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Abstract—In a Photovoltaic (PV) system, modules are con-
nected in series and parallel combinations to achieve desired
voltage and current ratings. However, a string of PV modules
can have a vastly reduced energy output during non-uniform
operating conditions. This paper introduces a new Distributed
MPPT (DMPPT) architecture using a Balancing Capacitor con-
nected in series with a string of PV modules, having MPP and
non-MPP functionality (where the system will output a desired
amount of power). Each PV module in this scheme has a partial
power processing (PPP) DC-DC converter connected across them
to allow them to operate at a desired voltage depending on the
system requirements. In comparison to other DMPPT schemes,
this architecture can easily be integrated with a DC grid without
the need of additional power electronic stages, at the same time
allowing the PV modules to operate at their maximum power
points (MPPs) if the system demands it. This scheme has been
validated using detailed simulations and results are presented to
verify the proposed architecture.

Index Terms—Series Balancing Capacitor (SBC), Partial Power
Processing (PPP), DC Bus Voltage, Building Integrated PV
(BIPV), Distributed Maximum Power Point Tracking (DMPPT).

I. INTRODUCTION

In the current scenario, large PV plants represent the
majority of the installed PV capacity. However, PV systems
present an unique opportunity to integrate it with the urban
infrastructure like BIPV (Building Integrated PV), but PV
modules in such systems suffer from the greatly different
operating conditions due to varying inclination to sunlight,
partial or complete shadows, dust, soiling, etc. This causes a
significant portion of the available power to be lost. Hence,
to maximize the power extraction from the PV modules they
should be operated at their maximum power points. This can
be achieved in 2 ways - either by using a central converter
across the entire string or using a distributed architecture
[1][2][3] where the string is divided into smaller elements
and converters are connected across those elements. However,
as stated in [4], using distributed architecture can give up
to a 25% higher output power when PV modules experience
different operating conditions, which is very common in urban
environments. In addition to this, DMPPT topologies have a
higher system reliability, since a malfunction of any module

converter will not compromise the entire string, although the
overall power output may get reduced [5].

The distributed architecture topologies for mismatched PV
modules connected in series reported in the literature include:

In [6], [7], and [8], distributed architectures featuring partial
power processing (PPP) converters connected across individual
PV modules have been illustrated. The scheme presented in
[7] suggests a minimized current sensor requirement, while
reference [8] goes even further by proposing a reduced voltage
sensor count. Three module level voltage equalization DMPPT
schemes have been presented in [9] - series resonant voltage
multiplier, Flyback based PV to IP (Isolated Port) and Flyback
based PV to Bus. However, in these architectures, the string
voltage is the summation of the PV voltages, as a result
the string voltage varies as the operating point of the PV
modules change according to the operating conditions of
the modules, which will make it difficult to integrate this
system to a DC grid without the use of additional converters.
Moreover, the input of the DC-DC converters is across the
entire string voltage, as a result the switches would need to
be of higher voltage rating, which would increase the cost of
the switches. Additionally, if the voltage requirement exceeds
650V, which is the typical voltage requirement in most string
level systems, IGBTs have to be used instead of MOSFETS.
As a consequence, the DC-DC converters have to be operated
at much lower switching frequency, causing the size of the
transformer and filter elements to go up. In [10], [11] and
[12], a submodule distributed topology is implemented where
a single module is divided into n segments and PPP converters
achieve MPP of each segment. In [11], additionally a series
virtual port is connected with each submodule. The architec-
ture shown in [13] is also a sub-module DMPPT architecture
based on multi-port DC-DC converter with a reduced number
of switches and current sensors. In these configurations, if a
higher DC voltage is required, then the number of modules
connected in series have to be increased which in turn would
increase the number of power electronic converters to n times
the number of modules. This makes the scalability of these
architectures difficult, especially in systems where the string
voltage requirement is much higher than the MPP voltage of
one module. In [14], a segmented DPP architecture is adopted



where a string of PV modules is divided into n/m segments,
where n is the number of modules in the string and m is
the number of modules per segment. If this system is to be
scaled, then a cluster of m modules have to be connected
together. Similar to previous architectures, the string voltage is
the sum of the PV voltages, which presents the same challenge
of needing to connect extra power electronic interfaces to
integrate it with a DC grid. Along with the above discussed
drawbacks, the DMPPT schemes addressed in the literature
have not considered Non-MPP mode of operation in their
systems.

This paper introduces a topology that aims to address the
above challenges. The proposed Series Balancing Capacitor
(SBC) based module level DMPPT architecture has a string of
PV modules along with a series balancing capacitor (SBC) in
series with the string. The DC-DC converters connected across
the PV modules have their input connected to the SBC, as a
result the switches used in these converters have lower voltage
ratings. The SBC also has a DC-DC converter connected
across it that is used to maintain a particular voltage, given
by the difference in the DC Bus voltage and the summation
of the PV voltages. When the operating conditions change,
the summation of the PV voltage change and accordingly the
SBC voltage is adjusted. This way a fixed DC Bus voltage can
be maintained without the need of additional stages of power
electronic converters and this system can be integrated easily
with a DC grid.

The rest of the paper is structured as follows: Section II
discusses the power circuit topology and operation of the
proposed system. Section III describes the control strategy
of both MPP and non-MPP modes of operation. Section IV
describes the system parameters and shows the validation
of the control scheme by simulation results of the proposed
topology obtained from MATLAB/Simulink software. Lastly,
Section V concludes the paper.

II. POWER CIRCUIT CONFIGURATION

The power circuit configuration of the proposed scheme is
shown in Fig.1. For the simplicity in demonstration purposes,
three modules (having around 30V MPP at STC) are chosen
along with a Series Balancing Capacitor (SBC) connected to
a 120V DC Microgrid [15]. This scheme can be expanded
to any number of modules, depending on the DC grid volt-
age required. A distributed architecture is adopted wherein
each module has a DC-DC converter connected across it
that maintains a particular voltage across it to control the
module’s output power. Flyback converters have been chosen
for simplicity, and they can be replaced by a suitable isolated
DC-DC converter as per the required power rating.

A. Mathematical Analysis

The following mathematical analysis has been done for 3
modules connected in the string. For ease of explanation, the
converters are assumed to be lossless.

A particular scenario has been taken into account where all
the modules receive varying illuminations, with Module 1
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Fig. 1. Circuit Diagram for SBC based Module Level DMPPT scheme

receiving the highest illumination among the three modules.
The string and the PV currents have been considered ripple
free at steady state for a given operating condition.
The current in the string will be equal to the maximum current
of all the three modules, which in this case is 1,1,

Istring = 1pvl (D
As a result the output current of Flyback converter 1 is going

to be equal to

Iflyol = Istring - Ipvl =0 2)

Since, the PV currents of the other modules are lower than
the string current, the output currents of Flyback converter 2
and 3 are

Iflyo2 = Ist’r'ing - Ip'u2 (3)
Iflyo?; = Istring - Ip'u3 (4)

From this, the individual PV Flyback converter power outputs
can be written as

Pflyol = V;wl X Iflyol =0 (5)
Pfly02 = vaﬂQ X Ifly02 = Vp’l12 X ([string - Ip772) (6)
PflyoS = V;wii X Iflyo3 = vaS X (Istring - Iva) @)

KCL applied at node N1 of SBC Flyback converter gives

7:oc - ng + 7.fc + istm’ng (8)

where
1o = Instantaneous output current of SBC DC-DC converter



1. = Instantaneous SBC current
igr = Z§:1 ig; = Sum of the PV Flyback converter input
currents

Since the average current through the SBC will be 0,
the average power processed by the SBC DC-DC converter
is given by

Priyspe = Vspce X Ioe
= Vspc X (IgT + Istring) (9)
- VSBC’ X ((Igl + IgQ + IgS) + Istring)

where, Vspo = Vius = (X Voui)

Assuming the efficiency of the PV Flyback converters
to be 100%, the input power of the PV Flyback converters is
going to be equal to the output power.

Hence,

Vspe X [gl = val S Iflyol = Pflyol

Vepe X Ig2 = Vo X Lt1yo2 = Priyo2 (10)

Vspe X Ig3 = Vpuz X I1yo3 = Priyos
Using (9) and (10)
PflySBC = Pflyol +Pfly02+Pfly03+(VSBCXIstring) (11)

In an extreme scenario of the case considered in equation
(2), where only PV module 1 is at STC and the other two
modules are severely shaded and generating negligible power,
the SBC DC-DC converter has to process nearly the full MPP
power of the two shaded modules and maintain the string
current which is equal to the MPP current at STC.

In such a case, the PV module and the PV Flyback output
currents will be

Ipoz = 05 Iy =0 12)

Ipvl = Impp = Istring;

Iflyol = O; Iflon ~ [pvl; IflyoB ~ Ip171 (13)

From (12) and (13), the PV module powers and the PV
Flyback output powers can be written as (while writing the
below equations, the MPP voltages of the PV modules have
been approximately taken to be equal under different operating
conditions)
val = V}Jvl X Ipvl = Vmpp X I7npp = Pmpp
Pp1)2 = ‘/101;2 X Ip172 ~ 0; Pp1)3 = vaS X I;m;?) ~0
Pflyol = ‘/p’ul X Iflyol - val X (Ist'ring - Ip’ul) =0 (14)
Pflyo2 = ‘/;)’UQ X Iflon ~ Vp'UQ X ]pvl ~ Pmpp

Pfly03 = V‘;)UB X IflyoS ~ Vp’uQ X Ipvl ~ Pm,pp

where P,,,, = PV module output power at STC

Hence, using (11) and (14), the maximum power processed
by the SBC DC-DC converter can be calculated as

PflySBC = Pflyol + Pflon + Pflyoii + (VSBC X Ist’ring)
~ 0+ Prpp + Prpp + (Vs X Limpp)
A2 X Panp + (VSBC X Impp)

(15)

Equations (11) to (15) can be written for n number of PV
modules in a string and using a modified version of equation
(15) [shown in (16)], the power rating of the SBC DC-DC
converter can be calculated as follows,

PflySBC ~ (TI - 1) X P’mpp + (VSBC X Ip'u’m,azv) (16)

Where’ VSBC = Vims*(zgl:l V;?m',)
and,  Ipymaer= MPP current of a PV module STC

Equation (16) shows that the SBC DC-DC converter
should have a significantly higher rating compared to PV
DC-DC converters, hence a different topology of isolated
converters is required. However, for simulation purposes
shown in section IV, a Flyback converter is used.

III. CONTROL STRUCTURE
A. Control Philosophy

To control any PV module’s output power, the voltage across
it should be controlled. This is done with the help of DC-
DC converters, in this case Flyback converters. The system
presented in this paper has two operating modes - MPP mode
and Non-MPP mode. In the MPP mode, as the name suggests,
the PV modules are going to generate the maximum power
according to their respective operating conditions. In Non-
MPP mode, the string of PV modules will be made to output
a desired amount of power, which will be less than maximum
power.

In both of the modes of operation, the individual PV module
voltages and currents need to be measured. Along with this,
the voltage across the SBC and DC Bus also needs to be
measured. Hence, the sensor count required for this system
will be m + 2 voltage sensors and m current sensors, where
m denotes the count of PV modules in the string.

The Flyback converters of the PV modules and the SBC
are operated in Discontinuous Conduction Mode (DCM) to
achieve improved stability for closed loop control and lower
size of the magnetic elements.

B. Realisation of Control Algorithm

1) MPP Mode: In MPP mode of operation, the PV modules
will be made to operate at their respective MPP voltages that
depend on their present operating conditions. The voltage and
the current information of the PV module are measured by
the sensors and fed to the MPPT controller that generates
a voltage reference (V);,;), as shown in Fig. 2(a), and the
Flyback converter connected across it operates the PV module
at that voltage using a closed loop system. Perturb and Observe



(P&O) is chosen as the MPPT algorithm for this system due
to it’s inherent simplicity and ease of implementation as stated
in [16].

According to the PV module’s operating conditions, the ref-
erence voltage keeps updating and the balance voltage is
adjusted by the SBC as shown in the control diagram of Fig.
2(b).
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Fig. 2. Control diagram for PV module and SBC Flyback converters

2) Non-MPP Mode: While operating in MPP mode, a
situation may arise when the load demand has reduced or
some maintenance needs to be carried out on any part of the
system. In such a case, a supervisory controller commands the
system to shift to Non-MPP mode and also gives information
on the power demand to be matched. Before commencing
Non-MPP mode, the system was already in MPP mode, and
the PV voltages were being controlled at their respective
MPP point. Once Non-MPP command is activated by the
supervisory controller, the generated power Pg.,, which is
the summation of PV module powers, and the demand power
Pyerm are compared. If Pyep>Pgerm, the voltage reference of
all the PV modules are given a positive step change, such that
the operating point of the modules shift towards the right hand
side of the MPP in the Power-Voltage curve of a PV module
as shown in Fig. 3(a). This results in the overall PV power
to reduce. This new generated power is again compared with
Pjierm and this process is continued till Pye,=Fgen,. Once this
condition is satisfied, that is Zizl Pyuk = Pgem, the voltage
references are fixed at that value.

The right hand side of MPP is chosen as the operating region
for Non-MPP mode is to limit the voltage rise across the SBC.
If the PV modules were operated in the left hand side of the
MPP point, the overall PV voltage would have reduce thereby
leading to the increment in the voltage across the SBC as per
(17). As a consequence, the voltage stress of the SBC may
become high if the demanded power is too low.

However, operating the PV modules in the right hand side
of MPP poses a problem: if the power demand is too low,
the PV modules would need to operate at voltages closer to
their open circuit voltage (V,.) and this will cause the SBC
voltage to be too low which might compromise the operation
of the PV Flyback converters. Hence, to make sure that the
SBC voltage never goes below a certain point, the PV powers
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Fig. 3. Operating point of the PV modules in Non-MPP mode

and currents are monitored and just as the SBC voltage crosses
the minimum threshold Vsgcomin, the voltage of the highest
irradiated module is decreased by implementing a negative
step change in each cycle, while the voltages of the other two
modules continue to increase as before. As a result, the voltage
across the SBC slowly starts rising according to equation (17)
as well as the overall generated power first increases (till
it reaches MPP) and then reduces (left side of MPP). This
process is continued till the Py, and Py, are equal. Once
they are equal, the PV voltages are fixed at those values, as
shown in Fig. 3(b), until the power demand changes.

3
VSBC = Vbus - (Z me’) (17)
i=1
The operation of Non-MPP mode is explained in the sim-
plified flowchart given in Fig. 4. The flowchart has been
made assuming that the system is in MPP mode before being
switched to Non-MPP mode.

IV. SIMULATED PERFORMANCE

To validate the presented architecture, the power circuit
shown in Fig. 1 is simulated in MALTAB/Simulink software.
The PV module electrical characteristics for the simulation
study are taken according to the characteristics of Vikram-
Solar ELDORA VSP.60.AAA.03. The electrical specifications
of this module under Standard Test Conditions (STC) are
detailed in Table I. As previously stated, the PV and the SBC
Flyback converters are operated in discontinuous conduction
mode (DCM) by choosing appropriate values of the magnetic
elements.

The three modules are considered to be experiencing differ-
ent insolation levels, although the temperature is kept at 25°C
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Fig. 4. Flowchart showing the operation of the system in Non-MPP mode of
operation

TABLE I
ELECTRICAL DATA OF ELDORA VSP.60.AAA.03 MODULE AT STC
Parameters Value
Prpp 250W
Voltage at Prupp, Vinpp 30.6V
Current at Prpp, Impp 8.18A4
Open circuit voltage, Voo | 37.5V
Short circuit current, Isc 8.7A

for all the modules. The electrical data of the modules with
the insolation levels considered in the simulations have been
shown in Table II.

At STC the given system is supposed to generate 750W of

power, however, for the set insolation levels given in Table II,
at 25°C the system power reduces to 577W at MPP.
For the simulations, an additional variable has been considered
called Mode. This variable switches the system from MPP to
Non-MPP mode and vice versa. When Mode = 1, system is
in MPP mode and when Mode = 0, system is in Non-MPP
mode.

TABLE Il
ELECTRICAL DATA OF PV MODULES FOR DEFINED INSOLATION LEVELS

Module Insolation Voltage at MPP | Power at MPP
Module 1 1 kW/m? 30.6V 250 W
Module 2 | 0.8 kW/m? 30.75V 201 W
Module 3 | 0.5 kW/m? 30.75V 126 W

> =921V S =5TTW

The system parameters considered for the simulation pur-
poses are stated in Table III. In Fig. 5(a), the M ode signal has
been shown. It can be observed that when the M ode signal is
set to 1, the system is in MPP mode and is generating 577W
of power. At MPP mode, the summation of the PV voltages
(Zle Vpui) is about 92V, hence the voltage across the SBC
is (120 - 92)V = 28V.

TABLE 111
PARAMETERS CONSIDERED FOR SIMULATION STUDY
Parameters Value
DC Bus Voltage, Vs 120V
SBC, Cspc 200 F
Magnetizing inductance of PV Flyback 2.73uH
Magnetizing inductance of SBC Flyback | 14.5uH
Input voltage range of PV Flyback 20-39V
Output voltage range of PV Flyback 0-37.5V
Input voltage of SBC Flyback 120V
Output voltage range of SBC Flyback 20-39V
Switching frequency 100k H z

When the Mode signal is shifted to 0, the system switches
to Non-MPP mode. In this mode, the system no longer
generates maximum power, but tries to match the demand
power P, that can be observed by the blue line in Fig. 5(b).
In the simulation, P,.,,, has been considered to be 250W. Once
the system enters Non-MPP mode, the voltage references of
all the modules begin increasing as seen in Fig. 5(c), and the
individual PV power start reducing as seen in Fig. 5(e), as a
result the overall power reduces. This goes on until the voltage
across the SBC is above Vgpcmin that has been taken as 20V.
As soon as the SBC voltage Vspc touches 20V, the algorithm
changes. In order to keep the Vgpc above 20V and satisfy
the power demand, the voltage of the module generating
maximum current starts reducing, while the voltages of the
other two modules are kept on increasing, just as before. This
way, Vspco starts increasing above Vspomen (Fig. 5(d)) and
the power keeps on reducing till it reaches Py, of 250W.

For this particular case, when P, reaches Pycn,, the steady

state PV voltages are 15V, 36V and 36V respectively, while
the voltage of the SBC is around 33V. The SBC was chosen
such that the maximum voltage ripple across it is 0.78V under
ideal conditions, although this may sometimes be exceeded
since the SBC ESR also has been taken into account in the
simulations.
Taking into consideration the oscillations of the PV voltages
and PV powers, a power band of 5W has been considered
when comparing Py, and Pye,,. Similarly, a voltage band of
2V is taken for Vspo.

The M ode signal has been shifted to 1 again after some time
to show that the system successfully tracks the MPP power of
577TW as per the set insolation levels mentioned in Table II.

V. CONCLUSION

This paper introduces a Distributed Maximum Power Point
Tracking (DMPPT) scheme designed to extract the maximum
power from a string of PV modules under mismatched condi-
tions. This architecture will have a wide array of applications
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[14]

in urban infrastructure where the PV systems need integration
with a DC grid, especially in BIPV applications. The advan-
tages of this scheme are - (i) no full power processing power
electronic interfaces required to get a desired DC voltage, (ii)
PV modules can operate at their MPPs and maintain a fixed
DC Bus voltage, (iii) MPP and Non-MPP mode functionality,
(iv) lower switch voltage ratings of the PV DC-DC converters,
and (iv) easy scalability and modularity. The control issues of
this architecture, especially in Non-MPP mode are discussed
and the validation of this scheme has been proved by detailed
simulation study.

[15]
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