Aalborg Universitet AALBORG

UNIVERSITY

Co-Design of the PV Array and DC/AC Inverter for Maximizing the Energy Production in
Grid-Connected Applications

Koutroulis, Eftichios; Yang, Yongheng; Blaabjerg, Frede

Published in:
IEEE Transactions on Energy Conversion

DOl (link to publication from Publisher):
10.1109/TEC.2018.2879219

Publication date:
2019

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Koutroulis, E., Yang, Y., & Blaabjerg, F. (2019). Co-Design of the PV Array and DC/AC Inverter for Maximizing
the Energy Production in Grid-Connected Applications. IEEE Transactions on Energy Conversion, 34(1), 509-
519. Article 8519623. https://doi.org/10.1109/TEC.2018.2879219

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1109/TEC.2018.2879219
https://vbn.aau.dk/en/publications/6e3ca3ac-51e9-462f-850a-079ddfcc8038
https://doi.org/10.1109/TEC.2018.2879219

Downloaded from vbn.aau.dk on: December 05, 2025



Co-Design of the PV Array and DC/AC Inverter
for Maximizing the Energy Production in
Grid-Connected Applications

Eftichios Koutroulis, Senior Member, IEEE, Yongheng Yang, Senior Member, IEEE, and
Frede Blaabjerg, Fellow, IEEE

Abstract - Grid-connected Photovoltaic (PV) systems are
currently developed by merging a PV array and a DC/AC
inverter which are designed separately, without considering the
impact of the PV array operational characteristics on the power
losses of the DC/AC inverter. In this paper, a co-design technique
is presented, where the optimal design parameters of the PV
array and DC/AC inverter in a grid-connected PV system are
calculated concurrently through a unified design process. The
proposed technique enables optimally matching the PV array
configuration and the DC/AC inverter structure. A study has
been performed, where the PV systems synthesized by applying
the proposed co-design technique are compared with PV system
configurations comprising PV arrays and DC/AC inverters that
have been designed separately, through distinct optimization
processes based on various alternative optimization objectives.
The design for two installation sites, with different meteorological
conditions during a year, demonstrates that only the proposed
co-design optimization technique is capable to ensure the
maximization of the annual energy production of the overall
grid-connected PV system.

Index Terms- Photovoltaic (PV) power systems, DC-AC power
conversion, Optimization methods, Particle Swarm Optimization
(PSO), Renewable Energy Sources (RES).

1. INTRODUCTION

HE installation of grid-connected Photovoltaic (PV)

systems has followed an exponential growth during the
last decades. However, the global installed capacity of PV
systems is expected to be further increased in the following
years [1]. To pave the way, additional advancements in PV
materials, power converters, and control strategies should be
achieved. Simultaneously, design for high reliability and high
efficiency is an important topic [2].

A general diagram of a grid-connected PV system is
depicted in Fig. 1. A PV array is formed by connecting
multiple PV cells/modules in series and parallel. The PV array
is then connected to a DC/AC inverter that interfaces the
PV-generated energy to the electric grid. Transformerless
DC/AC inverter topologies (e.g., Neutral Point Clamped -
NPC and H6) are lately used in PV applications due to their
small volume, light weight, low leakage currents, and high
efficiency [3]-[5]. An output filter, consisting of passive
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Design of the DC/AC inverter circuit:
- switching frequency
- values of the output filter components
- design constraints: components
specifications, electric grid regulations etc.
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array configuration:
- tilt angle of the PV cells
- number of PV cells connected in series (Ns) and parallel (Np)
- design constraints: PV cells specifications, DC/AC inverter MPP
voltage range etc.

Fig. 1. A block diagram of a grid-connected PV system, where the major
design concerns also are listed.

components (i.e., inductors, capacitors, and damping
resistors), is used to reduce the harmonic distortion of the
injected current. A microelectronic control unit is also
employed in the PV inverter structure for implementing
processes, such as the Maximum Power Point Tracking
(MPPT) of the PV power source and the synchronization with
the electric grid [6].

The target of a grid-connected PV system is to inject the
maximum possible amount of energy into the electric grid to
optimize the corresponding economic benefit achieved during
its operation. As illustrated in Fig. 1, in order to develop a
grid-connected PV system, two sets of parameters must be
considered during the design phase:

(i) the PV array design parameters, such as its tilt angle and
the arrangement of PV cells in series/parallel connections;
(i) the PV inverter design parameters, such as the switching
frequency and the passive components of the output filter.

Design techniques have been presented in the literature for
calculating the optimal number of PV modules and energy
storage units which should be incorporated in stand-alone, or
grid-connected PV, or hybrid PV/wind systems, such that the
total cost of the overall energy production system is
minimized and its reliability is maximized (e.g., in [7], [8]).
Additionally, various optimization methodologies for PV
systems have been presented in [9]-[11] for the calculation of
design parameters such as the optimal tilt angle, the number of
PV modules and the number of PV strings. Also, these
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techniques enable the optimal selection of PV modules and
DC/AC inverters among lists of commercially-available
devices. Examples of design optimization objectives are the
maximization of the annual solar irradiation on the PV arrays,
the maximization of the total energy production during the PV
system lifetime period, the maximization of the total economic
benefit, and the minimization of the PV plant cost.

Optimization techniques for the design of PV power
converters have been presented in [12]-[18]. In [12], the
switching frequency and the maximum peak-to-peak current
ripple under rated conditions are used as the main design
variables. The design target is to optimize the configurations
of DC/AC converters connected to the grid in terms of the
weighted European efficiency, power density, and cost. The
volume or mass of a three-phase two-level DC/AC inverter is
optimized in [13] with respect to the switching frequency, the
switching device types, the heat sink, as well as the DC-link
and output filters. In [14], the switching frequency of three-
phase pulse-width modulation (PWM) voltage-source
converters is initially selected such that the desired efficiency
at the rated power is obtained. The resultant switching
frequency is then used to design an LCL-type output filter, in
order to achieve the desired quality of the injected current. In
[18], the optimal switching frequency and the optimal passive
components for the output filter of transformerless grid-
connected PV inverters are calculated such that the Levelized
Cost Of generated Energy (LCOE) is minimized.

However, all the above design techniques for PV systems
have been focused on either exclusively the PV array design
considering a predefined PV inverter configuration, or only on
the PV inverter design based on generic performance metrics
(e.g., the European efficiency), or predefined configurations of
PV arrays. Clearly, two separately optimally-designed parts of
the PV system (i.e., the PV array and the DC/AC inverter) are
merged in the final design. In this case, the energy production
performance of the overall PV system is actually not optimal,
since the impact of the PV array operational characteristics
(e.g., output voltage range) on the inverter power losses. In
light of this, a co-design technique is presented in this paper,
where the optimal design parameters of the PV array and
DC/AC inverter are calculated concurrently through a unified
design process. Meteorological conditions of target installation
sites during a year are also considered in the proposed design.
The scientific contributions of this paper are the following:

1. A design method for PV systems is presented for the first
time, where the interdependency of the PV array and
DC/AC inverter design parameters and their simultaneous
impact on the energy production are considered during the
design. Thus, as will be demonstrated in the following, the
proposed method enables the optimal matching of the PV
array configuration and the DC/AC inverter structure.
Consequently, the proposed co-design technique is the
only design method available till present which guarantees
the maximization of the overall energy production.

2. As described in the above, various optimization objectives
have been proposed in the past to design either the PV
array or the DC/AC inverter in a PV system. Till present,
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the impact of the selected objective function on the energy
production performance of the overall PV system has not
been investigated. To fill this gap, a comparative study is
performed in this paper to explore the energy production
performance of PV systems, where the PV array and the
DC/AC inverter have been separately designed with
distinct optimization processes using various optimization
objectives. With the proposed co-design method, the upper
(maximum) limit of the energy production capability of
any PV system is considered. Thus, the comparative results
presented are important to assess the effectiveness and
optimality of the prior-art design optimization objectives.

Therefore, this study provides practical guidelines to

achieve the optimal design of PV systems in terms of their

energy production performance.

The rest of the paper is organized as follows: the proposed
co-design optimization technique is described in § II. The
alternative optimization objectives of the comparative study,
where the PV array and the DC/AC inverter are designed
through distinct optimization processes, are described in § I11.
Comparative design optimization results for two installation
sites in Europe and various objective functions are presented
in § IV and, finally, conclusions are drawn in § V.

II. PROPOSED CO-DESIGN OPTIMIZATION METHODOLOGY

A block diagram of the PV system under study is illustrated
in Fig. 1. The PV array consists of Np parallel strings and each
string comprises Ns PV cells connected in series. The PV
inverter comprises a power section of full-bridge topology
with Insulated-Gate Bipolar Transistor (IGBT) power switches
and freewheeling diodes, as well as an LCL-type output filter.
However, the proposed methodology can be easily modified
for other PV inverter topologies, according to the procedure to
be described next. The power switches are controlled using the
Sinusoidal Pulse Width Modulation (SPWM) technique.

A flowchart of the proposed co-design technique is
illustrated in Fig. 2. The input parameters provided by the
designer include:

e The PV system specifications: the nominal power rating,
latitude and longitude of the installation site, nominal
frequency, and Root-Mean-Square (RMS) voltage of the
electric grid,;

e The operational characteristics (under Standard Test
Conditions, STC) of the PV cells, which will be used to
synthesize the PV array;

e The operational parameters of the PV inverter
components (i.e., power switches and diodes of the power
section and output-filter inductors and capacitor), which
will be used in the calculation of the PV inverter power
losses during the year; and

e  The time-series of the hourly-mean solar irradiance levels
on the horizontal plane and ambient temperatures, which
prevail at the installation site during the year.

In addition, a circuit model of the PV inverter, which has been

implemented in the PLECS® software program, is used to

calculate the efficiency of the PV inverter as a function of its
switching frequency, DC input voltage, and DC input power.
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Fig. 2. Flowchart of the proposed optimization process to co-design the PV
array and DC/AC inverter (PSO: Particle Swarm Optimization).

The resultant values are stored in a look-up table, which is
then used in the optimization process (see Fig. 2), as described
next. In order to apply the proposed optimization method to
alternative PV inverter topologies (e.g., NPC, H6 etc.), only
the model of the power circuit implemented in PLECS®
should be modified to calculate the corresponding power
conversion efficiencies (then, stored in a look-up table).

The target of the proposed optimization process is to derive
the optimal parameters. This includes the PV array tilt angle,
(°), the number of PV cells connected in series, Ns, the number
of PV strings connected in parallel, Np, the switching
frequency of the DC/AC inverter power semiconductors, f;
(Hz), as well as the inductances, L and L,, capacitance, Crand
damping resistance, Rg- of the PV inverter output filter. The
optimal design variables are calculated such that the total
energy injected into the electric grid during the year, £, (Wh),
is maximized:

maxf(mize {E},(X)} 1

where X = [f, Ns, Np, fs, L, Lg, Cs, Ra] is the vector of the
aforementioned design parameters. It is observed in (1) that
the design vector, X, consists of both the PV-array-related and
PV-inverter-related design parameters, thus providing the
ability to explore their interdependence and their cross-effect
on the yearly energy production, £, of the overall PV system.
The number of parallel PV strings Np is calculated according
to the nominal power rating of the PV system, P, (W) and the
number of series-connected PV cells, as follows:

Pﬂ
N, = floor [NTJ ()

N pve,STC

where Py src (W) is the power at the Maximum Power Point
(MPP) of each PV cell under STC. In the proposed
methodology, it is assumed that the control unit of the PV
inverter executes an MPPT algorithm, such that the PV cells
of the PV array always operate at the corresponding MPP, thus
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producing the maximum possible power according to the solar
irradiation and ambient temperature conditions that prevail at
each time instant [19]. The maximum permissible value of N,
which is calculated during the execution of the proposed
optimization process, is constrained such that the MPP voltage
generated by the PV array never exceeds the upper limit of the
MPP voltage range of the PV inverter, Vippmax (V), during the
yearly operation of the PV system:

V
N, <N,,. = floor [%J 3)
pve,max
where:
pve,max = IS’/{/ISCSI%O { vac,r (185 Gt ’ TA,t )} (4)

and Ngmer 1s the maximum permissible number of PV cells
connected in series, V. (V) is the MPP voltage of each PV
cell during hour ¢ of the year (1 < ¢ < 8760) and V¢ max 1s the
maximum among the 8760 different V.., values developed
across the PV cells during each hour ¢ of the year. In the
proposed methodology, the values of V)., are calculated
according to the models presented in [20], by using the value
of the tilt angle, S, contained in X, as well as the values of
incident solar irradiation on the horizontal plane G; (W/m?)
and ambient temperature 7a; (°C) during each hour ¢ of the
year (1 <t < 8760) which are provided by the designer for the
desired installation site.

The annual energy production £, (Wh) in (1) is calculated
by summing the differences between the power produced by
the PV array and the total power loss of the PV inverter with a
time step of 1 hour during the year:

8760

E,(X)=) (P,,~B,)-At (%)

where P,,; (W) is the power produced by the PV array when
operating at the MPP during hour ¢ of the year ((1 < ¢ < 8760),
P (W) is the total power loss of the PV inverter at hour ¢ and
At =1 h is the time step of the energy-production calculations.
In case that at any hour ¢ of the year (1 < ¢ < 8760), the MPP
voltage produced by the PV array is less than the lower limit
of the MPP voltage range of the PV inverter, Viupmin (V), then
the input power of the PV inverter is considered to be zero.
Therefore, for each hour ¢ of the year, the value of P, in (5)
is calculated as follows:

_ {0’ lf va,t = Ns ! vac,t (ﬂ’ Gt s TA,t ) < I/mpp.min
pvit -

(6)
NS ' NP 'Ppw:,t(ﬂaGt’TA,t)’

else
where V,,: (V) is the MPP voltage of the PV array and
Pyic: (W) is the MPP power of the PV cells during hour ¢ of
the year (1 <t < 8760), which is calculated as a function of £,
Gy, and Ta; during the year according to the solar irradiance
and PV cells models presented in [20]. Additionally, if the
resultant power of P, is higher than the nominal power rating
of the PV inverter, P, (W), then the power provided to the PV

inverter, P, is curtailed to P,:
£ift P, > 1
TP else M

pv,t

2.2



The total power loss of the PV inverter during hour ¢ of the
year [i.e., P in (5)] consists of the power losses of the PV
inverter and output filter (e.g., LCL-type). The total power
losses of the PV inverter include the conduction and switching
losses of the power devices. The total power loss depends on:
(i) the output power and voltage levels produced by the PV
array during each hour ¢ of the year (1 < ¢ < 8760) and (ii) the
switching frequency of the power devices. Thus, in the
proposed methodology, the total power loss of the PV inverter
at hour ¢ [i.e., P, in (5)] is calculated according to:

Pl,t = ’7ps (1)17v,t ’va,t’j;') 'va,t _IDLCL,Z _Pc (8)

where 7, (+) is the efficiency of the DC/AC inverter power
stage, Prcr: (W) is the total power loss of the output filter
during hour ¢ (1 < ¢t < 8760) and P. (W) is the power
consumption of the control unit. The value of P. is provided
by the designer at the beginning of the optimization process.
The value of #, (+) is a function of the switching frequency
and the PV array MPP output power and voltage levels during
each hour ¢ of the year. Its value is calculated by the
corresponding values stored in the efficiency look-up table by
applying the linear-interpolation technique. The total power
losses of the output filter [i.e., Prcr, in (8)] include the core
and winding power losses of the filter inductors (i.e., L and
L), as well as the power losses of the damping resistor Ry
(see Fig. 1). Therefore, the total loss is calculated as

P =P +P +P

LCL,t Let Lt Ry st

(€)

where Pr.: (W) is the total core loss of the output filter
inductors, Pr,., (W) is the power loss due to the parasitic
resistance of the LCL-filter inductor windings, and Pg.. (W) is
the power loss of the damping resistor during hour ¢ of the
year. The values of P ., and P, are calculated as described
in [21]. The power loss due to the parasitic resistance of the
filter inductor windings, Py, ,: (W), is obtained as

P, =1 1-L+I},-1-(L+L,) (10)

where r; (Q/H) is the parasitic winding resistance per unit
inductance, 7.; (A) is the RMS switching ripple due to the
converter-side inductance L at hour ¢ and /,; (A) is the RMS
current injected by the PV inverter into the electric grid during
hour ¢ of the year (1 < ¢ < 8760).

During the execution of the proposed optimization process,
the components of the output filter are selected such that the
harmonic distortion of the current injected into the electric
grid satisfies the corresponding constraint set by the designer.
For this, the ripple factor of the inverter output current, RF
(%), is defined as

RF=RF, -R,<RF,, (11)

sw a

where RFy (%) is the ripple factor (due to the converter-side
inductance, i.e., L in Fig. 1), R, (%) is the ripple attenuation
factor of the LCL filter and RFnax (%) is the maximum
permissible limit of the output current harmonic distortion.
The limit ripple factor RFmax in (11) is an input to the
proposed optimization process that is provided by the PV
system designer. The ripple attenuation factor R, is calculated

at the switching frequency according to [22]:
R, = As 12)

L C
1+’=’-(1—ch@§ fj

L C,
where K, is a constant factor included in the filter design
process considering the reduction of the filter effectiveness
due to damping; C, = P,/(2nfV?) is the base capacitance with
V» (V) being the nominal RMS voltage of the electric grid; and
ws = 2xfs, with f;,, (Hz) being the switching frequency of the
output voltage of the DC/AC inverter (i.e., input voltage of the
LCL-type output filter). f; - depends on the modulation scheme
that is employed by the designer to control the power switches
(e.g., fsr= fs in a bipolar SPWM and f;, = 2 %f; in a unipolar
SPWM) [23]. Then, RFy in (11) is given by [22]

IVI.Vn
RF, =-"—"<RF

sw sw,m

13)
where RFy.m (%) is the maximum permissible limit of RFy
(typically set between 0.1 and 0.25).

The RMS switching ripple /., in (10) and (13) depends on
the switching frequency of the PV inverter and the MPP
output voltage of the PV array during hour ¢ In the proposed
optimization process, it is calculated following the analysis in
[21] and [24]. Furthermore, to avoid resonance, the LCL-filter
components are selected such that the resonant frequency of
the filter, f.; (Hz), is constrained as [22]:

10-fomS%

where f = i (L+L,)/L,C,L and f(Hz) is the nominal

fundamental grid frequency (i.e., f= 50 or 60 Hz). In addition,
according to the LCL-filter design guidelines presented in
[22], the following constraints are imposed on the selection of
the output filter components:

L+L,<0.1-L, (15)
C, £0.05-C, (16)

in which L, = V2 /(2zfP,) is the base inductance. The LCL-

filter damping resistor Ry is set to be equal to the impedance

of the filter capacitor at the resonant frequency [22]:

__
C, 2qf,

res

(14)

" 17)
During the execution of the proposed optimization procedure,
the switching frequency of the PV inverter is constrained by
the maximum, f;max (Hz), specified by the manufacturers of the
power devices:

-f;' S f:s"max (1 8)

As illustrated in Fig. 2, during the execution of the
proposed co-design optimization process, alternative designs
(i.e., X =[f, Ns, Np, fs, L, L, Cs, R4-]) are produced by using
the Particle Swarm Optimization (PSO) algorithm. During its
execution, the PSO algorithm produces iteratively different
sets of the design vector X, which constitute the particles of
the swarm under evolution, as described in [25]. For each

2.3
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generated design vector X by the PSO algorithm, the PV
system is simulated for a time period of one year in order to:
1) verify that the optimization constraints defined by (3), (6),
(7), (11), (13)-(16) and (18) are satisfied and 2) calculate the
yearly energy injected into the electric grid by the PV system
[i.e., Eyin (1) and (5)]. If any of the constraints is not satisfied,
the corresponding vector, X, is not considered as a potentially
optimal solution of the design optimization. This procedure is
repeated until it reaches the optimal (i.e., the maximum)
annual energy yield E, in (1).

III. ALTERNATIVE DESIGN OPTIMIZATION OBJECTIVES

For comparison, the performance of alternative PV system
configurations has also been investigated, which have been
formed by merging a PV array and a PV inverter that have
been designed separately through distinct optimization
processes. In the design of the PV array and DC/AC inverter
in these PV systems, the following optimization objectives
have been employed alternatively instead of (1):

- Optimization objective 1: the optimal tilt angle of the PV
array, S (°), is calculated such that the total solar irradiance on
the PV array during the year is maximized:

8760
maximize E Gy,
7 :

t=1

where Gg, (W/m?) is the solar irradiance during hour ¢ of the
year (1 < ¢ < 8760) on the surface of the PV cells installed
with a tilt angle of . Here, G, in (19) is calculated using the
corresponding solar irradiance level on the horizontal plane G,
(W/m?) input by the designer to the optimization algorithm,
according to the models in [20]. When executing the
optimization in (19), the MPPT voltage range of the PV
inverter is not considered to calculate the optimal tilt angle 5.

- Optimization objective 2: the optimal switching frequency,
fs, and optimal output filter components (i.e., L, Lg, Cr, and Rgy)
are calculated such that the average European efficiency [3] of
the PV inverter is maximized. The average European
efficiency is calculated considering the inverter operation at
three DC input voltage levels, which are located around the
midpoint of the MPP voltage range:

3
max)lffmze{;ﬂw,,- (X, V. )/3}

where X = [f;, L, Ls, C;, Rar] is the vector of design variables
and 7zy; is the European efficiency of the PV inverter when
operating with a DC input voltage equal to V), (V). The three
voltage levels in (20) have been set equal to Vp.,i= Vippmin +
ki*AVypp, where k1 = 0.31, k» = 0.43, and k3 = 0.56, similarly to
[12] and AViupp = Vippmax — Vimpp,min. The optimal vector X is
calculated to ensure that the objective function of (20) is
maximized and simultaneously the constraints (11), (13)-(16)
and (18) are satisfied.

- Optimization objective 3: the optimal design variables X;
= [fs, L, Ly, C; Ra] is calculated such that the average
European efficiency of the PV inverter is maximized, when
operating at three DC input voltage levels that cover the entire
MPP voltage range:

(19)

(20)

3
max){mize{z M (X7, ) /3} @21)
1 i=1

where V), has been set equal to Vippmins Vippmin + AVinpp/2,
and Viuppmax, respectively. The optimal vector X is calculated
in a way that the objective function of (21) is maximized and
also the design constraints (11), (13)-(16) and (18) are met.
The average European efficiency of the PV inverter in (21) is
calculated at three specific operating MPP voltage levels of
the PV array, which, however, are located over a broader
range compared to those in the optimization objective 2.

- Optimization objective 4: the optimal design vector X; =
[fs, L, Lg, Cr, Rar] is calculated such that the maximum value of
European efficiency that is exhibited by the PV inverter when
operating over the entire MPP input voltage range (i.e., from
Vinpp,min t0 Vinpp,max) 18 maximized:

.. va,i:Vmpp,max
max)z(;mze {max|:77EUJ(X1’V;)V’[)JVPV’[:Vmpp,m[n } (22)
In order to perform the optimization process described by
(22), the values of nzui( X1, Vpvi) are calculated for all values
of the MPP input voltage range of the PV inverter, V), in the
range from Vippmin 10 Vippmax With a voltage step of 10 V. In
addition, during the execution of this optimization process, it
is checked that the constraints (11), (13)-(16) and (18) are also
satisfied. Compared to optimization objectives 2 and 3, in this
objective, the optimization algorithm targets to derive the
maximum European efficiency that is exhibited at any MPP
voltage level within the range from Vipp min t0 Viupp,max.

- Optimization objective 5: the optimal values of the filter
components are calculated such that the power conversion
efficiency of the PV inverter (including the power stage and
output filter) is maximized when operating at the nominal DC
input power and voltage levels:

ma)ggqize{n(xz,lfmppm,a)} (23)
where X =[L, Lg, Cs;, Rar] is the vector of design parameters in
this objective function and #(:) is the power conversion
efficiency of the PV inverter. Here, #(-) is evaluated at the DC
input voltage and power levels Vi, max and Py, respectively. In
this optimization objective, the switching frequency of the PV
inverter has been set as 10 kHz [4], while the optimization
process is executed such that the design constraints (11) and
(13)-(16) are satisfied.

- Optimization objective 6: the optimal tilt angle f of the PV
array and the optimal number of PV cells in series and parallel
(i.e., Ns and Np, respectively) are calculated such that the total
energy injected by the PV system into the electric grid is
maximized:

maximize | E,(X,)} 24)
X3

where X3 = [, Ns, Np] is the vector of the optimization design
variables. The constraints in this case are given by (3), (6) and
(7). This optimization objective is applied for PV systems
comprising a PV inverter that has already been optimized
separately according to the aforementioned alternative
optimization objectives 2-4 [i.e., using objective functions

24
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(20), (21) or (22), respectively].

- Optimization objective 7: the optimal value of X3 = [f, Ns,
Np] is calculated such that the total energy production of the
PV array only (i.e., without including the PV inverter) during
the year is maximized:

8760

max)gnize {Epv (X3)} = max)z(';wize {;PPW At } (25)

where E,, (Wh) is the total energy produced by the PV array
during the year. This optimization process is executed such
that the constraints (3), (6) and (7) are also satisfied. When
implementing this optimization objective, it is considered that
the PV system contains a PV inverter that has already been
optimized separately according to the alternative optimization
objectives 2-4 [i.e., using objective functions (20), (21) or
(22), respectively].

- Optimization objective §8: the optimal value of X3 = [f, Ns,
Np] is calculated such that only the total energy yield of the
PV array (i.e., without the PV inverter) during the year is
maximized for a PV system. In this case, the PV system
comprises a PV inverter that has been optimized separately
such that it exhibits the maximum possible efficiency when
operating at the nominal DC input MPP power and voltage
levels, according to the optimization objective 5 [i.e., using
objective function (23)]. The optimal vector X3 is calculated
such that the constraints (3), (6) and (7) are satisfied. The
target of both optimization objectives 7 and § is only to derive
the optimal configuration of the PV array, but they differ due
to the optimization objectives which have been previously
employed to design the DC/AC inverter of the PV system.

In order to perform the design of PV systems by applying
the alternative optimization objectives /-8, the optimal S or
optimal design parameters X; - X3, are calculated by applying
the PSO algorithm, such that the objective functions (19)-(25)
are maximized and simultaneously the corresponding design
constraints described above are satisfied.

Comparative optimization results of the PV system
configuration and energy production, which are derived by
alternatively optimizing the objective functions (1) and
(19)-(25), respectively, are presented in the following section.

IV. DESIGN OPTIMIZATION RESULTS

The proposed methodology has been applied to optimally
co-design the PV array and DC/AC inverter of the PV system
shown in Fig. 1 with the nominal power rating being
P,=1.6 kW. The PV system is interconnected to an electric
grid with 7, =220 V (RMS) and f = 50 Hz. The operational
characteristics of the PV cells that were used by the
optimization algorithm to synthesize the PV array of the PV
system are shown in Table I. The MPP voltage range of the
PV inverter is from Vippmin = 350 V to Vippmax = 600 V. The
PV inverter consists of IGBT-type power switches and power
diodes with f; . = 15 kHz. The power consumption of the
control unit in (4) has been set as P.= 5 W. The proposed
optimization process has been implemented in the
MATLAB® software platform according to the description in
§ II. A model of the PV inverter in the PLECS® software

TABLE I

OPERATIONAL CHARACTERISTICS OF THE PV CELLS UNDER STC.
MPP power 0.556 W
Open-circuit voltage 0.583 V
Short-circuit current 129 A
Temperature coefficient of open-circuit voltage 0.0021 °C/V
Temperature coefficient of short-circuit current 0.0013545 A/°C
Nominal operating cell temperature (NOCT) 47°C

program has been used to calculate the efficiency of the power
section of the PV inverter as a function of its DC input power,
DC input voltage, and switching frequency with steps of 40
W, 25V and 2.5 kHz, respectively. The resultant values are
then used to build up a look-up table for the execution of the
proposed co-design optimization process, as described in § II.
The proposed co-design optimization process has been
implemented by using the built-in function of the PSO
algorithm that is available in the Global Optimization Toolbox
of MATLAB®. The PSO algorithm was set to operate with a
swarm size of 250 particles and a maximum number of 3000
iterations. In addition, in order to reduce the execution time of
the optimization process, the PSO algorithm operation was set
to end when the relative change in the best value of £, in (1),
which was derived during the last 50 iterations, was less than
10%. The same MATLAB® function and PSO algorithm
settings were also used for the maximization of objective
functions (19)-(25) to implement the PV system design
according to the alternative optimization objectives described
in § III. The time required to derive the optimal value of (1)
with X = [f, Ns, Np, fs, L, Lg, C; Rar], which is the most
computationally complicated among the alternative design
objectives in this paper, is approximately one hour for a
computer with a 1.7-GHz Central Processing Unit (CPU) and
4-GB of Random Access Memory (RAM). The proposed
optimization process is executed: (i) automatically and without
any other involvement of the designer except the definition of
the optimization algorithm input values, (ii) offline prior to the
installation of the actual PV system, and (iii) without any
hardware cost overhead. Therefore, this computation time is
not significant when compared to the time required to perform
the PV system design process manually and also considering
the energy production benefit that is achieved. The separately-
optimized PV systems are designed by executing two different
optimization algorithms (i.e., for the PV array and the DC/AC
inverter, respectively). The time required for accomplishing
their design is not significantly shorter than that of the
proposed co-design technique, but, as will be demonstrated in
the following, the design solutions result in less energy
production by the PV system.

The results when applying the proposed co-design method
for PV systems installed in Chania (Greece) and Oslo
(Norway), respectively, are illustrated in Table II. The
synthesis of a separately-optimized PV system has also been
performed, which, according to the design criteria typically
applied in conventional PV installations, comprises a PV array
and a DC/AC inverter designed according to the optimization
objectives / and 3, respectively, what have been described in
§ II. In contrast to the proposed co-design technique, where
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TABLE II
DESIGN OPTIMIZATION RESULTS FOR 1.6-KW PV SYSTEMS
INSTALLED AT TWO DIFFERENT SITES IN EUROPE.

TABLE IV
DESIGN RESULTS FOR THE 1.6-KW PV SYSTEM CONFIGURATIONS IN TABLE III
INSTALLED IN OSLO (NORWAY).

Optimized PV system through the co-design (proposed) method: PV syster.n Optimal values of the design variables
- - - configuration
Installation Optimal vl of the design variahes no. [ 50) [Ne | [ KD i L i | G (R @)
site i I P o e 1 43.284(960| 3 | 14.95 | 1.656 | 47.793 | 5.261 | 2.971
BC) | Ns | Np|fs (KHz) |[L (mH)| Ly @H) |C/ (uF) | R (R) 2 43284]960| 3 | 15.00 | 1.650 | 47.474 | 5261 | 2.962
(822:;2) 27.093|960| 3 1495 | 1.472 | 47.812 | 5.261 | 2.967 3 43.2841960( 3 | 15.00 | 1.650 | 47.474 5261 | 2.962
Oslo 4 43.2841960( 3 | 14.95 | 1.656 | 47.793 5261 | 2971
(Norway) 43.284/960| 3 | 14.95 | 1.559 | 47.802 | 5261 | 2.969 5 43.284(960| 3 | 15.00 | 1.650 | 47.474 | 5261 | 2.962
Separately-optimized PV system based on 6 43.284/960 3 | 15.00 | 1.650 | 47.474 | 5261 | 2.962
optimization objectives / and 5: 7 43.284[960] 3 | 10.00 | 2.475 | 106.990 | 5261 | 4.415
Chani
(Gre?:clz) 28.073 TABLE V
960 3 | 10.00 | 2.475 |106.990| 5.261 | 4.415 DESIGN RESULTS FOR THE 1.6-KW PV SYSTEM CONFIGURATIONS IN
Oslo
48.610 TABLE IIT INSTALLED IN CHANIA (GREECE).
(Norway)
PV systerp Optimal values of the design variables
TABLE III configuration
ALTERNATIVE PV SYSTEM CONFIGURATIONS SYNTHESIZED BY no. L (°) | Ns [Np| f; (kHz) [L (mH)| L, (uH) | C/(UF) | R4 (Q)
COMBINING VARIOUS DESIGN OPTIMIZATION OBJECTIVES OF § 111 1 27.093/960| 3 | 14.95 | 1.656 | 47.793 5261 | 2971
PV system Optimization objectives 2 [27.084]960] 3] 15.00 [ 1.650 | 47.474 | 5261 |2.962
configuration no. PV array PV inverter 3 27.084]960 3 | 15.00 | 1.650 | 47.474 | 5261 | 2.962
; g ; 4 [27.108[960[ 3 | 14.95 | 1.656 | 47.793 | 5261 | 2.971
3 6 4 5 27.108|960( 3 | 15.00 | 1.650 | 47.474 5261 | 2.962
4 7 2 6 27.108|960( 3 | 15.00 | 1.650 | 47.474 5.261 | 2.962
S 7 3 7 27.108{960( 3 | 10.00 | 2.475 | 106.990 | 5.261 | 4.415
6 7 4
7 8 5

the optimal values of all design parameters are calculated
concurrently by the optimization algorithm, the values of Ns
and Np in the separately-optimized PV system must be
selected by the designer, since they are not considered when
evaluating the objective functions (19) and (23), respectively.
For the separately-optimized PV system presented in Table II,
Ng= 720 and Np= 4 were selected, thus satisfying (2). The
simulation results indicate that the energy production of the
PV system would drop by 68.3 % and 91.4 % for the
installation sites of Oslo and Chania, respectively, compared
to the case with Ns= 960 and Np= 3. This is due to the high
number of operating hours outside the MPP voltage range of
the PV inverter, which results in zero energy production
according to (6). Therefore, in the design results presented in
Table II, Ns= 960 and Np= 3 have been adopted to synthesize
the separately-optimized PV system. These values, which are
also equal to those of the optimally co-designed counterpart in
Table II, enable to identify the upper (i.e. maximum) limit of
energy production capability of the separately-optimized PV
system and investigate the impact of the optimization
objectives / and 5 on the energy production. It is observed in
Table II that different sets of optimal design parameters have
been derived in each installation site, due to the different
meteorological conditions prevailing during the year. Since
the values of inductors and filter damping resistor are lower in
the optimized designs, the total cost of the optimized PV
systems is lower than the cost of the separately-optimized
counterpart based on optimization objectives / and 5.

The performances of alternative PV system configurations,
which are synthesized by separately-designed PV arrays and

PV inverters based on combinations of the optimization
objectives described in § III, have also been investigated. The
resultant PV system configurations are presented in Table III.
The corresponding design results for PV systems installed in
Chania (Greece) and Oslo (Norway) are presented in Tables
IV and V, respectively. In all PV system configurations
investigated in Tables II-V, the optimal number of PV cells
connected in series in each PV string of the PV array, Ng, is
less than the corresponding maximum permissible values of
Nsmax=1035 for Oslo and Ngmi=1104 for Chania, thus
satisfying (3). The resultant optimal Ng ensures that the
number of hours of PV inverter operation with a DC input
voltage lower than V,,, min according to (6) and the associated
loss of PV energy production, are minimized (e.g., compared
to the case that Ny =720 was selected). The application of the
PV array design optimization objectives 6-8 described in § III,
resulted in the same value of Ns for both installation sites,
since the MPPT voltage range [defined by Vipp,min and Vipp,max,
respectively, in (3) and (6)] is also considered when
calculating the corresponding objective functions [i.e., (24)
and (25) in § III]. After that selection of Ns, the number of PV
strings connected in parallel, Np, was calculated such that the
desired nominal power rating of the entire PV system (i.e.
P, =1.6 kW), which has been specified by the designer as an
input of the design process, is obtained.

The tilt angle of the PV array affects the solar irradiance
actually received by the PV cells, which, in turn, affects the
MPP voltage and the generated power. The optimization
objectives 7 and & in § III, do not consider the impact of the
MPP voltage and power levels produced by the PV array on
the inverter energy production efficiency. In contrast, the



optimization objective 6 indirectly considers this aspect
through the maximization of the energy production of the
entire PV system. Thus, slightly different values of the PV
cells tilt angle, §, have been derived when employing the PV
array design optimization objective 6 compared to the design
objectives 7 and § for the installation site of Chania, where
both the solar irradiation and ambient temperature are higher
compared to the installation site of Oslo. The optimal values
of § are the same for all alternative PV system configurations
for the installation site of Oslo, mainly because of the low
solar irradiation potential of that location. Furthermore,
identical optimal values of the LCL-type filter capacitance, Cy,
have been derived for all PV configurations presented in
Tables II-V, which, additionally, are approximately equal to
the corresponding maximum permissible limit imposed by
(16). This approach, in combination with the selection of a
high switching frequency, enabled the optimization algorithm
to reduce the inductances L and L, of the output filter,
resulting in a reduction of the associated power losses of the
PV inverter and an increase of the electric energy injected into
the electric grid. In both installation sites, a different PV
inverter structure has been derived when the optimization
objective 2 was applied, compared to the objectives 3 and 4,
since, in that case, the average European efficiency over a
narrower DC input voltage range of the PV inverter was
maximized. Furthermore, in both installation sites, the
application of optimization objectives 3 and 4 for the design of
the DC/AC inverter, resulted in the same values of the design
variables, irrespectively of the optimization objective
employed to design the PV array (i.e., objectives 6 or 7,
respectively, in Tables IV and V). This result is due to the low
sensitivity of the PV inverter European efficiency with the
MPP output voltage of the PV array.
The total energy injected into the electric grid for the
installation sites of Oslo and Chania, by the PV systems
presented in Tables II-V, is illustrated in Fig. 3. The PV
system configuration number provided in Table III is used as a
reference in Fig. 3. The energy production performance of the
PV system configuration no. 7 is significantly lower than both
the energy production of the PV system derived by applying
the proposed co-design technique and the PV system
configurations no. /-6, for both installation sites. Thus, it is
concluded that the optimization of the PV inverter considering
only the nominal DC input voltage and power levels is not
adequate to ensure the maximization of the overall PV system
energy production, since the MPP voltage and power of a PV
array change continuously during the year. Furthermore, when
comparing the energy production of the separately-optimized
configuration presented in Table II with the PV system
configuration no. 7, an interesting conclusion can be drawn.
That is, selecting the PV array design parameters considering
only the incident solar irradiation during the year (without
taking into account the MPP voltage range of the PV inverter)
results in a deterioration of the annual energy production
capability of the overall PV system.

The results presented in Fig. 3 demonstrate that the total
energy production of the PV systems designed by employing
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Fig. 3. The total energy injected into the electric grid by the PV systems
designed when applying the proposed co-design optimization methodology
and the alternative design optimization objectives presented in Tables II-111,
respectively: (a) for the installation site of Oslo (Norway) and (b) for the
installation site of Chania (Greece).

the proposed co-design methodology is higher by 0.18-1.64 %
for the installation site of Oslo and by 0.22-0.97 % for the
installation site of Chania. Therefore, by applying the
proposed co-design optimization technique enables to derive
PV system configurations which are capable to inject more
energy into the electric grid compared to the PV systems
formed by merging separately designed PV arrays and PV
inverters, even if these two subsystems had been previously
designed through individual optimization processes. The
minimum deviation from the energy production enabled by the
PV systems designed through the proposed co-design
technique is achieved in both installation sites by
configurations no. 1 and no. 4. Although a different design
objective has been applied in order to design the PV arrays of
these two configurations (see Table III), both of them have
been derived by employing objective 2 for the optimal design
of the PV inverter. This optimization objective is based on the
maximization of the European efficiency over a narrower DC
input voltage range compared to that considered in the PV
inverter design objectives 3 and 4, which better matches the
actual MPP voltage levels produced by the PV array during
the year at the installation sites under consideration. In
addition, although the energy produced by configurations no.
1-6 is higher than that of the configurations comprising a
DC/AC inverter optimized for the maximum efficiency at the
nominal DC input voltage and power, only the proposed
co-design technique ensures the maximization of the annual
energy production of the total PV system.

Overall, the results presented in Tables II-V and Fig. 3
demonstrate that:
1. The optimal design parameters depend on the type of
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objective function, which is applied to design the PV
system. When employing the alternative optimization
objectives for the separate designs, the maximum absolute
deviations of the resultant designs (B, f;, L, Lg and Ry)
from the corresponding values derived by the proposed co-
design method (Tables II and IV-V) are 12.30%, 33.11%,
58.76%, 123.82%, and 48.70%, for Oslo. Those deviations
are 3.62%, 33.11%, 68.14%, 123.77% and 48.80%, for
Chania.

2. The optimal PV system design parameters depend on the
meteorological conditions of the installation site. For each
optimization objective investigated in Tables II-V, the
resultant designs (f, L and Rg4) that have been derived for
Oslo exhibit a maximum deviation from the corresponding
designs for Chania by 73.15%, 5.91% and 0.07%.

3. Even for the same configuration of the PV array in terms
of B, Ns and Np (e.g., for Oslo in Tables II and IV), the PV
inverter structure (i.e., in terms of [f,, L, Ls, C;, Rar])
matches differently to the yearly outputs of the PV source
(determined by [f, Ns, Np]), depending on the employed
optimization objective. Furthermore, the results shown in
Fig. 3 reveal that only the proposed co-design technique
achieves the optimal PV-array/PV-inverter matching,
contributing to the maximization of the PV energy yield.

An example of the evolution of the proposed PSO-based co-
design process is presented in Fig. 4. It is depicted in Fig. 4
that the best values of the objective function £, in (1) were
derived after the evaluation of all swarm particles at the end of
each iteration. It is also observed that a near-optimum solution
is derived during the early stages of the PSO algorithm
execution, due to: (i) the large number of particles comprising
the swarm of potential solutions, which enables to explore a
large part of the search-space in each iteration and (ii) the
effectiveness of the PSO algorithm to solve complex
optimization problems by effectively producing the alternative
potential solutions of the optimization problem, which are
explored during each iteration.

V. CONCLUSIONS

The continuous growth of the global PV market expected in
the following years necessitates the further improvement of
the PV systems efficiency in order to promote their
competitiveness over alternative energy technologies.
Currently, to develop grid-connected PV systems, two
separately designed parts—the PV array and the DC/AC
inverter—are merged. This approach has the disadvantage that
the impact of the PV array operational characteristics (e.g.,
output voltage range) on the power losses of the DC/AC
inverter circuit is not considered when implementing the
design of these two subsystems.

In this paper, a co-design technique has been presented,
where the optimal values of the design parameters of the PV
array and DC/AC inverter in a grid-connected PV system are
calculated concurrently in a unified design process. Compared
to the existing design approaches of PV systems, the proposed
optimization technique enables the optimal matching of the
PV array configuration and the DC/AC inverter structure.
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Fig. 4. The best values of the objective function E, in (1) during the evolution
of the proposed PSO-based co-design process: (a) for the installation site of
Oslo (Norway) and (b) for the installation site of Chania (Greece).

Simultaneously, the annual meteorological conditions of the
target installation site are considered. A comparative study has
been performed, where alternative PV system configurations
have also been considered, which comprise PV arrays and
DC/AC inverters that have been separately designed through
distinct optimization processes based on various alternative
optimization objectives. The design results for two installation
sites with different meteorological conditions demonstrated
the effectiveness of the proposed co-design method. That is,
by simultaneously co-designing the PV array and DC/AC
inverter enables to derive PV system configurations which are
capable to inject more energy into the electric grid compared
to the PV systems formed by merging separately designed
subsystems (arrays and inverters), even if these subsystems
have been previously designed under individual optimization.
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