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Abstract—This paper presents a novel concept of utilizing PV
solar farm inverter as STATCOM, termed PV-STATCOM, for
improving stable power transfer limits of the interconnected
transmission system. The entire inverter rating of PV solar
farm which remains dormant in the nighttime is utilized with
voltage and damping controls to enhance stable power
transmission limits. During daytime, the inverter capacity left
after real power production is used to accomplish the above
objective. Transient stability studies are conducted on a
realistic single machine infinite bus power system having a
midpoint located PV-STATCOM using EMTDC/ PSCAD
simulation software. The PV-STATCOM improves the stable
transmission limits substantially in the night and also in the
day even while generating large amounts of real power. Power
transfer increases are also demonstrated in the same power
system for i) two solar farms operating as PV-STATCOMs
and ii) a solar farm as PV-STATCOM and an inverter based
wind farm with similar STATCOM controls. This novel
utilization of PV solar farm asset can thus improve power
transmission limits which would have otherwise required
expensive additional equipment such as, series/shunt
capacitors, or separate Flexible AC Transmission System
(FACTS) Controllers.
Index Terms—Photovoltaic solar power systems, inverter,
voltage control, reactive power control, damping control,
FACTS, STATCOM, transmission capacity, wind power system.

I. INTRODUCTION

F

LEXIBLE AC Transmission System (FACTS) Controllers
are being increasingly considered to increase the available
power transfer limits/capacity (ATC) of existing transmission
lines [1]-[4], globally. A new research has been reported on
the nighttime usage of a PV solar farm (when it is normally
dormant) where a PV solar farm is utilized as a STATCOM –
a FACTS Controller, for performing voltage control, thereby
improving system performance and increasing grid
connectivity of neighboring wind farms [5], [6]. A new
voltage control has also been proposed on a PV solar farm to
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act as a STATCOM for improving the power transmission
capacity [7]. Although, papers [8],[9] have proposed voltage
control functionality with PV systems, none have utilized the
PV system for power transfer limit improvement. A full
converter based wind turbine generator has recently been
provided with FACTS capabilities for improved response
during faults and fault ride through capabilities [10].
This paper proposes a novel voltage control together with
auxiliary damping control for a grid connected PV solar farm
inverter to act as a STATCOM both during night and day for
increasing transient stability and consequently the power
transmission limit. This technology of utilizing a PV solar
farm as a STATCOM is termed “PV-STATCOM”. It utilizes
the entire solar farm inverter capacity in the night and the
remainder inverter capacity after real power generation during
the day, both of which remain unused in conventional solar
farm operation. Similar STATCOM control functionality can
also be implemented in inverter based wind turbine generators
during no-wind or partial wind scenarios for improving the
transient stability of the system. Studies are performed for two
variants of a Single Machine Infinite Bus (SMIB) system.
One SMIB system uses only a single PV solar farm as PVSTATCOM connected at the midpoint whereas the other
system uses a combination of a PV-STATCOM and another
PV-STATCOM or an inverter based wind Distributed
Generator (DG) with similar STATCOM functionality. Threephase fault studies are conducted using the electromagnetic
transient software EMTDC/PSCAD, and the improvement in
stable power transmission limit is investigated for different
combinations of STATCOM controllers on the solar and wind
farm inverters, both during night and day.
Section II describes the study systems. The results for
various fault studies are presented in Section III. Performances
of different proposed controls both during daytime and
nighttime, are presented. The implications of implementing
this new PV-STATCOM technology on large scale solar
systems are described in Section IV, while the conclusions are
presented in Section IV.
II. SYSTEM MODELS
The single line diagrams of two study systems - Study
System 1 and Study System 2 are depicted in Fig. 1 (a) and
Fig. 1(b), respectively. Both systems are Single Machine
Infinite Bus (SMIB) systems in which a large equivalent
synchronous generator (1110 MVA) supplies power to the
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infinite bus over a 200 km, 400 kV transmission line. This line
length is typical of a long line carrying bulk power in Ontario.
In Study System 1, a 100 MW PV solar farm (DG) as
STATCOM (PV-STATCOM) is connected at the midpoint of
the transmission line. In Study System 2, two 100 MVA
inverter based Distributed Generators (DGs) are connected at
1/3rd (bus 5) and 2/3rd (bus 6) of line length from the
synchronous generator. The DG connected at bus 6 is a PVSTATCOM and the other DG at bus 5 is either a PVSTATCOM or a wind farm with STATCOM functionality. In
this case, the wind farm employs Permanent Magnet
Synchronous Generator (PMSG) based wind turbine
generators with full ac-dc-ac converter. It is understood that
both the solar DG and wind DG employ several inverters.
However, for this analysis, each DG is considered to have a
single equivalent inverter with the rating equal to the total
rating of solar DG or wind DG, respectively. The wind DG
and solar DG are considered to be of the same rating, hence
can be interchanged in terms of location depending upon the
studies being performed. Fig. 2 presents the block diagrams of
various subsystems of the two equivalent DGs. All the system
parameters are given in [1].

a controlled AC-DC rectifier connected to the PMSG wind
turbines, depicted as “wind Turbine-Generator-Rectifier (T-GR)”. The DC power produced by each DG is fed into the DC
bus of the corresponding inverter, as illustrated in Fig. 2. A
maximum power point tracking (MPPT) algorithm based on
incremental conductance algorithm [12] is used to operate the
solar DGs at its maximum power point all the time and is
integrated with the inverter controller [11]. The wind DG is
also assumed to operate at its maximum power point, as this
proposed control utilizes only the inverter capacity left after
the maximum power point operation of both the solar DG and
wind DG.
For PV-STATCOM operation during nighttime, the solar
panels are disconnected from the inverter and a small amount
of real power is drawn from the grid to charge the DC
capacitor. The voltage source inverter in each DG is composed
of six IGBTs and associated snubber circuits as shown in Fig.
2. An appropriately large DC capacitor of size 200 Farad is
selected to reduce the DC side ripple [13]. Each phase has a
pair of IGBT devices which converts the DC voltage into a
series of variable width pulsating voltages, using the
sinusoidal pulse width modulation (SPWM) technique [14].
An L-C-L filter [13] is also connected at the inverter AC side.
B. Control System
B.1 Conventional Reactive Power Control:

(a)

(b)
Fig. 1. Single line diagram of (a) Study system I with single solar farm (DG)
and (b) Study System II with a solar farm (DG) and a solar/wind farm (DG).

A. System Model
The synchronous generator is represented by a detailed
sixth order model and a DC1A type exciter [1]. The
transmission line segments TL1, TL2, TL11, TL12 and TL22
shown in Fig. 1 are represented by lumped pi-circuits. The PV
solar DG, as shown in Fig. 2, is modeled as an equivalent
voltage sourced inverter along with controlled current source
as the DC source which follows the I-V characteristics of
Photovoltaic (PV) panels [11]. The wind DG is likewise
modeled as an equivalent voltage sourced inverter. In the solar
DG, the DC power is provided by the solar panels, whereas in
the full converter based wind DG, the DC power comes out of

The conventional reactive power control only regulates the
reactive power output of the inverter such that it can perform
unity power factor operation along with the DC link voltage
control [15]. The switching signals for the inverter switching
are generated through two current control loops in d-q-0 coordinate system [15, 16]. The inverter operates in conventional
controller mode only provided that ‘Switch-2’ is in ‘OFF’
position. In this simulation, the voltage vector is aligned with
the quadrature axis, i.e., Vd=0 [15, 16], hence, Qref is only
proportional to Id which sets the reference Id_ref for the upper
control loop involving PI1. Meanwhile, the quadrature axis
component Iq is used for DC link voltage control through two
PI controllers (PI-2 and PI-3) [14,16] shown in Fig. 2(b)
according to the set point voltage provided by the MPPT and
as well as injects all the available real power ‘P’ to the
network [15]. To generate the proper IGBT switching signals
(gt1, gt2, gt3, gt4, gt5, gt6), the d-q components (md and mq)
of the modulating signal are converted into three phase
sinusoidal modulating signals and compared with a high
frequency (5 kHz) fixed magnitude triangular wave or carrier
signal.
B.2 PCC Voltage Control:
In the PCC voltage control mode of operation, the PCC
voltage is controlled through reactive power exchange
between the DG inverter and the grid. The conventional ‘Q’
control channel is replaced by the PCC voltage controller in
Fig. 2 (b), simply by switching the ‘Switch-1’ to the position
‘A’. Hence, the measured signal, VPCC, at the PCC is
compared with the preset reference value VPCC_ref and is passed
through the PI regulator, PI-4, to generate Id_ref.
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Fig. 2. Complete DG (solar/wind) system model with damping controller and PCC voltage control system.

The rest of the controller remains unchanged. The upper
current control loop is used to regulate the PCC voltage
whereas the lower current control loop is used for DC voltage
control and as well as for supply of DG power to the grid. The
amount of reactive power flow from the inverter to the grid
depends on set point voltage at PCC. The parameters of the
PCC voltage controller are tuned by systematic trial and error
method to achieve the fastest step response, least settling time
and a maximum overshoot of 10-15%. The parameters of all
the controllers are given in Appendix.
B.3 Damping Control:
A novel auxiliary damping controller is added to the PV
control system and shown in in Fig. 2. (b). This controller
utilizes line current magnitude as the control signal. The
output of this controller is added with the signal Id_ref. The
transfer function of this damping controller is expressed as in
[19]:
1 sT
sT w
1 .......... .......... .......... .......... .....( 3)
FD G.
.
1 sT w 1 sT
2
The transfer function comprises a gain, a washout stage, and a
1st order lead-lag compensator block. This controller is utilized
to damp the rotor mode oscillations of the synchronous
generator and thereby improve system transient stability. The
damping controller is activated by toggling ‘Switch-2’ to the
‘ON’ position. This damping controller can operate in
conjunction with either the conventional reactive power

control mode or with the PCC voltage control mode by
toggling the ‘Switch-1’ to position ‘B’ or ‘A’, respectively.
At first the base case generator operating power level is
selected for performing the damping control design studies.
This power level is considered equal to the transient stability
limit of the system with the solar farm being disconnected at
night. At this operating power level, if a three phase fault
occurs at Bus 1, the generator power oscillations decay with a
damping ratio of 5%. The solar farm is now connected and
operated in the PV-STATCOM mode. The parameters of the
damping controller FD are selected as follows. The washout
time constant Tw is chosen to allow the generator
electromechanical oscillations in the frequency range up to 2
Hz to pass through [19]. The gain G, time constants T1 and T2
are sequentially tuned to get the fastest settling time of the
electromechanical oscillations at the base case generator power
level through repetitive PSCAD/EMTDC simulations. Thus
the best combination of the controller parameters is obtained
with a systematic hit and trial technique, and the parameters
are given in the Appendix. It is emphasized that these
controller parameters are not optimal and better parameters
could be obtained by following more rigorous control-design
techniques [19-20]. However, the objective of this paper is
only to demonstrate a new concept of using a PV solar farm
inverter as a STATCOM using these reasonably good
controller parameters. In this controller, although line current
magnitude signal is used, other local or remote signals which
reflect the generator rotor mode oscillations [1] may also be
utilized.
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III. SYSTEM STUDIES
Transient stability studies are carried out using
PSCAD/EMTDC simulation software, for both the study
systems during night and day, by applying a 3-Line to Ground
(3LG) fault at bus 1 for 5 cycles. The damping ratio is used to
express the rate of decay of the amplitude of oscillation [20].
For an oscillatory mode having an eigenvalue of σ+jσ, the
damping ratio ξ is defined as,
, and
2

1 .......... .......... .......... ( 4)

2

where, τ is the time constant.
Therefore, for a 5% damping ratio of the rotor mode having
oscillation frequency of 0.95 Hz, as considered in this study,
the post-fault clearance settling time of the oscillations to
come within 5% (typically within 3 times the time constant)
of its steady state value [1], [20] is almost 10 seconds. The
peak overshoot of PCC voltage is should also be limited within
1.1 pu of nominal voltage. The maximum stable generator
power limit for the system is determined through transient
stability studies for different modes of operation of the solar
DG in study system 1, and those of the solar DG and the
solar/winds DGs in study system 2.
A. Case Study 1: Power Transfer Limits in Study System 1
A.1 Conventional Reactive Power Control with the Novel
Damping Control

This reflects the losses in the inverter IGBT switches,
transformer and filter resistances caused by the flow of real
current from the grid into the solar farm inverter to charge the
DC link capacitor and maintain its voltage constant while
operating the PV inverter as STATCOM with the damping
controller (or even with voltage controller). During nighttime,
the reference DC Link voltage Vmpp_ref is chosen around the
typical daytime rated maximum power point (MPP) voltage .
The oscillations in the solar PV power output during
nighttime, as seen in Fig. 4, are due to the active power
exchanged by the solar inverter both during the charge and
discharge cycles in trying to maintain a constant voltage across
the DC link capacitor, thereby enabling the inverter to operate
as a STATCOM.
iii) solar DG operation during day with conventional reactive
power controller:
The conventional control of a PV solar DG does not seem to
alter the stable transmission limit in any appreciable manner.
iv) solar DG operation during day with damping controller:
The quantities Pg, Pinf, Psolar, and Qsolar are shown for the
cases without damping controller and with damping controller
in Figs. 5 and 6, respectively. The available inverter capacity
after real power generation of 91 MW is, Q = √(S2 – P2) = 41.5
MVAr, which is used for damping oscillations during daytime.
The power transfer capacity increase in the daytime is
expected to be lower than the nighttime, as only a part of the
total inverter capacity is available for damping control during
the day. However, it is noticed from Table I that the maximum
power transfer during night time (850 MW) is actually less
than the maximum power transfer value during day time (861
MW) This is because of an additional constraint that while
increasing the power transfer, the overshoot in PCC voltage
should not exceed 1.1 pu. If the power transfer is allowed until
its damping ratio limit of 5% regardless of voltage overshoot,
the maximum nighttime power transfer is observed to be
964MW whereas the maximum daytime power transfer is
expectedly seen to be lower at 940MW (plots not shown).

Daytime

Nighttime

In this study, the solar DG is assumed to operate with its
conventional reactive power controller the DG operates at near
unity power factor. For the nighttime operation of solar DG,
the DC sources (solar arrays) are disconnected and the solar
DG inverter is connected to the grid using appropriate
controllers, as described below. Power transmission limits are
now determined for the following four cases. The stable power
transmission limits obtained from transient stability studies
and the corresponding load flow results are presented in Table
1 where –ve Q represents the inductive power drawn and +ve
Q represents capacitive power injected into the network.
TABLE I
Power Flows and Voltages for Study System I for Solar DG with
i) solar DG operation during night with conventional reactive
conventional Reactive Power Control and Proposed Damping Control
power controller:
both during Nighttime and Daytime (Vg=1.05 pu)
The maximum stable power output from the generator Pg is Simulation Description Gen.
PCC/Middle Bus (3)
Inf.
731 MW when the solar DG is simply sitting idle during night
Bus
Bus
Pg
Vpcc
Psolar
Qsolar
Pinf
and is disconnected from the network. This power flow level is
(MW)
(pu)
(MW) (MVAr
(MW)
chosen to be the base value against which the improvements in
Conventional
1.010
0
0
731
-708
power flow with different proposed controllers are compared
Operation of Solar
DG
and illustrated later in Table III. The real power from generator
Solar DG with
1.000
-0.20
0.08
850
-819
Pg and that entering into the infinite bus P inf for this fault study
damping controller
are shown in Fig. 3(a). The sending end voltage at generator is
Conventional
1.010
-0.50
730
19.0
-725
shown in Fig 3(b) which shows voltage overshoot of 1.1pu.
Operation of Solar
1.008
-0.20
719
91.0
-786
DG
ii) solar DG operation during night with damping controller:
1.000
-0.06
851
19.0
-839
Solar DG with
The quantities Pg, Pinf, Psolar, and Qsolar are illustrated in Fig.
damping controller
0.994
-0.20
861
91.0
-917
4(a). The damping controller utilizes the full rating of the DG
inverter at night to provide controlled reactive power Q solar and
effectively damps the generator rotor mode oscillations. The A.2 PCC Voltage Control with the Novel Damping Control
voltages at generator bus Vg and at PCC bus Vrms(PCC) are
Transient stability results for a new control strategy
depicted in Fig. 4(b). A very small amount of negative power
flow from the solar farm Psolar is observed during night time. involving PCC voltage control together with damping control.
are shown in Table II for the following four cases:
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i) solar DG operation during night with voltage controller
The increase in power transfer limit is dependent upon the
choice of reference values for PCC voltage Vpcc. In the best
scenario when Vpcc is regulated to 1.01 pu, the maximum
power output from the generator increases to 833 MW, as
compared to 731 MW when the solar DG operates with
conventional reactive power control.
ii) solar DG operation during day with voltage controller
The power transfer increases for both low (19 MW) and high
(91 MW) power output from the solar farm are seen to be
highly sensitive to the PCC bus voltage setpoint. It is also
noted that with lower availability of reactive power capacity
after real power production, the ability to change the bus
voltage is limited, which leads to a lower increase in power
transmission capacity.
iii) solar DG operation during night with both voltage and
damping controller
The generator and infinite bus power are depicted in Fig.
7(a), and corresponding voltages are shown in Fig. 7 (b).
Although, rotor mode oscillations settle faster, the power
transfer cannot be improved beyond 899 MW due to high
overshoot in voltages.
iv) solar DG operation during day with both voltage and
damping controller.
A further increase in power transfer is observed when both
voltage control and damping control are employed, as
compared to case (ii) when only voltage controller is utilized.

Daytime

Nighttime

TABLE II
Power Flows and Voltages for Study System I for Solar DG with Proposed
PCC Voltage Control and Damping Control both during Nighttime and
Daytime (Vg=1.05 pu)
Simulation
Gen.
PCC/Middle Bus (3)
Inf.
Bus
Bus
Description
Pg
Vpcc
Psolar
Qsolar
Pinf
(MW)
(pu)
(MW)
(MVAr)
(MW)
0.988
-1.5
-95.8
789
-761
0.990
-0.8
-66.0
824
-793
Solar DG with
1.000
-0.3
-9.5
830
-801
voltage controller
1.010
-0.5
46.8
833
-803
1.022
-1.5
99.0
803
-775
Solar DG with
1.000
-0.3
4.0
855
-824
both voltage and
1.010
-1.2
85.0
899
-866
damping controller
0.990
-90.0
781
19.0
-773
1.000
-13.7
815
19.0
-804
Solar DG with
1.021
86.0
782
19.0
-775
voltage controller
0.99
-43.0
726
91.0
-792
1.000
-44.0
719
91.0
-786
Solar DG with
1.000
-9.0
823
19.0
-813
both voltage and
1.000
-41.0
755
91.0
-817
damping controller
TABLE III
Increase in Stable Power Transfer Limit (MW) for Study System I with
Different PV-STATCOM Controls
PV STATCOM
DAY
CONTROL
NIGHT Solar Power
Solar Power
Output 19
Output 91
MW
MW
102
85
7
Voltage Control
Damping Control

119

121

142

Voltage Control with
Damping Control

168

93

36

For Study System 1, the net increase in power transfer
capability as achieved with different PV-STATCOM controls
in comparison with that obtained conventional reactive power
control of the solar DG, is summarized in Table III.
The maximum increase in power transfer limit during
nighttime is achieved with a combination of voltage control
and damping control, whereas the same during daytime is
accomplished with damping control alone. This is because in
the night the entire MVA rating of the solar DG inverter is
available for reactive power exchange, which can be utilized
for achieving the appropriate voltage profile at PCC conducive
for increasing the power transfer, as well as for increasing the
damping of oscillations.
During daytime, firstly, the generation of real power from
the solar DG tends to increase the voltage at PCC [5] and
secondly, the net reactive power availability also gets reduced
especially with large solar real power outputs. Therefore, it
becomes difficult with limited reactive power to accomplish
the appropriate voltage profile at PCC for maximum power
transfer and also to impart adequate damping to the
oscillations. However, if only damping control is exercised
during daytime, power transfer limits appear to improve with
higher real power outputs from the solar DG. This is because
real power generation increases the PCC voltage which can be
potentially helpful in increasing the power transfer capacity.
Since damping control is found more effective during
daytime, the same is explored further for the following studies.
B. Case Study 2: Power Transfer Limits in Study System II
In this study, the proposed damping control strategy is
compared with the conventional reactive power control
strategy for Study System II shown in Fig. 1(b). A three phase
to ground fault of 5 cycles is applied to generator bus at t = 8
sec. The power transfer limits obtained through transient
stability studies for different cases are illustrated in Table IV.
The following eight cases are studied:
B.1 Nighttime:
i) Case 1 - None of the DGs generate real power
The maximum power transfer limit is 731 MW as in Table I.
ii) Case 2 - Only wind DG generates real power. Both DGs
operate with conventional reactive power control
The power transfer limit decreases slightly with increasing
wind power output.
iii) Case 3 - None of the DGs generate real power but both
DGs operate with damping control
The different variables, generator power P g, infinite bus power
Pinf, real power of wind DG Pwind, reactive power of the wind
DG Qwind, real power of the solar DG Psolar, and the reactive
power of the solar DG Qsolar are illustrated in Figure 8. Even
though the entire ratings (100 MVar) of the wind DG and solar
DG inverters are not completely utilized for damping control,
the power transfer limit increases significantly to 960 MW.
iv) Case 4 - Only wind DG generates real power but both
DGs operate on damping control
There is only a marginal improvement in power limit with
decreasing power output from the wind DG.
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(b)
Fig. 7. (a) Maximum nighttime power transfer
(899 MW) from generator while the solar DG uses
damping controller with voltage control and (b)
Voltages at generator terminal and solar DG PCC
(1.01 pu).

(a)

Fig. 5. Maximum daytime power transfer (719
MW) from generator with solar DG generating 91
MW real power.
(b)
Fig. 3. (a) Maximum nighttime power transfer
(731 MW) from generator when solar DG remains
idle (b) Voltage at generator terminal.

Fig. 8. Maximum nighttime power transfer from
generator with both DGs using damping controller
but with no real power generation.
Fig. 6. Maximum daytime power transfer (861
MW) from generator with solar DG generating 91
MW real power and using the damping controller.
(a)

(b)
Fig. 4(a) Maximum nighttime power transfer (850
MW) from generator with solar DG using damping
controller, (b) Voltages at generator terminal and
DG PCC.

(a)

B.2 Daytime:
i) Case 5 - Both DGs generate real power
The power transfer limit from the generator decreases as the
power output from both DGs increase.
ii) Case 6 - Only solar DG generates power
The power transfer limit from the generator decreases as the
power output from the solar DG increases. However, no
substantial changes in power limits are observed as compared
to the case when both DGs generate power (Case 5).

Fig. 9. Maximum daytime power transfer from
generator while both DGs generate 95MW each
using damping controller.

iii) Case 7 - Both DGs generate real power and operate on
damping control.
This case is illustrated by different variables P g, Pinf, Pwind,
Qwind, Psolar, and Qsolar in Figure 9. The power limit does not
change much with increasing power output from both DGs.
iv) Case 8 - Only solar DG generates real power but both the
DGs operate on damping control.
The power limit does not appear to change much with
increasing power output from the solar DG.
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Conventional
Control

with damping
controller.
Conventional
Control
with damping
controller.

Daytime (Psolar ≠ 0 )

Nighttime ( Psolar = 0 )

TABLE IV
Power Flows and Voltages for Study System II for both Solar DG and
Wind DG with Conventional Reactive Power Control and Proposed
Damping Control both during Nighttime and Daytime (Vg =1.05 pu)
Control
Gen.
Wind DG at Bus
Solar DG at Bus
Inf.
(5)
(6)
Bus
system
Bus
Pg
Vwnd
Pwnd
Vsol
Psol
Pinf
(MW)
(pu)
(MW)
(pu)
(MW)
(MW)
Case 1- None of the DGs generate real power
1.019
0
1.004
731
0
-708
Case 2- Only wind DG generates real power but both DGs
operate with conventional reactive power control
1.017
1.01
0
716
95
-785
1.018
1.003
0
729
20
-726
Case 3- None of the DGs generate real power but both DGs
operate with damping control
0.998
-0.7
0.982
-0.2
960
-918
Case 4- Only wind DG generates real power but both DGs
operate on damping control
0.995
0.976
-0.3
936
95
-987
0.998
0.981
-0.7
948
20
-927
Case 5- Both DGs generate real power
1.016
1.000
700
95
95
-865
1.019
1.004
726
20
20
-743
Case 6- Only solar DG generates power
1.017
0
1.002
719
95
-790
1.018
0
1.003
730
20
-727
Case 7- Both DGs generate real power with damping control.
0.99
0.972
930
95
95
-1073
1.0
0.983
923
20
20
-924
Case 8 - Only solar DG generates real power but both DGs
operate on damping control.
0.998
-0.5
0.98
938
95
-991
0.999
-0.3
0.982
944
20
-925

For Study System 2, the net increases in power transfer
limits accomplished with the proposed novel damping control
for different real power outputs from both DGs as compared to
those attained with the conventional operation of both DGs,
are depicted in Table V. The proposed damping control on the
two DGs (of rating 100 MW each) in the nighttime increases
the power transfer limits substantially by about 220 MW. This
is expected as in the night the entire inverter MVA rating of
both the DGs is available for damping control. The
improvement is slightly less when wind DG produces high
power. This is also expected as the reactive power availability
decreases with the wind DG power output. During daytime,
the proposed damping control on both the DGs also increases
the power transfer limits substantially. A greater increase is
seen during high power generation by any DG, as high power
output improves the PCC voltage profile which assists in
increasing the power transfer capacity.
TABLE V
Increase in Power Transfer Limits for Study System II with Different DG
Power Outputs
DG Real Power Outputs (MW)
Power Limit Increase (MW)

NIGHT
Psolar = 0; Pwind = 0

229

Psolar = 0; Pwind = 20

219

Psolar = 0; Pwind = 95
DAY
Psolar = 20; Pwind = 20
Psolar = 95; Pwind = 95
Psolar = 20; Pwind = 0
Psolar = 95; Pwind = 0

220
197
230
214
219

IV. IMPLEMENTATION OF PV-STATCOM ON LARGE SCALE
SOLAR SYSTEMS
The PV-STATCOM technology will be showcased, for the
first time in a utility network of Ontario on a 10 kW PV solar
system. The 10 kW solar system will be utilized for voltage
regulation and power factor correction in addition to
generating real power. Several detailed testing and validation
studies are required to be completed before the PVSTATCOM will be allowed to connect to the wires of the
utility. These include (i) PV-STATCOM controller testing
with PSCAD/EMTDC simulation studies, (ii) Controller
validation using Real Time Digital Simulation (RTDS) [21],
and finally, full scale 10 kW Lab scale demonstration of the
PV-STATCOM. Other Lab tests would be performed to meet
requirements of IEEE standard 1547 [22].
The path for implementing PV-STATCOM technology in
large real scale solar power systems is much more complex
than that for the 10 kW systems. Major issues have to
examined and addressed. With respect to inverter
technologies, adapting the PV-STATCOM concept to different
configurations of inverters – 6 pulse, multipulse, multilevel,
etc., and control coordination amongst multiple inverters in a
PV solar plant, with each operating in PV-STATCOM mode,
need to be addressed. Grid connection issues, such as,
Protection and Control, Voltage Rise and Harmonics, Short
Circuit Current Limitations, Disconnection during faults or
staying connected with Low Voltage Ride Through (LVRT)
Capabilities, need to be examined. Retrofitting PV inverters in
large solar plants with PV-STATCOM technology will have to
deal with warranty issues of inverters, in addition to
revalidation of the solar system performance with the new PVSTATCOM retrofit. Another aspect is conformance to
standards, such as, IEEE 1547 and its planned updates.
V. PRACTICALITY OF UTILIZING LARGE SCALE SOLAR FARMS
FOR ENHANCING TRANSMISSION LIMITS

The number of large solar farms is increasing worldwide.
There are at least four operating solar farms of rating 100
MW, three of which are connected at transmission level
voltages [23] with more to follow [24,25]. The 550 MW
Desert Sunlight Solar Farm Project in California will connect
to the California’s existing 500 kV transmission grid [26]. The
Grand Renewable Energy Park in Ontario, Canada, has a 100
MW solar farm connected to the 230kV transmission line [27].
Meanwhile, several new transmission lines are being
constructed worldwide to enhance power transfer capacity in
transmission corridors [28]. Examples of new lines for
carrying power from renewable sources are SWIP project [29],
CREZ initiative [4], BPA system [30]. Evidently, these new
lines are being constructed due to inadequate power transfer
capacity in these corridors. There is therefore a potential
opportunity for the large scale solar farms connected to such
lines to provide the much needed increase in power
transmission capacity to carry power from both conventional
and renewable energy sources. The concepts presented in this
paper can be applied in these scenarios.
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VI. CONCLUSION
Solar farms are idle during nights. A novel patent-pending
control paradigm of PV solar farms is presented whereby they
can be operated in nighttime as a STATCOM with full
inverter capacity and during daytime with inverter capacity
remaining after real power generation, for providing
significant improvements in the power transfer limits of
transmission systems [31,32]. This new control of PV solar
system as STATCOM is termed PV-STATCOM. The
effectiveness of the proposed controls is demonstrated on two
study SMIB systems: System I having one 100 MW PVSTATCOM and System II having one 100 MW PVSTATCOM and another 100 MW PV-STATCOM or 100 MW
wind farm controlled as STATCOM. Three different types of
STATCOM controls are proposed for both the PV solar DG
and inverter based wind DG. These are pure voltage control,
pure damping control, and a combination of voltage control
and damping control. The following conclusions are made:
1) In study system I, the power transfer can be increased by
168 MW during nighttime and by 142 MW in daytime even
when the solar DG is generating a high amount of real power.
2) In Study System II, the transmission capacity in the night
can be increased substantially by 229 MW if no DG is
producing real power. During both nighttime and daytime, the
power transfer can be increased substantially by 200 MW,
even when the DGs are generating high real power.
This study thus makes a strong case for relaxing the present
grid codes to allow selected inverter based renewable
generators (solar and wind) to exercise damping control,
thereby increasing much needed power transmission
capability. Such novel controls on PV solar DGs (and inverter
based wind DGs) will potentially reduce the need for
investments in additional expensive devices such as series/
shunt capacitors and FACTS.
The PV-STATCOM operation opens up a new opportunity
for PV solar DGs to earn revenues in the nighttime and also
daytime in addition to that from the sale of real power during
the day. This will of course require appropriate agreements
between the regulators, network utilities, solar farm
developers and inverter manufacturers.
VII. APPENDIX
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Parameters of Solar and Wind Inverter Controllers:
PI1: Kp = 1, Ti = 0.0015; PI2: Kp = 1, Ti = 0.1; PI3: Kp = 2, Ti = 0.2;
PI4: Kp = 10, Ti = 0.0015;
Damping Controllers: Tw =0.1, G= 1.0, T1=1, T2 =0.37
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