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Abstract: This paper presents a method to estimate the yield and analyze the performance of a
grid-connected photovoltaic (PV) power plant including a rooftop PV system and a solar farm. The
yield model was developed based on a commercial PV model in a MATLAB/Simulink environment.
A simulation model is built to connect with the PV rooftop system and the solar farm in which their
total installed capacities are 0.986 and 30.7 MW, respectively. The simulated and measured final yield
results of a rooftop PV system in Vietnam are compared. Additionally, this paper provides a function
of reducing the final yield corresponding to different PV operation temperature values. Furthermore,
the performance of both a rooftop PV system and a solar farm, in Vietnam, are evaluated as the
rated power of 0.986 and 30.7 MWp, respectively. The results also show that their performance is
satisfactory, in which the value of the performance ratio (PR) average reaches 70% for the rooftop PV
system and 80.45% for the solar farm within a six-month period, in 2019. The PR is also compared
with a global PR average from 70% to 80% for a sufficiently well-performed solar system.

Keywords: PV power plant; performance model; loss model

1. Introduction

1.1. Solar Power Status in Vietnam

Vietnam, in Southeast Asia, is one of the countries that has the best solar radiation in Asia. In
2015, Polo [1] published a potential solar radiation mapping in Vietnam using satellite-derived and
GIS-based information. Polo calculated solar radiation based on satellite-derived data combined with
solar radiation derived from sunshine duration. According to the results obtained by Polo, over 47%
of the provinces (30/63), in Vietnam, had an average solar radiation higher than 4.5 kWh/ m?. The
average solar radiation of the 30 provinces are depicted Figure 1. The south central of Vietnam has
great solar radiation potential for developing solar power plans, with an average number of sunshine
hours ranging from 1700 to 2500 h per year, and a solar radiation of 4.9-5.7 kWh/m?/day. In addition,
Table 1 presents a comparison of the average sunshine hours and solar radiation for different areas
in Vietnam.
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Figure 1. Provinces, in Vietnam, with average solar radiation higher than 4.5 kWh/m?.

Table 1. Average sunshine hours and solar radiation for different areas in Vietnam.

Areas Sunshine Hours per Year Solar Radiation
(hr/yr) (kWh/m?/day)
North East 1600-1750 3.34.1
North West 1750-1800 4.1-49
Middle North 1700-2000 4.6-5.2
South central region 2000-2600 49-5.7
South 2000-2500 4.3-49
Average 1700-2500 4.6

Furthermore, the grid-connected photovoltaic (PV) systems, in Vietnam, have been strongly
promising, since the Prime Minister of Vietnam issued the policy with a feed-in tariff for grid-connected
systems, which is equivalent to USD 9.35 cent/kWh in 20 years, which came into effect on 1 June
2017 [2]. Then, 82 PV power plants in Vietnam were tested in terms of connection conditions and were
successfully connected to the grid by the end of June 2019, with a total capacity reaching up to 4464
MW [3]. Figure 2 shows the development of solar farms in Vietnam from 2014 to 2019.

1.2. Literature Review

There is currently a great deal of global interest in assessing the performance of grid-connected
PV systems including the price of the PV module, the site for energy generation, the performance ratio
(PR), etc. In addition, the price of a PV module has dropped year by year, and it is expected to continue
to decrease in the coming years. According to IRENA'’s analysis, within five years (2013-2018) [5], the
price of a PV module has fallen in value from 16% to 64%, depending on the technology and country of
origin. The price decrease of a PV module in the market from 2013 to 2018 is shown in Figure 3.
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Figure 2. Development of solar power in Vietnam from 2014-2019 as of 1 July 2019 [3,4].
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Figure 3. Market price decrease of a module in Vietnam from 2013 to 2018.
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In addition, the yield and PRs of PV systems including a rooftop PV system and solar farm are
the main key performance indicators (KPIs) used to evaluate the effectiveness of a grid-connected
PV system. In recent years, according to the literature review, there have been many researchers that
have focused on the final yield and PR of a grid-connected PV system, the main features of which are

summarized in Table 2.



Energies 2020, 13, 2583 40f17

Table 2. The performance of solar power plants within difference countries.

Type of PV Installed Capacity Final Yield PR

Location Method System (KWp) (MWh/yr) (%)
Algeria [6] Simulation Rooftop 6.24 8.6 -
India [7] Measurement Rooftop 10 15.79 86
Lesotho, South Africa [8] Measurement Rooftop 281 125.1 67
Spain [9] Measurement Solar Farm 1000 - 84
Mauritania, Northwest  \ro 0\ oments  Solar Farm 15,000 275504831 67.9
Africa [10]
This study Simulation/ Rooftop/Solar 1000/30,000 78
Measurement Farm

As shown in Table 2, the grid-connected PV system is numbered based on the most recent available
data (from 2015 to 2019) and the total installed capacity from the smallest to the largest. The PR of
different countries changes with values ranging from 67% to 86%. The method for evaluating the
PR and yield of the PV connected to the grid was simulated or measured and, in addition, there
were researchers using commercial software to estimate and analyze the PV grid-connected systems
including the evaluation of technical feasibility, design, and performance analysis. The different
simulation tools used for analyzing the PV connected to the grid are shown in Table 3.

Table 3. Different simulation tools used for analyzing the photovoltaic (PV) system.

Simulation Tool Function Reference
PVSyst Evaluation of technical feasibility Baghdadi et al. [11]
Homer Evaluation of technical feasibility Shah et al. [12]
Polysun Design and performance analysis Good et al. [13]
PV Sol Cavalcante et al. [14]

MATLAB/Simulink Yield and performance analysis This study

A yield and performance model is developed based on the MATLAB/Simulink environment to
estimate the yield and PRs of a PV rooftop system and a solar farm. The yield and PRs simulated
results are compared with a PV rooftop system which is being operated in Vietnam. In addition, this
study analyzes the PR of a PV rooftop system and a solar farm operated in Vietnam. Following the
general background, the organization for the remaining sections of this paper are as follows: The
introduction of the system description is presented in Section 2; in Section 3, the methodology is found;
in Section 4, the clarification of both yield and performance of analyses is outlined; and finally, the
conclusions are summarized in the final section.

2. System Description

2.1. Simulation Model Description

Figure 4 shows the schematic diagram of the estimated PV rooftop system and a solar farm, which
consist of a commercial PV model, losses of the system, and PR. First, the PV model is developed based
on a commercial PV module. It simulates the power of the PV module at standard test condition (STC),
and then it is multiplied by the number of PV modules to form a PV array. Secondly, the losses of
the system are determined based on the incidence angle losses, soiling losses, the temperature loss,
LID losses, mismatch losses, module degradation loss, wiring losses, inverter losses, and transformer
losses. Thirdly, the PV and loss models are inputs to develop the yield model. Finally, the PR and
capacity factor (CF) of the systems are determined from the yield model and measured solar radiation.
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Figure 4. Block diagram of the system.
2.2. Solar PV Power Plants” Descriptions

The actual measurement data of two PV systems were used as the data input for the simulation,
including a rooftop PV system and a solar farm in which their total installed capacities are 0.986 and
30.7 MW, respectively. The simulation results were compared with the ones of the rooftop system to
prove the accuracy of the estimated model. Furthermore, the measurement data were used to analyze
the actual PR of the following two PV systems:

Rooftop PV System

The present PV system is a grid-connected system, installed on a roof in Dai Nam, Binh Duong
province, Vietnam and it is connected to a monitoring station whose data are obtained. It includes 2988
Canadian PV modules with the rated power of 330 W and 17 inverters with a total installed capacity of
986.04 MW. The solar panels are mounted facing south with an approximate altitude tilt angle of 15° in
order to reach the maximum energy capture. Figure 5 shows the location of the Dai Nam rooftop PV
station, and the detailed specifications are listed in Table 4. Close to the building, near the right side of
PV modules, there is almost 30 min partial shading effect on the PV module after sunrise. This does
not have a significant effect on daily PV output power due to low irradiance.

nRitp
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s Phndm Pénh
namsfInm
B

Figure 5. Information of the rooftop grid-connected PV plant at Dai Nam, Vietnam.
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Table 4. Specification of the Dai Nam rooftop PV plant (located at 11°0228.3” N, 106°37’35.3” E).

Areas Installed Capacity(kW)  Number of Solar Panel Number of Inverter

Areal 448.8 1360 7 X 60 kW

Area 2 227.04 688 2 x 60 kW + 2 x 50 kW

Area 3 211.2 640 4 x 60 kW

Area 4 99 300 2 x 50 kW
Solar Farm

The Buon Ma Thuot Solar Farm, in this case study, is located in the Daklak Province, Vietnam.
Figure 6 shows the relative location of the Buon Ma Thuot Solar Farm. This facility has 86,956 Saraphim
panels with a rated power of 345 Wp and seven ABB inverters with a rated power of 3.5 MWp. The
total nominal capacity of this system is 30,718 MWp. The installation consists of solar panels which
are mounted facing south with an approximate altitude tilt angle of 12° to capture maximum energy.
Table 5 shows the specification of the Buon Ma Thuot Solar Farm.

Buon Ma Thuot Salar Farm

Juon Ma Thuot Solar Farm
)

Cambodia

Figure 6. Location and snapshot of the Buon Ma Thuot Solar Farm.

Table 5. The specifications of the Buon Ma Thuot Solar Farm.

Items Specification
Longitude and latitude 12°46’48” N 108°21’35” E
Installed capacity 30.7 MW
Number of solar panels 86,956 (x 345 Wp)

Number of inverters 7 (X 3.5 MW)
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3. Methodology

3.1. PV Model

According to the datasheets of PV manufacturers, a PV simulation model for a commercial PV
module was built with sufficient precision. In general, PV devices exhibit nonlinear I - V and P -V
characteristics that vary with radiant intensity and cell temperature. The I — V output characteristic
equation is given by

vV IR 1 [(NpV
I= NPIPH _NPIS{eXp[Iﬁ(N_S + N—s)] - 1} - —(L +1R5), (1)

where Np and Ng are, respectively, the numbers of solar cells in parallel and in series; Ipy is the
photocurrent; I is the dark saturation current; q is the charge of an electron; k is the Boltzmann constant;
Tpy is the cell temperature which is assumed to be uniform in the PV module; A is the ideality factor
that depends on PV technology; Rgy and Rg are the resistance of shunt and series resistors; and exp(-)
is the exponential function. The photocurrent naturally depends on the solar irradiance and cell’s
working temperature and is obtained by

Ipy = [IS0C + Ky(Tpy — TI%C)]&, @

where ISEC is the short-circuit current of PV module at the standard test condition (STC) of TIS,I]C =25°C

and G5T€ = 1 kW/ m? and Kj is the temperature coefficient of short-circuit current. The dark saturation
current varies with the cell temperature and is defined as

3
TPV QEBG 1 1
Is = IRS(W) exp[—(—c - _]]/ (3)
TS kA (15 Tev

where Igg is the reverse saturation current of solar cell and Epg is the band-gap energy of the
semiconductor used in the cell. Having an operating voltage, the PV output power is calculated by

Ppy =1IV. @)

3.2. Performance Model

As defined in Standard IEC 61724, for the evaluation of the performance of a PV plant [15-21], it
is given by these equations as follows:

Yy
PR= 1 (5)
__ Epy
Yi= Py (6)
_Ea
Ya= 4 )
Hr
Y = -_-— 8
R= G 8)
CF = 10052V )
Py

where PR is performance ratio, Y is final yield, Y is reference yield, Y4 is array yield, E4 is array
output, Py is peak power, Ht is mean daily irradiation, Epy is energy to grid, CF is capacity factor, ngys
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is the system efficiency, and nyv is inverter efficiency. In addition, the final yield, in this case study,
has been developed based on the commercial PV model and loss model. It can be written by:

Efinul = EurmyLsystem (10)
Egrrgy = HAnpU (11)

or
Earray = HPpc (12)

From Equations (11) and (12), Equation (10) is rewritten as:
Efinul = HPDCLsystem (13)

where H is effective global corrected solar irradiance in kWh/m?, 1y is the efficiency of the PV module
under STC in %, Ppc is the rated power of PV array with commercial PV module at STC, A is the area
of the PV module, Lsysten, is total losses of the system,E;1,y is the yield of array, and E ris the final yield.

3.3. Losses of System

The losses of the system [22-24] including incidence angle losses, soiling losses, the temperature
loss, light induced degradation (LID) losses, mismatch losses, module degradation loss, wring losses,
inverter losses, and transformer losses have a significant impact on the yield of a solar power plant
connected into the grid. In this study, the lumped sum of system losses is chosen to be 15% for
the simulation.

3.4. MATLAB/Simulink Development

Figure 7 presents the proposed simulation platform in a graphic program that is built using the
MATLAB/Simulink block. As shown in Figure 7a, it includes the PV model, solar radiation input,
yield model, loss model, PR model, and CF model. According to the datasheets of PV manufacturers,
a PV simulation model for commercial PV modules was built with sufficient precision as a subsystem.
Figure 7b further shows the subsystem of the PV model according to Equations (1)-(4). Furthermore,
all losses of the system, solar radiation, and yield model were built based on Equations (10)—(13).
Figure 7c,d shows the subsystems of the yield model and loss model. Finally, based on Equations (5)—(9),
the subsystems of both the PR and CF model were built, as shown in Figure 7ef.
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Figure 7. Simulation model in MATLAB/Simulink environment. (a) Proposed simulation platform; (b)

Subsystem of the PV model; (c) Subsystem of the yield model; (d) Subsystem of losses; (e) Subsystem
of performance ratio (PR); and (f) Subsystem of capacity factor (CF).

4. Results and Discussions

4.1. Input Parameters

The simulation set-up consists of available commercial PV models with a rate power of 330 Wp
(model no. CS1H330) for the PV rooftop station and 345 Wp (model no. SRP-345-6MA) for the solar
farm. Table 6 represents the specifications of Canadian and Saraphim solar panels.

Table 6. Specifications of the Canadian and Seraphim solar panels [25,26].

Characteristics Specifications of Canadian Specifications Seraphim
CS1H330 SRP-345-6MA
Maximum power rating (W) 330 345
Maximum power voltage (V) 37.2 37.90
Maximum power current (A) 8.88 9.11
Short circuit current (A) 9.65 9.43
Module efficient (%) 19.57 17.78
Temperature coefficient of short
circuit (%/°C) 0.05 0.05
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Additionally, the solar radiation is the main parameter for simulation. In this case, the solar
radiation of two PV power plants including the Dai Nam rooftop PV plant and the Buon Ma Thuot
solar farm (see Table 7) are used to simulate.

Table 7. Solar radiation (kWh/mZ2d) of the Dai Nam rooftop PV plant and the Buon Ma Thuot Solar Farm.

Month Dai Nam Buon Ma Thuot
January 5.39 -
February 6.31 -
March 6.69 -
April 6.74 -
May 5.69 99.70
Jun 5.38 1714
July 5.35 161.8
August 531 156.13
September 5.23 145.36
October 5.14 157.67
November 4.99 124.91
December 4.88 -
Yearly average 5.59 -

4.2. Simulation Results

The simulation results, for the yield of the grid-connected PV system in Dai Nam using the
proposed MATLAB/Simulink program (It is developed by MathWork company in Massachusetts,
United States). These results are shown in Table 8. From the simulation results, the temperature
strongly impacts the yield of the PV rooftops system. With the installed capacity of 1 MWp, the
function of temperature and yield can be calculated as

Y7oy, = Ygrc = AYTpy, (MWp), (14)

where AYT,,= 3.51, 8.94, 14.21, 21.72, 30.76 (MW) for Tpy = 30, 35, 40, 45, 50 (C). In addition, the
yearly yield of PV rooftop system including PV array and net PV system are shown in Figure 8.

2000

1900

1800

1700

1600

1500

1400

Yield of rooftop PV system (MWh/yr)

1300

1200
25 30 35 40 45 50

Photowoltaic operation temperature (°C)

Figure 8. Comparison of Yarray and Ynet.
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Table 8. Simulation results.

(a) Monthly Yield of Rooftop PV System for Difference Temperature (in MWh)

Month 25°C 30°C 35°C 40°C 45°C 50 °C
January 127.13 123.62 118.19 112.92 105.41 96.37
February 139.5 135.66 130.53 123.91 115.68 105.75
March 147.9 143.83 138.39 131.38 122.65 112.12
April 159.5 155.10 149.23 141.67 132.26 120.91
May 134.79 131.07 126.11 119.72 111.76 102.17
Jun 127.45 123.93 119.24 113.20 105.67 96.61
July 126.74 123.24 118.57 112.57 105.09 96.07
August 125.79 122.32 117.69 111.72 104.30 95.35
September 123.89 120.47 11591 110.04 102.73 93.91
October 121.76 118.40 113.92 108.15 100.96 92.30
November 118.21 114.94 110.60 104.99 98.02 89.60
December 115.60 112.41 108.16 102.68 95.85 87.63

(b) The performance results of yearly results

Temperature  Array Yield Grid Yield Total Loss Total Loss

°0) (MW) (MW) (MW) (MW) CF
25 1986.40 1595.08 391.30 80 13.46
30 1931.56 1551.04 380.50 - -
35 1858.47 1492.35 366.12 - -
40 1764.31 1416.74 347.57 - -
45 1647.07 1322.60 324.47 - -
50 1505.75 1209.12 296.63 - -

In addition, the yield of the Dai Nam rooftop PV system was measured to validate the accuracy of
the performance model. The comparison between the simulation and measurement results shows a
gap for the simulation and measurement ranging from 0.95% to 4.9% for the rooftop PV system, and
from 0.82% to 3.5% for the solar farm. Table 9 shows the gap for the simulation and measurement
results for both the rooftop PV system and the solar farm. As shown in Table 9, the gap in September is
high (15.2%) as a result of system maintenance at this time period.

Table 9. Gap of simulation and measurements results for the Dai Nam and Buon Ma Thuot PV systems.

Simulation Measurement Ga Ga
Month (MWh) (MWh) (MWHh) )
May 119.72/2419.4 122.780/2395 -3.06/24.4 2.5/1.01
June 113.20/4159.36 114.290/4122.58 -1.09/36.78 0.95/0.89
July 112.57/3628 114.010/3505 —1.44/123 1.2/3.5
August 111.72/3788.8 107.610/3747.8 4.11/41 3.8/1.09
September 110.04/3527.45 95.470/3421.4 14.57/106.05 15.2/3.09
October 114.9/3826 120.850/3794.6 -5.95.31.4 4.9/0.82

4.3. Performance Analysis of the Dai Nam PV Rooftop PV System and the Buon Ma Thuot Solar Farm

The results for the PR and CF were described by Equations (5) and (9), and are shown in Table 10.
The monthly yields of the Dai Nam PV rooftop station ranged from 95,470 to 122,780 MWh. It is clear
that the productivity in September drops dramatically due to a two-day shut down for maintenance.
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This caused a slide fall of 63% in PR in September, whereas the monthly average values of PR in this
month were at 69%. In addition, the CF of the Dai Nam rooftop system ranged from 13.24% to 16.48%.

Table 10. The PR analysis of the Dai Nam PV rooftop system.

Month Yield (MW) PR% CF%
May 122,780.0 71 16.48253
June 114,290.0 71 15.85694
July 114,010.0 69 15.81389

August 107,610.0 67 15.81389

September 95,470.0 63 14.92639
October 120,850.0 73 13.24167

The Buon Ma Thuot Solar Farm has been operated and connected to the grid since May 2019. All
of the data were measured to evaluate the PR. However, the main Key Performance Indicator for the
solar farm included the PR and also the final yield or plant energy delivered to the EVN grid. The
results are shown in Table 11. From the results, the average PR is 80.45% and the average final yield is
3432.7 MWh/month throughout seven months in the study period. Furthermore, Figure 9 presents the
relationship between the solar radiation and PR from May to September, in 2019. Consider September
2019, for example, and the effect of solar radiation on PV operation temperature and PV output power
and this shows the PR inversely responses to solar radiation.

Table 11. PR analysis of the Buon Ma Thuot Solar Farm.

Month Final Yield (MW) PR%
May * 2395 79.4
June 4122 81.42
July 3565 73.76
August 3747 79.66
September 3421.4 80.80
October 3794.6 87.92
November 2984 80.2

* Data taken in May is only for 15 days (from 15 to 30 May).

(a) 8 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 95

90

£ 88
g
=
E 80
&
: S
5 75 &
<
-
b
=
=)
wn 70
© June:
______________________ July: —— ¢
Aug: — 65
Sep.: —
Oct.:
; Nov.; —
I I I A NN N B | I I N NN N B 60

1 23 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
Days

Figure 9. Cont.



Energies 2020, 13, 2583

®) 8 T T T r T 90

Solar radiation (kWh/mz)

L T N N Y Y Y T T T T L 11 g
01234567 8 91011121314151617 181920212223 242526272829 30
Day of Month

PR (%)

Figure 9. PR and solar radiation. (a) May—September 2019; (b) September 2019.

14 of 17

Furthermore, the daily measurements of the solar farm are shown in Table 12. From the
measurement results, the plant energy delivered to the grid is 146.539 MWh (measurement data as
of 17 August 2019) with the daily peak Alternating Current (AC) Power is 23.31 MW per 30 MWp

installed capacity to reach the PR of 87.48%.

Table 12. The performance of the Ban Me Thuot Solar Farm.

Parameters Value Unit
Daily peak AC power (entire plant) 23.31 MW
Energy output (inverter) 148.231 MWh
Energy output (main switchgear in MCB) 147.705 MWh
Energy loss (up to main switchgear) 0.355 %
Plant energy delivered to the EVN grid 146.539 MWh
Energy loss (up to the side of transformer) 0.735 Y%
E consumed (self-consumed energy) 0.08 MWh
Energy loss (self-consumption) 0.054 %
Net power plant energy production 146.619 MWh
Energy consumption @ night 0.545 MWh
Energy accumulated this month 1970.477 MWh
Energy accumulated this year 15,064.85 MWh
PR 87.48 %

Moreover, the key parameters of daily system outputs are solar radiation, active power for each
phase, reactive power, apparent power, active energy traffic, and reactive energy traffic, which are
depicted in Figure 10. Specifically, reactive energy traffic is the main parameter output that controls
the balance of the solar farm. The solar radiation and also all of the values of the system are measured
to assess the balance and PR of the solar farm. Furthermore, reactive power is one of the important
parameters to control the balance in the PV systems. It can be controlled by using PV inverters and
it depends on both solar radiation and the active power curve. The solar radiation, reactive power,
active power, and apparent power of the Ban Me Thuot Solar Farm are depicted in Figure 10a—d.
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Figure 10. Daily system output @ 30 August 2019. (a) Solar radiation; (b) Reactive power; (c) Active
power; (d) Apparent power; (e) Active energy; (f) Reactive energy.

5. Conclusions

This paper addresses a method to estimate and analyze the yield and performance ratio (PR) of a
rooftop photovoltaic (PV) system at Dai Nam and the first solar farm in Buon Me Thuot. From the
practical viewpoint of PV system engineering, the proposed yield model has significant advantages
as follows: (1) reliable accuracy, (2) cost-effectiveness, and (3) self-development. Additionally, the
performance validation of the rooftop PV system and a newly installed PV solar farm in Buon Ma
Thuot, Vietnam have been assessed. The critical performance indicator, the PR, is averagely found to be
69% for the PV rooftop system and 78% for the solar farm, across all months in the study. Furthermore,
the results of this study are the basis for determining the feasibility of solar power projects in Vietnam
and this result proves that it is technically feasible to expand solar PV development in Vietnam.
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