
 

 

Abstract — Phasor Measurement Units (PMUs) 
have become one of the most advanced 
measurement technology applied in smart grids, 
which provide synchronized phasor measurement 
with precise time stamps. A tool for standardizing 
PMU measurement quality is the IEEE 
Synchrophasor standard C37.118.1-2011. The 
previous version, C37.118-2005, defines only PMU 
performance requirements for steady state 
operating conditions. This standard has been 
reviewed and improved into the present version, 
C37.118.1-2011 that also describes the 
requirements for dynamic conditions. This paper 
discusses PMU performance with steady state and 
dynamic tests. Its measurement quality is then 
evaluated according to the new synchrophasor 
standard IEEE C37.118.1-2011 through Total Vector 
Error (TVE), Frequency Error (FE), and Rate of 
Change of Frequency Error (RFE). Magnitude Error 
(MagE) and Phase Error (PhaE) have also been 
calculated for analyzing sources of errors 
contributing to TVE. 

Index Terms — PMU, steady-state tests, dynamic 
tests.  

1. INTRODUCTION 

OWER systems often operate close to their 
stability limits, which means that large 
disturbances like faults may cause power 

oscillations and lead power systems to cascade 
outages. It is, therefore, necessary to make 
correct decisions on how to take actions to 
stabilize power systems. With the advantage of 
clock synchronization via Global Positioning 
Systems (GPSs), phasor measurement units 
(PMUs) have been introduced in the high voltage 
transport grids. PMUs are devices which produce 
synchronized phasors, frequency and rate of 
change of frequency estimated from voltage  
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and/or current and a time synchronizing signal [1]. 
The key driver for PMU technology is the use of  
the precise time sources provided by GPS  
satellites to accurately measure the relative 
voltage and current phase angles at buses across 
interconnected grids [2]. As a result of this, all 
PMU measurements, especially phase angle 
measurements across an interconnected power 
grid, are directly comparable, which is the main 
advantage that PMUs have over traditional 
measuring devices.  

Requirements for PMU performance are defined 
in the IEEE Synchrophasor Standard C37.118-
2005 [3] which only introduces requirements for 
PMU steady state performance, and then 
C37.118-2011 [1]. In the new standard, additional 
clarification for synchronized phasor definitions 
and the new concepts for TVE and compliance 
tests have been retained and expanded. 
Temperature variation tests have also been 
added [1]. Above all, requirements for dynamic 
tests have been introduced and limits on 
frequency measurement and rate of change of 
frequency (ROCOF) measurement have been 
provided. So far, many tests have been 
performed on PMUs. In [4], a university PMU 
named DTU-PMU is tested and compared with a 
commercial PMU through three main tests, 
including steady-state, modulation, and dynamic 
and harmonic rejection test. The steady state 
tests are implemented conforming to the IEEE 
C37.118-2005 standard and the test results 
confirm the validation of the test setup and the 
performance of the DTU-PMU. Initial results 
using TVE to investigate PMU performance 
conforming to the IEEE C37.118-2005 standard 
have been listed in [5]. Two PMUs were tested 
with signal magnitude test, signal phase angle 
test, amplitude modulation test, harmonic 
rejection test and frequency ramping test. The 
standard for modulation and frequency ramping 
test was, however, still under development at the 
time of publication [5]. 

In this paper, a commercial PMU is tested under 
both steady state and dynamic conditions 
according to the IEEE C37.118-2011 
synchrophasor standard. The accuracy of the 
PMU in measuring such basic quantities as 
magnitude, phase angle and frequency can be 
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tested through steady state test signals. Dynamic 
test signals are used for evaluating the dynamic 
PMU performance through the variation of signal 
magnitude, phase angle and frequency. In 
addition, the PMU measurement quality is also 
tested under fault conditions with fault signals 
achieved from grid simulations. The PMU 
measurement quality is evaluated through TVE, 
FE, and RFE as defined in the standard [1]. In 
addition, the magnitude error (MagE) and phase 
error (PhaE) have been determined for analyzing 
the main contribution to the TVE. 

2. PMU TEST SETUPS  

2.1 Test principle 

The basic principle of testing the PMU is 
generating a test signal supplied to both the PMU 
input and a reference system, and subsequently 
comparing the resulting PMU output with the 
results determined by the reference system. It is 
important that the reference and the PMU output 
are measured at the same instant of time so that 
their values can be correctly compared with each 
other.  

A test setup satisfying this must provide an 
accurate time source with precise time 
synchronization to the UTC time. According to [1], 
it is highly recommended that a time source 
should reliably provide time, frequency, and 
frequency stability at least 10 times better than 
those values corresponding to 1 % TVE, which 
are 31 µs for time (50 Hz signals) and 0.1 mHz 
for frequency, respectively.  

A schematic presentation of the test procedure is 
given in Figure 1. First, a Matlab routine 
calculates the test waveforms using the 
description of the test signals in the C37.118.1-
2011 standard [1]. Subsequently the actual 
waveforms are generated using high-speed 
digitizers. The voltage (V) and current (I) test 
signals are simultaneously applied to the PMU 
under test and a reference sampling system. 
Finally, the PMU phasor results are compared 
with those calculated from the reference data.  

 
Figure 1. PMU test procedure. 
 

2.2 Test setup 

With the above mentioned principle and 
procedure of PMU testing, a test setup with high 
accuracy has been built (see Figure 2 and 3). 

The setup performs the generation of test signals 
and the measurement of reference signals. First, 
sampled test signals of 1 second duration for both 

currents and voltages are generated by the 
digitizer. At the output channels (generation CH0 
and CH1), continuous voltage signals in the range 
of 100 mV to 10 V are generated. After 
amplification, these signals are fed to the PMU as 
well as to the reference measurement system. 
The voltage signal from output CH0 (generation 
CH0) is supplied to a transconductance amplifier 
in order to create a test current of similar 
amplitude as current transformers (CTs) in the 
medium and high voltage grids. This current is 
both fed directly to the input of the PMU as well 
as to the input CH0 (measurement CH0) of the 
digitizer through a current shunt for 
measurement. In a similar way, the voltage signal 
from output CH1 (generation CH1) is transformed 
into a voltage signal representative for the output 
of voltage transformers (VTs), by a voltage 
amplifier and a transformer. This voltage signal is 
again both directly supplied to the PMU input and 
to the input CH1 (measurement CH1) through a 
voltage divider for measurement. Both the signal 
generation and the reference measurement are 
accurately timed via the 1 pulse per second 
(PPS) signal of the atomic clocks making up the 
Dutch national standard of time.  

 

Figure 2. PMU test setup diagram. 
 

The test setup has a timing uncertainty of 
approximately 2 µs. This uncertainty was 
determined by having the 1 PPS signal connected 
to the measurement channels, and subsequently 
measuring the jitter in the measured rising edge 
of the 1 PPS signal. In this way, also the delay of 
the measurement channels was measured (319 
s). The raw sampled data were corrected for this 
delay before the reference phasor was calculated. 
The wideband current shunt to convert the test 
current to a voltage, has well-known properties 
[8]. The division ratio of the voltage divider was 
determined at low voltage using the digitizing 
system. The resulting value was verified by 
measurement of a steady-state 50 Hz test voltage 
with both the PMU reference system and a 
calibrated power meter (9 in Figure 3). The 
accuracy of the voltage and current measurement 
of the reference system is around 0.03 %. In 
combination with the 2 s timing uncertainty, the 
uncertainty in TVE measurements is around 0.1 
%. 
For each test signal, 7 measurements are done. 
The obtained data are then analyzed in Matlab 
under the reporting rate of 50 frames/s. The 
analysis for all test signals except modulated 



 

ones is done by first aligning the measurements 
of the PMU with the measurements of the 
reference signals based on the time tag in each 
measurement. Next, the reference data are 
Discrete Fourier Transformed with the use of the 
Discrete Fourier Matlab Simulink block to extract 
the magnitude and phase angle of the 
fundamental signal component. Finally, the PMU 
phasor values are compared to the reference 
phasor values in order to determine the PMU 
errors.  

For modulated test signals, the phase angles and 
magnitudes of the reference data are calculated 
on the basis of the theoretical test signals. The 
alignment between the reference phasors and the 
PMU phasors is done in the first frame by 
applying the phase errors and magnitude errors in 
the measurement of steady state signal at 
nominal magnitude, nominal frequency, and zero 
phase angle. The aligned reference phasors and 
PMU phasors are then compared for calculating 
the PMU errors. 

 

 
 

Figure 3. PMU test setup picture: 
1: Digitizer NI PXI-4461; 2: Atomic Clock 1 PPS signal; 
3: Model 1133A Power Sentinel PMU; 4: Current 
amplifier 1A/1V; 5: Shunt; 6: Voltage amplifier 25V/1V; 
7: Transformer; 8: RD-33 Dytronic Three-Phase 
Reference Standard; 9: PZ-4000 Power Analyzer. 

 

2.3 The PMU under test 

The PMU under test in the present study is the 
Model 1133A Power Sentinel provided by Arbiter 
Systems

1
 [6]. It consists of a GPS receiver and 

synchronization, voltage and current inputs, 
programmable-gain amplifier, multiplexers and 
A/D converter, digital signal processor, display 
and keyboard, I/O functions, and power supply. 

The PMU phasor data are formatted and output in 
accordance with IEEE Synchrophasor standard 
C37.118.1-2011 [1]. The PMU communicates 
with a PC via Ethernet using a software package 
named PSCSV provided by the vendor. Besides, 
the PMU has been selected to be of class M with 
the reporting rate Fs of 50 frames/s during all 

 
1 Manufacturers and types of instrumentation mentioned in this 
paper do not indicate any preference by the authors nor does it 
indicate that these are the best available for the application 
discussed. 

tests, and thus should satisfy the requirements for 
class M at 50 frames/s.  

The three phase current inputs of the PMU are 
connected in series and the three phase voltage 
inputs are connected in parallel so that the 
performance of all three phases of the PMU could 
be evaluated. For a particular test, a 200000 
sample (1 second) signal is measured 7 times in 
7 seconds, in which the 1 second signal is 
running continuously and then 7 measurements 
are triggered by consecutive 1 PPS pulses. 
However, only the first 197000 samples, instead 
of 200000 samples, of the 1 second signal is 
selected for measuring so that there is time for 
data transfer between the digitizer and the PMU 
before the arrival of the next trigger pulse. The 
corresponding PMU measurements, therefore, 
include only 49 instead of 50 frames in 1 second 
and TVE, FE and RFE will be calculated for these 
49 frames. 

3. PMU TEST SIGNALS 

3.1 Steady state test signals 

Basically, a single phase steady state test signal 
is generated with a cosinusoidal form, nominal 
magnitude, nominal frequency and constant 
phase angle:  

X = Xmcos(ω0t + φ)                                 (1) 

The generated test signals have the nominal rms 
voltage and nominal rms current of the Dutch 
power grid, i.e 100/√3 V rms and 1 A rms, 
nominal frequency of 50 Hz, and nominal phase 
angle of 0

0
. Each test signal is generated using 

Matlab for a duration of 1 second and a sampling 
frequency of 200 kHz (time step of 5 μs). Four 
types of steady state test signals have been 
generated in accordance with the standard [1] to 
test the accuracy of the PMU in frequency, 
magnitude, phase angle, and harmonic distortion 
measurement.  

For frequency testing, the test signals have been 
generated with their frequencies at nominal value 
and off-nominal values in the range of ± 5 Hz 
from the nominal. 

For magnitude testing, the magnitude of the test 
signals has been generated with 10  %, 20 %, 
and 100 % of nominal value for the voltage signal, 
and with 10 %, 50 %, 70 %, 100 %, and 150 % of 
nominal value for the current signal. 

For phase angle testing, the test signals have 
been generated with phase angles of 00, ± 450, 
± 90

0
, ± 135

0
, and ± 180

0
. 

For harmonic distortion testing, test signals with 
10 % of the 3

rd
 and/or 5

th
 harmonic component 

have been generated. It is noted that full testing 
against the IEEE Synchrophasor standard 
C37.118.1-2011 requires testing at higher 
harmonics, as well as testing with interharmonic 
signals.  



 

3.2 Dynamic test signals 

Dynamic test signals are used to validate PMU 
accuracy and response under dynamic variation 
of signal parameters. In compliance with the stan-
dard [1], modulated test signals, frequency ramp 
test signals and input step change test signals 
are listed as dynamic test signals. 

In this work, only modulated test signals with 
modulation frequency of 1 Hz, 2 Hz, and 5 Hz 
(Figure 4), and step test signals with ± 10 % step 
in magnitude (Figure 5) and ± 10

0
 step in phase 

have been generated. 

 
Figure 4. 5 Hz modulated test signal. 
  

 
Figure 5. ±10 % magnitude step test signal. 
  

3.3 Fault test signals 

A test signal has been generated to simulate a 
single phase short circuit of phase A of a 110 kV 
voltage bus (Figure 6). Though this test signal is 
not proposed in the standard, it represents a real 
situation that a PMU may have to deal with. 
During the fault occurrence, the prospective fault 
of the faulted phase increases to approximately 2 
kA. The magnitude of the actual test signal 
applied to the PMU under test is scaled using a 
typical CT ratio occurring for CTs in the Dutch 
grid.  

 
Figure 6. Fault test signal Ia. 

4. TEST RESULTS 

4.1. Test on PMU window function 

The PMU offers a wide range of window functions 
to optimize phasor outputs for different 
applications. The window function includes 9 filter 
functions (Rectangular, Raised Cosine, Hann, 
Hamming, Blackman, Triangular, Flat Top, Kaiser 
and Nutall 4 Term) and 8 window lengths (from 1 
to 8 cycles). This window function behaves as a 
low pass filter, which filters out high frequency 
changes; it reduces the noise in the PMU 
measurement, at the expense of slowing down 
the response. A test on 9 filter functions and 
window lengths 1, 2, and 4 cycles has been 
performed for the purpose of choosing the most 
suitable window function for coming PMU tests. 
The test signal applied in this test is the steady 
state test signal at nominal magnitude, frequency 
and phase angle.  

The TVE, MagE, and PhaE for voltage test 
signals have been plotted as a function of window 
length for the 9 filter functions as in Figure 7, 8 
and 9. The results show that all filter functions 
provide accurate frequency and ROCOF 
measurement at window length 2 cycles and 4 
cycles.  

 

 
 
Figure 7. TVE error as a function of window length. 

  
 

 
 
Figure 8. Magnitude error as a function of window 
length. 
  
 



 

 
Figure 9. Phase error as a function of window length.  

 
It can be seen that TVE is quite high at window 
length 1 cycle (the smallest error is 0.52 % and 
the highest is 1.8 %). At window length 2 cycles, 
TVEs for Flat Top, Kaiser, Nutall 4 Term and 
Blackman are much higher than those for the 
others. At window length 4 cycles, only Kaiser has 
TVE error up to 1 % whereas the others result in 
quite small errors (less than 0.2 %, see Figure 7). 
In Figure 8 and 9, it is found that Kaiser has 
higher PhaE than the others while Flat Top, Nutall 
4 Term and Blackman have higher MagE than the 
others.  

From these results, several conclusions can be 
drawn. In the first place, window length 1 cycle is 
not suitable for accurate measurements. Window 
length 2 and 4 cycles do provide sufficiently 
accurate measurements and are, therefore, 
selected for performing PMU tests. In the second 
place, a filter function needs to be chosen among 
the five best ones  i.e. Hann, Hamming, 
Rectangular, Triangular and Raised Cosine for 
PMU testing. 

In [7], the four-cycle Raised Cosine has been 
proved to be efficient in dynamic phasor 
estimation for such reason as allowing to capture 
the behavior of an oscillation. Accordingly, the 
Raised Cosine filter function has been suggested 
for all further PMU tests.  

Results of current measurements are essentially 
equal to those of voltage measurements. Three 
phases of the PMU also give similar results. 
Hence, analysis for only voltage measurement of 
phase A has been made. 

The analysis is done using a PMU reporting rate 
of 50 frames/s. For steady state tests, each PMU 
error is the average over 50 time frames and will 
be plotted along with a standard deviation to 
investigate how stable the measurement is. 

4.2. Test with signal frequency 

This test deals with test signals with a range of 
power system frequencies, from 45 Hz to 55 Hz.  
 

 

 

 

 

For this test, the standard requires a maximum 
TVE of 1 %, a maximum FE of 0.005 Hz, and a 
maximum RFE of 0.01 Hz/s [1]. 

 
Figure 10. PMU phase angle measurement at 45 Hz for 
a reporting rate of 50 frames/s. The line is a guide for 
the eye through the data. 

 
Figure 11. FE with standard deviation (the error bars) 
as a function of signal frequency. 

 

In Figure 10, the signal phase angle measured by 
the PMU at 45 Hz is given; it is a continuous, 
linear change of 36

0 
per frame. In general, 

according to the standard [1], when the frequency 
f of input signals is different from the nominal 
frequency f0 and f< 2f0, the phase angles 
estimated by the PMU will change uniformly with 
a step of (2π(f − f0)/f0*180/π) (deg) until reaching 
+180

0
 or −180

0
, then they wrap around to −180

0
 

or +180
0
 and keep changing linearly. 

 
Figure 12. TVE with standard deviation as a function of 
signal frequency. 



 

 
Figure 13. MagE with standard deviation as a function 
of signal frequency. 

 
The PMU is found to provide very accurate 
measurement for both nominal and off-nominal 
frequency around 50 Hz. Most FE, RFE and TVE 
values are 10 times better than the requirement 
of the IEEE standard. Besides, at off-nominal fre-
quencies, the dispersion of frequency 
measurement is higher than that at nominal 
(Figure 11). TVE error is also higher at off-
nominal frequencies (Figure 12). At 47 Hz, 48 Hz, 
52 Hz, and 54 Hz, TVE errors are surprisingly 
high (even exceed the limit of 1 %), which are 
due to high MagE. At 45 Hz and 55 Hz, MagE of 
window length 4 cycles are slightly higher than 
those at other frequencies, which also causes a 
little higher TVE. For other frequencies, PhaE 
contributes most to TVE error. Furthermore, it 
can be seen that window length 4 cycles at most 
times results in more accurate measurement than 
window length 2 cycles.  

4.3. Test with signal magnitude 

The signal magnitude test is performed by 
measuring a combination of voltage and current 
signals with different magnitudes in each 
measurement, i.e. one measurement is 
performed with voltage and current signals with 
10 % of their nominal values and another 
measurement with voltage signal with 80 % of its 
nominal value and current signal with 50 % of its 
nominal value, etc. From this measurement, the 
current signal at nominal magnitude is measured 
twice, which means that there are two values of 
each error for current measurement at nominal 
magnitude. 

The standard requires a maximum TVE of 1 %, a 
maximum FE of 0.005 Hz, and a maximum RFE 
of 0.01 Hz/s for this test [1]. 

 

Figure 14. FE with standard deviation as a function of 
signal magnitude. 

 

It can be seen that FE and TVE are highest at 10 
% of the nominal magnitude for both current and 
voltage (Figure 14 and 15) measurements while 
around nominal magnitudes, they conform well to 
the requirements in the standard. The standard 
deviation of the measurements is also much 
higher at 10 % of the nominal magnitude than at 
other magnitudes.  

The PMU has slightly smaller TVE errors for 
voltage measurements than for current 
measurements. Again, window length 4 cycles 
can be seen to provide better measurement 
quality than window length 2 cycles. 

 

Figure 15. TVE with standard deviation as a function of 
signal magnitude. 

 

 

Figure 16. MagE with standard deviation as a function 
of signal magnitude. 

 
At 10 % of the nominal magnitude, TVE errors 
are dominated by MagE (Figure 16). At the other 
magnitudes, with voltage measurement, TVE 
error is caused by PhaE at window length 4 
cycles while at window length 2 cycles, it is from 
both MagE and PhaE. With current 
measurement, TVE is similar for both window 
length 2 and 4 cycles, which is mostly caused by 
PhaE (except at 75 % of the nominal magnitude). 

4.4. Test with signal phase angle 

The phase angle test is also performed by 
measuring a combination of voltage and current 
signals with different phase angles in each 
measurement. Totally, current signals of −45

0
, 

−90
0
, −135

0
 and −180

0
, and voltage signals of 

45
0
, 90

0
, 135

0
 and 180

0
 are measured twice. The 

maximum allowed TVE, FE, and RFE required by 
the standard are 1 %, 0.005 Hz, and 0.01 Hz/s 
respectively [1]. 

 



 

 
Figure 17. TVE with standard deviation as a function of 
signal phase angle. 

 

 
Figure 18. PhaE with standard deviation as a function 
of signal phase angle. 

 
In Figure 17, with window length 4 cycles, the 
TVE error for the voltage measurement is less 
than 0.1 % at all phase angles. For the current 
measurement, this error is higher at negative 
phase angles than that at other phase angles. In 
Figure 18, for window length 4 cycles, at 0

0
, the 

PhaE for voltage is -0.037
0
 and for current is -

0.043
0
. At other phase angles, the PMU has a 

PhaE of around -0.040 at window length 4 cycles 
and -0.05

0
 at window length 2 cycles for voltage 

and around -0.045
0
 at window length 4 cycles and 

-0.060 at window length 2 cycles for current.  

4.5. Test with harmonic distortion 

 
Figure 19. FE as a function of signal harmonics. 
 

 
Figure 20. TVE as a function of signal harmonics. 
 

For a test signal with single harmonic, the 
standard requires a maximum TVE of 1 %, 
maximum FE of 0.025 Hz, and a maximum RFE 
of 6 Hz/s [1]. In Figure 19 it can be seen that the 
FE is the highest for a signal with the 3

rd
 

and 5
th

 

harmonics and the smallest for signal with only 
the 3

rd
 

harmonic. Still, the highest FE for signals 
with single harmonics is only 0.1 mHz, much 
lower than the requirement. Generally, the 
accuracy in frequency measurement of the PMU 
decreases with higher harmonic contents and 
higher harmonic orders. More variations in FE 
from their average values can also be observed 
for the signal with the 5

th
 

harmonic and the signal 
with the 3

rd
 

and 5
th

 

harmonics. 

 

Figure 21. MagE as a function of signal harmonics. 

 
Similar results for TVE can be seen in Figure 20 
with higher TVE for higher harmonic orders and 
harmonic contents. At window length 4 cycles, 
TVE is mostly from PhaE for voltage 
measurement, and it is from both MagE and 
PhaE for current measurement (Figure 20 and 
21).  

4.6. Test with modulated test signals 

The test with modulated signals is done with 
combined (magnitude and phase) and phase 
modulated test signals at modulation frequency 1 
Hz, 2 Hz and 5 Hz. PMU errors are then plotted 
as a function of frame. In this test, the PMU is 
expected to meet the standard of 3 % for TVE, 
0.3 Hz for FE, and 30 Hz/s for RFE up to the 
modulation frequency of 5 Hz or Fs/5 Hz (10 Hz) 
[1].  

 

 

Figure 22. FE for 2 Hz modulated test signal. 
 

 



 

In Figure 22-24, PMU errors for 2 Hz modulated 
test signal have been shown. It can be seen that 
PMU errors follow the modulation of the signal. 
Each error makes two sinusoidal cycles over 50 
time frames, which is also the modulation cycle of 
the signal. The FE (given in Figure 22) and RFE 
are the same for phase and combined modulated 
signals at both window length 2 and 4 cycles.  

 

 

Figure 23. TVE for 2 Hz modulated test signal. 
 

 

Figure 24. MagE for 2 Hz modulated test signal. 
 

The effect of window length on PMU 
measurements can be seen more obviously in 
TVE and MagE (Figure 23 and 24). It is found 
that window length 2 cycles results in much 
higher TVE and MagE than window length 4 
cycles. In addition, at window length 4 cycles, 
TVE is largely caused by PhaE for phase 
modulated signals and it is the contribution of 
both MagE and PhaE for combined modulated 
signals. At window length 2 cycles, TVE is from 
both MagE and PhaE for both types of modulated 
signals. 

Up to 5 Hz modulation frequency, FE has 
reached 0.5 Hz and RFE has reached 15 Hz/s. 
With window length 4 cycles, the maximum TVE 
for combined modulated signal is 0.37 % and for 
phase modulated signal is only 0.33 %. In this 
case, TVE and RFE still meet the standard. FE, 
however, has exceeded its limit of 0.3 Hz. 

4.7. Test with step test signals 

In the step test, the PMU performance during 
step changes in magnitude and phase will be 
estimated with step signals having a positive step 
of +10 % in magnitude or a +10

0 
step in phase at  

 

 

0.2 s after the test signal start followed by a 
negative step of -10 % or −10

0
  

at 0.7 s.  

The purpose of this test is to determine response 
time, delay time, and overshoot of the PMU under 
test. The PMU should meet the standard of 1 % 
for TVE, 0.005 Hz for FE, and 0.01 Hz/s for RFE 
during steady state periods. During transient 
periods, it should comply with the limit of 1/(4*Fs) 
or 5 ms for delay time, 10 % of step magnitude 
for overshoot, 0.199 s for TVE response time, 
0.130 s for FE response time, and 0.134 s for 
RFE response time [1]. 

 

 

Figure 25. Response delay and overshoot for 
magnitude step test signal. 
 

Response delay and overshoot for magnitude 
step signal are illustrated in Figure 25. Response 
delay is the time from the occurrence of the step 
to the time when 50 % of the final step value is 
reached. Response time, on the other hand, is 
the time when PMU error starts exceeding the 
limit of 1 % to the time when it start going back to 
values below this limit. As it can be seen in this 
figure, at positive step, the response delay is 
1.1 ms. This delay conforms well to the 5 ms 
requirement of the standard. The magnitude 
overshoot is 0.23 V while the maximum allowed 
overshoot is 10 % of (63.52-57.74) V or 0.58 V 
according to the standard. Measurement with 
window length 2 and window length 4 leads to the 
same response delay. However, measurement 
with window length 2 results in no magnitude 
overshoot. Similarly, at negative step, response 
delay, response time and overshoot are also 
below their limits. For phase step signal, the 
response delay is 0.1 ms and the overshoot is 
0.4750 while the maximum allowed overshoot is 
10 % of 10

0
 or 1

0
.  

In Figure 26, TVE response time is the same for 
both magnitude and phase step signal, at both 
window length 2 and 4 cycles, and they are 
approximately 0.04 s. In a similar way, FE and 
RFE response times for phase step signal at 
window length 4 cycles are approximately 0.1 s 
and 0.12 s respectively. For a phase step signal 
at window length 2 cycles, and magnitude step 
signal at window length 2 and 4 cycles, FE and 
RFE response times are about 0.06 s and 0.08 s 
respectively.  



 

 

Figure 26. TVE response time for step signals. 
 

4.8. Test with fault signals 

As a final test, the PMU behavior under fault 
conditions is estimated by the single phase fault 
on phase A of a 110 kV bus. The fault current Ia 
is increased from its normal value of 420 A to the 
fault value of 1391 A during the fault occurrence. 
The currents of phase B and C and the voltages 
of 3 phases only suffer from small steps during 
the fault. For this reason, only analysis for the 
fault current Ia is necessary.  

From Figure 27, the response delay for window 
length 2 cycles is 0.2 ms, for window length 4 
cycles is 20.2 ms. The overshoot for window 
length 2 cycles is (3.24-3.13) A or 0.11 A, for 
window length 4 cycles is (3.73-3.48) A or 0.25 A. 

It can be seen in Figure 28 that at the fault 
occurrence, TVE response time for window length 
2 cycles is approximately the time difference 
between the 10

th
 and the 13

th
 frame or 0.06 s 

whereas for window length 4, it is approximately 
the time difference between the 8th frame and the 
13

th
 frame, i.e. 0.1 s. 

 
Figure 27. PMU response delay and overshoot for fault 
signal. 

 

Figure 28. TVE response time for fault signal. 
 
Similarly, FE response time for window length 2 
and 4 cycles is around 0.04 s and RFE response 

time for window length 2 cycles is 0.08 s, and for 
window length 4 cycles is 0.1 s. At the instant that 
the current recovers to its initial value from the 
fault value, these parameters are determined in 
the same manner and they are also quite small. 

5. CONCLUSIONS 

A reference test system is developed for the 
evaluation of PMUs against the requirements of 
the IEEE C37.118.1a standard. The test system 
is subsequently used to evaluate the accuracy of 
a commercially available PMU. In all steady state 
tests performed, the PMU showed sufficient 
accuracy for both nominal and off-nominal 
frequency signals. For a steady state signal at 
nominal condition, the PMU is found to have a 
maximum phase error of -0.058

0
 (0.10 %) at 

window length 2 cycles and -0.051
0
 (0.09 %) at 

window length 4 cycles for voltage measurement. 
For current measurement, the maximum phase 
error is -0.065

0
 (0.12 %) at window length 2 

cycles and -0.062
0
 (0.11 %) at window length 4 

cycles.The PMU has also shown a good 
performance in response to dynamic test signals 
and fault signals. Using a window length of 4 
cycles results in more accurate measurements 
with smaller magnitude and phase errors than 
window length 2 cycles. As expected, its step 
response, including overshoot, delay time and 
response times, are worse than that of window 
length 2 cycles. The window length for the 
corresponding (50 Hz M-class) filter in the 
C37.118.1a standard is almost 9 cycles long. 
Shorter windows are not capable of meeting all of 
the performance requirements of the standard. 
Future work will involve the improvement of the 
accuracy of the reference setup, the development 
of better reference phasor calculations, especially 
for the dynamic tests, and further testing of PMUs 
against the full set of requirements of the IEEE 
standard. Another challenge for the future is to 
see how the PMU will perform to asymmetrical 
faults and for this unbalanced fault tests should 
be introduced. 
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