, and array arrangement. In any large-scale solar

power plant or solar rooftop system, it is impossible to
perform regular maintenance and a unified cleaning
approach, thereby leading to a mismatch of power genera-
tion and resulting in huge financial losses in power genera-
tion [15, 16].

Numerous research works addressed the phenomena of
mismatch in PV and its effects on solar PV generation.
The research report says that less than 10% of the shading
effect on solar PV reduces power generation by up to 70%
[17]. Moreover, the mismatch of solar power and internal
hotspots severely affects the reliability of solar cells. When
a few cells get affected due to the above issues, uneven aging
appears on the PV plant. The power generation gets devi-
ated up to 15% beyond 25 years due to this uneven aging
[18–20]. In [21], the combined effect of partial shading, poor
soiling, non-unified cleaning, and uneven aging effects,
creates a large temperature difference inside the PV plant.
Further, it aggregates the mismatch of power in solar PV.
Maximum power point tracking operation (MPPT) meth-
ods are vital in PV systems since the MPP of a solar panel* Corresponding author: prakash205k@gmail.com
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fluctuates with irradiance and temperature, hence the usage
of MPPT algorithms in order to acquire the maximum
power from a solar array.

The MPPT operation also fails often due to the presence
of multiple local peaks to a mismatch in the PV voltage and
power [22]. Conventional MPPT operation fails often by
tracking the local peak instead of the actual peak.

From the detailed peer research report, it is understood
that mismatches in the PV power cause several issues in the
generation losses and other associated problems [23]. To
eliminate this particular effect, researchers have proposed
many different solutions. In [24] researcher analysed deep
learning and quantile regression models for estimating PV
power loss due to partial shading for subsequent decisions
and dealing with risks. In [25, 26], the reconfiguration of
solar PV and the architecture of solar PV are altered to
avoid the mismatch. Also, the differential power processing
(DPP) approach is presented to neutralize the effect of mis-
match and trap the energy under mismatching conditions.
Figures 1a and 1b are effective solutions to bypass the
current path during mismatch conditions by providing a
blocking diode at every PV module. By this approach,
the impedance loading can be avoided, thereby hotspots
can be eliminated, enabling the safe protection of PV cells.
Moreover, this method is a simpler and cost-effective solu-
tion to neutralize the effect. The producers incorporate both
bypass and blocking diodes as shown in Figures 1a and 1b
to ensure safety, dependability, and seamless functioning.
The purpose of a bypass diode within a solar panel is to
shield an array of partially shaded photovoltaic cells from
the normally operating photovoltaic string during the
panel’s optimum sunlight. The current from the solar
panels passes (forward-biased) to the battery and stops
(reverse-biased) from the battery to the solar panel because
the blocking diode only allows current to travel in one way.

Therefore, the overall energy trapped gets severely
affected [27]. To capture these energies and enhance the
overall performance of solar PV systems, the distributed
MPPT has been proposed by researchers [28–32]. A
D-MPPT design reduces the number of MPPs in a PV
array by dividing it into smaller arrays, or sub-arrays.
Afterwards, a DC/DC power converter is utilised, which
employs an MPPTmethod that is significantly less complex
than that of traditional MPPT systems, and each sub-array
is coupled to it.

There are two ways to configure the solar PV array
before injecting the power into the grid. Figures 1c and
1d are the independent inverter and cascaded inverter
structures, respectively to improve the performance in dif-
ferent aspects [28]. The power trapped is not high and mis-
matches in the sub-modules exist, thereby overall
generation gets affected in an independent inverter struc-
ture. In a cascaded structure, it achieves local MPPT at
each module and enhances the performance. However,
due to the presence of a circulation current in each stage
of the inverter, the control signal generation is complex
[29]. To avoid this circulation path, a DC optimizer can
be utilized as shown in Figure 2a. However, it increases
the cost of the solar PV system and is complex to control.
To solve this issue, the DPP approach is a suitable system
and a few articles are published with two-port converters as
shown in Figures 2b and 2c. DPP for PV applications has
gained significant attention recently due to its substantial
improvements over conventional solutions in terms of effi-
ciency, reliability, and cost.

DPP converters are power converters that transmit
power within nearby modules or among a string and mod-
ules to remove the negative impacts of partial shade by
nearly harmonising all modules’ electrical characteristics.
The DPP converters running the D-MPPT algorithm
smoothed out the P-I characteristics of the mismatched
PV string and eliminated the local maxima as shown in
Figure 3.

As shown in Figure 3 elimination of local maximum
power point (LMPP) eliminates the complicated MPPT
for tracking maximum power under non-uniform
irradiation.

Many authors have researched with variety of DC-DC
converters such as fly-back, buck-boost, forward, switched
inductor and capacitor networks, and so on [30–34]. These
converters help to provide impedance matching at the sub-
module level, thereby energy trapped is higher. Neverthe-
less, DPP converters are not connected to the same ground
or common devices, so the structure of these DPP converter
circuits is complex and requires more driving units with
more powerful components. Additionally, as the total quan-
tity of PV sub-modules rises, greater power loss results from
the mismatched power having to go through multi-stage
power conversion. It increases the cost and reduces the
DPP conversion efficiency.

Fig. 1. Solar PV power structure. a) String arrangement PV
system; b) array arrangement PV system; c) string-inverter
arrangement PV system; d) PV optimizer arrangement [33].

Fig. 2. Loss analyser for solar PV. a) PV optimizer; b) DPP-fed
system; c) DPP-fed parallel system.
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To overcome these drawbacks, this particular paper
proposes a novel multi-port DC-DC converter to perform
a distributed MPPT approach to trap the peak power of
solar PV arrays. This system facilitates the direct transmis-
sion of mismatched power among non-adjacent sub-
modules, thereby decreasing power loss and the number
of conversion stages required to convert mismatched power.
So, it minimizes number of components. Meantime peak
power is tracked with smooth curve. Hence it is suitable
for PV power plants which are implemented in wider areas
where the possibility of partial shading is high. Employing
DMPPT with the proposed converter reduces mismatch
losses and complications in the control of power extraction.

Three modules have been considered to validate this
proposed approach under dynamic cloud conditions. The
multiple-peak tracking has been obtained using a multiport
DC-DC converter. The mathematical modeling for solar
PV with non-uniform cloud conditions are applied to exam-
ine the DMPPT approach in the proposed multiport
converter. The operation details of the proposed converter
along with analytical waveforms are presented. In addition,
a detailed study on simulation exercises has been carried
and the results are presented in this paper. Furthermore,
the experimental prototype has been built to test in the
real-time environmental and integrated with the solar PV
system.

2 Mathematical Modeling of PV

For better understanding, the solar PV panel has been
modeled with practical values in Power Systems Com-
puter-Aided Design/Electromagnetic Transients including
DC (PSCAD/EMDTC) software. The equivalent circuit
of the single diode PV model along with the blocking
diode is presented in Figure 4. It helps to investigate the
shading effect and mismatch conditions under variable
environmental conditions.

The PV generation current (IPV) can be expressed as,

IPV ¼ aI SC0 � ID0 e
qUPV
AKT

� �
� 1

� �
ð1Þ

where, VPV is the sub-module PV voltage and ISC0 is
short-circuit current under standard conditions, ID0 is
the saturation current, UPV is the output voltage of the
module, q is the charge of an electron, k is the Boltzmann
constant, T is the temperature in Kelvin and A is the ide-
ality factor. The mathematical expression of solar PV gen-
erated power PPV can be written as,

PPV ¼ VPV aI SC0 � ID0 e
qVPV
AKT

� �
� 1

� �
: ð2Þ

Similarly, the solar PV generated current and PV power
with blocking diode can be written as,

I PV ¼ aI SC0 � ID0 e
qVPV
AKT

� �
� 1

� �

þ I S0 e �qVPV
nKT

� �
� 1

� �
ð3Þ

PPV ¼ V PV aI SC0 � ID0 e
qVPV
AKT

� �
� 1

� �
þ I S0 e �qVPV

nKT

� �
� 1

� �� �
:

ð4Þ

After DMPPT operation involves, the voltage gets adjusted
based on algorithm, the final PV voltage appears at ith iter-
ation as follows,

VPVi ¼
AKT
q

ln 1þ aiI SC0 � I PVi

ID0

� �
: ð5Þ

The above expression is true when all the sub-modules of
PV voltage are equal. Similarly, based on the normalized
irradiation factors a1 = a2 = a3 = 1 depending on the photo
signal generated in sub-modules, the conditions for current
can be expressed as,

a1I SC0 � IPV1 ¼ a2I SC0 � I PV2 ¼ a3I SC0 � I PV3 : ð6Þ
where I PV1 , I PV2 , I PV3 subject to

I PV1 ¼ IDMP1 þ IPV

I PV2 ¼ IDMP1 þ IDMP2 þ I PV

I PV3 ¼ IDMP1 þ IDMP2 þ IDMP3 þ I PV

8>><
>>:

9>>=
>>;
: ð7Þ

In order to satisfy expression (6), the proposed multiport
DC-DC converter must adjust the duty cycle within the
specified range. Therefore, the solar PV current and power
of array can be written as,

Fig. 4. Equivalent circuit of PV cell.

Fig. 3. P-V characteristics of string with bypass diodes and
with DPP converter [34].
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I PV ¼ 1
n

Xn
i¼1

IPVi ;n ¼ 3 ð8Þ

PPV ¼ VPVI PV

¼ VPV
a1 þ a2 þ a3

3
I SC0 � ID0 e

qVPV
3AKT

� �
� 1

� �� �
: ð9Þ

The same approach needs to be applied to all the sub-mod-
ules of an array to extract the maximum power under non-
uniform irradiations across all the modules. Finally, the PV
power under DMPPT operation can be determined as
follows,

Pmpp ¼ Vmpp
a1 þ a2 þ a3

3
I SC0 � ID0 e

qV smppi
AKT

� �
� 1

� �� �
:

ð10Þ
The depth analysis is made in the simulation platform after
incorporating the necessary expressions. Thereby, the solar
PV current and voltage at each module are mentioned in
Figure 5. The shading factors are also adjusted and differ-
ent irradiations are applied to each module for depth anal-
ysis. The IV and PV characteristics under non-uniform
irradiation conditions are observed and plotted in Figure 5.

In Figure 5, V12 is the voltage of unshaded PV module,
while V21 is the voltage of shaded PV module without by-
pass diode. As shown in Figure 5, V21 is equal to V11 in
an unshaded PV module which is lesser than V12. Under
PSC with by-pass diode multiple peak voltages are pro-
duced as shown in Figure 5b which results local maximum
peak power as depicted in Figure 5c.

3 Proposed multiport DC-DC converter

The basic structure of the proposed novel multiport
converter is presented in Figure 6a. The multiple variables
to control the output voltage to perform MPPT operation
are mentioned in Figure 6. The sub-modules of each solar
panel can be controlled by an individual section of the
multiport converter.

The circuit diagram of the proposed multi-port con-
verter is presented in Figure 6b there are two passive
elements (inductor and capacitor) that share their opera-
tion with two modules. Therefore, the number of compo-
nents involved gets reduced, thereby enhancing the
efficiency.

3.1 Mode 1

The circuit operation can be classified into two modes based
ON and OFF states of the switch. Mode 1 as exhibited in
Figure 7a: The switch S1 is OFF state and the other two
are off states. The inductors L1, L2 and Capacitors C1, C2
are charged and the inductor current gets raised due to this
operation. During mode 1, the voltage expressions across
the inductor can be written as,

VL1 ¼ L1
diL1

dt
þ VC1 ¼ V pv ð11Þ

VL2 ¼ L2
diL2

dt
þ VC2 ¼ V pv: ð12Þ

During discharge mode, the inductor and capacitor energy
together gets dissipated to the load via the anti-parallel
diode of the switch. The current path is indicated in
Figure 7a.

VL1 ¼ L1
diL1
dt

¼ V pv � VC1 ð13Þ

VL2 ¼ L2
diL2
dt

¼ VC1 þ V o: ð14Þ

3.2 Mode 2 and 3

In mode 2, S2 is off-condition and the current paths are
clearly mentioned in Figure 7b similarly, in mode 3, the

Fig. 5. PV module graphs under non-uniform irradiation. a) IV
curve without by-pass diode; b) IV curve with by-pass diode; c)
PV curve with by-pass diode.

(a) (b)

Fig. 6. Multi-port DC-DC converter. a) Structure of proposed
converter; b) circuit diagram of proposed converter.
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switch S3 is in the off state as shown in Figure 7c. The
mathematical expressions of these modes are also similar
to mode 1. The operation details under modes 1, 2, and 3
are under continuous current mode (CCM) and discontinu-
ous current mode (DCM) are clearly illustrated in Figure 8.

The voltage across the inductor and current through the
capacitor becomes alternating quantity. As mentioned in
the operation, the inductor current rising and the falling
rate is plotted in proportion to the inductor voltage magni-
tude as well as polarity. The voltage across a capacitor can
be written as,

V c ¼ 1
1� D

V pv: ð15Þ

In equation (15), D is the duty ratio of the switching device.
Based on the energy balance equation, the voltage that
appears across the multi-port DC-DC converter can be
determined by assuming the zero average voltage appears
at the inductor to control the current through it.

V o ¼ DV pv þ V c1

1�D
: ð16Þ

Further, the output voltage can be written after applying
capacitor voltage expressions in (16), the final expression
becomes,

M ¼ V o

V pv
¼ 1þ D � D2

ð1� DÞ2 : ð17Þ

Using (17), the peak gain value can be obtained at every
change in the value of duty ratios and solar PV voltage
and it has been plotted in three-dimensional pattern as
shown in Figure 9. From this graph, the peak gain value
can be chosen based on the duty cycle and PV voltage and
is helpful to choose the suitable value of passive elements.

This article involves an examination of CCM because,
for the same amount of output power, it reduces peak
and average currents compared to DCM. In addition to
maximising the switch’s power capacity, this lowers dissipa-
tion and boosts efficiency.

4 Measured results and discussion

To test and validate the performance of the proposed multi-
port DC-DC converter with the DMPPT approach, the
investigation has been carried out in the simulation plat-
form of PSCAD/EMDTC and results are presented. Three
modules of less PV power are connected in a series structure
with different cloud conditions as shown in Figure 10. The
irregular irradiation is applied to all sub-modules and
overall generation gets varied concerning environmental
conditions. Module 1, 2 and 3 irradiations are set to be
600 W/m2, 800 W/m2 and 1000 W/m2. It is indicated in
Figure 10a. Cumulative generations of solar IV and PV
characteristics are illustrated in Figures 10b and 10c.

After incorporating the perturb and observe (P&O)
algorithm-based DMPPT operation, the instantaneous
voltage and current of PV are generated at every sampling
time. The reference voltage as a control parameter is

Fig. 7. Equivalent circuit of Multi-port DC-DC converter. a)
Mode 1; b) Mode 2; c) Mode 3.

Fig. 8. Analytical waveform of multi-port DC-DC converter
under a) CCM and b) DCM mode.

Fig. 9. Three-dimensional plot for output voltage with respect
to duty cycle and PV voltage.
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identified by the algorithm based on the condition states of
DMPPT. Thereafter, the closed-loop control mechanism
helps to track the original MPP voltage of 66 V from the
actual PV voltage. Thereby, the duty cycle is kept on
adjusted at every sampling time. Finally, it achieves the
DMP point to yield a maximum power of 90 W.

After implementing this DMPPT approach in the pro-
posed multi-port DC-DC converter, the simulation results
are observed as shown in Figure 11. The change in irradia-
tion levels are applied as follows, G1 = 1000 W/m2, and an-
other at radiation level of G2 = 800 W/m2 and of G3 = 400
W/m2 with shaded modules (Ns) = 2, and unshaded
module (Ni) = 1. The voltage and current are adjusted
according to changes in the duty cycle of each switch of
the multi-port converter. The global MPPT or variable peak
power is traced even with variable irradiation conditions.

For this, a PV array is formed with series connection of
two arrays. Many modules are connected in series-parrallel
combinations to form an array. By assuming the same oper-
ational conditions such as temprature, irradiations and effi-
ciency levels for all the modules, the investigation is carried
out. To identify the mismatch power operation, the above
condition is considered. Now by setting the different irradi-
ation levels at each PV array, the performance of the pro-
posed system can be examined.

From the Figure 11, it is observed that under uniform
irradiance PV power generated is 2.885 kw. Under the
shaded condition, without the proposed system Global
Maximum Power Point (GMPP) is 1550 W, whereas with
the help of the proposed system PV power extracted is
1920 W. The proposed system extracts 370 W greater
power than a conventional system. Figure 11b shows the
effective tracking of maximum power point voltage (Vmpp)
of PV by DMPPT as output voltage under both shaded
and unshaded conditions. Tracking of voltage at the time
of starting is 0.18 s by DMPPT while it is very less during
change in irradiance condition as shown in Figure 11b.

The real-time implementaiton of the proposed multi-
port DC-DC converter for DMPPT operation using the
P&O method is shown in Figure 12. In order to verify the
operation details of proposed multi-port DC-DC converter,

the experimental results have been observed and presented
for three panels in this section. Initially, the system is
analysed under uniform irradiation conditions without
any shading of any PV array, the inductor current of the
proposed multiport converter and corresponding gating
signals are presented in Figure 13a. The output voltage
and input voltage along with inductor current waveforms
of the multiport converter are captured in Figure 13b.

(a)

(b)

Fig. 11. Measured results of solar PV system with DMPPT
approach using proposed multi-port DC-DC converter, a) P-V
results b) Vmpp tracking with Vpv under all different irradiation
levels.

Fig. 10. Cumulative PV generation under non-uniform irradi-
ations. a) Power generation via PV module, b) IV characteris-
tics, c) PV characteristics.

Fig. 12. Implementation of proposed multi-port DC-DC con-
verter for DMPPT operation in real time solar PV plant.
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From the Figure 13a it is observed that under non
shaded condition duty cycles of S1 and S2 are same. The
PV current is 8.47 A. The output voltage is constant and
maintained at 149 V. PV power extracted in this condition
is 1262 W. Similarly, under shaded irradiations on the PV
arrays, similar to the simulation analysis one module is
not shaded, other two modules are shaded manually.
Voltage at input and output, voctage across inductor and
capacitor of multiport converter are monitored. The PV
peak power gets changed and different duty cycles are
required in this proposed multi-port DC-DC converter.

The experimental results under this situation are
observed and presented in Figure 14. This particular exper-
imental result is shown in Figure 14a. The duty cycle of
switching device S1 is different from switching device S2
since the operating point of DMPPT is different

The corresponding inductor current rising and falling
are captured along with output and PV array voltages as
shown in Figure 14b. From the Figure 14 it is observed that
under shaded condition the PV current is 6.02 A. Output
voltage is constant and maintained as 132 V. PV power
extracted in this condtion is 795 W.

Simulation research shows that the suggested system
extracts 24% (370W) more power than the centralized con-
verter and MPPT approach under shaded irradiance condi-
tion. In [35] DMPPT in series connected PV sub-modules
with DPP under various shaded irradiance conditions.
The DMPPT with a DPP-based PV system offered a

maximum improvement of 19.4% PV power extraction
compared to those without a DPP system. Therefore, it is
evident that the proposed multiport DC-DC converter is
a more suitable converter to perform D-MPPT operation
for solar PV power plants.

5 Conclusion

This paper aims to propose a highly efficient novel multi-
port DC-DC converter to perform DMPPT operation when
more modules are connected in an array. The modes of
operation along with equivalent circuit and analytical
waveforms are examined in this paper. The mathematical
relations of PV voltage, current and multi-port DC-DC
converter voltage and current concerning various parame-
ters are derived and presented in the paper. In addition,
the simulation study has been done under on-uniform irra-
diations for each PV array and the results have been dis-
cussed in the paper. According to the simulation analysis,
the suggested system demonstrates a 24% enhancement in
power extraction when compared to the centralised con-
verter and MPPT approach, particularly in the presence
of shadowed irradiance. The proposed multi-port DC-DC
converter has been implemented experimentally to test its

Fig. 13. Experimental results of multiport converter under
fixed irradiations. a) Gating pulse and inductor currents,
b) Input and output voltages.

Fig. 14. Experimental results of multiport converter under
variable irradiations. a) Capacitor and inductor voltages,
b) Input and output voltages.

The Author(s): Science and Technology for Energy Transition 79, 32 (2024) 7



feasibility in a real-time environment and measured results
are presented. After a detailed investigation and discussion
of measured results and analysis, it is concluded that the
proposed multi-port DC-DC converter is the most suitable
solution for solar PV applications. In this article analysis of
the proposed system is verified with three sub-modules of
PV array, in future research may extend to real-time wide
power plant with multi rows and columns of PV array to
validate the efficacy of DMPPT and proposed multi-port
DC-DC converter.
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