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SUMMARY 

 

Continuous growth in electricity consumption and cross-border trading activities without 

adequate system extensions lead to increased utilisation of power systems and higher 

complexity in their operation. Transmission system operators are therefore frequently faced 

with quick changes of operational conditions and significant variations in power flow 

patterns. In the light of these factors, monitoring the dynamics and maintaining the integrity 

of power systems is becoming more and more important. State-of-the-art technology and 

specialized software applications provide utilities with the means to safely make the 

maximum use of the available transmission capacity in a dynamic environment. The basic 

principles and philosophy of such a wide area measurement and on-line monitoring system 

are described. Operational experiences and system performance are related as well as future 

perspectives and applications for wide area protection and control. 
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1 Introduction 

1.1 Operation of a power system within an interconnected grid 

Power systems, forming part of a multi-national and highly meshed grid (see example in 

Fig. 1), are affected by high transit power flows, which are not always accounted for by trade 

agreements and are therefore “unscheduled”. To ensure safe system operation in the light of 

the high demands and complexities, precise monitoring of the dynamic behaviour has to be 

provided. Since additional information from the remote ends of transmission corridors can 

substantially enhance the quality of power system operation, cross-border trading could be 

accompanied by cross-border data and even information exchange. 

 

 

Fig. 1: Highly meshed European grid including wide area measurement devices 

1.2 System platform and implementation 

Wide area monitoring systems (WAM) are essentially based on the new data acquisition 

technology of phasor measurement. In contrast to conventional control systems, where e.g. 

remote terminal units (RTUs) are used for acquisition of RMS values of currents and 

voltages, WAM systems acquire current, voltage and frequency phasor measurements. These 

are taken by Phasor Measurement Units (PMUs) at selected locations in the power system 

and stored in a data concentrator every 100 milliseconds, as shown in Fig. 2. The measured 

quantities include both magnitudes and phase angles, and are time-synchronised via Global 

Positioning System (GPS) receivers with an accuracy of one microsecond. The phasors 

measured at the same instant provide snapshots of the status of the monitored nodes. By 

comparing the snapshots with each other, not only the steady state, but also the dynamic state 

of critical nodes in transmission and sub-transmission networks can be observed. Thereby, a 

dynamic monitoring of critical nodes in power systems is achieved. 
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The data concentrator can optionally have a client server structure for independent data access 

from several workstations at various locations. 

 

Fig. 2: Configuration of a WAM system  

1.3 New technologies at cost-efficient level available 

Of crucial importance for the application of the WAM technology are the developments in the 

field of telecommunication. Due to the fact that one of the advantages of this technology is 

based on centralised data acquisition, its reliability and availability is highly dependent on a 

permanent on-line link between PMUs and data concentrator. 

2 Monitoring of transmission corridors 
A WAM system has been deployed in the Swiss transmission system with the aim to monitor 

the impacts of heavy power transfers on the north-south axis. For this purpose, four PMUs 

have been placed along the transmission corridor. The phasor measurements are transmitted 

to the data concentrator, where they are stored and processed in various ways. The data, both 

direct measurements and calculation results, are displayed on a Graphical User Interface 

(GUI). The GUI comprises of the main view being the single line diagram and/or the 

functional view of the WAM system components together with a warning and alarm history 

window. A number of faceplates appear on selection, such as trend displays, outputs of 

algorithms, etc.  

2.1 Measurement results 

The data collection period has started before the winter peak 2003 and is still ongoing. The 

identified usage of data from the existing setup can be divided into two categories: power 

system operation and power system planning. 

2.2 System Operation 

The difference in voltage phase angles across the Swiss transmission corridor has proven to 

be a very good indication of the system stresses caused by power exports to the south, as 

shown in Fig. 6. There is an almost linear relationship between the transferred power and the 

voltage phase angle difference. An angular difference of 1° here reflects an increase in the 
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transmission capacity of approx. 100 MW. Since a difference in the voltage phase angle not 

only reflects a change in the active power flow, but also in the structure of the interconnected 

line, WAM system measurements can serve as a basis for topology detection as well.  

 

The comprehensive system information contained in the WAM system measurements is used 

for enhanced monitoring as well as for alarming purposes. The mentioned application 

therefore serves as decision support both in case of normal operating conditions and in 

emergency situations.  

2.3 System Planning 

Phasor measurement recordings can very well be utilised for off-line processing, too. They 

serve as an input for calibration and verification of the dynamic models of components of the 

transmission system, especially power plant controllers’ responses. The potential for 

observing transmission system-wide dynamics can be utilised for the analysis of the system 

behaviour and the identification of specific properties of the system when planning 

reinforcements and extensions. For these purposes, data can be exported automatically from 

the platform upon initiation by predefined trigger criteria. Export is in a comma-separated 

value format, which is easily readable in Excel for example. 

2.4 Integration with Network Control Environment for Power System Control 

For integration with a network control system only very specific information is extracted from 

the vast amount of high-resolution WAM system measurements available. This information is 

converted and transmitted to e.g. a SCADA/EMS system. There it is used to generate alarms 

and alert system operators to evolving disturbances or overload situations. Thus the operator 

gains time to take remedial actions and maintain system integrity. 

3 Additional Applications 
The presented installation can be further extended to address more system-wide stability 

issues. There are research and development activities ongoing, both on the utility’s and the 

WAM system supplier’s side. They are related to the stability assessment based on phasor 

measurements. 

3.1 Voltage Stability Assessment 

The voltage stability assessment application provides a basis for monitoring of transmission 

lines and/or corridors. Its main function is to provide the power system operator with 

sufficient information for the evaluation of the present power margin with respect to voltage 

stability. That is the amount of additional active power that can be transported on a 

transmission line or corridor without jeopardising the voltage stability. The voltage in a power 

system may become instable because of a shortage of reactive power caused by gradual load 

increase. This may be identified early by employing PV-curve visualisation. The outputs are 

intended as decision support for operators. Actions that the operator may take to improve 

voltage stability may range from generation rescheduling or reactive load compensation, 

blocking of tap changers in the load area up to incremental or complete load shedding in 

extreme cases.  
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3.2 Power Oscillation Assessment 

Power oscillation assessment is the algorithm used for the detection of power swings in a 

power system. The algorithm is fed with selected voltage and current phasors. The algorithm 

processes the input phasors and detects the various swing (power oscillation) modes. The 

algorithm quickly identifies the frequency and the damping of the least damped swing modes, 

which can e.g. lead to angular instability causing major power system disturbances or 

blackouts, see Fig. 3. The algorithm employs adaptive Kalman filtering techniques. When the 

damping of any oscillation mode decreases below a predefined value the operator’s attention 

is drawn to the urgency of the situation with an alert followed by an emergency alarm. The 

indication of the frequency of an oscillation may be associated with the known existing mode 

of the power system, i.e. the operator may distinguish whether a local or an inter-area mode is 

excited. 

Furthermore, the stored data can be used for the collection of long-term statistics. Based on 

their evaluation, the system reinforcements can be planned and performed, such as retuning of 

Power System Stabilisers (PSS) to damp the frequencies appearing most often as dangerous 

ones. 

 

Fig. 3: Power oscillation monitoring with the graphical user interface 

 

4 Operational experiences 
The actual configuration of the Swiss WAM system with four PMUs is depicted in Fig. 4. 

Additionally, access is provided to a PMU installed in Greece, which serves to supervise the 

stability of the entire UCTE power system. During 2006 it is planned to install two more 

PMUs in the Swiss grid in order to raise the level of network observability. 
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Fig. 4: System design of a WAM system  

4.1 On-line dynamic system monitoring 

On 10
th

 October 2004, the UCTE grid was reunited by reconnecting the first synchronous 

zone, i.e. the Central West European system with its 223 GW load, with the second 

synchronous zone, the South East European system representing a load of 21 GW. The on-

line monitoring with WAM system has helped the resynchronisation team during the “hot 

phase” by delivering real-time measurements of the system behaviour, see Fig. 5. This 

accurate data would have enabled the detection and timely reaction to any unforeseen events 

during the resynchronisation process. Moreover, the system facilitated the precise 

documentation of the reconnection. [1]. 

 

49.96

49.97

49.98

49.99

50

50.01

50.02

50.03

50.04

50.05

09:33:40 09:33:50 09:34:00 09:34:10 09:34:20 09:34:30 09:34:40

October 10th 2004

F
re
q
u
e
n
c
y
 /
 H
z

Mettlen (CH)

Ag. Stefanos (GR)

Zone 2

Zone 1

first line 

close

0

5

10

15

20

25

30

35

40

45

50

55

60

09:33:40 09:33:50 09:34:00 09:34:10 09:34:20 09:34:30 09:34:40

October 10th 2004

V
o
lt
a
g
e
 P
h
a
s
e
 A
n
g
le
 D
if
fe
re
n
c
e
 /
 d
e
g
.

phiu Ag. Stefanos - Mettlen

first line 

close

 
 

 

Fig 5: Frequencies and voltage phase angle difference during the UCTE grid 

resynchronisation on 10th October 2004 
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4.2 North-south corridor with a multitude of lines 

The information gained by the WAM with only two measurements, i.e. voltage phase angle 

between the two ends of the corridor, represents the overall active power flow and provides 

feedback on the actual topology of the corridor. Each change either of the flow or of the 

interconnection line structure is reflected by the voltage phase angle difference. With other 

words the WAM measurement contains comprehensive system information for enhanced 

monitoring and alarm purposes. 

4.3 Complex system operation 

Based on the information provided by WAM system, power system operators can recognise 

unforeseen phenomena or disturbances occurring outside their own system. Therefore, they 

can appropriately counteract any such contingency at an early stage to maintain the system 

integrity. Fig. 6 illustrates an example of line outages outside Switzerland, i.e. on a parallel 

corridor to Italy. The increase in the voltage phase angle difference on the Swiss corridor of 

2.5 degrees gives a clear signal that an additional power flow of about 500 MW has to be 

handled by the Swiss transmission system. 

 

Fig. 6: Voltage phase angle difference measurement as a warning signal for system operation 
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5 Conclusion 
By seeing more than the own power system, dispatchers are able to understand what happens 

outside / in the interconnected grid. Therefore, they can counteract any contingency in time 

and in an adequate way to ensure system security. 

5.1 Advanced system monitoring and control tools  

For the near future the authors of the paper consider WAM systems as making a significant 

contribution to the maintenance of power system integrity and security, both before and 

during incidents. Furthermore, WAM systems allow optimal grid utilisation combined with 

operational and planning safety by introducing additional application functions. 

Throughout and after the resynchronisation of the two synchronous zones of UCTE, WAM 

systems have proven to be a very valuable and reliable tool to monitor system stability. By 

providing on-line information on stability and safety margins for dynamic condition 

monitoring, such installations serve as early warning systems in case of potential power 

system disturbances. Practical experiences in high voltage transmission grids in Europe have 

confirmed the effectiveness of this technological set-up. In the light of costly additions to 

existing transmission capacity, operational reserves or even blackouts, such monitoring 

systems are a viable choice for utilities required to run their power system in the most 

economic way whilst maintaining the desired levels of security. 

5.2 Outlook 

Future developments include wide area control and protection, even in the direction of closed-

loop operation. Here counter-measures are recommended and can even be initiated 

automatically e.g. by using Flexible AC Transmission System (FACTS). These control 

measures can be taken directly or via a network control system. This offers a further 

possibility to optimise operations.  

Wide area monitoring systems also have the potential to benchmark and backup essential 

control systems in emergency situations. 

As WAM systems offer the possibility to see the own power system and beyond, secure 

interconnected system operation can be ensured. Applying the technology on a larger scale 

can significantly increase the benefits for wide area applications. Finally, efforts could be 

concentrated and results of WAM technology applications shared to further optimise the 

benefits for the users, see [2] and [3]. 
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