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Abstract: In this paper, the micro-phasor measurement system is developed to support phasor
identification of distribution transformers for the distribution mapping management system (DMMS)
of Taiwan Power Company (TPC). The one pulse per second signal (1PPS) from the global positioning
system (GPS) is used to synchronize the voltage sampling between reference and measurement sides.
By receiving 1PPS from GPS, the phasor measurement of three-phase voltage at the reference site
of the substation is stored in the master station with a time-stamp. This paper proposes a timing
synchronous module with an embedded temperature compensated crystal oscillator (TCXO) to
generate highly accurate timing for field measurement of underground distribution facilities. Mobile
communication network is used to compare measurement results between reference and field sides
of voltage angle that define distribution transformer phasor. This paper also designs and develops an
application for mobile devices by importing DMMS database, which is used to search the attributes of
the distribution transformers for measurement at the field. After the transformer phasor is identified,
the results are stored in the mobile device to update the attributes of distribution transformers
in DMMS.

Keywords: Micro-phasor Measurement System; Distribution Mapping Management System;
Temperature Compensated Oscillator

1. Introduction

Taiwan Power Company (Taipower) has installed more than 1.4 M distribution transformers to
serve 12 M residential and commercial customers in Taiwan. Those single-phase transformers cause to
unbalance and increase line loss of distribution systems. To improve system unbalancing, Taipower
has developed a standard procedure to rephase the transformer before measuring feeder and lateral
current from the feeder terminal unit (FTU) of distribution automation system (DAS). To improve
the accuracy of the DMMS database, this paper developed a micro-phasor measurement system to
measure the phase of a distribution transformer and update the attributes of distribution transformers.
This system consists of a master station and portable devices. The master station is installed in the
substation to measure voltage angle of each phase based on the 1PPS. After the measurement, the
mobile communication network is used to transmit data to the server and stored in the database.
The portable devices are designed to measure the distribution transformers or test points of medium
voltage (MV) plugs. The portable devices also use GPS 1PPS to synchronize sampling signal between
substation and field measurement sides [1,2]. In the urban areas, most of the transformers are installed
in the underground distribution systems. To maintain the accuracy of the sampling signal, the TCXO
is used to generate highly accurate timing for the consecutive measurement. The field measurement
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results are transmitted via Bluetooth to the mobile device. The mobile communication network is also
used to retrieve data from the server and display phasor real-time in the screen. All the measurement
results are also stored in the mobile device to update the attributes of distribution transformers in
DMMS and provide ancillary services of distribution system such as phasor balancing.

2. Design of the Micro-Phasor Measurement System

2.1. Signal Measuring Circuit

To measure phasor of distribution transformers, the 110/220 V signal was directly connected to
the signal measuring circuit, an isolation transformer was adopted to isolate the signal of primary and
secondary sides. A fuse F1 is designed as overcurrent protection at the input and a surge absorber
VR1 is also designed in this circuit to absorb instantaneous surge that occurred at the signal input to
protect the circuit from being damaged. In addition, to reduce noises in the circuit, the voltage signal
that passed the isolation transformer is subsequently filtered through a low-pass filter, consisting of
a resistor R3 and capacitor C1. Finally, a Zener diode D1 prevented excessive voltage signal from
flowing directly into back-end circuits and burning the integrated circuit. The designed voltage signal
isolating circuit is shown in Figure 1.
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Figure 1. Voltage signal isolating circuit.

2.2. Voltage Sampling Circuit

The voltage sampling circuit is designed by using operational amplifiers. First, the isolated
voltage signal is input to voltage follower OP1 while OP2 is developed to generate a voltage reference
based on resistors R4 and R5, a voltage divider of the DC power supply at the input. A reference could
be output through OP2 with the capacitor C2 that stabilizes the voltage reference output. Since the
signals of the 3-phase AC source comprise positive and negative cycles, OP3 is used to compare the
input AC signal from OP1 and compare voltage reference signal from OP2 to generate a zero-crossing
signal for the digital signal processor (DSP) with R6 pull-up resistor. The designed voltage sampling
circuit is illustrated in Figure 2.
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2.3. Time Synchronization

To identify the phasor of the transformers, the sampling signals of the phasor identification
system at the reference and measuring sides have to be synchronized. Signals were first received
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by GPS module and then output as 1PPS, which then initiated the TCXO to produce a highly stable
synchronous clock.

GPS reception varies according to weather and barriers such as buildings. Although the influence of
barriers on outdoor transformers is inconspicuous, numerous distribution transformers are established
in basements because most of the distribution systems in the city are underground. GPS signals from
basements are substantially sheltered by the buildings, which hinders GPS reception. To identify phasor
of distribution transformers in basement, the TCXO is used to maintain the 1PPS when synchronizing
the GPS signals in an outdoor space area where signal reception is satisfactory before entering the
basements. Once time synchronization was completed and reached the basement, the GPS module
could be switched off and TCXO generates clock source to maintain 1PPS for measurements. Crystal in
the TCXO could age and offset, adjustment for sampling signal was required to adequately compensate.
In a high-temperature environment such as distribution room in the basement, the adopted TCXO could
aptly adjust signals according to current temperature to enhance the precision of sampling signals.

2.4. Voltage Angle Calculation

The GPS 1PPS signals were adopted as the standards for synchronous signals sampling in two
locations. Once the sampling synchronization is completed, the DSP receives 1PPS that serves as
the starting point of time measurement. To identify the absolute phase angle of voltage, the voltage
passed through the sampling and zero-crossing circuits to produce zero-crossing signals. Once the
DSP received the signals, time measurement is stopped. The time difference was then calculated and
converted into a phase angle.

In Figure 3, ∆T1 is the time difference between the reception of the 1PPS signal and that of the
voltage zero-crossing signal. The entire period could be converted to 360◦, and be expressed as the
reciprocal of frequency (T = 1/f ), ∆T2 could be calculated as follows:

∆T2 =
1
f
− ∆T1 (1)

θ = 360
∆T2

T
= 360∆T2 f (2)

where ∆T1 is the time obtained through measurement, ∆T2 the time acquired through calculation, θ
the absolute angle converted from ∆T2, and f is the frequency of voltage signals. Subsequently, (1) was
substituted into (2) to obtain (3).

θ = 360(1− ∆T1 f ) (3)

Therefore, the absolute angle θ could be calculated once the time difference between 1PPS and
voltage zero-crossing signals is measured.Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 10 
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2.5. Voltage Phasors Comparing

To obtain the phase angles, the proposed system comprises two parts. Specifically, the reference
side involves the main transformer located in the substation, and the measurement side involves the
distribution transformers [3]. Data were sent from the reference side to the server through mobile
communication network and measurement results are stored in the database. On-site portable device
sent measurement statistics to a mobile device via Bluetooth. Finally, the mobile device is connected to
mobile network to retrieve data from server database and compare the statistics acquired from both
sides, and the phasor of the distribution transformer at the on-site measurement could be determined.
Figure 4 shows the framework of the voltage phasor comparison.
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3. Compensation of Sampling Signal

In the micro-phasor measurement system, the 1PPS pulse signal output from a GPS is adopted as
the starting sampling point. However, it is not easy to receive GPS signals in basements. Therefore,
a TCXO is adopted to retain the strength of the sampling signals. Notably, the clock of the TCXO
may variation due to temperature, humidity, frequency, pressure, and aging. Hence, appropriate
adjustment and compensation should be performed to improve the accuracy of measurements [4–7].

During compensation, the difference between the offset of the GPS and TCXO generated sampling
signals is referred to as gain. This is obtained by averaging n gains that were repeatedly acquired from
sampling signals. After the TCXO was triggered by the 1PPS sampling signals sent from the GPS,
the DSP required additional time to complete its programming procedures before it could be started.
Therefore, a time difference is produced between the 1PPS signals and the sampling signals generated
after TCXO started. This time difference is referred to as offset C0, and the time difference caused by the
required initial programming procedures is referred to as ∆t. Thus, the actual time difference should
be the sum of the offset and the measured time difference. The calculation equation is shown in (4).

treal = C0 + ∆t (4)

where treal is the actual time difference and C0 the initial offset value. The calculation of compensation
value is outlined in Figure 5.
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Regarding the compensation values used in adjustment, the first gain was acquired by subtracting
offset C0 from offset C1 (notably, C1 refers to a new offset value measured after a certain time interval
from the previous value). The second gain was then acquired by subtracting offset C1 from offset C2.
This calculation is repeated for n times. All gains were then totaled and averaged to produce Cavg,
namely the average compensation value. Finally, adding offset C0 to Cavg produced Vcomp, which is the
adjustment compensation value required by the system. Equations (5) and (6) present the calculation
of the average compensation value and adjustment compensation value respectively.

Cavg =

n∑
j=1

(
C j −C j-1

)
n

(5)

Vcomp = C0 + Cavg (6)

After Vcomp is obtained, it could be added to the time difference between the sampling signals
generated by the TCXO and the zero-crossing sampling signals to elevate the accuracy of the measured
data at each measurement time. With this adjustment and compensation mechanism, the proposed
method is tested and confirmed to the standards developed by the Taipower. Equation (7) expresses
the measured data after compensation. The principle of TCXO compensation is outlined in Figure 6.

tcomp = Vcomp + ∆t (7)
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4. Interface Design of the Portable Device

To improve the process and efficiency of distribution transformers phasor identification, this
paper developed an Android application (APP) that provides an easy way to identify phasor quickly.
With this APP, the distribution transformer properties in the database of the DMMS were imported to
the mobile device to enable staff to search for the information about a specific distribution transformer
at the measuring site. The mobile device is then connected to the portable device such as smart phone
or tablet with Bluetooth, which enables staff to give the information before measuring. When the
portable device has measured voltage signal, these measurement results were returned to the mobile
device automatically. Finally, with mobile network communication, data are retrieved from server and
APP compares voltage angles between reference and measurement sides. The phasor of distribution
transformer will be displayed in the APP that assists staff identify phasor quickly.

4.1. Interface Design of the Application

The interface of the proposed APP displays the information of the specific transformer that to be
measured. With this system, users can search for specific transformers by their property numbers and
locate the capacity and original phasor of all transformers labeled under that code. After a transformer
is selected as a target of measurement, phasor identification begins. Characteristics including time,
phasor, frequency, and voltage are measured, and the data are saved in the mobile device to enable
subsequent comparison. Figure 7 presents the interface page of about transformers information and
phasor identification results.
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4.2. The framework of the Micro-Phase Identification System

Measurement data at the reference side are stored in the server via the mobile communication
network that installed in the substation. When the on-site measurements are completed, the APP
allows staff to connect to the server, thereby enables data comparison. Figure 8 illustrates the flow
chart of the APP used at on-site measurement.
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On the interface of the APP, users can search for the distribution transformer to be measured or
update which distribution transformer is imported from the DMMS database. However, the property
of distribution transformers are excessively large in quantity, a SQLite database is added to this APP
to accelerate the searching process. After a transformer is selected as a measurement target, an APP
interface on the portable device is used to connect with the micro-phasor measurement system to
measure the target distribution transformer. Figure 9 depicts the framework of this APP.
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The main interface of the server displays information regarding measurement time, voltage, angle,
and frequency. Because of the excessively large data quantity, this server also employs a built-in
database that saves the measurement results obtained from the master station. When the mobile device
sends a request to the server, it will search for data from the database automatically and reply to the
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mobile device for phasor comparison. This server also provides interface when inputting the time
and voltage angle measured on-site that show phasor comparison result. The framework of the phase
comparison is illustrated in Figure 10.
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5. Field Test of the Micro-Phasor Measurement System and Database Update for DMMS

The phasor of the distribution transformers recorded in the DMMS database is important
for three-phase power flow analysis in the distribution systems that determine if the systems are
balanced or unbalanced. An excessive phasor inconsistency between DMMS and on-site distribution
transformers hinders power flow analysis and impedes the improvement of unbalanced currents
in a three-phase system. Consequently, the problem of relatively high unbalanced current cannot
be effectively addressed. The phasor attributes of distribution transformers in the DMMS database
is frequently inconsistent with on-site measurement. Consequently, three-phase imbalances grow
increasingly severe.

Table 1 presents the phasor identification results of the distribution room coordinate EC00 in
Kaohsiung Meishuguan area. The distribution room comprises one three-phase transformer and seven
single-phase transformers. The measurement results indicate that the accuracy rate of the phasor
is 40%. After the field test, phasor identification of 102 distribution transformers from 15 selected
underground distribution rooms in Kaohsiung Meishuguan area were applied. The measurement
results were compared with the DMMS to determine the accuracy rate of the transformer phasor.
The results suggest that the rate of phase inconsistency between DMMS and on-site identification
results was exceptionally high. Furthermore, 73 of the distribution transformers were identified as
exhibiting an inconsistent phase to that registered in the DMMS and 29 were marked correctly, yielding
an accuracy rate of 28.43%.

Table 1. Identification results of distribution room EC00.

ID
Voltage Angle Phasor

Error
Reference On-Site DMMS Measurement

T01
68.76 69.03 R T 0.27

132.12 131.46 T R 0.66

288.29 286.7 S S 1.59

T02 290.74 289.58 R T 1.16

T03 255.01 254.89 T R 0.12

T04 57.62 58.41 S S 0.79

T05 133.89 134.68 R T 0.79

T06 138.34 139.12 T R 0.78

T07 336.01 335.87 S S 0.14

T08 301.23 299.75 S S 1.48

The accuracy rate of transformer phasor: 40%.
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6. Conclusions

The DMMS is the essential data system of the Taipower distribution system. However, because the
data contained are digitalized from conventional blueprints, the phasor of distribution transformers
marked in the database is often inconsistent with that identified on site, creating difficulties in system
operation, maintenance, and planning for the Taipower. In addition, the prevalence of the underground
distribution system and the elevated complexity of the distribution framework caused by increasing
loads have incurred the difficulty for Taipower staff when conducting phasor identification. Therefore,
this paper designed and developed a micro-phasor identification system and DMMS database property
updating system to enhance convenienceness for the Taipower in phasor identification and data
updating. A total of 102 distribution transformers in 15 underground distribution rooms in Kaohsiung
Meishuguan area were selected as the targets for measurement, and the master station was established
in Gushan Substation. After the on-site measurement and phasor identification of the 102 distribution
transformers, conspicuous inconsistency was identified between the measurement results and the
marked phasors provided by the DMMS. Specifically, only 29 distribution transformers exhibited phase
consistency with that marked in the DMMS database, yielding a correct marking rate of 28.43%. Once
phasor identification was completed, the content in the DMMS database was simultaneously updated.
Overall, the inconsistency between the on-site and database measurements causes unsatisfactory
operation efficiency of distribution system, suggesting a three-phase imbalance, excessive neutral
currents, and increased loss in transmission lines.

This paper also developed an APP to serve as an interface for the phase-measuring system. Phasor
identification could thus be performed by connecting to the server through mobile communication
network. Regarding the safety of on-site measurement, voltage sampling device was designed and
installed at the secondary side of the distribution transformer to avoid operations under high-voltage
environments. Moreover, voltage measurements were adopted as samples to prevent errors of phase
angle offset caused by the load. Concerning time synchronization, because of the prevalence of
underground distribution, GPS signals could not be received on site when Taipower staff performed
basement measurements. A TCXO that underwent adjustments and compensation was adopted as the
source of sampling signals in the system. The coordinated universal time provided by the GPS served
as a reference time for the measuring units at both the reference and on-site measurement, and the
empirical results demonstrated that the error subsequently produced was within the tolerance range
of the Taipower. After the measurement was completed, the phase identification results were returned
to the Taipower offices for subsequent DMMS database property updates.
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