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Design Optimization of Transformerless
Grid-Connected PV Inverters Including Reliability

Eftichios Koutroulis, Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

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 opti-
mal switching frequency as well as the optimal values and types of
the PV inverter components is calculated such that the PV inverter
LCOE generated during the PV system lifetime period is mini-
mized. The LCOE is also calculated 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 nonoptimized 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—DC-AC power conversion, failure analysis, opti-
mization methods, photovoltaic (PV) power systems, reliability.

NOMENCLATURE

Cy LCL-filter capacitor.

Cinv (X) Present value of the PV inverter total cost.

Cy(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.

My Repair cost of the PV inverter.

M, (X) Present value of the total maintenance cost.

N;(X) Average number of failures during the jth year
of operation.

Pj max Maximum power dissipated in the damping
resistor.

P.. Power consumption of the PV inverter control
unit.

P, Total power loss of the ith free-wheeling diode.

P (ty) Power loss of the LCL-filter converter-side
inductor.

B Power loss of the LCL-filter grid-side inductor.
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Total power loss of the ith power switch.
Power loss of the LCL-filter damping resistor.
PV array power production at the maximum
power point during hour ¢.

Nominal output power of the PV inverter.
Power injected into the electric grid.

Output power of the PV array.
Weighted-average value of the damping resistor
power consumption.

Total power loss of the PV inverter.

LCL-filter damping resistor.

Maximum permissible limit of harmonic current
distortion at the PV inverter output.

Reliability (or survival) function.

Damping resistor oversizing factor.

Radiating surface area of case per unit induc-
tance and per unit nominal operating current.
PV inverter ambient temperature at hour ¢ of
year y.
Weighted-average
temperature.
Weighted-average value of the free-wheeling
diodes junction temperature.

Maximum permissible junction temperature of
the free-wheeling diodes.

Operating junction temperature of the free-
wheeling diodes.

Operating junction temperature of the power
switches.

Weighted-average value of the power switches’
junction temperature.

Maximum permissible junction temperature of
the power switches.

Weighted-average of the converter-side inductor
operating temperature.

Weighted-average of the grid-side inductor op-
erating temperature.

Weighted-average of the damping resistor oper-
ating temperature.

Weighted-average of the LCL-filter capacitor
voltage.

Weighted-average of the dc input voltage.
Nominal voltage of the electric grid.

Vector of the optimization problem design
variables.

LCL-filter capacitor cost per unit capacitance.
Free-wheeling diode cost.

Cost of the heat sink.

value of the ambient
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ci LCL-Ailter inductor cost per unit inductance and
current rating.

Cinv Partial manufacturing cost of the PV inverter.

cr Filter damping resistor cost per unit resistance
and power.

Cs Power switch cost.

d Annual discount rate.

f Nominal frequency of the electric grid.

fs Switching frequency.

fs.max 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).

y Year number (1 <y < n).

At Simulation time step.

Oca Thermal resistance of the heat sink.

Oic.a Thermal resistance from the junction to the case
of the free-wheeling diodes.

Oic.ps Thermal resistance from the junction to the case

of the power switches.
Ae Total failure rate of the remaining components
and subsystems of the PV inverter.

ACy Failure rate of the LCL-filter capacitor.

ACin Failure rate of the dc-link capacitor.

Adi Failure rate of the free-wheeling diodes.

Jinv (X)) PV inverter failure rate.

AL Failure rate of the LCL-filter converter-side
inductor.

AL, Failure rate of the LCL-filter grid-side inductor.

Aps.i Failure rate of the power switches.

ARy, Failure rate of the LCL-filter damping resistor.

I. INTRODUCTION

CCORDING to the European Photovoltaic Industry As-
A sociation, the growth of the photovoltaic (PV) system ca-
pacity seen in the last ten years is expected to continue in the
near future also [1]. Nowadays, the majority of PV systems
are used to supply the generated energy into the electric grid. A
block diagram of a grid-connected PV system employing a trans-
formerless, 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 toward the reduction of the size of the
reactive elements comprising the output filter of the PV in-
verter [4], [5].

A cost-effective deployment of grid-connected PV systems
can be achieved by minimizing the initial investment cost re-
quired 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 relia-
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Fig. 1. Grid-connected PV system employing a transformerless PV inverter.

bility by minimizing the number of failures of the PV system
components which occur during the operational lifetime pe-
riod 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 is
efficiently processed by the PV inverter [9]. The reliability char-
acteristics 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 sys-
tem 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 the 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-year performance
warranty and constitute the most reliable component of a PV
system [10]. In contrast, according to the analysis presented
in [11] where both wearout 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
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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 op-
erating 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 reliabil-
ity 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-experiment (DOE)
technique for the design of a PV inverter such that it exhibits
the desired MTBEF is presented in [23]. The reliability of var-
ious topologies for a module-integrated PV inverter is investi-
gated 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 fail-
ure rates of the dc-link capacitor and power MOSFETsS used in
various single-phase PV inverter topologies, which are capable
of providing 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, is presented in [27].

In [28] the number of failures that the PV inverter is expected
to encounter during its service lifetime period is predicted us-
ing a Monte Carlo analysis. The failure rates of the subsystems
corresponding to the PV inverter major failure modes are consid-
ered, such as the cooling fans of the power-conditioning unit, the
insulated gate bipolar transistors (IGBTs) comprising the power
stage, and the energy-storage capacitors. It is demonstrated that
the PV inverter availability can be improved by either increasing
the repair rate in the case of malfunction or reducing the failure
rate of the dc-bus capacitors, which constitute the most vulnera-
ble 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 pre-
dicting the availability of a PV inverter, which is based on treat-
ing 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 component values and operational
characteristics on the PV inverter reliability features.

The methods described previously 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 tradeoff has not been
investigated. Hence, these approaches do not constitute a sys-
tematic procedure enabling the optimal selection of the PV in-
verter component types and values which will guarantee the
development of the most cost-effective PV inverter configura-
tion seen during a lifetime.

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 op-
timal values and types of the components comprising the PV
inverter is 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 mainte-
nance 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 optimiza-
tion example.

II. 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,, Cy, and Ry,), and the
optimal types of the power semiconductors including heat sink.
The vector of the optimization problem design variables X is of
the form X = [L|L,|Cy|f,]. The optimal value of the LCL-filter
damping resistor Ry, is calculated using the resulting optimal
values of L, L,, and CY, as analyzed in [5].

A block diagram of the proposed automated optimization pro-
cedure is illustrated in Fig. 2. The optimization algorithm inputs
provided by the PV inverter designer are: 1) the input—output
specifications, topology, and modulation strategy of the PV in-
verter; 2) the technical and economical characteristics of multi-
ple 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-h
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
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Fig. 2. Flowchart of the proposed optimization procedure.

under consideration, only for those sets of design variables sat-
isfying the PV inverter operational constraints. The reliability
features of the PV inverter components are also considered dur-
ing 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 algo-
rithms, which are capable to derive the global optimum solution
of the objective function with computational efficiency. The
PV inverter optimal design process described previously is re-
peated 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 is output as the overall optimal configuration of the
PV inverter.

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

min‘i)gnize {LCOE (X))}
subject to: design specifications and constraints are met (1)
where
Cinv (X)
LCOE (X) = ———= 2)
(X) E; (X)

with C,y (X)) (€) being the present value of the PV inverter
total cost during its operational lifetime period, F; (X) (Wh)
being the total energy injected into the electric grid by the PV
inverter during its operational lifetime period, and X being the
vector of the design variables.

The present value of the PV inverter total cost Ci,, (X) is
calculated as the sum of the PV inverter manufacturing cost
Cy (X)) (€) and the present value of the total maintenance cost
during the PV inverter operational lifetime period M; (X) (€)

Cinv (X) = Ct (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

P,
C; (X) = Cinv Py + cns +p- (Cs +Cd) “+ ¢ - (L+Lg)7

+ C(:Cf + SF - CerrPd,max (4)

where ¢,y (€/W) is the PV inverter manufacturing cost with-
out including the cost of the heat sink, power switches, diodes,
and output filter components (e.g., control unit, printed circuit
boards, enclosure, etc.), cps (€) is the cost of the heat sink, p
is the number of power switches and free-wheeling diodes con-
tained in the PV inverter power section, ¢, and ¢4 (€) are the cost
of each power switch and free-wheeling diode, respectively, ¢;
[€/(H - A)] is the LCL-filter inductor cost per unit inductance
and current rating, ¢, (€/F) is the filter capacitor cost per unit
capacitance, ¢, [€/ (2 - W)] is the filter damping resistor cost
per unit resistance and power, SF' (%) is the damping resistor
oversizing factor, and Py 1,ax (W) is the maximum power dissi-
pated 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 PV inverter to the corresponding present value,
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Fig. 3. PV inverter reliability evaluation procedure.

according to the following equation:

(1+g)
N My - —— 5

where n 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 jth year of operation (1 <
7 < n), Mi, (€) is the present value of the cost for repairing the
PV inverter, g (%) is the annual inflation rate, and d (%) is the
annual discount rate.

The values of N; (X)) are calculated for each set of the com-
ponent values (i.e., vector X') produced during the GA-based
optimization process, according to the PV inverter reliability
evaluation flowchart 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, am-
bient temperature, etc.) [32]. However, the PV inverter operates
under stochastically varying solar irradiation and ambient tem-
perature 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 com-
ponent 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-h 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 component failure-rate models
described in [28] and [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 10 000 samples.

The probability that the PV inverter will operate properly be-
yond time ¢ is expressed by the reliability (or survival) function
R, (X') which is given by [21], [33]

R, (X) = e X0 (©6)

where Ay (X) (number of failures/10° h) is the PV inverter
failure rate.

The value of Ay, (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:

p
1n\ Z ps, L ]pb i + )Ld 1(T]'d,i)] + )\L (TL)

i=1
+ o, (Trg) + ro, (Cr, Ve, , Ta) + gy, (Pry s Try,)
+ )"Cin(Cin7V;)vaTA) + )\c (7)

where A, Ag; (1 <1< p), Ap, AL,s reys and Ap,, are the
failure rates (number of failures/10° h) of the PV inverter power
switches, free-wheeling diodes, LCL-type output filter inductors
(L and L), capacitor (C'y), and damping resistor (Rq,), respec-
tively, Aciy 1S 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.), T is the weighted-average value of
ambient temperature, and Vv, Vo, , Pr,,» Tipsis Tia,is I, Trg.
and T, are the weighted-average values of the PV inverter dc
input voltage (i.e., PV array output voltage), LCL-filter capaci-
tor 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 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, affects 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 semiconductors, T}, ; and Ti,q,; (°C), respectively, are
calculated assuming that the power switches and diodes are
mounted on a common heat sink, using the following equations:

I%ps,i(tv y) =Ta (t7 y) + ejc,ps : Hps,i(t; y)
»
+0ca - > [Ppsj(t,y) + Paj(ty)] - (8)
Jj=1
Tia,i(t,y) = Ta(t,y) + bjc.a - Plai(t,y)

P
+ a(a Z [Bps ¥ (t y) + Pld J (t y)] (9)

j=1
where Ty (t,y) (°C) is the PV inverter ambient temperature at
hour ¢ (1 <t < 8760) of year y (1 <y < n), Ojcps and bic g
(°C/W) are the thermal resistance from the junction to the case
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of the power switches and free-wheeling diodes, respectively,
0o (°C/W) is the thermal resistance of the heat sink, and P ;
and Pjq ; (W) are the total power loss (including conduction and
switching power losses) of the ith (1 < ¢ < p) power switch and
free-wheeling diode, respectively.

Additionally, in order to ensure that the junction tempera-
ture 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 pro-
cess is performed subject to the following constraints:

ijs,i (t, y) S ijs,max (10)
Tjdl(tvy> < Tjid,max (11)

where Tj,s max and Tiq max (°C) are the maximum permissi-
ble junction temperatures 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 ir-
radiation 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 sus-
pended (e.g., during the night hours), the junction temperature
of the power semiconductors is calculated from (8) and (9) to
follow the ambient temperature.

The operating temperature of the LCL-type output filter in-
ductors, 77, and TLy , respectively, is calculated as [32]

Tr(t,y) =Ta(t,y) +1.1-125- P (t,y) -V, /(S - L- P,)
(12)
Ty, (ty)=Ta(t,y)+1.1-125 P, (t,y) - Vi /(S Ly - Py)
(13)

where P, 1, (t,y) and P}z, (W) are the power losses (including
copper and core losses) of the inductors L and L, respectively,
V., (V) and 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 T4 (t,y), Oicpss Bic.ds Ocas
Tips.maxs Ljd,maxs Vs Py, and S are provided by the PV in-
verter designer, while the values of Py,s i, Pa,i» P, and P, 1,
are calculated according to the power loss models described
in [36] and [37] using the operational characteristics of the
components available in the device datasheet, provided by their
manufacturer.

The total energy production, E; (X)) in (2), is calculated as

n 8760
X)=> "3 Pty At (14)
y=1t=1
where
0, during repair
Po(tvy): { (15)
PPV (ta y) - ]Dtot (t, y), else

and P, P, and Py, (W) are the power injected into the electric
grid by the PV inverter, the PV array output power, and the PV
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inverter total power loss, respectively, at hour ¢ (1 < ¢ < 8760)
of year y (1 <y <n) and At =1 h 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 install spare parts, test the
repair, and reinstall the inverter. In order to calculate the PV
array output power F,, 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 B, (W) is calculated
as follows:

By (ty) =1 —y xr(y)] - Pu(t)

where y is the year number (1 <y < n), r(-) (%/year) is the
annual reduction coefficient of the PV modules output power (if
y = 1 then r(y) = 0, while for 1 < y < n its value is specified
by the PV modules manufacturer), and Py, (t) is the PV array
power production at the maximum power point during hour ¢
(1 <t < 8760).

The value of Py, in (16) is calculated using the PV modules
model analyzed in [39], based on the solar irradiation and am-
bient temperature time-series, and 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;o¢ (W) is equal to the sum of the power
losses of the components comprising the PV inverter

(16)

p
Rotty Zplpszty +Bdt(t y)]+B7L(tay)
i=1

+ P1, (ty) + Pir,, (6 y) + Peu A7)

where P g, (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 P, g, 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 pulsewidth modula-
tion (SPWM) principle [40]. Thus, the PV inverter switching
frequency f, (Hz) is constrained to be an integer multiple of the
grid frequency f (Hz) and simultaneously it also holds that

fs < f.s:ma‘x (18)

where fs 1.x (Hz) is the maximum switching speed capability
of the power switches, specified by their manufacturer.
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The values of the LCL-type output filter components (i.e., L,
L,, Cy, and Ry, in Fig. 1) are calculated by the proposed opti-
mization algorithm according to the design principles described
in [5] such that

1) the current ripple at the PV inverter output is less than the
maximum permissible limit of harmonic current distortion
at the PV inverter output RFy, .« (%) which is imposed by
the grid regulations and standards;

2) the LCL-filter resonant frequency is between ten times
the electric grid frequency and one-half of f;, in order to
ensure that resonance problems are avoided;

3) 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

4) the reactive power of the LCL-filter capacitor C} 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 incorporation in the
PV inverter structure are evaluated according to: 1) their cost
[i.e., parameters cs, ¢;, etc., in (4)]; 2) 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) and (15).

IV. OPTIMIZATION EXAMPLE

As an optimization example, a 2 kW/220 V transformerless,
full-bridge, grid-connected PV inverter, which is illustrated in
Fig. 1, has been optimally designed using the proposed method-
ology. The PV array connected to the PV inverter is comprised
of 12 175 W/35.4 V (under standard test conditions) PV mod-
ules connected in series. The PV modules’ annual output power
reduction coefficient, specified by their manufacturer, is equal
to 7(y) = 0.6%. The PV system service lifetime considered in
the optimization process is n = 25 years.

As analyzed in Section II, the proposed optimization proce-
dure can be performed considering multiple alternative types of
PV inverter components (i.e., power switches, heat sinks, etc.)
in order to derive the overall optimum PV inverter configuration.
In this design example, the PV inverter power section is built
using 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 ¢y, and 6., in (4), and
(8) and (9), respectively. The technical and economical char-
acteristics 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 Tables I and
II, respectively. The technical characteristics of the PV inverter
components were based on the information provided by their

TABLE I
TECHNICAL CHARACTERISTICS OF THE PV INVERTER COMPONENTS

0., je.ps 0.4 S,
(“C) oC jp:,max oC j:,max fv,max m?
v W o ) o ki |53
Type 1:
0.65
— 17 175 2.6 175 30 5.1
Type 2:
0.29

TABLE II
ECONOMICAL CHARACTERISTICS OF THE PV INVERTER COMPONENTS

ciuv + Ci Ct‘ CV M d
Chs 6 Te w8

€ € € € o

— — — —_— Z Y

(W] ©  © [HAJ (F) [QAW] © %) (%)
Type 1:
27.2 i

2804 ———— 1.5 832 134-10°  3.6-10° 100.0 3.0 5.0
Type 2:
87.5

manufacturers. The economical characteristics of the PV in-
verter components considered in the optimization process are
based on the selling prices of the corresponding 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 distor-
tion at the PV inverter output RFy, . 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° h [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 op-
timal design method. The global minimum of the PV inverter
LCOE (objective) function is calculated using the genetic algo-
rithm 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 inverter design variables
(ie., L, Ly, Cf, Ry, and f,) and LCOE for both alternative
types of heat sinks input in the proposed design optimization
process are presented in Table III;. 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 in-
verter reliability performance. Thus, the technical and econom-
ical 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.
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TABLE III
OPTIMAL VALUES OF THE PV INVERTER DESIGN VARIABLES AND LCOE FOR
VARIOUS INSTALLATION SITES IN EUROPE

LCOE
Heatsink L (mH) L, (uH) C, (uF) R, (Q) f, (kHz) €
MWh
Typel 1481 . 4484 4.1 29, 15.051
Athens ype 81 83.086 8 89 2095  15.05

(Greece) 1 oen 1726 54326 4112 3579 2995 16400
Typel 1413 52360 5065 3.157 2995  13.249

Murcia ype
Gpain) o0 1481 54386 4827 3297 2995  14.404
Typel 1466 49.305 5125 3.051 2990  21.910

Freiburg we
(Germany) 15 1463 45366 5519 2824 2995  23.776
Oslo Typel 1573 49.573 4887 3.36  29.95 22277
(Norway)  1one2 1602 49438 4801 3161 2995  24.200

For the specific operational and economical characteristics
of the components considered in the optimization example (see
Tables I and II), the manufacturing cost per unit power of the
optimized PV inverters presented in Table III 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.

During the design of a PV inverter, it is not generally known a
priori by how much the switching frequency should be increased
since this also increases the switching losses of the power semi-
conductors. The proposed methodology enables us to explore
the impact of the PV inverter component values on the lifetime-
cost/power-losses tradeoff in order to derive the overall opti-
mal PV inverter configuration providing the minimum LCOE.
For the specific operational and economical characteristics of
the components considered in this optimization example (see
Tables I and II), the optimal value of the switching frequency f
in Table IIT has been calculated to be close to the maximum per-
missible switching frequency of the IGBT-type power switches
considered, thus aiming toward 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 result-
ing failure rates of the IGBT power switches and diodes in
the optimized PV inverters presented in Table III, which have
been built using heat sink type 1, are 146.58-146.71 and 99.33—
104.48 failures/10° h, 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 opti-
mized PV inverters for both heat sink types in each installation
site are depicted in Fig. 4. It is observed that different values of
the total failure rates of the optimized PV inverters resulted in
each installation site since: 1) a different set of optimal values
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Fig. 4. Failure rates of the optimized PV inverters for both heat sink types in

each installation site.

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 2) different meteoro-
logical conditions prevail in each installation area, which affect
the stress factors applied at the individual components of the
PV inverter. As analyzed in Section 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 in-
verters 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 Section III.

The optimal values of LCOE and the total energy injected
into the electric grid during the 25-year operational lifetime
period [i.e., F; 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 previously, for various installation sites in Europe, are
depicted in Fig. 5(a) and (b), respectively. 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.

The optimal values of the 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 irradia-
tion 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 per-
formance. The maximum deviation of the calculated optimal
MTBF values among the four installation sites is 0.9%.
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Fig. 5. Performance of the optimized and nonoptimized 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-year operational lifetime period,
and (c) mean time between failures.

The case that the single-phase, full-bridge PV inverter under
study is designed without using the proposed optimization pro-
cess, thus forming a nonoptimized 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 nonoptimized PV
inverter. The nonoptimized 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 = 5.65 mH, L, = 1.09 mH, Cy = 3.29 uF, and
R4, = 5.6 Q). The rest of the nonoptimized PV inverter specifi-
cations (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 val-
ues of the design variables in the nonoptimized PV inverter
and the corresponding optimal values derived using the pro-
posed 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,, Cy, Rq,, and f, de-
sign variables in the optimized and nonoptimized PV inverters
are 73.75%, 94.63%, 48.64%, 39.58%, and 274.22%, respec-
tively, 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 pro-
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Fig. 6. Total cost of the optimized and nonoptimized PV inverters for various
installation sites in Europe.
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Fig.7. Efficiency at maximum ac power and European efficiency of PV invert-
ers optimized for various installation sites in Europe and of the nonoptimized
PV inverter.

duction, and MTBF of the nonoptimized PV inverter are also
presented in Fig. 5. As shown in Fig. 5(c), compared to the opti-
mized PV inverters designed using the proposed methodology,
the nonoptimized 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 nonoptimized PV inverter. Thus, compared to the nonop-
timized PV inverter, the LCOE of the optimized PV inverters is
lower by 13.4-17.6% [see Fig. 5(a)] and the total energy injected
into the electric grid is higher by 9-15 % [see Fig. 5(b)].

The present value of the PV inverter total cost [i.e., Ci,y in
(2) and (3)] of the optimized and nonoptimized PV inverters is
illustrated in Fig. 6. In all cases considered, the maintenance
cost corresponds to approximately 13.9% of the PV inverter to-
tal 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 (see Table III), which affect the corresponding manu-
facturing costs. Compared to the nonoptimized 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 nonoptimized PV
inverter is 32.31 cents of €/W and it is higher than the corre-
sponding cost of the optimized PV inverter using heat sink type
1 by 6.47-6.67%.

The efficiency at maximum ac power and European effi-
ciency of the optimized and nonoptimized PV inverters, for
various installation sites in Europe, are presented in Fig. 7.
Compared to the nonoptimized 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
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Fig. 8. Variation of the total energy injected into the electric grid by a PV
inverter installed in Murcia, Spain, for various values of the design variables L,
and C, in the case that L = 1.413 mH and fy; = 29.95 kHz.

maximum ac power and European efficiency and simultane-
ously, 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 = 1.413 mH and f; = 29.95 kHz, is illustrated
in Fig. 8. It is observed that E; is a highly nonlinear 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 pro-
cedure.

V. CONCLUSION

Targeting at cost-effective deployment of grid-connected PV
systems, a new methodology for the optimal design of trans-
formerless PV inverters has been presented in this paper. The
optimal switching frequency as well as the optimal values and
types of the components comprising the PV inverter is calcu-
lated such that the PV inverter LCOE generated is minimized.
The LCOE is calculated also considering the PV inverter com-
ponent reliability in terms of the corresponding failure rates,
which affect the lifetime maintenance cost of the PV inverter.

The proposed design method facilitates the optimal design of
the PV inverter based on a systematic process. The design opti-
mization results indicate that in contrast to the past-proposed de-
sign approaches, the methodology presented in this paper has the
advantage of enabling to explore the impact of the PV inverter
component values on the lifetime-cost/power-losses tradeoff in
order to derive the overall optimal PV inverter configuration,
while simultaneously considering the PV inverter components
reliability which affects the lifetime maintenance cost of the PV
inverter. The optimal values of the PV inverter design param-
eters depend also on the meteorological conditions prevailing
at the PV system installation site. Compared to the nonopti-
mized PV inverter structures, the PV inverters designed using
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the proposed methodology exhibit lower total cost (including
the manufacturing and lifetime maintenance costs) and inject
more energy into the electric grid.
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