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Abstract—This paper discusses how a real-time electromechanical oscillation monitoring system (REOMS) can be incorporated into synchrophasor devices. Using a closed loop feedback system consisting of a second order generalized integrator
phase-locked loop (SOGI-PLL), this paper shows that real-time
frequency, phase, and magnitude of electromechanical oscillations can be tracked using existing synchronized measurement
platforms. The approach is demonstrated using simulation and a
scaled hardware demonstration platform developed by the Center for Ultra-wide-area Resilient Electric Energy Transmission
Networks (CURENT) to test wide-area monitoring and control
schemes. Compared to traditional spectral base techniques, the
phase lock loop approach offers more flexibility in tracking realtime oscillations, especially when the signal has floating modal
properties. Real-time tracking of oscillation becomes extremely
important when trying to adopt wide-area control schemes into
the power grid, specifically oscillation damping and angular
stability.
Index Terms—phase-locked loop (PLL), phasor measurement
unit (PMU), real-time electromechanical oscillation monitoring
system (REOMS), second order generalized integrator (SOGI),
synchrophasor

I.

I NTRODUCTION

In the last decade, a large amount of research has been done
on phase-locked loop (PLL) technology for grid monitoring
and synchronization. The vast majority of the work has been
in response to the growth of power electronics in utility
applications; however, the use of PLL technologies in phasor
measurement units (PMUs) and other frequency measurement
applications has also received a great deal of attention in recent
years. The goal of this work is to look at incorporating these
techniques developed for grid synchronization into a real-time
electromechanical oscillation monitoring system (REOMS).
The work will begin by briefly discussing PLL technology but
will mainly focus on a particular PLL implementation centered
around the use of the second order generalized integrator
(SOGI-PLL). There are many different techniques available
for grid synchronization and it is not possible to evaluate
every technique in this paper for use in real-time oscillation
detection. However, the authors will discuss why some of
the common techniques used for grid synchronization are not
applicable for this application. The paper will discuss the
details on how to design the controls for use in a REOMS
system and then show how the frequency, angle, and magnitude
can be tracked in real-time using both a software and hardware
demonstration.
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The authors in [1] first suggested using PLLs for oscillation
detection because of the deficiencies in current spectral based
techniques. One of the most notable advantages to come out
of that paper was the ability to track, with high accuracy,
electromechanical oscillations in real-time with a PLL. As
the power industry moves towards measurement based widearea control systems, real-time detection methods are a must,
and incorporating the functionality into the existing hardware
is an attractive feature. This paper will expand upon that
approach introduced by [1] using a more advanced PLL
structure to provide better dynamic performance and accuracy
along with describing how the control can be incorporated into
the synchrophasor device to create a REOMS. The paper will
also look at a marginally stable case to show how the frequency
of the oscillation mode changes over time and how tracking is
maintained with the REOMS.
In the rest of the paper, Section II briefly introduces the
PLL technique and the proposed SOGI structure, Section III
describes the details for designing the SOGI-PLL and incorporating it into existing synchrophasor devices, Section IV
shows the simulation and experimental results of the proposed
approach, and finally, conclusions are drawn in Section V.
II.

SOGI BASED P HASE - LOCKED L OOP

A phase-locked loop is a type of closed-loop control system
that automatically adjusts an internal oscillator to keep the time
of some external periodic signal. The basic structure of the
PLL is shown in Figure 1. It consists of the following three
fundamental blocks [2]:
1)

2)

3)

A phase detector (PD), used to generate an output
signal proportional to the phase difference between
the input signal and the signal generated by the
internal oscillator of the PLL.
A loop filter (LF), used to attenuate the high frequency AC components of the PD. Typically, this
block consists of a low pass filter, PI controller, or
some combination of the two.
A voltage control oscillator (VCO), used to generate
an AC signal whose frequency is shifted with respect
to a center frequency as a function of the input
voltage provided by the LF.

Since the PLL is a closed loop feedback system, the rebuilt
signal can optimally fit the input singal, such that the frequency
and phase can be dynamically estimated with high accuracy.
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Basic PLL structure.
Fig. 2.

The PLL technology used for grid synchronization is
different than the traditional mixer type PLLs found in communication systems because of the grid operating requirements.
This is mainly due to the transient and distortion requirements
found in grid applications. Most communication type PLLs
assume that the loop filter is tuned much lower than the source
frequency so that the double frequency term after the PD is
highly attenuated [2]. This type of PLL structure can result in
a slow response when applied to grid synchronization systems
because the loop filter needs to be tuned so low. One common
workaround for single phase systems is to create a signal in
quadrature with the input and then apply a dq transformation
to transform the input signal to DC components. This allows
the bandwidth of the controller to be increased while not
sacrificing the accuracy of the measurement. In the remainder
of the paper, the techniques developed for grid synchronization
(50-60 Hz) will be used to track electromechanical oscillations
(mHz - Hz). The next section will discusses the quadrature
generator used in the PLL.
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k. For both figures, the resonant frequency is 2π0.5. Based on
the bode plots, the following can be concluded:
1)

2)

The transfer function Xα exhibits a bandpass filtering
characteristic with a center frequency of ωr . The
width of the passband is determined by the damping
factor k and is independent of ωr . When the system
frequency is equal to ωr , then Xα will match in
magnitude and phase with Xi .
The transfer function Xβ exhibits a low-pass filtering
characteristic. When the system frequency is equal
to ωr , then Xβ will be -90◦ out of phase with the
fundamental component of the input signal Xi .

Lower k leads to better filtering capability. However, we can
see from (2) and (3) that k < 2 leads to an underdamped
response. Therefore, choosing the gain is not solely determined
by the filtering aspects of the SOGI but a combination of
filtering and dynamic performance.

The SOGI method used in this paper is in the adaptive class of
quadrature generators. Beyond the quadrature generator, most
of the PLL structure is the same for phase locking techniques.
The basic SOGI-PLL structure is shown in Figure 2. From
the input signal, the SOGI quadrature generator creates an
orthogonal signal (Xβ ) and also provides a filtered input signal
(Xα ). The Park transformation (αβ → dq) applied after the
SOGI-QG is defined in (1)
III.

cos(θ) sin(θ)
T =
−sin(θ) cos(θ)

+

Xβ

A. SOGI-PLL
In the last decade, there has been a great deal of work
on how to obtain this quadrature signal from a single phase
measurements for use in single phase PLLs. Some of the most
notable methods include:

Basic SOGI-PLL structure.



(1)

The basic structure of the SOGI quadrature generator is
shown in Figure 3. The generation of the quadrature signal
and filtered input signal is accomplished using two integrators
in a feedback configuration. The transfer functions for filtered
and orthogonal signal are given in (2) and (3). Figure 4 and
5 shows the bode plots of (2) and (3) for different values of

Hα (s) =

kωr s
Xα (s)
= 2
Xi (s)
s + kωr s + ωr2

(2)

Hβ (s) =

Xβ (s)
kωr2
= 2
Xi (s)
s + kωr s + ωr2

(3)

S YSTEM I NTEGRATION AND C ONTROL D ESIGN

The complete system diagram of the REOMS including
integration into the PMU is shown in Figure 6. For illustration purposes, the PMU implementation is shown with a
synchronous reference frame PLL (SRF-PLL). This diagram
is not implying though that the SRF-PLL is suitable for PMU
applications. It is merely showing how the electromechanical
oscillations can be detected from the grid synchronization
PLL’s frequency measurement. Most PLL based PMUs will
have a similar structure where the nominal frequency ωf p
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is used to improve the start-up behavior of the PLL. The
frequency error, ∆ωp, will be what is tracked by the REOMS.
This frequency error will consist of a DC offset plus the
oscillation frequency. The technique proposed in this paper
can also be applied directly to the output of the PMU (i.e.,
the 30 s/sec output). In fact, the continuous controls presented
in the next section were discretized using a sampling rate of
30s/sec and Tustin’s method to ensure proper operation when
connected directly to the output of the PMU. If the REOMS is
integrated into the PMU as shown in Figure 6, or with some
other variation where the output signal is at a high sampling
rate, the design is simpler and the numerical integration error
discussed in [8] is negligible.
A. DC Offset and Compensation
Notice that the REOMS PLL shown in Figure 6 has two
SOGI-QG, one being in feedback path and the other being
from the real-time spectral block. The first SOGI is needed
to remove the DC component from the ∆ωp measurement.
Initially, the technique proposed in [11] was tried for this
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application, which would require only a single SOGI-QG, but
when Xdc > Xac the system is unstable. Since the operating
point is always changing in the power system, and the change
can be quite significant following a disturbances, this method
was not suitable for this application. This is also why some
of the other common techniques like the Park-PLL and SOGIFLL cannot be directly applied in this application.

Since the transfer function for Xα has a zero at the origin,
(2) can be applied to the input signal to remove the DC
component. However, since it is not in the feedback path
for this configuration, the phase and magnitude have to be
compensated using the transfer function in (2). For example,
the phase compensation is done using (4), where k is the
damping coefficient discussed in the earlier section about the
SOGI. The π/2 in (4) is because θre is bound between 0
and 2π from the integrator used in the VCO. The magnitude
after compensation, Xc , multiplied by cos(θc ) will be the

π
kωf r ωr
)−
ωf2 r − ωr2
2

(4)

It is also possible to determine the phase and frequency through
the frequency detection block. This block uses atan2 of X2α
and X2β , where atan2 is the atan of the two signal plus
quadrant identification, and a derivative to get the frequency.
The derivative is done using a difference equation with some
additional logic to account for the changes from π to -π in the
phase. The responses from the frequency detection block will
be slightly quicker than the PLL output but is less immune to
noise. The phase compensation (4) also needs to be applied to
the phase angle for this approach.
B. SOGI-PLL Controller Design
A linearized model is presented for the SOGI-PLL in the
following section. To derive the linearized model, the following
assumptions are made about the system.
1)

The frequency of the SOGI (ωr ) is close to the real
frequency
There is only a small difference between the real and
estimated phase angles
The input signal harmonics act as a disturbance to
the feedback system

2)
3)

Starting from (2) and (3) and after applying Park’s transformation (1), an approximate first order response can be derived
for vd and vq for a step change in input. Since only vq will be
used in the control, the approximations are only given for the
q-axis. The first order approximations are given in (5). The
details about the derivation of (5) can be found in [12] and
[2].
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The REOMS design was first tested using a known set of
events in Simulink. Three events were applied to the REOMS,
each with a different operating point followed by a ramp
change in frequency from 0.4 Hz to 0.6 Hz at a rate of 0.01
Hz/s and a damping of 0.2. Figure 8 shows the frequency and
magnitude results for this test. It is clear from the figure that the
phase-locked loop in the REOMS does a good job of tracking
the signal in real-time. The steady state error during the ramp
is caused by a filter on the output of the frequency. Since the
controller is type 2 (6), it can track a ramp with zero steady
state error; however, some filtering is applied outside of the
control loop that creates a small offset in the measurement.
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With the small signal model for the phase detector, the small
signal model for the SOGI-PLL can be derived. Figure 7
shows the linearized model of the SOGI-PLL. The input signal
and disturbances have been normalized where D0 (s) represents
D(s)/V. Assuming a PI controller as the loop filter, the openloop transfer function is given by (6).

θr

S IMULATION AND E XPERIMENTAL R ESULTS

Frequency ramp from 0.4 Hz to 0.6 Hz.

(5)

V
vq (s) ≈ k2 −1
φe (s) + D(s), when k ≥ 2.
kω s + 1

D'(s)

IV.

Magnitude

θc = θre + atan2(

From the small signal model, the controls were desiged using the technique of extended symmetrical optimum method
discussed in [12].

Frequency (Hz)

reconstructed oscillation signal from the REOMS.

(6)

The next test was done using a two generator system
shown in Figure 9. For this set of tests, the clearing time of a
temporary three phase fault at bus 1 was increased every 40 s
to approach its critical clearing time to move the system closer
to instability. The last event is a marginally stable case where
the nonlinearity of the first swing is very pronounced. This
test intends to show how the real-time oscillation frequency
may fluctuate when the system behaves more nonlinearly. The
top graph of Figure 10 shows the frequency difference between
the two generators during the fault events vs. the reconstructed
PLL output tracking this frequency difference. The bottom
graph of of Figure 10 shows the real-time oscillation frequency
of this frequency difference. By being able to track the
oscillation frequency real-time, the nonlinearity of the event is
captured giving more insight into the stability of the system.
Spectral based techniques give an average of the event, so
much of this nonlinearity is lost in the analysis.
The Center for Ultra-wide-area Resilient Electric Energy
Transmission Networks (CURENT) has a hardware test bed
with a scaled version of the two area system described in [13]
emulated with power electronic converters with two SEL-421
PMUs and a few FDRs collecting synchronized measurement.

Figure 11 shows the inter-area oscillation vs. the reconstructed
waveform from the PLL from a test done in the HTB. It
is clear from the figure that the PLL is able to track the
oscillation in real-time very accurately. It should be noted
that the transmission lines in the HTB emulation are discrete
components, which is why the frequency of the mode is
slightly different than what is presented in [13]. These discrete
inductors are also one of the main reasons why the oscillations
contains harmonics.
Bus 1

Bus 2

into synchrophasor devices. Using a closed loop feedback
system consisting of a second order generalized integrator
phase-locked loop (SOGI-PLL), this paper showed that realtime frequency, phase, and magnitude of electromechanical
oscillations can be tracked using existing synchronized measurement platforms. The approach was demonstrated using
simulation and a scaled hardware demonstration platform.
Compared to traditional spectral base techniques, the phase
lock loop approach offers more flexibility in tracking realtime oscillations, especially when the signal has floating modal
properties.
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