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Abstract: The transformerless PV inverters are the major functional units of modern grid-connected
PV energy production systems. In this paper, a new optimization technique is presented for the
calculation of the optimal types and values of the components comprising a transformerless PV
inverter, such that the PV inverter Levelized Cost Of the generated Electricity (LCOE) is minimized.
The proposed method constitutes a systematic design process, which is capable to explore the impact
of the PV inverter configuration on the trade-off between the PV inverter manufacturing cost and the
power losses affecting the corresponding energy production. The design optimization results
demonstrate that the optimal values of the PV inverter design variables depend on the inverter
specifications, the technical and economical characteristics of the components used to build the PV
inverter and the meteorological conditions prevailing at the installation area. Compared to non-
optimized transformerless inverters, the PV inverter structures derived using the proposed design
optimization methodology exhibit lower manufacturing cost and simultaneously are capable of

producing more energy into the electric grid system.

Index Terms: Photovoltaic power systems, DC-AC power conversion, Design methodology,

Optimization methods.

1. Introduction

The DC/AC inverters (PV inverters) are the key elements in grid-connected PV energy production
systems, since they interface the energy produced by the PV array into the electric grid [1]. Compared
to the grid-connected PV inverters with galvanic isolation, the transformerless PV inverters
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(e.g. full-bridge, NPC, HERIC etc.) have the advantages of lower cost, higher efficiency, smaller size
and lower weight [1-3]. A general block diagram of a grid-connected PV system employing a
transformerless PV inverter with a full-bridge power section is illustrated in Fig. 1. The power
switches of the PV inverter are controlled by a control unit and an output filter is used to reduce the

high-order harmonics, thus injecting a sinusoidal current into the electric grid.
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Fig. 1 A grid-connected PV system employing a transformerless single-phase PV inverter with a

full-bridge power section.

The LCL-type output filters are usually used instead of the L- or LC-type filters, since they are capable
to achieve attenuation of the switching harmonics using smaller reactive elements and also obtain
better decoupling between the filter and the grid impedance [4]. The control unit developed is usually
using DSP and FPGA ICs [5] for the execution of control and energy management algorithms (e.g.
Maximum Power Point Tracking (MPPT) [6], modulation strategies [7] etc.), thus constituting a major
subsystem of the PV inverter structure, affecting both the energy injected into the electric grid and the
PV inverter cost. The optimal design of controller parameters, LC output filter components and the
power sharing coefficients for enhancing the stability of an inverter-based micro-grid is presented in
[8]. A technique for the design optimization of a one-cycle controller used in a single-stage inverter, by
means of a multi-objective optimization strategy, is proposed in [9].

As analyzed in [10], the stochastically varying solar irradiation and ambient temperature conditions

prevailing at the PV array installation site and the shape of the PV inverter efficiency vs. output power



curves define the actual energy injected into the electric grid. An “ideal” PV inverter would be capable
to maximize the energy injected into the electric grid with the minimum possible manufacturing cost.
Typically, iterative trial-and-error techniques are employed in the design process of PV inverters,
targeting to maximize performance metrics such as the power conversion efficiency at nominal
operating conditions, or the “European Efficiency” [1, 11-13]. An optimal LCL-filter design procedure
is proposed in [14] for the minimization of a PWM voltage-source converter output-filter cost and
volume. The design process of the LCL-type output filter in a grid-interactive voltage-source inverter
is explored in [15]. The total power loss of that filter is used as the optimization criterion for the
selection of optimal values of the filter components. However, these methods have the disadvantage
that the impact of the PV inverter component values and operational characteristics (e.g. maximum
switching frequency) on both the PV inverter manufacturing cost and the total energy production is not
considered during the design process.

In this paper, a new technique for the optimal design of the power section and output filter of
transformerless PV inverters is presented. Using the proposed method, the optimal types and values of
the PV inverter components are calculated such that the PV inverter Levelized Cost Of the generated
Electricity (LCOE) is minimized, while simultaneously considering the limitations imposed by the
electric-grid-interconnection regulations and international standards. Compared to the past-proposed
approaches applied to design of PV inverters, the method presented in this paper has the advantage that
the influences of the PV installation site solar irradiation potential, the PV array operational
characteristics and the PV inverter component cost and operational characteristics, on both the PV
inverter manufacturing cost and total energy production, are simultaneously taken into account during
the PV inverter design process. Thus, the proposed design tool is capable to explore the impact of the
PV inverter configuration (e.g. switching frequency applied, on-state voltage of the power switches
etc.) on the trade-off between the PV inverter manufacturing cost and the power losses affecting the
corresponding energy production. It comprises a systematic design process targeting to assist the PV
inverter designer to derive the optimal PV inverter configuration, without significantly depending on

the level of experience from the circuit designed.



The proposed design optimization methodology is outlined in Section 2, the mathematical model
considered during the optimization procedure is analyzed in Section 3 and a design optimization

example is presented in Section 4. Finally, conclusions are drawn.

2. The proposed design optimization methodology
The target of the proposed design optimization methodology is to calculate the optimal values of the
following PV inverter design variables:

e switching frequency, f,,

e type of power semiconductors and

* values of output-filter inductances, L and L, , capacitance, C, and damping resistance, R,, .

The optimization algorithm inputs are the following:

e operational characteristics and configuration (i.e. power rating, open-circuit voltage, number
connected in series/parallel etc.) of the PV modules comprising the PV array connected to the PV
inverter,

¢ 1-hour average solar irradiance and ambient temperature time-series during the year,

e PV inverter specifications (i.e. nominal output voltage/frequency and power rating) provided by
the PV inverter designer,

e PV inverter topology and modulation strategy,

e price and technical characteristics of the power semiconductors comprising the PV inverter power
section,

e price and technical characteristics of the magnetic components, capacitors and resistors of the
output filter and

e specifications imposed by electric-grid-interconnection regulations (e.g. the maximum permitted
harmonic-current level etc.).

The technical characteristics of the components used to construct the PV inverter are available in the
device datasheet provided by the manufacturer, while their prices are specified by the market

conditions. As in the past-proposed PV inverter design techniques, they are both considered as
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deterministic parameters in the proposed methodology. The solar irradiation and ambient temperature
input data for each geographical location (e.g. based on yearly measurements, the typical
meteorological year etc.) are widely available in databases of weather monitoring institutions, since
they are also used to design and evaluate the performance of photovoltaic systems [16]. The
operational characteristics and configuration of the PV modules and PV inverters comprising the grid-
connected PV system are selected by the PV system designer using the techniques described in [17]
for the maximization of the total revenues obtained during the lifetime operation (e.g. 25 years) of the
PV installation. Similarly to these methods, the proposed design process of the PV inverter is
performed without taking into account the probabilistic uncertainty associated with the meteorological
input data [17].

The optimal values of the design variables are calculated such that the PV inverter Levelized Cost
Of the generated Electricity (LCOE, in €/kWh) [18] is minimized, while simultaneously the
constraints imposed by the PV inverter specifications and electric-grid-interconnection regulations are
met:

minimize {LCOE} = minimize {%}

X X
subject to : (1)

t

design specifications & constraints are met
where C, (€) is the PV inverter total manufacturing cost, £, (kWh) is the PV inverter total output

energy which is injected into the electric grid during the year and X is the vector of the design
variables listed above.

For grid-connected PV installations it is desirable to maximize the net economic benefit obtained by
selling the PV generated energy. This is achieved by minimizing the cost per unit energy injected into
the electric grid for each individual subsystem of the PV installation (i.e. PV modules, inverters,
balance of system components etc.). Thus, the use of LCOE, which involves both design and
operational parameters, as an objective function in the proposed method enables to explore, during the
design optimization process, the impact of the PV inverter configuration (e.g. switching frequency

applied, on-state voltage of the power switches etc.) on the trade-off between the PV inverter
5



manufacturing cost and the power losses affecting the corresponding energy production. The yearly
energy injected by the PV inverter into the electric grid has been included in (1), since it has been
considered that, similarly to the process used to design PV systems [17], the same yearly time-series of
solar irradiation and ambient temperature conditions prevail during each year of the PV plant lifetime
period.

In the proposed optimization process, hourly values of the meteorological input data are used to
investigate the PV inverter operation during a time period of one year, for each set of the design
variables values produced by the optimization algorithm. The management of the relatively high
volume of meteorological input data required is easily achieved by developing the proposed
optimization method in the form of a computer program as discussed later in this paper.

A flow-chart of the proposed optimization procedure is illustrated in Fig. 2. Given the PV inverter
specifications and the electric and magnetic characteristics of the components, the violation of the PV
inverter operational constraints is explored for each set of design variable values using the appropriate
mathematical model of the PV inverter topology, which is under consideration. Then, the objective
function of the design optimization process is evaluated. If any of the constraints is not satisfied or the
global optimum of the objective function has not been derived, then a new set of the design variables
values is produced by the optimization algorithm. This procedure is implemented using Genetic
Algorithms (GAs), which are capable to derive the global optimum solution of complex non-linear

objective functions with computational efficiency [19].
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Fig. 2 A flow-chart of the proposed optimization procedure for grid-connected single-phase

transformerless PV inverters.

The basic information unit of a GA-based optimization process is the chromosome, which corresponds
to vector X in (1) and represents a potential solution of the optimization problem. A population of
chromosomes is iteratively modified, thus producing the successive generations of the GA evolution
process [19]. At each generation, the objective function is evaluated for all chromosomes of the
corresponding population. The chromosome providing the lowest value of the objective function is
comprised of the optimal design-parameter values of the PV inverter. This process is repeated until a

predefined number of population generations have evolved.

After all combinations of component types input by the PV inverter designer have been optimally

designed, the combination with the lowest LCOE and the corresponding design variables values are



output as the overall optimal design of the PV inverter. The values of C, and E, in (1) are calculated

during the optimization procedure using the PV inverter model described in the following.

3. PV inverter modeling for optimization

The PV inverter input and output power levels are assumed constant during each one-hour time-step
that the PV inverter operation is investigated during the year, as analyzed in § 2. The power switches
are controlled using the Sinusoidal Pulse Width Modulation (SPWM) principle [20]. The PV inverter
output filter is considered to have the generalized LCL-type structure illustrated in Fig. 1, consisting of

the components L, L,, C, and R, . In case that the PV inverter designer specifies that the PV
inverter comprises an L- or LC-type filter, then the values of [ L g C ;s Ry Jor[L o Ry ], respectively,

are set equal to zero during the optimization process.

The ripple factor, RF, (%), which is due to the converter-side inductance only, L, is constrained to

be less than the maximum permissible limit, RF, (%) [21]:
1
R, =2 g @

n

where [ (t) (A) is the RMS value of the switching ripple due to the converter-side inductance, L, at
hour ¢ (1<t<8760), V, (V) is the PV inverter nominal output voltage (V) and P, (W) is the PV

inverter nominal output power level.

The value of RF, , is input to the proposed optimization process by the PV inverter designer and it is
typically selected in the range of 10-25% [21, 22]. The value of RF,, affects the value and size of the
converter-side inductance, L. The L, —C, part of the LCL-filter will further reduce the current ripple

at the PV inverter output, as analyzed next.
In case of a full-bridge SPWM inverter (Fig. 1) producing a unipolar output voltage waveform and

operating with one fast-switching leg and a slow-switching leg (i.e. 50 Hz), the value of 7, is

calculated as follows [23]:



I = kY4 3)

where V, (1, y) (V) is the PV array output voltage under MPPT conditions at hour ¢ (1<7<8760), m,
is the modulation index and f, (Hz) is the switching frequency of the fast-switching leg.

The value of m, is given by:

\/2 . {Vj +[ 102 f(L+ Lg)T}
m = 4)

' Vo (t)

where /(1) (A) is the RMS PV inverter output current at hour ¢ (/<¢<8760), calculated as analyzed
below and f* (Hz) is the PV inverter nominal output frequency.

Depending on the type of the PV inverter output filter specified by the PV inverter designer:

e L- or LC-type output filter: the value of RF

sw,m

in (2) is equal to the maximum permissible limit,

RE. (%),

max

 LCL-type output filter: the L, —C, part of the filter is designed such that the current ripple which

is due to the converter-side inductance only, RF,

10 (2), is further reduced below RF, (%) at the
PV inverter output:
RF=RF,, -R <RF, (5)

sw

where RF (%) is the ripple factor at the PV inverter output, R, (%) is the ripple attenuation factor

of the LCL filter evaluated at the switching frequency and RF

max

(%) 1s the maximum permissible
limit of harmonic current distortion at the PV inverter output.

The value of R, (%) is calculated according to [21] as follows:

o i) K,

“Tith) | L C,
) ke e &
i C

(6)

b




where £ is the order of the switching frequency harmonic, i,(h,) and i(h,) are the grid- and
converter-side currents, respectively, at the switching frequency, K, is a factor accounting for the
reduction in filter effectiveness due to damping, C, is the base capacitance [C, = P, / (V,f27z f )]

and o, =2xf,. Additionally, in order to ensure that resonance problems in the lower and upper

parts of the harmonic spectrum are avoided, the LCL-filter resonant frequency, f., (Hz), is
selected as follows:
10-fsfms§ (7)

res

where f, =i-\/(L+Lg)/LngL.

The value of RF, is selected such that the current ripple at the PV inverter output is reduced at an

acceptable level, in order to comply with the limits imposed by grid regulations and international
standards (e.g. IEEE-519, IEEE-1547 etc.) [14].

The total value of the PV inverter output filter inductance is restricted to be less than 0.1 pu in order
to limit the AC voltage drop during operation, thus enhancing the dynamic response of the PV inverter
[4, 21]:

L+L,<0.1L, ®)
where L, is the base inductance [ L, =V,’ /(P27 f)].

In order to limit the power loss due to reactive current circulation, the value of the LC- or LCL-filter

capacitor, C,, is selected such that its reactive power is less than 5% of the rated power:
C,<0.05-C, 9)
In the case of an LCL-type output filter, the damping resistor value, R, (€), is set equal to the filter

capacitor impedance at the resonant frequency, otherwise it is set equal to zero:

1
———  for LCL -type filter
_1C o, opet (10)

0 for L-or LC-type filters

R

dr
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The design process of the PV inverter is performed assuming that the electric grid operates under
nominal frequency (i.e. 50 Hz) conditions [21, 23]. Since the SPWM principle is applied in order to

control the power switches, the PV inverter switching frequency, f., is constrained to be an integer
multiple of the nominal grid frequency, f (Hz). Additionally, the maximum possible value of f, is

dictated by the maximum switching-speed capability of the power switches, f.

s,max

(Hz), specified by
their manufacturer;

Lo = S (11)

It is assumed that an efficient MPPT is performed by the PV inverter control unit, such that the
maximum available PV power is supplied to the PV inverter [6]. The total energy injected into the

electric grid by the PV inverter during the year, £, (Wh), is calculated from a power-balance equation

as follows:
8760 8760
E =Y P@)-At=|P,@0)-P@)| At (12)
t=1 t=1

where P (1), P, (1) and F(1) (W) is the power injected into the grid by the PV inverter, the PV array

output power under MPPT conditions and the PV inverter total power loss, respectively, at hour ¢

(1<¢<8760) and At is the simulation time-step ( 4z =1 hour ).
The PV inverter total power loss, £, (W), is equal to the sum of the power losses of the individual
components and sub-systems comprising the PV inverter:

P="P

cond

TR, L TF th,+F, (13)
where P, and P (W) are the power section switches and diodes total conduction and switching
losses, respectively, P, (W) is the power loss on the LCL-filter damping resistor, £, and F,, (W) are
the LCL-filter inductors total core and winding losses, respectively and P, (W) is the power

consumption of the control unit (due to the circuits of the SPWM modulator, power switch drivers,

sensors and signal conditioners etc.) and cooling system.
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In (13), the power semiconductor conduction and switching losses, P

> .« and P respectively, are
calculated as the sum of the conduction and switching losses of the individual power switches and

diodes forming the power section of the PV inverter. For the calculation of the power semiconductor

conduction losses, P

cond

the PV inverter power switches and diodes are considered as voltage sources

with resistors connected in series [24]:

VS :V +]S'RS,OI1 (14)

Vo=V, +1,-R;;, (15)

where V_, V, (V) are the voltage drop across the power switch and diode, respectively, /

s

1, (A)are

the conduction current of the power switch and diode, V, ,, (V), R

s,0n

(Q) are the power switch on-
state voltage and resistance and V, . (V), R, , (Q) are the diode forward voltage and resistance.
The average power loss during conduction of each power switch and diode of the PV inverter, P and

N

P, (W), is then calculated based on (14) and (15), according to the following equations:

Po=V g Ly + L R (16)
Py =V, Lyg + 1 ms Ry (17)
where /., 1,,, (A) are the average values of the power switch and diode current, respectively and
s> 1y (A) are the RMS values of the power switch and diode current, respectively.
The values of 1., 1, .. I, and I, in(16) and (17) depend on the PV inverter power section

topology (e.g. full-bridge, HS etc.) under consideration. The switching losses in (13), P, , are equal to

the sum of the power switches turn-on and turn-off losses as well as the reverse recovery losses of the

power diodes. They are calculated to be proportional to the switching frequency, f,, the turn-on and

turn-off energy, E,, (Joule) and E,, (Joule), respectively and the peak load current of the PV inverter,

on

as analyzed in [24]. The values of V, R V

wons Roons Virs Ry, E,, and E, ;. are specified by the power

n

semiconductor manufacturer and they are input to the proposed optimization process by the PV

inverter designer.
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The power loss on the LCL-filter damping resistor, P, (W), depends on the RMS current of the

damping resistor, / (A):

dr,rms
A\ +[LwearL,T

P®=1,,, R,= . +1}(1) R, (18)
(1/2afC, ) +R;,

dr,rms

where R, (Q) is the damping resistor value.
The total core losses of the LCL-filter inductors, P, (W), are calculated according to [25], while

simultaneously considering that the optimization process guarantees the satisfaction of (5) which

permits to neglect the high-frequency current ripple flowing through the filter inductor L, [21]:

P=km (£,/1000)" p L 1,0 N2LT + p L, [ 10 2L, | (19)
where k, is a constant expressing the impact of the non-sinusoidal excitation, PWM modulation
index, switching frequency and inductor volume, respectively, on the inductor core loss, a, b and ¢
are constants dependent on the inductor core material and p_, is the inductor core-loss factor under
sinusoidal excitation (W /[H - (\/H - A)]).

The total power loss on the windings of the LCL-filter inductors, F,, (W), is calculated according to
the RMS current of each inductor, as follows:

P, (0)=I;rL+ I (0 (L+L,) (20)
where 7, (Q/H) is the winding resistance of the inductances normalized per unit inductance.
The values of ¢, p., and r in (18)-(20) are specified by the inductor manufacturer. The parameters

ks

a and b are estimated according to the procedure described in [25] and their values, together with
those of ¢, p., and r,, are input in the proposed optimization process by the PV inverter designer.

The power loss models presented above have been considered in the proposed methodology because
of their simplicity. Since the optimization process is modular, the proposed methodology can also be

applied for the design optimization of any PV inverter topology (e.g. NPC, Active-NPC etc.) if the
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appropriate power-loss models (e.g. those presented in [2] and [26]) are used to calculate the
conduction and switching losses of the power semiconductors employed in that topology.

The PV inverter output current, /, (¢) (A), is calculated using a numerical analysis method from the
power-balance equation:

P, ®)=FH0)+V 1,1 21)

The values of V,, and P, in (3), (4), (12) and (21) are calculated on an hourly basis during the year

using the PV modules model analyzed in [27], 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 manufacturing cost of the PV inverter, C, (€), is equal to the sum of the prices of the

components comprising the PV inverter:

P
C =c,P +nc +n,c,+c -(L+Lg)7”+cch +S8F-c,R, P,

nv- n  max

(22)

n

where ¢, (€/W) is the PV inverter manufacturing cost, comprising the costs of labor and raw

materials, without including the cost of the power switches, diodes and output filter components (e.g.

control unit, heat-sinks, printed circuit boards etc.), n , n, are the number of power switches and
diodes, respectively, comprising the PV inverter power section, c,, ¢, (€) are the cost of each power

switch and diode, respectively, ¢, [€/ (H -A)] is the filter inductors cost per unit inductance and

current rating, ¢, (€/F) is the filter capacitor cost per unit capacitance, ¢, [€/ (Q-W)] is the filter

damping resistor cost per unit resistance and power, SF' (%) is the damping resistor over-sizing factor

and P

dmax

(W) is the maximum power dissipated on the damping resistor during the year.

The value of P

dmax

is calculated based on the damping resistor power loss during the year given by
(18), as follows:

P = max{ (1)} (23)

1<t<8760
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In the proposed methodology, the PV inverter design process described in § 2 is performed by

calculating the values of E, and C, in (1) using (12) and (22) and simultaneously it is subject to the

constraints defined by inequalities (2), (5), (7)-(9) and (11).

4. Design optimization example
The proposed methodology has been applied for the optimal design of a transformerless single-

phase/full-bridge PV inverter interconnected with the electric grid (Fig. 1) with P, =2000W,
V =220V and f =50 Hz. The power switches are controlled according to the unipolar SPWM
modulation strategy with one fast-switching leg and a slow-switching leg. The PV inverter under study
is connected to a PV array composed of 12 PV-modules connected in series (total area = 15 m?). The

Maximum Power Point (MPP) power and voltage ratings of each PV-module, under Standard Test
Conditions (STC), are 175 W and 35.4 V, respectively.

The decision variables considered during the design optimization procedure are the PV inverter
power semiconductors type, the switching frequency and the values of the LCL-filter components.
Thus, in the proposed optimization methodology each GA chromosome corresponds to vector X in

(1) and consists of four genes (ie. L, L,, C, and f) in the form: X =/L|L, |C,|f,]. After the

GA-based optimization process described in § 2 has been accomplished, the optimal value of the LCL-

filter damping resistor, R, , is calculated according to (10) using the resulting optimal values of L, L,

and C,. The values of P, , and P, in (13) have been calculated using the equations of the

power-loss model presented in [24] as a function of L, L., f., V,, f, 1,(), V,(¢) and the
conduction and switching operational characteristics of the power switches and free-wheeling diodes
under consideration, specified by their manufacturer. The maximum permissible output current ripple

has been set to RF, =4 % in order to comply with the IEEE-1547 standard, while the maximum
limit of the ripple factor due to the converter-side inductance only has been set to RF, = =20%

swm

according to [21, 22].
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Two different types of IGBT-type power switches with free-wheeling diodes are considered as
potential alternatives for incorporation in the PV inverter power section. As analyzed in § 2, the
proposed optimization process is separately performed for each of these two types in order to derive
the overall optimum configuration. In this design optimization example, it is assumed that the power
semiconductors are mounted on heat sinks with convection cooling, thus the cooling system does not
consume any power. The technical characteristics of commercially available power switches and free-
wheeling diodes considered in this design optimization example are presented in Table 1. In the

technical characteristics of the LCL output filter inductors shown in Table 2, the values of kf a,b,c

and p_, have been extracted from [15, 28], while that of 7, is based on the corresponding values of

commercially available power inductors. The filter effectiveness due to damping is reduced by

K, =157 [21] and the damping resistor over-sizing factor has been empirically set equal to
SF =110 % . Similarly to commercially available PV inverters of the same power rating, the control
unit power consumption has been set equal to P, =5W . The economical characteristics of the PV

inverter components considered in the optimization process are based on the selling prices of the
corresponding components in the international market and they are tabulated in Table 3. Considering
the cost of PV inverters in [29, 30] as well as after conducting a survey of the international market, the

value of ¢, , in (22) has been set equal to 355 €/kW.

Table 1 The technical characteristics of the PV inverter power switches and free-wheeling diodes

Vin V) R, mQ) V,, (V) R, mQ) E (m)) E, m) [, (kHz)

Type 1 0.75 83.3 0.87 120 0.09 0.11 30
Type 2 1.05 37.1 1.1 47 0.58 0.25 80

Table 2 The technical characteristics of the LCL output filter inductors of the PV inverter

ky a b c P n(Q/H)
5.42 121 0.09 0.058 1747 8
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Table 3 The economical characteristics of the PV inverter components

¢, (EkW) ¢ +c, (€) ¢ [€/(H-4)] ¢, (€F) ¢ [€/(Q-W)]
Type 1:
355 L 832 134x10° 3.6x10°
Type 2:
3

A software program operating under the MATLAB platform has been developed in order to
implement the proposed design tool. The Genetic Algorithm functions available in the library of the
MATLAB Global Optimization Toolbox have been used to develop the GA-based evolution program
in order to derive the global minimum of the PV inverter LCOE function. The GA process has been
executed for G=200 generations with N=70 chromosomes in each generation.

The optimal values of the PV inverter LCL output filter components (L, L,, C, and R,),

switching frequency, f, and LCOE , calculated using the proposed optimization technique for the two

alternative types of power switches in the case of PV inverters installed at various sites in Europe, are
summarized in Table 4. A different set of optimal values of the PV inverter design variables is derived

in each case, since each installation site is characterized by different solar irradiation and ambient

temperature conditions.

Table 4 The optimal values of the PV inverter design variables and LCOE

for various installation sites in Europe

Power L L, C, R, f LCOE

switch  (mH) uWH)  @F) () (kHz) (€/kWh)

Athens Typel 1459 48121 5.608 2.882 2885  0.223
(Greece)  Type2 1361 39.508 5.661 2.604 3145 0225
Murcia  Typel 1682 59.610 5906 3.122 2510  0.198
(Spain)  Tyne2 0873 19.189 5.154 1.909 47.65 0.198
Freiburg ~ Typel 1463 43651 5921 2676 2950 0323
(Germany)  Tynen 1519 48.172 5209 2.994 2945  0.327
Oslo Type 1 1.557 38272 6.577 2383 29.55 0.328

(Norway)  Tyned 1475 38.644 6.063 2492 3080 0331
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The two types of power switches achieve equivalent performance in terms of PV inverter LCOE in
Murcia (Spain). In the rest of the installation sites considered, the minimum LCOE is obtained using
the power switch type #1, because although of lower switching-speed capability compared to power
switch type #2, it exhibits lower on-state voltage and cost, which better match the PV array energy
production at these sites. In all cases examined, the optimal switching frequency of PV inverters built
using power switch type #1 has been calculated to be near to the maximum permissible value
imposed by the power switch operational capabilities, thus aiming towards the reduction of the output
filter size and cost. The optimal design results presented in Table 4 indicate that the LCL-filter is the
optimal output filter type for the installation sites considered, since in the case that an L or LC-type

filter was more appropriate, then the optimal values of L, and/or C, derived by applying the

proposed optimization process would be calculated to approach zero. The optimal LCOEs for each
installation site deviate by less than 1.24 %, while the corresponding deviations between the optimal
values of the design variables are in the range of 0.17-89.4 %. Since the objective function is
characterized by such a low sensitivity close to each optimal solution, in case that under practical

operating conditions the design parameters L, L,, C, and R, deviate from the optimal values

presented in Table 4, the resulting deviation of the PV inverter LCOE will practically be negligible.

The optimal values of LCOE and total energy injected into the electric grid during the year [i.e. E,

in (1) and (12)] for each installation site of the optimized PV inverter comprising the type #1 power
switches, are illustrated in Figs. 3(a) and (b), respectively. The minimum optimal LCOE is achieved
in Murcia (Spain) although, compared to the rest optimized PV inverter structures, the corresponding
optimal cost of the PV inverter is higher in this case (Fig. 4). This is due to the high availability of
solar irradiation at that area, which results in increased energy to be injected into the electric grid by
the optimized PV system. In case that the PV inverter optimized for Murcia (Spain) is installed in
either Athens (Greece), Freiburg (Germany) or Oslo (Norway), then the PV inverter output current

ripple constraint of the optimization process, expressed by the inequality in (5), is violated.
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Fig. 3 The optimized and non-optimized PV inverters for various installation sites in Europe: (a)

LCOE and (b) yearly energy injected into the electric grid for 12 PV modules (total area = 15 m?).
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Fig. 4 The cost of PV inverters optimized for various installation sites and the cost of the non-

optimized PV inverter.

The LCOE and yearly energy production of a non-optimized PV inverter comprised of type #1

power switches and operating at f, =8 kHz, which is a typical switching frequency value in this
power range [1, 2], are also depicted in Fig. 3. The non-optimized PV inverter is comprised of an LCL
output filter, which has been designed as analyzed in [21] with L=5.65mH, L, =1.09mH,
C,=329pF and R, =5.6Q. Thus, the non-optimized PV inverter has been designed without

considering the manufacturing cost and yearly energy production. Compared to the non-optimized PV
inverter, using the proposed design method the optimized PV inverter LCOE is reduced by 9.6-12.7%

and the PV-generated energy injected into the electric grid is increased by 4.9-8.6%.
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As illustrated in Fig. 4, the cost of the optimized PV inverters depends on the installation site, while,
additionally, the non-optimized PV inverter cost is higher by 5.3-5.5%. Depending on the installation
site, the efficiency at maximum AC power and the European efficiency of the optimized PV inverters
comprising the type #l power switches vary in the range 96.69-96.73% and 94.71-94.99%,
respectively (Fig. 5). The corresponding values of the non-optimized PV inverter are lower by 2.50-
2.54% and 6.92-7.20%, respectively. Although the lowest efficiency at maximum AC power and
European efficiency values have been obtained for the PV inverter optimized for Murcia (Spain), as
demonstrated in Fig. 3 that inverter also exhibits the lowest LCOE value. Efficiencies of the same
level have also been reported in [1] for commercially available non-optimized transformerless PV
inverters, which, however, have not been designed considering the manufacturing cost / energy

production trade-off.
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92--

Efficiency (%)

89+-

86
Optimized Optimized Optimized Optimized Non-
for Athens for Murcia for Freiburg for Oslo optimized
(Greece) (Spain) (Germany) (Norway)

Fig. 5 The efficiency at maximum AC power and European efficiency of PV inverters optimized for

various installation sites in Europe and of the non-optimized PV inverter.

In order to demonstrate an example of the optimization problem search-space, the plot of the PV

inverter LCOE versus the decision variables C, and L,, in case that a PV inverter comprising

type #1 power switches is installed in Murcia (Spain) and L =1.682 mH and f, =25.1kHz, is shown

in Fig. 6.
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Fig. 6 The PV inverter LCOE versus the values of the decision variables C, and L, which satisfy

the optimization problem constraints, in the case that a PV inverter comprising type #1 power

switches is installed in Murcia (Spain) and L =1.682mH, f, =25.1kHz.

This diagram has been constructed using only the values of C, and L, which satisty the optimization

problem constraints. It is observed that the LCOE function is highly non-linear and exhibits multiple
local minima, thus dictating the use of a computationally efficient optimization algorithm, such as

GAs, in order to derive the global optimum values of C, and L, which minimize the PV inverter

LCOE .

5. Conclusions

The transformerless PV inverters are the major functional units of modern grid-connected PV
energy production systems. In this paper, a systematic design process for the optimal design of
transformerless PV inverters has been presented. The proposed method embraces optimization at both
the converter-circuit and the circuit-device levels, using information about the solar irradiation
potential of the PV installation site and the limitations imposed by the electric-grid-interconnection
regulations. The design optimization results demonstrate that in sharp contrast to the non-optimized
PV inverters designed using conventional techniques, where the installation-area-specific
meteorological conditions are not considered during the design process, the PV inverter structures

derived using the proposed methodology exhibit lower LCOE and manufacturing cost, while
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simultaneously are capable of injecting more PV generated energy into the electric grid. Thus, by

installing the PV inverters, which have been optimally designed using the proposed design

optimization methodology considering both design and operation parameters, the earnings achieved by

the installed PV capacity are increased.
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