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A Novel Test and Calibration Method for Digital
Signals of Relay Protection Test Equipment for

Intelligent Substation Based on FPGA
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Abstract—With the widespread adoption of digital
equipment in intelligent substations, testing digital signals
in power systems has become an important role for relay
protection test equipment. Testing and calibrating digital
signals require high accuracy. However, existing methods
have low precision, cannot be calibrated at full range for
all indexes, and have complex configuration, making them
unsuitable for routine calibration work. To solve the
above problems, a novel calibration method is designed
and implemented using field programmable gate array

(FPGA) to achieve accurate input and output time control.

Accurate calibration relies on multiple forms of tracea-
bility including theoretical value traceability based on
waveform comparison, time scale value traceability based
on accurate time stamps, and algorithm traceability based
on typical algorithms. Compared with other existing
methods, the proposed approach reduces the mean abso-
lute error of action time and time measurement by
92.88%, effectively addressing a key industry challenge
and offering a valuable reference for further research,
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application, and standardization.
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I. INTRODUCTION

With the advancement of smart grids and the adop-
tion of IEC 61850, power systems worldwide are
entering the digital age. The use of digital devices and
testing equipment has increased significantly, accom-
panied by higher demands for accuracy [1], [2].

Digital signals in power systems, such as sampled
value signals, consist of discrete sampling points at a
defined sampling rate [3]. Macroscopically, these sig-
nals exhibit effective amplitude and phase characteris-
tics similar to analog signals. Microscopically, however,
each individual sampling point within the waveform
possesses its own amplitude and phase. When the dis-
tribution of the sampling points deviates from the ideal
state, errors will be generated [4]. When the errors at the
sampling points are large, the digital waveform will be
distorted. Abnormalities in digital signal accuracy are
not uncommon, particularly as equipment ages and
failure rates increase. Under such conditions, the accu-
racy of digital signals generated by relay protection test
equipment can no longer be guaranteed.

Time measurement and time control are two im-
portant indexes of electric power equipment, especially
for relay protection test equipment. They are based on
different kinds of digital signals and responsible for
accurately testing the response time or action time of
relay protection or other electric power equipment [3].
They mainly include digital signals such as sampled
value (SV) and generic object oriented substation event
(GOOSE), and contact signals [3]. In order to ensure the
accuracy of time measurement, it is necessary to cali-
brate the equipment regularly according to the related
standards. For instance, standard requirements for IEC
60255-151-2009, DL/T 1501-2016, DL/T 1944-2018,
DL/T 2646-2023 and NB/T 11216-2023 show that the
time measurement accuracy of relay protection test
equipment needs to be higher than 100 ps [5]-[9].
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Digital signals and operations such as time meas-
urement based on digital signals are widely used in relay
protection test equipment and have high accuracy re-
quirements [10]. However, at present, due to the lack of
closed-loop and standardized calibration method, elec-
tric power manufacturers and organizations need to use
a variety of equipment including network recorder and
assist relay protection device to build temporary cali-
bration systems, which usually rely on the recorder and
often introduce errors [11]. Moreover, there are still
gaps in experimental verification methods for calibrat-
ing system errors. Some laboratories use comparative
experiments to indirectly verify calibrating device er-
rors, though this approach lacks sufficient accuracy. To
address these challenges, this paper introduces a novel
calibration method for assessing the digital signal ac-
curacy of relay protection test equipment and validates
its effectiveness through experimental verification.

The remainder of this paper is organized as follows.
Section II presents the analysis of existing methods, while
Section III discusses the design of the novel calibration
system. Section IV demonstrates the key technologies of
the novel method. In Section V, the performance analysis
is presented, and Section VI presents the main conclusions
of the paper.

II. ANALYSIS OF EXISTING METHODS

A. Existing Calibration Methods for Digital Signals
Accuracy

The accuracy of digital signals in power systems
primarily includes parameters such as amplitude, phase,
dispersion, delay time, synchronization. Industry prac-
tices for testing and calibration of these parameters lack
standardization and are generally categorized into the
following two main approaches.

1) Digital-to-analog Conversion Method

Digital-to-analog conversion systems convert digital
signals to analog signals. Amplitude and phase errors of
the measured signals are evaluated using analog signal
traceability theory with established testing and cali-
brating methods. This approach is adopted by some
calibration laboratories. However, it lacks scientific
rigor, as it neglects the inherent characteristics of digital
signals. Moreover, it only allows for the calibration of
amplitude and phase accuracy, leaving other key pa-
rameters and indicators unaddressed [11].

2) Network Recorder Method

The second method utilizes network recorders to an-
alyze the indicators of digital signals [7]. This method is
adopted by many test institutions and enterprises, but
the analysis of the digital signals by network recorders
must be carried out in non-real-time environments after
capturing the signals. Its selection of time window and
sampling points is significantly affected by human op-
eration, resulting in high uncertainty. At the same time,
it is inefficient to manually check the results one by one

and calculate the errors. In particular, this method
cannot perform comprehensive time-window analysis,
statistical evaluation, or visualization of the instanta-
neous values at each sampling point, making it prone to
missing transient accuracy distortions. In addition, the
time scale accuracy of the network recorder is low (1 ps),
which is lower than the accuracy and index require-
ments of relay protection test equipment, bringing un-
certainty to the calibration of digital signal time-related
indicators. In addition, the degree of automation of this
method is relatively low, and the proportion of manual
operation and manual calculation is large, making is
prone to measurement errors. For more complex time
measurement operations, the accuracy requirement of
the calibration system is higher due to the combination
of different kinds of digital signals.

B. Existing Calibration Method for Combined Digital
Signals

For the calibration of different signal combinations,
this paper refers to the requirements of relay protection
test equipment for time measurement accuracy test.
There are six different types of time measurement,
which are combinations of three different signals (SV,
GOOSE and contact signals). According to the standard
requirements in DL/T 1501-2016 “Technical Specifi-
cations of Digital Test Equipment for Relay Protection”,
DL/T 1944-2018 “Technical Specifications of
Handheld Optical Digital Signal Test Equipment in
Smart Substation”, DL/T 2646-2023 “Technical Speci-
fications for Digital-analog Integrated Relay Protection
Test Device” and NB/T 11216-2023 “Calibration Spec-
ification of Digital Signal Test Device for Intelligent
Substation”, the time measurement accuracy of relay
protection test equipment needs to be higher than 100 ps
when the time measurement range is between 1 ms and
100 ms (Ims<<¢<100ms), whereas the time meas-

urement accuracy needs to be better than + 0.1 % when
the time measurement range is between 100 ms and
99999 ms (100 ms<<<99999 ms) [6]-[8]. The ac-

curacy of the calibration system should be 2 to 10 times
higher than the equipment under test. So the accuracy of
calibration should be better than 50 ps to 10 ps.
Therefore, if the accuracy of the novel calibration
method can be better than 10 ps, it will fully meet the
calibration requirements.

The existing calibration method for combined digital
signals is shown in Fig. 1. As seen, digital relay pro-
tection test equipment inputs SV, GOOSE, or contact
signal to relay protection device or other electric power
equipment. Upon receiving these signals, the relay
protection device processes them according to its func-
tional logic, and then outputs corresponding SV,
GOOSE or contact signal, which are subsequently fed
back to the digital relay protection test equipment. The
digital relay protection test equipment calculates the

time difference A7, between the output signal and the
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access signal as a measurement value of the corre-
sponding action time of the relay protection device. The
network recorder device has the ability to access and
time mark multiple SV, GOOSE, and contact signals.
During the test, the network recorder device, as a
third-party monitoring device, connects the outputs of
the relay protection test equipment and relay protection
device, and marks the time. The time difference A7,

between the output signals of the relay protection test
equipment and relay protection device can be calculated
using the time marker of the recorder and analyzer de-
vice, as the actual value of the corresponding action
time. The measurement error of AT =AT, —AT, is

calculated as the error of the time measurement of relay
protection test equipment [11]. The accuracy of existing
calibration system is 30.423 us, which is one-third of
the required accuracy of the equipment under test.

IRIG-B GPS clock IRIG-B
source
lIRIG-B
SV GOOSE N SV GOOSE
output contact signal l_iztr‘;;’; I;f . output contact signal
messages
Relay protection SV GOOSE Relav .
test equipment output contact signal < a}ag‘tf’ct:(:t](m o

y

(device under
test)
Iy

(assist device)

SV GOOSE
output contact signal

Fig. 1. Existing calibration system diagram.

C. Drawbacks of Current Calibration Method

The existing calibration methods mainly have the
following drawbacks.
1) Low Precision

Calibration accuracy cannot be effectively controlled,
as some methods rely entirely on external devices such
as network recorder or relay protection device. The
network recorder and relay protection device used in
calibration system are limited by their own performance,
and the accuracy of the action time is relatively low
(millisecond level). In addition, their fluctuation is large,
which affects the measurement error of calibration,
increases the difficulty of analysis and reduces the ac-
curacy of calibration.
2) Limited Range

Existing methods for digital signal accuracy can only
calibrate amplitude and phase, but cannot directly cali-
brate dispersion, delay time, synchronization and other
related parameters. Regarding time measurements, the
action time of the relay protection device is fixed and
cannot be adjusted, making it impossible to simulate the
full range of time delays (from 1 ms to 100 s) [7].
3) Complex Configuration

Building a temporary calibration system requires
multiple types of equipment, and configuring the net-

work recorder and relay protection device is both com-
plex and time-consuming. A high proportion of manual
operation and calculation is required, thereby increasing
the likelihood of measurement errors.

III. DESIGN OF THE NOVEL CALIBRATION SYSTEM

The objective of this study is to design a system to
achieve high precision calibration for digital signals of
relay protection test equipment. Due to its superior
anti-interference capability and processing speed com-
pared to microcontrollers, field programmable gate
array (FPGA) devices can be used to perform frequency
modulation and phase locking with an IRIG-B signal
source. It can achieve high-precision adjustment of
internal clock and provide accurate time beat to each
module [12], [13].

The software and hardware components are designed
to achieve the full range for all the indexes. Each of the
interaction layer, logic layer and driver layer is com-
posed of various independent functional modules. A
professional and integrated calibration equipment is
developed to simplify the calibration system. The novel
calibration equipment presented in this study includes a
high performance data processing module, a clock and
synchronization module, a fast in/out module, a mes-
sage receiving/sending module, a man-machine inter-
face and a configuration module.

A. Novel System Framework

The novel calibration system framework is shown in
Fig. 2. The system includes: a novel digital signal cali-
bration device, a digital signal output device (relay
protection test equipment), and a GPS clock source. The
GPS clock source provides time synchronization signals
for the system [14], the relay protection test equipment
outputs digital signals, and the novel calibration system
detects and calibrates the digital signals. For example,
the relay protection test equipment outputs SV, FT3,
GOOSE or contact signals to the novel calibration sys-
tem, which outputs feedback signals to the relay pro-
tection test equipment after a setting time delay (i.e.,
operation time).

IRIG-B IRIG-B

GPS clock source

Y

——SV——»
Novel calibration [ «——GOOSE—»
device

Relay protection
- test equipment
—FT3——» (device under test)

—contact signal—»

Fig. 2. Framework of novel calibration system.

B. Novel Hardware Design

As shown in Fig. 3, the novel calibration system’s
hardware structure includes a configuration module, a
message receiving module, a data processing module,
and a message sending module [15].
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Fig. 3. Hardware design diagram of the novel calibration system.

1) The Configuration Module

The configuration module sets parameters for SV,
FT3 and GOOSE signals, as well as contact on/off
configurations. It also allows customization of settings
such as the delay time between the output and input
signals, as required [16].
2) The Message Receiving Module

The message receiving module collects the SV and
GOOSE signals from the device under test, accurately
marks them and sends them to the data processing
module [17]. The fast access module collects the output
connect signals of the device under test and sends them
to the data processing module after accurately marking
the time mark.
3) The Data Processing Module

The data processing module analyzes the incoming
and outgoing signals of SV, GOOSE or contact signals.
For example, it analyzes the input time of the signals,
and calculates the sending time of the incoming and
outgoing signals of SV, GOOSE or contact signals ac-
cording to the configured delay time [18]. Then the
signal sending time is sent to the message sending
module.
4) The Message Sending Module

The message sending module sends SV, GOOSE or
contact signals according to the configured network port,
delay time, sending time and other configuration. Con-
figuration and input/output display diagram of the
proposed novel system is shown in Fig. 4.

GPS
IRIG-B

Configuration

Device|
under
test

-  Data ~ <«Contact-»
Background Novel calibration device
software IRIG-B

Fig. 4. Configuration and input/output display diagram of novel
system.

C. Novel Software Design

The software of the calibration device adopts hier-
archical and modular design, as shown in Fig. 5. It is
mainly divided into an interaction layer, a logic layer,
and a driver layer. Each layer is composed of various
functional modules, which are independent of each
other and use internal message interface for data inter-
action [19].

Interaction layer i
.| Configuration
management

Man-machine
interface

1| Message Input Real-time Output Message |i
' |analyzing| " |management| kernel management|  |assembling |}
i 3 :
B I i e
i Driverlayer v . |
| i
! | Message Clock Output Message |1
1| receiving management driver sending |1

i

Fig. 5. Novel software design block diagram.

The interaction layer is responsible for human-computer
interaction, generating configuration and controlling log-
ical behavior.

The logic layer is responsible for extracting data,
waveform fitting, logical calculation, calibration analysis
and generating output data.

The driver layer is responsible for collecting data and
controlling output of the driver hardware.

IV. KEY TECHNOLOGIES OF THE NOVEL METHOD

This paper presents a novel calibration method for
accurate calibration for digital signals of relay protec-
tion test equipment. Since FPGA devices are superior to
microcontrollers in speed and anti-interference, FPGA
hardware is used to implement frequency modulation
and phase locking with IRIG-B signal source and
high-precision adjustment of internal clock, providing
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accurate time beat for each module and achieving ac-
curate input and output control [12], [20].

A. Accurate Time Calibration of Input Data

High-precision internal clock management is the
cornerstone for the accuracy of the novel calibration
system. The frequency modulation and phase locking
with the IRIG-B signal source are realized using the
FPGA device, and the internal clock is adjusted with
high precision to provide accurate time beat for each
module [21]. The principle is illustrated in Fig. 6. When
the novel system is connected to an external clock
source, the clock logic calculates the difference between
the internal and external clocks in real time, and the
error approximation algorithm is used to accurately
adjust the local clock to ensure the synchronization of
internal time rhythms.

s, 8, S
IR N I I Y O S EEE I I I I

Time axis f T ? f 1‘
Current second  +1 ns +1 ns +1 ns +1 ns

Fig. 6. Accurate time calibration of input data.

For example, if the time difference between the pre-
vious second and the local system time is 100 ns, the
system adjusts the time by 100 ns in the next second.
The adjustment position is calculated, e.g., the 100 MHz
clock is adjusted once every 1 million clocks, i.e., 1 ns.
1) Contact Signal Accurate Receiving

For contact signals, the FPGA hardware performs
high-frequency sampling and real-time comparison of
switching input voltage. When the on-off voltage
change exceeds the threshold value, time calibration is
carried out immediately. After applying logic pro-
cessing such as de-jitter, the initial change moment is
backtracked, and is taken as the precise switching time
marker.

2) Optical Port Message Receiving

For receiving the optical port message, the FPGA
device monitors the physical layer (PHY) device of the
network port, calibrates the arrival time of the leading
byte of the network message, and calibrates the hard-
ware delay of the optical port according to the parame-
ters set by the system, so as to accurately obtain the time
mark of the message arrival [22].

B. Accurate Time Calibration of Output Data

The novel calibration system achieves accurate time
output control for SV, GOOSE and contact signals, and
mainly includes the following two aspects.

1) Contact Signal Accurate Output

Quick output node and special front hardware are
used to control and reduce the uncertainty of front
hardware delay. The bottom drive delay and hardware
delay in the slicing time interval are compensated by the

FPGA device, while the upper logic delay is compen-
sated by the front-end system software.
2) Optical Port Message Output

The FPGA optimizes and implements network media
access control (MAC) layer logic to directly control
network PHY devices and accurately evaluate the time
interval between network data preparation and actual
transmission [23]. When the FPGA obtains the data
packet from the bus queue, it extracts the time label, and
compensates the logical delay and hardware time to
obtain the time that really needs to be written into the
network PHY. It then monitors the current time in real
time, and accurately writes the network message at the
specified time to complete the accurate time transmis-
sion.

As an example, a frame is required to be sent at
1 084 600 ns in the current second, and the sending time
control logic is shown in Fig. 7. The data processing
module obtains the message and time label to be sent at

¢, . If the hardware delay takes 80 ns, to ensure that the
message leaves the system at ¢, =1084 600 ns, it is

necessary to control the message to leave the message
output module at z, =1084 520 ns.

1 084 600

1 2 3
Time axis / T \
Obtain the time
label of the message I

»
»

The time when
message left
the device

The time when
message lett the
output module

Fig. 7. Novel control logic of message sending time.

Based on accurate input and output, the action time
setting can be realized, as shown in Fig. 8. The detection

and calibration device records the arrival time ¢, of the
incoming message according to the accurate time cali-
bration method of the incoming message. At the same
time, the output module obtains the output time label ¢,

at ¢, , and drives the output at ¢, according to the logic
time of the output module and the output hardware
delay, so as to ensure that the contact output is effective
at ¢, , while the operation time AT is expressed as

AT =t, -1,

Obtain the output

The time when message
time label 75

reaches the device

Device output
time

0 O L s I L
I I S R
Time T

axis The time of delimiter
0xd5

Drive output time

Fig. 8. Novel method of high precision action time setting.
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C. Accurate Calibration Based on Multiple Traceability

1) Theoretical Value Traceability Based on Waveform
Comparison

When power equipment uses the sampled value sig-
nal input from the front end, the effective values can be
extracted for logical judgment, analysis or resampling
the sampling point. In this case, the instantaneous val-
ues at the sampling point will affect the calculation
results or action behavior. Therefore, to verify the ac-
curacy of the digital signals, it is necessary to evaluate
the errors of the effective and instantaneous values.

For the amplitude and phase, NB/T 11216-2023 uses
the theoretical traceability method to compare the
measured digital waveform with the theoretical wave-
form to obtain the errors.

a) Reference Waveform Generation

According to the output setting values of the digital
device under test or the digital tester (parameter infor-
mation of the digital waveform intended to be output),
the novel calibration device presets parameters such as
sampling rate, frequency, effective value of fundamen-
tal wave and initial phase angle, and effective value of
harmonic component and initial phase angle. The the-
oretical waveform is generated locally by matching
sampling pulse according to (1), and the time scale is
assigned to each sampling point as the reference
waveform to calculate the errors.

x(t)=U, +Zn:[Ukcos(ka)t + 4, )] )

where U, is the DC variable; U, is the harmonic am-
plitude; and 4, is the initial phase of the kth harmonic.

A 4 kHz sinusoidal signal sampling rate is used as an
example (sampling interval is 250 ps). The effective
amplitude value of the reference waveform and the
instantaneous amplitude value (including phase) of each
sampling point are automatically extracted by the data
processing module of the novel calibration device.

b) Automatic Waveform Alignment

In the time synchronization state, the actual output
digital waveform of the device under test outputs spe-
cific initial phase angle at 0 sequence number time.
Therefore, when constructing the reference waveform,
the novel calibration device achieves time-domain
alignment by ensuring consistency of the reference
waveform 0 sequence number time and the measured
waveform, thereby ensuring accurate error analysis. For
certain devices under test, where the initial phase of 0
sequence time is unstable due to impaired precision or
design limitation, alignment is realized by capturing a
section of actual digital waveform and calculating the
initial phase angle of 0 sequence time. The waveform
alignment and calibration process are shown in Fig. 9,
where the standard sinusoidal signal is illustrated.

7 D O] Eliminate the T
! Alignment |phase diffdrence

Initial )

phase /

difference fy moment Y/
VCa]ibration: after Ar,
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i Difference 2 Difference 1

\ \  Calibration: after Az,

0 ]
Already ]if.;ﬁllled

~Y

T 0

Already 1i~j ened

1)+ AL

t, + Al
Moment v !

Moment

Fig. 9. Schematic diagram of waveform alignment and calibra-
tion process.

2) Time Scale Value Traceability Based on Accurate
Time Stamps

An important feature of power system digital signals
is the correlation with time. For digital signals with a
given sampling rate, their accuracy is affected by the
accuracy of rated delay and sampling interval.

Taking rated delay as an example, for a digital signal
output device, it is defined as the difference between the
scheduled sending time and the actual sending time, i.e.,
the difference between the actual sending time of No. 0
message and the reference sampling pulse time, as
shown in Fig. 10.

A

Sampling ’,O”‘Q‘

pulse / Expected send time /,

PO - Actual send time 1,

O

' i No.0 % /

| | message |,

T’ o 4

Rated delay OO\./

Fig. 10. Schematic diagram of digital signal rated delay.

Therefore, the detection and calibration of the rated
delay can be traced upward at the time level, and the
accurate time scale of each sampling point of the
measured digital signal can be recorded by the testing
equipment to verify the accuracy of the rated delay.

The novel calibration system features precise
timestamping, implements frequency modulation and
phase locking of the IRIG-B signal source within the
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FPGA, supports high-precision internal clock adjust-
ment, and provides accurate time beat for each module.
For receiving optical interface packets, the FPGA
monitors the PHY device of the network port, calibrates
the arrival time of the leading byte of the network
packet, and calibrates the hardware delay of the optical
interface according to the parameters set by the system,
to accurately obtain the arrival time mark of the packet.
The calibration method of receiving message time is
shown in Fig. 11.

Message The time of
arrival time the first 0x55

0 \"1 ’1":\‘/ Il
L NN

Time axis / \

Device recording time:

The time of first The time of
bit of the first delimiter
0x55 Oxds

Fig. 11. Novel time calibration method for receiving messages.

As shown in Fig. 11, ¢, is the time when the message
arrives at the device; ¢, is the time of the first 0x55 of
the message; and ¢, is the moment at which the packet

frame begins delimiter 0xd5. The time is traced back to
the moment when ¢, is the first bit of the packet leader
0x55, and the hardware delay is corrected. The real time
¢, when the packet arrives at the device is obtained, i.e.,

the timestamp of the frame packet.
3) Algorithm Traceability Based on Typical Algorithms

In order to analyze the accuracy of the digital signals,
it is necessary to extract the characteristic quantities of
the measured waveform. This process relies heavily on
the algorithm used, especially in cases when the fre-
quency changes or the fundamental signals have har-
monic components superimposed.

NB/T 11216-2023 specifies the typical algorithms to
be used to extract parameters during digital signal cali-
bration, and the analysis errors caused by different al-
gorithms can be eliminated by unifying algorithms [9].
The novel calibration system implements a typical al-
gorithm, taking three types of signals of 45 Hz/
50 Hz/55 Hz as examples (same sampling rate). In the
same time window, the numbers of sampling cycles of
the three frequencies are different, while within a single
cycle, the sampling points of the three frequencies are
different. Reflected in the same coordinate system, the
distribution of the three digital waveforms is shown in
Fig. 12.

The novel calibration system uses fast Fourier
transform (FFT) algorithm to optimize the frequency
estimation, track and extract the frequency and analyze
the amplitude and phase correctly [24]. For the meas-
ured digital waveform, the following steps are per-
formed: 1) Estimate the frequency value by “zero

crossing”; 2) Based on the estimated frequency, take
two consecutive cycles to perform FFT. If the estimated
frequency matches the actual frequency, the calculated
amplitude and phase should be completely consistent
across the two cycles; 3) If there is an error in the es-
timated frequency, the calculated amplitude and phase
will drift, which is used to calculate Af. The estimated

frequency is modified for the second step of iteration,
and the process continues until the error is less than the
set value (0.0005 Hz, lower than the industry accuracy
requirements of 0.001 Hz); 4) After correctly tracking
and refining the frequency, FFT is performed again with
the measured frequency to obtain the amplitude and
phase [25].

Signal corrupted
:
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Fig. 12. Distribution of digital waveforms at different frequen-
cies (time domain and frequency domain).

D. Implementation of Calibration Process

1) Amplitude and Phase Calibration
a) Amplitude Valid Value

The novel calibration system records the measured
digital signal, and the time window is no less than 1 s.
The effective value of the measured digital message
amplitude is set as 4, and the novel calibration system

automatically calculates the optimal value A of the
amplitude estimation. The effective value error W is
calculated as follows:

W =(A— A)/Ax100% Q)
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The optimal value of digital signal amplitude esti-
mation A is calculated as follows:

R N
i= [y /z 3)
n=l1

where A, is the amplitude of the nth harmonic.

b) Amplitude Instantaneous Value

For the digital signal output device, the transmission
parameters need to be set, including sampling rate,
amplitude, frequency, and initial phase angle. The novel
calibration system records the instantaneous value X,

of all sampling points of the digital signal under test,
and the time window is no less than 1 s. The initial
phase angle of the digital signal is estimated according
to the instantaneous value optimal estimation algorithm.
The theoretical waveform is generated according to the
initial phase angle and sampling interval, and the in-

stantaneous theoretical value )A(n for all sampling

points in the time window is calculated.
The calculation formula for the instantaneous value
error is shown as:

AX=X -X, @)
é =AX/(N2x 4) ®)
& =max(&,) (6)

where AX is the instantaneous value error of the nth
sampling point; £, is the peak instantaneous error at the
nth sampling point; and £ is the maximum peak
instantaneous error.

For a digital AC sampling sequence of a time window
(x,%,, 5 %,,+*, X, ) , assuming its frequency is 50 Hz,

the optimal estimation algorithm for the instantaneous
value is described as follows.

Kalman algorithm is used to estimate the initial phase
optimal value [26]. First, the algorithm is used to esti-

mate the initial phase ¢, in the time window. The initial

phase ¢, and sampling parameters are then used to

calculate the theoretical value x(¢) of a single sampling
point. The mathematical expression is as follows:

x(t) = Acos(wt + @) @)

To filter the initial phase ¢, , a vector sequence

{cos ,

sing,
of the signal is as follows.

is used, and the mathematical representation

®)

cos @,
sing,

x(t) =[acoswr —asin a)t]{ ,

where «a is the sampling amplitude.
The corresponding Kalman equation is:

oY)
Xin =X, :|:Sin¢;):| ©)

Z, :[acosa)tk —asina)tk]Xk + o,

where Z, is the measurement value at time k and X, is

the system state at time £.
During calibration, the frequency does not change, so
the system noise variance matrix Q =0, and adaptive

Kalman algorithm can be used to observe noise R:
R:(Zk_Hka)T(Zk_Hka) (10)
where H, is the parameters of the measurement system

at time k and X . 1s transposed matrix of X, .
The recursive equations are thus obtained as follows:

X, =X,
I)k = I)kfl

X, =X, +K,(Z, -HX,)
K, =P (HPH'+R,)
B =(1-K,H,)P,

)

where P, represents covariance at time k; P, is
transposed matrix of P,_,; and K, represents Kalman

Gain at time £.
Next, the sampling points of 10 cycles are calculated
to obtain the optimal initial phase estimate:

A cos @,
X=X =
k Lin(po}

The optimal estimate of the sampling point obtained
from the sampling sequence is given as:
t, =(m-DAt, n=12,---,N

x, =[acosor, —asinor, | X

(12)

(13)
(14)
where « is the sampling amplitude; A¢ is the sampling
interval; and X is the initial phase.
c¢) Phase Value

The device under test outputs digital messages ac-
cording to the maximum number of channels, selects
one of the digital channels 7, and sets its initial phase
¢ . The novel calibration system analyzes the actual
initial phase ¢’ of the digital channel 7. The calcula-
tion of the phase error is given as:

Ap=¢'—¢

2) Calibration of Sampling Interval and Delay

a) Sampling Interval
The device under test sends digital messages ac-

(15)

cording to the sampling rate f;, and the calibration
system is used to receive and count the sampling in-
terval of 5 minutes. Sampling interval accuracy is usu-
ally expressed by sampling interval error:
AT =T-T, (16)
T, =1//y a7
where 7 and 7 are the measurement and reference
values of the sampling interval, respectively.
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Using statistical sampling interval error, the maxi-

mum error is obtained as:
M, =max(T, - T,) (18)

where M, is the maximum sampling interval error; and
T, is the actual sampling interval.
b) Rated Delay

The rated delay of the novel calibration system is 7},
and a digital message is sent at the whole second 7, .

The moment when the novel calibration system receives
the first frame of digital message with sampling serial
number 0 is recorded as 7, . The calculation of the rated

delay measurement value T, is given as:

=T -T, (19)
The rated delay error AT} is calculated as:
AT, =T,-T, (20)

where 7, is the rated delay time setting value.

3) Calibration of Frequencies and Harmonic Wave
a) Frequencies

The frequency of the output digital signal of the cal-
ibrated device is f,, and the recording time window of

the calibration system is no less than 10 s. The calibra-
tion system parses the measured digital message and

obtains the best estimate of the frequency f . The fre-
quency error calculation is given as:

It

0

x100% 1)

where W isthe frequency error; f; is the set value; and
£ is the measurement value.

The algorithm estimates the optimal frequency by
setting frequency f, of the device under test, and this

value is recorded as the estimated frequency. f is the

best estimate, f =f,+Af, and Af is the estimated

frequency difference. The input sinusoidal signal is
shown as:

x(t)=U, sin2u(f, + Af) + ) (22)
where U, is the effective value of the signal; and o, is

the initial phase of the signal.
In the case of not knowing the real frequency, first the

setting frequency f; (where f;x7; =1) is used in the

Fourier transform to get the amplitude of the real fre-
quency component @ and b :

a- T%IOTO U, sin(2n( f, + Af )t +a, )sin (2nfyt) dt =

20, f,

TR 3 &) Tl @) sin(ATT)

(23)

b :%jﬁrﬁ U, sin(Zn(fO +Af)t+a0)cos(2nf0t) dt =

2U, (fy +4)

WA (2, + a) T T ST

(24)
Fourier change for the second period gets the ampli-
tude of the real frequency component ¢’ and b':

o= % [ U, sin@n(f; + AN +a)sin(rfyr) di =
0 0

2U 1y

LA S, +Af) cos(3mAT, + &, ) sin(nAfT, )
(25)

b = TE [ U, sin@n(f, + At + ) cos(2nfyr) di =
0 0

20U, (f, +A)

sin(3nAfT, + a, ) sin(mA
ATA S+ A (3nAfT, + a1, ) sin(TAfT,)
(26)
Equations (23), (24), and (25), (26) are respectively

used to define 4 and B as:

_a _ cos(nAfT, +a,)
a cos(3nAT + )
b sin(mAT, + &)

b sin(3nAT, + )

Equations (27) and (28) are further expanded to ob-
tain:

@7

(28)

1
4= - 29)
cos(2nAfT, ) — sin(2TAfT,) w
cos(nAfT, + &)
1
b= (30)
cosrAfTy) + sin(rafT) ST+ &4,)
sin(nAfT; + )
Equations (29) and (30) are simplified as:
cos(2mAfT,) = AB+1_ab+a'h G31)

A+B  ab +a'b
Thus, the estimated frequency difference |Af | and the
real frequency f are obtained by using (32) and (33),

respectively:
|Af] = ! arccos (—ab +ab j (32)
2nT, ab'+a'b
f=1+a7 (33)

b) Harmonics Wave

The calibration system records the digital message
with a time window of no less than 10 s, and performs
harmonic decomposition of the digital message ac-
cording to the algorithm. The amplitude of each har-
monic wave is mathematically expressed as:

Ay, Ao 4 (34)
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where 1210 is the amplitude of the DC component and /All.

is the amplitude of the ith harmonic wave, with i =1
representing the fundamental component.

The harmonic amplitude error is calculated as
follows:

I/f/n = (;4\71 - AnO)/‘A?lO x 100% (35)
where W, is the nth harmonic error and 4, is the
harmonic amplitude.

The harmonic decomposition adopts the windowed
FFT algorithm. The Blackman-Harris window function
with high computational accuracy is selected, and its
number time domain expression is:
2nn

W(n)=0.35875—0.48829cos +

36
4rn 6mn (36)

0.14128cos —0.01169cos

In a single frequency signal x(¢) , the frequency is £,
the amplitude is 4, and the initial phase is ¢. After
resampling with sampling frequency f,(f, =2f,), the
expression is as follows:

x(n) = Asin[Zn? X1+ ¢] 37

S

After adding window W (n) , the Fourier transform of
the signal is as follows:

X(f)= Y (X W () x ™) =

0.5] {GWW{—ZEU - f")} - e”’W{—zn(f /o) }}
A A
(38)
The continuous spectrum expression near f; is:
X(f) = (4/2))x e””W{M} (39)

Discrete sampling is carried out, and the discrete
Fourier transform expression is as follows:

. 2n(nAf —
X(f)= (A/2j)e”’W{—n(n / f‘))}
J
where Af =1/NT, with N indicating the truncation
length of the data. The peak value appears at f, = k,Af",

(40)

and k, is generally not an integer. Let the spectral lines
on the left and right sides of &, be k, and k, spectral
lines, respectively, which means that the two spectral
lines taken should be the spectral lines with the largest
and sub-large values near the peak point.
k <k, <k, (k, =k +1), and the two spectral lines have
magnitudes of y, :|X(k,Af) A =|X(k2Af)| . Since
0<k,—k <1, the auxiliary parameter
a=k,—k,—0.5, ae[-0.5,0.5], and there is:

‘W[Zn(—a + 0.5)}‘ _‘W[%c(—a —-0.5) }‘
=N _ N N

vy ‘W[Zn(—a + 0.5)}‘ . W[zn(—a - 0.5)}
N N

Set b=(y,—»)/(y,+»,), then (41) is a function

with a as the independent variable and b as the de-
pendent variable. b = f(a), and its inverse function is

(41)

a= f~'(b). Using polynomial approximation method
[27], a can be calculated:
a=2.6197085b +0.2865675b° +0.1283b° + 0.080245b’
(42)
The amplitude expression modified by the Black-
man-Harris window is [28]:
3.06539676 +0.9655599794" +
W +»)
(43)

0.163556a* +0.019854°

N
The amplitudes of fundamental wave and each har-
monic are calculated using the above method.

A=

V. PERFORMANCE ANALYSIS

In this paper, a special accuracy verification system is
set up to test the input and output accuracy of the novel
calibration system, as shown in Fig. 13. When the novel
calibration system and the relay protection test equip-
ment perform closed-loop testing, to achieve the accu-
racy verification of the input and output signals, the
contact signals are connected to the oscilloscope and the
digital signals (SV, FT3 or GOOSE) are connected to
the network recorder for monitoring.

[RIG-B  foneemmemmmmommmceecaeaceasy / v
: Novel calibration device F:+’ Recorder
sl "GoOSE 2] il
I : : analy
|;urce RIGD analyzer

loutput contact & A& A
1 - ! signal
B Nt e = - (Y%

FT3
GOOSE

IRIG-B

outputlcontact ; - E
signal SV FT3 G(?OSE

A A

Relay protection tester
(assist device)  [T—..._._

>
output
T contact signal T

———» 100 M optical Ethernet

Oscilloscope

******* »Signal line

Fig. 13. Diagram of the novel calibration system’s accuracy
verification structure.

A. Time Scale Accuracy Verification of Input and Out-
put Signals

Since the time measurement of the relay protection
test equipment requires an accuracy of 100 ps, the novel
calibration system is fully capable of meeting calibra-
tion needs if it achieves an accuracy of 10 ps [2].

The accuracy verification method of input signals is
as follows. The relay protection test equipment sends



98 PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 11, NO. 1, JANUARY 2026

periodically SV, GOOSE or contact signal, while the
novel calibration system records the signal arrival time
as T,, the recorder or oscilloscope records the signal

arrival time as 7,, so T, — 7, is the error of the input

signals.

The accuracy verification method of output signals is
as follows. The novel calibration system sends SV,
GOOSE or contact signal at 7,, and the recorder or

oscilloscope records the arrival time of the signals at 7, ,
so T, — T, is the error of the output signals.

Each type of signal is tested 1000 times, and the sta-
tistics and analysis results are shown in Table I and
Fig. 14. The mean value, maximum value, minimum

value, and standard deviation are calculated. According
to the test results, even the maximum error can still meet
the calibration requirements (better than 10 ps). Com-
pared with the test results of existing calibration sys-
tems, both calibration accuracy and stability have been
significantly improved.

The mean error values in Table I are the mean values
of 1000 trials, and the standard deviations represent the
variability of the error across the 1000 trials. The test
data show that the precision of digital signal acquisition
and output time scale is better than + 100 ns, and that of
contact signal acquisition and output time scale is better
than + 10 ps, which meets the application requirement
of +10 ps.

TABLEI
DATA ANALYSIS FOR ACCURACY OF INPUT AND OUTPUT SIGNALS
Input/output Signal type Recommended — Errors - —
values (us) Minimum Mean Maximum Standard deviation
Y% 10 28 ns 51.67 ns 79 ns 10.79 ns
Input GOOSE 10 31ns 52.71 ns 77 ns 10.88 ns
Contact signals 10 1.701 ps 2.606 us 3.729 ps 0.499 ps
SV 10 29 ns 52.37 ns 76 ns 10.76 ns
Output GOOSE 10 30 ns 52.29 ns 78 ns 10.69 ns
Contact signals 10 0.782 us 1.310 ps 1.876 pus 0.238 pus

Error (ns)

OSE
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Number of experiments
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Error (ns)
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*Input contact signal
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Fig. 14. Time accuracy of input/output signals based on experimental data. (a) Input digital signals (SV/GOOSE). (b) Output digital

signals (SV/GOOSE). (c) Contact signals.

B. Digital Signal Parameters Engineering Application
Verification

The novel method presented in this paper has been
applied to the test and calibration of relay protection test
equipment. It has carried out calibration work for
thousands of products by many manufacturers, provid-
ing accurate and rapid calibration results. The calibra-
tion results of 1000 relay protection test equipment are
presented here, including 400 digital test equipment,

400 handheld optical digital test equipment, and 200
digital-analog integrated test equipment for relay pro-
tection. The results are shown in Table II. Please note
that: 1) The measured instantaneous amplitude values in
the table refer to the instantaneous peak values of the
waves; and 2) The harmonic measurement results refer
to the output values under 20% superimposed 13th
harmonic condition.

TABLE I
DATA ANALYSIS FOR CALIBRATION RESULTS OF 1000 RELAY PROTECTION TEST EQUIPMENT

Accuracy parameter Qutput set- Absolute value of errors Pass rate (%)
ting value Minimum Mean Maximum Standard deviation

Current amplitude valid value (A) 5.000 00 0.000 08 0.000 49 0.000 99 0.000 27 100.0
Voltage amplitude valid value (V) 10.000 00 0.000 60 0.002 39 0.004 69 0.000 81 100.0
Current amplitude instantaneous value (A) 100.000 00 0.000 15 0.000 64 0.003 99 0.000 63 100.0
Voltage amplitude instantaneous value (V) 500.000 00 0.000 42 0.001 78 0.004 74 0.000 65 100.0
Phase (°) 30.000 00 0.000 40 0.001 28 0.002 18 0.000 43 100.0
Rated delay (us) 500.000 0.000 20 0.051 42 0.197 76 0.039 21 100.0
Sampling interval (us) 250.000 0.000 06 0.026 92 0.121 72 0.028 55 100.0
Frequency (Hz) 10.000 0 0.000 00 0.000 42 0.000 90 0.000 24 100.0
13th harmonics (%) 20.000 0.000 0.033 0.089 0.022 100.0

In order to verify the test and calibration ability for
abnormal digital signals, real time digital simulator
(RTDS) is used to simulate the digital waveform of the
SV message under test to generate abnormal errors, and
10 000 tests are performed [29]. Abnormal SV digital
signal types include: abnormal current sampling value

jump; voltage sampling value frame lost; double A/D
inconsistency; out of time synchronization; ineffective
quality; abnormal large numbers; and output packet
jitter. The results are shown in Table III. Through
10 000 sets of simulation data, it is proved that the false
alarm rate is less than 0.01%.

TABLE III
ABNORMAL SV DIGITAL SIGNAL SIMULATION

No. Type of abnormal SV signal Number of tests Number of passes Pass rate (%)
1 Abnormal current sampling value jump 10 000 0 0.00
2 Voltage sampling value frame lost 10 000 0 0.00
3 Double A/D inconsistency 10 000 0 0.00
4 Out of time synchronization 10 000 0 0.00
5 Ineffective quality 10 000 0 0.00
6 Abnormal large numbers 10 000 0 0.00
7 The output packet jitter 10 000 0 0.00
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C. Multi-signal Mode Accuracy Verification

The novel method has also been applied to the test
and calibration of complex operations of relay pro-
tection test equipment, such as time measurement,
time control and so on. This paper presents the test
results of 200 equipment with time measurement and
time control functions, including 80 digital test
equipment, 80 handheld optical digital test equipment,
and 40 digital-analog integrated test equipment for
relay protection.

The action time accuracy of the novel calibration
method can meet the requirements of testing time
measurement operation. According to the type of
action time specified in the standard, six types of
action time setting accuracy (calibration accuracy
should be better than 10 us) are verified in this paper.
The relay protection test equipment periodically sends
digital signal 1, and the network recorder device (or
oscilloscope) records the arrival time of digital signal
as T,. After receiving the digital signal, the novel

calibration system delays 7; to output the digital
signal 2, and the network recorder device (or oscil-
loscope) records the arrival time of the digital signal
as T,. T, -1, is the actual operation time AT, and
AT —T, is the accuracy error of the action time. A

total of 200 tests are carried out, the results are shown
in Tables IV-IX.

TABLEIV
ACCURACY OF ACTION TIME (FROM RECEIVING SV TO SENDING
GOOSE)
Errors (ms)

Ty (ms) Minimum Mean Maximum S;i?i?;i
1 0.000 028 0.000 114 0.000 162 0.000 032
50 0.000 033 0.000 123 0.000 195 0.000 028
100 0.000 046 0.000 126 0.000 197 0.000 026
1000 0.000 063 0.000 133 0.000 214 0.000 024
10 000 0.000 088 0.000 135 0.000 228 0.000 021
99 999 0.000 113 0.000 149 0.000 249 0.000 023

TABLE V

ACCURACY OF ACTION TIME (FROM RECEIVING SV TO SENDING
CONTACT SIGNAL)

Errors (ms)

Ly (ms) Minimum Mean Maximum g;i?i?;i
1 0.001 027 0.001 719 0.002 901 0.000 436
50 0.001 382 0.002 350 0.003 020 0.000 372
100 0.001 259 0.002 429 0.003 141 0.000 304
1000 0.001 436 0.002 342 0.003 021 0.000 349
10 000 0.001 826 0.002 540 0.003 250 0.000 306
99 999 0.001 923 0.00 2851 0.003 565 0.000 403

TABLE VI

ACCURACY OF ACTION TIME (FROM RECEIVING GOOSE 1O
SENDING GOOSE)
Errors (ms)

Ty (ms) Minimum Mean Maximum Star}dgrd
deviation
1 0.000 029 0.000 085 0.000 176 0.000 030
50 0.000 029 0.000 082 0.000 187 0.000 033
100 0.000 032 0.000 128 0.000 202 0.000 044
1000 0.000 043 0.000 159 0.000 219 0.000 036
10 000 0.000 061 0.000 172 0.000 320 0.000 059
99 999 0.000 083 0.000 191 0.000 436 0.000 093

TABLE VII

ACCURACY OF ACTION TIME (FROM RECEIVING GOOSE 1O
SENDING CONTACT SIGNAL)

Errors (ms)
Ty (ms) Minimum Mean Maximum (?:/ril;?(r)i
1 0.000 906 0.001 581 0.002 933 0.000 469
50 0.001 317 0.002 300 0.003 415 0.000 406
100 0.001 243 0.002 421 0.003 487 0.000 345
1000 0.001 451 0.002 346 0.003 322 0.000 348
10 000 0.001 798 0.002 541 0.003 423 0.000 309
99 999 0.001 941 0.002 830 0.003 598 0.000 406

TABLE VIII
ACCURACY OF ACTION TIME (FROM RECEIVING CONTACT SIGNAL

TO SENDING GOOSE)

Errors (ms)
Ty (ms) Minimum Mean Maximum Star}dgrd
deviation
1 0.001 901 0.002 475 0.003 789 0.000 518
50 0.002 310 0.003 194 0.003 832 0.000 357
100 0.002 682 0.003 191 0.003 769 0.000 298
1000 0.002 856 0.003 300 0.003 983 0.000 194
10 000 0.003 101 0.003 243 0.004 102 0.000 218
99 999 0.003 104 0.003 817 0.004 199 0.000 290

TABLE IX

ACCURACY OF ACTION TIME (FROM RECEIVING CONTACT SIGNAL
TO SENDING CONTACT SIGNAL)

Errors (ms)
Ty (ms) Minimum Mean Maximum 3;3?;?;?1
1 0.003 107 0.003 638 0.004 384 0.000 299
50 0.003719  0.004 566 0.005 385 0.000 404
100 0.003 988 0.004 703 0.005 383 0.000 312
1000 0.003 965 0.004 809 0.005 398 0.000 330
10 000 0.004 424 0.005 189 0.005 892 0.000 303
99 999 0.004 881 0.005 451 0.006 097 0.000 301

The mean value of the difference in Tables [IV-IX is
the mean value of the 200 trials, and the standard devi-
ation is the standard deviation of the samples. The test
data shows that the action time accuracy of the novel
calibration system for all types of signals meets the
index of £10 s, thus qualifying the conclusion.
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The time measurement accuracy of the novel cali- TABLE XI
bration system can meet the requirements of testing ACCURACY OF TIME MEASUREMENT (FROM SENDING SV TO

. . . . . . RECEIVING CONTACT SIGNAL)
action time. According to the type of action time speci-

. . . . . . Errors (ms)
fied in the standard, six kinds of action time setting T (ms) Standard
. . 0 Minimum Mean Maximum ..

accuracy (calibration accuracy should be better than 10 deviation
us) are verified in this paper. The novel calibration ! 0.001.021° 0001736 0.002889 0.000 447

.. . . 50 0.001319  0.002 342 0.002 957 0.000 370
system sends digital signal 1 to relay protection test 100 0001322 0002422 0003 113 0.000 301
equipment and the network recorder device (or oscil- 1000 0.001337  0.002320  0.003 021 0.000 364

10 000 0.001 811 0.002 469 0.003 185 0.000 336

loscope) at T, , and the network recorder device (or os-
99 999 0.001902  0.002 794 0.003 527 0.000 408

cilloscope) records the arrival time of digital signal as

’ . . .. TABLE XII
T} . The relay protection test equipment outputs a digital  Accuracy oF TIME MEASUREMENT (FROM SENDING GOOSE TO
signal 2 to the novel calibration system and the network RECEIVING GOOSE)
recorder device (or oscilloscope) after delaying 7, , and T (ms) Errors (ms) Sandord
I - . andar
the novel calibration device records the arrival time of Minimum Mean Maximum 4 o tion
C . 1 0.000 028  0.000 086  0.000 166  0.000 029
the digital signal 2 as 7, . The network recorder device
g g 2 _ _ 50 0.000027  0.000081  0.000175  0.000 031
(or oscilloscope) records the arrival time of the digital 100 0.000031  0.000 127  0.000 198 0.000 043
) , . i 1000 0.000039  0.000157  0.000214  0.000 036
signal 2 as 7, . AT =T, —T; is the time measurement 10000 0.000054  0.000165 0.000312  0.000 055
Obtained by the novel Calibration System, 99 999 0.000 076 0.00 0180 0.000 424 0.000 075
AT'=T, —T' is the actual time measurement, and TABLE XIIl

ACCURACY OF TIME MEASUREMENT (FROM SENDING GOOSE TO

, . .
AT'— AT is the accuracy error of the time measure- RECEIVING CONTACT SIGNAL)

ment. A total of 200 tests are carried out, and the results

Errors (ms)
are shown in Tables X—XV. T, (ms) . . Standard
. Minimum Mean Maximum deviati

According to Tables X—XV, the mean absolute value cviation
fth : <216 410 30.423 1 0.001027  0.002576  0.003964  0.000 842
of the novel system 15 2.165 ps, compared to 30.423 ps 50 0001923 0002850  0.003998  0.000 537
for other existing systems, representing a significant 100 0.002024  0.003479  0.004 104 0.000 413
accuracy improvement of 92.88%. Since SV and 1000 0.002960  0.003776 ~ 0.0044386  0.000 300

10 000 0.003 021 0.003 964 0.004 676 0.000 320

GOOSE are already digitized signals, and the acquisi- 99999  0.003159 0004970 0004899  0.000340

tion of contact signals needs to be converted into 1/0

digital signals after digitization, there is a significant TABLE XIV

difference in the accuracy of contact signals and ACCURACY OF TIME MEASUREMENT (FROM SENDING CONTACT
SV/GOOSE. Therefore, for time measurement accu- SIGNAL TO RECEIVING GOOSE)

racy that only contains SV/GOOSE signals, the re- Errors (ms)

. . . T, (ms) .. . Standard
quirement of 100 us does meet the practical industry Minimum Mean Maximum deviation
requirements for the 10 ps SV/GOOSE time scale ac- 1 0.000827  0.001 510  0.002159  0.000313
curacy. Thus, it is recommended to modify DL/T 50 0.001208  0.001854  0.002629  0.000331

100 0.001313  0.001971  0.002643  0.000 309
1501'2(,)16’ DL/T 1944-2018, DL/T 2646-2023, as 1000 0.001521  0.002059  0.003161  0.000307
shown in Table XVI. 10000 0.001702 0002222  0.003097  0.000295
TABLE X 99999  0.001898  0.002400 0.003898  0.000316
ACCURACY OF TIME MEASUREMENT (FROM SENDING SV TO TABLE XV
RECEIVING GOOSE) ACCURACY OF TIME MEASUREMENT (FROM SENDING CONTACT
Errors (ms) SIGNAL TO RECEIVING CONTACT SIGNAL)
T, (ms
o (ms) Minimum Mean Maximum Stapdz.ird Errors (ms)
deviation T, (ms) .. . Standard
Minimum Mean Maximum .
1 0.000 024  0.000 105  0.000 163  0.000 037 deviation
50 0.003854 0004713  0.005892  0.000510

100 0000036 0000120 0000191  0.000031
100 0004104 0004781 0005893  0.000 363
1000 0.000063 ~ 0.000129  0.000221 0.000 027 1000 0.003969 0004989  0.005926  0.000419

10000 0.000092  0.000 135  0.000231 0.000 021 10000  0.004229  0.005245  0.005975 0.000 346
99999 0.000 112  0.000 150  0.000 251 0.000 025 99999  0.004533  0.005503  0.006419  0.000348
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TABLE XVI
Six TYPES OF TIME MEASUREMENT (TIME CONTROL)
No. Types Accuracy Range (ms)
1 From sending SV to receiving GOOSE +10 ps (I ms <t < 100 ms)
2 From sending GOOSE to receiving GOOSE £0.01% (100 ms <¢ << 99 999 ms)
3 From sending SV to receiving input contact signal 1-99 999
4 From sending GOOSE to receiving input contact signal + 100 ps (1 ms <z<< 100 ms);
5 From sending output contact signal to receiving GOOSE +0.1% (100 ms <z< 99 999 ms)
6 From sending output contact signal to receiving input contact signal

D. Anti-interference Verification

In addition to laboratory testing, the novel calibration
method has also been applied to industrial production
environment, and its anti-interference capability is ver-
ified by referring to the electromagnetic compatibility
requirements of standards IEC 60255-22-3: 2007, IEC
60255-22-4: 2008, IEC 60255-22-1:2007, IEC
60255-25: 2000, and DL/T 1501-2016 [30].

Engineering application proves that the novel cali-
bration method operates satisfactory, can receive and
analyze the error of each parameter of the digital signal
outputs from different types of relay protection test
equipment correctly, and the measurement results meet
the requirements. Moreover, the statistical data of the
last two years of calibration tests show that, compared
with traditional test methods, the calibration equipment
proposed in this paper significantly improves the test
efficiency, and the calibration cycle is reduced by
85.7 %.

VI. CONCLUSION

The novel calibration method presented in this paper
improves the accuracy and efficiency of digital signal
calibration of relay protection test equipment and pro-
motes standardization. Based on FPGA, accurate input
and output control is achieved, and the full index ac-
curacy calibration of digital signals for relay protection
test equipment is achieved from three aspects: theoret-
ical value traceability, time scale value traceability and
algorithm traceability. The novel calibration method has
helped to form the industry standard NB/T 11216-2023,
and has calibrated more than 1000 relay protection test
equipment within one year after the standard was pub-
lished. The following conclusion and recommendation
are drawn from the experiment data:

1) The time scale accuracy of the input and output
digital signals of the novel calibration device is higher
than +10 ps, and digital signal parameter calibration,
time measurement, time control calibration accuracy
and anti-interference ability all meet the related stand-
ard requirements;

2) It is recommended to optimize the industry stand-
ard DL/T 1501-2016, DL/T 1944-2018 and DL/T
2646-2023. The requirements for the time measurement
and time control indicators of SV/GOOSE and contact

signals should be differentiated according to different
signal types.

Given the absence of an established international
standard for relay protection test equipment, the re-
search presented in this paper holds significant refer-
ence value for future efforts toward international
standardization.
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