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ABSTRACT Different inverters types have different technical specifications and costs which contribute to
the changes of inverter type decisions. It is therefore important to know which inverter is more advantageous
for certain criteria. In this paper, the central, string, multi-string, and AC module types of inverters were
compared through optimally designing a DG-PV and DG-PV-battery system of an off-grid island using each
type of inverter. The problem was solved as a multi-objective optimization considering cost and uncertainty.
The results were compared in terms of cost, reliability, renewable energy penetration, renewable energy
curtailment, and changes in battery cost. The optimization results showed that the string inverter is best in
terms of cost and highly affected by the decrease of the battery cost, the AC module in terms of reliability
and curtailment, and the multi-string for renewable energy penetration. Meanwhile, the central inverter can
be the choice when a balance between cost and reliability is considered.

INDEX TERMS Diesel generators, hybrid power system, inverters, optimal sizing, optimization, power

generation planning, solar energy.
NOMENCLATURE Boolean
Unknowns ch battery charging state.

B total battery system size (kW).
D per unit diesel generator size (kW).

ds Dbattery discharging state.

Inv  per unit inverter size (KW). Variables
np  number of diesel generators. Cr initial cost.
n;,y  number of inverters. Cy maintenance cost.
S total PV size (kW). Cgr replacement cost.
do charge/discharge of the battery.
Constants F Fuel consumption (I/hr).
a,b diesel generator fuel constants. Npon number of diesel generators operating.
< fuel cost. P* maximum power from a component.
Crivv ¥n¥t%al cost of Inverter L ) P, minimum power from PV system.
Crx initial cost of device x (diesel/PV/battery). .
’ . . . Ppc power generated by the diesel generator.
Cum x maintenance cost of device x (diesel/PV/battery). T .
. . Ppe power adjustment due to EMS.
daf minimum diesel generator demand factor. .
ir interest rate. Piny required power output from the PV system.
Irr solar irradiation. P;’w power adjustment from PC system for
n system life. battery charging.
nrx number of replacements of device x. P power required by the load.
Nbat designated inverter for the battery. Ppy generated power from the PV panels.
Niny inverter efficiency. Pyp required power for generation given
the minimum required diesel generation.
The associate editor coordinating the review of this manuscript and 0 current charge on the battery.
approving it for publication was Qiuye Sun Omax/Qmin  max/min charge inside the battery.
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Economic Costs and Reliability Indices

ASC Annual System Cost.
COE Cost of Energy.
DEP Dumped Energy Proportion.

LCOE Levelized Cost of Energy.
LOLE Loss of Load Expected.
LPSP  Loss of Power Supply Probability.

NPC Net Present Cost.
RF Renewable Factor.
TAC Total Annual Cost.

Algorithms
BA Bat Algorithm.
GA Genetic Algorithm.
GOA Grasshopper Optimization Algorithm.
GSA Gravitational Search Algorithm.
GWO Grey Wolf Optimization.
MFO Moth-Flame Optimizer.
MOPSO  Multi-Objective Particle Swarm Optimization.
PSO Particle Swarm Optimization.
SMO Social Mimic Optimization.
SSA Salp Swarm Algorithm.
SSO Social Spider Optimization.
TLBO Teaching and Learning Based Optimization.
WCA Water Cycle Algorithm.
WOA Whale Optimization Algorithm.

I. INTRODUCTION

The hybrid renewable energy system (HRES) model opti-
mization solves for the most economic design of a hybrid
combination of renewable and non-renewable energy sources
for a given load profile. Combinations of wind, solar, and
diesel generators (DG), in particular, are suitable for remote
areas far from the main grid or in island locations. Wind
energy does not provide many problems in system uncer-
tainty, compared to photovoltaic(PV), because the loss of
wind is aided by the inertia of the generators [1]. PV output,
on the other hand, changes rapidly with the change in tem-
perature or moving clouds [2]. That is why most HRES using
PV usually have battery systems.

There are several papers that study the HRES model
using PV for off-grid applications. Their focus varies on
generator combination, renewable energy model, common
bus system, objective function, and optimization method.
Table 1 shows some studies in optimal sizing of HRES.
Stand-alone PV focuses on optimal array-inverter configura-
tion [3] and array selection [4] by minimizing the economic
cost of the system. PV/DG combination is applied in [5]
which considered the effect of load variation in peak and
off-peak period in the sizing considering both total NPC and
LPSP. Reference [6] determined the generator combination
of wind-PV-battery minimizing the total cost for every given
LPSP limit using GA-PSO as single-objective optimization
and MOPSO as multi-objective optimization. Reference [7]
studied the effects of tariffs using combinations of energy
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autonomy, power autonomy, capital cost, and payback period
as objective functions to set a policy for a PV/battery/grid
system sizing. Reference [8] uses the same combination of
HRES to determine the effect of the pricing differences on
the optimal combination of HRES. In [9], PV/DG/battery
compared the designs for two types of batteries and two
types of dispatch strategies using the HOMER software.
Salameh et al. [10], likewise, used the HOMER software to
study the costs of different types of solar trackers for the
same combination of HRES systems. In [11] and [12], the
focus was on the use of different algorithms in the sizing or
a wind/PV/DG/battery system where both optimizations use
the COE as their objective function. On the other hand, [13]
and [14] approached the sizing of the same HRES as multi-
objective but with fixed weights using both economic and
reliability indices.

Most researches on HRES focused on a common
DC coupling between the PV and the inverter because the
inverter can be sized much smaller compared to the size of the
PV because the excess energy can right away be stored in
the battery. The size of the inverter is just enough to cater to
the demand of the load with PV-inverter ratio usually range
from 1.6 to 2.67 [3], [6], [8] for HRES combination with
PV and can twice as much when a battery is added [6], [9].
On the other hand, researches in common AC coupling is
scarce. It is only in [15]-[17] that considered a common AC
bus between PV and battery. Though this configuration is not
as economical as a common DC coupling, the common AC
coupling is much more commonly seen as there are times
that the PV plant and the BESS are in different locations or
are handled by different operators. Reference [16] determined
the optimal size of PV/DG/battery combination for a remote
island in Canada. Reference [15] studied the best combina-
tion of renewable and non-renewable energy sizing while
understanding the effects of load shifting on the costs for a
residential power system. Reference [17] compared the use
of time-sequence method, typical day method, and scenario
reduction technique in the sizing of a wind/ PV/ DG/ battery
system using TLBO.

Of the researches in Table 1, only a few researches [3], [6],
[8], [9] considered the costs and configuration of the inverters
of the PV. Inverters have an impact on the costs of the system
and may even affect the size of HRES. Currently, there are
four types of grid-connected inverter configuration, central,
string, multi-string, and module-type inverters. In central
inverters, the PV modules are connected in series for higher
voltage, and these series modules are then connected in paral-
lel for higher capacity making it the type of inverter with the
highest available voltage and rating [18], [19]. These inverters
are the cheapest type in the market, however, suffer from
losses due to sting diodes, voltage mismatch, PV modules,
and common MPPT causing failure for the PV plant because
of the central inverter [19], [20]. String inverter, which is
the most commonly used type of inverter, has a string of
PV modules connected to a single inverter which makes it
have a higher efficiency of 1-3% compared to the central
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TABLE 1. Literature on optimal sizing of generators.

Reference Bus System Sources Objective/s Optimization Focus
For PV-Batt Method
Viisénen et al. (no battery) PV LCOE - Determine the optimal array-inverter
(2019) [3] ratio for every inverter size and tilt-
angle for residential application
Zidane et al. (2019) (no battery) PV LCOE GWO and SSA Compare SSA and GWO; Compare
[4] two types of PV modules
Gharibi and (no battery) PV/DG NPC and LPSP MOPSO Effect of load variation factor( in
Askarsadeh (2019) demand response) to the system
[5] sizing
Ghorbani et al. DC Wind/PV/Battery Total cost GA-PSO and Optimal generation combination for
(2018) [6] MOPSO the suburbs in Tehran, Iran given an
allowed LPSP
Bandyopadhyay et DC PV/Battery/Grid Energy autonomy, MOPSO Effect of tariffs on optimal sizing of
al. (2020) [7] power autonomy, the system
capital cost, and
payback period
Ashtiani, et al. DC PV/Battery/Grid NPC and COE TLBO Sizing for Iranian cities; compare
(2020) [8] (single objective) pricing differences effect in
renewable and non-renewable
systems
Das and Zaman DC PV/DG/Battery NPC HOMER Compares two types of batteries and
(2019) [9] two types of dispatch strategies
Salameh, et al. DC PV/DG/Battery NPC HOMER For a microgrid in UAE; compare
(2020) [10] single-axis and dual-axis trackers
Bukar, Tan, and Lau  DC Wind/PV/ COE GOA, CS, and PSO  Sizing for a microgrid in Nigeria;
(2019) [11] DG/Battery
Daib, et al. (2019) DC Wind/PV/ COE, LPSP, and WOA, WCA, Sizing for a microgrid in Egypt
[13] DG/Battery Loss (fixed weights)  MFO, and PSO-
GSA
Fathy, Kaniche and DC Wind/PV/ COE SSO Compare SSO with other algorithms;
Alanazi (2020) [12] DG/Battery sizing and combination of energy
sources for a region in Saudi Arabia
Mohammed, Al- DC Wind/PV/ LCOE and LOLE PSO, BA, SMO A novel demand response strategy
Anbarri and Hannun DG/Battery (fixed weights) for the battery; comparison of PSO,
(2020) [14] BA, and SMO
Nejabatkhah et al. AC PV/DG/Battery ASC MATLAB Sizing for a remote off-grid in
(2018) [16] Canada
Akram, Khalid, and AC Wind/PV/ Total of economic, - Combination and sizing of
Shariq (2018) [15] DG/ Battery dump energy and generators; load shifting effect
emission costs
Yang, et al. (2019) AC Wind/PV/ TAC (with RF, TLBO Use of k-means based scenario
[17] DG/Battery LPSP and DEP reduction technique compared with
limits) typical day method and time-

sequence simulation

inverter type due to some diode losses eliminated and indi-
vidual MPPT applied in every string [18], [20]. However,
string inverter types only have power ratings up to 10kW
per string, thus, needing more inverters for higher PV plant
capacity. The multi-string inverter has each PV module string
connected to a DC-DC converter whose output is connected
to the input of a common inverter. This makes multi-string
is a hybrid of the central and the string types because each
string can be controlled and monitored individually, has
MPPT for every string, allows strings of different technolo-
gies but can be unreliable due to a common inverter [18]-[20].
Lastly, the module-type inverter or most commonly known as
micro-inverter has an inverter connected to each PV module
which makes this type have the least losses, longer life, indi-
vidual module failure detection, easier to expand, and deals
with partial shading. On the other hand, the module type has
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reduced overall efficiency, high cost per kilowatt, low power
output, and higher amplification [18]-[20].

Generally, each type of inverter has a different available
rating range, efficiency, life span, and cost which can con-
tribute to the decision-making for system sizing. In literature,
only the paper of Tariq et al. [21] compares the different types
of inverters. In their paper, the reliability of the PV system in
terms of failure rates of both the PV modules and inverters
(central, string, and micro-inverter) were studied using the
bathtub cycle, which includes an infant period, useful period,
and wear-out period for every inverter replacement. However,
it only studies the effect of the performance of the inverters
on the life-cycle costs of the system. Though the NREL
report in [22] showed the costs of using different inverters,
the focus was providing the costs of common inverters used
for each industry based on a benchmark system for system
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per industry. In an island system, the type of consumers is an
amalgam of loads and may be too small to be compared to the
utility scale mentioned in the report. It is, therefore, important
to know the differences of using this type of set-up.

This paper studies the applications of different inverter
types in a DG-PV and DG-PV-battery system by considering
economy and uncertainty, as a multi-objective optimization.
In this way, it may help system designers to not only decide on
the equipment sizing but also in choosing the type of inverter.

The limitation of this paper is that the energy management
strategy (EMS) involves a rule-based strategy commonly
used in sizing problems, as presented in [13], [17], [23].
However, for future research, it can be recommended to
try either other rule-based strategies such as cycle charg-
ing [10], [16], co-optimization to simultaneously solve gen-
eration and power dispatch [24], state-space approaches
(model predictive) to control [25], or stochastic approaches to
control [26].

This paper is organized as follows. Section 2 discusses
the models for the DG, PV, battery, and the charging-
discharging strategy for the battery. The multi-objective prob-
lem is explained in section 3 followed by the discussion on
the optimization method used. The results and discussion are
presented in section 4. Further discussion and summary of
the results are discussed in section 5. Finally, Section 6 is the
conclusion.

Il. SYSTEM MODEL

Figure 1 shows the system being studied with DG as the main
energy source connected to an AC bus providing AC loads.
For this study, it would be required for at least one DG to be
operating to maintain the frequency of the system.

MHHHHE

g

Diiesel Generator Loads

FIGURE 1. Simplified hybrid PV/diesel/battery system.

A. DIESEL GENERATORS
The diesel generators of the same sizes D are used for the
system and are computed as follows:

F(t)=a-Ppg(t)+b-D-N2 () )

The a and b constants used are 0.246 and 0.08145 taken
from [11], [13], [23]. Equation (1) shows a modified equation
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from literature since this system allows some generators to
turn off when the load is not too high. Instead of multiplying
the second term by the state of the generator, it is multiplied
by the total number of operating generators N2 at a time (t).

B. PV SYSTEMS

For this particular problem, the 3-year hourly irradiation data
are taken from SoDa [27]. Using the Gaussian distribution,
an hourly solar irradiance was modeled from the average of
the 1-year daily irradiation, as shown in Figure 2.

Irradiation (kW-hr/mz)
Noe = m w & o o =

2
months 0 0

hours

FIGURE 2. Average hourly irradiation per month.

The power output of the PV and the inverter is then com-
puted as (3), as adopted from [28]. Ppy (¢) is the output of the
PV panels per at each hour, P;y,, is the output of the inverter
at each hour and 7;y, is the number of inverters used. N, and
Niny are the efficiencies of the available PV panel and inverter,
respectively.

Ppy(t) =S x Irr(t)/Irtmax 2)

Another set of one-year solar irradiation profile, Figure 3,
was made to represent the uncertainty of the irradiation based
on data taken from SoDa. This incorporates the variation of
the irradiation based on the data’s daily distribution for each
month.

Solar Profile

FIGURE 3. One-year solar irradiation (with uncertainty).

C. BATTERY AND ENERGY MANAGEMENT SCHEME
The energy management strategy (EMS) used in [13], [17],
[23] was modified to include requiring at least one diesel
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generator to maintain the system frequency. The EMS han-
dles most of the power flow constraints, such as power limit
for the PD, PV, and charge of the battery, and charging-
discharging conditions. As shown in equation (3), the Py,
is equal to the load P; minus the power generated by one
diesel generator working at its minimum demand factor df.
The additional required generation Py, shall then be supplied
first by the PV plant P} if the power is available from the
output of the inverter (4), followed by the available charge
from the battery (condition 2 of equation (5)), and finally the
additional power from the diesel generators Ppg in (8). The
total power generated by the diesel generators (9) will then
be the sum of one diesel generator operating at minimum df
and the additional power Ppg+.

The batteries are charged when there is excess generation
from the PV Pinv+, as shown in the first condition in (5)
indicated by the negative sign for dQ and (7). The final power
output from the PV plant (10), on the other hand, is the sum
of the available power from the PV plant to be supplied to the
load P’inv and the power needed to charge the battery Pinv+.
ninv and nbat are the PV inverter efficiency and the battery
inverter/converter efficiency.

Psup(t) = PL(t)_df*D (3)
Pl (1) = min (PL(t) — df * D, ninyPpy (1)) 4)
if ch = (nPpv (1) = Py, (1)) is true

dQ (t) —max (min (Qmax - Q (t - 1) ,
 (mimPry () = P, (r))) | 0)
Nbat

if ds = (Psup(t) > nimPpy (1)) & (Q (t — 1) > Oin)

X Is true

dQ (t) = max (min (Q(t — 1) — Onin,
X (Psup(t) = 0imyPpv (1)) /Nbat) - 0) (%)
O@t) = 0t — 1) + dO(1) (6)
Piny1(t) = —ch * 0pardQ(1) (7
PpG+(t) = Pyyp(t) — ds * 1pardQ(t) — Py, (1) 3)
Ppg(t) = df * D + Ppg+(t) if Ppg+ is (+) )
Pin(t) = Py (1) + Pinyy (1) if Pigyy is (+) (10)

lll. PROBLEM FORMULATION

The two objective functions used in this study are the COE
and the LPSP which represent the cost and reliability consid-
erations for this system.

A. ECONOMIC MODEL

The equations for the NPC, COE, and LPSP are shown
in (11), (12), and (13), respectively. The investment cost,
maintenance cost, operation cost, and replacement cost are
computed as shown in (14), (15), (16), and (17), respectively.
The number of replacements and devices for either the diesel
generator, inverter, or battery is computed in (18) and (19),
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respectively.

i(1+0)"
NPC =(C; + Cy +C0+CR)/<—> (11)

(1+i—1
NPC
= (12)
totalLoad
8760
(S Py = Pott) = Pavv () = Poan()
LPSP =
S PL()
13)
Ci=npD - Cp+S - Cpy +nnyINV - Cjyyy+B - Cpan
(14)

Cu=(np-D-Cyp~+S-Cupv+B-Cyupu) (15)

[§
Co= <Zleo chD(t)> (16)

Cr=nrpnpCy p + nriyvnyny Cr vy + nrgngCi g

7)
system life ! (18)
N device = -
device life of a component
Ndevice = P:;evice ( 19 )
e Ratingdevice

The different constants used are found in Tables 2 and 3.
The values in Table 2 are based on the descriptions in liter-
ature [11], [18], [20] and available inverter specifications in
the market.

TABLE 2. Technical and economic specifications for inverters.

I“;gé}}(;,)"sls Life Efficiency Sizes (kW)

Central Inverter 140 5 years 95 % 30-5000

String Inverter 383 10 years 96 % 1-5

Multi-String 452 8 years 97 % 10-50

AC Module 900 25 year 97.5% 0.5
TABLE 3. Technical and economic specifications.

PV

Initial cost 2900 $/kW

Maintenance 16 $/kw/yr

Life 25 yrs

Efficiency 95%

Diesel

Initial cost 1000 $/kW

Maintenance 0.05 $/hr

Operation 0.9 $1

a and b constants 0.246 and 0.08145

Life 24000 hrs

Min demand factor 40%

Battery

Initial cost 280 $/kWh

Maintenance 10 $/kWh/yr

Life 12 yr

Efficiency 85 %

Economic

Interest Rate 13 %

Discount Rate 8 %

B. COMPARATIVE INDICES
There are three indices to be studied in this paper,
PV-inverter ratio, renewable energy penetration (%RE), and
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RE curtailment. For clarity, these terms will be defined in this
subsection.

PV-inverter ratio will be referred to as the size ratio of the
PV system. This would be the ratio of the total size of PV to
the total size of inverters.

Renewable energy penetration is the percentage of RE
present in the system that carries the load. RE curtailment on
the other hand is the percentage of curtailed energy from the
RE source.

P.
%RE = M><100% (20)
L
RE curtailed = 2="mPPV=Pin 1600, 1)
> NimPpv

C. OPTIMIZATION APPROACH

The multi-objective problem (22) was initially solved as a
single objective problem by setting the weight to 1 and O,
thereby, giving the results for the least COE (fi) and least
LPSP (f>), respectively. This is followed by varying the value
of the weight from 0.05 to 0.95 to get the Pareto front.

f (.= <M>+(1 — ) (M)

flmax _flmin f2max _mein
(22)

After getting the Pareto fronts for the different systems
with different inverters. The optimal point or optimal design
was determined using (23). Note that this is the normalized
distance to the utopia point for multi-objective optimization.

_ \2 _ N2
f (f17f2)=\/<f1 (x) flmm) +<f2 (x) f2mm> 23)

flmax _flmin f2max _f2min

GA and PSPSO [19] algorithms (N = 50, maximum iter-
ations = 1000) were used to optimize (22) while varying the
weight w. The result with better minimized result was chosen
as the solution. Though the results of the two algorithms were
compared, the simulation shows that the PSPSO always gives
better results.

D. SYSTEM ASSUMPTIONS

In this case study, a one-year load, and solar irradiation
profiles for a Taiwan setting are used for the general design
of the system. The uncertainty profile was later on used
to analyze a possible scenario during the operation of the
system, which values reflect on the computation of the LPSP,
as shown in Figure 4 fitness evaluation. The output of PV (2)
is recomputed followed by an adjustment in the EMS.

Since the system uses an island condition, where loads are
mostly residential and power lines do not need to travel long
distances, a steady-state condition is considered, using only
real power and without considering line losses.

Additionally, the power balance equation is not directly
included in the constraints as excess energy is reflected in
the cost of producing more energy while insufficient energy
reduces the reliability of the system. Inclusion of the power
balance, with the losses and excess energy, will be redundant
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w, Load and
Solar data

+

Initialize:
D, S, B and INV

Fitness Evaluation

¥

PV available (2)

EMS (3)-(10)

Costs (1), (14)-(19)
NPC (11)

Uncertainty in (2)
Adjusted EMS

. 4
Update values based on
the chosen algorithm

Stopping
criteria

satisfied

Mot satisfied

FIGURE 4. Optimization flowchar.

to the EMS which already sets the rule of the energy flow in
the system.

IV. RESULTS

The problem was solved using MATLAB using both GA
and PSPSO [29] as the optimization algorithms with the
optimization scheme shown in Figure 4. Because the focus
of this paper is not the optimization algorithm, the problem
was solved by running the problem several times on both
algorithms. The result with the least objective function was
chosen as the result.

A. SINGLE OBJECTIVE APPROACH

Using the same problem as above, the design for minimum
COE and LPSP were optimized separately to determine the
minimum and maximum limits for each type of inverter.
Table 4 shows the design for each system using different
inverters for least COE and least LPSP for DG/PV and
DG/PV/battery systems.

For a diesel generator the only system, the optimal design
has a COE of 0.0642. It can be seen with the least COE that
with the PV, the cost of the system decreases for all except for
the central type inverter. This may be due to the smallest size
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TABLE 4. Optimal results for least COE and least LPSP.

. Total Total Total
System Ob;j. Inverter Type l()g:]e;l Diesel T(zlt(a\;ll)’v Battery (ll(n“\;) Inv (;S\E/) LPSP
(kW) (kW) (kW)
DG =
only 8 DG only 11 484 - - - 0.0642 0
=) Central 19 475 - 30.00 30.00 0.0649 1.23E-15
8 String 19 475 - 1.00 1.00 0.0632 1.18E-15
5 g Multi-string 19 475 - 10.00 10.00 0.0638 1.22E-15
~ = AC Module 19 475 - 0.50 0.50 0.0632 1.16E-15
8 & Central 76 532 1420 - 545.00 545.00 0.1313 7.83E-17
& String 76 532 1420 - 5.00 430.00 0.1334 7.93E-17
] Multi-string 71 497 1397 - 17.00 442.00 0.1394 8.62E-17
2 AC Module 76 532 1359 - 0.50 426.50 0.1445 8.60E-17
g Central 19 475 1.00 30.00 30.00 0.0649 1.23E-15
- O String 19 475 1.00 1.00 1.00 0.0632 1.18E-15
Eg z Multi-string 19 475 1.00 10.00 10.00 0.0638 1.22E-15
= 2 AC Module 19 475 1.00 0.50 0.50 0.0632 1.16E-15
o & Central 71 497 1420 25.00 636.00 636.00 0.1403 9.09E-17
8 & String 76 532 1420 25.00 4.00 448.00 0.1346 9.44E-17
] Multi-string 61 488 1397 25.00 50.00 500.00 0.1383 9.59E-17
2 AC Module 61 488 1359 25.85 0.5 453.56 0.1553 1.01E-16
of this inverter may be too large for the system. The string and TABLE 5. RE information for least LPSP and COE.
AC module have the lowest cost followed by the multi-string RE
and central type inverters. When the LPSP is prioritized, System  Obj.  Tnverter Type ~ PV:INV %RE curtaoi/lment
the central type of inverter has the lowest, followed by the o Contral T000 6 0.(08?%
string inverter, AC module, and multi-string. 8 String 1.000 0.05 0.00%
For a system with batteries, when COE is prioritized, z g Nubusuing o st oo
the same values for CEOs can be seen even with the smallest 2 Z Central 2.606 42.43 81.76%
: . & String 3302 42.57 83.07%
size of the battery. However, these Val.ues are S.tlll cheaper than 2 Multi-string 3161 4275 8121%
a DG-only system. When the LPSP is prioritized, the central 8 AC Module 3.185 42.19 79.49%
: o Central 1.000 1.63 0.00%
type again has thf.l l.owest LPSP. o o ~ S String 1000 008 0.00%
For the diesel sizing, the per-unit size and total size increase 2 Z Multi-string 1.000 055 0.00%
when LPSP was considered. This is due to the system prior- z = Acc:ﬁgillﬂe ;(2)(3)2 4‘;0533 707'010503
itizing the diesel when uncertainty is considered. When the g % String 3170 4342 79.48%
battery is added, most of the total sizes increases, except for g Multistring 2.7%4 44.10 75.65%
35 AC Module 2.995 43.81 72.86%

the central inverter type.

PV sizing likewise increases when LPSP is considered, and
slightly decreases when the battery was added. Note that for
the least COE, the per-unit size of PV uses about the same
size as the inverter. Same as the diesel generators, the per-
unit size and total size of inverters increases when LPSP is
considered. When the battery was added, per unit size and
total size of inverters generally increase also.

For both the DG-PV and DG-PV-battery systems, the sys-
tems with inverter types giving the least COE are the string
type while the lowest LPSP is the central type.

Table 5 shows the information for the RE system. Gener-
ally, when considering the least COE, the PV-inverter ratio is
around 1. This ratio increases to around 3 when the LPSP is
considered with the largest of 3.302 for the string type. This
ratio decreases slightly when the battery is added. It can also
be seen for both the DG-PV and the DG-PV-battery systems,
the central inverter has the lowest ratio while the string has
the highest ratio.

The RE penetration increases when the LPSP is considered
but decreases when CEO is considered. It can be said that
the maximum penetration of RE can be around 42% for the
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PV/DG system and 44% when the battery is added. The
inverter with the highest RE penetration is the multi-string
type for most cases. On the other hand, the system with the
string type, in almost all cases, has the lowest RE penetration
followed by the multi-string.

When COE is considered, there is no RE curtailment in the
system. This means that all generated power from RE was
used. On the other hand, very large curtailment is seen for all
systems when only the LPSP is considered. This is due to the
oversizing of the PV compared to the inverter to lessen the
uncertainty from RE leading to large curtailment. However,
this curtailment decreases when batteries are included in the
system. Using AC module type inverter gives the lowest
curtailment in both systems while the systems using the string
and the central type inverters give the highest curtailment.

B. MULTI-OBJECTIVE APPROACH

1) PARETO FRONT

The Pareto front of the DG-PV system and DG-PV-battery
system for different types of inverters are shown in Figure 5,
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FIGURE 5. Pareto fronts of DG-PV system and DG-PV-battery system for all inverter types (a) combined in one figure and (b) taking each one
separately with row 1 as the PV-DG system and row 2 is the PV-DG-battery system. The optimal result for each type of system is marked with a (*).

with the combined figures in Figure 5(a) and separated fig-
ures but with the same axes in Figure 5(b).

Notice that for all types of inverter with their respective
systems, the results to the left of the utopia point is almost
collinear. It can also be seen that at these segments, the COE
and LPSP values with the same weights lie on almost the
same point. This means that when the COE is prioritized,
the design of the system with the battery is as competitive as
the design of the system without the battery until it reaches
its optimal point. The difference between the costs and reli-
ability would be seen when the LPSP is prioritized, as the
branching of the Pareto front is seen to the right of the optimal
point.

As the central inverter may be the most expensive when
the cost is prioritized, its Pareto front can be nearer to the
utopia point when there is more balance between cost and
reliability. To the right of the optimal point, the costs increase
more for the system with the battery as the LPSP is prioritized
compared to the system without the battery.

The system with the string inverter has cheaper when the
cost is prioritized compared to the system with the central
inverter. We can also see that each point of the Pareto front
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for both the PV-DG and PV-DG-battery systems using the
string inverter are very near each other compared with other
inverters. The points to the right of the optimal point shift up
for the system with the battery when the LPSP is prioritized,
meaning that there is an increased LPSP when the battery is
included but with the same cost.

For the multi-string, the characteristic is somehow similar
to both the central and the string inverters in a way that it
almost has the same range of LPSP and COE but extends
for both DG-PV and DG-PV-battery like the string inverter.
Also, like the string inverter, the system with the battery has
an increased LPSP with the same cost.

Unlike the other inverters, the slope of the Pareto front
of the AC module is much straighter compared to the other
inverters. This means that the cost is largely affected by the
reliability of the system. The cost extends further when the
LPSP is prioritized past the optimal point.

2) SYSTEM SIZING
Table 6 shows the results for the optimal points, determined

using equation (23), wherein the chosen optimal points all
lean to the reliability. All weights for COE for the DG/PV

VOLUME 9, 2021



E. M. Ocampo et al.: Optimal Sizing of PV-Diesel-Battery System Using Different Inverter Types

IEEE Access

1.20%
0,
DG-PV-Batt 90%
2.53%
9.20%
1.81%
9.45%

DG-PV
B 277%
A 874

0.00%  2.00%  4.00%  6.00%  8.00%  10.00%

AC Module = Multi-string ™ String  ® Central

@

19.32%
o,
DG-PV-Batt 2625%
20.49%
26.17%
19.22%
0,
DG-PV 26.70%
20.45%
25.07%
0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00%
AC Module = Multi-string = String ® Central

(b)

FIGURE 6. (a) Percentage of RE curtailed and (b) percent penetration of RE (%RE) in the system of the optimal result in Table 6.

TABLE 6. Optimal result for different inverters and systems.

Total Total Total

Total

Inverter Diesel . Inv COE Weight
System Diesel PV Battery Inv PV:INV LPSP
Type (kW) (kW) (kW) (kW) (kW) (kW) ($/kW) of COE
S Central 61 488 502 - 446 446 1.126 0.0832 3.52E-16 0.45
A~ String 41 492 383 - 5 345 1.110 0.0781 4.37E-16 0.45
8 Multistring 41 492 527 - 50 450 1.171 0.0850 3.29E-16 0.45
AC Module 41 492 351 - 0.5 342.5 1.025 0.0881 4.51E-16 045
' Central 61 488 527 13 253 506 1.042 0.0849 3.40E-16 0.4
,::u>|. = String 41 492 383 6 5 350 1.094 0.0782 4.43E-16 0.4
Y M Multistring 61 488 518 13 48 432 1.199 0.0847 3.44E-16 0.3
A AC Module 41 492 351 25 0.5 343 1.025 0.0886 4.51E-16 0.45

system are 0.45, while for the DG-PV-battery system range
from 0.3 to 0.45. As discussed in the previous section,
the optimal points (value of COE and LPSP) for both DG-PV
and DG-PV-battery systems are almost the same for their
corresponding inverter type.

The DG-PV and DG-PV-battery systems using the central
inverter uses the same size as diesel generators. The total
PV size and inverter size can be increased when batteries are
included in the system.

For the string type inverter, both the DG-PV and DG-PV-
battery have the same size as DG and PV. The inverter size
increased a little when the batteries were included in the
system.

The multi-string type is the only inverter type with the
decrease in DG size, PV size, and inverter size when the
battery is considered. It is also the only inverter type with a
decrease in COE.

Lastly, the AC module has the same size for the DG, PV,
and inverter for both DG-PV and DG-PV-battery systems.

Figure 6 shows the summary on RE curtailment and RE
penetration for each inverter type for the DG-PV and DG-PV-
battery systems. The central inverter type has one of the high-
est RE penetration and can further increase when a battery is
included in the system. However, the increase in penetration
also increases the curtailment. The string inverter has one
of the lowest RE penetration. Even with the addition of the
battery, the RE penetration for the string inverter increases
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by just a little. On the other hand, it has one of the lowest
curtailments. The multi-string module has the highest RE
curtailment and at the same time the highest RE penetration
for both types of systems. The addition of the battery slightly
decreases both the penetration and the curtailment. Lastly,
the AC module has the lowest curtailment and the lowest RE
penetration.

Figure 7 shows the power flow on the day with maximum
and minimum load for the DG-PV system (Fig 7(a)) and DG-
PV-battery system (Fig.7(b)). The day with maximum load
occurs during the summertime where the output from the PV
is also high while the day with the minimum load occurs
during the wintertime where the output of the PV is low. Note
that during the wintertime, the climate in Taiwan is not that
cold to use heaters.

In Figure 7(a), the designs using the central and the multi-
string inverters are quite large as seen on the day with max-
imum load making it curtail much RE especially during the
sudden drop of load during the 11th to the 13th hours, which
is the “lunch” hours. The systems using the string and the
AC module, on the other hand, have a peak PV output lower
than the maximum load during the day with maximum load,
almost no PV curtailment is seen and the DG has lesser
hours operating at minimum load. For the day with mini-
mum load, all the generated PV were used for all types of
inverters, with all the DGs operating above their minimum
load.
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FIGURE 7. Power flow for the day with maximum load and minimum load for the (a) DG-PV system and (b) DG-PV-battery system.

For Figure 7(b), it can be seen that the design using the
central type inverter is larger compared to its system with
no battery. This is the reason why there is an increased
RE curtailment for its system with the battery on the hours
where there is a decrease in load. Even though the battery
uses the extra energy from the PV to charge, the battery
easily gets fully charged and assists the PV in the dispatch
during the “lunch” hours to prevent the system from taking
power from the DGs. After which, the battery charges and
discharges again. This is also true for the system using the
multi-string inverter but this time with some decrease in total
PV size compared to its DG-PV system. The string and the
AC module have the same size of DG and PV with the
addition of the battery that is sufficient enough to decrease
the RE curtailment during the “lunch” hours.

3) ANALYSIS ON FUTURE COST REDUCTION ON BATTERIES
In a study of NREL [30], the projection of battery prices is
expected to drop in the next year by 20% and in five years
by 50%. This effect is studied in this section to study the
cost-benefit in differing the commissioning of the HRES with
battery.
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FIGURE 8. Effect of projected battery prices on COE based on (a) least
COE and (b) least LPSP decision.

Figure 8 (a) and (b) shows the effects of this reduced cost
on the COE for the least COE and least LPSP decisions. The
results of the LPSP are not shown because it did not change
from year O to year 5. Also, the resulting sizes of the DG, PV,
and battery remain the same from year O to year 5. The results
for the least COE decision show (Figure 8-a) that the effect
of the price of the battery is not much affected as the size of
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FIGURE 9. Effect of projected battery prices on the optimal result: (a) COE, (b) LPSP, (c) RE curtailment and (d) RE penetration.
TABLE 7. Optimal results (multi-objective) for decrease in cost of batteries.
Total Total
Diesel Total PV Inv Total Inv COE
Year Inverter Type Diesel Battery LPSP
(kW) (kW) (kW) (kW) (kW) (kW) ($/kW)
- Central 61 488 527 13 253 506 0.0849 3.40E-16
5 String 41 492 383 6 5 350 0.0782 4.43E-16
> Multi-string 61 488 518 13 48 432 0.0847 3.44E-16
AC Module 41 492 351 25 0.5 343 0.0886 4.51E-16
_ Central 61 488 502 25 449 449 0.0836 3.53E-16
= String 41 492 383 6 5 350 0.0782 4.43E-16
ﬁ Multi-string 41 492 527 13 50 450 0.0852 3.38E-16
AC Module 41 492 351 25 0.5 343 0.0885 4.51E-16
- Central 61 488 502 25 474 474 0.0834 3.53E-16
= String 41 492 487 25 5 435 0.0848 3.67E-16
S Multi-string 61 488 518 13 50 450 0.0846 3.44E-16
AC Module 41 492 351 25 0.5 343 0.0884 4.51E-16

the RE is small. When the least LPSP is used (Figure 8-b),
the effect of this change can be greatly seen for the design
using the AC module with a decrease in COE of 3.81% for
year 1 and 7.48% for year 5.

Figure 9 shows the changes for the optimal results. Again,
the COE for the design using the AC module can be seen
affected by the change in battery prices. Even though the
decrease in COE for the string module is small, the LPSP
and RE penetration improve appreciably. The LPSP decreases
by 17.16% while the penetration increases by 22.63%. This
also corresponds to an increase in curtailment for the string
inverter. The results for the sizes of the optimal results
can be seen in Table 7 and we can verify that the result-
ing system size for the string inverter can be comparable
now to the sizes of the system with the central and the
multi-string.

V. DISCUSSION
From the results above, several recommendations can be
made for each criterion:

o For the least cost, the string inverter can be
recommended for both DG-PV and DG-PV-battery
systems.

o For least LPSP, the AC module can be used. However,
when the battery is available, an advantage on both the
cost and reliability can be seen for the central over other

types.
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o The highest penetration can be seen using the
multi-string inverter in both single objective and
multi-objective results of both systems.

o The AC module always has the lowest curtailment of
energy.

o The decrease in the cost of the battery improves greatly
the reliability of the AC module when the reliability is
only considered.

o When considering both cost and reliability, the string
type is affected the most when the cost of the battery
is decreased. Though initially, it has the lowest cost, its
cost increases after the increase of the battery size, which
improves the reliability, curtailment, and increases RE
penetration.

From these results, we can therefore summarize the use of

each type of inverter as follows:

o The central inverter has the nearest to utopia point
between the four inverters and can be therefore be used
when a balance between cost and reliability is consid-
ered.

o The string inverter has the lowest COE and is highly
affected by the change in battery cost.

o The multi-string has the highest RE penetration but also
has the highest curtailment.

o The AC module has the lowest curtailment and LPSP but
has the lowest RE penetration. The addition of batteries
can increase the RE size the largest.
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VI. CONCLUSION

This paper has studied the effect of using different types of
inverters in the sizing of the DG-PV and DG-PV systems
considering cost and uncertainties. This paper has proven
that due to the difference in technical specifications of dif-
ferent inverter types, the sizing consideration is also affected.
Furthermore, considering different criteria, such as least
COE, least LPSP, optimality, RE penetration, curtailment,
and changes in equipment costs affects the choice between
inverters.

Future studies can be done with this model by changing
the EMS of the system, where a conventional rule-based
approach was used. This may involve some control strategies
or co-optimization of the dispatch of each system component.
Though this would increase the complexity of the problem
by turning it to a multi-layer optimization, the flexibility
of the design increases as there would be more options for
the dispatch to move in order to find a more optimal result.
Furthermore, other problems in high penetration renewable
energy may be studied such as stability and power quality.
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