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Abstract

This paper investigates the effect of the Phase Angle Error of a Constant Am-
plitude Voltage signal in determining the Total Vector Error (TVE) of the
Phasor Measurement Unit (PMU) using MATLAB/Simulink. The phase angle
error is measured as a function of time in microseconds at four points on the
IEEE 14-bus system. When the 1 pps Global Positioning System (GPS) signal
to the PMU is lost, sampling of voltage signals on the power grid is done at
different rates as it is a function of time. The relationship between the PMU
measured signal phase angle and the sampling rate is established by injecting
a constant amplitude signal at two different points on the grid. In the simula-
tion, 64 cycles per second is used as the reference while 24 cycles per second is
used to represent the fault condition. Results show that a change in the sam-
pling rate from 64 bps to 24 bps in the PMUs resulted in phase angle error in
the voltage signals measured by the PMU at four VI Measurement points. The
phase angle error measurement that was determined as a time function was
used to determine the TVE. Results show that (TVE) was more than 1% in all
the cases.

Keywords

Phasor Measurement Unit (PMU), Phase Angle Error, Total Vector Error
(TVE), State estimation, Time Source Error, Constant Amplitude Signal

1. Introduction

Modern power system management has placed emphasis on higher utilization of

the power grid, and monitoring of its dynamic behaviour. The electricity power
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grid relies on traditional Supervisory control and Data Acquisition (SCADA) sys-
tems to provide supervision and control functions of the power grid elements. The
shortfalls of SCADA are the inability to provide real-time data and inferior update
rates that Wide Area Monitoring Protection and Control (WAMPAC) systems
provide. Typically, most SCADA systems provide data measurements once every
2 or 4 seconds, and this affects the appropriate power system observability as well
as the accurate analysis of the system’s dynamic events. [1] Therefore, by design,
SCADA has limited capability to support higher utilization of the power system
and to monitor its dynamic behaviour.

The challenge of existing WAMPAC systems is the distortion in time tagging
of data frames and poor system synchronization in instances of loss of the GPS
signal, line frequency variation and communication network bandwidth limita-
tions. The PMU is the unit used for the extraction of time-stamped phasor quan-
tities in WAMPAC systems and the unit through which error is generated by the
loss of the GPS signal for example. When the GPS signal is lost, the PMUs rely on
their local oscillator to compute synchro-phasors. In most PMU applications, a
drift in the local oscillator frequency normally occurs due to temperature varia-
tions and mechanical vibrations, thus providing inaccurate time stamps for syn-
chro-phasor computation, which is reflected in the form of errors in the phase
angle computation of the measured quantities [2]. Phase angle error can also be
measured in terms of timing error in the measured quantities. Under these con-
ditions, accurate monitoring and control of the power system and its parameters
cannot be realized.

The most reliable approach to power grid monitoring and control is the closed-
loop control method. The PMU is the core element in the WAMPAC closed-loop
control system architecture. Measurements from PMUs are obtained from widely
dispersed locations, synchronized with respect to the GPS clock [3]. This is im-
practical if the phasor quantities are not accurately time-stamped. WAMPAC sys-
tems perform real-time monitoring of the power grid dynamic behaviour through
the application of the closed-loop control method. However, in the absence of the
GPS signal to the PMU, time delay of the control network is likely to deteriorate

the control effect and even leads to system instability [4].

2. Related Works

In [5] Ravi Shankar ef al. showed that in practical on-field applications of com-
mercial PMUs, the required accuracy of the time source should be better than the
31.8 ps limit mentioned in the IEEE C37.118.1 standard for synchrophasor meas-
urements in Power Systems. The results showed that even a time source error of
10 ps is sufficient to make the TVE to be higher than 1%.

In [6] Subin Koshy et al. uses discrete Fourier analysis (DFT) of the input signal
to the PMU wherein the rms value of magnitude and angle is calculated in each
period of the selected sampling window. This work recognized the importance of

external time source in controlling the sampling rate of phasor quantities. It goes
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on to propose DFT analysis of the sample signal to correct time source error.

In [7] Marco Agustoni et al. investigated the use of a measurement chain for
synchrophasor estimation based on digital inputs: an instrument transformer, a
stand-alone merging unit (SAMU) and a phasor measurement unit (PMU) to cor-
rect time source error. The results show that integration of online time quality
management along with the synchrophasor measurement mitigates time source
error.

[8]-[15] Jie Zhang et al. proposed the design of a software based phasor meas-
urement method that utilizes soft synchronization with temporal pulse signals
from GPS and mobile communication stations, offering a simpler and cost-effec-
tive alternative. The results showed that a software code with temporal GPS pulse
signals can effectively correct phase angle error caused by the time source error.

This research has established a direct relationship between the signal sampling
rate with the phase angle error of measured quantities. It has provided a clear un-
derstanding of time source error in relation to the sampling rate of signals and the
phase angle error. Specifically, the phase angle error outcome at different meas-
urement points for sampling rates of 24 bps and 60 bps for a constant amplitude
voltage signal is established and converted to TVE %. Variation in the sampling
rate from 24 bps to 60 bps resulted in timing error ranging between 35 ps to 72 ys.
The TVE% outcome from this work correlates with the findings in the work done
by [5]-[8]. These outcomes suggest time source error can be corrected through
correct sampling of signals, DFT analysis of sampled signals and perhaps online
time quality management. The research highlights the need to maintain a TVE
below 1%. It further validates the effect of time source error on the performance
of the PMU.

3. Literature Review

PMU’s measure positive sequence voltages and currents on the transmission grid.
Time synchronization allows synchronized real-time measurements of several re-
mote measurement points on the grid, these are also referred to as synchro-phas-
ors and are considered one of the most essential measuring devices in the future
of power systems. Synchronization is achieved by time sampling of voltage and
current waveforms using timing signals from the Global Positioning System
(GPS) Satellite. This allows accurate comparison of measurements over widely
separated locations as well as potential real-time measurement-based control ac-
tions [9]. A Phasor Measurement Unit can be a dedicated device, or can be incor-
porated into a protective relay.

The Phasor measurement unit is made up of the analog input, Anti-aliasing
filter, Analog-to-digital (A/D) Converter, Phase locked oscillator, Phasor Micro-
processor, modem and GPS antenna. Figure 1 shows a typical synchronized phasor
measurement system configuration block diagram.

The GPS signal is received by the receiver, that produces a phase-locked sam-
pling pulse to the A/D converter. A complex number is used to represent the
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sampled data of the input analog signal waveform. In the three-phase system, the
three phasors are combined to produce the positive sequence measurement. Any
computer-based relay which uses sampled data is capable of developing the posi-
tive sequence measurement. By using an externally derived synchronizing pulse,
the measurement could be placed on a common time reference. Most PMUs use
the external time-source signal not only to define the full second transition and

thus the measurement time-stamp, but also to discipline the internal clock [7].

GPS ANTENNA
o9

GPS RECEIVER

ANALOG INPUT

| Voltage & Current PHASE-LOCKED > REMOTE

OSCILLATOR COMMUNICATION

ANTI-ALIASING PHASOR
FILTER *RAECCILE SRR ’| MICROPROCESSOR

Figure 1. PMU block diagram.

3.1. Signals Received by PMUs

Phasor technology and the Phasor Measurement Unit (PMU) [2] is a valuable
measurement technology in the power system for monitoring the condition of
transmission and distribution networks. The phasor of the 50 Hz signal compo-
nent is obtained based on the digitally sampled analog voltage waveform that is
synchronized with the clocking signal from the GPS receiver in distributed loca-
tions as shown in Figure 2. The accuracy of a phasor estimate from a PMU is
measured in terms of the Total Vector Error (TVE). The TVE for an operational
PMU under steady-state conditions should not exceed the 1% or 0.01 pu mark.
For purposes of determining the phase angle error of the PMU, an alternating
Current (AC) signals can be represented by;

x(t) = X, cos(wt+Q) (1

where X, is the signal’s peak value and @ =27f is the angular frequency and
& is the initial phase-angle.
The signal’s phasor representation can be written as:

Xn e“z’=Xm(cos®+isin®)=X,+iXi )

N A

X .
where Tan isthe RMS value, X, isthereal partand iX; istheimaginary part

of the signal [10].

X =
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Figure 2. Synchrophasor representation.

When the signal is in this form the amplitude and phase can be calculate by
using the following equations [11];

Xanp =\ Xyns COSDY. + (X isin @)’ = [X2 +iX? (3)
1 sing
0sJ

2 (t)=tan tant 20 (4)
XI’

Assuming no magnitude errors in the synchro-phasor estimate, then a 1% TVE
corresponds to a phase angle error of 0.573°. In terms of time, this is about 31.8
us at the system frequency of 50 Hz [5]. In order to achieve a TVE of below 1% or
timing errors of less than 31.8 us in a 50 Hz system, only GPS, IRIG-B and IEEE
1588 PTP is recommended in synchro-phasor applications [5]. For constant am-
plitude signals, the phase angle error in degrees is given by:

Ti
Phase angle(") = (%{;‘(’;()S)stao (5)

3.2. Signal Acquisition and Conditioning Module

The input data of the PMU are a component obtained from the electrical signals
from the power systems; these are 3-phase voltages and currents. From the per-
spective of transmission systems, voltages and currents signals are obtained from
the substation equipment—the secondary of the Voltage Transformer (VT) and a
Current Transformer (CT). The input signals to the signal acquisition and condi-
tion module is stepped-down to match the low-power dissipation components of
the module. The three phase voltages of the VT are applied to the PMU. Most of
the microcontroller ADC take voltages of up to only 3.3 V [12]. The data acquisi-
tion module is responsible for obtaining voltage or current waveforms data for the
test. The Data Acquisition and Conditioning Module (DAM) can be implemented
in the form of either Hardware or Software. Sampling of the three phase signals
will be initiated by the Microprocessor after receiving 1 pulse per second (1 PPS)
signal from the GPS module [13].
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The three-phase signal acquisition and conditioning module is separated into
two sections: The Line voltage measurement interface and Line frequency meas-

urement interface.

3.3. Signal Processing Module

The Phase Estimation Module (PEM) is one of the major component of the PMU
implementation. It is responsible for applied voltage phase angle processing by
means of the phase estimation algorithm that runs on it. The algorithm can be of
two types; Static State Estimation or Dynamic State Estimation.

In Static State Estimation (SSE), estimates are obtained from the present state
measurements made at the system buses at a more significant interval of time,
ranging from few seconds to minutes [14]. To reduce the complexity of computa-
tion associated with static state estimation, the estimates are updated only in a few
minutes. This brings about a limitation of the SSE - that it cannot be used as a
real-time monitoring tool of the power system [15]. The estimates obtained in
SSE are not real time and simply illustrates the quasi-static representation of the
power system.

In Dynamic State Estimation (DSE), time-synchronized data from PMUs is
used to provide exact and real-time state of a power system. As a consequence, an
erroneous or a missing synchronization may affect not only the reporting time
reference and thus the correct aggregation with other PMU measurements, but
also the estimated quantities, particularly the phase angle and its derivatives [7].
That is, if the state vector at an instant of time “t” is known, then the dynamic
state estimation model can be used to predict the state vector of the power system
at the next time instant, “t +1” [6]. One such promising alternative is soft syn-
chronized sampling. This approach corrects timing errors between two consecu-
tive PPS signals using interpolation techniques, eliminating the need for frequent
adjustments of the ADC [8]. The disadvantages of DSE and SSE are highlighted
in Table 1 below.

Table 1. Disadvantages of SSE and DSE.

State Estimation

No. Dynamic State Estimation (DSE) Static State Estimation (SSE)
i Poor PMU Placement No time synchronization
ii.  Inefficient Data Processing Algorithm Skewed and latency in data
iii. Inaccurate data detection Data is not time stamped

3.4. GPS Receiver Module

Accurate time synchronization is required to offer the time-stamp of the signals
taken and managed by the PMU. If a reliable GPS signal is available, the Analogue-
to-digital converter (ADC) is used to convert the voltage waveform into numerical

values sampled at controlled intervals by an independent local oscillator. In this
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case, the sampling clock is not locked to the GPS signal. The PMU should perform
all the measurements and report the results at a constant reporting rate, expressed
in terms of frames per second [16]. Devices based on synchrophasor technology
must handle measurements at least at the mandatory reporting rates of 10, 25, and
50 frames per second [13]. However, the sampling data appears to be in synchro-
nism with GPS signal because of the running function on the microprocessor con-
trolling the ADC. Inherently, a clock drift occurs in this approach. Therefore, in-
terpolation of sample points to fit specified time values is recorded and utilized by
the phasor estimation algorithm to correct for sampling clock drift.

The Data Acquisition can also be constructed such that internally generated
sampling clock is synchronized with the GPS signal. This ensures that the ADC
samples the waveforms at predetermined instances thereby ensuring that there is

no sampling clock drift.

3.5. Communication Interface Module

The communication interface module provides the external communication func-
tions of the device. When the proposed PMU was implemented, a reference im-
plementation of IEEE C37.118.2, but the Open PMU project prefers a more open
communication module with security built into its design.

Microprocessor after receiving 1 pulse per second (1 PPS) signal from the GPS
module [17].

The three-phase signal acquisition and conditioning module is separated into
two sections: The Line voltage measurement interface and Line frequency meas-

urement interface.

3.6. Hardware Implementation of the DAM

DAM implementation is achieved by means of an analogue-to-digital converter
(ADC) which is normally connected to an external time source. This approach
has the advantage of high process speed compared to the software implementation
method.

3.7. Software Implementation of DAM

In this application, a virtual sampling procedure in a numerical environment is
used, e.g., MATLAB/Simulink, PSSE/Python, or LabVIEW.

4. Methodology

The Simulink model for determination of the TVE error was configured as shown
in Figure 4 below.

In this experiment, two (2) three-phase voltage sources with series RL branches
are used to provide the system voltage and current. Three-phase Pi sections are
utilized at three points on the system in order to obtain an extended frequency
response. 25 Km distributed line parameters are used to represent the transmis-

sion line parameters. A resistance branch is included to the model to account for
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transmission line losses. Voltage phase values are measured at bus 1, bus 2, bus 3,
bus 4 and bus 5 respectively. The three-phase VI measurement link is configured
to read the voltage and current phasor for input to the phasor measurement unit
(PMU). The PMUs are located at buses and feeders in power system substations
[18]. PMU reference voltage is set at 400 V, 50 Hz. The fault signal in the system
is sampled at 64 cycles standard. The control voltage phasor is read at 50 Hz, 24
cycles per second to determine the total vector error (TVE).

In order to establish the relationship between the GPS signal and the internal
sampling clock, a 1 pu (0.02 s) magnitude error signal is injected at bus 4 and bus
5 of the IEEE-14 bus system. The PMU block uses a Phase-Locked Loop (PLL) to
determine the fundamental frequency and a Positive-Sequence measurement over
a running window of one cycle of the fundamental frequency. The IEEE-14 bus
system, shown in Figure 3, was used in the experiment. The simulations were
done on the IEEE-14 bus system in MATLAB/Simulink as shown in Figure 4.

5. Results and Discussion

To observe the phase-angle shift in the Voltage signals, a fault is introduced at
0.98 for 1 cycle and removed at 1 second at bus 4 and bus 5. The fault introduced
is a pulse signal of duration 0.02 seconds. The results observed on the three-phase
oscilloscope are shown in Figures 5-12 below. Table 2 shows the positive se-
quence time measurement taken for two distinct sampling rates; 24 bps and 64
bps at buses 2 - 5 respectively. Timing error is determined from the measured
quantities and converted to the phase angle error equivalents. TVE% is computed
as shown in Table 2. From the results it can be seen that is TVE above 1% maxi-
mum threshold according to the IEEE C37.118.2. A TVE above 1% indicates that
there are serious timing stamping errors on the grid and accurate control actions

could be impossible to implement.
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Figure 3. IEEE 14 bus system.
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Figure 6. Sychrophasor waveform at bus 2 (64 bps).
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Figure 7. Synchrophasor waveform at bus 3 (24 bps).
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Figure 8. Synchrophasor waveform at bus 3 (64 ps).
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Figure 9. Synchrophasor waveform at bus 4 (24 bps).
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Figure 10. Synchrophasor waveform at bus 4 (64 bps).
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Figure 12. Synchrophasor waveform at bus 5 (64 bps).

Table 2. Phase Angle Error (PAE) and Total Vector Error (TVE) estimation.

Sampling Rate

BllS P .l .ge
ositive-sequence Positive-sequence L.
N , 7 , q Timing error Phase angle TVE
0.  time measurement time measurement

(24 bps) (64 bps) As (us) error (°) %
2 729.642 ms 729.693 ms 51 0.918 1.6
3 729.958 ms 730.000 ms 42 0.756 1.319
4 729.966 ms 730.001 ms 35 0.630 1.099
5 729.989 ms 730.061 ms 72 1.296 2.26

6. Conclusions

Time synchronization of PMUs measurement using the 1 pps GPS signal is very
critical to the state estimation of the power system parameters. The absence of the
1 pps signal affects the sampling rate and consequently the time estimation (time-
tagging) of voltage and current error signals resulting in TVE higher than 1%.

It is seen that a change in the sampling rate from 60 bps to 24 bps in the PMUs
produced TVE above 1%. This is a result of a loss in the 1 pps GPS signal. The
MATLAB/Simulink simulation demonstrates that for a constant amplitude signal,
different sampling rates will result in phase angle error in the measured voltage
signals. The phase angle error measurement that was determined as a time func-
tion affects time tagging of synchro phasors. Disturbances on the grid can be
known by using the rate of change of phase angle [19]. In practice, phase angle
errors result in inaccurate control actions on the power grid. The resulting TVE
of above 1% is outside the threshold recommended by IEEE C37.118.2 standard.
It is therefore, required that a cluster of PMUs remain synchronized even after the
GPS signal is unavailable to one or all the PMUs. This ensures that signals are

sampled at the same rate and accurate control actions are in place on the power
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grid.

It has been established that the external clock signal does not only ensure timing

synchronization of PMUs but also maintains the TVE within the prescribed limits.

A state estimation algorithm can be used to discipline the internal clock in order

to ensure accurate time stamping of phasor quantities. A dynamic state estimation

software can be deployed to run on the PMU microprocessor unit to effect phase

angle estimation of phasor quantities.
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