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Abstract

Re-synchronization is traditionally coordinated between
the electric power transmission network operators and
power plants in an isolated portion of the grid. As the
number of DER continues to increase with the rise of re-
newable energy sources located at the lower voltage net-
works, automatic re-synchronization methods that can be
applied to a great number of DER are desirable. This
paper describes the architecture and modeling of an au-
tomatic re-synchronization controller, which can be ap-
plied to synchronize an islanded portion of the grid by
using remote measurements to drive a Distributed Energy
Resource (DER) within the islanded network. The con-
troller’s re-synchronization function uses bus frequency
measurements, which are derived using bus voltage pha-
sors and a new bus frequency computation technique that
can be used during the execution of dynamic simulations.
This paper also introduces a new bus-angle difference con-
trol function within the re-synchronization control system,
which allows monitoring the phase angle difference be-
tween two buses so to avoid unwanted re-synchronization.
The effect of the angle difference control function is eval-
uated using a controlled circuit breaker considering dif-
ferent power dispatch levels of the generator in the distri-
bution network model. Both deterministic and stochastic
load models are used to analyze the performance of the
automatic re-synchronization control system.

Keywords:  Automatic re-synchronization controller;
phase angle difference controller; power distribution net-
work; synchrophasors;, Modelica; OpenlPSL

1 Introduction
1.1 Motivation

Re-synchronization needs to be coordinated between the
transmission operators and power plants in an isolated por-
tion of the grid in order to maintain the balance between
the power supply and demand. This task can be chal-
lenging when one portion of the distribution grid contains
small generators having low inertia which is the case of
Distributed Energy Resources (DER), such as small hy-
dro, wind and solar power plants. As the number of DER
continues to increase with the rise of renewable energy

sources located at the lower voltage networks, automatic
re-synchronization method that can be applied to a great
number of DER are desirable. One of the main chal-
lenges with conventional synchronization techniques is to
maintain a stable system operation when a disturbance
occurs, during the re-synchronization process (Belyaev
et al., 2015).

In addition, as reported in (Assis and Taranto, 2013),
that perfect re-synchronization can only be achieved when
there is no power flow through the coupling circuit breaker
at the time of operation. Improper re-synchronization
leads to poor power quality and reliability, diminishing en-
ergy economics (Mazloomzadeh et al., 2012).

To address these challenges, this paper presents the
modeling of an automatic re-synchronization control sys-
tem in a centralized control architecture that allows to re-
connect two isolated power networks by exploiting syn-
chrophasors and frequency estimates from Phasor Mea-
surement Units (PMUs). PMUs are placed in both trans-
mission and distribution networks to assist the automatic
re-synchronization controller. All modeling has been car-
ried out using Modelica language (Fritzson, 2004) and the
OpenlPSL (Vanfretti et al., 2016) library.

1.2 Literature Review

Several aspects for grid synchronization have been dis-
cussed in (Blaabjerg et al., 2006) (Timorabadi and Daw-
son, 2006). It is described in (Belyaev et al., 2015) that
improper re-synchronization may lead to damaging circuit
breaker contacts, mechanical stresses on a generator and
prime mover, and other unwanted wear/tear.

The previously cited searches also highlight that, there
will be a sudden active power flow at the time of re-
synchronization, until the initial frequency difference of
the two sides of the circuit breaker reach a stable com-
mon frequency. The other criterion is the magnitude of
the voltage differences across the circuit breaker. If this
magnitude is very high, it will cause sudden transient cur-
rent to flow through the circuit breaker, resulting in high
reactive power flow. Meanwhile it is reported in (Belyaev
et al., 2015) that phase angle difference is another impor-
tant criterion for re-synchronization. Therefore control of
the phase angle difference across the circuit breaker can
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be beneficial for re-synchronization.

To automate the re-synchronization process, it is pro-
posed in (Assis and Taranto, 2013) to use a voltage and
speed control strategy for automatic re-connection using
remote sensing of voltage and frequency signals after an
intentional islanding occurs. However, this approach still
depends on conventional synchronism check relays. Auto-
synchronizers are also available to perform automatic re-
synchronization when the synchronization function is ac-
tive. They will automatically adjust the speed of the gen-
erator through the governor in order to match the bus fre-
quency. This arrangement is ideal for synchronizing an is-
landed system of multiple generators and load to the grid
or another islanded network (Thompson, 2012). Alterna-
tively, the use of frequency estimates from PMUs are pro-
posed in (Kirkham et al., 2014). Reference (Almas and
Vanfretti, 2016) proposes to use PMUSs to obtain frequency
measurements and GOOSE messaging for control, how-
ever, the control actions are discretized and applied using
a look-up table, which can introduce undesirable pertur-
bation to the generator.

Alternatively, to perform re-synchronization operation,
it would be equally interesting to develop a controller ca-
pable of using the frequency estimates from PMUs while
applying smoother control actions. Therefore this paper
proposes to use PMU measurements from both transmis-
sion or distribution networks for the re-synchronization
control system, while applying smooth control actions on
error signals from voltage, frequency and angle differ-
ences.

1.3 Paper Contributions
The main contributions of this paper are as follows:

e A bus-angle difference-based controller that helps
reducing the bus voltage angle difference and en-
hances operation of the re-synchronization process.
The controller uses the unwrapped angle calculated
from the bus angles, which is required due to the an-
gle switching.

e The proposed control system is interfaced in cascade
with traditional turbine governor and excitation con-
trollers (i.e. governor and voltage regulators) supple-
menting generator control systems model instead of
replacing existing ones.

e The performance of the proposed control system is
evaluated for both stochastic and deterministic load
models to illustrate the impact of load uncertainties
in the short time-scale of the re-synchronization pro-
cess.

The remainder of this paper is organized as follows. In
Sections 2 the centralized control system architecture and
modeling of the automatic re-synchronization controller
is explained. Section 3 describes the power system and
simulation execution models. Finally, case studies are an-

alyzed in Section 4 and conclusions are drawn in Section
5.

2 The Re-synchronization Controller
2.1 Control Architecture

A schematic of the proposed control architecture for auto-
matic re-synchronization is shown in Figure 1. It contains
three major functions or units: computation unit, activa-
tion unit and control unit. The computation unit com-
putes the bus voltage, frequency and angle differences.
The control system is comprised of a voltage controller,
a frequency controller and an angle-difference controller.
In addition the ‘activation unit‘ is used to trigger the indi-
vidual regulators following different control modes.

The decisions taken by this unit require checking
thresholds for three different synchronization variables:
AV, AF, AQ; these are the voltage, frequency and angle
differences, respectively, obtained from the computation
unit. The synchronizing variables are calculated using
PMU measurements from two locations of the power net-
work; one is the main grid and one in the islanded grid
under control.

One of the control modes of the activation unit will
be analyzed herein the traditional sequential mode. This
mode activates each of the individual controllers in se-
quence, after each of the individual thresholds for the
synchronization variables have been reached. The order
is AV, AF and finally A@. Once the thresholds set for
the synchronization variables have been reached, the re-
synchronization process is completed by sending a trip
signal to the receiving end of the controlled circuit breaker.
Throughout this paper it is assumed that the sending end
circuit breaker is closed and that the power line is ener-
gized. Switching transients (i.e. those involved in the
electro-magnetic behaviour of the system) are ignored, as
it is assumed that because the control system minimizes
errors in the synchronizing variables, the switching tran-
sients will be negligible.

2.2 The AV, AF and A6 controller

Similarly to (Assis and Taranto, 2013), both the voltage
controller and the frequency controller use a PI block.
In addition an angle difference controller, proposed here,
also requires a PID function. The schematic of voltage
controller and the frequency controller are shown in Fig-
ures 2 and 4 respectively while their Modelica implemen-
tations are shown in Figures 3 and 5 respectively.

Table 1. Truth table of the voltage controller

Boolean Input signal Output (y)
True y=AV <Kp + ’§1>
False 0

In the Modelica implementation of the voltage con-
troller (see Figure 3) ul and u2 represent the voltage
magnitudes of the transmission and distribution network
buses, respectively. The output of the voltage controller is
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Figure 1. Architecture of the automatic re-synchronization controller.
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Figure 2. Schematic of voltage controller.

gain

switch

=tart-.-'u‘ﬁﬁ‘J——:

constl

/f]\ ,
integrator L

k=Kl

k=0

Figure 3. Implementation of the voltage controller in Modelica.

applied to the AVR error signal, which controls the field
voltage of the generator.

If the Boolean input signal, start_voltage, is applied
to the switch is true then the computed voltage difference
is fed to the PI block. If this Boolean signal is false, the
output of the controller becomes zero. In sum, the voltage
controller output is defined by the truth table shown in
Table 1.

In the Modelica implementation of the frequency con-
troller (see Figure 5) £_IB and f_DN represent the fre-
quencies of the transmission and distribution networks, re-

Transmission network

bus frequency
T
_|_
K |
—> K, + = —» Py
fo —
Distribution network

bus frequency

Figure 4. Schematic of frequency controller.

Table 2. Truth table of the frequency controller

Boolean Input signal Output (y)
True y = Af (Kp + 1§’>
False 0

spectively. The output of the frequency controlleris Prs1
as shown in Figure 5.

If the Boolean output signal from the XOR gate is true,
the output of the switch is the frequency difference, which
is applied to the input of the PI controller. If this Boolean
output of the XOR gate is false then the output of the
switch is zero, and as a result, the output of the PI con-
troller becomes zero. The output of the XOR gate be-
comes true when either of the Boolean inputs is true, if
booth the inputs are true then output is false. The Boolean
signal Trigger turns true when the voltage limit is sat-
isfied. The Boolean signal B1ock is true when all three
(AV, AF and A6) limits are checked successfully. There-
fore the output of the frequency controller can be repre-
sented as shown in Table 2.

The angle difference controller is a PID controller
whose input is the angle difference between the transmis-
sion and distribution side bus voltage angles. A simple
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Figure 5. Implementation of the frequency controller in Model-
ica.
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Figure 6. Schematic of A@ controller.

block diagram representation of this controller is shown in
Figure 6, while its Modelica implementation is presented
in Figure 7. The output of the angle difference controller
is described in Table 3.

Table 3. Truth table of the AO controller

Boolean Input signal Output (y)
True y=A0 (Kp + % —l—KDS)
False 0

PMUs perform angle wrapping when reporting pha-
sor data, if used in such representation during simulation,
computations will face numerical issues (Milano and Or-
tega, 2017). Hence to avoid this difficulty the following
Modelica code was implemented to unwrap the wrapped
bus voltage angle at each bus, from where the angle dif-
ference is calculated. The angle controller uses the new
angle input from theta_diff_ new, so that the angle
difference does not corrupt the performance of the pro-
posed controller. The calculation of theta_diff_new
uses the Modelica operator Homot opy! that operates on
the actual bus angle difference due to its non-linearity.

!Online at: http://modelica.readthedocs.io/en/latest/operators.html

theta_diff

switch1 ¢ PID
unit_conv
= ¥

const

BLOCK

k=0

Figure 7. Implementation of the angle difference controller in
Modelica.

equation

theta_diff = (-B6.angle) + B4.angle;

theta_diff new = homotopy (actual =
smooth (0, noEvent (if theta_diff >

180 then theta_diff - 360 else

if theta_diff < (-180) then
theta_diff + 360 else theta_diff)
), simplified = theta_diff);

connect (theta_diff_new,
G22.theta_diff);

end;

2.3 Centralized control system architecture
and Modelica implementation

The Modelica implementation of Figure 1 is presented in
Figure 8. The controller is modeled using a centralized
control architecture deployed in the generator at the distri-
bution network. The TriggeredSampler blocks are
used inside the re-synchronization unit. These blocks are
used from the Modelica Standard Library 2 and latch the
input when the Boolean trigger input signal is true. The
Boolean output signal from the re-synchronization unit is
applied to the circuit breaker when all three limits are sat-
isfied inside the activation unit. The Modelica implemen-
tation of the generator at the distribution network is pre-
sented in the Figure 11.

2.4 Modeling of Frequency computation
Block

In previous work (Mukherjee and Vanfretti, 2018), the au-
thors developed a technique to compute frequency esti-
mates during the execution of dynamic simulation. Simu-
lation results comparing this model with the conventional
frequency computation approach used in power systems.
This previous results are used in this work.

To briefly summarize this previous work, let @ be fre-
quency of the bus voltage, the first order derivative of the
bus angle represents the frequency deviation at the bus.

2Qnline at: https://github.com/modelica/ModelicaStandardLibrary
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Figure 8. Implementation of the automatic re-synchronization
controller in Modelica.
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The bus frequency can be determined from the following
equation, where V, and V; represent the real and imaginary
parts of complex bus voltage respectively:

VVi+ ViV,
= ivr (1)
V2V
The controller uses the equation above to compute the
bus frequency from the bus voltage data, which is imple-
mented as a Modelica code in the frequency computation
blocks inside the simulation set-up that will be described
in the next sections.

3 Power System Model and Simula-
tion Set-up Implementation

3.1 Power System Model Implementation

Figure 9 shows the power system model mapped on
the component layer of Smart Grid Architecture Model
(Hooshyar and Vanfretti, 2017), while it’s Modelica im-
plementation presented in Figure 10. Figure 9 is use-
ful to understand re-synchronization would require the
coordination between three domains - transmission, dis-
tribution, and DER owners, and thus, the proposed re-
synchronization controller would be beneficial. The figure
shows how PMU data is measured at both a transmission
and distribution substation, while the re-synchronization
controller is located at the DER substation.

In the Modelica model shown in Figure 10, the re-
synchronization controller is within the generator (G22).
This is expanded in Figure 11, that shows how G22 is
modeled using the GENSAL block in OpenIPSL that cor-
responds to the synchronous generator; IEEESGO is the
OpenIPSL block that corresponds to the gas and turbine
model, and SEXS is the OpenIPSL block used to model
the excitation control system of the generator. Meanwhile,
in Figure 10, G1 represents a large power plant connect-
ing to the transmission portion. This is expanded in Fig-

ure 12, that shows how G1 is modeled using the HYGOV
block from OpenlIPSL that corresponds to a hydraulic tur-
bine and governor systems model (HYGOV). To model
hydraulic power plants, the synchronous generator GEN-
SAL block in OpenIPSL is used to consider salient fluxes,
and excitation control system of the generator (SEXS).
The upper left corner of Figure 12 shows how the overall
system frequency is varied by introducing a speed change
in the governor system of the transmission network gener-
ator model, before the re-synchronization process starts.

3.2 Simulation Set-Up Implementation

The Modelica implementation of the simulation set-up
block is presented in Figure 13. It is used to set-up the
re-synchronization event that leads to the activation of
the automatic re-synchronization controller. The circuit
breaker 2 remains always closed and keeps line (L.3) en-
ergized from the transmission side. Circuit breaker 1 is
controlled with the following logic. Initially, for first 6
seconds, the breaker is closed and after that it is open. At
6.01 seconds the re-synchronization process starts and the
Boolean signal y3 becomes true. This output is applied
as the Boolean input to the automatic re-synchronization
unit to start the voltage control. When the Boolean output
from the activating unit becomes true, the breaker CB2 is
closed. The frequency computation blocks calculate the
frequencies of each side of the network. The outputs y1
and y2 from these frequency calculation blocks are ap-
plied to controller inside G22, while a Boolean constant
true signal keeps the circuit breaker CB1 closed to keep
the transmission line energized between both breakers.

4 Case Studies

The following case studies are performed using a steam
turbine and governor system in the distribution side gen-
erator model G22 to analyze the performance of the pro-
posed automatic re-synchronization controller.

4.1 Sequential Control Mode Performance

This case study includes the performance of the re-
synchronization controller shown in Figures 14-16. As
it can be observed from Figure 14a, soon as the re-
synchronization process starts at 6.01 seconds the voltage
controller starts working and effectively reduces the oscil-
lations in bus voltages (Bus 4 and Bus 6 voltage). 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).

From Figure 15a it can be seen that both the transmis-
sion and distribution network frequency deviation undergo
excursion of -0.5< Afy<-0.5 and -0.4< Afp<-0.05. The
frequency controller in this paper aims to reduce the fre-
quency deviation to zero and that can be seen from Fig-
ure 14b; after the network is re-connected with the trans-
mission side, frequency deviation (with respect to that of
the transmission network) remains zero which satisfies the
goals of the proposed automatic re-synchronization con-
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Figure 9. The use case mapped on the SGAM component layer.
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Figure 10. Power network models using components from
OpenlPSL in Modelica.

troller. In Figure 16a the phase angle difference of the
bus voltages are plotted where it can be seen that dur-
ing and after re-synchronization the re-synchronization
the bus voltage angle difference also remains zero, imply-
ing ideal automatic re-synchronization. Figure 16b plots
the triggered signal to the controlled circuit breaker CB2.

4.2 Performance of the Angle Control Func-
tion

When measured by PMUs the angle of the bus voltage
phasor switches between +/- 7 (+/- 180 degrees), therefore
the angle difference calculated directly from bus data the
may corrupt the performance of the angle controller if it is
wrapped. This case study exhibits the performance of the
angle control for both wrapped and unwrapped angle cal-
culations for a dispatch of 10 MW from generator G22, as
shown in Figure 17. The the angle controller is activated at
t= 101 seconds whereas re-synchronization process starts
at t= 6.01 seconds . As it can be observed from the red
trace, the unwrapped angle difference calculated from the

TRIGGER

conn

3
GENSAL

7T

T —
ol g

Figure 11. Centralized control structure within the generator
model (G22) implemented using Modelica.

wrapped angle differences produces no transients in its re-
sponse, which makes the angle controller effective during
the automatic re-synchronization process.

4.3 Effect of Angle Difference Controller dur-
ing the Re-synchronization Process

This case study is performed to illustrate the effect
of angle difference on the total time taken for re-
synchronization, and also to understand the effect of angle
controller on the circuit breaker current magnitude at the
time of automatic breaker closure.

After the voltage and frequency control have minimized
their control errors below the pre-defined thresholds the
output of the angle difference controller plays an impor-
tant role controlling the time for the automatic breaker
re-closing process. The phase angle difference and the
control signal to the circuit breaker 1 (CB1), are plotted
in Figure 18 for different dispatches from the distribu-
tion side generator to demonstrate this effect. As it can
be observed from in Figure 18, when the angle differ-
ence between the distribution side and transmission side

612

Proceedings of the 13" International Modelica Conference
March 4-6, 2019, Regensburg, Germany

DOI
10.3384/ecp19157607



Modeling of PMU-Based Automatic Re-synchronization Controls for DER Generators in Power Distribution

Networks using Modelica and the OpenlIPSL

conn

. B

ramj HYGOV P... P...

L 4
iy

GENSAL

—>

X

SEXS

duration=5

const

k=0
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Figure 13. Modelica implementation of the simulation set-up.

bus voltage phasor reaches a steady state value, CB1 re-
ceives 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 capac-
ity) to minimize the angle difference by speeding up the
active power output. Hence there is a large value of distri-
bution generation to (if possible) have available capacity
resources to use for frequency ancillary services during re-
synchronization to the transmission grids.

From Figure 19, it can be observed that with angle differ-
ence control activated the magnitude of the circuit breaker
CB2 current reduces, which implies that presence of the
angle control unit reduces unwanted effect of improper
re-synchronization. This comes at the cost of a longer re-
synchronization time, however, note that this is the time
spent on minimizing Af.

4.4 Effect of Stochastic Load Model

In this case the performance of the re-synchronization
controller is analyzed for both deterministic and stochastic
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(a) Transmission and distribution network bus voltages.
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(b) Voltage difference during re-synchronization.

Figure 14. Bus voltages and bus voltage difference during the
re-synchronization process for I0OMW dispatch from G22.

load models. Figure 20 shows the plot of the transmission
side frequency for both models. As it can be observed,
when the stochastic load model introduces uncertainties in
the load response, which in turn, affect the voltage phasor
values. As a result, the estimated frequency will vary, and
consequently, the controller activation time can no longer
be determined or designed deterministically. Depending
on the variance used for the stochastic load model dif-
ferent answers can be obtained. What this aims to show
is the need of stochastic modeling when considering re-
newable energy sources (RES), as the different thresholds
need to be determined a-priori, they need to be computed
probabilistically using the stochastic model and a Monte-
Carlo like approach; note that this is NOT in today’s cur-
rent practice. This will be subject to future work.

5 Conclusions

The following conclusions can be drawn from the above
work. The angle difference control function is required to
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Figure 16. Plot of angle difference and controlled signal to CB1
during re-synchronization for I0MW dispatch from G22

perform seamless automatic re-synchronization process,
hence, reducing the circuit breaker power at the time of
re-connection. It is necessary to unwrap the bus voltage

to angle measurement unwrapping.
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Figure 18. Angle difference controller effect on the re-

synchronization time for different dispatches.

phase angle otherwise the wrapped bus angle will cor-
rupt the performance of the angle controller. The archi-
tecture of the automatic re-synchronization controller per-
forms satisfactorily for both deterministic and stochastic
load models.

Further work should involve the performance analysis
of the automatic re-synchronization controller for differ-
ent reporting rates, and data transmission delays for PMU
devices. It will be also be interesting to investigate the
performance of this controller for different of load uncer-
tainties (noise level) in order to analyze the impact of un-
certainties on the system behaviour. Authors of this paper
are currently working towards these goals.

Reproducible Research

The models used to obtain the results in this
paper are available online on the following
Github  repository: https://github.com/
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