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o Models and results from this presentation were presented in two conference papers, and are available at:
https://github.com/ALSETLab/2019 13thModelicaConf PMUBasedAutomaticRe-synchronization

https://github.com/ALSETLab/2018 AmericanModelicaConf PMUBasedlslanding
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REGULATION & POLICY

Utilities, Grid Operators Tell FERC The
Need Real-Time Data to Better Manage
DERs

It's unclear how federal regulators will tackle the problem.

This looks
like a job for
PMU

LACEY JOHNSON APRIL 12, 2018

= Ultilities and grid operators stressed the need for
real-time information on distributed energy
resources to a Federal Energy Regulatory
Commission panel in Washington, D.C. on
Wednesday (04/11/2018):

= “The worst thing that could happen for distribution
companies is to not have visibility on...that
distributed energy resource,”

= “We need to know where it is, the size of it, and how
it's being operated on a real-time basis.”

= “Communication today with DER is really low-tech.
It's phone and it’s emails,”
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Motivation: AL SE Iw'v,

Synchrophasor measurement units (PMUS)

e Whatis a PMU? Station A
o Suostatiar & Subsration i

PMUs provide time-synchronized measurements that can be
networked into a synchrophasor system. f A NN S “OQ_,B
e Real-time measurement data exchange between different W& {\ };' 4
asset owners and grid operators, using a broadly adopted
standard for communications.
e Higher resolution than traditional measurement systems used at
SCADA/DMS/EMS: 30,50,60,120 Hz.

e Why use PMU-based controller?

e Time-synchronized data that could be used to exchange
between different operational boundaries (i.e. gen.,
transmission, distribution, and DER)

e Frequency is a derived variable from computed phasors (phase
angle is provided from PMUSs), readily available - no need for
additional sensor/device.

e Some manufacturers (SEL, GE, ...) provide PMU functionality
within existing relays, feasible to implement (link)

® Use of standardized comms protocols for

SCADA (old
technoicgy)

Interoperability: limits vendor lock-in. g J £ &7

) Rensselaer
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Islanding events in northern Norway.

o Event1 (2011), ~ 1hr duration.

o Event 2 (2012), ~ 25 min duration.
Islanding:

o Difficult for islanded network operator
to maintain adequate frequency
guality and power balance.

o Can this be improved/automated?
Resynchronization maneuver is done via
operators of two (or more) entities:

o Transmission operator coordinates
with power plant operator via
telephone!

o Ramp up in power plant output

o Synchronize voltages at reconnection
point

o Can this be automated?
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Modeling of Frequency Measurements for Control
e In conventional power system simulation a washout filter (WF) (Milano & Ortega, 2017)
is used for frequency estimation — phase angle of bus voltage is used to compute the
bus “speed” deviation.
Frequency control in anislanded grids
e Restore the power/frequency balance. Solutions include:
o Different governor configurations; isochronous governor required.
o Use of additional controls with remote sensing (Taranto & Assis, 2012)
o Converter power synchronization function, proprietary tech. different to each vendor
Re-synchronizing an isolated grid
e Voltage and speed control strategy proposed for automatic re-connection.
Solutions include:
o Conventional auto-synchronizers (limited measurements/networking, vendor lock-in,
not interoperable).
o Using remote sensing of voltage and frequency signals together with conventional
synchronism check relays (Taranto & Assis, 2012).

e The phase angle difference is important for re-synchronization. Therefore control of the
phase angle difference across the circuit breaker can be beneficial during re-
synchronization (Belyaev et al., 2015)
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Suitable for Deployment in a multi-entity environment
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I Slanded Op er atIOn Generation Transmission Distribution DER Consumer
e Use frequency estimation from PMUs for an islanded operation controller
e Advantages of such control scheme:
o No need for isochronous governor, could be deployed in any generator unit.
o Minimize wear on DER equipment (shaft torque, converter heating, etc).
Automatic Re-synchronization Controller
e Use estimated voltage phasors (voltage magnitude and angle) and frequency
from PMUSs for an automatic re-synchronization controller

e Use unwrapped angle difference calculated from the wrapped angle
differences

Rensselaer
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The Control Architecture contains three major functions ()

or units:
e Computation unit computes the bus voltage,
frequency and angle differences (i.e. AV, AF, AB) e
e Activation unit is used to trigger the individual Covesnad Serems
controllers after checking thresholds for the
synchronization variables (i.e. AV, AF, AB)
e Control unit includes AV, AF and AB controllers

The same functions can be used by different control
modes:

Stage 1-Sequential control mode

e Islanded operation (uses AF for control) @mz.smmmm.m

Stage 3-Sequential control mode

e Automatic re-synchronization

' Rensselaer
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Frequency computation block

Con '|_-|-::x To Rea
Complex Bus ‘ . _I‘»

Input: u, ul " nC VW4 YW, Serees Output: y
Bus voltage phasor, real ‘ m I 0= —V EIETE) [ Bus frequency deviation,
and imaginary components e r ! in per until.

model frequencyCalculatiionBlock
Modelica.Blocks.Interfaces.ReallInput u;
Modelica.Blocks.Interfaces.RealInput ul;

Modelica.Blocks.Interfaces.RealOutput y; TeﬂuaﬂepESGHEmonOfﬂE
Modelica.Blocks.Continuous.Derivative Frequency computation
derivative; block

Modelica.Blocks.Continuous.Derivative
derivativel;
equation
y = (u*(derivativel.y) + ul* (derivative.y))/ ((u™2) + (ul”"2));
connect (ul, derivativel.u);
connect (u, derivative.u);
end frequencyCalculatiionBlock;

e |If frequency is calculated from bus angle directly it may corrupt the frequency
calculation (due to angle wrapping).
e To obtain the correct frequency for control purposes, this computation block is used.
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e The AV, AF and A@ controllers are modeled inside the control unit and
implemented using the Modelica language.

e Both the voltage controller and the frequency controller use a PI function
while the angle difference controller requires a PID function

e The schematic and Modelica implementation of the AV controller are shown
below. The other controllers (AF and A®) use similar implementations.

Transmission network >—|_’ » |
bus voltage T j’
|VT ‘ _|_ Slgnal to o >j1:/)_ switch add1
k=KP <
3 SN

AVR e /
K, ' O o P
KP + —> I/F‘S A vplage integrator !
S
- —» / P
|VD | — k=Kl
Distribution network —
bus voltage .
Boolean Input signal Output (y)
The output truth table of / True y = AV (KP + %)
the AV controller
False 0

) Rensselaer




Controller Functions Islanding Detection

f

AN ]
Islanding bosleanCons. / \ Signal to CB1
Detection A T ~
---------- Frequency —[:
computation  ** Signal to CB2

Turbine block =
Controller Governor —q e - =i|-
System o [~
L L
—
e Once an islanding condition is detected, the s Eiza.1) _L
Pl controller modulates the speed error ke X —
signal of the governor within a turbine. — TFrequency | V/Signal to activate
. . . limit check block the controller
e This cascade connection makes it more ot

attractive for a practical implementation, as
only an additional control module needs to

. : e Synchronization variables, AV, AF and A@
be integrated with legacy controllers.

can all be used to determine islanding.

* o Inthe figure, the varighlgsdistetkai®rk frequency e In this presentation, the AF,
synchronization variable is used.
Qre = Reference frequency o Not difficult to include the others.
e The scheme below is used to generate a
Oper = Reference speed signal to activate the Pl controller for
Pmech = The mechanical power set-point islanded operation.

corresponding to a prescribed power
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I
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—

—>— D—|>
o
~~a . The TriggeredSampler

rising

triggered=ampler

function is used to latch
P 7 the controllers’ output

. ’ when CB2 is triggered
Ve

RGN - The Activation Unit

The Control Units

e The Boolean output signal from the re-synchronization unit is applied to the
circuit breaker CB2 when all three limits are satisfied
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Stmulation set-up

Distribution netw ork

Z“l_

diff_neniy

System Base: 100 MVA
Frequency: 50 Hz

thet

e The circuit breakers CB1 and CB2 are controlled using logic equations
implemented in a Simulation Set-up block which is used to create the
islanding event and to activate the islanded operation controller.
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e GENSAL block corresponds to the synchronous generator
IEEESGO corresponds to the gas turbine and governor model
e SEXS corresponds to the excitation control system of the generator
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/v v

const

k=0

The overall system frequency is
varied by introducing a speed
change in the governor system

e GENSAL block corresponds to the synchronous generator
e HYGOV corresponds to the hydro turbine and governor model
e SEXS corresponds to the excitation control system of the generator

) Rensselaer
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e A Boolean true signal keeps the

circuit breaker CB1 closed in the
transmission side network while
maintaining the transmission line
energized

The controller needs to use
frequency measurements, these

need to be estimated from the angle

of the voltage phasor.
The different control modes are
activated and deactivated by a
discrete control logic.

oy
Islanding

i w,
{)L detection Ret
1 + ! +
N Islanded ™
( }—  Operation _-/‘/_". )
Controller AN _/ P ocn
- I -
Ref Disable : Start ) Pn,
controller ~ 7

re-synchronization .
T Turbine

Govermnor
System

Re-synch -

Controller

v

s

AVR

v

) Rensselaer

Frequency computation

booleanConstantl

) | —
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frequency computation

¥
Distribution network
frequency computation
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timer -
k=1/2*3.14) Start automatic
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controller ya
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e Case 0: Frequency computation modeling impact on control function

e Case 1: Control Performance
o Islanded operation mode performance for 10 MW dispatch from G22
o Sequential control mode performance of the resynchronization controller
for a dispatch of 10 MW from generator G22
e Case 2: Effect of Frequency Computation and Angle Unwrapping
o This case study exhibits the performance of the angle control for both
wrapped and unwrapped angle calculations for a dispatch of 10 MW from
generator G22
e Case 3: Angle Control Response for Multiple Dispatch
o This case study is performed to illustrate the effect of angle difference on
the total time taken for the resynchronization process for different dispatch
levels from generator G22
e Case 4: Effects of Stochastic Load Behavior
o This case study shows the impact on the re-synchronization reclosure time
due to stochastic variations in the consumer behavior.

Rensselaer



Case 0 - Frequency computation modeling impact
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d_FREQ

Modelica implementation of the
Conventional WF-Based Freq.
Computation Method
(used in PSS/E, and all other power
system simulation software)
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—DDB L ] | ] ] | | a
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Simulation Time [s]

e Regardless of turbine-governor system type, the controller is capable of reset the
island’s frequency to the prescribed reference.
e |EESGO turbine-governor system:
o Max. instantaneous values of frequency deviations are 0.0414 Hz and 0.0405
Hz respectively when the controller remains inactive and active.
e HYGOV turbine-governor system:
o Max. instantaneous values are 0.057 Hz (when control action remains
inactive) and 0.055 Hz (when control action remains active).
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e As soon as the resynchronization process starts at 6.01 seconds the voltage
controller starts working and effectively reduces the voltage error in the
bus voltages (Bus 4 and Bus 6 voltage).

e After the re-synchronization occurs at 150 seconds the voltage controller still
works minimizing the error in the voltage difference for both the buses (Bus 4
and Bus 6).
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Both T&D network frequencies

experience change in the

frequency deviation. This raises

the question:

o Why does the error do not
return to zero?

Modeling choices:

We don’t use the “infinite bus” artifact to
artificially force a set-frequency in both
networks, as this modeling assumption is
only valid when analyzing responses of
up to 10 sec.

We do not model the so-called Automatic
Generation Control (AGC) dispatch
control system used by operators in
North America, as we wanted to address
the general case where such
mechanisms are not used.

=
o

=
.

0.2}

Freguency deviation (Hz)
=

Transmission frequency
++ Disttribution frequency |4

100 150 L 200 250

Tt

50 100 150 200 250
Time(s)

With these modeling choices:

o Frequency difference is governed by
the droop and limits of the “larger”
system.

The resynchronization function does not
force the DER to return to a “fixed” value,
but instead, adapts to the frequency of the
system to be re-synced to.




Fraequency difference (Hz)
=

100 120 140 \ 160
100 150 20 250
Time(s)

The resulting frequency deviation between the trafyssmission and distribution
network undergoes the following ¥ange during the followkg events:

o For the initial islanding: -0.4< Af<-0.4

o At the re-synchronization trip signal: -0.02<Af<0.02
This reduction is thanks to the sequential control actions fromt = 6 to 150.
The frequency controller reduces the frequency deviation to zero after the
distribution network is re-connected with the transmission side.

») Rensselaer
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_ Performance of the angle
] ° difference controller due to
g - “— angle measurement
[=] .
Q
2 of Moment of re- unwrapping
< mm Unwiapped synchronization

s | Wrapped -
0 Sh
Simulation Time [s]

e Observe from the red trace, the unwrapped | .quation

angle difference calculated from the wrapped | theta_diff = (-Bé.angle) + Bi.angle;

. . . theta_ diff new = homotopy(actual =
gngle differences produces no transients in emooth (0, noEvent (if theta diff >
Its response. 180 then theta diff - 360 else

; : if theta_diff < (-180) then

© _ThIS WaS_ aChIeved_ through the theta diff + 360 else theta_ diff)
implementation on the right code: > ), simplified = theta_diff);

e This makes the angle controller effective | connect(theta diff new,
G22.theta diff);

during the automatic re-synchronization | cnq.
process

' Rensselaer
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Angle difference [degree]
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Signal to breaker
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m— [ispatch= 7MW

Dispatch= SMW

Dispatch= 10MW
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50 100 150
Simulation Time [s]

When the angle difference
between the distribution and
transmission network bus voltage
phasors reaches a steady state
value, CB1l receives a trigger
signal for automatic re-closure.

For lower dispatches the angle
difference controller is faster
because the generator has a larger
bandwidth (i.e. available capacity)
to minimize the angle difference by
speeding up the active power
output.
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e Stochastic load model introduces uncertainties in the load response, affecting
the voltage phasor values.

e Thus the estimated frequency will vary, and consequently, the controller
activation time can no longer be determined or designed deterministically.

e This shows that it is important to use statistical-based methods for
control/protection scheme design.
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A simple new frequency computation
technique that uses bus voltage data and can
be used during dynamic simulations for control
scheme design has been proposed.
A new control architecture that uses PMU
measurements allows for the implementation of
different control modes for DERs in different
operating conditions:

o Islanded operation control

o An automatic re-synchronization control
The angle difference control function is
required to perform seamless automatic re-
synchronization process.
This controller could be attractive for new
distributed energy resource (DER) integration in
low-voltage distribution grid and micro-grids.
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Future work would focus on:

Coordinating  multiple DERs

through similar control schemes.
Application/re-design  for to
renewable DER.

Modeling of communication and
information technologies.
Prototyping
ALSETLab

and testing in
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why not change the world?®
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ZeroOrderHold fixedDelay
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e A Zero Order Hold (ZOH) block from Modelica Standard Library is used
to simulate different phasor reporting rates, streamed by a PMU device.

o Note: reporting rate is the output of the PMU, the PMU internally
samples at kHz level and computes phasors.

e The time delay due to data transmission from a PMU to Phasor Data
Concentrator (PDC) and the controller is modeled using the FixedDelay
block from the Modelica Standard Library.
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e The stochastic load model does not allow to accurately capture the frequency
deviations due to time varying load changes. The controller is capable of reset
the island’s frequency to the prescribed reference in case of stochastic load.
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e The increase in the frequency deviation, increases the mechanical power up-to
10.88 %. However for both deterministic load and stochastic load model the
control error decreases up-to 0.023 %.

e This shows that stochastic load modeling is necessary when analyzing
turbine-governor control systems.
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