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Abstract

The present article assesses the study of the PV generator capability curves
for use in large scale photovoltaic power plants (LS-PVPPs). For this purpose,
the article focuses on three main aspects: (i) the modelling of the main compo-
nents of the PV generator, (ii) the operational limits analysis of the PV array
together with the inverter, and (iii) the capability curve analysis considering
variable solar irradiance and temperature. To validate this study a PVPP of
1MW is designed, modelled and simulated in DIgSILENT PowerFactory ®,
The results for each case scenario shows that the capability curve and the lim-
itations are directly affected by: the solar irradiance, temperature, dc voltage,
and the modulation index.
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1. Introduction

Currently, some countries including Germany, Puerto Rico, China, South
Africa and Romania have specific grid codes for large scale photovoltaic power
plants (LS-PVPPs) requiring their participation in the ancillary services as con-
ventional power plants [I]. The intermittent solar irradiation and the cloud cover
means that LS-PVPPs can struggle to comply with these grid codes. The cur-
rent technology used could enhance the performance of these PVPPs to comply
the different requirements.

For this new application, PV inverters have been progressively introduced to
provide ancillary services. However, there is still no deep study on the inverter
limits considering the power production, and little research has been developed.
For instance, there is a study of how wind farms and PV power plants can pro-
vide ancillary services by Ellis and et al. [2]. This study summarizes the main
characteristics of the current technology used in wind farms and PV power
plants. The study also focuses on a critical review of the grid code require-
ments giving an insight of possible improvements considering the intermittent
behaviour of renewable energy. Alonso Albarracin [3] studies the photovoltaic
reactive power limits of inverters used by small PV system. In this study, the
converter has two stages: a dc-dc converter and then a dc-ac converter. The
analysis is developed with this type of unit for a single PV panel where the dc-
dc converter has the task of stepping up the voltage and to work at maximum
power point. Because it is a small system, the variation of the dc voltage is
not considered. It also does not consider the pulse modulation factor. Another
study was developed by F.Delfino and et al. [4], that obtains the capability
curve for a PV generator (PV panel and inverter). The analysis considers the
variation of the modulation index but assumes that the dc voltage is constant.
In both studies, the implication of solar irradiance or temperature has not been
considered in the control or in the analysis. Besides, the voltage considered in
both studies is equal to the value that permits the PV generator to operate at

maximum power point (MPP).
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Figure 1: Components of a PV generator interconnected with the grid

Accordingly, the aim of the current paper is the analysis of the PV inverter
capability curves taking into account the solar irradiance, the ambient temper-
ature, the dc voltage variation and the inverter operation. For this purpose,
this paper is structured as follows: Section [2| explains the mathematical model
of the PV generator. Section [3| presents the mathematical analysis and the ca-
pability curves of the PV generator. Section [4] presents the influence of ambient
conditions and the inverter operation on the capability curves. The validation
of the mathematical analysis is developed in Section [5| Finally, the conclusions

are drawn in Section [6]

2. PV generator model

The PV generator consists of a PV array interconnected with a single PV
inverter and a transformer (Figure [I) in which the different components are
connected in central configuration [5]. To develop the mathematical model of
the PV generator, the analysis is divided into two parts: (i) PV array model

and (ii) the PV inverter together with the transformer model.

2.1. PV array model

The PV array model is based on the general model of the PV solar cell
(Figure [2)) that depends on solar irradiance, temperature and the dc voltage
[6], [7]. To calculate the output characteristics of the PV panel, it is necessary

to consider the open circuit voltage (V,.) and the short circuit current (/)



Figure 2: Simplified model of the PV cell

at standard test conditions (stc) that are usually available in PV panels data

75 sheets.
These values of voltage and current change when the irradiance or the tem-
perature differ from the standard conditions ( G = 1000 W/m? and a T, = 25
°C). In this case, the new solar cell temperature (7,) (equation [1]) affects the v;

and the v,.. These new values are calculated in equations [2] and [3}

NOCT — 20
T.=T,+G. 22— %
+ 800 (1)
80 T
UVt = Vtgye * f; (2)
Voec = Vocgye + kv . (Tc - 25) (3)

As the current mainly depends on the irradiance, the short circuit current
and the photogenerated current are written in equations and for a so-
ss lar irradiance higher than 200 W/m?2. For lower irradiance, the equations are
expressed in (6)) and as it is explained in [§].
G

ph X Tphise G — (4)
oo R e (5)
iph % iph.,. - 0.008. g j (6)
ise X ise,,. - 0.008. c?j (7)
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The new total current (ip,) of the PV panel is calculated considering the new
values of current at any ambient condition and the dc voltage (equation .
iph — td — 1;;

R
1+ Rf;

(8)

’va -

Finally, the current and voltage values of the PV array are written in equa-
tions[9 and [I0] and depend on the number of PV panels interconnected in series
and parallel. The total power is calculated as equation shows.

Z.aM’ay = ipv . Npar (9)
Varray = Vpv * Ner (10)
Parray = iarray *Varray (11)

2.2. PV inverter and transformer model

The PV inverter under analysis is a VSC converter that exchanges power
from the PV array (DC side) to the grid (AC side). This inverter has two IGBT
per branch and one inductor per line as a filter. Furthermore, the transformer is
modelled as an inductor. In this case, the filter and the transformer inductance
are represented by (Ly). The grid is modelled as three voltage sources with their

corresponding inductance (L) and the total resistance is neglected (Figure [3)).

The conversion from dc to ac developed by the inverter uses a modulation
technique that permits an ac current as similar as possible to a sinusoidal wave
form. For the current analysis sinusoidal PWM technique (SPWM) is consid-
ered, in which the output line to line voltage (V) depends on the dc voltage
from the dc bus (Vpe = Varray) and a modulation index (M) (Figure . The
relationship between the ac and the dc voltage is linear if the modulation index
varies between 0 to 1 as equation shows. However, after this value, the

relationship is not linear and the power quality of the sinewave is reduced.
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Figure 3: PV inverter interconnected with the grid
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Figure 4: Output voltage and dc voltage in relation with Modulation index
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Va,b,:M.g 0<M<1 (12)
2v2

115 After the model has been developed, the analysis of the capability curves

and the limitations of the PV generator are analysed in the following section.

3. Capability curves of the PV generator

To analyse the capability curves of the PV generator it is necessary to un-

derstand the limitations of voltage, current and power of each component. This
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section presents the equations that represents the limitations of the PV genera-
tor related to the transfer of active and reactive power at the point of common

coupling (PCC).

3.1. Voltage limitation

The dc voltage can vary from 0 to the maximum possible in order to extract
different values of power from the PV array. However, the inverter sets the lim-
itations of the dc voltage due to its operation. The minimum dc voltage (vynin)
accepted by the inverter that will allow the ac voltage to be inside the values
permitted by the grid codes is calculated in equation . In this equation the

maximum modulation index is considered (M = 1).

B Y
mn \/g 1

In the case that the PV inverter is working at MPP, the minimum solar irra-

(13)

diance accepted to keep the voltage higher than the minimum value is calculated

as:

800

G = (FHie =200t 4 95 ) x oo

- (14
Besides the minimum voltage, the maximum dc voltage v,,,, must also be

determined. This value depends on the open circuit voltage of each panel times

the number of panels connected in series (Equation . If the dc voltage is

higher than the maximum of the PV array, the power supplied will be zero.

The maximum V. of the PV array is dependent on the minimum temperature

possible at the location chosen. These voltage limitations are written as:

NOCT - 20

oc = Uocgt kv' Ta szn7*25 15
Votman = Vocsse + o (T + x8 ) )

Umaz = Vocmas * Nser (16)
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Figure 5: Power vs Voltage at the dc side. Main power points to analyse

3.2. Current limitation

The limitations of the DC current of the PV array depend specifically on the
solar panel characteristics and the solar irradiance. The temperature does not
play an important role in the variation of the current and thus this factor is not
considered. The maximum current depends on the maximum solar irradiance

and the i, value at standard conditions as:

Gmaflj
idcmaz = 18Cstc T ' Npar (17)
stc

The PV inverter current at the dc side should handle the current of the PV
array at the highest irradiance. This current and the voltage determine the

inverter operation area at the dc side.

3.3. Active power limitation

The PV curve of the PV array illustrated in Figure [5|shows the behaviour of
power vs the dc voltage. Three important points are necessary to analyse as: (i)
Picyin»> (1) Pac,,,,, and (iii) Py, ..., The minimum value of Power (Pge,,,..,. )
at the left side of the curve, considers the minimum dc voltage possible and
the current at any ambient condition. In this case, if the solar radiation is

too low, the current will be close to 0 and the PV array will not be supplying
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enough active power to the grid. The maximum power (Py,,,,,) is obtained
when the dc voltage is equal to the value of vy, for each solar irradiance and
the corresponding temperature. The final point of power Py, ,, .. is when the
dc voltage is equal to the open circuit voltage that depends specially on the
temperature. For any solar irradiance and temperature, the values of Py, ;. ,

Pye,,,,, and Py, .. are defined as:

Pdcvmin (G7 Ta) = Umin * Idc(Ga Ta) (18)
Pdcmnpp(GvTa) = Vmpp(GvTa> : IdC(GvTa) (19)
Pdcvmaz (Ga Ta) = vmam(Gv Ta) : Idc(Gv Ta) (20)

Considering these power variations due to the solar irradiance and temper-
ature, the maximum possible power (Ppaz,,.,.,) that can be extracted from the
PV array is determined at the highest solar irradiance and the lowest temper-
ature possible at the location of the PVPP (equation . With this limitation
of power, the PV inverter should be designed for this active power taking into

account an overrate of 25 % (equation .

Pmaac,,,Tmy (Gmaza Tamin) = Vmpp(Gmama Tamm) : Idc(Gmama Tamm) (2]—)

P,

MmaTinverter

= Prazarray - 125 (22)

From the analysis developed above, a safe operation area (S.0.A) is deter-

mined as illustrated in Figure [f]

3.4. Reactive power limitations

For this analysis, a simplified model of the PV inverter is used (Figure @
From the model and the phasor diagram, illustrated in (Figure , the equations

of the active and the reactive power are:

‘/grid . Vrconv

P=3
X

- sin(4) (23)

10
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Figure 6: Safe operation area (SOA) of a PV generator
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Figure 7: Simplified model of the Inverter

Figure 8: Phasor diagram of the PV inverter interconnected with the grid.

Q = 3% (Vconv COS((S) - ng’d) (24)

The maximum apparent power that the PV generator can inject into the
grid is given by the rated power of the inverter. Graphically, this limitation is
illustrated as a circumference centred in the origin (Figure @ The equations

for these limitations are:

11
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Figure 9: Basic PQ capability curve of the PV generator

3
S - %-Vgrid . Igrid (25)
S? = p?4+Q? (26)

If Vyrid is multiplied by each variable of the phasor diagram, a new equation

is obtained:

3V2.0\° Virid - V. 2
2 grid _ grid conv
P? + <Q + ) (3.X > (27)

. . . . . =3V2,
From this equation, the new curve is a circle that has a centre in %’d

3-Vyria-Veonw . . !
—amg—cent (Figure EI) This curve represents

in the Q axis with a radius of
the voltage limitation of the inverter. The radius of this curve varies due to
the modulation index and the dc voltage. Also, the total reactance value at the
PCC influences the final value for this radius. Drawing both equations together,

the basic PQ capability of the converter is obtained and illustrated in Figure [0

12
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Figure 10: Characteristics of a PV array: (a) Different solar irradiance levels at 25°C' and

(b) Different ambient temperatures at 1000 W/m?2.

4. Influence of ambient conditions

In this section, the influence of ambient conditions on the limitations of active
and reactive power is analysed considering the PV array and the PV inverter.
According to the model of the PV array, its characteristic curves are illustrated
in Figure[10| at different solar irradiance, temperature and dc voltage. It can be
stated that the instantaneous value of power (p;ns:) and current depends on the

instantaneous value of irradiance, temperature and dc voltage (equation .

pinst(G7 T7 Vdc) = ia'rray(G7 T7 /Uarray) : Uarray (28)

In the case that the PV inverter works at the MPP, then the dc voltage
(Umpp) varies depending on the solar irradiance and temperature. Thus, the

active power in this point has the following equation:

Pipp (G5 Ty Vinpp) = Garray (G, Ty Vinpp(G, 1)) - Vynpp (G, T) (29)

Considering the equations for the dc power explained before and the in-

verter’s efficiency (n), the ac output power equations at the PCC are written in

(30) and (31).

pacinst (G7 T7 Vdc) = I(G, T7 VdC) : Uarray : ’I’](G7 T7 /Uarray) (30)

13
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aCmpp

(G, T, Vae) = Imm)(Ga T)- Umgnp(Ga T)-n(G,T, Umz)p) (31)

Depending on the ambient conditions, the active power that the PV gen-

205 erator can supply has two limitations. The first limitation corresponds to the
highest solar irradiance, the minimum temperature of the plant location and the
corresponding Vy,pp. The second limitation corresponds to the maximum solar
irradiance and the maximum temperature with the corresponding vy,p,. The
difference between these values depend a lot on the difference of temperature

20 that the geographical location has. These two limitations are formulated as:

Pac,mml = Pdc(Gmaw7 Tmin; vmpp) : n(Gmawa Tmin, Umpp) (32>
]Dacma,c2 = Pdc(Gmaxa Traz, Umpp) : W(Gmaxa Taz, Umpp) (33)

The limitation of the reactive power is calculated considering the two circles
that dominates the PQ capability curve. If the curve is dominated by S? =
P?(G,T)+@Q?, then the reactive power will depend on the active power variation

25 that was defined in the previous equations. In the case the curve is dominated
by the equation , then the limitation of the reactive power depends on
the dc voltage and the modulation index as it is expressed in equation .

Considering the variation of the dc voltage, the reactive power can be written

as (B5) or (30).
3V Vyria-Vae- M

0= 22 X (34)
3\/3 V ’d"U M
inst (G, T, Vie) = . Vgrid " Yarray .
@l ) 22 X (35)
rid = Um, ,T M
Qupp(G, T, Vo) = 3V3  Viria - Vmpp(G, T) .

2v/2 X

The modulation index varies depending on the dc voltage value, meaning
that the reactive power remains almost constant. In order to manage the reac-

tive power, M can be imposed. This affects the ac voltage value of the converter,

14
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thus M only can vary between two permitted values: M,,;, and M,,q.. These
values depend on the ac voltage dead band set by the grid codes. For instance,
Romania, Germany, South Africa and China have the same deadband of +10%.
Considering the dc voltage equal to v,y for a single value of solar irradiance
and temperature with an imposed M, the minimum and the maximum reactive

power are defined as:

3\/3 Vgrid : Umpp(G; T) . Mmzn
2V2 X
3\/§ Vgrid : 'Umpp(Ga T) : Mmam
2V2 X

With the analysis developed previously, some interesting capability curves

Qmin =

(37)

Qmax =

(38)

are obtained. For a variable dc voltage, the PQ curve that is obtained is shown
in Figure E In the case that the dc voltage is equal to vy, the PQ capability
curve is illustrated in Figure Finally, Figure illustrates the PQ curve
when the dc voltage is equal to vy,,, and M is imposed to vary the reactive

power.

5. Validation of the system

To validate the PQ capability curves obtained in the previous section, a
PVPP of 1 MW is designed, modelled and simulated in DiGSILENT Power-
Factory ® . The PVPP has two PV generators of 0.5 MW each. The main
characteristics of these PV generators are detailed in Table

PV panel characteristics PV array characteristcs

Ve 58.8 [V] Parray 0.5 [MW]
L. 5.01 [A] Neer 15

Lonpp 4.68 [A] Npar 175
Vinpp A7 [V] Tuins Tmax  0-70 [°C]
ky 0.45 [1/°C] Gmax 1100 [W/m?]

Table 1: PV panel and array characteristics

15
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Figure 11: PQ capability curve of a PV generator for Vdc variable at maximum solar irradi-

ance. (a) Minimum temperature (b) Maximum Temperature.
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Figure 12: PQ capability analysis of the PV generator considering (a) Constant Temperature

and variable solar irradiance (b) Constant solar irradiance and variable Temperature.
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Figure 13: PQ capability curve of a PV generator for M variable. (a) Constant Temperature

and variable solar irradiance (b) Constant solar irradiance and variable Temperature.
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The PVPP will work in underexcited or overexcited operatior[[] To test the
PVPP under different solar radiation and temperature, three study cases are
analysed: (a) Variation of dc voltage from vp,in t0 Umas, (b) Variation of the

25 Umpp value, and (c) the variation of the modulation index.

5.1. Variation of the dc voltage

The PQ capability curve is analysed by the variation of the dc voltage under
different ambient conditions. To understand the performance of the PV gener-
ator, two solar irradiance values are tested: 400 and 1000 W/m?2. Each solar

0 irradiance is tested with three different temperature values: 10, 20 and 40 °C.

The results are plotted in Figures [I4] to

5.2. Variation of vmpp value

In this case the vy, value varies according to the solar irradiance and tem-
perature that permits extraction of the maximum active power for each ambient

»s  conditions. In this case, three scenarios are considered:

e Scenario 1: The solar irradiance will vary from 0 to 1000 W /m? with steps

of 1 W/m?. The ambient temperature is constant T = 10 °C.

e Scenario 2: The temperature will vary from 10 to 40 °C with steps of 0.1

°C. The solar irradiance has a unique value of 1000 W /m?.

260 e Scenario 3: The solar irradiance will vary from 0 to 1000 W /m? with steps

of 1 W/m?2. The ambient temperature is constant T = 40 °C.

The PQ curve of the PVPP at the PCC, for each scenario, when the voltage
is Vpmpp, is illustrated in Figure

Underexcited: absorbs reactive power. Overexcited: supplies reactive power. In both

cases the PVPP supplies active power

19
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Figure 14: PQ capability analysis of the PV generator (G=400 W/m?) for a variable Vg (a)
Ta=10 °C (b) Ta=20 °C(c) Ta=40 °C
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Figure 15: PQ capability analysis of the PV generator (G=1000 W/m?) for a variable Vg, (a)

Ta=10 °C (b) Ta=20 °C (c) Ta=40 °C.
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Figure 16: PQ capability analysis of the PV generator when V. = vmpp (a) G = 0 to 1000
W/m?, T, = 10 °C (b) T = 10 to 40 °C, G = 1000 W/m? (c) G = 0 to 1000 W/m?, T, = 40
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5.8. Variation of the modulation index

In this case, the dc voltage is equal to the v,,,, that varies according to the
solar irradiance and temperature. The scenarios analysed considers the variation
of solar irradiance, temperature and modulation index. In each scenario the step
size of the modulation index variation is 0.01 and it varies from 0.5 to 1.5. For

these scenarios, the PQ curve is illustrated in Figure

e Scenario 1: The solar irradiance will vary from 0 to 1000 W /m? with steps

of 1 W/m?. The ambient temperature is constant T = 10 °C.

e Scenario 2: The temperature will vary from 10 to 70 °C with steps of 0.1

°C. The solar irradiance has a unique value of 1000 W /m?.

6. Conclusions

This paper has studied the capability curves of the PV generator consid-
ering the variation of solar irradiance, temperature as well as some electrical
characteristics such as the dc voltage and the modulation index. Figures [L1]to
summarize these curves. For this purpose, the current paper has presented
the corresponding mathematical model of the PV array and the PV inverter.
It has also presented the limitations of voltage, current, and active power for
the PV generator where Figure [f] was presented. Finally, a validation study was
conducted in DIgSILENT PowerFactory® where the complete model has been
introduced and simulated under different conditions. From the mathematical
analysis and the simulation some conclusions are discussed.

The PQ capability curves of the PV inverter are characterized by four main
parameters: solar irradiance, temperature, dc voltage and the modulation index.
These values are dependent on each other in order to obtain the complete PQ
curve. In the case where the dc voltage is equal to a single value, the active power
and the reactive power will depend mainly on the solar irradiance, temperature
and modulation index. But in the case the dc voltage is variable, the complete

curve can be obtained for a single solar irradiance and temperature.
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Figure 17: PQ capability analysis of the PV generator for a variable modulation index (a)
G = 0 to 1000 W/m?, T, = 10 °C (b) Ty = 10 to 70 °C, G = 1000 W/m?2.
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The solar irradiance and the temperature are important parameters to iden-
tify the SOA of the PV inverter. First, the highest solar irradiance and the
lowest temperature determine the highest active power that the PV inverter
can supply to the grid. It is necessary to mention that the highest temperature
limits the output active power that the PV generator can supply to the system.

The dc voltage and the modulation index are also parameters that affects to
the PQ capability curve and the operation of the PV inverter. In this paper, it
has been shown that the dc voltage can vary between v, and vy,q,. The first
value depends on the ac voltage value at the output of the PV inverter and the
modulation index. The second value depends specifically on the highest solar
radiation and the lowest temperature.

In the case that the dc voltage chosen is equal to vy,pp, the maximum ac-
tive power can be obtained for a determined solar irradiance and temperature.
However, this single point of operation does not permit the PV inverter to work
in all of the PQ curve at any moment. Only a variation of solar radiation will
permit the change of point of operation. This characteristic is not desirable in
LS-PVPP as it is necessary to provide ancillary services to the system.

In overexcited operation, the limits of reactive power depend more on the
modulation index than the solar irradiance or temperature. But it continues
to depend on the dc voltage. Thus, its drastic variation could affect to the
ac voltage at the PV inverter terminals. The control should consider these

limitations to vary the modulation index together with the reactive power.
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