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Abstract—This paper presents an optimal design framework
for photovoltaic (PV) power generation systems. With the objec-
tives of minimizing levelized cost of energy (LCOE) and maximiz-
ing power density (PD) of PV inverters, all design components of
PV inverters including inverter topologies, semiconductor (SC)
devices, DC bus capacitors, switching frequency, AC output
filter, and cooling system are designed in a holistic framework.
Particularly, the design framework is formulated as a constrained
optimization problem to determine the optimal combination of
key components of PV inverters. With real solar profiles, three
100-kW PV systems are designed featuring an optimal LCOE
with different weather conditions, and a high PD and energy
conversion efficiency can be guaranteed using the proposed
framework. The testing results using field data demonstrate the
effectiveness of the proposed optimal design framework.

Index Terms—LCOE, optimal design, PV systems, power
density, power loss

I. INTRODUCTION

Motivated by increasing solar energy penetration and re-
ducing the cost of PV power generation, there are tremendous
efforts of PV power systems at residential, commercial, and
utility levels. In order to enhance the performance of PV
systems in both technical and financial aspects, it is necessary
to investigate and develop an optimal design framework of
PV systems. Various objectives are considered to optimize the
design of PV systems. For instance, Ref. [1] designs the type
of PV panel, the type of PV inverter, and the number of PV
panels to maximize the financial benefits. However, PV in-
verter optimal design is not considered, and only commercially
available PV inverters are considered.

As the backbone of PV power systems, PV inverters play
a critical role in interfacing PV panels and external grids.
The cost and volume of PV inverter also accounted for a
considerable portion of the whole PV system; therefore, the
optimal design of a PV inverter has a significant impact on the
whole PV system’s performance. Tremendous research efforts
have been made to improve the efficiency, power quality,
reliability, as well as to reduce the weight, volume, and cost of
PV inverters over the past few years [2]-[7]. Different inverter
topologies and semiconductor (SC) devices are investigated to
improve the power density (PD) of the PV inverter in [2]-
[4]. While in [5], [6], PV inverter reliability is included in
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the objectives of the optimal design of the whole system. In
[7], two PV inverter topologies, H5 and Conergy-NPC, are
investigated and the switching frequency and AC output filter
are optimized to achieve a reduced levelized cost of energy
(LCOE) [8], [9]. However, some other important PV inverter
components, such as SCs, DC-link capacitors, and cooling
systems, are not selected to be decision variables. A novel
virtual prototyping routine for PV inverter design is inves-
tigated and a multi-objective optimization design considering
inverter efficiency, PD, and the cost is detailed in [4]. However,
this paper does not specifically consider the impacts of solar
profiles at different locations. Due to different solar power
availability and some cost-driven constraints, the location of
the solar power generation site may lead to different optimal
designs.

This paper proposes an optimal design framework for PV
systems, which has a decision variable set including inverter
topologies, SC devices, switching frequency, DC bus capac-
itors, output filters, and cooling systems. Additionally, two
objectives, LCOE of the whole PV system and the PD of
the PV inverter, are incorporated into the optimal design
framework. Firstly, using the mathematical model of the whole
PV system, the PV system design framework is formulated as a
constrained optimization problem. Then, a heuristic algorithm,
i.e., genetic algorithm (GA), is used to solve the optimization
problem and to obtain the value of decision variables that
satisfy the optimization objective. Three 100-kW PV systems
in different installation sites are designed and studied, and the
comparative study and the corresponding results demonstrate
the effectiveness of the proposed optimal design framework.

II. PV SYSTEM COMPONENT MODELING

A typical PV system is shown in Fig. 1, which mainly
consists of PV panels, DC bus capacitors, PV inverter, output
filter, and utility grid or local load. The mathematical model
of these components, including the physical and cost models,
are presented in this section.

A. PV Panels

PV panels provide the electric energy to a utility grid or
local users. Energy harvested by PV panels highly depends on
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Fig. 1. Configuration of PV power generation system.

the weather condition (i.e., solar irradiation and temperature)
at the installation site. Additionally, the energy produced by
PV panels decrease every year during its lifetime as the PV
panels degrade. The energy yield of PV panels in its lifetime
year can be obtained as [9]
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where Y is the first year energy yield and Ry is the PV
system’s annual degradation rate.
The cost of PV panels can be obtained from PV manufac-
turers or vendors.

B. DC Bus Capacitors

Due to the limited availability of the voltage and capacity
rating of commercial capacitors, usually, several capacitors
are connected in series and/or parallel to meet the design
requirments. DC bus capacitors are used to limit DC voltage
ripples and support DC bus voltage when there are voltage or
power variations on the DC side.

DC bus capacitors’ power loss is neglected due to its little
impact on the total power loss. The cost and volume of
the DC bus capacitors can be obtained from corresponding
distributors.

C. PV Inverter

PV inverters are categorized into two-level and multi-level
inverters based on the output voltage levels. There are a large
number of multilevel PV inverter topologies, such as CHB,
NPC, Active NPC, H4, HS, Conergy-NPC, and etc. [4], [7],
[10]. However, as an example, only two topologies, traditional
two-level and three-level NPC inverters shown in Fig. 2, are
considered to be the PV inverter candidates in this paper.

Semiconductors are the main components of a PV inverter.
An accurate power loss model of semiconductors is significant
to the whole system optimization design because the power
loss determines the efficiency, volume, and cost of the whole
PV system. Power loss models of the two types of PV inverter
topology are presented as follows, respectively.

1) Power loss model of two-level inverter: The semicon-
ductor power loss of a two-level inverter includes conduction
and switching loss of IGBTs and their free-wheeling diodes,
which can be expressed as [11], [12]

Pscor, = Peond_soL + Paw_sor + Peond_poL + Pew po (2)

where Peong sor and Py, spp. represent the conduction and
switching loss of all IGBTs in a two-level inverter; FPeong por
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(b) Three-level inverter.

Fig. 2. Two-level and three-level PV inverter topology.

and Py, ppr, are the conduction and switching loss of all free-
wheeling diodes, respectively.
IGBTs conduction loss is calculated as:

Pcond_SZL = Ng (uceOIS,avg + TSIg,ms) 3)
1 M cos
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where Uceo, s, Isave and Isms are the IGBT on-state voltage
drop, on-state resistance, average conduction current, and rms
conduction current, respectively; Ng is the number of IGBT to
calculate power loss; M is the modulation index that depends
on the control and modulation scheme; [ is the magnitude
of the inverter output current; ¢ is the phase lagged by the
inverter output current compared with the fundamental voltage
of the inverter output voltage.
Diodes conduction loss is calculated as:

Preond_p2r. = Np(upoIpave + oI5 s ) (6)
1 M cos

I = (5= = —0)1 ™
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ID,rms = (é - 3 )12 (8)

where Np is the number of diodes to calculate power loss; upo,
D, Ipavg and Ip s are diode on-state voltage drop, on-state



resistance, average conduction current, and rms conduction
current, respectively.
IGBTs switching loss is:
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where Eo, s and Eof g are the turn on and off energy of
IGBT under a certain test condition, respectively; V; and I;
are the test voltage and current given in the data sheet of
the device; Vpp is the voltage stress on the IGBT at the
switching instant; Iseq, is the equivalent current of IGBT
during a switching instant to calculate the switching loss; f
is switching frequency.
Diodes switching loss is:

VopIp equ
Psw_DZL = ND%ETCC_DJ‘S (1 1)
tit
I
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where E.. p is the reverse recovery energy of diode under a
certain test condition; Ipequ is the equivalent current of the
diode during a switching instant to calculate the switching
loss.

2) Power loss model of three-level inverter: The power loss
model of a three-level inverter not only includes the power loss
of IGBTs and their free-wheeling diodes but also the power
loss induced by additional clamped diodes. It can be expressed
as [10], [13], [14]

Pscar = Peond_s3L + Pw_saL + Peond_p3L + Pew_p3L
+ P cond_CD + P, sw_CD

where Peong s3. and Py g3 represent the conduction and
switching loss of IGBTs in a three-level inverter; Prong paL
and Pi, p3r. are the conduction and switching loss of their
free-wheeling diodes, respectively. Peong cp and Py cp rep-
resent the conduction and switching loss of clamped diodes,
respectively.

Power loss calculation of a three-level inverter is similar as
that of a two-level inverter, thus the power loss calculation
equations will not be repeated here. Instead, only the average,
rms and equivalent current of the semiconductor devices are
presented. Additionally, as the symmetric operation of the
devices in a three-level inverter, only the currents of four
devices, S1, So, Dy, Dy, are listed and other devices’ currents
can be obtained accordingly.
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Semiconductors’ cost and volume can be obtained from the
corresponding manufacturers or distributors.

D. Output Filter

To meet the power quality requirement of utility gird or
users, AC filters are always installed at the output side of PV
inverters to eliminate the harmonics. Here an LCL-filter is
employed for the designed PV system.

An LCL-filter is compromised of an inverter-side inductor, a
filter capacitor, and a grid-side inductor. Neglecting the power
loss of the filter capacitor, the power loss of an LCL-filter can
be calculated by

B = PR+ B, (26)

where P; and P are the power loss of the inverter-side and
grid-side inductors, respectively.

The cost and volume of an LCL-filter can be obtained by
summing up the cost and volume of the inverter-side inductor,
filter capacitor, and gird-side inductor, respectively. Detailed
price information and specification of the LCL-filter can be
obtained from the corresponding manufacturers or distributors.

E. Cooling System

The cooling system helps dissipate the heat generated by
all the components, especially the heat generated by semi-
conductor devices. Typically, a cooling system consists of two
parts, i.e., heat sink and fan. A desirable cooling system should
feature a lower thermal resistance, which is determined by the
type and size of the heat sink as well as the flow velocity of
the fan.

Taking an Aavid product (Extrusion 64360) as an example,
its thermal performance with different size of the heat sink
and different velocities of the fan is shown in Fig. 3 [15]. The
thermal resistance is decreasing with the increase of the heat
sink’s length and the fan’s flow velocity.

The cost and volume of the whole cooling system can be
obtained by summing up the cost and volume of the fan and
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Fig. 3. Characteristic of a cooling system.

heat sink, respectively. The detailed price and specification
of the cooling system can be obtained from corresponding
manufactures or their vendors.

III. FORMULATION OF THE OPTIMAL DESIGN OF PV
SYSTEMS

The formulation of this design problem is shown in this
section, which includes decision variables, objectives, and all
constraints. The flow chart of the whole optimization process
is shown in Fig. 4. Initially, solar power data, system spec-
ifications, decision variables, and all constraints are defined
according to the designer’s demand. Then a set of the feasible
combinations of decision variables is generated. With the
component models derived in Section II, the value of the
weighted objective function is obtained. Finally, GA is used to
solve the problem, and the optimizer and the optimal decision
variables are obtained.

A. Decision Variables

Decision variables are selected per the actual operational
requirements to achieve an optimal design of the PV system.
Here, the decision variables are

X = [orp osc ocs fs Li Cr Ly Cyc] 27

where o1p, osc, ocs, fs, Li, Cr, Ly, and Cy. represent inverter
topology, SC device, cooling system, switching frequency,
inverter-side inductor, filter capacitor, grid-side inductor, and
DC bus capacitor, respectively.

In our design only two inverter topologies, i.e., two-level
VSI and three-level NPC are considered, so otp will be one
of the two candidates. And it can be expressed as

L,
g =
TP 0’

Based on the capacity of the PV inverter, a number of
commercially available semiconductor devices are pre-selected
to be candidates for the optimization design. ogc will be a
semiconductor device selected from the list. In this design,
the thermal resistance is used to characterize the performance
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Fig. 4. Flow chart of the proposed optimization design method.

of a cooling system. With the obtained thermal resistance, a
cooling system with specific heat sink and fan can be selected.

B. Objective Function

Design objectives are to minimize the LCOE of the PV
system and to maximize the PD of PV inverter. These two
objectives can be weighted and expressed as

F(X) = aLCOE(X) + BPD(X) (29)

where LCOE is the levelized cost of energy of the PV
system; PD is the power density of the PV inverter; « and
[ are weighted coefficients, which are determined according
to designers’ preference.

1) LCOE: [9]

LCOE(X) = Clotal(X)/Etolal(X) (30)

where Ciyy is the total cost of the PV system including initial
investment and the operation and maintenance (O&M) cost.
E\oa 1s the total energy injected into utility grid or users end
during the PV system service lifetime.

Clotal can be calculated by

Cotal(X) = Cpy + Ciny(X) + Cros(X) + NifCosm(X) (31)

where Cpy and C}y,y are the cost of PV panels and PV inverter,

respectively. Cgos is the cost of the balance of system (BOS),

which includes the the power-scaling (without inverter cost)

and area-scaling BOS cost; Njr is the PV system service

lifetime; and Cogn is the annual O&M cost of the PV system.
Inverter cost is expressed as

Ciny(X) = Csc(X) 4 Ces(X) + Cren(X) + Cege(X) 4+ Cavx

(32)
where Csc, Ccs, CicL, Ccde, Caux are the cost of semicon-
ductors, cooling system, LCL-filter, DC bus capacitor, and



auxiliary components, respectively. Note that the auxiliary
components cost can be expressed as a fixed cost, which
includes the cost of gate drivers, control unit, voltage and
current transducers, all PCBs, and all accessory components
such as wires, breakers, etc..

FEloral can be obtained by

Nir

Bow(X) =Y en (33)
n=1

2) Power density:
The power injected into electric grid can be obtained by

Pg(X) - Rn (X) - Ploss (X) (34)
where P, is the input power of PV inverter and Py is the
total power loss of PV inverter.

Power density of the PV inverter is obtained as

PD(X) = P(X)/Via(X) (35)

where P, is the power rating of PV inverter, and Vy is the
total volume of components of the PV inverter.

Vo1 can be calculated by

Veol(X) = Vse(X) + Ves(X) + Vien(X) + Veae(X)  (36)

where Vsc, Vs, Vicr, Veae are the volume of the semicon-
ductors, cooling system, LCL-filter, and DC bus capacitors,
respectively. Here, the volume of auxiliary components has
been neglected due to their little impact on the total volume.

C. Constraints

The junction temperature of each SC chip in an SC device
cannot be higher than its maximum temperature specified in
its datasheet. Thus, thermal limits of all SC chips are [16]

Nen
T,.i(X) = Rici(X)Psc,i(X) + Y Reni(X)Psc.i(X)
i=1

Nen
(37
+ Res(X) Z Psc,i(X) + Tamo
=1

S ijax,i(x)

where T;;, Rjci, Psc,i,» and Tjmax ; are the junction tempera-
ture, the junction to case thermal resistance, the power loss,
and the maximum junction temperature of the ith SC chip in a
SC device, respectively. Ty is the ambient temperature, N
is the number of chip consisted in a SC device, and Rcs is

the thermal resistance of the cooling system.
To avoid excessive voltage drop on the output filter induc-
tors, the sum of L; and L, is limited to be [7], [17]
Li+ L, <0.1Ly (38)

where L, is the inductance base, which can be calculated based
on the specification of PV inverter.

The most important feature of a LCL-filter is the resonance
frequency, which determines the performance of the filter. It
can be calculated by

Li + Lg
LiLng

fres (X) = (39)

To avoid instability issues, the resonance frequency of the
LCL-filter should be set as [7], [17]:

10f < fres(X) < fsm/2

where f is the fundamental frequency, and f;y, is the sampling
frequency.

To limit the reactive power flow in the filter capacitor, the
filter capacitance should meet

Cr < 5%Cy

(40)

(41)

where C}, is the capacitance base and it can be calculated based
on the specification of the PV inverter.
DC bus capacitance should meet the following inequality to
mitigate voltage ripples at the DC side [17]
T.AP
Cac 2 s
2AVie Ve
where 7} is the time delay introduced by control unit, AP is
the power variation, Vj. is the DC bus voltage, and AV is

the voltage variation of V.
The efficiency of the PV inverter can be calculated by

F(X)
X) =%
"= RX)
PV inverter efficiency should be no less than an expected
value, which is

(42)

(43)

U(X) Z TImin (44)

where 7mi, is the minimum efficiency requirement of the PV
inverter.
Finally, the size of heat sinks should fit SC devices.

IV. CASE STUDY

To demonstrate the optimal design framework, three PV
systems in Texas (TX), Pennsylvania (PA), and Minnesota
(MN) are designed and tested. Solar power data at each
location is downloaded from National Renewable Energy Lab
(NREL) website [18] to calculate the energy production of PV
panels. Fig. 5 shows a year of solar power profiles of TX, PA,
and MN, respectively. From the figure, we can observe that
the PV panels installed in TX can harvest more energy than
the other two locations. Other specifications and parameters
of the PV systems are listed as follows: power rating of the
PV inverters is 100 kW; utility grid is 480 V/60 Hz; DC bus
voltage is 1200 V; the minimum PV inverter efficiency is 98%;
the service lifetime of the designed PV systems is 30 years,
and the energy harvesting degradation rate is 0.36%; there
are two candidate inverter topologies, two-level and three-
level NPC; two SC devices are provided for each inverter
topology, i.e., FF200R17KE4 and FF225R17ME4 for two-
level inverters, and FF200R12KE4 and FF225R12ME4 for



TABLE I
OPTIMIZATION RESULTS OF THREE PV SYSTEMS IN DIFFERENT INSTALLATION SITES

Site oTp osc ocs (DC/W) fs Li Cr Lg Clyc LCOE PD F n

Ran  Reo | (H2) | (uH) | uF) | (ul) | (uF) | ($/kW) | (kW/dm?) (%)
X 0 2" 17057 0.67 | 6200 88.0 57.6 95.4 278 0.07 3.49 1.82 | 98.3
PA 0 2" 17057  0.67 | 6200 91.6 57.6 91.6 278 0.08 3.49 2.32 | 98.3
MN 0 2" 1057 066 6300 90.1 57.6 87.4 278 0.1 3.50 3.39 | 98.3
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Fig. 5. Solar profile in different locations.

three-level inverters; CD61 is used for the clamped diodes of
three-level inverter; cooling system is comprised of a fan with
a given flow velocity of 200 ft/min and a heat sink of Aavid
product with part no. of 64360 [15]; note that the types of
semiconductor device and heat sink are limited in the example
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Fig. 6. GA optimization results of the PV systems.

case, actually more options can be added according to the
demand in the practical design cases; weighted coefficients
are set to a = 5 = 0.5.

GA is used for three cases and the optimization procedures
of three cases are shown in Fig. 6. As shown in Fig. 6, the



objective function reaches the minimum value of 1.82, 2.32,
and 3.39, respectively. Table I shows the final design of PV
inverter at each location, where the values of all decision
variables in the three cases are detailed. As shown in Table
I, three-level inverter topology and the second type of the
SC device are selected to achieve the optimal results in all
three cases. Meanwhile, other decision variables, i.e. thermal
resistance of the cooling system, switching frequency, LCL
filter parameters, DC bus capacitance are also shown in Table
I. From Table 1, it is observed that with different switching
frequencies, three PV systems have different inductance and
capacitance in the LCL-filters and different thermal resistance
in the cooling systems.

The detailed design of three PV systems are also shown in
Table 1. LCOE of the cases in TX, PA, and MN are $0.07,
$0.08, and $0.1, respectively. With the best weather condition,
PV systems installed in TX can capture more solar energy
than the other two sites. Therefore, the PV system installed in
TX can achieve the lowest LCOE even with the same initial
investment and O&M cost as those of the other two sites.
Another objective, PD of PV inverter, is also used to evaluate
the performance of the PV systems. As shown in Table I,
all three PV systems show very good performance with the
proposed design method. The PD and efficiency of all the
three PV inverters are around 3.5 kW /dm? and 98.3%.

V. CONCLUSION

This paper proposed an effective optimal design framework
for PV power generation systems. A suitable set of decision
variables is considered compared to the existing work, and
the optimization problem can be solved efficiently with GA-
based solver. Field solar profiles and component costs from
distributors or vendors are used to design the three PV systems
installed in TX, PA, and MN. Optimization results validate that
the proposed optimal design framework can be used to design
PV systems at different installation sites and the designed PV
system can guarantee an expected performance.
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