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Abstract—Synchrophasor data consist of analog and digital
values with an associated precise time stamp. With precise time,
these quantities are collected from various locations, time-aligned,
and then processed as a coherent data set. Synchrophasors have
generally been used for visualization and post-event analysis.
However, new technologies allow synchrophasors to be processed
in real time. Synchrophasor systems are now being used for real-
time wide-area protection and control.

This paper examines several ways synchrophasors are being
used:

* Voltage stability detection and correction

* Load/generator shedding

* Islanding control

* Intermittent generation source control and grid intercon-

nection

Each application includes a discussion of how synchrophasors
provided a unique solution and benefit over traditional solutions.
Application performance, speed, data requirements, and equip-
ment are also reviewed. We also discuss a future time-
synchronized control solution.

I. INTRODUCTION

Utilities worldwide are deploying synchrophasor systems to
monitor and analyze power system behavior. NERC CEO Rick
Sergel has said synchrophasors are “like the MRI of the bulk
power system” [1]. But monitoring and post-event analysis are
only the first applications of synchrophasors.

With new advances in processing and equipment, synchro(]
phasors are now used to solve a variety of power system prol]
tection, automation, and control problems. They are being used
to operate and manage the power system. Applications include
voltage stability assessment, islanding distributed generation,
control based on small signal instability detection, and system-
wide disturbance monitoring [2]. In addition to showing applilJ
cation examples, this paper introduces a time-coordinated conl]
trol scheme that improves system reliability by reducing
unnecessary system variations.

With all the recent efforts to make the power system grid
more efficient and “smarter,” synchrophasor-based control is a
core smart-grid technology. As this paper will show, synchro(]
phasor-based protection, automation, and control solutions
actually require less system data and provide crisper results
than traditional methods.

II. SYNCHROPHASOR CONTROL SYSTEMS

Control systems consist of a desired operating point, mea-
surements of the physical system, a control algorithm, and
control devices to modify the physical system.

Desired operating points for power system control include
voltage and current levels, frequency, and power flows. Meall
surements include voltages, currents, frequency, breaker posil]
tions, and transformer tap positions. Control algorithms vary
from simple threshold comparators that trigger the transformer
load tap changer (LTC), to classical control algorithms, such
as proportional integrals and proportional integral derivatives
that control a generator governor, to more sophisticated algo[]
rithms, such as fuzzy logic or neural networks used to control
a power system stabilizer. The control algorithm drives the
physical system to the desired operating point. Control devices
include circuit breakers, capacitor banks, tapping transformers,
and generator governors.

Control systems, like the one shown in Fig. 1, have typicalll
ly used local measurements because control algorithms rely on
a coherent set of data, i.e., for the control algorithms to func!]
tion properly, the data must be from the same instant in time.
This is a simple process if the data inputs are geographically
close to the control device. For example, an LTC control, us[]
ing local voltages and currents, processes the measurements
and adjusts the tap position. However, the task of deterministil
cally optimizing the voltage profile across a large geographic
area using multiple LTCs requires exchanging wide-area inl[]
formation. SCADA-based voltage profile controls lack the
real-time voltage and absolute angle information to perform
precise, real-time wide-area voltage control.
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Fig. 1. Local Power Control System

Synchrophasors solve the time-incoherence of distributed
data by time-stamping the data and then aligning measurel|
ments to a common time reference for processing. The concept
of a time-synchronized wide-area power control system is



shown in Fig. 2. This system uses a Synchrophasor Vector III. WIDE-AREA CONTROL USING TIME-SYNCHRONIZED
Processor (SVP) for synchronized wide-area control [3]. PHASORS
The following section describes some of these new synl]
SVP chrophasor-based systems that are being used to solve probl]

lems that either would not be economically feasible or could
not have been done using traditional methods.

A. Voltage Stability Detection and Mitigation [4]
Local Local A portion of the Eskom power system in South Africa is
Measurements Measurements vulnerable to voltage collapse. To avoid voltage collapse and
maintain power system stability, Eskom used a traditional

V. V.
§§<~ - §§<— load-shedding scheme, which solved the voltage problem.
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However, by the time a problem was detected, the load-

Measurements
7 A N shedding scheme had caused a large amount of load to be
dropped.
Local Local
Control %g Control A real-time detection and mitigation system using synchro!]
hasors allows Eskom operators to prevent voltage collapse
p Y p g p
\ S and minimize load shedding. The system gathers synchrophal]
CL:;?LI sor data using an SVP that accurately calculates the state of the

power system. The SVP sends the system state and network
Fig. 2. Wide-Area Power Control System data to a computer that calculates voltage collapse indices. One
index is the margin from voltage collapse, which is calculated

In Fig. 2, synchrophasor data are sent from the local power ; : : S
using the reactive power voltage margin (QVM). It is given by

system to the SVP. The SVP time aligns the data, assesses the 3 ) -
entire system voltage profile, and sends optimized voltage set (1) in relation to a specific bus (bus)),

points to each LTC control. Synchrophasors and time- QVM = Q \taximum — Qoperating 1)
deterministic control provide benefits over traditional local
control including faster control loops and coordinated switch[)
ing, which result in improved power quality and reduced
equipment wear.

Utilities are designing and implementing new methods for The QVM is the minimum inductive load necessary to

power system control using power system equipment capable cause a voltage collapse under steady-state power flow condil]
of producing, transporting, and processing synchrophasor data, tions.
e.g., SVPs, relays, meters, phasor measurement units (PMUs), Another index used in the voltage stability analysis is Inl]
and communications systems. Fig. 3 shows inter- and intral] cremental Reactive Power Cost (IRPC). The IRPC represents
substation networks using synchrophasors for power system the reactive power that is needed by the reactive power sources
control. Examples of synchrophasor intrasubstation applicall to feed each additional MV AR at bus;. In [4] it is given by

where:
Qoperating 15 the measured reactive power at bus;, and
QMaximum 18 the maximum reactive power threshold at bus;

tions include backup bus protection and substation diagnostics. 1 AQ
Intersubstation applications include load shedding and modal IRPC,; = Zﬁ 2)
analysis [2]. k=1 T ¥Cbus,;
where:
retay ©) AQgen, is the change in the k™ generator reactive power

| output for a small change in the reactive power load
at the bus,

Multip! . .
e AQbusj is the reactive power load at the bus, and
n is the number of reactive power sources.
Site D Site B
Intersubstation IRPC is an indication of proximity to voltage collapse. In
Network Fig. 4, the system is close to voltage collapse at Step 3 when
the IRPC changes from 1.4 at the base to 2.7.
Site C
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Fig. 3. Synchrophasor-Based Inter- and Intrasubstation Networks
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Fig. 4. QV IRPC Behavior for Different Loading Conditions [4]

The detection and mitigation system indices enable Eskom
to determine power system proximity to voltage collapse and
propose an effective load-shedding scheme prior to voltage
collapse.

Eskom’s real-time voltage stability detection and mitigation
system is shown in Fig. 5. Here PMUs collect and send the
network power system data to an SVP at a rate of one message
per second. The SVP time aligns the synchrophasor measure!|
ments and feeds them into a computer running the voltage coll
lapse prediction algorithm. The computer sends the calculated
indices back to the SVP within one second for further visualil]
zation and control. If the indices show that an immediate acl!
tion is required to avoid voltage collapse, then the SVP issues
load-shedding commands to known weak buses using the aull
tomatic control. If the indices show a potential problem, then
the SVP visually alarms the operator who may issue a load-
shedding command at the major interconnect through manual
control. The result is a system that minimizes customer impact
while responding to voltage stability issues.
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Fig. 5. Eskom’s Real-Time Voltage Stability Detection and Mitigation System

B. Governor Mode Control

Abbott Pharmaceuticals in Puerto Rico is upgrading their
distribution system to enhance reliability. The upgrade is del]
signed to enable islanding of critical plant loads on the coll
generation system by detecting disturbances on the power grid.
The upgrade separates cogeneration from the grid at selected
points in the plant distribution system, depending on produc!]
tion and load at the time of the disturbance. For such an applil’

cation, it is necessary to determine when the cogeneration sys/J
tem is connected to the grid. When connected, the grid con]
trols the system frequency, and the governor controls the
power output of the generator. When the generator is operating
in an island, the governor must be switched to isochronous
mode to regulate frequency.

The original system used nontime-aligned frequency data to
detect synchronism. This method is susceptible to false declal]
ration of synchronism when the two systems operate at nearly
the same frequency but are not connected. Using angle infor[!
mation in addition to frequency to determine if an island con[J
dition has occurred is a more reliable method. However,
typical systems are not capable of determining angle differenc!]
es between points in a power system due to the lack of a com[]
mon time reference for the analog data. Synchrophasors
provide time-stamped vector data to determine absolute angles
across a power system.

For the upgrade, Abbott Pharmaceuticals is using a prel]
viously installed substation relay with PMU -capability to
communicate time-aligned frequency and angle measurements
of the utility system to another relay capable of processing
synchrophasor data at the cogeneration control room. See
Fig. 6. By communicating both frequency and angle measurel
ments, the system is able to automatically switch the governor
control mode when it detects separation.
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Fig. 6. Frequency and Angle Measurements Across Relay-to-Relay Logic
Communications Link

Dedicated fiber, already in use for relay-to-relay logic
communications, was used to communicate time-aligned syn]
chrophasor data between the IEDs. This upgrade not only im[]
proved system reliability but was very economical because the
synchrophasor processing capability was built into the existing
relays. The only additional equipment required was a GPS
time clock at the remote relay.

Fig. 7 shows the relay logic used for calculating slip frel’
quency and angle difference. The relay uses the absolute valll
ues of slip and angle difference to detect synchronism, as
shown in Fig. 8. The logic input, Remote Voltage Valid, as[]
serts when the utility voltage is present. If the voltage is not
present, then the generator is islanded. The GPS Valid input
asserts when the GPS signal is valid for synchrophasor use. If
the GPS signal is valid and voltage is present at the utility site,
then Abbott uses both the slip and the angle difference be[l
tween the utility and their facility to determine if an island
condition exists. In the event that the GPS signal is not valid,
the logic bypasses the angle check and operates based only on
nontime-aligned slip measurements, as it did prior to the relial’
bility system upgrade.
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Fig. 8. Synchronism Detection Logic

C. Distributed Generation Control

Photovoltaic (PV) systems are generating interest due to
government investment and a desire to develop alternative
energy sources. For PV sources to be widely accepted, there
must be reliable means to interconnect them to the bulk power
grid. PV Powered, a manufacturer of grid-tied solar inverters,

has assembled a team (Sensus, Northern Plains Power Tech(

nologies, Portland General Electric, and SEL) to address the
challenges associated with the integration of solar distributed
generation onto the bulk power grid. The effort is funded by
the US Department of Energy under the Solar Energy Grid
Integration System program.

One issue the team is addressing is islanding. When a
source is islanded from the bulk transmission system, the
source must also disconnect from the islanded portion of the
electric network. Failure to trip the source could risk personnel
safety, power quality, and out-of-phase reclosing.

ments for integrating distributed sources to a bulk power grid.
IEEE 1547 specifies that a source must disconnect from the
islanded system within two seconds. Traditional methods that
use only local measurements for island detection may not
detect islanding soon enough for all load/generation condil]
tions. Synchrophasors enable precise wide-area measurements
and therefore provide a means for detecting islanding under
nearly all load/generation conditions.

The traditional approach to detecting islanding uses local
voltage and frequency information to check if the frequency or
voltage magnitude is outside predetermined thresholds. How![J
ever, local detection schemes cannot detect islanding in a time [
ly manner if the power (real and reactive) mismatch between
the source and the local load is small. Other traditional
schemes rely on breaker status communication, open phase
detectors, and trip commands to detect islanding and isolate
the source. Such schemes are simple in concept, but they must
adapt to topology changes in the power system. These adaptal’
tion requirements can result in a system with many communi(]
cations links and poor reliability.

Another limitation to traditional approaches is their inabilil]
ty to scale with future requirements. For example, IEEE 1547
requires disconnection for sagging voltage under high demand.
With a small amount of generation, such a requirement is real’
sonable, but disconnecting a high-density solar generation
source will further aggravate the low-voltage level. The wide-
area view provided by synchrophasors provides a platform for
solutions that keep the generation online during transient con!|
ditions.

A synchrophasor-based detection method overcomes the
limitations of traditional approaches. Fig. 9 shows an anti-
islanding scheme for a solar generation facility, which is based
on a recent algorithm developed for anti-islanding with syn']
chronous generation [6] and has many features that are applil]
cable to the inverter of a solar generation system. Both bulk
power system and distributed generation locations supply data
for the algorithm.

Distribution
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Fig. 9. Anti-Islanding Scheme Using an Inverter

Both relays in Fig. 9 acquire voltage phasor measurements
from their corresponding sites. Relay 1 sends the synchrophal

IEEE 1547 Standard for Interconnecting Distributed Rel[] sor messages to Relay 2 at specific time intervals (60 messages
sources With Electric Power Systems [5] defines the require[] per second). Relay 2 receives the remote synchrophasor data



from Relay 1 and calculates the difference between the local
and remote synchrophasor angle value, which is defined as §,.
The change of &, with respect to time defines the slip frequen(]
cy, Sk, and the change of slip frequency with respect to time
defines the acceleration between the two terminals, A,. These
measurements are defined as follows:

A RAAS 3)
S, =(5, -8, , MRATE )
A, =(S, -S, ,)MRATE %)
where:
2V s the positive-sequence voltage angle of
Relay 1 at the & processing interval,
2ZV® s the positive-sequence voltage angle of
Relay 2 at the & processing interval,
S, is the slip frequency at the & processing interval,
A is the acceleration at the k processing interval, and

MRATE is the synchrophasor message rate.

This wide-area scheme combines two methods for islanding
detection, the Angle Difference Method and the Slip-
Acceleration Method.

1) Angle Difference Method

In this method, the relay compares the angle difference, Jy,
against an angle threshold (20 degrees, for example). If J is
greater than the threshold and longer than a predefined time,
the logic declares an island condition and sends a trip com[]
mand to the source breaker.

Angle difference can be viewed as an integration of frelJ
quency difference. When the frequencies of two disconnected
systems are different, then the angle difference between the
systems grows. Time-synchronized phasors enable calculating
this angle difference using the time stamp recorded at the exact
instant of the phase measurement.

Time-synchronized measurements also enable an exact lo[!
cal nominal frequency calculation. Each relay can then com[]
pare the local frequency against a numerically calculated
reference frequency. This is the concept behind a synchrophal
sor-based time-error measurement for islanding detection [7].
Equation (6) shows the time-error measurement calculation.

1
TE, = TE,_, +—— (/i = faom JAt (6)
NOM

Frequency is the derivative of phase and therefore (6) is efl]
fectively a phase-error calculation, referenced against an ideal
phase angle at frequency fyom. When the time-error measurel’
ment is communicated between the relays and subtracted, the
result is a quantity proportional to the angle difference. When
using angles directly or the time-error measurement, compar!(]
ing the quantity against a threshold provides an indication of
the islanding condition.

This indication works even when the frequency difference
between the two systems is small and therefore the slip is
small. The slip-acceleration method, described next, gives

another indication for cases when the frequency difference is
not small.

2) Slip-Acceleration Method

The second method monitors the rate-of-change of phase.
The rate-of-change of phase is defined as the slip (Sy), and the
rate-of-change of the slip is defined as acceleration (Ay) bell
tween two points in a power system. Combining slip and accel
leration creates the island-detection characteristic shown in
Fig. 10. In steady state, the frequency of the connected systems
is the same at the two measured points; the slip and acceleral|
tion are zero and the operating point is at (0, 0) of the island-
detection characteristic. When a source separates from the bulk
power system, generally there will be both slip and acceleral]
tion. The magnitude of either can push the operating quantity
into the operate region of the characteristic.
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Fig. 10. Operate and Restrain Regions of the Island-Detection Characteristic

Response time is an important feature of any islanding
scheme. Fig. 11 shows simulation results comparing an island[’
ing scheme that uses local measurements with an islanding
scheme that uses wide-area synchrophasor measurements [6].
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Fig. 11. Wide-Area Scheme Detects Islanding for All Power Exchange
Conditions

The response time to detect the island is plotted as a func(]
tion of the ratio between load and generation during the isl]



landed condition. As generation and load become more evenly
matched, islanding detection becomes more difficult for all
schemes. The local scheme consists of overfrequency, under-
frequency, overvoltage, and undervoltage elements. Addition[]
ally, a frequency vs. rate-of-change of frequency characteristic
defines islanding regions in cases where high or low frequency
occurs simultaneously with high or low rate-of-change of fre(!
quency [6].

Fig. 12 shows that for a system using wide-area measurel
ments, the response time includes communications latencies.

Communications

Latency
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Time and Trip Time*
L . S
| | | |
0 0.05 0.25 1.25
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*|EEE 1547 Standard Requires Tripping in < 2 seconds.

Fig. 12. Total Time to Detect Islanding and Trip Is 1.25 Seconds Using a
Synchrophasor Wide-Area Measurement Scheme

In Fig. 12, the measurement time is due to the filtering de[!
lays of the relay with PMU capabilities. Filtering delays can be
as fast as 16 milliseconds, with 50 milliseconds being selected
for the simulation in Fig. 12. The communications latency del!
pends on the communications scheme. For distributed solar
generation schemes, the communications latency is impacted
by the need to coordinate the reference measurement (Relay 1
in Fig. 9) with multiple generation locations. In Fig. 12, a
quarter second is allocated to the communications system. Fill
nally, based on simulation results, one second is allocated to
the islanding detection algorithm. This leaves three quarters of
a second of margin to achieve a total response time of less than
two seconds, the required time in IEEE 1547.

Combining local and wide-area measurements creates a fast
islanding detection scheme under normal communications link
conditions, and it still performs if a communications link is
down.

D. System Oscillation Detection

On March 18th, 2009, wind generation in Texas exceeded
20 percent of total demand [8]. This significant change in
power transfers caused large voltage variations in the system
resulting in angle swings. Widely varying power transfers can
lead to undamped oscillations and drive the system toward
instability. To prevent such system collapse, synchrophasor!]
based schemes have been developed to detect impending un(]
stable operating conditions and alarm system operators. Time-
synchronized phasors are sampled at high rates that enable
seeing relatively fast power variation transients caused by rel]
newable generation.

One method of measuring undamped oscillations is modal
analysis. Modal analysis is a signal-processing technique that
requires uniformly spaced samples. Because of this, the asyn[]
chronous nature of traditional data aquisition systems is not
suitable. Synchrophasor systems sample uniformly. Off-line
modal analysis is possible using prerecorded system samples;

however, unlike with synchrophasors, these are not real-time
systems. Synchrophasor systems are real time.

Measuring the modes provides valuable information about
the frequency and damping of power system oscillations. This
tool is uniquely matched to provide metrics about the inherent(]
ly dynamic nature of the power system. The University of
Texas uses an SVP for performing modal analysis between
two locations in Texas. Fig. 13 shows the location of PMUs
and the SVP. Location 1 is the wind generation site, and Locall
tion 2 is the University of Texas at Austin. The PMUs at both
locations send positive-sequence voltage measurements to the
SVP at 30 messages per second. The information is received
by the SVP and time aligned. Using this time-aligned informal]
tion, the SVP can compare modes between the two locations.
Modal analysis provided by the SVP gives the ability to ob(]
serve the power transfer behavior for various conditions such
as high wind penetration and generation unit trip. Control alll
gorithms are being developed that use these calculated system
modes as inputs.

Synchrophasors provide the opportunity to visualize the
system response to sudden events (which occur frequently
with wind generation) and to determine the types of responses
that are typical for a power system, compared to those that
could signal an impending problem.

Fig. 13. Texas Synchrophasor-Based Modal-Analysis System

IV. FUTURE SYNCHROPHASOR CONTROL

Today, many power system control functions are performed
with operator intervention. While this manual method has pro[]
vided satisfactory results, automating these functions is now
possible using RECIPE technology. RECIPE technology uses
synchrophasor measurements to synchronously automate and
control power system events using a series of predetermined,
time-coordinated instructions. These instructions are based on
the desired state and actual measured state of the power sys(]
tem.

To illustrate this technology, assume a transmission line
must be removed for maintenance. Currently, after all the nel]
cessary permissions and approvals are obtained, the switch



order goes out. First the operator opens one breaker, verifies it
is open, and then subsequently the second is ordered opened
and verified. With the opening of the circuit breakers, the
power system balance is disturbed, and it transitions to a new
operating point. For example, the voltage at the load may have
decreased and, as a result, LTCs may tap, capacitor banks may
insert, or other similar voltage control mechanisms may oper!]
ate to restore balance due to the loss of the transmission line.
Using RECIPE technology, IEDs take predetermined control
actions to efficiently open the line and minimize power system
disturbances. In the transmission line illustration, we can del]
termine what effect the loss of the line will have on the power
system and determine what equipment should be preset to milJ
nimize these conditions. Further, using synchrophasors and
time-deterministic communications, we can precisely coordi’]
nate events, such as breaker operation and LTC tapping, to
minimize power system disturbance.

A RECIPE requires action from multiple power system de[]
vices. The engineer breaks the RECIPE into parts or subl]
RECIPES. The automation controller sends the sub-RECIPES to
various IEDs as shown in Fig. 14.

Automation Controller
RECIPE 1
a. B1 Open
b. B2 Open
c. C1 Close
RECIPE 2
Multiplexer
Multiplexer Multiplexer
\V4 \V4
2z 5 [GPS] Multiplexer
@ RECIPE 1 RECIPE 1 @
a. B1 Open - b. B2 Open
RECIPE 1 c1
@ c. C1 Close %

Fig. 14. RECIPE Control System

At predetermined times, the IEDs execute their sub-RECIPE
to achieve the desired outcome. Each sub-RECIPE includes
local checks to ensure that power system conditions are within
acceptable operating parameters, that an override command
has not been issued to halt the RECIPE action, and other similar
checks to ensure automated actions are not taken at an inap(|
propriate time.

The following is an example of RECIPE executions.

1. The operator selects a RECIPE designed to perform a
desired operation and sends it to an automation conl|
troller.

2. The automation controller, with the master RECIPE
list, sends the sub-RECIPE to each IED required to
perform a function in the overall RECIPE scheme.

3. Each IED returns its status to ensure it is ready and
that the associated equipment is not faulty. If the IED
reports that it is not ready, the RECIPE process is
halted.

4. After receiving confirmation from the IEDs that the
sub-RECIPE is ready to run, the automation controller
indicates to the operator that the RECIPE and assol]
ciated IEDs are ready and waits for an operator veril
fication to initiate the RECIPE.

5. The operator verifies that this RECIPE is the proper
RECIPE to run, sends the time the RECIPE is to run,
and arms the system. The verification step provides
security against unauthorized power system control
operations.

To further illustrate RECIPE technology, let us look again at
the transmission line removal example. The one-line diagram
of the electric power delivery system in Fig. 15 illustrates
some redundancy in the transmission of electric power bell
tween bus B1 and bus B2 using transmission lines 1 and 2. The
utility operator wants to take transmission line 1 out of service,
requiring transmission line 2 to carry all the electric power
required for the loads at B2 and B3.

B1

B2

Load 1

B4 B3

Line 3 %
Load 2

—»

1
T

Fig. 15. Power System Model to Analyze RECIPE Technology in Real Time

Increasing the load on a single transmission line has certain
foreseeable consequences. For example, removing one trans[’|
mission line will cause the other line to carry more power to
the load. Due to increased current and increased impedance
resulting from only one line in service, the voltage at the load
will drop. These changes will further affect the real power and
reactive power that are delivered over the single transmission
line. Because voltage and reactive power need to be kept with[]
in certain limits for safe and reliable power delivery, voltage
regulators in the delivery system may need to make tap posil]
tion changes as a result of the change in voltage. Capacitor
banks may need to be switched on or off to maintain a proper
balance of reactive power delivery.

Thus, removing transmission line 1 from service, while
maintaining safe and reliable electric power delivery to the
loads, requires more than simply opening circuit breakers CB1
and CB2. Once those circuit breakers are opened, it requires
measuring the current on transmission line 2, monitoring vol(]
tages, currents, real power, and reactive power on the delivery
side to the loads, and controlling voltage regulators and capal]l
citor banks to balance the electric power that is ultimately del]
livered. Further, the operation of the voltage regulators and
capacitor banks may affect the power system conditions, nel!
cessitating further tap changes of voltage regulators or switch[J
ing on or off of capacitor banks. Such shifting and balancing



of the electric power system causes wear and tear on the
equipment and sags and swells in power delivery to loads.
However, this shifting and balancing of power system condil
tions is not necessary. The reaction to the removal of the
transmission line is predictable, so a power system engineer
can predict what actions would need to take place once the line
is removed from service in order to minimize or remove the
shifting and balancing reactions of the power system.

We modeled the system shown in Fig. 15 using a Real
Time Digital Simulator (RTDS) to analyze the effect of line
removal from service on the overall power system with and
without a RECIPE process. Table 1 shows an events time line
for removing transmission line 1 using traditional methods,
without RECIPE technology.

Fig. 16 shows the transmission bus and distribution bus
responses over a 40-second window for removing transmission
line 1 using traditional methods. From the plots in Fig. 16, we
can infer that the traditional way of removing transmission line
1 causes unwanted wear and tear in the distribution system and
also affects the overall power quality of the system.

230

TABLE [

TRANSMISSION LINE REMOVAL TIME LINE USING TRADITIONAL METHOD

Time (s)

Event

t=0

Operator selects breakers for Line 1 open and sends the
SCADA command to trip the breakers.

t=1.0

SCADA master sends the trip command and breaker trips.

t=1.1

Voltages on the transmission bus and distribution bus
decrease; the tap changer associated with the distribution
transformer independently increments the tap to
accommodate for the lower voltages.

t=15.0

Operator identifies the low voltage on the transmission bus
and sends a command to switch on the capacitor bank.

t=16.0

Capacitor bank switches on, providing the reactive power
support, thereby raising the transmission bus voltage to
nominal.

t=16.1

The additional reactive power causes the distribution bus
voltage to go above nominal; the tap changer again reacts by
decrementing the tap position to bring back the distribution
system voltage to nominal.

t=31.0

Distribution voltage returns to nominal, and the system is
balanced.
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We used the same power system simulation to analyze the
effect of removing transmission line 1 using RECIPE tech[]
nology. Table II shows the events time line for this simulation.

TABLE 11
TRANSMISSION LINE REMOVAL TIME LINE USING RECIPE METHOD
Time (s) Event

t=0 Operator selects the RECIPE to execute (RECIPE for line open
and capacitor bank switch on).

t=0.5 Automation controller confirms that the RECIPE is selected
and the IED is ready to run.

t=0.7 Operator arms the controller.

t=0.9 IEDs execute the sub-RECIPE.

t=1.0 Line 1 opens and capacitor bank is switched on. Voltages on
the transmission bus and distribution bus do not experience
any change in magnitudes, resulting in no tap changer action.

Fig. 17 shows the transmission bus and distribution bus
responses over a 40-second window using RECIPE technology.
This clearly shows that with proper predicted actions, unneces!
sary disturbances and unwanted variations are avoided.

This simulation illustrates two advantages to using RECIPE
technology. First, wear and tear on the power system is
drastically reduced. Second, consistent power quality is
maintained.

Another advantage to using RECIPE technology is improved
power system security. Using RECIPE technology, local
processing at the substation can be used to question a RECIPE
that calls for vital actions such as circuit-breaker tripping, reac!]
tive power switching, etc. RECIPES received at the substation
are carefully examined by local logic and also sent to an indel
pendent security master or supervisor depending on the system
operating conditions. For example, local logic can use contin/]
gency analysis results to make sure that opening circuit break!]
ers will not result in voltage drop or voltage collapse. If
needed, local logic can alarm the operator to prevent the open!]
ing of circuit breakers. Also, RECIPE technology rejects
RECIPES that do not include proper authentication or prior ap(|
proved status, thus making them secure.

With the wide-spread deployment of IEDs capable of not
only processing time-synchronized data but also taking precise
control actions based on time, new methods for power system
operation and control will emerge. The RECIPE method del]
scribed above is only one example of how power system oper[|
ation can be enhanced. RECIPE technology will be a vital part
of future power system control, making power systems more
efficient, secure, and reliable.

Transmission Bus Voltage (Bus 2)

220 —]
210

230
kv
205 |

225 |
215
200

14.50

14.08 |-
kV

13.67

Distribution Bus Voltage (Bus 3)

13.25
12.83
12.42
12.00

i

30.00
28.33
26.67
25.00 |-
23.33
21.67

No Tap Action

\

Transformer Tap Changer Position

20

CLTS | -«—— Line 1 Breakers Open

Capacitor Bank i
e |

Switched On
M

0 10

20 30 40

Seconds

Fig. 17. RTDS Event Capture Showing Bus 2 RMS Voltage, Bus 3 RMS Voltage, Transformer Tap Changer Position, Line 1 Breaker Status, and the Capacitor

Bank Breaker Status With RECIPE Technology



V. CONCLUSIONS

Synchrophasors solve the problem of time incoherency rel
quired for wide-area power system control. With the ability to
use time-synchronized measured values from across power
systems, new protection and control schemes like those dell
scribed in this paper are being implemented today.

e Synchrophasors provide a way to predict the impend )
ing voltage instability and provide high-speed control
for mitigation.

e Synchrophasors are being used for high-speed distril]
buted generation islanding.

o Synchrophasors overcome the limitations of traditional
islanding detection methods using wide-area schemes
such as angle difference and slip-acceleration methods.

o Synchrophasors provide the means to monitor and
measure intermittent generation sources and control
stability impacts on the overall power system.

We have also introduced time-synchronized RECIPE tech[]
nology for power system automation and control. Synchropha'J
sors identify, measure, and improve the overall power system
efficiency through time-synchronized wide-area control.
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