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Abstract- This paper presents a new methodology for
optimal design of transformerless Photovoltaic (PV)
inverters targeting a cost-effective deployment of grid-
connected PV systems. The optimal switching
frequency as well as the optimal values and types of
the PV inverter components are calculated such that the
PV inverter Levelized Cost Of the Electricity (LCOE)
generated during the PV system lifetime period is
minimized. The LCOE is calculated also considering
the failure rates of the components, which affect the
reliability performance and lifetime maintenance cost
of the PV inverter. A design example is presented,
demonstrating that compared to the non-optimized PV
inverter structures, the PV inverters designed using the
proposed optimization methodology exhibit lower total
manufacturing and lifetime maintenance cost and inject
more energy into the electric-grid and by that
minimizing LCOE.

Index Terms- Photovoltaic power systems, Reliability,

Failure analysis, DC-AC power conversion,
Optimization methods.
NOMENCLATURE

C, LCL-filter capacitor.

C,, (X) present value of the PV inverter total cost.
C,(X) total manufacturing cost of the PV inverter.
E, (X) total energy injected into the electric grid.

L converter-side inductance.
LCOE Levelized Cost Of the Electricity generated.
L, grid-side inductance.

M, repair cost of the PV inverter.

* Corresponding author.

M, (X)) present value of the total maintenance cost.
N, (X ) average number of failures during the j-th year

of operation.
P maximum power dissipated in the damping

o max
resistor.
P power consumption of the PV inverter control unit.

on

P,

q; total power loss of the i-th free-wheeling diode.
P, (t,y) power loss of the LCL-filter converter-side

inductor.
F, 1, power loss of the LCL-filter grid-side inductor.

P,

Ipsi

P,

[

total power loss of the i-th power switch.
&, bower loss of the LCL-filter damping resistor.

P,() PV array power production at the maximum

power point during hour 7.
P, nominal output power of the PV inverter.

P power injected into the electric grid.
P, output power of the PV array.

g@ weighted-average value of the damping resistor
power consumption.

P, total power loss of the PV inverter.

R, LCL-filter damping resistor.

RF,  maximum permissible limit of harmonic current
distortion at the PV inverter output.

R, (X ) reliability (or survival) function.

SF damping resistor over-sizing factor.

S, radiating surface area of case per unit inductance
and per unit nominal operating current.

T (t,y) PV inverter ambient temperature at hour # of
year v.

E weighted-average value of the ambient temperature.



% weighted-average value of the free-wheeling
diodes junction temperature.

Ty men Maximum permissible junction temperature of

the free-wheeling diodes.

T,, operating junction temperature of the free-

wheeling diodes.

T, operating junction temperature of the power
switches.

E weighted-average value of the power switches
junction temperature.

Y maximum permissible junction temperature of

the power switches.
T, weighted-average of the converter-side inductor
operating temperature.

T,, weighted-average of the grid-side inductor
operating temperature.
g weighted-average of the damping resistor
operating temperature.
V_C! weighted-average of the LCL filter capacitor

voltage.
V_m weighted-average of the DC input voltage.
v, nominal voltage of the electric grid.

X vector of the optimization problem design
variables.

¢, LCL-filter capacitor cost per unit capacitance.

¢, free-wheeling diode cost.

¢,, cost of the heat-sink.

¢, LCL-filter inductor cost per unit inductance and
current rating.

¢,, partial manufacturing cost of the PV inverter.

¢, filter damping resistor cost per unit resistance and
power.

¢, power switch cost.

d annual discount rate.

f nominal frequency of the electric grid.

f. switching frequency.

Somee Maximum switching speed capability of the
power switches.

g annual inflation rate.

n number of years of PV system service lifetime.

p total number of power switches.

r(-) annual reduction coefficient of the PV modules
output power.

¢t time number (1=<{=8760).

v year number (1< y <n).

At simulation time-step.
0_, thermal resistance of the heat sink.

0., thermal resistance from junction to case of the

free-wheeling diodes.

0., thermal resistance from junction to case of the

power switches.
A, total failure rate of the remaining components and

subsystems of the PV inverter.

A, failure rate of the LCL-filter capacitor.
A, failure rate of the DC-link capacitor.
A, failure rate of the free-wheeling diodes.
Ay (X') PV inverter failure rate.

)\’L
inductor.

A L failure rate of the LCL-filter grid-side inductor.

failure rate of the LCL-filter converter-side

A ,,, failure rate of the power switches.

A, failure rate of the LCL-filter damping resistor.

I. INTRODUCTION

According to the European Photovoltaic Industry
Association, the growth of the Photovoltaic (PV)
systems capacity seen the last ten years is expected to
continue in the near future also [1]. Nowadays, the
majority of PV gsystems are used to supply the
generated energy into the electric grid. A block
diagram of a grid-connected PV system employing a
transformerless, full-bridge DC/AC inverter (PV
inverter) is illustrated in Fig. 1. Compared to the PV
inverters with galvanic isolation, the transformerless
PV inverters have the advantages of lower cost, higher
efficiency, smaller size and lower weight [2, 3]. Using
an LCL-type output filter, instead of the traditional L-
or LC-type filters, aims towards the reduction of the
size of the reactive elements comprising the output
filter of the PV inverter [4]. [5].

Electric
grid

| Free—wheelingg

1 diod
Control ode
unit | Power switch

Fig. 1. A grid-connected PV system employing a
transformerless PV inverter.

A cost-effective deployment of grid-connected PV
systems can be achieved by minimizing the initial
2



investment cost required to purchase and install the PV
system components (e.g. PV modules, DC/AC
inverters etc.), maximizing the amount of energy
injected into the electric grid and increasing its
reliability by minimizing the number of failures of the
PV system components which occur during the
operational lifetime period of the PV installation [6],
[7]. The energy injected into the electric grid can be
maximized by applying an effective Maximum Power
Point Tracker (MPPT) control strategy [8] and
designing the PV inverter such that the PV array output
power i1s efficiently processed by the PV inverter [9].
The reliability characteristics of the PV system
components are usually expressed using indices such as
the failure rate or the Mean Time Between Failures
(MTBF) [7]. The duration of grid-connected PV system
investments follows the operational lifetime period of
the commercially available PV modules and it is
typically of the order of 25 years. The components
comprising the PV system (i.e. PV modules, DC/AC
inverters and balance of system components) are
required to operate with high reliability during that
time interval.

The exploration of the PV system components
reliability characteristics is indispensable in order to
accurately predict the lifetime energy production and
total revenues achieved by the PV energy production
system. The commercially available PV modules are
typically offered with a 25 years performance warranty
and constitute the most reliable component of a PV
system [10]. In contrast, according to the analysis
presented in [11] where both wear out mechanisms of
the components (due to stress factors such as e.g. the
operating temperature) and failures due to inadequate
protection (e.g. from surge voltages of the electric grid)
were taken into account, the PV inverters are
considered as the most vulnerable subsystem of a PV
plant. Their reliability is affected by the operational
characteristics of the components they comprise, which
also affect the PV inverter power conversion efficiency
and the amount of energy injected into the electric grid.
A single PV inverter failure may cause a significant PV
power production loss [12]. affecting both the PV plant
operating and maintenance costs and the energy yield
[13]. As analyzed in [14], the range of ambient
temperature values prevailing at the PV inverter
installation site, as well as the operating hours and
output power levels, must be considered during the PV
inverter design stage in order to meet the long-term
reliability requirements of the PV inverter. Achieving a
high reliability of PV inverters is considered as an
immediate priority for the PV industry in order to
match the lifetime of PV modules [15]. According to
[16], both cost and reliability should be taken into

account in order to design PV power processing
systems, but frequently the impact of reliability is not
explicitly incorporated in the design process of PV
inverters (e.g. such as in [17] and [18]).

The failure mechanisms and reliability modeling
approaches of power devices used in power converters
are analyzed in [19]. The development of a simulation
tool for determining the component temperature and
expected reliability of three-phase DC/AC inverters
deployed in hybrid electric vehicles is presented in
[20]. The reliability of parallel-connected DC/AC
inverters operating under a dynamic power distribution
control scheme in an N+X architecture (i.e. the system
operates when N of the total N+X converters operate)
is explored in [21]. The reliability analysis is then used
to determine the optimal values of N and X such that
the total cost of the system is minimized. A procedure
for reliability assessment, in terms of the Mean Time to
Failure (MTTF) metric, of multiphase DC/DC
converters used in PV applications is proposed in [22].

A methodology based on the Design-Of-
Experiments (DOE) technique for the design of a PV
inverter such that it exhibits the desired MTBF is
presented in [23]. The reliability of various topologies
for a module-integrated PV inverter is investigated in
[24] based on the MTBF metric. In [25]. a technique is
presented for the calculation of the MTBF of the DC
input capacitors employed in a module-integrated PV
inverter. The operating temperature of the capacitors is
predicted by utilizing a heat-flow thermal model of the
PV modules. The cost and failure rates of the DC-link
capacitor and power MOSFETSs used in various single-
phase PV inverter topologies, which are capable to
provide reactive power support, are further explored in
[26]. The reliability estimation of two-stage, three-
stage and boost inverter topologies used in grid-
connected PV systems, together with a sensitivity
analysis of reliability in terms of the power switches
type, DC input capacitor voltage rating and ambient
temperature, are presented in [27].

In [28] the number of failures that the PV inverter is
expected to encounter during its service lifetime period
are predicted using a Monte Carlo analysis. The failure
rates of the subsystems corresponding to the PV
mverter major failure modes are considered, such as
the cooling fans of the power-conditioning unit, the
IGBTs comprising the power stage and the energy-
storage capacitors. It is demonstrated that the PV
mverter availability can be improved by either
icreasing the repair rate in the case of malfunction, or
reducing the failure rate of the DC-bus capacitors,
which constitute the most vulnerable components of
the PV inverter, by designing the PV inverter using
capacitors of higher quality. A Monte Carlo



simulation-based approach is also presented in [12] for
the calculation of the PV inverter availability. It is
based on an analysis of the thermal stress imposed on
the PV inverter components due to the ambient
temperature conditions prevailing at the PV system
installation site.

A Bayesian estimation technique is analyzed in [29]
for predicting the availability of a PV inverter, which is
based on treating the failure and repair rates of the PV
inverter as random variables. The use of Markov
reliability models is proposed in [30] for exploring the
effect of the PV inverter reliability characteristics into
the resulting energy yield. The analysis is performed at
the PV inverter system level without investigating the
effects of the PV inverter components values and
operational characteristics on the PV inverter reliability
features.

The methods described above have been focused on
the exploration and improvement of the reliability
performance of the PV inverters. However, the impact
of reliability on the PV inverter lifetime-cost/energy-
production trade-off has not been investigated. Hence,
these approaches do not constitute a systematic
procedure enabling the optimal selection of the PV
inverter components types and values which will
guarantee the development of the most cost-effective
PV inverter configuration seen during a life-time.

In this paper, a new methodology for the optimal
design of transformerless PV inverters is presented
taken into account reliability. The optimal switching
frequency as well as the optimal values and types of
the components comprising the PV inverter are
calculated such that the PV inverter Levelized Cost Of
the Electricity (LCOE) generated is minimized. The
number of failures of the components, affecting the PV
inverter maintenance cost during the PV system
operational lifetime period, is also considered in the
LCOE calculation, thus incorporating the impact of
their performance in terms of reliability. In contrast to
the past-proposed design methods, the approach
presented in this paper facilitates the optimal design of
the PV inverter based on a systematic process.

In the following sections of this paper, the proposed
optimal design methodology and PV inverter modeling
for optimization including reliability are analyzed. The
features of the proposed methodology are then
demonstrated through a design optimization example.

II. THE PROPOSED DESIGN
OPTIMIZATION METHODOLOGY

With reference to Fig. 1, the target of the proposed
design optimization procedure is to calculate the
optimal value of the PV inverter switching
frequency, f, . the optimal values of the output filter

components (i.e. L, L,, C, and R, ) and the optimal

types of the power semiconductors including heat sink.
The wvector of the optimization problem design
variables, X , is of the form X =/L[L,[C,|f,]. The

optimal value of the LCL filter damping resistor, R, ,
is calculated using the resulting optimal values of L,
L, and C,, as analyzed in [5].

A block diagram of the proposed automated
optimization procedure is illustrated in Fig. 2.

PV inverter circuit | | Components technical P
topology & and economical Constraints: Grid
o . codes & standards

| specifications characteristics

Select a combination
| of component types

s PV array operational ]

MNew values of
the design |-
variables

. Solar irradiation &
ambient temperature
leNo sonstraints satistied? conditions during the year

Yes
Y

PV inverter reliability
evaluation

v
Calculation of the PV
inverter LCOE
(objective function)
considering reliability

Yes

Mathematical model characteristics

of the PV inverter

Store the opnmal values of
the design variables

All combinations
optimized?

Select the

combination of

component types with
the lowest LCOE

Fig. 2. A flow-chart of the proposed optimization
procedure.

The optimization algorithm input provided by the PV
inverter designer are: 1) the input-output specifications,
topology and modulation strategy of the PV inverter; 2)
the technical and economical characteristics of multiple
alternative types of components (i.e. power
semiconductors, heat sinks, inductors etc.) used to
build the PV inverter; 3) the grid-interconnection
specifications (e.g. maximum permitted harmonic
current levels etc.); 4) the operational characteristics of
the PV array connected to the PV inverter and 5) the 1-
hour average solar irradiance and ambient temperature
time-series during the year. During the optimization



process, new sets of values of the design variables are
iteratively produced by the optimization algorithm.
Then, the objective function is evaluated using the
appropriate mathematical model of the PV inverter
topology under consideration, only for those sets of
design variables satisfying the PV inverter operational
constraints. The reliability features of the PV iverter
components are also considered during this stage, as
analyzed next. This process is repeated until the global
optimum of the objective function has been derived.
The optimization procedure is implemented using
Genetic Algorithms, which are capable to derive the
global optimum solution of the objective function with
computational efficiency.

The PV inverter optimal design process described
above is repeated for all combinations of component
types input by the PV inverter designer (e.g. multiple
alternative types of power switches such as IGBTs and
MOSFETs, or IGBT-type power switches mounted on
alternative heat sink structures available in the market,
each with a different thermal resistance to ambient
etc.). The combination achieving the lowest optimal
value of the objective function and the corresponding
values of the design variables are output as the overall
optimal configuration of the PV inverter.

The optimal values of the design variables are
calculated such that the PV inverter Levelized Cost Of
the Electricity generated [31], LCOE (€/Wh), is
minimized by:

minimize {LCOE (X )}
X
subject to : design specifications & (1)
constraints are met
where:
c (X
LCOE(X)= L 2)

E(X)
and C,, (X) (€) is the present value of the PV inverter

total cost during its operational lifetime period, E, (X))
(Wh) is the total energy injected into the electric grid
by the PV inverter during its operational lifetime
period and X is the vector of the design variables.

The present value of the PV inverter total cost,

C,»(X). is calculated as the sum of the PV inverter

manufacturing cost, C,(X) (€) and the present value
of the total maintenance cost during the PV inverter

operational lifetime period, M, (X ) (€):
C

"y

(X)=C,(X)+M,(X) (3)

The total maintenance cost, M,. depends on the PV

inverter reliability characteristics. The values of C,,
M, and E; in (2) and (3) are calculated according to
the PV inverter modeling analyzed in the following.

III. PV INVERTER MODELING FOR
OPTIMIZATION INCLUDING
RELIABILITY

The PV inverter total manufacturing cost, C,, is
equal to the sum of the prices of the individual

components comprising the PV inverter:
C(X)=cpl, ey +p-(c,+cg)+

i

5 @
¢-(L +Lg)?+ ¢.C; +SF-c,R,P,

[ manc
n

where c,,, (€/W) is the PV inverter manufacturing cost
without including the cost of the heat sink, power
switches, diodes and output filter components (e.g.
control unit, printed circuit boards, enclosure etc.), ¢,

(€) is the cost of the heat-sink, p is the number of

power switches and free-wheeling diodes contained in
the PV inverter power section, ¢, , ¢, (€) is the cost of

each power switch and free-wheeling diode,
respectively, ¢, [€/(H-A)] is the LCL filter inductors

cost per unit inductance and current rating, ¢, (€/F) is

the filter capacitor cost per unit capacitance, c,

[€/(©-W)] is the filter damping resistor cost per unit
resistance and power, SF (%) is the damping resistor
over-sizing factor and P (W) is the maximum

dmax
power dissipated in the damping resistor during the PV
system operational lifetime period.

The present value of the PV inverter total
maintenance cost, M,. depends on the PV inverter

reliability performance during its operational lifetime
period and it is determined by the type and values of
the individual components comprising the PV inverter.
The value of M, is calculated by reducing the future

expenses for repairing the
corresponding  present the
following equation:

the PV inverter to
value, according to



Components Components
values electrical

(vector X) specifications

Calculation of the weightsd- 1-hour average solar
average values of the irradiation & amb@nt
components stress-factors tempergtu re conditions
T during the year
Calculation of the PV
inverter failure rate

v

Monte Carlo simulation |

v
[ Output the average number |
of the PV inverter failures
during each year of
operation, N;

Fig. 3. The PV inverter evaluation

procedure.

reliability

M, (x)=3N,(x)-m,, L )

™ g vdy

where » is the number of years of PV system service
lifetime, N, (X ] is the average number of failures that

the PV inverter is expected to encounter during the j-th
year of operation (1< j<n), M, (€) is the present

mv

value of the cost for repairing the PV inverter, g (%)

is the annual inflation rate and 4 (%) is the annual
discount rate.

The values of N,- (X ) are calculated for each set of the

component values (1.e. vector X ) produced during the
GA-based optimization process, according to the PV
inverter reliability evaluation flow-chart illustrated in
Fig. 3. The failure rate of a component depends on the
value of the component and the stress factor applied to
it (e.g. PV inverter DC input voltage, ambient
temperature etc.) [32]. However, the PV inverter
operates under stochastically varying solar irradiation
and ambient temperature conditions during the year,
resulting in time-variable values of the stress factors.
Thus, in the proposed methodology the average values
of the stress factors developed at each component
during the year, weighted by the percentage of
operating hours at each stress level, are initially
calculated. This task is accomplished using the
mathematical model of the PV inverter, which is
analyzed next, and the 1-hour average solar irradiance
and ambient temperature time-series during the year
input by the PV inverter designer. Then, the failure rate
of the PV inverter is calculated by applying the
weighted-average values of the stress-factors in the
individual components failure-rate models described in
[28], [32]. Using the resulting value of the PV inverter
failure rate, the average number of failures during each

year of operation, N, (X ) is calculated by performing

a Monte Carlo simulation with 10000 samples.

The probability that the PV inverter will operate
properly beyond time ¢ is expressed by the reliability
(or survival) function, R, (X), which is given by [21.

33]:

R,(X)=e 0" (©)

where A, (X) (number of failures/10° hours) is the
PV inverter failure rate.
The value of A, (X) is calculated for each set of

values of the design variables, X , as the sum of the
failure rates of the individual components comprising
the PV inverter, as follows:

£ _ S
Ko (X) = Z[AP“.(TM) + ldj(TMj)] +A, (T,) +

i=1

A, () + 2, (C, WV, T, + @)

}LRW (PR@,. ’TR@.) + lCi}r(Can’va?ri) + 2"c

where &, Ay, (1=i<p), A, A, . Ao, and &, are

p.f,f »

the failure rates (number of failures/10° hours) of the
PV inverter power switches, free-wheeling diodes,
LCL-type output filter inductors (L and L, ), capacitor

(C,) and damping resistor (R, ), respectively, A, is
the failure rate of the DC-link capacitor, A_ is the total

failure rate of the remaining components and
subsystems of the PV inverter (e.g. FPGA or DSP

boards of the control unit, monitoring sensors etc.), ITA
is the weighted-average value of ambient temperature

and V,,, V. Py Tpo Tpo Ty,

the weighted-average values of the PV inverter DC
mput voltage (i.e. PV array output voltage), LCL filter
capacitor voltage, damping resistor power consumption
and operating temperature levels of the power switches,
free-wheeling diodes and LCL filter components (i.e.
L, L, and R, ), respectively.

Similarly to [28. 34], the total failure rate of the PV
inverter components not included in the set of the PV
inverter design variables (e.g. FPGA or DSP boards,
monitoring sensors etc.). A_, is considered to be

7 Ls and 1”&1r are

constant throughout the PV plant lifetime period. The
DC-link capacitor and control unit are not included in
the set, X, of the design variables of the proposed
optimization process. The value of the DC-link
capacitor is calculated such that the voltage ripple at
the PV array output is reduced to an acceptable level,
using the methodology analyzed in [35]. However, the



resulting value of DC-link capacitance, as well as the
control unit, affect the reliability performance of the
PV inverter. Thus, their failure rates are included in (7)
for the calculation of the total PV inverter failure rate
since they affect the statistical behavior of the PV
inverter availability throughout its operational lifetime
period. The junction temperatures of the power

. ’ ’ o .
semiconductors, T, and T, (°C), respectively, are

calculated assuming that the power switches and diodes
are mounted on a common heat sink, using the
following equations:

T,y =Ty(1y)+6, B (Ly)+

Jps.i

2 -®
0, D[ P, (b3)+Py;(1)]
i=1
i}d,i (t, _1/') = T:i (t, -v) + ejc,a’ ’ R’atj (I! .1’) +
©

O i[f’:ﬂ, S+ P, ,.(r,y)]
=1

where T,(ty) (°C) is the PV inverter ambient
temperature at hour ¢ (1<r=<8760) of year y

(1=y=n), 6., and 6, , (°C/W) is the thermal

Je.ps
resistance from junction to case of the power switches
and free-wheeling diodes, respectively, 6, (°C/W)is
P

the thermal resistance of the heat sink and P ”

lpst *
(W) is the total power loss (including conduction and
switching power losses) of the i-th (1<i< p) power

switch and free-wheeling diode, respectively.

Additionally, in order to ensure that the junction
temperature of the power semiconductors employed in
the optimized PV inverter structure is less than the
maximum operating limit specified by their
manufacturer, the proposed optimization process is
performed subject to the following constraints:

T V) ST (10)

T,ty)<T, an

ol e
where T e > L
junction temperature of the power switches and diodes,
respectively.

The reliability calculation procedure is performed
using the complete time-series of the hourly average
values of solar irradiation and ambient temperature
during the year (i.e. 8760 values for each parameter),
input by the PV inverter designer. During the time
periods that the PV inverter operation is suspended
(e.g. during the night hours) the junction temperature
of the power semiconductors is calculated from (8) and

(°C) is the maximum permissible

(9) to follow the ambient temperature.
The operating temperature of the LCL-type output
filter inductors, 7, and Tﬂs , respectively, is calculated

as [32]:
1.1-125-P,(ty)-V,
S,-L-P,

T,(ty)=T,(ty)+ (12)

1.1-125-B, (1),
S,-L,-P,

T, (,3)=T,(ty)+ (13)

where P, (t,y), P, (W) are the power losses
(including copper and core losses) of the inductors L
and L, respectively, ¥, (V), P, (W) are the PV
inverter nominal output voltage and power levels,
respectively and S, [m®/(H-A)]is the filter inductors
radiating surface area of case per unit inductance and

per unit nominal operating current.
In (8)-(13), the parameters T, (1, v). 6

T v,

Jgdmax > " on

0

Jeps ? e_,f:\d' 3 ca?

P and S, are provided by the PV

Jpsmax ?

inverter designer, while the values of B, . P,. B,
and P, are calculated according to the power loss

models described in [36], [37] using the operational
characteristics of the components available in the
device datasheet, provided by their manufacturer.

The total enmergy production, E,(X) in (2), is

calculated as:

n 8760
E(X)=>.> Py at (14)
y=1 =1
where:
0 ,during repair
P,(t,y) = (15)
{va (ty)-P,(ty) ,else

(W) are the power injected into

-1}

and P, P, and F

the electric grid by the PV inverter, the PV array output
power and the PV inverter total power loss,
respectively, at hour r (1<t<8760) of year y
(1< y<n)and A¢=1hour is the simulation time-step.
As analyzed in [28], the PV inverter repair time
depends on the amount of time required to detect the
failure, diagnose the type of malfunction, obtain and
mstall spare parts, test the repair and re-install the
inverter. In order to calculate the PV array output
power, P . in (15) it is assumed that an MPPT process

is performed by the PV inverter control unit, such that
the maximum PV power is supplied to the PV inverter



[8]. The PV modules output power deterioration during
their service lifetime period is also considered when
calculating the PV array output power, since it affects
the values of the stress factors applied to the PV
inverter components and the resulting failure rates. As
stated in [38], the output power degradation of PV
modules tends to be linear with time. Thus, in the
proposed methodology the PV array output power, P

Al
(W), is calculated as follows:

P, (t,y)=[1-y*xr@)] Py (1) (16)

where y is the year number (1= v <n), r(-) (%/year)
1s the annual reduction coefficient of the PV modules
output power [if y—1 then r¥)—0, while for
I<y=n its value is specified by the PV modules
manufacturer] and P, (?)

production at the maximum power point during hour ¢
(1=<1t=<8760).
The value of P, in (16) is calculated using the PV

modules model analyzed in [39], based on the solar
irradiation and ambient temperature time-series, the
electrical specifications of the PV modules and their
configuration (i.e. connection in series and parallel)
within the PV array, which are input in the proposed
optimization procedure by the PV inverter designer.
The total power loss, P,, (W), is equal to the sum of

is the PV array power

the power losses of the components comprising the PV
inverter:

I
Po(t,y) = [ B i(t3)+ Py (1,3) |+
i=1

Bty + Py (ty)+Fg (ty)+F,

(17)

where P, (W) is the power loss of the LCL-type

output filter damping resistor and P, (W) is the power

consumption of the PV inverter control unit (including
the digital controller boards, gate drivers, sensors etc.).
The value of 7; in (17) is calculated using the power

loss model presented in [36], while the value of P_ is

[
constant and it is input to the proposed optimization
process by the PV inverter designer.

The power switches of the PV inverter under
consideration are controlled according to the
Sinusoidal Pulse Width Modulation (SPWM) principle

[40]. Thus, the PV inverter switching frequency, f.

(Hz) 1s constrained to be an integer multiple of the grid
frequency. f (Hz) and simultaneously it also holds

that:

f; < j;,mm' (1 8)

where f

capability of the power switches, specified by their
manufacturer.

The values of the LCL-type output filter components
(ie. L, L,, C; and R, in Fig. 1) are calculated by

the proposed optimization algorithm according to the
design principles described in [5], such that:
o the current ripple at the PV inverter output is less
than the maximum permissible limit of harmonic
current distortion at the PV inverter output, RF,

(Hz) is the maximum switching speed

(%), which is imposed by the grid regulations and
standards,

o the LCL-filter resonant frequency is between ten
times the electric grid frequency and one-half of
J. . in order to ensure that resonance problems are

avoided,
o the total value of the PV inverter output filter
inductance (i.e. L+L,) is less than 0.1 pu, in

order to limit the AC voltage drop during
operation and

» the reactive power of the LCL-filter capacitor,
Cy, is less than 5% of the rated power, in order to

limit the power factor decrease at rated power.

During the execution of the proposed optimization
process, the components considered each time for
mcorporation in the PV inverter structure are evaluated
according to: i) their cost [i.e. parameters c, ., ¢, etc. in
(4)], 11) their resulting failure rates incorporated in (7),
which in turn affect the total maintenance cost of the
PV inverter according to (5) and iii) their power losses
which affect the energy production of the PV inverter
according to (14)-(15).

IV. OPTIMIZATION EXAMPLE

As 2kKW/220V

transformerless, full-bridge grid-connected PV inverter,
which is illustrated in Fig. 1, has been optimally
designed using the proposed methodology. The PV
array connected to the PV inverter is comprised of
twelve 175 W /35.4V  (under Standard Test

Conditions) PV modules connected in series. The PV
modules annual output power reduction coefficient,
specified by their manufactur ) fqual to

r(y)=0.6%. Th%ﬁ@ gﬁ%ﬁ@% ot

considered in the optimizatyg p&g

an optimization example, a

s g

As analy%gq On § Al the proposeg optimjzation
procedure

I
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IGBT-type power switches with free-wheeling diodes.
In order to demonstrate the features of the proposed
methodology and explore the effect of the heat sink
type on the PV inverter reliability characteristics during
the execution of the proposed optimal design process,
the IGBT-type power switches and free-wheeling
diodes have been considered to be mounted on two
alternative types of heat sinks with dissimilar cost and
thermal conduction characteristics, expressed by ¢,
and 6, in (4) and (8)-(9), respectively. The technical
and economical characteristics of commercially
available components used to build the PV inverter
power section and output filter (i.e. heat sinks, IGBTs,
inductors etc.), which are input in the optimization
process illustrated in Fig. 2, are summarized in Table I
and Table II, respectively. The technical characteristics
of the PV inverter components were based on the
information provided by their manufacturers. The
economical characteristics of the PV inverter
components considered in the optimization process are
based on the selling prices of the cormresponding
components in the international market, also
considering that a large volume of components is
expected to be purchased during the industrial
construction of the PV inverter.

The maximum permissible limit of harmonic current
distortion at the PV inverter output, RF, . has been

set equal to 4 %. The total failure rate of the PV
inverter components not included in the set of the PV
inverter design variables (e.g. FPGA or DSP boards,
monitoring sensors etc.) has been set equal to
A, =17.2 failures/10° hours [28], [34]. It is assumed

that the PV inverter repair time is zero, in order to
derive results independent of factors which are not
directly related to the PV inverter design process, such
as the geographic isolation of the PV system
installation site, maintenance personnel and spare parts
availability [28] etc.

A software program operating under the MATLAB
platform has been developed for the implementation of
the proposed optimal design method. The global
minimum of the PV inverter LCOE (objective)
function is calculated using the Genetic Algorithm
functions available in the MATLAB Global
Optimization Toolbox.

The proposed methodology has been applied for the
design optimization of PV inverters installed at various
sites in Europe. The resulting optimal values of the PV
mverter design variables (i.e. L, L,, C;, R, and f)

and LCOE for both alternative types of heat sinks
input in the proposed design optimization process, are
presented in Table ITI. A different set of optimal values
has been derived for each type of heat sink deployed in
the PV inverter structure since different solar
irradiation and ambient temperature conditions prevail
at each installation site, which affect both the total PV
energy production and the PV inverter reliability
performance. Thus, the techmical and economical
characteristics of the heat sink impact the optimal
values of the LCL filter components which are required
in order to obtain the minimization of the PV inverter
LCOE.

For the specific operational and economical
characteristics of the components considered in the
optimization example (Tables I and II), the
manufacturing cost per unit power of the optimized PV
inverters presented in Table IIT using heat sink type-1
is 30.29-30.35 cents of €/W, while the corresponding
values in case that heat sink type-2 is used are in the
range of 33.32-33.42 cents of €/W. The manufacturing
cost of the optimized PV inverter can be further
reduced in order to achieve the desirable economic
targets by building the inverter using components with
lower selling prices.



TABLE III
THE OPTIMAL VALUES OF THE PV INVERTER DESIGN VARIABLES AND LCOE
FOR VARIOUS INSTALLATION SITES IN EUROPE

LCOE
Heat L L, C, R, " "
sin
k (mH) (o) (0F) () (kHz) [MWJ
Type 1 1.481 83.086 4.484 4.189 29.95 15.051
Athens P
(Greece)
Type 2 1.726 54.326 4.112 3.579 29.95 16.400
B Type 1 1.413 52.360 5.065 3.157 29.95 13.249
Murcia
Sitit
Gpaln)  pyhe2 1481 54386 4.827 3297 2095  14.404
Type 1 1.466 49.305 5.125 3.051 29.90 21.910
Freiburg P
G - ¥
(Germany)  1ype2 1463 45366 5.519 2824 2095  23.776
Oslo Type 1 1.573 49,573 4,887 3.136 29.95 22.277
N - r
(Norway)  Type2  1.602 49438 4.801 3161 2995  24.200
During the design of a PV inverter, it is not generally
known a prif)ri by how much th.e switchi.ng frequency . B o PR
should be increased since this also increases the §¢ 2 mislecid
switching losses of the power semiconductors. The gé% g
proposed methodology enables to explore the impact of F 2 ¢
the PV inverter component values on the lifetime- B s

cost/power-losses trade-off in order to derive the
overall optimal PV inverter configuration providing the
minimum LCOE. For the specific operational and
economical characteristics of the components
considered in this optimization example (Tables I and
IT), the optimal value of the switching frequency, f, in

5

Table III, has been calculated to be close to the
maximum permissible switching frequency of the
IGBT-type power switches considered, thus aiming
towards the reduction of the LCL-filter size and cost.

According to Table I, the thermal resistance of heat
sink type-1 is higher compared to that of heat sink
type-2. resulting in the development of higher junction
temperatures in the power semiconductors. Depending
on the installation area, the resulting failure rates of the
IGBT power switches and diodes in the optimized PV
inverters presented in Table ITI, which have been built
using heat sink type-1, are 146.58-146.71 failures/10°
hours and 99.33-104.48 failures/10°  hours,
respectively. These values are higher by 0.02-0.019 %
and 0.003-0.01 %, respectively, compared to the case
that heat sink type-2 is used.

The failure rates of the optimized PV inverters for
both heat sink types in each installation site are
depicted in Fig. 4.
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Fig. 4. The failure rates of the optimized PV inverters
for both heat sink types in each installation site.

It is observed that different values of the total failure
rates of the optimized PV inverters resulted in each
installation site since: i) a different set of optimal
values of the PV inverter components (i.e. design
variables) has been derived for each type of heat sink
employed in the PV inverter structure in order to
minimize the LCOE of the corresponding PV inverter,
as presented in Table III and ii) different
meteorological conditions prevail in each installation
area, which affect the stress factors applied at the
individual components of the PV inverter. As analyzed
in § III, the failure rates are calculated using the
average values of the stress factors applied at each
component, weighted by the percentage of operating
hours at each stress level. This process smoothes the
impact of extreme individual values of the stress
factors on the resulting failure rate. Thus. in each
installation site the total failure rates and lifetime
maintenance costs which resulted for the PV inverters
using either of the two heat sink types considered do
not differ significantly. However. the heat sink of type-



1 is of much lower cost compared to the type-2 heat
sink, thus constituting the optimal heat sink type which
provides the minimum LCOE in all installation sites,
as illustrated in Table III. The failure rate is a statistical
parameter and the number of failures experienced by
the PV inverter under actual operating conditions
depends on the probability that the PV inverter will
operate properly beyond time ¢, as expressed by (6).
Thus, in the proposed optimization methodology, the
average number of failures during each year of
operation is calculated by performing a Monte Carlo
simulation, as described in § I11.

The optimal values of LCOE and total energy
injected into the electric grid during the 25-years
operational lifetime period [i.e. E, in (2) and (14)] of a
PV inverter built using heat sink of type-1, which is the
optimal type of heat sink as analyzed above, for
various installation sites in Europe, are depicted in
Figs. 5(a) and (b), respectively.
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Fig. 5. The performance of the optimized and non-
optimized PV inverters for various installation sites in
Europe: (a) LCOE, (b) total energy injected into the
electric grid for 12 PV modules during the 25 years
operational lifetime period and (c¢) Mean Time
Between Failures (MTBF).

It is observed that the overall minimum LCOE and the
maximum energy production are achieved in Murcia
(Spain), since that installation site exhibits the highest
solar irradiation potential.
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The optimal values of the Mean Time Between
Failures (MTBF) [27] of the PV inverters optimized for
each installation site are presented in Fig. 5(c). It is
observed that although the PV inverter optimized for
Murcia (Spain) achieves the overall minimum LCOE ,
it also exhibits the minimum optimal MTBF among the
PV inverters optimized for each installation site. This is
due to the higher solar irradiation and ambient
temperature operating conditions prevailing at this
installation site, resulting in increased values of the
stress factors. which adversely affect the PV inverter
reliability performance. The maximum deviation of the
calculated optimal MTBF values among the four
installation sites is 0.9 %.

The case that the single-phase, full-bridge PV
inverter under study is designed without using the
proposed optimization process, thus forming a non-
optimized PV inverter, has also been considered for
comparison purposes. The manufacturing cost, lifetime
energy production and reliability features have not
been considered during the design process of the non-
optimized PV inverter. The non-optimized PV inverter
operates at f, =8 kHz ., which is the typical switching
frequency value in this power range [2, 41]. Also, it is
comprised of type-1 heat sink and an LCL output filter,
which has been designed as analyzed in [5], with
L=5.65mH, Lg =1.09 mH , Cf:3.29p_F and

R, =5.6 . The rest of the non-optimized PV inverter
specifications (i.e. power rating, output frequency etc.)
are identical to those of the PV inverter which has been
optimally designed using the proposed methodology.
Comparing the individual values of the design
variables in the non-optimized PV inverter and the
corresponding optimal values derived using the
proposed methodology for a PV inverter comprised of
type-1 heat sink, which are presented in Table III, a
significant deviation is observed. The average
deviations for all installation sites of the corresponding
values of the L, L, C,. R, and f, design variables

in the optimized and non-optimized PV inverters are
73.75 %, 94.63 %, 48.64 %, 39.58 % and 274.22 %,
respectively, thus demonstrating the strength of the
proposed design methodology to facilitate the optimal
design of the PV inverter based on a systematic
process. The LCOE, total energy production and
MTBF of the non-optimized PV inverter are also
presented in Fig. 5. As shown in Fig. 5(c), compared to
the optimized PV inverters designed using the
proposed methodology, the non-optimized PV inverter
exhibits slightly higher MTBF in all installation sites
considered. However, such a deviation does not
significantly affect the resulting lifetime maintenance
cost of the non-optimized PV inverter. Thus. compared



to the non-optimized PV inverter, the LCOE of the
optimized PV inverters is lower by 13.4-17.6 % [Fig.
5(a)] and the total energy injected into the electric grid
is higher by 9-15 % [Fig. 5(b)].

The present value of the PV inverter total cost [i.e.
in (2) and (3)] of the optimized and non-optimized
PV inverters is illustrated in Fig. 6. In all cases
considered, the maintenance cost corresponds to
approximately 13.9 % of the PV inverter total cost.
Thus, the variation of the optimal total cost among the
four installation sites is practically due to the different
values of the components required to build the
optimized PV inverter in each site (Table III), which
affect the corresponding manufacturing costs.
Compared to the non-optimized PV inverter. the total
cost of the optimized PV inverters is lower by 5.6-5.7
%. The manufacturing cost per unit power of the non-
optimized PV inverter is 32.31 cents of €/W and it is
higher than the corresponding cost of the optimized PV
inverter using heat sink type-1 by 6.47-6.67 %.

The efficiency at maximum AC power and European
efficiency of the optimized and non-optimized PV
inverters, for various installation sites in Europe, are
presented in Fig. 7. Compared to the non-optimized PV
inverter, the efficiency at maximum AC power and
European efficiency of the PV inverters designed using
the proposed methodology are higher by 2.52-2.59 %
and 7.55-7.75 %, respectively. The PV inverter
optimized for Murcia (Spain) achieves the highest
values of efficiency at maximum AC power and
European  efficiency and  simultaneously., as
demonstrated in Fig. 6. exhibits the lowest lifetime
cost.

The variation of the total energy injected into the
electric grid [i.e. E, in (2) and (14)] by a PV inverter
installed in Murcia (Spain) for various values of the
design variables L, and C, in the case that

L-1413mH and f —2995kHz, is illustrated in
Fig. 8. It is observed that E, is a highly non-linear
function of the values of the PV inverter components,
thus dictating the use of a computationally efficient
optimization algorithm, such as GAs, in order to
calculate the optimal value of the PV inverter LCOE .
The successful detection by the GA-based optimization
procedure of the global optimum point where the PV
inverter LCOE is minimized has been verified by also
performing the proposed optimization process using an
exhaustive search procedure.

C

inv

12

750 744

Total cost (Euro)

700+
L

Non-

ptimized Optimized Optimized Optimizad
for Athens for Murcia for Freiburg for Oslo optimized

{Greace)
Fig. 6. The total cost of the optimized and non-
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