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Abstract—This paper proposes a new fast technique in which
the slope of a PV inverter current is utilized to predict if the
current is expected to exceed its rated value due to any grid
faults. Two applications of this technique are demonstrated. In
jurisdictions where grid codes require DGs to disconnect after a
fault occurrence, such as in Ontario, Canada, this technique is
utilized to rapidly disconnect the PV solar system even before the
inverter short circuit current actually exceeds the rated current
of the inverter thereby obviating the problem of any adverse
short circuit current contribution into the grid. However, in
regions where grid codes require DGs to stay connected and
provide grid support, such as, Low Voltage Ride Through
(LVRT), this technique can be used to rapidly and autonomously
transform the PV solar farm into a dynamic reactive power
compensator STATCOM (termed PV-STATCOM) for providing
voltage support function. In this paper, the PV-STATCOM is
used to stabilize a critical induction motor load in the vicinity of
the solar farm, which would have otherwise become unstable due
to the grid fault. PSCAD based simulation studies are performed
on a realistic distribution network to demonstrate the
effectiveness of this technique.

Index Terms— Photovoltaic (PV) systems, Distributed
Generator (DG), Inverter, Short Circuit Current, Protection,
STATCOM, PV-STATCOM, Flexible AC Transmission System
(FACTS)

I. INTRODUCTION

N electric power systems, integration of more Distributed

Generators (DGSs) in the network increases the short circuit

level due to the short circuit current contribution of the DGs
during faults [1]-[4]. Compared to the synchronous and
induction machine based generators the inverter based
generators, such as Photovoltaic (PV) solar systems,
contribute lower fault current to the network due to the
characteristics of PV panels and inverter operation [2]. The
short circuit current contribution from a PV system inverter is
typically in the range of 1.2 times rated current for the large
size inverter (1MW), 1.5 times (500kW) for medium size
inverter and between 2 - 3 times for smaller inverters [5]-[6].
Although, each PV solar farm may contribute short circuit
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currents as above, the total amount of fault current
contribution may become unacceptably large for a feeder
which has several PV systems connected [7],[8]. It is
apprehended that short circuit current contributions from
multiple solar systems in the distribution feeders may add up
to levels that could be damaging to the circuit breakers. Hence
circuit breakers will need to be upgraded and substations will
need to be modified at significant cost to the utility. This has
resulted in the denial of about 45% applications for solar farm
connections in  Ontario, Canada, during 2011-13.
Consequently a major effort was launched by CanSIA, the
national trade association representing the solar energy
industry in Canada, to investigate the true impact of short
circuit currents from PV inverters, and their mitigation
measures [5]. The objective was to prevent the loss of
opportunity to integrate more PV based renewable generation
in the Ontario distribution systems.

It is important to note that in Ontario, and in some other
jurisdictions in Canada, it is required to disconnect the PV
solar farms or any other DGs upon detection of fault on the
system [9]-[11]. However, in several jurisdictions such as
Europe [12]-[13] and recently in California [14], grid codes
require the DG inverters to stay connected and provide Low
Voltage Ride Through (LVRT) capability during fault
scenarios. It is therefore important to detect the faults rapidly,
and either disconnect the DGs from the network or provide
grid support functions e.g. LVRT, as quickly as possible,
depending upon the prevalent grid code requirements.

As a first step, adequate modeling of PV solar plants for
predicting their short circuit contributions during network
faults, is essential [2], [14], [15]. The traditional relay
technologies mainly use overvoltage, undervoltage and
overcurrent signals to detect the faults, and subsequently
operate protective breakers [4], [16]. Continuous Wavelet
Transform (CWT) has been used to process voltage and
current transients for calculating the change in supply
impedance. The occurrence of a grid fault can be identified
within half a supply cycle and decision can be made if the
fault requires a distributed generation unit to be disconnected
[17]. A four-stage fault protection scheme against short-circuit
fault for inverter based DGs is proposed in [18]. The inverter
is initially controlled as a voltage source, which changes to the
current controlled mode upon detection of the fault, thereby
limiting the inverter output current. A lab validated pilot
protection system based on time-synchronized measurements
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of instantaneous currents is proposed in [19], that is capable of
tripping the fault in less than half a cycle.

Electronically triggered fault current limiters (FCL) have
been used effectively to limit short-circuit currents [20]-[22].
Two types of FCLs are typically utilized. An un-interrupting
FCL reduces the fault current magnitude to an acceptable
level, which is about three to five times the maximum normal
state current, which can be safely interrupted by the existing
circuit breaker. An interrupting FCL can also act as a circuit
breaker and interrupt the fault current. FCLs thus permit
extending the service life of existing equipment while
increasing the overall reliability of power systems due to their
fast (almost instantaneous) operation. A concept of rate of
change of current has been proposed as a minimum fault-
current change limit to prevent nuisance current-limiter
operation [23]. The current slope signal di/dt is utilized to
detect a grid fault and rapidly operate a Fault Current Limiter
in less than half a cycle [24].

So far, the above fast fault detection techniques have been
used for protection of network and DGs; and for
unsymmetrical fault detection in fault current limiters (FCL).
However these techniques have not been used to prevent any
short circuit current contribution in excess of the rated or
utility-acceptable current output of PV solar inverters.

This paper presents a new fast short circuit current detection
technique based on the rate of rise of current together with the
current magnitude in a PV solar system based DG, deriving its
concepts from the patent [25]. The short circuit current is
detected very rapidly and any of the following two control
operations can be initiated, per the applicable grid code in that
region:

i) disconnect the PV inverter before the current exceeds the
rated output current of the inverter. This rapid disconnection
of DG prevents the fault current to rise beyond the utility
permissible limits. Implementation of such a strategy
potentially alleviates the problem of short circuit currents from
PV solar systems which led to the delay or denial of their
connectivity in regions such as in Ontario. It is emphasized
that the objective of the proposed technique is not to detect the
occurrence of any fault in the network but only to identify
such fault conditions during which the inverter short circuit
current is likely to exceed its rated magnitude. The intent is to
disconnect the inverter as rapidly as possible, as soon it is
predicted that the short circuit current will reach limits
considered unacceptable by the interconnecting utility.

ii) transform the PV inverter into a dynamic reactive power
compensator STATCOM and provide grid support functions.

A new concept of utilizing PV solar farms as STATCOM
(PV-STATCOM) both during nighttime and daytime for
different grid support functions was introduced in [26] - [28].
These functions include dynamic voltage support to increase
the connectivity of neighbouring wind farms, enhance power
transmission capacity through power oscillation damping, etc.
The short circuit current detection technique proposed in this
paper can be utilized to shut down the real power generating
function of the PV solar farm very rapidly in the event of a
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fault, and autonomously transform the PV solar farm into a
STATCOM (PV-STATCOM) with full inverter capacity. This
smart inverter control concepts is based in part on the pending
patent [29].

In this paper a case study is presented when a fault in the
network causes a critical inductor motor load to get
destabilized. Shutdown of these critical IM loads, even for a
short duration of few minutes, can result in significant
economic loss to the industrial facility using these IMs
[30],[31], as the entire batch of materials (e.g. petrochemicals,
automotive parts, chemicals, medicinal products) being
transported/served by these motors may get damaged. The
proposed technique does not disconnect the PV inverter.
Instead it transforms autonomously and rapidly the PV solar
inverter into a STATCOM and helps stabilize this critical
induction motor load. An initial study on non-autonomous
stabilization of induction motors using the concepts of the PV-
STATCOM technology was discussed in [32].

In Section I, the study system model is described with the
proposed controller. Section Il presents case studies for
symmetrical fault, asymmetrical fault and faults at different
locations. Application of the proposed method for stabilizing a
critical induction motor load is presented in section IV.
Discussions on the results are presented in section V. Finally,
section VI concludes the research outcomes.

Il. SYSTEM MODEL

The study system is comprised of a typical realistic
distribution network with a PV solar farm [33] as shown in
Fig. 1.

A. System Description

The study system consists of a 25 km long 27.6 kV feeder
connecting the transmission network through a substation
having two 47 MVA transformers [33]. The equivalent source
impedance is combined with the transformer impedance in the
system model. The overhead lines [34] and entire network is
modeled in PSCAD/EMTDC software.

2x47 MVA
115/27.6kV Grig B PCC
C J” U 125km 6.5 km 6.5 km |
%%
Source %
3L-G Adjacent Static Load ~ Static Load
Fault  Feeder Load 75MVA | Static Load

0.4/27.6kV

DC/DC J_
COnverter

Fig. 1. One line diagram of the study system.

PV Modules Inverter

A total distributed load of 15 MVA is modeled as three
groups of fixed impedance three phase static loads connected
to the feeder and a large load at the end of the feeder. The
adjacent feeder load of 60MW at 0.9 pf. is modeled as a single
aggregated P-Q load connected at the beginning of the feeder.
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A 7.5MW PV solar farm is connected near the end of the module in Fig. 2 (a), boost converter and inverter in Fig. 2 (b),
feeder. AC filter in Fig. 2 (c), Maximum Power Point Tracking
B. PV System Model (MPPT) module in Fig. 2 (d) and the inverter controller in Fig.

) ) 2 (e) constitute the conventional PV solar farm system.
Fig. 2 presents the detailed PV system model. The PV
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Fig. 3. Fault detection module
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The PV module is modeled as DC voltage controlled DC
current source [35]. The boost converter and inverter along
with its controller is used to transfer all the available power to
the AC grid by regulating the DC voltage across the DC link
capacitor with the use of DC link reference obtained from
MPPT module. The boost converter [36] performs the MPPT
and inverter regulates DC link voltage. The inverter maintains
unity power factor operation by regulating reactive power
output to zero.

The proposed fault detection module is shown in Fig. 2(f),
and the internal circuit diagram of it is described in Fig 3. This
module measures the instantaneous inverter output current and
inverter terminal voltage. The measured instantaneous inverter
output currents (lo a, lo b, lo ¢), are passed through a low pass
filter to reject all the higher order harmonics or transients due
to solar inverter injection, feeder capacitor switching or
transformer energization [23], [24]. Subsequently the current
signals are passed through two parallel paths in each channel;
one path is through a slope detector (d/dt) and the other path is
through a magnitude detector |l|. The slope detector is
comprised of a comparator which compares the derivative of
PCC current to determine the slope and compares with a
reference slope (d/dt)ax.

For an inverter current i = I, sinwt, the reference slope or
threshold limit can be determined approximately with the
magnitude of (d/dt) of rated current as shown in the following
expression [20].

|di/dt] = k wly,

where, I, is the peak magnitude of instantaneous inverter
current, k is an arbitrarily selected tolerance constant (typically
chosen to be 1.0 - 1.06) based on the maximum inverter
current injection considered acceptable by the utility during
normal operating conditions, and w is the fundamental angular
frequency.

The magnitude detector is comprised of a comparator which
compares the magnitude of PCC current with respect to a
reference value |l|nax Which is the peak magnitude of
instantaneous rated current.

It is understood that during large load switching near inverter
terminal or during reclosure operation the rate of change of
inverter current can cause a false triggering operation. In order
to eliminate an unnecessary tripping of the inverters, the rate
of change of voltage at inverter terminal is monitored. During
a fault, the rate of change of voltage is higher compared to that
during a large-load switching. Different faults and load
switching studies are performed on the system to determine a
threshold value for rate of change in voltage detector that can
discriminate between a fault and load switching.

The trigger signal provided by the inverter current slope
detector is enabled only if the rate of change in inverter bus
voltage exceeds the predefined limit. The output of the slope
detector is passed through an AND gate with the output of
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“rate of change in voltage” detector. Then this signal and
output of magnitude detector is passed through the OR gate.
Therefore, the output of these detectors goes high only if
either of monitored values, (d/dt) or [I] exceeds their
corresponding reference values, (d/dt)yax Or |l|max- The trigger
signal is then passed to the flip-flop to hold the trigger signal
once it goes high. The time delay in the clock signal of this S-
R flip flop plays an important role to prevent the generation of
any undesired trigger signal. Finally, the output of all
triggering signals from all other channels are passed through a
digital ‘OR” gate to ensure that the output triggering signal
‘PVIso’ becomes high if a fault is detected in any of the phase
current signals.

The PVIso signal can be used for different functions as
required by the prevalent grid code, as described in the
Introduction. Certain grid codes require fast isolation of PV
inverter system during fault as in Ontario, Canada. For fast
isolation of the inverter, the PVIso signal immediately stops
the gating signals to IGBT through the ANDing operation with
the inverter gating signals generated from the inverter and
boost converter controller as demonstrated in Fig. 2. The
PVIso signal is used to isolate the PV panel from the grid by
using fast solid state switch as shown in Fig 2(g). As a result,
the PV solar inverter stops the power transfer from the PV
modules to the grid within few hundred micro-seconds upon
detection of any symmetrical or unsymmetrical fault in the
grid. In addition, this triggering signal ‘PVIso’ is used to
isolate the AC filter capacitor by switching off the back to
back connected gate turn off (GTO) thyristor or IGBT as
demonstrated in Fig. 2 (c) to prevent high ringing currents
between filter capacitance, C and inductance, L. This ringing
phenomenon can also be suppressed by introducing sufficient
damping resistor in the filter.

Certain other grid codes require Low Voltage Ride Through
(LVRT) and grid support during fault. In this case, the PVIso
signal can be used for enabling a faster LVRT or
transformation of the PV inverter into a STATCOM (PV-
STATCOM) for grid support.

The application of PVIso signal for fast transformation into
a PV-STATCOM during fault and providing voltage support
to stabilize a critical induction motor load, is described in
Section I11 and IV, respectively.

I11. CASE STUDIES

Case studies are performed on the 7.5 MW PV solar system
model as shown in Fig. 1 by applying different types of faults
at PCC with proposed fault current controller enabled. The
base value of a PV inverter current at PCC is 0.25 kA. The
maximum rated value of PV inverter output current is
26.6 kA. As per (1), the reference value for rate limiter
is 10023 [1/s] for k = 1. The low pass (transfer function) filter

(H = L) gives a delay time of 0.1 ms (with a setting of

1+stT

Gain (G) =1 and Time constant (t) = 0.0001 second, where
phase delay angle = tan(wRC) = 2.16° = 0.0001 second).
Triga, Trigh, and Trigc are the outputs of slope detector from
the proposed controller for phase A, B and C, respectively.
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Similarly, Magnitude Trigger is the resultant output of

magnitude detector for all the three phases. PVIso is the
triggering signal provided by the fault current controller.
These conventions hold true for all PSCAD studies. The
simulation results obtained from PSCAD are described below.

A. Symmetrical Fault

Fig. 4(a) demonstrates that the magnitude of inverter output
current at PCC during line-to-line-to-line-to-ground (LLLG)
fault at t = 2 second increases from 1 p.u. to 1.45 p.u. It is
noticed from Fig. 4(b) that 'Trigc' signal becomes high within
0.3 ms from the initiation of fault in the grid, as slope of phase
C (di/dt) has violated its permissible limit. Subsequently,
Trigh and other triggering signals also get high. However, the
notable feature of the fault current controller is that only one
triggering signal is needed to disconnect the PV inverter from
the grid. Fig. 4(c) portrays the inverter current with the
proposed fault detector module activated. The inverter shuts
down and the inverter output current at PCC goes to zero in
0.8 ms. In addition, inverter current does not exceed its
maximum rated value. Therefore, power system network does
not see any short circuit current contribution from PV inverter.

Instantaneous RCC Qurrert (actual)
= |nstantaneous Qurrent

@ =

0.50 4

0.00

3
{23

0504

-1.00

1.50- =
1.0960 1.9880 2.0000 20020 2.0040 2.0060 2.0080

tisec)

Trigaering Signals of Current Limiter

o Triga 0 Trigh £ Trige # Magnitude Trigger -

(b) 120,
1.00 )
080
060
0404
0204
000
020- -

19080 20000 20020 20040 20060 20080

Trigger level|

t(sec)

Instantaneous FOC CQurrent (actual)
= Instantaneous Current

(C) 1504

1.00

050 §

0.00
0_50)0
-1.00 §

-150- -

19960 19880 20000 20020 20040 20060 20080

fp.u.)

t(sec)

Fig. 4. (@) Inverter fault current at PCC during LLLG fault at t = 2 second (b)
Triggering signals (c) Inverter fault current with proposed fault controller

B. Asymmetrical Fault

Fig. 5(a) depicts the inverter current after the occurrence of
a single line-to-ground (SLG) fault at t = 2 second. The
magnitude of inverter output current at PCC rises to 1.3 p.u.
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Fig. 5. (a) Inverter fault current at PCC during SLG fault at t =2 second (b)
Triggering signals (c) Inverter fault current with proposed fault controller

It is observed from Fig. 5(b) that 'Trigh' signal becomes
high after 1.1 ms from the initiation of fault, as slope of phase

B current (Z—i) has exceeded its maximum allowable limit. As

soon as the 'Trigh' signal becomes high, inverter fault current
at PCC starts decreasing as shown in Fig. 5(c). The PV
inverter current at PCC becomes zero within 1.8 ms upon the
response of slope detector. It is also noticed from Fig. 5(c) that
the inverter current does not exceed its maximum rated value
i.e.1 p.u. during fault condition.

C. Different Faults at Different Time Instants

Fault studies are performed by applying different types of
faults at different time instants and it is confirmed that the
controller responds in the expected manner regardless of any
type of fault at any time instant. Due to lack of space, only one
of the above studies is presented below.
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Fig. 6(a) depicts that the magnitude of inverter output

current at PCC increases from 1 p.u. to 1.45 p.u. during line- (@)
to-line ground fault at t = 4.5 second. It is seen from Fig. 6(a) BT el N

that the fault occurs near the peak instant of an inverter current 0.00 ~ Pas s s
of phase B and one of the phase currents tends to exceed 1 p.u. 050 N e

after the fault occurs. As soon as the magnitude of phase B A L
current (|I],,q4) €xceeds its allowable limit, 'MagTrigger'
signal gets high within 0.7 ms from the initiation of fault in the
grid. Inverter fault current at PCC starts decreasing
immediately upon detection of fault as shown in Fig. 6(c).
Finally, the inverter current at PCC reaches zero within 1.3 ms
based on the response of magnitude detector. Hence, if the
fault occurs near the peak instant, the response of magnitude .00
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The performance of the controller is tested for two large load

switching scenarios. In one study the large adjacent feeder g g Response of proposed controller for switching of 25 MVA induction
load of 60 MVA at 0.9 pf is relocated to the feeder end next to motor load at feeder end.
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the solar farm PCC, and switched on. In the second study, a 25
MVA induction motor load is switched at BUS 1 (Fig 10).

Figs. 7 and 8 depict the inverter output and fault current
detector signals for switching of 60 MVA static load and 25
MVA induction motor, respectively. The inverter terminal
voltage is depicted in Fig. 7(a) and 8(a). The instantaneous

output currents of the inverter are demonstrated in Fig. 7(b)
and 8(b), triggering signals generated by the slope detectors
and magnitude detector are illustrated in Fig. 7(c) and 8(c),
and the triggering signals (PVIso) generated by fault current
detector are shown in Fig. 7(d) and 8(d), respectively. It is
observed that the controller does not respond to both these
load switching events. The steep rate of change in current at
the instant of the load switching exceeds the limit for the slope
detector and generates a tripping signal. However, the rate of
change of voltage is within the predetermined limit and
therefore the voltage detector output is zero. A logical
ANDING of both these signals results in a zero output. A false
tripping signal is thus prevented.

The controller is also tested for its performance during the
reclosure operation of a relay. Fig. 9 illustrates the inverter
output and fault current controller response for fast reclosure
operation of the relay. The inverter terminal voltage is
depicted in Fig. 9(a), the inverter output current is
demonstrated in Fig. 9(b), the output of slope detectors and
magnitude detectors are illustrated in Fig. 9(c), and the
triggering signal generated by the fault current controller
(PVIs0) is shown in Fig. 9(d). It is seen that, during reclosure
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operation the slope detector issues a tripping signal. But
similar to load switching, the rate of change of voltage is less
than the reference value and thus the overall fault detector
does not generate any tripping signal. This demonstrates that
the short circuit current controller can successfully
discriminate between a fault and other transient high current
events.

The above studies illustrate that in regions where the grid
codes do not require LVRT, and require DG inverters to shut
down following a fault, the proposed predictive technique
shuts off the PV inverter rapidly without allowing the short
circuit current to exceed the rated current of the inverter.

IV. GRID VOLTAGE SUPPORT DURING FAULT

The application of the proposed short circuit current
detector for providing rapid reactive power support to stabilize
a critical induction motor is shown in this section. This
application is especially relevant in jurisdictions where the
grid codes require LVRT capability or a grid support function
from DG inverters during faults.

In this application, the proposed fault current controller is
integrated with the PV system to very rapidly identify the
occurrence of a grid fault situation which may cause the
inverter current to exceed its rated value. In this case the
inverter is not shut down but immediately and autonomously
transformed into a dynamic reactive power compensator
STATCOM (termed PV-STATCOM) to provide voltage
support for stabilizing a critical induction motor (IM) load.

The study system is depicted in Fig. 10, which is a modified
version of Fig. 1. A 400 hp (300kW) squirrel cage IM is
considered to be the critical IM load connected at the end of
the feeder. The IM parameters are obtained from the
manufacturer’s datasheet of American Motors [37]. The
obtained parameters are converted to fit into the
EMTDC/PSCAD library model [38] by using the conversion
expressions given in [39]. As the IM is rated for lower voltage,
a step down transformer (not shown in the one line diagram) is
used to match the IM voltage ratings. The PV solar farm is
connected at an intermediate location in the feeder, away from
the induction motor.

2x47 MVA

115/27.6kV peC
Q_g( 12.5 km 65km _ 65km |
C
vl Tl g

Source

O

Induction
Motor

Adjacent  Static Load

Feeder Load

1
T

Fig. 10. Study System for PV solar farm operation as STATCOM for
stabilizing critical induction motor load.

Static Load LLL-G
A Fault

7.5 MVA
0.4/27.6kV

PV Modules Inverter

The PV-STATCOM controller is described in [27], [28]. Due
to space reasons the detailed description of the PV-
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STATCOM controller is not provided here, only its
application in stabilizing the critical induction motor is
presented. A three phase to ground fault for 9 cycles is
initiated at the motor terminals in this case study.

A. Case 1: Conventional PV System Disconnected During
Fault

Fig. 11 illustrates the IM response for a LLLG fault at motor
terminal. The voltage at the IM terminal is illustrated in Fig.
11(a), IM speed is shown in Fig. 11(b), DC power and real and
reactive power generation by the PV solar farm are
demonstrated in Fig. 11(c), the real and reactive power drawn
by the IM are presented in Fig. 11(d), and DC link voltage is
depicted in Fig. 11(e). The PV solar farm is considered to be
disconnected during the fault and not provide any grid
support.

During the fault, the voltage at the IM terminal becomes
considerably low as illustrated in Fig. 11(a). Therefore, the IM
speed decreases as portrayed in Fig. 11 (b). After the fault is
cleared at t = 5.15 seconds, the voltage at the IM terminal
recovers but the 1M speed becomes unstable. This leads to the
stalling of this critical induction motor.

B. Case 2: PV System Operation as PV-STATCOM

Fig. 12 illustrates the IM response when the proposed short
circuit current detector rapidly detects the fault and transforms
the PV solar farm into a PV-STATCOM in PCC Voltage
control mode of operation. The triggering signal generated by
the fault detector (PVIso) is depicted in Fig. 12(a), voltage at
IM terminal is illustrated in Fig. 12(b), IM speed is shown in
Fig. 12(c), the DC power and the real and reactive power from
the PV solar farm are demonstrated in Fig. 12(d), real and
reactive power consumed by the IM is presented in Fig. 12(e)
and PV system DC link voltage is depicted in Fig. 12(f). Since
the PV solar farm transforms into a STATCOM (PV-
STATCOM), the DC power generated by the PV modules
reduces immediately to zero and the active power output of
the PV inverter also gradually decreases to zero. The PV-
STATCOM immediately starts producing reactive power and
provides voltage support to the grid thereby stabilizing the
critical induction motor. The reactive power of the PV-
STATCOM eventually goes to zero after some time (which is
not shown in the figure). The solar farm can autonomously
transform back from PV-STATCOM mode to normal PV solar
power generation mode after the motor is stabilized (although
not demonstrated in this paper due to space limitation).

V. DISCUSSION

It is clarified that this proposed technique is not a technique
for detecting short circuit faults in the network. It is only
intended to detect a fault condition in which the short circuit
current from a PV inverter is likely to exceed the normal rated
inverter current. If such a condition is detected the PV solar
farm is either rapidly disconnected from the grid or
autonomously transformed into a PV-STATCOM for
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providing reactive power support to the grid. The entire
process of DG disconnection/transformation into PV-
STATCOM from the instant of adverse short circuit current
detection typically takes less than two millisecond. It is
expected that implementation of this or similar short circuit
current mitigation technique on PV inverters will prevent any
adverse short circuit current contributions from solar farms,
which was the prime reason for the large-scale denial of their
connectivity in Ontario. This will therefore create an
opportunity to integrate more PV solar systems in Ontario and
in similar jurisdictions. However, in regions where the grid
codes allow PV solar farms to stay connected and provide grid
support, the proposed technique can potentially be utilized to
enable faster initiation of the LVRT function or rapidly
transform the PV solar inverter into a STATCOM mode of
operation for grid support.

This technique is developed assuming that the PV solar
farm has only one inverter and is connected directly to the
PCC without any intervening cables or lines. The principles of
this technique can be adapted to large solar farms with
multiple inverters, which may be located at a distance from the
PCC. In this case coordination of multiple inverters, and
delays in communication between measurements from the
PCC to the individual inverters will need to be considered.

.60 _=Motor Terminal Voltage

(@)
0.75
‘3:‘ 0.50
o
~  0.25
0.00
(b) 00 _=Speed
0.80
S 0604
&
0.40
0.20 -
(C) = DC power o3 phase active power | a3 phase reactive power
. 7.5
L
= 5.0 A
= 2.5
Z .
2 o0t = ’}W ottt
(d) < Motor Real Power a Motor Reactive Power
1.00 1
=
I 0754
=
2 0.50 A
H ki
s 0.25
0.00
= DC Voltage
(e) 575 7 8
“ 550 1
©
>
525 4
500 - -
t(sec) 5.00 5.20 5.40 5.60 5.80 6.00

Fig. 11. Behaviour of Induction Motor Load after grid fault.
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VI. CONCLUSION

In this paper, a novel fast short circuit current detection
technique is proposed for PV inverter based DGs. The
proposed short circuit current detector is based on the
evaluation of the slope (d/dt) and magnitude of the PV inverter
current. As soon as it detects a fault that is likely to cause the
PV inverter short circuit current to exceed the rated current of
the inverter, it can do either of the following depending upon
the grid code being followed by the utility:

i) disconnect the PV inverter from the grid so that it does
not cause any adverse short circuit current injection into the
grid, or

ii) autonomously transform the PV inverter into a dynamic
reactive power compensator STATCOM (termed PV-
STATCOM) to provide grid voltage support. In this paper this
voltage support is demonstrated for stabilizing a critical
induction motor load.
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The entire process of DG disconnection or transformation
into a PV-STATCOM from the instant of fault detection
typically takes about 1-2  millisecond.  Through
PSCAD/EMTDC simulation of a realistic distribution system
this new controller is demonstrated to respond successfully
regardless of the type of fault and the location of fault on the
distribution system. The technique can successfully
discriminate between faults and large load switching and relay
initiated reclosure operations. This technique is general and
can be applied on a PV solar system connected in any grid
network.

A substantial number of connections of Photovoltaic (PV)
solar Distributed Generators (DGs) in certain jurisdictions
such as in Ontario, Canada, have been denied due to the
potential of short circuit current contribution to the grid during
faults. The application of this short circuit current technique
has been demonstrated to shut down PV solar farms so as not
to contribute any short circuit current into the grid, and
thereby obviate the reason for which they were denied
connectivity in jurisdictions as in Ontario which do not have
an LVRT requirement at present. The objective of this
technique is to facilitate PV solar farms in obtaining
permission to get connected in substations or feeders which
have already reached their short circuit current limits without
the apprehension of additional short circuit current
contribution from these solar farms.

The disconnection of the inverter is needed in regions where
LVRT is not a requirement as in Ontario. However, in regions
where LVRT is a requirement, this technique is also
beneficial for a faster initiation of grid support functions by
the PV inverter. In this paper this fast fault detection technique
is utilized to autonomously initiate a new control function of
PV solar farm as a STATCOM (PV-STATCOM) for
providing grid voltage support to stabilize a critical voltage
sensitive Induction Motor load during a fault scenario.

VII. APPENDIX

System Data [33] - [34]:

Each set of 115kV/27.6 kV three phase transformer is configured
with three single phase transformers having an impedance of 18.5%.
PV Module: 72.6 W, 67.9V, 1.07 A, Voc =90V, I, = 1.19 A.

No. of series modules = 8 and no. of parallel modules = 12905.

PI-1: k=1, T;=0.01; PI-2: k,=2, T;=0.0015; PI-3: k,=10, T;=0.015,
PI-4: k=0, T;=0.005

The LPF filter parameters for the d-q components are G=1.0433 and
1©=0.1 sec. The filter parameter for lo_a, lo_b and lo_c feedback
controller is G=1.5 and 1=0.003 sec.

The reference value for rate limiter is 10038 [1/s], reference value for
rate of change of voltage detector is 200 [1/s],and the R-S flip Flop
delay time is 0.1ps.
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