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Abstract—Often the accuracy or reliability of the time stamps of 

power quality data coming from different measurement 
locations is not adequate for certain analysis tasks. This paper 

studies improving the accuracy and reliability of the time 

stamps by utilizing the mutual correlations of the measured 

signals. Especially the electricity grid fundamental frequency 

estimated using a reliable and stable high performance adaptive 
method is almost the same everywhere in a synchronized power 

system. That enables accurate identification of clock time 

differences and drifts. The paper compares the results with the 

time stamps given by time managed local metered data 

preprocessing and concentrator servers. The results show that 
the identified time differences agree well with the time stamps 

given by the servers, but also reveals that the identified timing 

difference makes it possible to detect and correct the large 

timing errors that occasionally appeared in the time stamps 

added by the server.  

Index Terms— Adaptive signal processing, Clock 

synchronization, Frequency measurement, Power quality.   

I. INTRODUCTION 

Many power quality analysis tasks require accurate time 

synchronization of the data coming from different locations. 

That will greatly help the identification of 1) which measured 
events and responses have a common cause, 2) how the 

disturbances in the grids propagate and 3) how the detected 
events and disturbances are related to the operation of devices. 

IEC 61000-4-30:2015 class A requires that the instruments 
conforming to it are synchronized to the Global Positioning 

System (GPS) time in order to make sure that the 10 minute 
interval results are always identical within the required 

tolerances when the instruments are connected to the same 

signal. Permanent power quality monitoring systems also 
maintain the timing of their instruments via the da ta 

communication networks. Even when automatic time 
synchronization is used, measurement data based verifica t ion  

and improvement of the time stamp accuracy and reliability  is 

often needed. In temporary power quality measurements a nd  
surveys the GPS signal or the connection to a time 

synchronization service may not always be available in the 
measurement location. Many portable power quality analyzers 

still lack automatic and accurate time synchronization.  Their 
clock time must be manually set at the beginning of the 

measurement period and the clocks may drift several m inu tes 

in a week. Depending on the purpose and findings, it may be 
necessary to synchronize the measurements afterwards in 

order to be able to utilize successfully the measurements in the 

detailed analysis of power quality and related energy losses.  

Cross correlation is traditionally used to measure the 
synchronization and time delays. It does not provide the time 

resolution we need and it is clumsy and inefficient for online 
preprocessing. Ref. [1] studied an event synchronization 

method based on the relative timing of events in the time 

series, e.g. local maxima or minima, and reported good time 
resolution. In power systems, global time correlated events 

can be too rare for the purpose. Thus, we need also alternative 

and complementing methods. 

This paper presents an approach for the identification of 
the time base differences from the measured data. The method 

can be applied to any measurements that have significant cross 

correlation. For example, voltage or current signals could be 
directly applied or one can use the fundamental frequency 

estimated from the voltage (or current). The fundamental 
frequency is generally much better for the purpose because it 

is nearly the same everywhere in the synchronized alternating 
current (AC) power system. The applicability of the other 

quantities is limited by the fact that their mutual correlation 

reduces rapidly as the electrical distance between the 
measurement points increases. In our case, the power qua lity 

monitoring instruments accurately measure the fundamental 
frequency. The data collection system records the frequency 

with a relatively accurate time resolution, such as 1 second.  
Thus, we here identify the timing errors based on the 

frequency measurements. We compare the identification 
results based on actual field measurements with the time 

stamps added by the local data concentrator servers. 

This research is part of the Analytics project (2019-2023) funded by the 
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II. METHODS 

A.  Frequency measurement method 

For achieving excellent performance over sufficient range 
in frequency measurement, it is necessary to use fast adapt ive 

methods [2]. Simulations cannot guarantee adequate sta bility  
and robustness of fast adaptive systems so it is necessary to 

apply appropriate design methodologies and theoretical proofs 

[3]. An excellent overview and analysis of frequency 
measurement methods [4] recommends using Popov’s 

hyperstability criterion based design methodology explained 
in [5] and [6] in order to guarantee good stability with 

excellent performance. He [4] shows that 1) the Lyapunov’s 
stability criterion based approach has limitations as a design 

framework and 2) the slow adaptation assumption based 
stability proof based methods have been found to ignore som e 

unstable points leading to a risk of becoming unstable during 

grid faults and fault recovery. The frequency measurement 
method implemented in the power quality (PQ) meters of our 

current study was designed using the method explained in [7]. 
The PQ meters have the functionalities reported in [8], but  

also have more functionalities, improved performance enabled 
by a  much higher sampling rate. The frequency is estimated 

from the measurements of the phase voltages. Each one of the 

three phases has a separate observer of the rotating voltage 
phasor and voltage DC-component. The adaptation 

mechanism estimates the frequency and it is common to all 
three phases. It is immune to voltage asymmetry. It was 

designed using the time discrete version of  the Model 
Reference Adaptive System (MRAS) design methodology as 

explained by Landau in [5] and [6]. The MRAS methodology 

is based on the Popov’s hyperstability criterion together with a  
reference model. Originally, the method explained in [7] was 

designed to enable primarily measurement of power quality 
quantities, such as distortion, harmonics and asymmetry, with  

relatively low cost sparse sampling meters. Increased 
sampling rate and reduced measurement noise due to better 

hardware enabled improving the frequency measurement 
performance further. The Popov’s hyperstability based 

frequency measurement method [7] used in our presen t  study  

provides very fast responses, excellent reliability, excellent 
stability (no oscillations, nor response overshoot, nor hidden 

unstable modes) and immunity to voltage distortion and 
asymmetry. See [4] for evidence. Thus, the method is ideal fo r 

measurement based identification of the mutual differences in  
the time stamps of the signals. The clock rates of PQ 

measuring instruments usually vary so slowly that less good 

performance of the grid frequency measurements can be 
adequate. However, many commonly applied frequency 

measurement methods are too lousy for this purpose. 

 We measured the responses of the frequency estimated by  

the PQ meter in laboratory using test voltages generated with 
RTDS (Real Time Digital Simulator). See Fig. 1 that includes 

the following tests for frequency step response and immunity 

to rapid changes in the voltage. 

• At time 2.1 s a 50% voltage dip with 400 ms duration 

starts. 

• At 3.0 s the frequency steps from 49.0 Hz to 51.0 Hz. 

• At 4.1 s the phase angle in all three phases jumps 90 
degrees. 

• At 5.0 s the DC-voltage component steps from 0% to 
0.5% (20 V of the peak voltage 400V) in two phases. 

 

Figure 1.  A laboratory test of the frequency estimation of the PQ meters. 

The responses show adequate bandwidth and immunity for the 

synchronization error detection that we explain in the 

following. The bandwidth of the PQ meters is 2 kHz.  

B. The synchronization error detection method 

For simplicity of presentation, we consider here only two 

compared measured signals and first initially assume that  one 

of them is the reference signal with correct timing and the 
measurement noise is rather insignificant. If the clock of the 

other signal is ahead the reference signal, the signal appears to  
be lagged from the reference. When the signal is increasing, 

the lagged signal is mostly smaller than the reference signal. 
When the signal is decreasing, the lagged signal is mostly 

bigger than the reference signal. See Fig.2. In the 

measurements of this study, this dependency is valid only for 

lags that are shorter than about 25 s.  

 

Figure 2.  Two frequency measurements that have inaccurately 

synchronized time stamping. 



 

 

The timing difference estimate x is recursively corrected 
by multiplying the derivative of the signal with the difference 

of the signals and multiplying the result with a tuning gain K. 
Thus, the time stamp difference estimate x as a function of 

time t is estimated using (1). 

  dx/dt = x +  ( dy/dt + dyref/dt )( y – yref ) () 

Where y is the estimated frequency to have the time stamps 

corrected and yref is the estimated frequency used as the 
reference. The method (1) can be applied on-line, because it 

does not use any future measured values. Off-line versions of 
the method can take advantage of also the future 

measurements and are thus slightly more accurate, and we 

may report their studies in later publications.  

Some simple filtering using a rectangular window, for 

example, can be applied before the multiplication in order to 
further reduce the impact of high frequency measurement 

noise and voltage distortion. Benefits from such additional 
filtering are small or insignificant and depend on the 

properties of voltage distortion and events. 

III. TEST LOCATIONS IN THE POWER GRID 

Figure 3 shows the main aspects of the network 
configuration in this study. The locations of the PQ meters 

used in this post synchronization study are marked in it.  
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Figure 3.  The network configuration between Campus and Lempäälä 
measurement locations. PQ meters used for the synchronization studies are 

marked with an asterisk (*). 

IV. RESULTS 

Figures 4, 5 and 6 show how the identified time difference 

approaches with time the time difference indicated by the 
measurement data concentrator server time based time 

stamping in three different cases. Figures 7 and 8 study the 

impact of the main implementation parameters of the 

synchronization method. 

A. Synchronization inside a local low voltage grid section 

In both of the Fig. 4 and 5, both measurements are in the 

same low voltage network within a university building. In the 
Fig. 4, the measurements are located at different parts of the 

low voltage grid, whereas the measurements in the Fig. 5 are 
adjacent to each other and thus measure rather identical 

voltage. The spikes in the data concentrator server time based  
time correction show that there are some occasional rather 

large timing errors in the data concentrator time based time 

stamping. These timing error spikes cannot come from the 
frequency measurement errors that always affect several 

consecutive values due to low pass filtering by the methods. 
Identification of the reasons of these occasional large errors is 

outside the scope of the study in this paper that focuses on a 

method for the detection and correction of such timing errors. 

B. Synchronization between power distribution areas 

In the Fig. 6, the reference measurements are in different 

power distribution grids and have mutual geographical 
distance of about 15 km. The electrical connection of the sites 

was via the 400 kV power grid. Thus, the sites had very 

different voltages but were in the same synchronous power 
system and had roughly the same fundamental frequency. The 

measurement data concentrator servers are also separa te a nd  
naturally their time bases, too, although maintained with the 

same method. Our synchronization error identification detects 

the differences in these time bases, too.   

 

Figure 4.  Identified time difference compared to the time difference 
indicated by the time stamping by the measurement data concentrator server, 

where the measurements are at different ends of a LV-grid of a university 

building.  



 

 

 

 

Figure 5.  Identified time difference compared to the time difference 
indicated by the time stamping by the measurement data concentrator server, 

adjacent measurement locations in a university building. 

 

Figure 6.  Identified time difference compared to the time difference 
indicated by the time stamping by the measurement data concentrator server, 

where the measurement locations are separated by about 15 km. 

C. Impacts of method parameters on the performance 

Fig. 7 shows how the estimation feedback gain K in (1) 

affects the performance in the 15 km separate location case of 
Fig. 6. Increasing the gain K gives faster following of the 

synchronization error and increased sensitivity to the noise 
and disturbances that affect the frequency measurements. It is 

also visible how a voltage event common to both sites speeds 

up the convergence at 122 minutes of the horizontal axis. 

 

Figure 7.  Impact of the estimation feedback gain K 

The results in all the Figures were achieved with 

frequency measurements sampled at 1 s interval. From the 
studied meters it is possible to get the frequency readings also 

with 100 ms time resolution in order to improve the 
performance slightly further. In Fig. 8, we study how 

increasing the sampling interval ts affects the performance of 
the synchronization error estimation. It turns out that 

increasing the sampling interval from 1 s deteriorates the 

performance rapidly and thus cannot be recommended.  

 
 

Figure 8.  Impact of the frequency measurement time resolution 



 

 

D. Remarks on the results 

Each of the Figures 4 - 8, compared the timing of the 

measurement data between two PQ-meters. In them, the post 
synchronization started to identify the time difference at t im e 

0 for the collected frequency data. The initial value for the 
difference estimate was 0. The identified timing error 

approached the time difference indicated by the time stamps 
of the meter reading servers. This shows that these two 

independent methods for timing agree rather well. The time 

difference in the time stamps given by the servers comprises 
1) the difference in the communication latencies between the 

meters and the servers and 2) the inaccuracy of the time bases 
of the servers. The internal clock of each PQ meter defines 

the actual time intervals between its consequent measurement 
values. The difference in the drifts of the internal clocks of 

the PQ meters causes the slope of the identified time 

difference almost completely, because the post-
synchronization uses only the frequency measurements and 

not their time stamps. The PQ meters metering the frequency 
have their own time synchronization mechanism, but that was 

turned off for this study in order to make the results easier to 
interpret. The big spikes in the time difference of time stamps 

enabled detection and fixing errors in the time management 

of the data collection servers. 

 

V. VOLTAGE QUALITY AT THE FREQUENCY 

MEASUREMENTS 

Voltage quality more or less affects the frequency 
measurements and thus the accuracy of the estimated 

measurement timing differences.  Table I summarizes the 
voltage quality measured by the instruments, when they 

simultaneously measured the frequency used for the results 

above. The measurements are for the three phases L1, L2  a nd  
L3 at the campus and Lempäälä. They are the sites sepa ra ted  

by 15 km and used in Fig. 4 - 6. The electrical system of the 
campus was low voltage 400 V network and the 

measurements of Lempäälä are from the 20 kV medium 
voltage network. Distortion and individual harmonics as well 

as zero and negative sequence components of voltage are 
presented with minimum (min), root mean square (rms) and 

maximum (max) values. These values are calculated from  the 

measured 1-second values over the 21 hours long time period 
studied. Total distortion of voltage includes harmonic and 

interharmonic frequencies in the measurement band 0 - 2  kHz 
excluding the direct current (DC) voltage. In the Table I, the 

measurements of distortion and harmonics are relative to the 
rms of the fundamental frequency component. The DC voltage 

Udc is relative to the nominal voltage. The negative and zero 

sequence components are relative to the positive sequence 

component.  

The total distortion is nearly three times higher at the 
campus compared to Lempäälä. Even the maximum 1-second 

values are less than half of the limit of 8 % defined for 10-
minute values of total harmonic distortion in the standa rd  EN 

50160. At the campus, the 5th harmonic is the dominating 

voltage distortion and the 7th harmonic in Lempäälä. Zero and 
negative sequence components of the voltage are small excep t  

the elevated zero sequence component in Lempäälä. This 

study did not investigate the reasons for the magnitudes of 
distortions and sequence components. Only minor voltage 

variations were present during the measurements. Largest 
relative changes in the rms voltage within one second were 1.7 

% in the campus and 0.8 % percent in Lempäälä. On-load  ta p  

changer at a  substation or start-up of a  large load most likely 
caused these steps in the voltage. We observed no other 

considerable disturbances in the voltage quality during the 

period studied. 

TABLE I.  VOLTAGE QUALITY DURING THE STUDY 

Voltage 

quality index 

Study Sites 

Campus 
L1       L2       L3 

Lempäälä 
       L1       L2      L3 

Total distortion  
      min   % 

      rms    % 
      max    % 

1.14        1.33      1.29 

2.52         2.56     2.53 
3.72         3.69     3.54 

0.57     0.49    0.52 

0.90     0.84     0.87 
1.36     1.29     1.30 

Total harmonic 

distortion up to 
20

th
 harmonic 

      min   % 
      rms    % 

      max    % 

1.18       1.33       1.31 
2.37       2.41       2.40 

3.39       3.40       3.32 

0.57    0.51    0.53 
    0.88    0.82    0.85 

1.17    1.12    1.13 
5

th
 harmonic 

      min % 
      rms  % 
      max  % 

 0.87       1.10       0.98 
 2.12       2.28       2.17 
 3.11       3.26       3.10 

  0.23     0.18     0.26 
  0.50     0.49     0.58 
  0.74     0.72     0.85 

7
th

 harmonic 
      min % 
      rms  % 

      max  % 

 0.41       0.07       0.20 
 0.90       0.58       0.75 

 1.22       0.85       1.10 

0.87       1.10       0.98 
 2.12       2.28       2.17 

 3.11       3.26       3.10 
Highest 
harmonic 

   5
th

          5
th

        5
th

           7
th

          7
th

        7
th

        

Udc 
      min % 

      rms % 
      max % 

-1.30    -1.33   -1.34 

0.50     0.50     0.50 
1.30     1.32    1.33 

-1.03    -0.95     -0.99 

0.26      0.26     0.26 
0.97     0.97      1.00 

U0/U+ 

      min % 
      rms % 
      max % 

0.08 
0.10 
0.13 

0.15 
1.00 
1.16 

U-/U+ 
      min % 
      rms % 

      max % 

0.00 
0.28 

0.63 

0.00 
0.09 

0.27 

Voltage events 
nine possible 

operations of on-load 

tap changer 

at least one possible 
operation of on-load 

tap changer 

 

In summary, the voltage quality was so good that there is 

still a  need to a further study on how much higher levels of 
voltage distortion and disturbances affect the performance of  

the method. With the frequency mea surement method [7 ] the 
power quality sensitivity study can be mainly focused on 

voltage events such as different phase angle jumps, because 

the frequency measurement method [7] is explicitly designed 
to be immune to voltage asymmetry, DC-component, 

harmonics and interharmonics.  

VI. DISCUSSION 

The method works well in all the studied test cases. That 

strongly supports the validity of the assumptions made above 
in section II.B for the design of the post-synchronization 

method. Cross correlation functions of the frequency 



 

 

measurement signals have inadequate time resolution and 
accuracy for our PQ analysis purposes but are in other 

respects well in line with the results of the developed method.  

The objective of the suggested data post-synchronization 

is to improve the accuracy and reliability of the mutual timing 

of power quality measurements. That enables improving 
power quality analytics. Using the method as a backup for 

temporary unavailability of GPS in Phase Monitoring Units 
(PMUs) may be a topic for a further study although the 

accuracy and dynamics of the method are modest for that 

application. 

 The frequency measurement as defined in the standard 
IEC 61000-4-30:2015 is based on cycle counting and has 10 s 

interval.  Thus, its performance, immunity and time 

resolution are inadequate for the time synchronization of the 
measurements from different instruments. IEC 61000-4-

30:2015 relies solely on GPS synchronization. If it is missing 
from an analyzer or fails, the measurements from that 

analyzer cannot be synchronized accurately enough for the 
purposes of class A. In those situations, a  good frequency 

measurement method can provide a backup possibility. 

Accurate frequency measurement may also be useful in 
analyzing some power quality problems in those microgrids 

that have low inertia and low damping. It is evident based on 
[4] that power electronic grid interfaces may have 

inadequately stable frequency measurements and control 
loops that may participate to resonances and consequently 

adversely affect the power quality. 

A book review [9] of the MRAS design methodology [5] 
emphasizes the existence of alternative approaches and points 

out some limitations and shortcomings in the presentation of 
the MRAS design methodology [5]. Sastry [3] explains 

stability and robustness of adaptive identification and control.  
Taking these aspects into account when applying the MRAS 

methodology [5] helps to make sure that the stability and 

robustness proof of the resulting MRAS design is valid.    

VII. CONCLUSIONS 

The results show that the measurement based 

identification of the timing differences conforms very well 
with the time stamps provided by the time managed servers. 

Accurate, reliable and fast frequency measurement is 
necessary for the purpose, beca use the performance 

deteriorated rapidly when the interval of frequency 
measurement samples increased. It appeared that the time 

stamps from the servers were only slightly more accurate but 

also suffered from occasional rather large errors. Thus, the 
two different methods can complement each other by 

providing redundancy. The estimates identified from the 
measurements enable detection and correction of the errors in  

the time stamps provided by the data concentrator server.  

ACKNOWLEDGMENT 

The authors gratefully acknowledge the contributions of 
Seppo Vehviläinen and Mikko Lehtonen for implementing the 

frequency estimation method in the PQ meters. 

REFERENCES 

[1] R. Quian Quiroga, T. Kreuz and P. Grassberger, “Event 
synchronization: a simple and fast method to measure s ynchronicity 

and time delay patterns,” Physical Review E 66· Oct. 2002, 6 p.  DOI : 
10.1103/PhysRevE.66.041904 

[2] V. Terzija, M. Duric, “Adaptive Algorithm for Estimation of  Voltage 
Phasor, Frequency and Rate of Change of Frequency,” ETEP,  v ol.  4 ,  

no. 3, pp. 243 – 249, May/June 1994. 
[3] S. Sastry, M. Bodson, Adaptive control, stabili ty ,  co nverg ence a n d 

robustness, Prentice Hall, 1989, 376 p. 

[4] Xiuquiand He, Hua Geng, and Geng Yang, "A generalised design 
framework of Notch filter based frequency-locked loop for three-phase 
grid voltage," IEEE Trans. Industrial Electronics, Sep t. 2 0 18,  DOI : 
10.1109/TIE.2017.2784413  

[5] Y. Landau, Adaptive control, the model reference app roach,  Marcel 
Dekker, 1979, 406 p. 

[6] Y. Landau, “A hyperstability criterion for model ref erence ad ap tive 
control systems,” IEEE Trans. Autom. Control, vol. AC-14, no. 5 ,  p p.  

552–555, Oct. 1969. DOI: 10.1109/TAC.1969.1099237 
[7] P. Koponen, R. Seesvuori and R. Böstman, "Addin g p ower q u ality  

monitoring to a smart kWh meter," IEE Power Engineering  Jo urna l , 
vol. 10, no. 4, pp. 159-163, Aug. 1996, DOI: 10.1049/pe:19960406  

[8] P. Koponen, S. Vehviläinen, “Improved power quality monitoring 
kWh-meter, In Proc. 6th International Conf. on Power  Qu a lity a n d 
Utilisation, EPQU´01, September 19-21 2001, Cracow,  Po lan d,  p p.  

217-224. 
[9] R., Monopoli, “Adaptive control: the model reference approach [Bo ok  

reviews],” IEEE Trans. Autom. Control, vol. AC-26, no. 2 ,  p p.  6 21 –
622, Apr. 1981. DOI: 10.1109/TAC.1981.1102584. 

 

 


