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Abstract—Along with the widely application of the Wide—
Area Measurement System in power system, voltage 
instability based on WAMS is becoming all increasingly 
important worldwide issue．By using the WAMS to collect 
the measured value of local voltage and current vector 
directly, we can realize the online estimate and instruction 
of the voltage stability degree of key node. Use this as a 
foundation, this paper analyses problems in the phase 
failure of slack node, puts forward that taking the voltage 
phase of the node, which has the nearest electrical distance 
from the slack node, as the reference phase; and according 
to the least square method based on historical data of 
WAMS two effective methods to correct and estimate the 
voltage andcurrent phasor of the key node, can also realize 
online correction and estimating of the voltage stability of 
the key node. The simulations show that this method is 
suitable for the surveillance of online static voltage stability 
of node and has certain feasibility.  
 
Index Terms—wide-area, measurement system, power 
system, communication interruption, voltage stability, 
electrical distance 
 

I.  INTRODUCTION 

Since the reform and opening up, with the high-speed 
development of national economy, the social demand for 
power is growing rapidly. The power system is more and 
more complicated, developing to the big unit, high 
voltage and long-distance transmission, to form the 
massive power grid. It is significant to improve economic 
benefit and protect the environment for rational 
utilization of natural resources, but it also brings some 
new safety operation problems to the power system. 
Especially since the 1970s, a series of power outage at 
home and abroad, which led to widespread and long time 
power outages and caused great economic losses and the 
disorder[1-2] of social life, are mostly due to the voltage 
fluctuation. So, adopting reasonable index of voltage 
stability is of great significance to monitor and forecast 
voltage stability. 

Currently, most methods are to take some of the 
voltage stability index[3-5] to indicate the stability degree 
of the node voltage. As the load impedance modulus can 

be measured, impedance mode index has been used in the 
power system voltage stability analysis and online 
voltage stability surveillance to some degree. The key of 
this kind of problems is to calculate the equivalent 
impedance of the key nodes of the power grid side, it is 
difficult to get the measurement data of the whole grid 
simultaneously online in SCADA/EMS, and data refresh 
need a long time, so we can do analysis online only 
according to several typical operation mode and state of 
the system, which has some defects.  

In the early 1990s, Scientists developed Phase 
Measurement Unit (PMU) based on Global Positioning 
System (GPS), this shows that technologies of 
synchronized phasor has been basically formed. And 
contribute to Wide Area Measurement System (WAMS) 
has been basically formed. With the development and 
applications of wide-area measurement technology, 
WAMS can real-time, on-line, accurately measuring and 
transmission  the parameters of the power system 
coordinate in the same time coordinate, it has provided 
new data acquisition and measurement for the power 
system. The system realizes vector measurement, and the 
data refresh faster than SCADA/EMS, so it provides a 
good technology platform for estimating equivalent 
impedance of the key nodes of the grid side. 

Reference [7,8] use the measured value of local 
voltage, current vector collected by WAMS to put 
forward a kind of index of voltage stability, which can 
judge the stability degree of the key nodes voltage online. 
The calculating for local voltage phase of this index uses 
the voltage phase of slack node as the reference phase, 
however Reference [1] analyzes from the perspective of 
scheduling and gets that the communication interrupt, out 
of getting correct data are one of the reasons of the 
further expansion of the accidents. On the basis of the 
above reasons, this paper further researches the phase 
failure problem of slack node, puts forward that taking 
the voltage phase of the node, which has the nearest 
electrical distance from the slack node, as the reference 
phase, and according to the least square method based on 
historical data of WAMS two effective methods to 
correct and estimate the voltage and current phasor of the 
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key node, can also realize online correction and 
estimating of the voltage stability index.  

II. ONLINE CORRECTION METHOD OF KEY NODE 

 

Figure.1 Thevenin Equivalent of Node j 

Reference [8] analyzed the simplified model of node in 
Figure 1 (b), deduced and proved with some examples 
that using the wide-area measurement system (WAMS) 
can get equivalent impedance modulus of the power grid 
online: 
  we consider two cases 
case 1：the equivalent impedance of the power grid side 
is constant 
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At time t, set tV&  as the measured value of voltage 

vector of key node, and set tI& as the corresponding 
measured value of load current vector. At time t-1, set 

1−tV&  as the measured value of voltage vector of key node, 

and set 1−tI&  as the corresponding measured value of load 
current vector. From formula (1) we can get: if the 
voltage and current changes of key node are mainly due 
to the load change of the node, the equivalent impedance 
of the power grid side is : 
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Use the ratio of load impedance modulus L tZ ⋅ and 
equivalent impedance modulus of the power grid side 
| |r tZ ⋅ as the index of the voltage stability degree of the 
node[7,8]. Namely 
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The calculating for measured value of voltage vector 
in formula (3), (4), (5) uses the voltage phase of the slack 
node as the reference phase. 

III. ESTIMATION AND CORRECTION OF ONLINE VOLTAGE 
STABILITY INDEX OF THE KEY NODESAS SLACK NODES 

PHASE FAILURES 

As the power system become much more dependent on 
communication network, the reliability of information 
and communication system will be an important factor 
that impacts the stability of modern power system. A key 
communication equipment malfunctions will make the 
whole power system go dead, and lead to the lost of 
controllability and monitoring of the power system[10,11]. 
Due to the slack node is the reference node of the whole 
power grid, other nodes collect data from the slack node. 
If communication breaks down at the slack node, it will 
cause phase failure of slack node, we are also unable to 
utilize above method to realize online correction of the 
voltage stability of the key node. This paper proposes the 
following two methods to deal with this problem. 

A  On-line Correction of Voltage Stability Index of Key 
Node Based on Auxiliary Node 

On the basis of the above reasons, this paper puts 
forward using voltage phase of auxiliary node to replace 
voltage phase of slack node as the reference phase, use 
voltage phase of auxiliary node to revise voltage phase of 
local node, the revised voltage phase of local node is 
described as follows: 

At time t, set tV
∧

 as the correction of voltage vector of 

key node, and set tI
∧
 as the corresponding correction of 

load current vector. At time t-1, set 1−
∧

tV  as the 

correction of voltage vector of key node, and set 1−
∧

tI as 
the corresponding correction of load current vector; If the 
voltage and current changes of key node are mainly due 
to the load change of node, the equivalent impedance of 
the key nodes of the power grid side is: 

   

1

1

−
∧∧

−
∧∧

⋅

−

−
−=

tt

tt
tr

II

VVZ                   (6) 

The impedance modulus is  
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The reference phase of voltage phase in formula(6), 
(7)is not unique, the voltage phase angle of key node 
varies with the voltage phase change of different 
reference nodes. 

We can get an correctional index of the voltage 
stability degree of key node by the formula (5). Namely: 
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Simplify the power system, view from the load 
node,equate the power system to three-node system, as 
shown in Figure 2: 

 
Figure. 2 Equivalent Three-node System 

In Figure 2, 1
∧
V  is the system equivalent potential 

(node 1 is the slack node), 1Z  and 2Z are system 

equivalent impedance, 2
∧
V  is the voltage of auxiliary 

node, 3
∧
V  is the load voltage, LZ  is the load impedance. 

Set node 3 as the key node, .voltage phase of slack 
node is the reference phase, from formula (5) we can get: 
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Set the voltage phase of auxiliary node as the reference 
phase, from formula (6) we can get: 
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From formula (7),(8) we has: 
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d  represents the proximity degree of value k ∗  and 
value k , d  is getting smaller when value k ∗  is more 
closer to value k . When 1Z  is kept to a minimum, value 

k ∗  is the closest to value k , the equivalent impedance  
from the slack node to the key node is the closest to the 
equivalent impedance from the auxiliary node to the key 
node at this time, namely, the electrical distance from this 
auxiliary node to the slack node is the closest. When 
communication interruption and phase failure of the slack 
node happen, we can use the voltage phase of the 

auxiliary node which has the nearest electrical distance 
from the slack node as the reference phase. 

B  On-line Estimation of Voltage Stability Index Based on 
the WAMS Historical Data 

When the communication interrupt and phase failure 
of the slack node, Through the historical data by WAMS, 
it was found that dispatcher can fit a variation trend of the 
curve to the historical data, used the curve to predict 
future data. 

Set ( , )i iyx ( 1, 2, ..., )i n= as a group of 
measurement data. Now we could adopt some 
approximate expression ( )y f x= to reflect the 
relationship between variables x  and y . Then we could 
used extrapolation to look for the approximate value 
of 1ny +  when 1+=i nxx . 

Supposing selected known function ( )xϕ  
approach ( )f x . iδ is defined as t the error of between 

( )ixϕ and ( )if x .Namely, 

( ) ( )i i ifx xϕδ = −  ( 1, 2 , ..., )i n= (12) 

The summation of quadratic of formula (12) error is 

[ ]22
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When  the above formula to minimum, the so-called least 
squares. 

We could describe the general ( )y f x= by 

1 1( , )yx , 2 2( , )yx ,… ( , )n nyx and polynomial of degree 
m 

2
0 1 2( ) ... m

mx xa a a x a xϕ = + + + + (14) 

Where,   m<n. 
According to (13) we could get the coefficient 

of(14), that is, get the minimum of the function below. 
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Where, S is the function of 1m +  arguments with 
0a , 1a ,…, ma . 
 We can respectively take the derivatives with respect 

to 0a , 1a ,…, ma ,and then let these derivatives be zero, 
then we can get 1m +  equations. 
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Where,  ( 0,1,..., )k m= .  
We can expansion above(14): 
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Where, ( 0,1,..., )k m= ; 
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Or simply： 
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Then, we can expansion(17)： 
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Where, the coefficient matrix of (20) is a symmetric 
matrix. We can prove this matrix is nonsingular matrix. 
So the (20) has a unique solution. 
When the communication of slack node is interrupted at 
time t. we can get N historical data of voltages and 
current of  
the key node by the WAMS. For example, voltage 
amplitude tV , voltage phase tδ , current amplitude tI , 
current phase angle tψ ( 1, 2,..., )t n= .Then we could get 

estimated voltage amplitude 1tV +
, voltage phase 1tδ +

, 

current amplitude 1tI + and current angle
1tϕ +

at t+1 time 

by the least square method based on historical data of the 
key node. 

Then according to (3),we can use the ratio of load 
impedance modulus L tZ ⋅ and equivalent impedance 
modulus of the power grid side | |⋅r tZ as the estimated 

index of the voltage stability degree of the node[7,8]. 
Namely 
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According to the above methods, We can use the 
voltage phasor and current phasor as historical data at 
time t+1,then predict k

∧  of the key nodes at time t+2. 
According to the impedance mold criterion, it is known 
that when k

∧ is greater than 1, the system is stable, and 

when the k
∧  more closer 1, the margin of voltage stability 

is smaller and the node is more vulnerable. 

IV. SIMULATIONS ANALYSIS 

A  Simulation and Test of K Based on Auxiliary Node 
Tab.1 uses the 8 generators 36 nodes of PSASP to 

simulate, choose node 16 as the research node, change the 
load of node 16, keep the power factor of node 16 and 
other nodes constant (power factor is 0.9), the slack node 
bears the increase of the load, keep the growing of the 
load until the computing become non–convergent.  

 
 
 
 
 
 
 

 

TABLE I.   
RESULTS OF SLACK NODE BEARING LOAD GROWTH 

16P
 

mV  

Slack 
Node  

1k  

Auxiliary 
Node  

24k ∗  

Relative 
Error (%) 

Auxiliary 
Node  

2k ∗  

Relative 
Error (%) 

Auxiliary 
Node 

23k ∗  

Relative 
Error  (%) 

Auxiliay 
Node 

9k ∗  

Relative 
Error (%) 

4.5 0.9581          

5 0.9386 1.3322 1.4971 12.38 2.2111 65.97 2.3145 73.74 2.4228 81.86 

5.5 0.915 1.2396 1.3814 11.44 1.9925 60.74 2.1199 71.01 2.2103 78.31 

6 0.8838 1.1586 1.2767 10.19 1.7865 54.19 1.9429 67.69 2.0153 73.94 

6.5 0.8252 1.0469 1.1215 7.13 1.5023 43.49 1.704 62.77 1.7521 67.36 

6.55 0.8029 1.0788 1.1456 6.19 1.4466 34.09 1.7217 59.59 1.755 62.68 

 
 
 
 
 

 
 

 
Tab.2 uses the 8 generators 36 nodes of PSASP to 

simulate, choose node 16 as the research node, change 
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the load of node 16, keep the power factor of node 16 
and other nodes constant (power factor is 0.9), the slack  

node and G3 bear the increase of the load according to a 
certain proportion, keep the growing of the load until the 
computing become non–convergent. 

TABLE II.   
RESULTS OF SLACK NODE AND G3 BEARING LOAD GROWTH ACCORDING TO A CERTAIN PROPORTION 

16P
 mV  

Slack 
Node 

1k  

Auxiliary 
Node 

24k ∗
 

Relative 
Error (%) 

Auxiliary 
Node 

2k ∗
Relative 

Error (%) 

Auxiliary 
Node 

23k ∗
Relative 

Error  (%) 

Auxiliay 
Node 

9k ∗
 

Relative 
Error (%) 

4.5 0.9581          

5 0.9386 1.3322 1.4971 12.38 2.2111 65.97 2.3145 73.74 2.4228 81.86 

5.5 0.915 1.2396 1.3814 11.44 1.9925 60.74 2.1199 71.01 2.2103 78.31 

6 0.8838 1.1586 1.2767 10.19 1.7865 54.19 1.9429 67.69 2.0153 73.94 

6.5 0.8252 1.0469 1.1215 7.13 1.5023 43.49 1.704 62.77 1.7521 67.36 

6.55 0.8029 1.0788 1.1456 6.19 1.4466 34.09 1.7217 59.59 1.755 62.68 

In Table 1,2 and Fig.3,4, 1k  is obtained using the 

voltage phase of slack node as the reference phase; 24k ∗  
is obtained using the voltage phase of node 24 as the 
reference phase; 2k ∗  is obtained using the voltage phase 

of node 2 as the reference phase; 23k ∗  is obtained using 

the voltage phase of node 23 as the reference phase; 9k ∗  
is obtained using the voltage phase of node 9 as the 
reference phase. 

The simulation shows the variation curves between 
value k  and power increment when the load increase. 
The variation results of curves show that the change 
trends of value k  choosing the voltage phase of slack 
node or other auxiliary nodes as the reference phase 
respectively are consistent. When the voltage reaches 
static stability limit and power increment reaches limit, 
the value k  tends to one, which shows the voltage 
stability degree of the key node approximately in the 
current condition. When communication interruption and 
phase failure of the slack node happen, we can use the 
voltage phase of the auxiliary node which has the nearest 
electrical distance from the slack node as the reference 
phase. The value 24k ∗  is the closest to value 1k , so we 
can use the voltage phase of node 24 which has the 
nearest electrical distance from the slack node as the 
reference phase. And we can sort the auxiliary nodes 
which can replace the slack node by proximity degree 
between the value ∗k  and value k , the order from good 
to bad is: the node 24, the node 2, the node 23, the node 9. 

B  Simulation Test of Forecast of K Based on WAMS 
This example is also using the Power System Analysis 

Software Package (PSASP) to simulation and test the 

accuracy of the predicted results in 8 generator and 36 
nodes system. We simulated the test system, set node 16  

as the research. node. And use 7 sampling data to 
calculate model parameter and conclude the prediction 
model and predict the next moment data by using curve 
fitting of least square method. PMU could constantly 
gather new data. When adding a new data, it uses the 
latest seven data to conclude the new model parameters 
and predict future data with the latest prediction model. 
We could set conventional continuous flow calculation 
via PSASP, gets voltage amplitude, voltage phase , 
voltage angle, and current amplitude, current phase and 
current angle of the node 16 as the data from the PMU. 

In the following tables, 16V , 1 6δ  are the voltage 
amplitude and calculation value of voltage phase angle of 
node 16;. 16I , 16ψ are the current amplitude and 
calculation value of current phase angle of node 16; 

^

16V ,
^

1 6δ are the voltage amplitude and predictand of 

voltage phase angle. ^

1 6I , ^
16ψ are the current amplitude 

and predictand of current phase angle. 
Tab 3 describes that load power factor of node 16 

keeps cosφ =0.9 (lag), and load power of other nodes is 
constant, changes load power of 16 node. We could get 
the voltage amplitude and voltage phase angle , current 
amplitude and current phase angle. of  node 16 by PSASP. 
Set the slack node as reference node. 
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TABLE III.   
CALCULATION OF VOLTAGE,CURRENT PHASE COSφ =0.9(LAGGED) 

Time 16P  16V  16δ  16I  16ψ  

1 1.0 1.0456 -11.314 1.8598 -37.9812

2 1.5 1.036 -14.541 2.1117 -41.3716

3 2.0 1.0261 -17.878 2.3702 -44.8571

4 2.5 1.0151 -21.352 2.6366 -48.4720

5 3.0 1.0030 -24.996 2.9123 -52.2557

6 3.5 0.9897 -28.855 3.1995 -56.2589

7 4.0 0.9749 -32.995 3.5008 -60.5527

Tab 4 describes that load power factor of node 16 
keeps cosφ =0.9 (lag), and load power of other nodes is 
constant,. Compare computed value of the voltage 
amplitude and voltage phase angle of node 16 by PSASP 
with prediction of the voltage amplitude and voltage 

phase angle of node 16. According to seven data in tab 3, 
we could get the predicted value at time 8 with predicted 
method of this paper. Calculating step by step until 
calculation un-convergence. 

 

TABLE IV.   
COMPARISON CALCULATION AND PREDICTION OF VOLTAGE PHASE COSφ =0.9 (LAGGED) 

Time 
16P  16V  

^

16V  
Relative 

Error (%) 16δ  
^

16δ  
Relative 

Error (%) 

8 4.5 0.9581 0.9586 -0.05 -37.5111 -37.4254 0.23 

9 5.0 0.9386 0.9405 -0.20 -42.573 -42.2037 0.87 

10 5.5 0.915 0.9205 -0.60 -48.482 -47.3684 2.29 

11 6.0 0.8838 0.8985 -1.66 -56.007 -52.9611 5.44 

12 6.5 0.8252 0.8742 -5.94 -69.636 -59.0231 15.24 

13 .6.55 0.8029 0.8716 -8.56 -74.759 -59.6568 20.2 

Tab 5 describes that load power factor of node 16 
keeps cosφ =0.9 (lag), and load power of other nodes is 
constant,. Compare computed value of the current  

amplitude and current phase angle of node 16 by PSASP 
with prediction of the current amplitude and current 
phase angle of node 16. 

TABLE V.   
COMPARISON CURRENT PHASE OF CALCULATION AND PREDICTION COSφ =0.9 (LAGGED) 

Time 
16P  16I  

^

16I  
Relative 

Error (%) 16ψ  ^
16ψ  

Relative 
Error (%) 

8 4.5 4.0318 3.8169 5.33 -63.6657 -65.1542 -2.34 

9 5.0 4.1666 4.1503 0.30 -70.5260 -70.1260 0.57 

10 5.5 4.5507 4.5026 1.06 -76.7086 -75.5131 1.56 

11 6.0 5.0051 4.8758 2.58 -84.6321 -81.3630 3.86 

12 6.5 5.7080 5.2717 7.64 -99.2098 -87.7233 11.58 

13 .6.55 5.9246 5.3126 10.33 -104.7866 -88.3893 15.65 

 
 

 
 

430 JOURNAL OF COMPUTERS, VOL. 8, NO. 2, FEBRUARY 2013

© 2013 ACADEMY PUBLISHER



 

Tab 6 describes that load power factor of node 16 
keeps cosφ =0.9 (lag), and load power of other nodes is 
constant. According to the corresponding the predicted  

value of voltage and current, we could set 
16

∧

rZ as the  

equivalent modulus of impedance of node 16 and set 

16

∧

LZ as load modulus of impedance,so,we could get ∧
k

 

by (19). 

TABLE VI.   
RESULTS OF COSφ =0.9 (LAGGED) 

16P  16

∧

rZ  16

∧

LZ  
∧

k  

4.5    

5.0 0.1692 0.2266 1.3394 

5.5 0.1603 0.2044 1.2755 

6.0 0.1507 0.1843 1.2227 

6.5 0.1408 0.1658 1.1781 

6.55 0.1353 0.1641 1.2121 

From the above table we can see, voltage amplitude, 
phase angle, current amplitude, phase angle, practical 
calculation value and predicted value basically are 
consistent with very small relative error. Among them, 
due to smaller fluctuation, the prediction results of 
voltage amplitude and current amplitude are accurate but 
voltage and current phase angle relatively poor. Overall, 
the proposed algorithm can estimate the voltage stability 
index of a key node by using voltage and current phasor 
predictions. When the voltage is close to the collapse 
point, the index is close to 1. We can see the change 
trend and simulation is consistent, which can be used as a 
scheduling personnel in determining the degree of 
voltage stability index. 

V CONCLUSION 

Theoretical analysis and simulation results show that 
when the slack node communication interrupts and leads 
to slack node phase fail, use the method this paper brings 
up that using auxiliary node to replace slack node and 
collect the key nodes based on the WAMS historical data. 
And combining with least squares curve fitting 
calibration method we respectively correct and estimate 
online voltage stability index of the current key nodes. 
These two kinds of processing techniques can correctly 
reflect the voltage stability state of key nodes and the 
tendency is consistent, which can effectively solve the 
problem that slack node communication fault brings 
slack node voltage phase failure and provide a kind of 
effective treatment method for scheduling personnel with 
certain feasibility and practical significance. 
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