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Abstract— This paper presents a novel control of PV solar
system as a FACTS device STATCOM, termed PV-STATCOM,
for power oscillation damping (POD) in transmission systems. In
the proposed control, as soon as power oscillations due to a system
disturbance are detected, the solar farm discontinues its real
power generation function very briefly (few tens of seconds) and
makes its entire inverter capacity available to operate as a
STATCOM for POD. As soon as power oscillations are damped,
the solar farm restores real power output to its pre-disturbance
level in a ramped manner, while keeping the damping function
activated. This results in much faster restoration than that
specified in grid codes. During nighttime, the solar farm performs
POD with its entire inverter capacity. It is shown from
EMTDC/PSCAD simulations that the proposed control provides
significant increase in power transfer capacity on a 24/7 basis in
systems which exhibit both local inertial and inter-area oscillatory
modes. The proposed PV-STATCOM is about 50-100 times
cheaper than an equivalent STATCOM for providing POD at the
same location. This novel control can potentially bring large
savings for transmission utilities and open up a new revenue
making opportunity for solar farms for providing POD.

Index Terms--Photovoltaic solar power systems, voltage
control, reactive power control, power oscillation damping,
FACTS, STATCOM, power transmission, PV ramp rate

I. INTRODUCTION

OW frequency electromechanical power oscillations

(typically 0.1 - 2 Hz) are recognized as one of the major
limiting factors in power transfer over long transmission lines
[1]. Conventionally, these oscillations are damped by Power
System Stabilizers (PSS) integrated with synchronous
generators [1]. However, Flexible AC Transmission System
(FACTS) devices have been effectively utilized in power
systems for damping these power oscillations and thereby
enhancing the power transfer capability in transmission lines
[2-4]. Performances of various FACTS devices equipped with
power oscillation damping (POD) controllers are described in
literature, such as, Static Var Compensators (SVC) [5], Static
Synchronous Compensators (STATCOM) [6, 7], Thyristor
Controlled Series Compensators (TCSC) [8], and Convertible
Static Compensator (CSC) [9].
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Large scale PV solar farms in excess of 100 MW are being
increasingly connected worldwide. These include Kamuthi
(648 MW), in Tamil Nadu, India [10], Rancho Cielo Solar Farm
(600 MW), Solar Star I and Il (579 MW), Topaz Solar Farm
(550 MW), Agua Caliente Solar Project (295 MW) California
Valley Solar Ranch Farm (250 MW) in USA, and Huanghe
Hydropower Golmud Solar Park in China (200 MW) [11-13].
The potential of reduction in power system stability with
significant amount of inertia-less power injection from PV solar
plants in the grid is described in [14-16].

Smart PV inverter controls such as Constant (off-unity)
Power Factor, Volt/Var, Volt/Watt, Frequency Watt, Low/High
Voltage Ride Through, Low/High Frequency Ride Through,
etc., have been proposed [17] and also demonstrated on a large
scale PV solar farm [18]. A novel control of PV solar farm as
STATCOM (PV-STATCOM) was presented for enhancing the
connectivity of wind farms in the night [19] and for increasing
power transfer capacity through damping of power oscillations
both during night and day [20]. This control technique utilized
the entire inverter capacity in the nighttime and the inverter
capacity remaining after real power generation during daytime
for power oscillation damping. An eighth-order POD controller
for large PV solar farm was proposed in [21], whereas an energy
function based design of POD controller was presented in [22].
Both these controllers are relatively complex in design. All the
POD controls in the above papers [19-22] are based on
remaining inverter capacity during daytime. Hence, the
proposed POD capability of solar farm is limited during day,
indeed becoming zero during hours of full sun.

This paper proposes a novel PV-STATCOM control for
POD, based on a patent-pending technology [23]. In this
proposed control, if any disturbance occurs in the power system
causing undesirable power oscillations, the PV solar farm
autonomously disables its real power generating function for a
short period (typically less than a minute), and makes its-entire
inverter capacity available for operating as STATCOM to damp
power oscillations through reactive power modulation. As soon
as the power oscillations are reduced to an acceptable level, the
solar farm restores its power output to its pre-disturbance level
in a ramped manner. Another novel contribution of this paper is
that the POD function is kept activated during the ramp up of
power to its pre-disturbance value utilizing the inverter capacity
remaining after real power generation. This prevents any
recurrence of power oscillations and also allows a much faster
ramp-up than prescribed by grid codes [24] where such a
damping function during ramp-up is not envisaged.
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While [19] and [20] have both presented the control of PV
solar farm as STATCOM, [19] has dealt with voltage control
only during nighttime (not daytime) on a distribution feeder.
The damping of power oscillations in transmission systems is
not examined at all. Power oscillation damping control in a
Single Machine Infinite Bus (SMIB) transmission system is
described in [20]. This control has been demonstrated during
nighttime with full inverter capacity but during daytime with
only partial inverter capacity. This STATCOM control has the
following limitations: i) it is available only when there is
remaining inverter capacity available after real power
generation, and ii) its capability declines with increasing real
power output from solar farm, becoming completely zero
during hours of full sun.

The novel smart PV inverter control as PV-STATCOM
proposed in this paper is an altogether different control which
allows power oscillation damping as follows: i) with full
inverter capacity, and ii) both during night and day on a 24/7
basis.

The effectiveness of the proposed PV-STATCOM for POD
is demonstrated on a Single Machine Infinite Bus (SMIB)
system [25], Two-Area power system [1], and the 12 bus
FACTS power system [30] through detailed electromagnetic
transients studies using PSCAD/EMTDC software. The
Simplex optimization method embedded in PSCAD/EMTDC
[26] is utilized to design the POD controller.

In [27-29], the small signal Residue Analysis technique is
presented for determining the most effective locations of power
system stabilizer (PSS) in power systems. The same technique
is utilized in this paper to investigate the effectiveness of
specific PV-STATCOM locations for POD.

Section Il enunciates the proposed PV-STATCOM concept.
Section 11l describes the three study systems. The PV-
STATCOM model is presented in Section IV. Section V
describes the design of the POD controller. The small signal
residue analysis is presented in Section VI. EMTDC/PSCAD
simulation studies for the three study systems are presented in
Section VII, VIII, and IX, respectively. Section X illustrates the
effect of proposed PV-STATCOM control on power system
frequency. The conclusions are drawn in Section XI.

II. CONCEPT OF PV-STATCOM

Fig. 1 shows the typical real power output of a PV solar farm
P during a sunny day and the remaining reactive power capacity
Q during a 24-hour period for that day. The proposed smart
inverter PV-STATCOM has two modes of operation illustrated
in Fig. 1, which are described below:

A. Partial PV-STATCOM mode
In this mode, the PV inverter capacity remaining after real
power generation is utilized for STATCOM mode of operation.
This mode is available during daytime.

B. Full PV-STATCOM mode

In this mode, the entire PV solar farm inverter capacity is
made available for STATCOM mode of operation. During
daytime, as soon as any unacceptable low-frequency power
oscillations due to any system disturbance are detected, the real
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power generation function is discontinued. The solar inverter is
then transformed into a STATCOM with the entire inverter
capacity made available for reactive power modulation.
Depending upon the system need, reactive power up to the
entire inverter capacity can be utilized for power oscillation
damping. Once the low-frequency oscillations are damped, the
real power generation function is reinstated. The solar farm then
ramps up its real power output to the pre-disturbance level
while continuing to perform POD in the Partial PV-STATCOM
mode. During nighttime, the Full-STATCOM mode is available
continuously for POD with reactive power modulation utilizing
the entire inverter capacity.

The solar farm has another operating mode termed Full PV
mode, in which it generates real power based on available

irradiance at unity power factor with no smart functions.
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Fig. 1. PV Real and Reactive power during 24 hours on a sunny day

III. MODELING OF STUDY SYSTEMS

A. Study System 1: Single Machine Infinite Bus (SMIB)
System
Fig. 2 illustrates the single line diagram of the large
synchronous generator connected to an infinite bus through a
600 km line [25]. A 100 MW PV solar farm connected at the
mid-point of the transmission line.
Synchronous
generator

OF

Bus 1 Bus 3
r

PV-STATCOM

Fig. 2. Single-line diagram of an SMIB system with a 100 MW PV plant
connected midline.

B. Study System 2: Two-Area Four Machine System

The Two-Area system having four generators connected with
the 220 km tie-line [1] is depicted in Fig. 3. A 100 MW PV
system is connected at the midpoint of the tie-line between
buses 7 and 9. In both study systems, the synchronous
generators are represented by their detailed sixth-order model
and DC1-A-type exciter [1]. No Power System Stabilizer (PSS)
are installed on generators. The parameters for SMIB system
and the Two-Area system are provided in [1] and [25],
respectively. The Two-Area system exhibits both local inertial
mode and inter-area mode of oscillations in the power flow [1].
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C. Study System 3: 12 Bus FACTS power system Fig. 4. 12 bus FACTS power system with 100 MW PV solar system

The 12 bus FACTS power system widely is used for atbus 4
studying the impact of FACTS controls [30, 31]. To
demonstrate the effectiveness of the proposed controller, POD
studies with PV-STATCOM are performed on the 12 bus
FACTS power system having multiple oscillatory modes. In
this study, no PSSs are considered on generators.
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Fig. 5. PV-STATCOM controller
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IV. MODELING OF PV-STATCOM

Fig. 5 portrays the different components of the PV system
and the PV-STATCOM controller, which are described below.

A. PV Panels and Inverter:

The aggregated PV panels are represented by an equivalent
panel model which generates PV dc current based on the V-1
characteristic of the PV panels [32]. The aggregated solar farm
inverter is considered to be of three-phase six-pulse
configuration with a DC link capacitor [33]. The PV inverter is
connected to the grid through an LCL filter designed based on
[34]. The symbols Vi, Qup, P, lpv represent the voltage,
inverter reactive power, inverter real power and inverter current
at the PCC, respectively.

B. Inner Loop Controller

The inner loop controller provides decoupled d-q axis
control of real and reactive power based on the d axis reference
current lq_rer and g axis reference current ly_rer, respectively [33].
This controller provides the modulation indices mg and mq
which are transformed in the dg/abc block to the three phase
modulation indices ma, my, mc. These are used for generating
inverter triggering pulses using Pulse Width Modulation
(PWM) [31]. The abc to dq transformation unit and Phase
Locked Loop (PLL) unit are designed based on [33]. In Fig. 5,
Vqc denotes the PV-STATCOM DC link voltage while Vg, Ig,
Vq, |q represent the direct and quadrature voltages and currents
of PV system, respectively.

C. DC Voltage Controller

The DC voltage controller has two components: i) the
Maximum Power Point Tracking (MPPT) block with a Pl
controller, and ii) a DC voltage controller [35]. During
conventional PV operating mode, based on the VI characteristic
of the PV panels, the MPPT block utilizes Vqc and l4c to generate
the reference voltage Vc.rer, Which eventually produces lg_res for
the inner-loop controller. In STATCOM control mode, S:
changes to position 2 and the DC voltage Vqc is regulated to PV
panel open circuit voltage to disable real power injection from
the PV solar panels [36]. The open-circuit voltage is not a
constant and depends on the incident irradiance and
temperature. For the specifically utilized PV panel in the solar
farm, the largest open circuit voltage obtained from various
(manufacturer supplied) power-voltage characteristics for
different realistically prevalent temperatures and solar
irradiance [32] is chosen as Vi for the DC link voltage
controller module in Fig. 5.

D. Conventional PV controller

The conventional PV controller regulates the inverter reactive
power such that PV power output is at unity power factor [33].
This controller has been adopted from [33], [35], [37] and is
utilized only during normal operation of the power system in
which unity power factor is required for PV systems. In this
control, Q is set to zero during steady state operation resulting
in Ig ref = 0. It is clarified that this controller is deactivated
during disturbances, i.e. during power oscillations. In this
situation, lq ref IS generated with the Q-POD controller in a
closed loop manner

E. Q-POD Controller

The Q-POD controller controls the reactive power output of
PV-STATCOM to damp the low-frequency electromechanical
oscillations. In this paper, the magnitude of the line current at
the PCC of solar farm is selected as the control signal for POD
[20]. In Study System 1, i represents the midline current where
the PV system is connected. Meanwhile, in Study System 2, i
represents the line current between buses 9 and 10. The i, signal
is fed to the washout filter [34] to remove its steady state
component. The POD controller transfer function is selected as:

1+ 5Teqa
G,(t) =G X 1+ 5Ty )
where, G represents the controller gain; and Tieag and Tiag
denote the lead and lag time constants, respectively.

The operating principle of POD controller is described in
detail in [1], [5-7]. This controller effectively adds adequate
phase lead or phase lag to a selected system oscillatory mode to
enhance its damping. In this paper, the oscillatory modes for
different study systems are selected and the corresponding
optimized lead-lag controllers are designed based on an
optimization process described in Section V. This POD
controller generates the reference signal lq rer for PV inverter
inner loop controller to control PV reactive power.

F. Oscillation Detection Unit (ODU)

The ODU autonomously detects the occurrence of
unacceptable  low-frequency electromechanical — power
oscillations caused by any grid disturbance such as faults.
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Fig. 6. Flowchart of the operation of Oscillation Detection Unit
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The ODU operates based on the flow chart depicted in Fig.
6 and generates the On/Off status signals for switches Si, Sy,
and S;. The oscillatory component of line current Aij is
compared with a predefined value € which in this paper is
chosen as 5%. If the variation is more than ¢ the Full PV-
STATCOM mode is activated for POD control and the PV real
power is reduced to zero.

G. PV Real Power Controllers

These controllers are responsible for the restoration of real
power output of the PV solar farm to its pre-disturbance level
after power oscillations are damped with the Full PV-
STATCOM mode of operation. Grid codes such as [39] require
the solar farms to restore their power with a prespecified ramp
rate so that any voltage and power oscillations can be prevented.
No damping function is envisaged in these grid codes during
the process of power ramp-up.

A novel power restoration technique is proposed in this
paper, according to which the solar farm continues to perform
POD during the entire power restoration process in the Partial
PV-STATCOM mode. This prevents the recurrence of power
oscillations while power is being restored to its pre-disturbance
level. The proposed technique allows a much faster ramp rate
to be achieved since power oscillations continue to be damped
during the entire restoration process.

Two power restoration techniques are implemented in the
PV Real Power Controllers shown in Fig. 6, and described
below.

1) Power Restoration in a Ramped Manner

In this mode, the controller changes the PV real power output
from zero to the pre-disturbance PV power level in a ramped
manner with a ramp rate of Ky starting at time t = t. This is the
normal recommended mode for restoration of solar farms by
grid codes [39] and smart inverter functions. No damping
function is envisaged during ramp-up [17], [39].

2) Proposed Power Restoration in the Partial
STATCOM mode with POD control active

In this mode, the controller changes the PV real power output
from zero to the pre-disturbance PV power level in a ramped
manner with a ramp rate of K’y starting at time t = ts. The solar
farm is operated in the Partial PV-STATCOM mode with POD
control active.

A variant of this technique is also shown in this paper,
according to which the power is restored from zero to the pre-
disturbance level in a nonlinear mode starting at t = t with an
exponential time constant t.. This time constant can be
determined based on the decay time constant of the ambient
power oscillatory modes.

During real power restoration process, the solar farm
performs POD in Partial PV-STATCOM mode with reactive
power capacity available after real power generation at that time
instant. The reactive power limit Qjim which continuously keeps
declining as the real power gets restored to its original pre-
disturbance level is given by Qi = VS? — P?,where, S
represents the total inverter capacity, P is the inverter real
power output and Qy;, is the maximum available inverter
capacity during power restoration.

PV-

V. POD OpPTIMIZED CONTROLLER DESIGN

The POD controller parameters - Gain, Lead and Lag time
constant are determined by the Simplex optimization technique
[40] embedded in the PSCAD/EMTDC software [26]. In this
paper, the aim is to minimize the low frequency power
oscillations in line current. The corresponding Objective
Function (OF) is defined as:

Tz 2
OF = f (i — iy rep)” dt 3)
Ty

where, ii_ref is the reference value of the midline current ij. Ty
and T, are the start and end time instants of the current
oscillations after the fault, respectively. The main concept of
the embedded optimization is to run a Slave simulation to
determine the value of the (OF) in the in run. The results are
then sent to a Master project to check if the results are
converging and a new set of POD controller parameters are
generated for the i+1™ iteration. The OF converges in about 40
and 59 runs for Study Systems 1 and 2, respectively.

VI. SMALL SIGNAL STUDIES OF PROPOSED POD CONTROL

The efficacy of the PV-STATCOM for POD at different
locations is demonstrated through small signal residue analysis
[29] in Matlab. The magnitude of residue is an indicator of the
effectiveness of POD controller [29]. The higher the magnitude
of the residue the better the location of PV-STATCOM for
POD. In the Two-Area power system, five different locations
considered for PV system placement are at buses 6, 7, 8, 9, and
10. Fig. 7 shows the residues for different PV-STATCOM
locations with varying levels of power transfer from area A to
B and vice versa. The highest residue for the maximum midline
power transfer of 400 MW is observed at Bus 8 and hence the
PV-STATCOM is connected to bus 8.
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Fig. 7. Residue analysis for PV-STATCOM POD controller

VII. CASE STUDY 1: THE SMIB SYSTEM
This case study presents the improvement in power transfer
capability in Study System 1 (SMIB System) through power
oscillation damping with the proposed PV-STATCOM control.
A three phase to ground fault is initiated at generator bus at
t = 2 sec for 5 cycles in the different studies. The simulations
are performed using PSCAD/EMTDC software.

A. Power transfer without PV-STATCOM Control
Fig. 8 depicts the mid-line real power flow at the PCC bus
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of the PV solar farm as well as the power output of the solar
farm. In this study, as soon as the fault occurs, the PV solar farm
is disconnected thereby reducing its power output from 100
MW to zero.

The line power transfer limit is evaluated by conducting a
5-cycle three-phase-to-ground fault for a given line power
magnitude and observing the damping ratio of the ensuing
power oscillations after the fault is cleared. The line power is
gradually increased until the damping ratio of the power
oscillations becomes just less than the utility acceptable value
of 5% [1], [3], [41]. This magnitude of the power transfer is
considered as the power transfer limit. Based on the above
procedure, it is determined that the SMIB system can transfer
at most 200 MW power from the synchronous generator in
addition to the 100 MW power generated by the PV solar farm.

To examine the effect of increased power transfer, a similar
fault study as above is conducted with 430 MW generator
power. This results in unacceptably large power oscillations as
shown in Fig. 8.

[——PV Real Power —— Midiine Power (430 MW) —— Vidiine Power (200 MW)|
. N N\
WV L{\ \N

Timeis)
Fig. 8. Maximum power transfer capability of the SMIB system

B. Power transfer with Full PV-STATCOM Damping
Control and Power Restoration in Normal Ramped Manner

This study is conducted with a generator power of 430 MW
and PV solar farm producing its rated power output of 100 MW
at mid-noon with maximum solar irradiance. Fig. 9 (a) depicts
the midline power flow and the PV solar power output, whereas
Fig. 9 (b) and (c) demonstrate the reactive power of the PV-
STATCOM and PCC voltage, respectively. The proposed Full
PV-STATCOM control utilizes the entire inverter capacity for
reactive power modulation to successfully damp the power
oscillations to within acceptable limits in 8 seconds. The PCC

voltage is also rapidly stabilized.
a0 T

—~ 400 —\f\/\/" :
f . — "V Real Power == Midline Real Power
2 200 : | = i J
I o B IEE——
1] i I i i
0 5 10 15 18's9p 25 30 35 40
(a)
2
g
é
Z
100 P IO W T (DPUTOn See
15 20 () 25 30 35 40
1.5 T
=
[=9
; 05
0 ; ; : ; L
1] 5 1 15 30 35 40}

20 25
Time(s) (c)
Fig. 9 (a) Midline and PV system real powers, (b) PV-STATCOM reactive
power, (c) Midline voltage during POD and normal ramped power restoration.

6

It is recommended [18] that power restoration from a PV
solar farm from zero to its rated level may be done with a typical
ramp rate of 10% of rated capacity in 1 minute to avoid any
power oscillations. In this case study, the fastest ramp rate
which will expectedly not cause any resurrection of power
oscillations is determined from simulations to be 5.5 MW/sec.
Therefore, once power oscillations stabilize, the restoration of
PV solar power output to its pre-disturbance value is
commenced at t = 12 sec (incorporating the 2 sec factor of
safety) with the above-obtained ramp rate of 5.5 MW/sec. It is
noted that the power is completely restored in a period of 18
sec, with no ensuing power oscillations.

Power oscillation damping is accomplished by FACTS
devices such as Static Var Compensators (SVCs) [1-3, 25, 29]
and STATCOMs [4-7, 38] through dynamic reactive power
control using their entire rated capacity. This helps increase the
line power transfer capability which is limited from power
oscillation damping considerations [1-3]. The proposed PV-
STATCOM control transforms an existing PV solar farm into a
STATCOM of same size. The PV-STATCOM therefore
accomplishes an increase in power transfer capacity in a similar
manner as an SVC or STATCOM. Although not included in this
paper, system studies have shown that a smaller size PV solar
farm (less than 100 MW) as PV-STATCOM causes a smaller
increase in power transfer, whereas a larger size PV solar farm
as PV-STATCOM results in a larger increase in power transfer.
This performance is similar to SVCs and STATCOMs.

C. Power transfer with Full PV-STATCOM Damping
Control and Ramped Power Restoration with POD control
active in Partial PV-STATCOM Mode

This study is performed to demonstrate the effectiveness of
the proposed restoration technique for the same system
operating conditions as in previous Case B.
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Fig. 10. (a) Midline and PV system real power, (b) PV-STATCOM reactive
power, (c) Midline voltage during POD and power restoration in Partial PV-
STATCOM damping mode.

Fig. 10 (a) depicts the midline power flow and the PV solar
power output, whereas Fig. 10(b) and (c) illustrate the reactive
power of the PV-STATCOM and PCC voltage, respectively.
The PV real power is restored in a ramped manner with power
oscillation damping continually being performed in the Partial
PV-STATCOM mode during the ramp-up. For better
illustration, the reactive power modulation during the
restoration period is indicated in a red dashed circle. It is evident
from Fig. 10 that with this novel restoration technique the
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restoration of power to the pre-disturbance value is achieved in
only 5 sec as compared to 18 sec in the previous case. This
technique successfully prevents any recurrence of power or
voltage oscillations.

D. Nighttime Power transfer enhancement with Full PV-
STATCOM Power Oscillation Damping Control

The same 5 cycle fault at t = 2 sec is initiated for a generator
power output of 430 MW at nighttime. Fig. 11 (a) portrays the
behavior of 430 MW power flow in the tieline with and without
the PV-STATCOM POD control. Fig. 11 (b) illustrates the
reactive power of the PV-STATCOM. The solar farm with the
proposed Full PV-STATCOM POD control successfully
enables the same increase in power transfer from 200 MW to
430 MW in the nighttime, as in daytime.

Midline Power (Without POD) = Midline Power (With I’OD]|

[ =PV Real Power

0 5 10 15 20 25

| , |(b)
0 5 1 15 20 25

Fig. 11. Nighttime (a) Midline real power with and without POD with PV-

STATCOM control, (b) PV-STATCOM reactive power during POD.

VIII. CASE STUDY 2: TWO-AREA POWER SYSTEM

A. Power transfer without PV-STATCOM Control

In this case study for the two-area power system depicted in
Fig. 3, the tie line power is transferred from Area A to Area B
equally through Lines 1 and 2 under normal operation. A three
phase to ground fault is initiated at t = 2 sec for 5 cycles in Line
2 close to Bus 9. The circuit breakers disconnect the faulted line
2 and the entire tie line power is subsequently transferred
through Line 1. The midline connected PV solar farm is
considered to produce its rated 100 MW power at noon under
maximum solar irradiance.

—Midline Real Power (430 MW) —PV Real Power —Midline Real power (230 MW)

* A Mot AL
I

: T
IO |

=500
0 5 w 15 20
Time(s)

Fig. 12. Midline and PV real power in Two-Area system (230 MW and 430
MW power transfer)

Fig. 12 shows the midline real power and the PV solar power
for this study. As soon as the fault occurs the PV solar farm is
disconnected. Severe oscillations in power flow are observed if
the prefault tie-line power is considered to be 430 MW. The
maximum tie line power that can be stabilized post fault with a
damping ratio of 5% [37] is 230 MW. In this study, the
objective is to increase the line power transfer limit from 230
MW to 430 MW.

P(MW)
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B. Power transfer with Full PV-STATCOM Damping
Control and Power Restoration in Normal Ramped Manner

As soon as power oscillations are initiated, the solar power
output is reduced to zero and the solar farm is transformed to
Full PV-STATCOM with POD control. The proposed PV-
STATCOM control then utilizes its entire inverter capacity for
POD to stabilize the power system and increase the power
transfer. Fig. 13 (a) illustrates the midline power and the PV
real power. Figs. 13 (b) and (c) show the PV-STATCOM
reactive power and PCC bus voltage, respectively. The PV-
STATCOM POD function successfully stabilizes the power
oscillations to within acceptable limits in about 10 sec (just
before t = 12sec). The PCC voltage oscillations are also
mitigated rapidly. The power restoration is commenced at t=15
sec, after a 2 sec delay for safety purpose. The solar power is
ramped up to its pre-disturbance level of 100 MW at a rate of
5.5 MW/sec as determined earlier in about 18 sec.
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Fig. 13. (a) Midline and PV real power, (b) PV reactive power, (c) Midline
voltage during POD and power restoration in a normal ramped manner.

C. Power transfer with Full PV-STATCOM Damping

Control and Ramped Power Restoration with POD control

active in Partial PV-STATCOM Mode

This study is performed to illustrate the efficacy of the

proposed restoration technique for the same system operating
conditions as in the previous Case B.
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Fig. 14. (a) Midline and PV real power, (b) PV reactive power, (c) Midline
voltage during POD and power restoration in a fast ramped manner.
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Fig. 14 (a) depicts the midline power flow and the PV solar
power output whereas Fig. 14 (b) and (c) demonstrate the
reactive power of the PV-STATCOM and PCC voltage,
respectively. It is evident that POD with Partial PV-STATCOM
mode of operation reduces the time of PV power restoration to
its pre-disturbance level of 100 MW in just 5 sec. This is 3.5
times faster than without the proposed restoration technique.

D. Power transfer with Full PV-STATCOM Damping
Control and Nonlinear Power Restoration with POD control
active in Partial PV-STATCOM Mode

This study is presented to show the effectiveness of an
alternate technique of power restoration in a nonlinear
(exponential) manner, after the power oscillations have been
damped through POD control in Full PV-STATCOM mode of
operation. The time constant of the exponential restoration is
determined from a hit and trial process. During the restoration
period, the POD function remains activated in Partial PV-
STATCOM mode to damp the power oscillations. Fig. 15
illustrates the midline power flow and the PV solar power
output for this case. In this case, 95% of entire pre-disturbance
PV real power is restored within 2 sec and the remaining 5% is
restored in 1 sec. The nonlinear PV restoration technique thus
significantly reduces the restoration interval from 18 s to 3 s.
This is presented just as an initial study. More work is needed
to systematically determine the time constant of the exponential

ramp-up, which is outside the scope of this paper.
600 T T T T T

’g 400F
= W0FE | = PV Real Power = Midline Real Power] |
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Fig. 15. Midline and PV real power when power is restored nonlinearly

E. Nighttime Power transfer enhancement with Full PV-
STATCOM Power Oscillation Damping Control
The effectiveness of the proposed Full PV-STATCOM
based POD control subsequent to the same fault as in Case A
during nighttime is presented in this study.

| — Midline Power (430 MW}  ——— PV real Power

Midline Power {230 MW) |
I | 1
I R ,||[i|1|||[|||n[||

S00F

P(MW)

~500) : y
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= Midline Real Power =———PV Real Power
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Fig. 16. Nighttime (a) Midline real power without POD with PV-STATCOM
control, (b) Midline real power with Full PV-STATCOM POD Control, (c) PV-
STATCOM reactive power.
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Fig. 16 (a) portrays the behavior of 230 MW and 430 MW
of power flow in the tieline without the PV-STATCOM control.
Figs. 16(b) and (c) demonstrate the tieline power and PV system
reactive power. The maximum power transfer in the tie line is
only 230 MW. The proposed control increases the power
transfer capability of the tieline from 230 MW to 430 MW, i.e.,
by 200 MW.

F. Comparison between Partial and Full STATCOM

The Partial STATCOM mode of PV-STATCOM is unable to
provide any power oscillation damping during hours of full-sun.
This is because the entire inverter capacity is used up for
generating real power and no inverter capacity is left for POD
through reactive power control. The Full-STATCOM mode of
PV-STATCOM is therefore proposed in this paper based on
patent [23], which allows the PV solar farm to provide POD
with full inverter capacity even during hours of full sun.

Midline Real Power

T
400 |
s — Partial PV-STATCOM
= 200 = 4
=~ —— Full PV-STATCOM
0
(@)
PV Real Power
100 ‘
s 50 | —— Partial PV-STATCOM |
=3 —— Full PV-STATCOM
0 il
! i | |
0 5 10 15 20
(b)
Time (s)

Fig. 17 a). Midline real power in Partial and Full STATCOM modes of
operation; b) PV real power in Partial and Full STATCOM operating modes

A comparative study of Full and Partial STATCOM modes
of operation of PV-STATCOM in Two-Area power system is
presented for a PV power generation level of 80 MW (80% of
its rated capacity). Fig. 17 depicts the mid line power and PV
system real power when POD is performed with both Partial
STATCOM operating mode (60 Mvar remnant inverter
capacity) and Full STATCOM operating mode (100 Mvar full
inverter capacity). If PV real power output is kept unchanged
and POD is performed with Partial STATCOM operating mode,
the oscillations in the midline real power get damped in 20 sec.
However, if the real power output is reduced to zero and POD
is performed with Full STATCOM operating mode, the midline
real power oscillations are damped within 10 sec. This study
clearly demonstrates the effectiveness of the Full STATCOM
mode of operation over the Partial STATCOM operating mode.

IX. EFFeECT OF PV-STATCOM CONTROL ON SYSTEM
FREQUENCY AND PV SYSTEM LOSSES

The proposed POD utilizing reactive power control is not
expected to create any adverse impact on system frequency.
The proposed PV-STATCOM control provides only damping
of power oscillations. This may indirectly alleviate the
frequency deviations as well. Fig. 18 depicts the power system
frequency with POD control with PV/-STATCOM (Case C) and
without POD control (Case A) of the Two-Area power system
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considering a tie-line power flow of 430 MW. For the two-area
study system, it is shown from Fig. 18 that that the proposed
POD control of PV-STATCOM not only damps power
oscillations but also reduces the frequency oscillations that
would be caused in the absence of such a control.
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Fig. 18. Effect of PV-STATCOM control on system frequency in Two-Area
Power System

The proposed PV-STATCOM control transforms an existing
large PV solar into a STATCOM of same size (rating). The
losses in PV-STATCOM during POD will be similar to the
losses in an actual STATCOM of equivalent size, which are
acceptable in power industry.

X. CASE STUDY 3: 12 BUS FACTS POWER SYSTEM

This section presents the efficacy of the proposed PV-
STATCOM POD control on the more complex modified 12 bus
FACTS power system [30, 31]. According to [31], a permanent
disconnection of line between bus 4 and 5 following a fault
causes low frequency oscillations to appear in Generator 3 and
4. These oscillation can be damped individually with 100 Mvar
SVC unit at bus 4 [31]. In this section the same functionality of
SVC in [31] is achieved with the proposed POD controller of
PV-STATCOM in Full STATCOM mode. To damp both Gs
and G4 oscillations, w5 and w, are used as control signals for
the POD controllers. Fig. 19 illustrates the result for POD with
PV-STATCOM in the 12 bus FACTS power system. At
t =5 sec, the line between bus 4 and 5 is disconnected after a
three-phase fault at bus 4 for 5 cycles.
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Fig. 19. (a) PV-STATCOM real and reactive power, (b) Generator 4 speed
deviation (c) Generator 3 speed deviation in 12 bus FACTS power system.
Fig. 19(a) illustrates that as soon as low frequency
electromechanical oscillations appear, the PV system operation
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switches from the conventional mode to PV-STATCOM mode
and damps the oscillations. Once the oscillations decay to less
than the acceptable limit, the PV real power is restored to the
prefault level of P,=100 MW with the proposed restoration
technique described in Section V111 D. Fig. 19 (b) and Fig. 19(c)
depict the speed deviations of generators Gs, and Gs
respectively. Itis clearly seen that the proposed PV-STATCOM
controller successfully damps the power oscillations in 3 sec.
Furthermore, the PV real power restoration has no adverse
effect on the speeds of the generators.

XI. CONCLUSION

This paper presents a novel smart control of transmission
line connected large PV solar system as a STATCOM, termed
PV-STATCOM, for damping power oscillations and thereby
substantially increasing the power transfer capacity of the
network. The proposed control provides POD through reactive
power modulation utilizing the entire inverter capacity during
nighttime. During daytime the solar farm discontinues its real
power generation function very briefly (about 15 sec) and
utilizes its entire inverter capacity for POD. It subsequently
restores power generation to its pre-disturbance level in a
gradual manner while keeping the POD function activated
utilizing the remaining inverter capacity. EMTDC/PSCAD
simulation studies demonstrate the effectiveness of the
proposed PV-STATCOM control in a single machine infinite
bus (SMIB) system which exhibits local inertial oscillatory
mode, two-area system which displays both local inertial and
inter-area modes of oscillations, and the 12 bus FACTS power
system which has multiple interarea modes of oscillations.

In SMIB system, a 100 MW midline connected PV solar
system increases the power transfer capacity by 230 MW,
whereas in the Two-Area system a 100 MW PV solar system
increases the power transmission limit by 200 MW. Moreover,
the proposed power restoration technique keeping POD
activated is more than 3 times faster than that specified by grid
codes (without POD function). The temporary (about 18 sec)
shutdown of real power production function for POD is not seen
to cause any adverse impact on system frequency.

The proposed PV-STATCOM provides 24/7 functionality of
an equivalent STATCOM for POD at the same location. This
PV-STATCOM is expected to be about 50-100 times lower in
cost than an equivalent STATCOM as it utilizes the existing
infrastructure (substation, bus-work, transformers, circuit
breakers, protection systems, etc.) of a PV solar farm to
transform it into a full scale STATCOM of similar size.

The PV-STATCOM as an alternate FACTS device is
expected to bring significant savings for utilities seeking to
increase their power transmission capacity. It also opens a new
revenue making opportunity for transmission connected solar
farms to provide 24/7 STATCOM functionality at substantially
lower cost. Implementation of this technology of course
requires appropriate agreements among utilities, system
regulators, solar farm developers and inverter manufacturers.

The objective of this paper is to propose a novel control of
a single PV solar farm as PV-STATCOM for power oscillation
damping during day and night. If the P\V-STATCOM control is
implemented on multiple PV solar farms in electrical proximity,
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the PV-STATCOM controls will need to be coordinated in a
similar manner as coordination of multiple FACTS devices, and
HVDC and FACTS devices [3,38, 41, 44-47]. The control
coordination among multiple PV-STATCOMs will ensure that
all the participating PV-STATCOMSs will simultaneously
provide power oscillation damping and concurrently return to
normal operation after the oscillations are damped out. This
control coordination requires detailed control design and
system studies, which are outside the scope of the present paper.
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