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Experiences with Steady-State PMU Compliance Testing
using Standard Relay Testing Equipment

M. S. Almas, Student Member, IEEE, Jako Kilter, Member, IEEE, and Luigi Vanfretti, Member, IEEE

Abstract—This paper presents the results of steady state com-
pliance testing of phasor measurement units (PMUs) from three
different vendors in a laboratory environment. Testing is per-
formed by providing three phase voltage and current injections
to the VT and CT inputs of the PMUs through Freja-300 stand-
alone protection relay test set. Testing is performed according to
the standard “IEEE C37.242-2013 - IEEE Guide for Synchroni-
zation, Calibration, Testing, and Installation of Phasor Meas-
urement Units (PMUs) for Power System Protection and Con-
trol”. The paper discusses the test setup, testing process and
overall test results of this project. The limitations of stand-alone
testing equipment and recommendations for utilizing real-time
hardware-in-the-loop simulation for thorough testing of PMUs
are also presented.

Index Terms—Phasor Measurement Units, PMU calibration
testing, stand-alone testing, synchrophasors.

I. INTRODUCTION

Phasor Measurement Units (PMUs) are increasingly being
deployed around the world. PMUs are considered as one of the
key technologies for wide area power system monitoring,
protection and control (WAMPAC) systems [1]. Some of the
potential applications of synchrophasors include state estima-
tion, event and fault detection, oscillation monitoring, situa-
tion awareness and model validation [2]. It is foreseen that the
use of PMUs and development of sophisticated control algo-
rithms for system control purposes in future power systems
will increase system security, and thus, an understanding of
technical performance of PMUs is essential.

The reliability of power system applications based on
synchrophasors leans on the accuracy of PMUs for phasor
calculation and frequency estimation. The IEEE standard for
Synchrophasor Measurements for Power Systems (IEEE
C37.118.1-2011) [3] specifies requirements for PMUs for both
steady state and dynamic operating conditions. The compan-
ion standard IEEE C37.118.2-2011 covers communication
aspects of synchrophasor data transfer. Another standard
“IEEE C37.242-2013 - IEEE Guide for Synchronization, Cali-
bration, Testing, and Installation of Phasor Measurement Units
(PMUs) for Power System Protection and Control” [4] pro-
vides guidance for test and calibration procedures for PMUs
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for laboratory and field applications. This paper presents re-
sults from static compliance testing of PMUs from three dif-
ferent vendors as specified by the above mentioned standards.

The remainder of the paper is organized as follows: Sec-
tion II provides information about the testing equipment and
the architecture for PMU testing. Section III presents results
for steady state compliance tests for PMUs from three differ-
ent vendors. Section IV identifies the limitations of stand-
alone testing equipment and provides recommendations for a
more thorough test bed for PMUs testing. Finally in Section
V, conclusions are drawn and experiences together with lesson
learnt from the project are summarized.

II. PMU TESTING ARCHITECTURE

This section presents the details of the testing equipment,
Freja-300 [5], used for this study. Freja-300 is a standard
stand-alone test set intended for protection relay testing. This
test set can generate 4 x 150 V (82 VA) and 3 x 15 A (87 VA)
or 1 x 45 A (250 VA). The inaccuracy guaranteed for the
voltage and current generations by the test set is (+ 0.01 % of
range) + (£ 0.05 % of reading) which is within the accuracy
limits for testing equipment specified by IEEE C37.242-2013
[4] which states that the uncertainty of test equipment should
be lesser than 10% of the allowed error.

Freja-300 facilitates injecting harmonics, faults and unbal-
anced voltage / currents / frequency to the device under test.
For most of the calibration testing scenarios, the test set is
used in a sequence mode which allows making the settings for
magnitude and phase angles along with frequency of cur-
rent/voltage injections independently for up to 28 sequences
which follow each other depending upon the time specified for
each sequence. Sequence 1 is considered as a pre-fault or
steady state sequence and Sequence 2 is the fault scenario
where a disturbance is injected to the device under test to
perform its dynamic testing.

The steady state tests performed includes Total Vector Error
(TVE), magnitude error, and phase error at nominal frequency
input at a PMU reporting rate of 50 frames per second. TCP is
used as transport layer protocol for streaming out synchro-
phasors from PMUs over Ethernet in this study. In order to
perform dynamic testing of the PMU under test, at least two
sequences are required: a steady state sequence for a specific
period of time followed by the disturbance sequence which
can be step change in voltage/current magnitude or phase
angles along with frequency change. Results for dynamic
compliance tests will be presented in a separate publication.

The three phase voltage and current injections are provided
to the voltage and current input modules of the PMU under
test. The voltage and current injections are set by using soft-
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ware interface of Freja-300 on the workstation which is serial-
ly connected to the test set. The PMU receives the analog
inputs and streams out synchrophasor measurements through
its Ethernet port. For all the PMUs, synchrophasors for posi-
tive sequence and all phases for both voltage and currents
were acquired. The PMU measurements are received in a
Phasor Data Concentrator (PDC) to archive all the synchro-
phasor measurements as a CSV file for further analysis using
MATLAB. The overall test setup is shown in Fig. 1.

The injection parameters are set by using Freja Win [6] on
the workstation which is serially connected to the test set. The
PMU under test receives the three phase voltage and current
analog signals at its VT and CT input modules. The PMU is
time synchronized by acquiring IRIG-B [7] signals from sub-
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quired. The PMU measurements are received in a Phasor Data
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PMU calibration test environment showing injection of three phase voltages and current to the PMU under test using Freja-300 Protection Relay Test

Set. PMU measurements from the device under test are received in SEL-5073 Phasor Data Concentrator to archive the measurements as CSV files for future

analysis.

I1l. PMU TESTING RESULTS

This section presents the results obtained from steady state
compliance testing of PMUs from three different vendors. The
standard IEEE C37.118.1 [3] defines the steady state tests as
the one in which the test signal does not vary with time. The
steady state conformance tests performed in this study involve
frequency variation, magnitude variation, phase variation, off
nominal frequency response and harmonic distortion tests. The
out of band interference test has not been performed in this
study. An important factor for evaluating steady state con-
formance of PMUs is the Total Vector Error (TVE) which
defines the uncertainty requirements for the PMUs and is
calculated as

(X=X, ) +(X,m-x, @)

TVE =
™ (X M) +(X, ()

1)

where X (n) and X, (n) are sequences of estimates given

by the unit under test, and X, (n) and X, (n)are sequences of

input signals from the test set Freja-300.

The TVE factor assures that the PMUs uncertainty in both
magnitude and time synchronization error is bounded within a
certain limit. This limit is specified in the standard to 1% and
corresponds to a phase angle error of 0.573° (degrees) or a
time synchronization inaccuracy of 31.8 s at 50 Hz.



Similarly, the standard defines frequency measurement er-
ror (FE) and rate of change of frequency measurement error
(RFE) as

= |Af;me —-A measured |
—(df / dt)

e ™ Srcasra

(2)
RFE =|(df / dt)

true measured

where f

measured

is the frequency measured by PMU while f

the frequency of the test signal generated by Freja-300

The standard IEEE C37.118.1 [3] allows the maximum
permissible tolerance of = 0.005 Hz in frequency error (FE)
and + 0.01 Hz/sec for rate of change of frequency (ROCOF)
measurement error (RFE).

In this study, the performance of PMUs under steady state is
evaluated for both a balanced three phase system and for a
system with harmonic contents. The PMUs are graded pass or
fail with reference to their fulfilment of the criteria for TVE,
FE and RFE for both the test cases. All the tests are performed
at test signal frequency of 50 Hz and the PMU reporting rate
of 50 frames per second. The steady state tests at off nominal
frequencies will be presented as separate publication.

A. Steady-State Balanced Three Phase Test

Fig. 2 shows the plots for TVE computed for both positive
sequence and phase measurements of voltage (plots a-c) and
current magnitudes (plots d-f) for the three PMUs. The results
show that all the PMUs fulfil the requirement of TVE i.e. less
than 1% in magnitude for steady state balanced three phase
systems. However TVE for all the three phases are not same.

Fig. 3 shows the results for both frequency measurement er-
ror (FE) and rate of change of frequency (ROCOF) measure-
ment error (RFE) as defined in (2). All the PMUs satisfy the
steady state frequency error criteria (within + 0.005 Hz).

Voltage Total Vector Error (TVE) of PMU A for Balanced Three Phase System

Voltage Total Vector Error (TVE) of PMU B for Balanced Three Phase System

3

However one of the PMU violates the limit for RFE based on
ROCOF calculations. The IEEE C37.118 standard also sets
requirements for voltage and current phase angles accuracy
which corresponds to 0.573°. The measurement for the phase
angles is synchronized by the Pulse Per Second (PPS) provid-
ed by GPS or modulated signals like IRIG-B from substation
clock. The inaccuracy in time synchronization is reflected as
an error in phase angle computation by the PMU. GPS receiv-
er malfunctioning, wrong orientation of receiver’s antenna,
time delay incorporated due to lengthy cable between GPS
antenna and PMU, electromagnetic interference due to a
neighbouring installations, GPS jamming, etc.; can result in
time synchronization inaccuracy and thus lead to errors in the
phase angle computations performed by the PMU. The substa-
tion clock used to provide time synchronization signals to the
PMU s in these experiments has an average accuracy of 100 ns
[8] which corresponds to a phase angle uncertainty of 0.0018°
(degrees) which is well below the 1% TVE requirement.

Fig. 4 shows the phase angle TVE for positive sequence
voltage and current as computed by all the PMUs when sub-
ject to steady state balanced three phase voltage and current
injections. Phase angle TVE for both current and voltage are
well within the permissible limit of 0.573°. The voltage phase
angle TVE are much lesser than the current phase angle TVE
for all the PMUs. These TVE calculations include the time
delay incurred by the cables coupling Freja-300 test set with
the PMU. Once this time delay induced by power cables is
deterministically calculated, this delay can be compensated
inside the PMUs’ voltage and current phase angle calculations
by accessing PMUs’ settings. On the basis of these results,
under steady state balanced three phase conditions, PMU A
and PMU B fulfil all the requirements of TVE, FE and RFE
while PMU C violates the requirements for RFE.

Voltage Total Vector Error (TVE) of PMU C for Balanced Three Phase System
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Voltage and current TVE computed from the measurements of three PMUs under test in steady state conditions using (1). Three phase balanced voltag-

es and currents of 60 V and 1 Ampere respectively with phase rotation abc is fed to the VT and CT inputs of the PMUs having VT ratio of 1000:1 and CT ratio
of 1500:1. Measurements show that all the PMUs are well within the TVE limit of 1% for both voltage (plots a-c) and currents (plots d-f).



Steady State Frequency Error (FE) for Balanced Three Phase System
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requirement for frequency error within £0.005 Hz. Only one PMU does not fulfil the requirement for RFE.
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B. Steady-State with Harmonic Distortion

In order to further evaluate the performance of PMUs under
steady state, harmonic distortion was added to the three phase
voltage and current injections to the PMUs.

The IEEE C37.118.1 standard [3] specifies that the maxi-
mum TVE for magnitude and phase angle calculations for
both voltage and current measurements by a PMU should be
lesser than 1% even if the input signal contains up to the 50"
harmonic of the amplitude of 1% of the nominal input voltage
and current. The Freja-300 test set facilitates to inject harmon-
ic distortions in both voltage and current signals for up to the
25™ harmonic. By using Freja-Win [6], the voltage and current
injections can be defined by using a mathematical expression
of the form;

Amplitude =100% x sin (2x 7 * £ ) +1%xsin(2x 7 * £ *n)

€)
where ¢ f is the frequency of the fundamental component

which in this study is 50 Hz and ‘7’ is the order of harmonic.
As the input voltage and current signals being generated by

Time (sec)

Voltage and Current Phase Angle TVE computed by all the PMUs under test when subjected to balanced three phase 60 V and 1 Amp injections. Only

the test set are 60 Volts and 1 Ampere respectively, (3) yields
the following mathematical expression for both voltage and
current injections with harmonic distortions

Amplitudey,, ;, ., = 60 xsin (2x7*50)+0.6xsin(2x7*50%n)

age

Amplitude.,,, .. =1xsin (2 X7 50) +0.01x sin (2 X7 *50%* n)
All the tests performed with balanced three phase signals
were performed again with the distorted signals. The perfor-
mance of PMUs was evaluated with the same criteria for TVE,
FE and RFE tolerance. Fig. 5 shows the plots of the TVE
computed for both positive sequence and phase measurements
of voltage (plots a-c) and current magnitudes (plots d-f) for the
three PMUs when subjected to distorted voltage and current
inputs. The results show that all the PMUs have TVE lesser
than 1% for both voltage and current magnitudes for all the
phases. However they are larger than the balanced three phase
scenario. If the order of harmonic content is increased, the
TVE increases more significantly for current magnitudes as
compared to voltage magnitudes. Fig. 6 (a) shows the current
magnitude TVE for PMU ‘C” when 1% of the 25™ order har-



monic is injected in the input test signal. Similarly if the am-
plitude of the harmonics is increased, TVE for current magni-
tude increases significantly as compared to voltage magnitude
TVE. Fig. 6 (b) shows the current magnitude of TVE calculat-
ed for PMU ‘C’ when input signal has 7% 3™ harmonic con-
tent. By comparing it with Fig. 5(f), the significant increase in
TVE is obvious. However the effect of harmonic order and
harmonic amplitude on FE is marginal.

Fig. 7 shows the results for both frequency measurement er-
ror (FE) and rate of change of frequency (ROCOF) measure-
ment error (RFE) under harmonic distortion. All the PMUs
satisfy the criteria of steady state frequency error (FE) (within
+ 0.005 Hz). PMU ‘A’ does show an FE outside £ 0.005 Hz

Voltage Magnitude Total Vector Error (TVE) of PMU A for System with Harmonics
0.1 T T T

Voltage Magnitude Total Vector Error (TVE) of PMU B for System with Harmonics
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limit but that is because of the missing data reported by the
PDC which fills the missing data with zeros. In case of RFE,
both PMU ‘B’ and PMU ‘C’ violates the maximum allowable
limit of £ 0.01 Hz/sec. This violation is due to the presence of
harmonics in the input voltage and current magnitudes and
phase angles. PMU ‘A’ fulfils the requirement for almost the
entire test run except for few instances of missing data.

Fig. 8 shows the results for Voltage and Current phase an-
gle TVE for system with harmonic distortions. TVE for all the
PMUs is lesser than the maximum permissible tolerance of
0.573°. However, TVE for both voltage and current phase
angles have increased due to the presence of harmonic distor-
tion.
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(1). Plot (a-c) show voltage magnitude TVE for all phases including positive sequence for the three PMUs when signal contains a 3™ harmonic equal to 1% of
nominal voltage. Similarly plots (d-f) show current magnitude TVE for distorted input signals.
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Current magnitude TVE of PMU C when (a) the input signal has 1% 25™ order harmonics and (b) when input signal has 7% 3™ order harmonics. Com-

pare it with plot in Fig. 5(f) to note the major differences in TVE due to harmonics.



Steady State Frequency Error (FE) for System with Harmonics
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phase angle TVE for positive sequence voltage and current is shown for all PMUs

On the basis of TVE, FE and RFE computed for both bal-
anced system and system with harmonic distortions, the PMUSs
are assigned either pass or fail grade. These results are sum-
marized in Table 1. All the three PMUs fulfil most of the
performance criteria under steady state conditions with no
harmonic distortions; however with harmonic distortions two
PMUs violate the RFE limit.

TABLE I
PMU STEADY STATE PERFORMANCE ANALYSIS
Test Balanced Three Phase Harmonics Injection
PMUs TVE TVE | FE RFE| TVE TVE FE RFE
(Mag) |(Phase) (Mag) |(Phase)

PMU A P P P P P P P P
PMU B P P P P
PMU C P P P F P P P

L
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Time (sec)

80 120

Voltage and Current Phase Angle TVE computed by all the PMUs under test when subjected to voltage and current inputs with 3™ harmonic. Only

IV. LIMITATIONS OF PMU TESTING EQUIPMENT

Almost all the steady state tests recommended in the IEEE
C37.118.1 [3] can be performed with stand-alone test set.
However, some of the limitations involve the injection of
relevant harmonic distortions. The standard emphasizes that
any harmonic (up to 50th) at 1% of signal magnitude should
not result in TVE exceeding 1%. However, the Freja-300 test
set is only capable of injecting up to 25" harmonic. Another
limitation is when performing off-nominal frequency range
steady state tests because the accuracy of test set for off-
nominal frequency is also arguable. Based on these limita-
tions, it is recommended to perform real-time simulation with
the PMU as hardware-in-the-loop (HIL) for comprehensive
testing of PMUs. KTH SmarTS-Lab [9] is equipped with
Opal-RT’s eMEGAsim Real-Time Simulator and RT-HIL
testing can be performed for the calibration testing of PMUs



according to the standard. The model-to-data workflow for
performing real-time hardware-in-the-loop (RT-HIL) compli-
ance testing of PMUs with Opal-RT’s eMEGAsim Real-Time
Simulator (RTS) is shown in Figure 9. The three phase voltage
and current signals are modelled using SimPowerSystem’s
library of MATLAB/Simulink. The model is executed in real-
time using Opal-RT’s real-time targets. The low-level analog
signals of voltages and currents are accessed from the analog
outputs of RTS and are amplified using linear amplifiers. The
amplified three phase voltage and current signals are fed to the
VT and CT input of the PMU under test respectively.

Real-Time
Simulator

ol

Vand|
Amplifiers

The accuracy of the PMU measurements can be evaluated
by comparing the reference signals (generated by the Simulink
model) with the event reports retrieved from the PMU which
contains the detail of different analog/digital/phasor signals as
measured by the PMU. In this way a more thorough compli-
ance testing of a PMU can be performed as the Simulink based
mathematical model can generate any number of harmonics.
In this approach, it is important to characterize the error in the
D/A interface between the simulator and the amplifiers, which
if not done properly, may affect directly the compliance test
results. The authors will present results on this approach, and
discuss challenges and limitations in a separate publication.
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Fig. 9.

Freja-300 test set does not have the provision for time syn-
chronization and transmitting this timing signal to the device
under test. Methodologies are currently being investigated to
synchronize Freja-300 and PMU with the same timing source
in order to have the whole PMU testing procedure as time
synchronized.

With the same test set, dynamic compliance testing of the
same PMUs is also performed. One of the results from the
dynamic compliance testing is shown in Fig. 10, where a 10%
step is applied to the input current magnitude of the three
PMUs. The plot shows that PMU A has a slow response while
PMU C has a large overshoot. All the dynamic tests performed
will be reported as a separate publication.

making comparison between reference 3¢
signals and synchrophasor measurements
streamed out by the PMUs

Steps involved in Real-Time Hardware-in-the-Loop (RT-HIL) steady-state / dynamic compliance testing of PMU

Dynamic Compliance Test
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Fig. 10. PMUs response for dynamic compliance testing when subjected

to10% current magnitude step



V. CONCLUSION

The PMU static compliance testing process is presented
for testing the accuracy of PMUs from three different ven-
dors according to the requirements specified in the standard
IEEE C37.118.1-2011 and IEEE C37.242-2013. Various
aspects of calibration and testing of these PMUs with the
Freja-300 test set have been discussed in this paper along
with the limitations of using stand-alone testing equipment.
The comparison of these PMUs is made on the basis of the
Total Vector Error (TVE), Frequency Error (FE), Rate of
change of Frequency (ROCOF) measurement Error (RFE)
calculations. The PMU performance is evaluated for both
balanced three phase system and system with harmonic dis-
tortions.

TVE, FE and RFE for balanced three phase signals are well
within the maximum allowable tolerance specified by the
standard. However, when harmonic content is added in the test
signals, TVE, FE and RFE value increases — still, they remain
within the limit for nominal frequency. TVE for voltage mag-
nitude is much smaller than for current magnitude. However,
TVE for current magnitude increases significantly as com-
pared to voltage magnitude TVE for higher order and higher
amplitude of harmonic contents. Two of the PMUs in the
study violated the RFE limits under harmonic distortion test in
steady state.
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