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Abstract—Photovoltaic systems are one of the main actors
in distributed power generation. Especially in urban contexts,
the photovoltaic generators can be subjected to mismatching
phenomena, due to the different orientation of the modules with
respect to the sun rays or due to shadowing. In these cases, the
maximum power point tracking function must be designed care-
fully. In this paper an architecture including one dc/dc converter
for each photovoltaic generator is considered. The converters’
output terminals are series-connected to a high voltage dc bus,
where also a bi-directional dc/dc converter managing the power
from/to a storage device is plugged. The functional constraints
deriving from the dc/dc converters’ connection, the mismatching
phenomena, the MPPT capabilities of the inverter, connected
with its input terminals at the dc bus, are taken into account in
order to determine the best operating point of the system as a
whole. The real time constrained optimization problem is solved
by using the particle swarm optimization method, which needs
the knowledge of the actual current vs. voltage curve of each
photovoltaic generator. The practical impact of this need is also
discussed in the paper. The feasibility and the performances of
the proposed approach are experimentally validated by using a
laboratory prototype.

Index Terms—Distributed Power Generation, Photovoltaic
(PV) systems, Maximum Power Point Tracking (MPPT), Particle
Swarm Optimization (PSO).

I. INTRODUCTION

The distributed control of Photovoltaic (PV) generators fits
with the future structure of the electrical system, made of many
small/medium power producers connected to a high voltage dc
bus. An inverter collects the power at the dc bus and injects it
into the grid. Further flexibility is achieved if, at the dc bus,
a bi-directional converter manages the power flux from and
to a storage unit, thus allowing to the users to profit from
the power they produce even if the grid is not available [1]
[2]. Especially in an urban context, the PV sources control
must employ a Distributed Maximum Power Point Tracking
(DMPPT) architecture [3] [4] which improves the energy
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production with respect to a centralized MPPT and offers
additional features in terms of protection, especially in case of
fire, and diagnostics. The advantage ensured by solutions based
on the dc/dc distributed MPPT is about the 5% compared to a
centralized MPPT, as reported in [5] [6]. One dc/dc converter
is dedicated to the MPPT function of each PV source control.
It is shown in [7] that it is not possible to identify the best
configuration between series and parallel interconnection with
regard to constraints, both physical and topological. One of the
main advantages of the series connection is that each converter
has to bear a fraction of the dc bus voltage at its output and
then a high voltage boost ratio is not required [8], and it allows
to use simple and efficient converters [7]. On this aspect, an
energetic efficiency study of DMPPT applications is given in
[9].

Some drawbacks resulting from the series connection of
the dc/dc converters’ outputs have been investigated in lit-
erature. The critical steps in the design of such structures
have been discussed in [10]: this process has to take into
account the converters’ parameters, the PV string sizes and
the inverter operating voltage. One of the main conclusions
concerns the global optimization of the system behavior: even
if high efficiency dc/dc converters are used, the best overall
performances of the whole system are greatly dependent on
the way it is controlled, and not only on the fact that the
PV generators produce the maximum electrical power for the
actual environmental conditions.

Many factors affect the system’s overall performances, but
the occurrence of shadowing phenomena affecting the PV
generators, the dc/dc converters allowable conversion ratios
and the dc-bus voltage regulation operated by the inverter are
the main ones.

As for the first aspect, the usual assumption is that each
dc/dc converter controls a single PV module, whose power
vs. voltage curve has just one maximum. Instead, if the dc/dc
converter is dedicated to a PV panel or a string, the bypass
diodes let multiple peaks appear in case of partial shadowing.

As concerns the dc/dc converters’ and the inverter operating
voltages, in [11] their influence on the DMPPT architectures
performances is investigated. It is shown therein that, when
mismatching conditions occur, the series connection of the
dc/dc converters’ outputs exhibits multiple plateaus, as quali-
tatively shown in Fig.1.

In this case, the inverter’s Perturb and Observe (P&O)
MPPT algorithm operating at the input terminals thereof is
not able to ensure the Vbus regulation: it might converge
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Fig. 1. Power vs. voltage curve of the series connection of the dc/dc
converters’ outputs.

indifferently to any of the plateaus so that the tracking of the
global maximum power might not be guaranteed.

On the other side, a system working with a fixed and
constant bus voltage might definitely lead to a large loss of
energy in case of non-uniform conditions. As a consequence,
the global optimization problem cannot disregard the voltage
Vbus. Indeed, in [3] an extensive comparison between DMPPT
and centralized MPPT architectures has been carried out by
putting into evidence that, if the DMPPT architecture does not
interact with the inverter for selecting the best Vbus value, the
increased energy potentially ensured by the DMPPT solution
might be lost.

In conclusion, it is clear that the control of each individual
dc/dc converter and the Vbus regulation must be performed in a
unique optimization algorithm: it must be able to maximize the
energy production and to ensure that all the converters fulfill
the operating constraints imposed by the DMPPT architecture
at the same time.

The centralized control of distributed power electronic
circuits dedicated to small PV generators has been recently
presented in literature [3]: such a technique allows to
achieve both the goals mentioned above. It employs model-
based predictive controls in order to keep into account the
architecture’s functional constraints. Moreover, it is able to
achieve the global maximum power point by accounting for
the conversion efficiency curve of the dc/dc converters. In [3]
a modified P&O MPPT technique allowing to maximize the
power injected into the dc bus is described. It is demonstrated
that this not always means that the PV units must deliver their
maximum available power. In [12] an individual maximization
technique based on the extremum-seeking control is combined
with a central supervisor acting when the boundaries of the
converters’ operating conditions are reached. Another solution
found in literature consists in adding additional components
to deal with non-uniform conditions as in [13] where
non-dissipative string current diverters are used to fulfill
the converters’ operating constraints regardless of the actual
environmental conditions. Other centralized DMPPT can be
found such as [14] [15] but these techniques, which are based
on perturbative algorithms, require a custom definition of the

rules depending on the particular optimization problem to be
solved.

In this paper a centralized control approach for the DMPPT
architecture shown in Fig. 2 is proposed. The real time
optimization technique is based on a heuristic algorithm:
it maximizes the dc bus power and, at the same time, it
keeps into account the possible mismatching affecting the
PV sources as well as the functional electrical constraints of
the whole circuit. The voltage dc bus requirements are also
included in order to ensure that the inverter, which draws
the dc power and feeds an ac load or the grid, is able to
work properly. In the following, all the aspects included in the
optimization process are discussed and formalized in order to
be included into the real time code. In particular, in Section
II the system is described and its model is derived. Section
III is dedicated to the definition of the main equations used
by the real time optimization algorithm, thus the objective
function and the constraints. In Section IV the strategy used
for the periodical acquisition of the voltage vs. current curves
of the PV units is described: the main energetic issues and
the effect of this operation on the efficiency are discussed.
Simulation and experimental results presented in Sections V
and VI, respectively, allow to validate the approach proposed
in this manuscript.

II. DESCRIPTION OF THE SYSTEM UNDER STUDY

PV applications show discontinuity in the power production.
For this reason, PV generators are often hybridized by employ-
ing storage devices. In this paper, a system consisting in N

PV arrays, each one equipped with a boost converter whose
output terminals are connected in series at a high voltage DC
bus is considered. A storage unit (e.g. a battery or a bank of
supercapacitors) is connected to the same bus by means of a
bi-directional boost converter. It is named with a subscript ’a’
standing for ”auxiliary”. In order to focus on the PV power
maximization, overcharge or complete discharge of the storage
device is not investigated in this paper. The DC voltage bus is
supposed to be connected at the input terminals of an inverter.
The considered system is represented in Fig. 2 for N = 3 as
it is used for simulation and experimental validation.

Fig.2 shows the symbols of the electrical variables used in
the averaged model given in (1a)-(1f) 8k = 1, . . . , N :

8
>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>:

Cpvk

dVpvk

dt
= ipvk � iLk � Vpvk

Rpk

(1a)

Lk

diLk

dt
= Vpvk � rsk iLk � (1� dk)Vok (1b)

La

dia
dt

= Va � rsaia � (1� da)Vbus (1c)

Cok

dVok

dt
= (1� dk) iLk � iopv (1d)

NX

j=1

Voj = Vbus (1e)

iinv = iopv + ioa (1f)
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Fig. 2. Scheme of the considered system and notations

The converters’ efficiencies are taken into account by means
of the model detailed in the appendix VIII. Indeed, as ex-
perimentally confirmed in [16], in some cases, characterized
by non uniform irradiation values at which the PV sources
work, the converters’ losses play an important role in the
conditions that allow to achieve the maximum power at the
dc bus. As shown in appendix VIII, the losses characterizing
each converter are modeled through two resistors, rsk and Rpk .
This approach was proposed in [17] and it has been shown
to be effective in the optimization of the control strategy for
complex systems [18].

A. Control design of the boost converters
The voltage control has been used for the PV voltage

setting: a single loop regulation guarantees good dynamic
performances and a rejection of the disturbances due to the
grid connection, thus ensuring a very precise setting of the
voltage at which the PV sources work [19]. The converters’
input voltages, that are the PV ones, have been controlled: it
would be better to settle their output voltage but, unfortunately,
instabilities can arise around the maximum power point in
this case [20] [21]. The voltage controller adopted for the
boost converters operates on the capacitors’ Cpvk charge.
The controller design is presented in detail in [16]: it does
not depend on the operating point, this feature being very
important in PV applications.

The auxiliary converter adopts two control loops: the outer
one acts on the energy stored in the bus capacitance, so that the

dc bus voltage is indirectly controlled. The inner control loop
regulates the power Pa, thus indirectly the current ia extracted
or injected into the storage device. Details about the control
technique can be found in [17] and [18].

III. THE CONSTRAINED OPTIMIZATION ALGORITHM

The runtime global and constrained maximization of the
power delivered at the dc bus is obtained by means of a
Particle Swarm Optimization (PSO) based algorithm. PSO
has been shown to be able to improve the MPPT capability
under partial shading condition [22] and [23]. Furthermore, it
is shown in [24] that the PSO-based MPPT ensure reduced
oscillation in steady-state. It has also been already used in
PV oriented MPPT problems characterized by a multi-modal
power vs. voltage curve of the PV array (e.g. in [25]). PSO-
based MPPT has already been applied on parallel structures
as in [26], but they have been never applied to any series
DMPPT architecture similar to the one presented in this paper
and to the objective proposed herein. Still PSO is used in many
real time optimization problems in PV applications [27]- [28]
confirming the possibility of real time implementation.

A flowchart of the proposed PSO-based MPPT algorithm
is given in Fig. 3, where Tscan is the time since the last
PV curves scan has been realized, Tmin the minimum time
between two consecutive scan defined in section IV, and the
”restart” function defined in paragraph III-D.

Compared with classical gradient or Newton based opti-
mization techniques, PSO shows rapidity of convergence and
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restart?
(section III.D)

Initialisation Tscan=0

Scan PV characteristics

Run PSO algorithm
Vrefs=Vrefs(k-1)

Vrefs=Vrefs(k)

Tscan>Tmin
(section IV)

Fig. 3. Flowchart of the proposed PSO-MPPT algorithm

ease of implementation, but it has also several additional
advantages in the application under study. It does not require
any knowledge of the derivative of the objective function,
which has not an explicit expression in this case. A finite
differentiation aimed at the derivative estimation would be
very sensitive to the noise in the practical implementation of
the method. Moreover, PSO profits from the fact that it is
a global optimization method, so that the risk of remaining
trapped into sub-optimal solutions is avoided [29]. Indeed, the
PSO does not depends on a starting point. For example, it has
also been tested a sequential quadratic programming (SQP)
method as programmed through the fmincon Matlab function.
It has been verified over several configurations that a single
start of the SQP algorithm requires approximately the same
time. Furthermore, as it is local optimization method, the PSO
can fail in searching the global solution unless multi-starts
are realized, increasing the convergence time a lot. Finally,
the PSO is able to manage inequality constraints by means
of penalization functions whose definition is somewhat easy.
In Table I are reported the results of the optimization with
the PSO compared with the SQP algorithm. The simulated
case considers 2 PV arrays irradiated at 1000W/m

2 while
the third only received 100W/m

2. Under those condition, it
can be observed that the SQP algorithm converges to a local
maximum, leading to a loss of energy around 239W and
revealing the superiority of the PSO.

TABLE I
COMPARISON BETWEEN THE PSO AND A SQP ALGORITHM

PSO SQP
Vpv1 35.51 V 42.27 V
Vpv2 35.51 V 42.27 V
Vpv3 0 V 11.59 V
Vbus 100 V 131.29 V
PoPV 404 W 165 W

A. The objective function
The power at the output of the series connected PV gener-

ators, namely PoPV in blue in Fig. 2, must be maximized. It
is expressed as in (2):

PoPV =
NX

k=1

VpvkIpvk � r̂sk i
2
Lk

�
V

2
pvk

R̂pk

(2)

In Eq. (2), parameters r̂sk and R̂pk are the estimated
equivalent losses parameters. Their estimation is detailed in
Appendix VIII. Then, the optimization problem is to find the
reference vector:

Vrefs =
⇣
V

ref

pv1
, · · · , V ref

pvN
, V

ref

bus

⌘
(3)

that allows to achieve the objective (4):

max
Vrefs

(PoPV · Finv) (4)

where Finv is a penalty factor discussed in the subsection
that follows.

The PV voltages and currents Vpvk and Ipvk are assumed
to be known after the scan of the PV curve, which is run
periodically as explained in Section IV. The periodicity of
this PV curve sampling is discussed in Sub-section III-D.

B. Constraints
Some constraints are introduced in order to ensure that

each dc/dc converter works by fulfilling the ratings of the
components it uses. The boost converters must ensure the
step-up mode (5a) without violating the components’ voltage
ratings (5b). The PV arrays must generate electrical power (6a)
and the dc bus voltage must fall between assigned lower and
upper thresholds related to the inverter operating input voltage
range (6b). In (6b), the minimum corresponds to the minimum
voltage allowing the controllability of the inverter, while the
upper limit is linked to the components’ voltage rating as in
(5b).

The inequality constraints are:
⇢

Vpvk < Vok (5a)
Vok < Vmax (5b)

⇢
Vpvk 2 [0, Voc] (6a)
Vbus 2

⇥
V

min

bus
, V

max

bus

⇤
=
⇥
V

min

bus
, NVmax

⇤
(6b)

Thus, the single objective problem has 2N + 1 non-linear
constraints. As studied in [10], from the presence of those
constraints the global power maximum can be a not feasible
point of the system.

C. The inverter influence
As shown in Fig. 1 and widely discussed in [11], the power

vs. voltage curve of the series connected boost converters
does not show a number of maximum power points, as a
mismatched PV array does, but one or multiple power plateaus
where the power keeps theoretically constant in a voltage
range. This would lead to an infinite number of optima, that
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are those ones falling in a whole plateau, thus complicating
the optimization procedure performed by the PSO method.
The plateaus are exactly flat only theoretically: according to
[17], the losses modeled by means of a resistor put in parallel
with the converters’ output capacitor make the dc bus power
slightly decreasing with the bus voltage. According to [30], a
small increase in the dc bus power vs. voltage occurs because
of the voltage drop of the cables connecting the string to the
inverter.

Instead, in this paper, in order to have a unique optimal
operating point and avoiding the, purely theoretical, plateaus,
the inverter efficiency, which depends on the input voltage at
which it works, has been considered. Some papers, e.g. [31],
and commercial products data-sheets show that the inverter
achieves its maximum efficiency at its nominal input dc
voltage, regardless of the input power level. Thus, in the
optimization problem, the cost function (2) is multiplied by
the following penalization coefficient Finv:

Finv = 1� ↵inv ⇤ (Vbus � VinvOpt)
2 (7)

where VinvOpt is the dc input voltage at which the inverter
shows the maximum efficiency. The coefficient ↵inv allows
to change the convexity of the parabola approximating the
inverter efficiency profile. In this paper a small convexity equal
to 0.2% has been chosen. Finally, Finv in (4) is the penalty
factor accounting for the influence that the Vbus value has on
the inverter performances.

D. Timing of the PSO-based optimization algorithm
The heuristic control strategy presented in this paper re-

quires the periodical scan of the power vs. voltage curve of
each PV array. Such a procedure is described in detail in
Section IV. The frequency of this scanning action affects the
system power production and the overall system efficiency, so
that it must be minimized or a strategy to have an adaptive
trigger of this operation must be used. A simple condition to
check if the PV curves scan and the optimization process must
be launched is based on the measurement of the PV currents
ipvk

. A significant change in one of the PV currents is due
to a change in the environmental or shadowing conditions,
so that the whole control process needs to be launched. An
additional condition can be introduced concerning the slope
of the PV currents’ variations: this would avoid repeated, and
useless, optimizations in a short sequence. For the simulations
and experimental verification, it is chosen to restart the scan if
one of the PV current varies more than 5% of its value. This
condition is represented through a ”restart” function in the
flowchart in Fig. 3.

E. Tuning of the PSO parameters
This section gives some considerations allowing to set the

parameters of the PSO, especially the number of particles and
the maximum number of iterations. More detailed studies of
the PSO parameter selection can be found in [32] and [33].
In practice, the PSO performances depends on the irradiation
and temperature conditions. For tuning of the parameters, it is

chosen to focus on the same case used previously where the
SQP fails (Table I), i.e. 2 PV arrays irradiated at 1000W/m

2

and the third only receiving 100W/m
2.

At first, the maximum number of iterations is set to a high
value (5000) in order to determine the number of particles.
In Fig. 4, in function of the number of particles, it is shown
the number of times the PSO fails in searching the global
optimum out of 1000 optimization runs. It can be observed in
Fig. 4 that a number of particles higher than 50 ensures the
PSO find the global maximum more than 98% of the cases.
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Fig. 4. Accuracy of the PSO function of the number of particles

Also, in Fig. 5 it is shown the calculation time required
by the PSO as a function of the number of particles under
the same considerations. Even if the calculation time increase
with the number of particles, it is verified that this time stays
admissible with 50 particles.
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Fig. 5. Calculation time function of the number of particles

With a number a particles set to 50, it is then verified the
number of iterations required by the algorithm to converge. In
Fig. 6 it is represented the number of iterations required by
the PSO to converge for 1000 runs of the optimization. It can
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be observed in this figure that in more than 98% of the time,
the convergence is obtained for a number of iteration between
30 and 90, and that over the 1000 runs it does not exceed 170
iterations. In view of those results, the maximum number of
iteration of the PSO algorithm is set to 200.

0

100

200

300

400

500

600

700

800

NUMBER OF ITERATIONS

O
C

C
U

R
R

E
N

C
IE

S
 O

F 
TH

E
 C

LA
S

S

[10;30] [30;50] [50;70] [70;90] [90;110]

[110;130]

[130;150]

[150;170]

Fig. 6. Number of iteration for convergence of the PSO for 1000 run.

Then PSO algorithm is executed for a population composed
of 50 particles and the maximum number of iteration is set
to 200. Those two parameters allows to know the maximum
time convergence since the maximum number of calculation
is equal to the product of the population size and the number
of iterations. Implemented on the dSpace used in experiment,
this maximum execution time is around 100ms.

IV. PV CURVES SCAN

The PSO-based global and constrained optimization algo-
rithm assumes that the power vs. voltage curves of the PV
units are available before the optimization is run. This aspect
must be discussed in detail because of its impact on the system
power production.

The system must be perturbed as slightly as possible and
for the shortest time interval, so that it is far from the optimal
operating point for the shortest possible time interval.

The P-V curve of each PV array is obtained by applying
a ramp to the voltage reference of the dc/dc converter that
process the power thereof. The ramp slope must be not
too high, so that the control is able to properly follow this
reference, but the scanning operation must also be fast enough
in order to have the smallest impact on the system operation.

The scan has been settled for requiring 4ms so that 80
points of the P-V curve are acquired at a sampling frequency
of 20kHz. Before starting the ramp, for 4ms a constant
low voltage is imposed, by letting the system stabilize on
its starting point. It results in a sequence of 8ms where the
system deliberately does not work at its optimized point, as
represented in Fig. 7 for one PV module. Practically, the PV
scan of all the PV arrays is done synchronously, thus at the

same time, so that the impact on the boost converters’ output
capacitors’ voltages is negligible.
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Fig. 7. Reference voltage for the characteristic acquisition

Fig. 8. Energy loss during characteristic acquisition

The value of the PV voltage Vpv (t) is assumed to be known
because it is fixed by the dc/dc converter controller according
to the imposed reference. In turn, the PV current is calculated
by using the explicit expression employing the Lambert W
function (8) proposed in [34].

By assuming that the PV array exhibits at a given instant a
classical static characteristic, the loss of energy due to the
curve scan must be compared with an ideal operation in
the MPP at any time. The energy loss is given by (9) and
corresponds to the area in grey in Fig.8. If the acquisition
procedure is run less than once every 0.4s, then the loss is
negligible ( 1%) with respect to the 175W that the array is
able to deliver by working in the MPP.
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Ipv =
Vt

RS

·
"
RS · (Iph + I0)

Vt

�W
 
I0

Vt

·RS · e
Vpv
Vt · e

RS ·(Iph+I0)
Vt

!#
� Vpv

Rsh

(8)

Elost = 0.695J (9)

Finally, it is decided to run the scan process no more than
once a second (Tmin = 1s) so that the lost energy stays lower
than 0.4%.

Also, the worst case MPPT efficiency can be estimated
by referring to the EN50530 standard, which gives the max-
imum typical rate of change of the irradiance level equal
to 100W/m

2
/s. During the 100ms needed by the digital

controller for running the algorithm in the worst case, the
irradiance level would change by almost 10W/m

2, which
is a negligible quantity for medium-high irradiance levels.
By assuming a realistic linear relation between the irradiance
variation and the power variation, if the system works at an
irradiance level close to 1000W/m

2 the energy losses are 1%
of the PV array power. By adding a 0.4% of energy drop
due to the PV panel scan it is possible to conclude that the
estimation of the ”dynamic” MPPT efficiency is 98.6%.

V. SIMULATION RESULTS

As also stated above, the case of N = 3 PV generators, each
one controlled by means of a dedicated dc/dc boost converter,
has been simulated. Both for the simulation and for the
experimental validation, the constraint parameters have been
fixed at the following values: Vmax = 60V , V min

bus
= 100V ,

V
max

bus
= 180V and VinvOpt = 140V .

At first, a simulation has been run in order to confirm if,
according to the procedure described in the Appendix, the
estimated values used for the equivalent loss resistors converge
to their true value. Fig. 9 confirms this convergence towards
the value imposed in the simulated model. The three dc/dc
converters have been supposed to be exactly identical each
other and a suitable value of their PV voltage reference has
been imposed so that the system works in its global optimum
in terms of power delivered at the dc bus.

The second simulation concerns the PV curves scan. In
order to remove the switching noise, the sampling frequency
has been selected equal to the switching one (fs = 20kHz),
thus during the acquisition ramp (4 msec), 80 points have
been acquired. Moreover, in order to reduce the measurement
noise, an averaging process has been used. Figure 10 shows
the comparison between the samples acquired during the scan
process and the simulated characteristic obtained through (8).

The whole system has been simulated in Saber [35] and
the operation of the proposed optimization technique is ana-
lyzed under different operating conditions: Fig.11 shows the
behavior of the main system variables.

At the beginning the three PV units have supposed to receive
an irradiation equal to 500W/m

2. At t = 0.3s the irradiation
level at which the third PV array works starts to decrease with
a slope of 50W/m

2
/s. At t = 4.3s it keeps a new steady state

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1.2

1.3

1.4

1.5

1.6

Time (s)

Re
si

st
or

 e
st

im
at

io
n 

(O
hm

)

 

 

Reference
Estimated serial resistor

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
180

200

220

240

260

Time (s)

Re
si

st
or

 e
st

im
at

io
n 

(O
hm

)
 

 

Reference
Estimated parallel resistor

Fig. 9. Verification of the loss estimation - Simulation result
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value of 200W/m
2, as confirmed by the behavior of the Ipv3

current in Fig.11.
As stated in Section IV, the PV curves scan is triggered only

if the power variation is greater than a fixed threshold. Indeed,
because of the constant irradiance conditions after t = 4.3s,
no more PV curves scans are run after that. In addition, in
order to keep the amount of energy loss negligible, it is not
run more than once a second. In Fig. 11, the PV scan is put
into evidence by using the letter A.

The proposed technique correctly manages the third PV
panel when the irradiation it receives falls down. In fact,
after t = 4.1s, the third dc/dc converter is switched off. At
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Fig. 11. Simulation of the proposed global MPPT strategy

the same time, the global optimization algorithm forces the
auxiliary converter to work with a new bus reference voltage
(pointed out with a B in Fig. 11). The remaining two dc/dc
converters are controlled in order to reach the maximum
possible output voltage (60V ), so that all the constraints are
fulfilled and the power PoPV is maximized. This optimal
behavior would not be ensured by a classical DMPPT solution
based on the use of dc/dc converters working independently
each other, and it would have not been achieved easily by
using a multi-variable P&O MPPT algorithm [3].

Two other simulations have been performed to verify the
effectiveness of the proposed approach compared to other
possibilities over longer scenarios. In the first simulation,
over seven daylight hours, the efficiency of the proposed
PSO-based distributed MPPT is compared with the same PV
plant connected to a single inverter controlled by a classical
P&O MPPT algorithm. The irradiation profile considered
in this simulation is shown in the upper plot of Fig. 12.
Two of the three PV panels are fully irradiated all along
the simulation while the third one is subjected to a partial
shadowing between 10:30 and 12:10.

During the occurrence of the partial shadowing, the PV
string (consisting of the three PV panels connected in series)
power vs. voltage curve exhibits multiple local maxima. For
example, at 12:00, the global P-V curve has two distinct
maxima as shown in Fig. 13. Under those conditions, the
single inverter controlled by a classical P&O MPPT algorithm
fails in tracking the global maximum and converges to the
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Fig. 12. Comparison of the proposed MPPT with a single inverter controlled
with a classical P&O algorithm.

local one as can be seen in Fig. 12. The power produced
is in this case limited to around 90% of the possible global
maximum.

The power produced in the two cases is depicted in the
lower plot shown in Fig. 12. It should be noticed that, for
the PSO-MPPT, the time interval dedicated to scan the three
panels’ P-V curves does not appear in the figure because
of the time scale in use (several milliseconds over a few
hours), but it is accounted for in the energetic evaluation
following here below. For the two MPPT techniques, the total
energy produced along this seven daylight hours scenario
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has been evaluated. It results that the proposed PSO-based
distributed MPPT approach shows an energetic efficiency
close to 98.1%. In other words, the proposed algorithm
ensures that the 98.1% of the maximum available PV energy
is produced by the PV generator. This efficiency is calculated
at the DC bus and then takes into account the DC-DC boost
converters efficiency which does not exist in the single
inverter architecture. On the other hand, the P&O MPPT
with a single inverter shows an energetic efficiency close to
96.9%. This difference in terms of efficiency is mainly due to
a better performance of the proposed distributed MPPT under
non-uniform conditions since the global maximum is ensured
while the P&O algorithm running on the single inverter
converges to the local maximum. This simulation confirms
the superiority of the proposed approach if the PV plant
is subjected to the partial shadowing during the day, with
around 1.2% higher efficiency under the simulated scenario.

A last simulation has been realized considering a more
severe shading scenario. In this simulation, every PV panel
is mismatch between 10:30 and 12:10 and exhibits multiple
power maxima. This time, the proposed distributed PSO-based
approach is compared with a classical DMPPT (a similar
distributed architecture controlled through a centralized mul-
tivariable P&O MPPT). Fig. 14 shows the produced powers
under this second scenario. Once again the proposed method
shows its advantage. Indeed, the classical DMPPT fails in
searching the individual MPP of each panel while the proposed
method ensures to work at the global maxima thanks to
the scanning process. As done with the last simulation, the
efficiency difference between the two techniques has been
quantified on the simulated scenario and the proposed method
gives an improvement around 1.5%.

VI. EXPERIMENTAL VALIDATION

The dc/dc converters’ controls and the global optimization
algorithm have been implemented by means of the dSpace
1103 system. The boost converters have been realized by
using Semikron semiconductors, a value of 1mH for the boost
inductances, 1mF for the output capacitances and a value
Cpv = 40µF for the PV dedicated boost converters’ input

Fig. 14. Comparison of the proposed MPPT with a classical DMPPT.

capacitances. In order to perform the test without connecting
the prototype to the AC grid, the inverter has been replaced
with an electronic load. For this experimental validation the
supercapacitors are a Maxwell 48V-165F bank with integrated
balancing system. The used PV arrays are single crystal silicon
ones with 175W maximum power under 1000W/m

2 and
25oC.

At first, it has been verified that the calculated losses through
estimated resistors fit with the measured losses.
Fig.15 shows the PV voltage, the PV current and the dc/dc
converter’s output voltage waveforms of one system made of
the PV source and the related converter. The two other PV
generators are assumed to work in the same conditions, so that
the waveforms of the other PV sources are identical. In Fig. 15
the system starts from an operating point resulting from a
previous optimization run. Then, the P-V curve is acquired and
used for a new run of the optimization algorithm. During the
time interval needed by the PSO-based optimization algorithm
to compute the new reference signals for the dc/dc converters,
the old values of the reference signals are applied just after
the P-V curves scan is completed. Once the new references
are calculated, they are applied. With the hardware used in
this experiment, the optimization algorithm has needed about
30ms of calculation time.

The prototype has been also tested in mismatched condi-
tions: Fig. 16 shows the system behavior during the P-V curves
scan. The voltage of the partially shadowed panel keeps lower
than the other two.

VII. CONCLUSION

In this paper, a global optimization strategy applied to a
distributed PV generation system has been proposed. The PV
sources are connected to a high voltage bus each one through a
dedicated dc/dc converter. At the dc bus a bi-directional dc/dc
converter, having at its input a backup unit, feeds or absorbs
power.

The optimization of the overall efficiency is performed
by using a PSO based algorithm and it needs a periodical
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acquisition of the power vs. voltage curve of the PV strings
feeding the dc/dc converters. This measurement also allows
to keep into account partial shadowing conditions affecting
the PV sources. The design constraints, including those ones
related to the dc/dc converters, the inverter and the PV arrays
curves scan have been discussed in the paper.

Simulations and experiments, carried out on a stand-alone
system with supercapacitors as auxiliary power supplies, val-
idate the global MPPT method performances.

VIII. APPENDIX: LOSSES ESTIMATION OF THE BOOST
CONVERTER

This appendix is aimed at describing the technique used to
the online estimation of the equivalent losses resistor used in

(1a)-(1f). This analysis concerns the PV boost converters loss
estimation, because the modeling of the auxiliary converter
used to connect the battery to the DC bus is a direct application
of the approach given in [17].

Even if the adopted loss modeling employs resistors only,
it is worth noting that not only ohmic losses are taken into
account. In fact, every loss through the converter, such as core
hysteresis and eddy current loss, conduction ohmic losses and
switching losses of semiconductors, is taken into account [17].
Particularly, the parallel resistor Rpx does not only represent
the capacitor Cx losses through its ESR. Indeed, it is well
known the even under null power, boost converters still present
losses. This phenomenon is taken into account through Rp

while the series resistor is not able to model this behavior.
Finally, parameters rsx and Rpx represent the overall losses
through the converter. This is confirmed in Section VI where
the calculated losses are shown to fit with the measurement.
In [17] the whole analytical study is presented, as well as the
load dependency behavior of the model in the case of a single
boost converter.

For each PV boost converter, the value of the series resis-
tance is estimated through (10):

dr̂sk
dt

= �sk ·
⇣
P̂ok � Pok

⌘
·
✓
Vpvk

Pink

◆2

(10)

where the power Pok and the estimated power P̂ok follow (11),
and �sk convergence coefficient for the estimation. Power Pink

is directly calculated from measurement Pink = Vpvk · iLk .
8
><

>:

Pok = (1� dk) · iLk · Vok

P̂ok = Pk � r̂sk

✓
Pk

VPVk

◆2 (11)

As for the estimation of the parallel resistance, in principle it
can be done by modifying the estimator proposed in [17] with
the same stability validation. However, it has been found that
this is not suitable for experiment since this estimation would
be directly based on the difference of measured currents iLk

and ipvk , being far too much sensible to measurement offset
precision and noise. Then, it has been chosen to estimate a
parallel resistor at the output of the converter exactly as done
in [17] according to (12), and then to transfer this resistor at
the input before using it.

Parallel resistor is estimated through Eq. (12).

dR̂pok

dt
= �pk ·

⇣
îdk � idk

⌘
·
R̂

2
pok

Vok

(12)

with : estimated current idk = (1� dk) iLk , îdk = iopv +
Vok

R̂pok

, et �pk convergence coefficient associated to Rpok .
This estimated output parallel loss resistor is then brought

at the input of the converter considering equal lost power as
shown in (13).

V
2
ok

R̂pok

=
V

2
pvk

R̂pk

(13)
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Finally, the used estimated parallel loss resistor is deduced
from Eq. (14).

R̂pk = R̂pok

V
2
pvk

V 2
ok

(14)
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versité de Lorraine as an Assistant Professor, where
he works on solving inverse problems for electrical
devices design.

Giovanni Petrone received the M.S. degree in Elec-
tronic Engineering from the University of Salerno,
Italy, in 2001 and the Ph.D. in Electrical Engineering
from the University of Napoli ”Federico II”, Italy, in
2004. Since January 2005 he is Assistant Professor
of Electrotechnics at the University of Salerno. His
main research interests are in the analysis and de-
sign of switching converters for telecommunication
applications, renewable energy sources in distributed
power systems. Modeling and control of photo-
voltaic systems for maximum power point tracking.

Giovanni Spagnuolo (M98 - SM10) received the
Master Degree in Electronic Engineering from the
University of Salerno, Italy, in 1993 and the Ph.D. in
Electrical Engineering from the University of Napoli
Federico II, Italy, in 1997. Since January 2004 he
is Associate Professor of Electrical Engineering at
the University of Salerno. He is Editor of the IEEE
Journal of Photovoltaics. He is an Associate Editor
of the IEEE Transactions on Industrial Electronics.

Jean-Philippe Martin is graduated from the Uni-
versity of Nancy, France. He received the Ph.D.
degree from INP Lorraine, France, in 2003. Since
2004, he has been engaged as assistant professor at
INPL. His research activities in GREEN include the
stability study of distributed power system, electrical
machine controls, static converter architectures and
their interactions with new electrical devices (fuel
cell and photovoltaic system).

Serge Pierfederici received Engineer degree in
electrical engineering at ENSEM, Nancy, France
in 1994 and the Ph.D. degree from INP Lorraine,
France, in 1998. Since 2009, he has been engaged
as Professor at INPL. His research activities deals
with the stability study of distributed power system
and the control of multi sources, multi load systems.


