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Adaptive Voltage Control for Large Scale Solar PV
Power Plant Considering Real Life Factors
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Abstract—This paper presents an accurate and realistic es-
timation of reactive power capability of solar photovoltaic (PV)
inverters considering ambient temperature, solar irradiance, and
terminal voltage. Based on the accurate estimation of reactive
power capability, a self-adaptive voltage controller is proposed
to enable solar PV power plant participation in voltage control
ancillary service. The proposed accurate and realistic estimation
has revealed the possibility of solar PV power plant failing to
comply with grid code requirements under extreme weather
conditions. On the other hand, the proposed control strategy
has shown significantly better effectiveness to utilise solar PV
inverter capability, and provide better voltage control support
service to the grid.

Index Terms—Ancillary service, reactive power capability,
large scale solar PV power plant.

I. INTRODUCTION

Grid integration of solar photovoltaic (PV) power has re-
cently experienced a significant shift from rooftop installation
to large utility scale solar PV power plant, which can be
attributed to several factors, such as falling prices of solar
PV technology, regulatory and policy measures for large
scale renewable energy integration. GW-scale solar PV power
plants (PVPP) are currently under construction or already in
operation in various places around the world. In India, for
example, 2 GW large scale PVPP is partly in operation, with
two other PVPP of 2.25 and 5 GW under construction [1].

Due to displacement of conventional generation by large
scale PVPP and other renewable energy sources (RESs),
transmission system operators (TSOs) encounter various chal-
lenges in secure and stable operation of RES integrated power
systems, particularly, at high RES penetration level. RES
driven displacement of synchronous machines, the main source
of dynamic reactive power in conventional power systems,
result in diminished reactive power reserve and poor dynamic
voltage control in the power system. Several countries are
already facing diminishing reactive power issue due to high
RES penetration, and these countries are tackling such issues
through several measures, such as, installing new synchronous
condensers [2], and procuring reactive power from ancillary
service market [3]. Therefore, in large-scale RES integrated
power system, renewable energy power plants, including large
scale PVPP, are required to provide dynamic reactive power
and voltage control support for secure and stable grid opera-
tion. In large-scale solar PV power integrated systems, large
scale PVPP are expected to take leading role in grid voltage
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control beyond current mandatory grid code requirements,
potentially through procurement of such service in ancillary
service market or by mandating such services from large scale
PVPP.

Solar PV inverters can actively participate in reactive power
support in daylight and night-time [4], [5]. Currently rooftop
solar PV inverters are not required to participate in voltage
control/dynamic reactive power control. However, large scale
PVPP, typically connected at transmission voltage level, are
required to participate in dynamic voltage control [6]. The
authors in [7] presented a field implementation of 300 MW
solar PV power plant participating in dynamic reactive power
support, and plant’s compliance with grid code regulations.
The authors in [8] and [9] presented control strategies to
utilize solar PV inverters as reactive power static compensators
(STATCOM) during day and night-time. Moreover, the authors
in [10] and [11] analysed the cost of operating a solar PV
power plant at night as STATCOM. However, while the
related studies reported in the literature so far have focused
on reactive power support from solar PV inverters/plants, all
the studies have ignored accurate calculation or estimation
of reactive power (Q) capability of such inverter interfaced
solar PV systems, as several practical factors, particularly,
weather conditions, can significantly affect actual reactive
power capability of such plants.

This paper addresses the above stated practical limitations
through two main contributions, viz.: i) A methodology for
accurate calculation of solar PV inverter reactive power ca-
pability considering ambient temperature, solar irradiance and
inverter terminal voltage has been proposed to find realistic
reactive power support capability of solar PV plant, and ii)
Based on the accurate estimation of reactive power capability,
a self-adaptive voltage control is proposed to enable large
scale PVPP participation in voltage control ancillary service.
Accurate reactive power capability of solar PV inverters is
calculated under extreme weather conditions for two locations
in Saudi Arabia and India. The proposed Q capability calcula-
tion is compared with the existing conventional approach that
does not consider effect of ambient temperature and inverter
terminal voltage on reactive power capability of solar PV in-
verters. The proposed methodology of Q capability calculation
and self-adaptive voltage control scheme has been validated
on a PVPP integrated IEEE 39 bus system developed in
DIgSILENT PowerFactory platform, with detailed modelling
of PVPP.

The rest of the paper is organised as follows, in Section
II mandatory reactive power requirements from PVPP is
discussed for different grid code regulations. Accurate reactive
power capability of solar PV inverter is formulated in Section
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Fig. 1: Reactive power requirements from large scale PVPP for different countries under different voltage magnitudes. Irish
requirements are for 110 kV and 220 kV grids. Spanish and German requirements are for 220 kV grid. [7], [12]–[14]

III. The proposed self-adaptive voltage controller is presented
in Section IV. Results are presented in Section V. The paper
is discussed and concluded in Section VI.

II. MANDATED REACTIVE POWER REQUIREMENTS FROM
LARGE SCALE PVPP

A. Mandated Reactive Power Requirements from large scale
PVPP

System regulators/TSOs require solar PV inverters to pro-
vide minimum reactive power support based on the steady state
operating condition. Further, solar PV inverters are required to
follow specific control rule within a given capability range as
described in Section II-B.

Minimum Solar PV inverter reactive power capability re-
quired in grid code regulation depends on the rating of the
power plant, and point of common coupling (PCC) voltage
level. Moreover, minimum reactive power requirements vary
from system to system depending on the system strength and
characteristics.

Fig. 1 shows mandated reactive power requirements from
PVPP in four different TSO jurisdictions, where Pmax refers
to the maximum active power generation of the solar PV
array/plant. It can be observed that the strictest requirement
of reactive power operating range is in Ireland where solar
PV inverters at transmission voltage level are required to
have a mandatory reactive power capability of more than
half of the installed solar PV array power [13]. California
Independent System Operator (CAISO), Spanish and German
grid operators have relatively less strict mandatory reactive
power requirement. In this study, Germany’s minimum reactive
power requirement is considered to be mandatory reactive
power reserve Qmand.

B. Reactive Power Control Modes of Large Scale PVPP

Decoupled control of power inverter has enabled the inverter
to operate in different reactive power control modes without
compromising maximum power point tracking (MPPT) opera-
tion. Solar PV inverters are generally controlled in one of three
modes, reactive power, power factor or voltage control mode.
In reactive power control mode, inverter exchange reactive
power with the grid based on the reference value of Q set by
the plant operator. In power factor control, on the other hand,
reactive power is exchanged by the inverter to maintain the
desired power factor at the inverter terminal. Reactive power

or power factor modes are primarily used in solar PV inverters
connected to distribution system. However, voltage control
mode, primarily based on Q-voltage (Q-V) droop, is generally
adopted in inverters connected to transmission network. It is
important to note that in all the three control (Q, power factor,
voltage) modes, inverter reactive power is controlled within
the mandated reactive power range described in Section II-A.
As large scale PVPPs are typically connected to transmission
systems, voltage control mode is followed in this paper.

In voltage control mode, Q-V droop slope is set as required
by TSO to regulate the grid voltage within acceptable range,
[0.9-1.1] pu. Reactive power support from PVPP beyond
mandatory requirement (described in Section II-A), which
might be required to bring voltage to its set point is considered
as ancillary service [13], [15].

Solar PV inverters are designed based on peak power rating
of solar PV arrays, however, for major portion of the day
solar irradiance is less than the maximum designed irradiance
(1000 W/m2). Therefore, due to high margin for reactive
power support, PVPPs have great potential to participate in
voltage control ancillary service, thus potentially allowing the
plant operator to earn additional revenue from Q ancillary
service market. On the other hand, from TSO prospective, par-
ticipation of large scale PVPP would help securing the system
voltage without the need of installing additional reactive power
compensation devices in the grid.

III. PROPOSED METHOD FOR ACCURATE REACTIVE
POWER CAPABILITY OF A SINGLE SOLAR PV INVERTER

In order to estimate reactive power reserve from solar PV
plant, reactive power capability curves of individual solar PV
inverters should be known. While there has been reasonable
focus on finding reactive power capability of wind power plant
[16]–[18], calculation of reactive power capability of solar PV
power plant has received a limited attention so far.

Typical solar PV inverter system is comprised of several
solar PV modules connected in series and parallel to build
desired voltage and current, which in turn is interfaced to the
grid through inverter and a step-up transformer, as shown in
Fig. 2. For realistic estimation of reactive power capability of
solar PV plant, it is important to consider critical factors in
calculation of individual solar PV inverter Q capability. Such
factors that affect the reactive power capability of solar PV
inverter can be classified into three categories, as described
below.



3

Inverter control 

and protection

Local 

measurement

Plant control 

commands

Pulses

Ns×Np

Grid

Fig. 2: Solar PV inverter system

0 500 1000 1500
V

PV
(V)

0

0.2

0.4

0.6

0.8

1

P/
P

m
ax

10
00

 W
/m

2

800 W
/m

2

600 W
/m

2

400 W/m
2

200 W/m
2

25oC

35oC

50oC

Fig. 3: Solar PV array performance under different irradiance
and temperature

A. Impact of solar irradiance and ambient temperature on
solar PV array output

Active power produced by solar PV arrays is highly de-
pendent on solar irradiance and ambient temperature. Mathe-
matical equations that govern active power produced by solar
PV array are given in [19]. Fig. 3 shows performance of a
solar PV array (specifications provided in the Appendix) under
different solar irradiance and ambient temperature. It can be
observed from Fig. 3, that active power output of solar arrays,
is highly sensitive to solar irradiance and ambient temperature,
with reduced capability at higher ambient temperature. Con-
sequently, as active power delivered to grid by the inverter
changes with such factors, reactive power reserve/margin of
the inverter changes accordingly as given in (1).

Qres(G,Ta) =
√
S2
r − P 2(G,Ta) (1)

Where Sr is the rated apparent power of inverter, P (G,Ta)
is the active power produced by solar array connected to
the inverter as a function of ambient temperature (Ta) and
irradiance (G).

B. Impact of ambient temperature on solar PV inverter per-
formance

Ambient temperature directly influences inverter current car-
rying capability, as increased ambient temperature decreases
heat dissipation from power electronic switches to ambient

TABLE I: Specifications of solar PV inverters

# Manufacturer S1

(MVA)
S2

(MVA)
S3

(MVA)
T0

(◦C)
T1

(◦C)
T2

(◦C)
T3

(◦C)

1 SMA [23] 4.6 3.91 0 -25 25 50 60
2 ABB [24] 4.4 4 - -20 35 50 -
3 SMA [23] 4 3.4 0 -25 25 50 60
4 SMA [25] 3 2.7 0 -25 35 50 60
5 ABB [26] 2.4 2 - -20 20 45 -
6 SMA [25] 2.2 2 0 -25 35 50 60
7 SMA [27] 2.2 2.06 - -25 40 50 -

environment, which in turns lead to increased junction tem-
perature of power electronic switches [20]. Therefore, for
safe operation of the device/switches under high ambient
temperature, additional remedial actions are required.

To avoid inverter component overheating due to increased
ambient temperature, solar PV inverter manufacturers advise
derated operation of the inverter, thus maximum power that can
be delivered by the inverter under high ambient temperature
[21], [22]. While the maximum temperature has nonlinear
dependence on ambient temperature [20], solar PV inverter
manufacturers tend to use a linear derating characteristic [21],
[22], as given by (2).

Srt(Ta) =


Sr = S1, if T0 ≤ Ta ≤ T1

Sr × S1−S2

T1−T2
, if T1 < Ta ≤ T2

Sr × S2−S3

T2−T3
, if T2 < Ta ≤ T3

0, if T3 < Ta

(2)

Where Srt is the derated power of the inverter, T0...T3 and
S1...S3 are ambient temperature in ◦C and dearted power in
MVA, respectively, with their typical values given in Table I. It
can be observed from Table I that inverter derating starts when
ambient temperature exceeds particular threshold, mostly in
the range of (25-35 ◦C). Further, beyond ambient temperature
of around 50 ◦C, sharp decrease in power carrying capacity is
required, before the inverter is tripped when ambient temper-
ature exceeds 60 ◦C. While the inverter is disconnected when
ambient temperature exceeds 60 ◦C.

Since maximum current carrying capacity of solar PV
inverter decreases with the increase in ambient temperature,
inverter reactive power capability is also significantly affected.
Therefore, to calculate realistic reactive power capability of
inverter, it is important to take inverter derating into considera-
tion, hence, inverter reactive power reserve (1) can be modified
by replacing Sr with Srt(Ta) as given in (3).

Qres(G,Ta) =
√
S2
rt(Ta) − P 2(G,Ta) (3)

Reactive power capability of the 4.6 MVA SMA inverter
with its parameters provided in the Appendix, for specific
solar irradiance and a varying ambient temperature is shown
in Fig. 4. It can be observed from Fig. 4 that for a given active
power output from solar PV inverter, reactive power capability
is significantly reduced due to increased ambient temperature
driven derating of the inverter. It is, however, worthy to note
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Fig. 4: Solar PV system performance under different ambient
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Fig. 5: Solar PV system Q capability under different ambient
temperatures and irradiance, V=1 pu.

that reduction of solar PV array power generation due to
the increased ambient temperature can to some extent offset
decrease in inverter reactive power reserve, as can also be
concluded from (3).

Impact of ambient temperature on the SMA test inverter
reactive power capability under different solar irradiance is
also investigated with results shown in Fig. 5 assuming solar
PV inverter operates at maximum power point. It can be
observed from Fig. 5 that ambient temperature has a significant
impact on inverter reactive power capability, particularly, at
high irradiance level.

C. Impact of inverter terminals voltage on PV inverter reactive
power capability

Inverter terminal voltage can affect inverter reactive power
capability as the terminal voltage influences current magnitude
through inverter switches for a given apparent power. To
incorporate inverter terminal voltage in Q capability equation,
(3) can be modified as given in (4).

Qres(G,Ta, V ) =
√
S2
rtv(Ta, V ) − P 2(G,Ta) (4)
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Fig. 6: Solar PV system performance under different ambient
temperatures for G=1000 W/m2 for V=0.9 pu and V=1.1 pu.

Fig. 7: Solar PV system Q capability under different ambient
temperatures and irradiance and voltages

Where Srtv = V × Srt, V is the solar PV inverter terminals
voltage in pu, in the range of (0.9-1.1 pu).

Reactive power capability of the SMA test inverter under
irradiance of 1000 W/m2, varying ambient temperature, and
two terminal voltages, 0.9 pu and 1.1 pu has also been studied,
as shown in Fig. 6. It can be observed that decrease in terminal
voltage at high ambient temperature results in decreased
reactive power capability of the inverter. On the other hand,
higher terminal voltage can result in higher reactive power
reserve under the same conditions, which can be attributed to
lower current required from the inverter for a given power.
Fig. 7 shows reactive power capability curves under different
irradiance, ambient temperature, and inverter terminal voltage.
It can be observed from Fig. 7 that inverter reactive power
capability is minimum at high ambient temperature, high solar
irradiance and low terminal voltage.

IV. PROPOSED ADAPTIVE VOLTAGE CONTROL SCHEME
FOR PVPP ANCILLARY SERVICE SUPPORT

As described in Section II, large scale PVPP are connected
at transmission voltage level, and can support the grid voltage



5

V

Q

Qmand

Qmax=

f(P,V,Ta)
kQ V=f(Qm ax )

Qmand

-Qmax=

f(P,V,Ta)

-Vmax

Vmax

-Vdb

Vdb

`

kQ V=f(Qm ax)`

Fig. 8: Conventional fixed QV droop (bold line) and proposed
adaptive QV droop (dashed lines)

by operating in voltage control mode. Fig. 8 shows conven-
tional fixed Q-V droop characteristic (bold black line) used to
comply with mandatory reactive power control requirements,
where Qmand and Vmax values are taken from grid code
regulation, Fig. 1.

Solar PV inverter Q capability, as discussed in Section III,
is significantly influenced by variation in ambient temperature,
solar irradiance, and PV inverter terminal voltage. The fixed
Q-V droop can be expressed as given by (5).

Q = kQV ∗ ∆V (5)

Where kQV is fixed, predefined QV droop and ∆V is the
voltage deviation from the set point at the inverter terminal.

On the other hand, in practice, solar irradiance is not at peak
for most of the day, which allows inverter to supply/consume
additional reactive power beyond mandatory requirements.
Therefore, to utilise this untapped reactive power reserve, and
support the grid beyond mandatory requirements, self-adaptive
Q-V droop control is proposed for large scale PVPP. In the
proposed control scheme, QV droop adapts to varying reactive
power capability of the inverter as formulated in (4) as shown
in Fig. 8. In other words, increase of reactive power capability
result in higher QV droop, and hence larger Q contribution
from the solar PV inverter towards regulating its terminals
voltage. The self-adaptive QV droop can be formulated as
given in (6).

Q = k′QV ∗ ∆V (6)

Where k′QV = −Qmax(P, Ta, V )

Vmax − Vdb
and Qmax is calculated as

given in (4). Vdb is the deadband voltage, which is used to
avoid undesirable control triggering, as shown in Fig. 8.

To implement the proposed self-adaptive Q-V droop, the
control scheme shown in Fig. 9 has been used, where max-
imum reactive power capability is calculated based on mea-
sured terminals voltage, active power and ambient temperature.
It is worth to note that high power inverters are equipped with
ambient temperature measurement provision, which is used
for inverter overheating protection [22], [23]. The maximum
reactive power capability of the inverter calculated for a given
operating conditions (irradiance, ambient temperature, and
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Fig. 9: Proposed adaptive QV droop control

terminal voltage) is then used for adaptive droop calculation
and to limit maximum reactive power exchange of the inverter.
Reactive power reference for the PV inverter is generated
from the adaptive droop block based on the measured terminal
voltage as given in (6).

Active power supplied by the inverter, on the other hand, is
controlled based on MPPT reference, or set by the solar unit
operator command (Pcom). Commanded reactive and active
power from the inverter are compared with the measured val-
ues and the error is passed through proportional-integral (PI)
controllers to generate current commands. The dq components
of current commands are then used to generate PWM pulses
to control the inverter switches.

V. RESULTS

The results, in line with the methodologies described in
Section III and IV, are done in two stages. In the first stage, the
methodology of calculating accurate reactive power capability
of inverter is implemented, and participation of large scale
PVPP in voltage control ancillary service under different
ambient temperature, solar irradiance, and terminal voltage is
evaluated. In the second stage, performance of the proposed
self-adaptive Q-V droop control scheme for large scale PVPP
under various sets of disturbances is performed in time domain
simulation.

A. Impact of ambient temperature on solar PV inverter reac-
tive power capability

To study the impact of high ambient temperature on solar
PV inverter reactive power capability, 24 hour solar irradiance
and ambient temperature data of two locations have been used
in a SMA solar PV inverter with its specification provided in
the Appendix.

The first location considered is in Al Qaseem, Saudi Arabia,
whose solar irradiance and ambient temperature for 24 hours
are shown in Fig. 10(a) [28]. It can be observed from Fig.
10(a) that ambient temperature reaches to approximately 45 ◦C
in afternoon hours, while solar irradiance touches 1000 W/m2

around noon time. Fig. 10 (b) shows active power generated
from the studied solar PV system with and without considering
ambient temperature. It is assumed that solar PV system is
operating in MPPT mode during the entire day, while the solar
PV inverter stays grid connected at night for voltage support,
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Fig. 10: PV system performance under weather conditions: Al Qaseem, Saudi Arabia, 04/08/2002 [28]. (a) Ambient temperature and solar
irradiance, (b) active power and reactive power reserve for v=1 pu, (c) active power and reactive power reserve for v=0.9 pu

(a) (b) (c)

Fig. 11: PV system performance under weather conditions: Bikaner, India, 24/06/2002 [29]. (a) Ambient temperature and solar irradiance,
(b) active power and reactive power reserve for v=1 pu, (c) active power and reactive power reserve for v=0.9 pu

and terminals voltage is initially assumed to be 1 pu during
the entire period. Minimum reactive power requirement, as per
German grid code regulation, is represented by the bottom
horizontal line, as shown in Fig. 10. The blue shaded area
calculated using conventional approach represents untapped
reactive power reserve that can be utilised for voltage control
ancillary service beyond the grid code requirements. However,
the Q reserve (shaded area) is not accurate as it is calculated
without considering impact of ambient temperature on PV ar-
ray and PV inverter. A significant difference in reactive power
reserve can be observed between the proposed methodology
(hatched area) and conventional approach of Q-reserve calcu-
lation as the ambient temperature rises over 25 ◦C. Therefore,
it can be concluded that ignoring ambient temperature in the Q
reserve calculation, may result in overestimation of the reserve.
Fig. 10(c) presents active power and reactive power reserve
of the inverter under the same conditions, however, at lower
terminals voltage, 0.9 pu. An important observation under low
terminal voltage condition is that by considering the realistic
constraints, even mandatory reactive power requirements may
not be met for short period of time during the day when
ambient temperature and solar irradiance are high, as shown
in Fig. 10(c). Therefore, ignoring ambient temperature in
Q reserve calculation results in false overestimation of the
inverter capability, and thus the bottleneck operating points
which may even result in breaching mandatory grid code
regulation cannot be observed under conventional approach
of Q-reserve calculation.

Similar study has been carried out for another location,
Bikaner, in Rajasthan state of India, and corresponding results
are shown in Fig. 11. Solar irradiance and ambient temperature
data for this location is taken from [29]. From Fig. 11(a), it
can be observed that ambient temperature for Bikaner location
rises to as high as 48 ◦C, however, with solar irradiance less
than 1000 W/m2. This reduction in irradiance has a mitigation
effect on Q reserve, as can be observed from Fig. 11(b)
compared with that in Fig. 10(b). The significant reduction
of Q reserve during night in Fig. 11(b) compared to that in
Fig. 10(b) at night is due to the high ambient temperature in
the former case (Indian site) compared to the later one (Saudi
site). Moreover, due to the reduced solar irradiance, mandatory
reactive power requirements are almost met without deficit for
low terminal voltage (0.9 pu) as shown in Fig. 11(c).

It is uesful to note that in both the studied locations,
maximum solar irradiance and ambient temperature peak do
not coincide, as the ambient temperature peak occurs with
some delay. This delay helps in improving minimum Q reserve
that would otherwise be further reduced in case the two factors
coincide with each other.

B. Performance of the proposed self-adaptive QV droop con-
trol scheme

In order to study the performance of the proposed control
scheme, a detailed large scale PVPP developed in DIgSILENT
PowerFactory is connected to bus 38 in IEEE 39 bus system, as
shown in Fig. 12, with PVPP layout as given in [7], [30]. The



7

G

G
1

2

3

30

25 26

27

28

1718

37

29

38

16 21

24 36

23

22

3533343231

11
12

10
20

19

13

144

5
6

7

39

15

9

8

GGG

G G

G

G

LSPVPP

Fig. 12: IEEE 39 bus system [31].

capacity of PVPP is same as that of the displaced synchronous
generator connected at bus 38. The system and the PVPP are
built and simulated in DIgSILENT PowerFactory.

An additional reactive power load is connected through
a circuit breaker at bus 28 to simulate a voltage dip at
PVPP terminal at t=0.5 sec. Solar irradiance level and ambi-
ent temperature are assumed to be 1000 W/m2 and 25 ◦C,
respectively. Response of large scale PVPP to the voltage
dip is shown in Fig. 13(a), where it can be observed that
reactive power generated by the PVPP connected at bus 38
is higher in the proposed adaptive QV droop compared to
the fixed droop, which can be attributed to utilisation of
untapped reactive power reserve of the solar PV inverters by
the proposed adaptive control scheme, described in Section
IV. This additional reactive power supply has resulted in an
improvement in the terminals voltage as can be observed
from PCC voltage shown in Fig. 13(a). Response of a single
inverter to the voltage event at the PVPP terminal is shown
in Fig. 13(b), where higher QV droop gain can be observed
when adaptive control scheme is used compared to fixed droop
scheme. The adaptive droop is reduced after the disturbance
due to the reduced inverter voltage terminals, which in turn
reduces Qmax.

For a comprehensive analysis of the proposed control
scheme, a time series load variation is introduced in IEEE 39
bus system to apply voltage variations at PVPP terminals. Fur-
ther, to incorporate seasonal variation, three different weather
conditions are considered, viz., high solar irradiance with low
and high ambient temperature, and low solar irradiance and
ambient temperature as shown in Fig. 14. It can be observed
from Fig. 14 that large scale PVPP reduces terminal voltage
variations in case of adaptive QV droop compared to fixed
QV droop, which can be attributed to higher dynamic reactive
power compensation under the adaptive QV droop. Moreover,
PVPP under adaptive QV control in the first case, Fig. 14(a),
outperforms the PVPP dynamic behaviour compared to case
2, Fig. 14(b). This is due to the higher reactive power reserve
of the PVPP under lower ambient temperature, which is
reflected in higher QV droop in the first case compared to
the second case. In the third case, Fig. 14(c), PVPP shows
a better performance than the first two cases due to lower

(a)

(b)

Fig. 13: (a) PVPP response to voltage dip. (b) A single solar
PV inverter response to voltage dip.

solar irradiance level, and hence having higher reactive power
reserve and better QV droop.

VI. DISCUSSIONS AND CONCLUSIONS

In this paper, reactive power capability of solar PV inverters
is studied considering variation in solar irradiance, ambient
temperature and terminal voltage. Based on the proposed
accurate and realistic reactive power capability calculation, a
self-adaptive QV droop control is proposed to utilise reactive
power reserve of large scale PVPP for voltage control ancillary
service. The following concluding points are drawn from this
paper.
• Considering ambient temperature impact on solar PV

arrays only to estimate reactive power capability of solar
PV inverter may lead to over estimation of reactive
power capability of the system. Incorporation of the
impact of ambient temperature on solar PV inverter gives
more accurate and realistic estimation of reactive power
capability of solar PV conversion system.

• The geographical location of PVPP plays a significant
role in determining its reactive power capability. Loca-
tions with a very high temperature may require oversizing
solar PV inverter or installing additional reactive power
sources, such as capacitors, to comply with the grid code
mandatory requirements or to increase PVPP participa-
tion in voltage control ancillary service. In cold countries,
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Fig. 14: PVPP voltage control response to voltage disturbances under various irradiance and ambient temperature conditions.

TABLE II: Specifications of Solar PV module and inverter

Inverter [23] Solar PV module @ STC [32]
Nominal AC voltage 690 V Nominal Power 355 W

Frequency 50 Hz VMPP 43.4 V
Rated AC current at 25 ◦C 3850 A IMPP 8.18 A
Rated AC current at 50 ◦C 3273 A VOC 51.9 V
Rated AC power at 25 ◦C 4.6 MVA ISC 8.68 A
Rated AC power at 50 ◦C 3.91 MVA Power temp. coef. -0.37%/◦C

Max. DC voltage 1500 V Voltage temp. coef. -176.5 mV/◦C
Max. efficiency 98.7% Current temp. coef. 3.6 mA/◦C

on the other hand, the change in reactive power capability
of solar PV inverters is trivial.

• Large scale PVPP reactive power capability in practice
differs significantly from solar PV inverter capability
under standard test conditions. Incorporating practical
aspects such as, weather conditions provides an accurate
estimation of PVPP, which is critical for PVPP operator
as well as transmission system operator.

APPENDIX

Table II shows solar PV system parameters. The number of
parallel and series PV modules are Np = 370 and Ns = 28.
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