Pursuing Photovoltaic
Cost-Effectiveness

ABSOLUTE ACTIVE POWER CONTROL
OFFERS HOPE IN SINGLE-PHASE PV SYSTEMS

COUNTRIES WITH A CONSIDERABLE NUMBER OF
photovoltaic (PV) installations are facing the challenge of
overloading their power grid during peak power produc-
tion hours if the power infrastructure remains the same.
To address this, regulations have been imposed on PV sys-
tems to ensure that more active and flexible power control
is performed. As an advanced control strategy, absolute
active power control (AAPC) can effectively solve overload-
ing issues by limiting the maximum possible PV power
to a certain level (i.e., the power limitation) and can also
benefit the inverter reliability because of the reduced ther-
mal loading of the power devices. However, its feasibility
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is challenged by the associated energy losses. An increase
in the inverter lifetime and a reduction of the energy yield
can alter the cost of energy, demanding an optimization of
the power limitation. Therefore, aiming at minimizing the
levelized cost of energy (LCOE), this article discusses how
to optimize the power limit for the AAPC strategy.

The optimization method is demonstrated on a 3-kW,
single-phase PV system with a real-field mission profile
(i.e., solar irradiance and ambient temperature). The opti-
mization results reveal that enabling the AAPC strategy pro-
vides superior performance in terms of LCOE and energy
production compared to the conventional PV inverter
operating only in the maximum power point tracking
(MPPT) mode. In the presented case study, the mini-
mum of the LCOE is achieved for the PV system when
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the power limit is optimized to a certain level of the
designed maximum feed-in power (.e., 3 kW). In addi-
tion, the LCOE-based analysis method can be used in
the design of PV inverters considering long-term
mission profiles.

Studies to Date

Solar PV installations are still growing at a spectacular
rate worldwide [1]. Thus, challenging issues occasionally
appear, such as overloading of the distributed grid due to
the peak power generation of PV systems [2]-[4]. In the
case of the large-scale adoption of PV systems, advanced
control strategies, e.g., power-ramp control and absolute
power control, which are currently required for wind
power systems in different countries, have been used to
strengthen PV systems [3]-[12]. In the Danish grid code
[7], a constant power generation (CPG) control concept for
PV systems by limiting the maximum feed-in power was
proposed to solve the overloading issues in peak power
production periods [6].

Other methods have also been developed in the lit-
erature. However, either increased total cost or control
complexity has been observed in prior solutions. For
instance, expanding the grid capacity (i.e., grid reinforce-
ment) will incur an additional investment, and integrating
energy storage systems to handle the peak power not
only increases the control complexity but also lowers the
entire system reliability [13]-[15]. In contrast, the AAPC
scheme requires only minor software modifications when
implemented, as it is a feasible and cost-effective strategy
[12], [14]-[19]. This explains why such power control is
receiving attention in some countries, such as Germany,
Denmark, and Japan [7], [9], [11].

In addition, AAPC feasibility in grid-connected PV
applications has been investigated in [6] and [14] in terms
of a rough estimation of the energy losses and the PV
inverter lifetime, respectively, where the AAPC scheme
is also referred to as a CPG control. The scheme, having
a reasonable power limitation (e.g., 80%), does not annu-
ally result in a substantial energy yield reduction [3], [6].
As a consequence of applying the AAPC strategy, a
reduction of the thermal stresses on the power devices,
e.g., insulated-gate bipolar transistors, has been achieved
because the power losses inducing temperature rises will
be changed when the PV system enters into the AAPC
mode from the MPPT mode, and vice versa. Therefore, a
hybrid control method (MPPT-AAPC) will also contribute
to improved reliability and extend the lifetime of the PV
system beyond resolving the overloading issues [0], [14].

Notably, both the energy production and the system
lifetime are the main indicators of the LCOE, which has
become the key to increasing the competitiveness of PV
systems compared with other renewables [20]-[22]. Many
efforts have been devoted to the design and control of
PV systems, with a common goal of reducing the cost
of energy (i.e., producing a lower LCOE) [23]-[25]. For

instance, a circuit-level design of a PV inverter that con-
siders the failure rate of the circuit devices (calculated
according to [26]) was presented in [22]. Furthermore,
methods such as adopting highly efficient transformer-
less PV inverters and reliability-oriented designs have
been seen in recent applications [22]-[24], [27]-{32]. Trans-
formerless PV inverters can somehow increase energy
production because of their high efficiency [28], [32], [33].
However, the MPPT-AAPC operational mode goes against
the objective of maximizing the energy production of
PV systems, although the capped energy is quite limited
throughout the year [3], [6]. The improved reliability G.e.,
the extended service time) of PV systems can compensate
for such a loss to some extent, as long as the power limit
is appropriately designed.

In that regard, this article serves to find the optimal
power limitation level for the MPPT-AAPC scheme
with a target of minimizing the LCOE considering
long-term mission profiles (i.e., solar irradiance and
ambient temperature).

Absolute Active Power Control

The Hybrid Power Control Method

Figure 1 shows the configuration of a single-phase, dou-
ble-stage, grid-connected PV system with the hybrid
power control and a general control structure of the boost
converter stage. Although there are several AAPC pos-
sibilities to achieve a CPG when the available PV power
Dpv exceeds the power limit Pumi, modifying the MPPT
control has been adopted from the viewpoint of simplic-
ity and cost-effectiveness [19], [34]. Figure 1 shows that the
AAPC scheme is implemented in the control of the boost
converter. As mentioned previously, the PV inverter can
be transformerless to maintain a high efficiency, and thus
a full-bridge inverter topology with a bipolar modulation
scheme is adopted in Figure 1. When considering the
quality of the injected grid current ig, an inductor-capac-
itor-inductor (LCL) filter has been employed as the inter-
mediate component between the full-bridge PV inverter
and the grid.

With respect to the AAPC scheme in this article, the
operating principle of a PV system with a hybrid control
scheme (MPPT-AAPC) can be described as follows. When
the available PV output power p,, exceeds the power
limitation Piimir, the system should go into the AAPC
mode. In that case, the PV output reference voltage vpy is
continuously perturbed toward certain points (e.g., points
A and B in Figure 2) at which a CPG operation of the PV
panels is achieved. Once ppv < Plimi,, the PV system oper-
ates in the MPPT mode with a peak power injection to
the grid from the PV panels (i.e., the energy harvesting is
maximized). This can be further described as

when ppv < Plimic
when ppv = Plimit ’

« Umpp Prpp
Vpy = Py = 1
P {Umpp + AU = {Plimit ( )
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FIGURE 1. A single-phase, double-stage, grid-connected PV system with an LCL filter: (a) a hardware schematic and overall control
structure and (b) a control block diagram of the boost converter with the MPPT-AAPC scheme. PWM: pulsewidth modulation; PLL:

phase-locked loop.
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FIGURE 2. The power—voltage characteristic of a PV array (solar
irradiance: 1,000 W/m?; ambient temperature: 25 °C), where the
power limit of 80% of the rated power (i.e., Piimit = 2.4 kW) is
also shown.

where Av is the perturbation step size to achieve an
AAPC operation, ppy is the PV instantaneous (available)
power, P,y is output power of the PV panels, and vmpp, and
Ppp are the PV voltage and power, respectively, at the
MPP. In both operational modes, a proportional integrator
(PD controller is employed to regulate the PV output volt-
age vpy through controlling the boost converter, as shown
in Figure 1.
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Figure 3 demonstrates the performance of a 3-kW sin-
gle-phase double-stage PV system with the MPPT-AAPC
scheme under a trapezoidal solar irradiance profile. The
figure shows that the adopted control scheme [as illustrat-
ed in Figure 1(b) and (1] can effectively achieve the con-
stant power production of the PV system as well as smooth
and stable operation mode transients, in contrast to the
prior-art solutions [6], [16]-[18]. In this case, the PV system
is operating in the region of low dP,/dv, according to
the power—voltage characteristic of PV panels, as demon-
strated in Figure 2. The operating point in the AAPC mode
of Figure 3 was controlled at the left side of the MPP (.e.,
point A in Figure 2). However, it can also operate at the
right side of the MPP (i.e., point B in Figure 2) at the cost
of increased power losses (because of power variations)
due to the high dP,/duvpy in that region [6]. Moreover, the
PV system may become unstable in that case [34]. Hence,
in this article, the AAPC operating point is regulated at the
left side of the MPP, which is also enabled by the double-
stage configuration [i.e., Figure 1(a)].

Mission Profile Translation

A mission profile is normally referred to as a simplified rep-
resentation of relevant conditions under which the con-
sidered system is operating [35]-[37]. For grid-connected
PV systems, the mission profile includes the solar irradi-
ance and the ambient temperature of certain locations
where the PV systems are installed, and it can be taken
as a reflection of the intermittent nature of the solar PV



energy. Thus, the mission profile becomes an essential
part of the PV-inverter reliability analysis. Specifically,
to perform the reliability analysis of the PV inverter, the
mission profile inevitably must be translated to the power
losses and then the thermal loading in a long-term opera-
tion (e.g., a yearly operational profile) [31], [32], [35], [38],
[39]. If not appropriately handled, the analysis can be
very time consuming because of the large amount of data.
Accordingly, a time-efficient and cost-effective mission pro-
file translation method is introduced.

Figure 4 illustrates details of the mission profile
translation approach, with which the power losses and
thermal loading of the power devices under any given
mission profile can be obtained. A number of cases under
constant environmental conditions (e.g., an ambient
temperature of 25 °C and a solar irradiance level of
1,000 W/m?) were first translated according to Figure 4(a)
to build up the lookup-table-based loss and thermal
models. Subsequently, a long-term mission profile, even
with a high sampling rate, can be directly translated to
the total power losses (and also energy production) and
the thermal loading of the power devices, which are then
used for LCOE analysis.

The LCOE of PV Inverters
The PV inverter LCOE (€/Wh) is a function of the PV
inverter power rating P, [20], [27]. It can be expressed as

Cinv(Pr>

LCOE(P,) = W,

(@)

in which Cinw() (©) is the present total cost of the PV
inverter during its lifetime and E,() (Wh) is the total
energy injected into the grid by the PV inverter over
its life span. Where the PV inverter operates in the
AAPC mode, its nominal power rating is constrained
to P = Pimi, as discussed in the section “The Hybrid
Power Control Method.” In the MPPT mode, it holds
that P, = P,, with P, being the inverter nominal power
designed at standard test conditions (STC), i.e., a solar
irradiance of 1 kW/m?, a solar cell temperature of 25 °C,
and an air mass of 1.5. Thus, in the MPPT mode, the
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input power of the inverter is curtailed at P, (i.e., the
PV inverter is normally undersized [40], [41]), while in
the AAPC mode, the power limit for curtailment is Piimit
(i.e., to maintain a constant power production).

In (2), the present total cost of the PV inverter depends
on the corresponding manufacturing and maintenance
costs [27]:

Cinv(P) = Cn(Py) + Mc(P), 6))
where C () (©) is the PV inverter manufacturing cost and
M:.(P,) € is the present value of the total maintenance
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FIGURE 3. An operational example (experiments) of a 3-kW single-
phase, double-stage PV system with the MPPT-AAPC scheme,
where the power limit is set to be 80% of the rated power (i.e.,
Piimit = 2.4 kW) and the ambient temperature is around 25 °C:
(a) PV output power and (b) operational trajectories.
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FIGURE 4. An approach to translate mission profiles to power losses Pioss and thermal loading (i.e., device junction temperature T)):

(a) for short-term mission profiles and (b) for long-term mission profiles.
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cost of the PV inverter through its lifetime. Further-
more, the PV inverter manufacturing cost is propor-
tional to P:

Cm(Pr) =cmbPr+ CO, (CY)

with ¢, being the proportionality factor (€/kW) and
Co the initial cost, which is considered zero in this
article since it is much lower than the total cost of the
PV inverter.

As a consequence, in the AAPC mode, the PV inverter
cost is proportional to the preset power limit Piimit, while
in the MPPT mode, the inverter cost is proportional to
the nominal power rating P, that is designed at STC. The
total maintenance cost M.(") depends on the PV inverter
reliability features, which, in turn, depend on the power
rating of the PV inverter. In the proposed methodology,
the lifetime in years of the PV inverter power devices is
initially calculated. It is assumed that each time the PV
inverter power devices’ end of life is reached, mainte-
nance on the PV inverter will be performed, imposing the
corresponding maintenance cost. Therefore, the present
value of the total maintenance cost of the PV inverter
M:(P,) is calculated by reducing the (future) expenses
occurring at the end of the power devices’ lifetime for
repairing the PV inverter to the corresponding present
value, as follows:
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FIGURE 5. A real-field yearly mission profile for a 3-kW grid-
connected PV system with the AAPC: (a) solar irradiance and
(b) ambient temperature.
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in which 7 is the PV system’s operational lifetime (e.g.,
30 years), R. (€/kW) is the present value of the PV
inverter repair cost per kilowatts of the power rating,
g (%) is the annual inflation rate, d (%) is the annual
discount rate, and LF;(-) is the inverter lifetime, with
1 <j<n. If the lifetime of the power devices expires
at the jth year of operation, LF;(P,) =1; otherwise,
LF;(P,) = 0. Notably, the repair cost R in (5) consists
of both the purchase cost of the failed power devices
and the potential labor and transportation expenses
for repairing/replacing the PV inverter. The previous
discussion, in the section “The Hybrid Power Control
Method,” confirms that the AAPC control method will
affect the LCOE (i.e., the cost of the PV energy).

The following demonstrates how to calculate the LCOE
of only the PV inverter [as shown in (2)], considering the
long-term mission profile effect on the inverter lifetime,
where the grid fundamental-frequency thermal cycles are
not considered at this stage. However, the PV panel cost
also accounts for a major share of the total cost of the
entire grid-connected PV system [20], [27], including other
components such as capacitors and printed circuit boards
for implementing the control algorithms. This becomes
the main limitation of the presented LCOE optimization
method, and it will affect the design results. Nevertheless,
the LCOE analysis approach and the optimization of the
AAPC control power limitation can be of much value in
assessing and designing multiple PV systems.

Minimized LCOE (Case Study Results)

System Description

The LCOE analysis approach has been applied for the
optimal design of a PV inverter with a nominal power
of P, =3 kW and AAPC capability. The PV system life-
time has been set to n =30 years, while the economic
performance of the PV inverter in the AAPC and MPPT
modes has been investigated by applying the following
values in (2)-(5): ¢.» = 200 €/kKW, R. = 200 €/kW, g = 2%,
and d =5%. A mission profile shown in Figure 5, with a
sampling rate of 1 sample/min, has been used. The BP
365 PV panel [42] is adopted in the case studies. The
parameters of the PV panel are given in Table 1. Three PV
strings are connected in parallel to the boost converter,
and each string consists of 15 PV panels in series. Thus,
the rated maximum power Pnax is approximately 3 kW.
The other system parameters are given in Table 2. Stud-
ies are then conducted according to Figures 1 and 4. The
effectiveness of the mission profile translation approach
(Figure 4) is demonstrated by the resultant thermal load-
ing profiles presented in Figure 6, which indicates that
the junction temperature is reduced by the AAPC scheme.
Hence, the PV inverter lifetime may be improved.



Table 1. The parameters of the BP 365 solar PV panel

at STC

Parameter Symbol Value
Rated power Propp 65 W

Voltage at Prpp Vipp 176 V
Current at Prpp Trnpp 3.69A
Open-circuit voltage Vioc 217V
Short circuit current Isc 3.99A

Table 2. The parameters of the single-phase, double-

stage, grid-connected PV system shown in Figure 1

Parameter Symbol Value
Grid voltage amplitude Vgn 325V
Grid frequency o 27 X 50 rad/s
Boost converter inductor L 5mH
dc-link capacitor Cac 2,200 uF
Grid impedance Ly 2 mH
Ry 02Q
LCL filter Ly, L> 2 mH, 3 mH
(@ 47 uF
Sampling frequency fow 10 kHz
Switching frequencies for 7, finv 10 kHz

both converters

LCOE Analysis

The power losses can be obtained with the mission pro-
file translation approach. Consequently, the energy yield
can be calculated under different power limits Pimir, as
illustrated in Figure 7. In these simulations, the energy
production has been normalized to the corresponding
energy production in the MPPT mode. Due to the limita-
tion of feed-in power in the AAPC mode, the resultant
energy production shown in Figure 7 is lower than that
in the MPPT mode for Piimit = 0—110% of the rated power
P,,. However, when Piini is higher than 120%, the energy
production in the AAPC mode is higher than that pro-
duced only in the MPPT mode, where the input power of
the inverter is curtailed at the designed power rating P,
as shown in Figure 7. This is because the PV panel rat-
ing has been selected to be 3 kW at STC. Since the mis-
sion profile shown in Figure 5 has some periods where
the solar irradiance level is higher than 1,000 W/m?, the
power production during those periods is higher than
the designed P,, which is considered to be the power
limitation in the MPPT mode (i.e., the PV system is actu-
ally operating in the AAPC mode with a power limit of
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FIGURE 6. Thermal loading (simulation results) of the power devices
of the PV inverter with and without the AAPC (Piimit = 2.4 kW, i.e.,
80% of the nominal power) under the yearly mission profile (Figure 5).
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FIGURE 7. The energy production simulation results of the 3-kw
single-phase PV system in the MPPT-AAPC mode, according to the
mission profile shown in Figure 5, which has been normalized to the
corresponding energy production only in the MPPT mode for various
values of the power limit Pjimi.

Pliimit = P). Thus, during those time intervals, the excess
energy is lost when operating even in the MPPT mode.
Lifetime estimation is not a direct outcome of the mis-
sion profile-based analysis approach, which gives only the
thermal loading profile for qualitative analysis. To calculate
the lifetime (and then the LCOE), the thermal loading has
to be interpreted properly according to specific lifetime
models—i.e., the information (e.g., temperature cycle ampli-
tude and mean junction temperature) in the random loading
profile should be extracted by means of a counting algo-
rithm such as a rainflow counting process [43H45]. Figure 8
illustrates the work flow of counting the thermal loading
profiles (e.g., the loading profiles in Figure 6). Then, using
the extracted information, the lifetime of the power devices
can be estimated according to the lifetime model [40].
Subsequently, the lifetime of the PV inverter, when oper-
ating in the AAPC mode for various values of the power
limitation Piimit, is presented in Figure 9. The figure shows
that, for Pimic = 0—100%, the PV inverter lifetime is higher
than the operational lifetime of the PV system, thus guar-
anteeing that no failure of the power devices will occur
during that period. The corresponding present value of the
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mately 21 years, corresponding to one
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(5), as shown in Figure 10. In con-

FIGURE 8. A thermal loading interpretation work flow of the loading profiles for lifetime estimation.
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FIGURE 9. The lifetime of the 3-kW single-phase PV inverter when
operating in the MPPT-AAPC mode for various power limits Piimit,
considering the mission profile effect (the mission profile shown in
Figure 5 has been used).
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FIGURE 10. The present value of the lifetime maintenance cost of the
3-kW single-phase PV inverter when operating in the MPPT-AAPC
mode for various values of the power limit Piimit, considering the
mission profile presented in Figure 5.
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trast, according to Figures 7 and 9, the
PV inverter lifetime with the same or
higher energy production is approxi-
mately 21 years, resulting in one
inverter repair during the lifetime of
the PV system, which corresponds to M. = €326.4.

The total cost of the PV inverter operating in the MPPT-
AAPC mode, including the manufacturing and maintenance
expenses, according to (3), is plotted in Figure 11. For
values of the power limit Pimi in the range of 0-100% of
the rated power, the maintenance cost is zero, as shown
in Figure 10. Hence, the total cost depends only on the
inverter construction cost, which is proportional to the
power limit Pimi, according to (4). However, when Plimic >
100%, the total cost in the MPPT-AAPC mode is affected by
both construction and maintenance expenses, as indicated
in Figure 11. In the operating mode of maximum power
production, the total cost of the inverter is equal to Ciny =
€926.4. Although the lifetime energy production is higher
in that case, as analyzed previously, the PV inverter cost is
also higher in this operating mode when Piimic > 100 % of
P, as shown in Figure 11.

Moreover, the LCOEs of a 3-kW PV inverter in the
MPPT-AAPC and MPPT modes, respectively, have been
calculated using (2) for various values of the power limit
Piimic to find the optimal power limitation under the
mission profile shown in Figure 5. The results are pre-
sented in Figure 12, which shows that the LCOE value
in the MPPT-AAPC mode is always less than that in
the only-MPPT mode (i.e., the conventional operational
mode at unity power factor) but also that the energy
production is less in the case of MPPT-AAPC operation,
as discussed previously.

As a consequence, in practical applications, to achieve
a total energy generation equal to or higher than that in
the MPPT mode, multiple identical PV inverters would be
reasonably considered a requirement to operate in paral-
lel in the MPPT-AAPC mode, each of them having a feed-
in power limitation of Pimi.. In this case, the total number
of inverters is given by

E)voer (Pn)
Eymper—aaec ( Plimic) |

Niny (Plimic) = ©)



where Niny () is the number of inverters, which must oper-
ate in parallel in the MPPT-AAPC mode, and E, mpepr()
and E,wmrer-aarc() are the lifetime energy production
of a single PV inverter in the MPPT and MPPT-AAPC
modes, respectively. The total energy yield of the Nin ()
PV inverters should be equal to or higher than that pro-
duced in the MPPT mode. Then, the total cost of the
Ninv() PV inverters per unit of energy produced by each
of them [denoted as LCOE. ()] is defined as

LCOEc (Piimit) = Ninv ( Piimit ) LCOEmppr—aspc (Piimit), (7

with LCOEmppr-aarc (- ) being the LCOE of a single PV
inverter operating in the MPPT-AAPC mode [see (2)].
Following this, the total energy production when employ-
ing Nin() inverters in the MPPT-AAPC mode operating
in parallel is given by

E; mppr—anpc (Piimit) = Ninv (Plimit) -Ey, mppr—aaprc ( Piimic),  (8)

where Ej uppr-aarc( ) is the energy production of each
PV inverter. Subsequently, the values of LCOEc(Piimit)
and E; mper-aarc (Pimit) in (7) and (8), respectively, are
normalized to the corresponding values in the MPPT

mode as
LCOEe. ( Piimic)
LCOE,e(Piimit) =<~ 5 v
s ( 1 t) LCOEMPPT(Pn) (9)
and
E - P imi
En, mppr—aapc ( Plimic) = waaeer—anrc { Piimi) 10

Ey weer (P) ’

with LCOEwppr (Py) and E,, weer (P.) being the LCOE and
the energy production of each PV inverter operating in
the MPPT mode, respectively.

For various levels of the feed-in power limit Piimi, the
resultant values of LCOE (), Ninv(-), and Een, mppr-aapc ( - )
are depicted in Figure 13. The LCOEn,e( -) function exhib-
its an overall minimum at Pumi = 30%, which is equal to
67%, indicating that the LCOE has been minimized. In
that case, by employing two identical PV inverters with a
feed-in limit of Piimic = 30% of the rated power for each,
the result will be a reduction of the total PV inverter LCOE
by 33% compared to using a single inverter unit operat-
ing only in the MPPT mode, as shown in Figure 13(b).
Moreover, the total energy generated is simultaneously
increased by 16%, as shown in Figure 13(c). In addition,
the same process with ¢, =300 €/kW and R. = 80 €/kW is
applied to the PV inverter under the same mission profile,
and it also contributes to the minimum of LCOE,.( ) at
Piimit = 30%. In such a case, where two inverters operating
in parallel are employed with Piimi = 30%, the LCOE in
the MPPT-AAPC mode is lowered by approximately 10%,
and the total energy production is increased by 16% com-
pared to the corresponding values obtained by a single PV
inverter operating only in the MPPT mode.
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FIGURE 11. The total cost of the 3-kW single-phase PV inverter
operating in the MPPT-AAPC mode for various values of the
power limit Piimir, where the mission profile shown in Figure 5 has
been used.
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FIGURE 12. The LCOE of the 3-kW PV inverter system in the MPPT—
AAPC mode normalized to the LCOE in the MPPT mode for various
power limits Piimir, based on the mission profile shown in Figure 5,
where only the PV inverter is considered.

However, as mentioned in the “Absolute Active Power
Control” section, this article only calculates the LCOE for
the PV inverters when the mission profile-induced thermal
cycles are considered. When the line-frequency thermal
cycles are taken into account, the lifetime will be affected
[14], [47]. At the same time, the LCOE in the MPPT-AAPC
mode may be higher than that in the MPPT mode if the
cost of PV panels is counted, according to (3). In that case,
it is still possible to derive the optimal PV system configu-
rations by mixing a low-power PV inverter with a higher
power one, both operating in the MPPT-AAPC mode,
according to the presented optimization method. Similar
objectives (with minimized LCOE and maximized energy
production) can then be reached.

Alternatively, in practice, the PV panels are already
available in a predesigned system (e.g., 3 kW), and, accord-
ing to the optimization analysis presented in this article
(i.e., Figure 13), it is better to split the PV panels into two
arrays and install two inverters of 1 kW each (i.e., approxi-
mately 30% of the predesigned 3-kW system) operating
in the MPPT-AAPC mode. In such a case, although the
cost of the PV modules is not considered in the analysis
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FIGURE 13. The optimized results for the 3-kW PV inverter systems
with the MPPT-AAPC scheme for various levels of the feed-in power
limit Piimir when only considering the cost of the PV inverters: (a) the
minimized LCOE .« ('), (b) the optimized number of PV inverters in parallel
Nin, and (c) the obtained total energy production Exn, meer —aarc (*).

here (they should be paid for by both the 3-kW system in
the MPPT mode and the two 1-kW systems in the MPPT-
AAPC mode), the investigation in this article is valid in
terms of minimizing LCOE while maintaining a higher
energy production.

Conclusions

The LCOE of PV inverters with an AAPC scheme has been
calculated and analyzed in this article within the context
of a long-term, real-field mission profile. The analysis has
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revealed that the hybrid power control (i.e., a mixture of
the MPPT and AAPC operational modes, MPPT-AAPC)
can contribute to an improved lifetime of the power
devices because of the reduced thermal loading. However,
a reduction of energy production is associated with this
reliability benefit. This article demonstrates that, by opti-
mizing the power limit imposed on multiple PV inverters
operating in the hybrid MPPT-AAPC mode, a minimized
LCOE can be obtained. Simultaneously, an increase of the
PV-generated energy is achieved compared to the use of a
single PV inverter operating in only the MPPT mode.

Most importantly, the presented optimization method
and the LCOE analysis can be an effective design tool for PV
system planning (e.g., with a cluster of PV inverters) when
the mission profile (both long-term and line-frequency
thermal cycles) and the PV panel cost are also considered.
Specifically, by applying the last part of the optimization
design in this article (i.e., related to Figure 13), the opera-
tion of each inverter in the cluster of the PV systems can be
optimally selected in such a way that 1) an overall constant
power production is achieved, 2) the total energy produc-
tion is not reduced, and 3) the LCOE is minimized.
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