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ABSTRACT 

Power system oscillations occur in power networks as a result of contingencies such as 

faults or sudden changes in load or generation. They are detrimental to the operation of the 

system since they affect system stability and the optimal power flow through it. These oscillations 

do not usually damp out in tie-lines unless certain controls are applied to the system. Local and 

inter-area oscillations have traditionally been controlled by Power System Stabilizers (PSS). 

However, Flexible Alternating Current Transmission Controllers (FACTS) have significant 

potential as alternatives to PSS.  

The main goal of this research is to damp inter-area oscillations by Unified Power Flow 

Controllers (UPFC). UPFC is a series-shunt FACTS device which is used for purposes such as 

the control of active and reactive power flow through the corridors of the system. However, using 

supplementary controls and proper coordination of UPFCs, they can be used for fast damping of 

inter-area oscillations in multi-area power systems. 

 The research consists of ten papers. There are several issues associated with dynamic 

control of FACTS devices which need to be taken into consideration. In the first two papers the 

role of pre-fault UPFC operating points on the stability and dynamic behavior of power systems 

is discussed. Linear approaches for the control of inter-area oscillations have been discussed in 

the third and fourth papers. Since the discussed algorithms for damping oscillations need global 

feedback data for control implementation, decentralized and wide-area methods for dynamic state 

estimation have been presented in the fifth and sixth papers. Seventh paper shows that using 

similar methodologies to UPFCs, multiple coordinated Static Synchronous Compensators 

(STATCOM) can also be used for controlling power system oscillations. A nonlinear method for 

controlling oscillations has been presented in the eighth paper. Finally, since FACTS placement 

plays an important role in the dynamic behavior of the system, the last two papers propose two 

different methods for optimal dynamic placement of UPFCs. 
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1. INTRODUCTION 

Today, FACTS controllers have become less expensive and because of their fast response 

to system disturbances they will be used even more extensively in the future. However, there are 

still problems associated with their application especially in the dynamic control area. Phenomena 

such as inter-area oscillations impact power systems in wide area distances. For the same reason, 

controlling such phenomena needs proper coordination between the controlling devices. The main 

goal of this research is to damp inter-area oscillations in multi-area power systems using multiple 

FACTS devices. The UPFC is the most versatile FACTS device and the focus of this research has 

been based on the application of multiple UPFCs for damping oscillations. In the literature, there 

have been several methods proposed for the control of UPFCs based on linear and nonlinear 

methods. However, the application of most of these methods is limited to the control of an 

individual UPFC without its coordination with other devices. Considering that multi-area power 

systems have several oscillation modes, more than one FACTS device is needed in order to affect 

all those modes. Thus, coordination of the devices becomes an important issue.  

In this research which consists of ten papers, several contributions have been made in the 

area of dynamic control of the UPFC for the purpose of damping inter-area oscillations. In the 

initial work, it has been shown that the pre-fault operating status of UPFC plays an important role 

in its dynamic behavior. This has been discussed in the first two papers. Then, a novel method has 

been proposed for the control of inter-area oscillations using UPFCs based on controlling their 

bus voltages. Papers three and four describe this method and show its comparison with other 

methods. The proposed methods for oscillation damping generally need global feedback data for 

implementation. However in practice, global feedback is not available and dynamic feedback 

estimation is usually needed. A decentralized method based on Linear Matrix Inequality (LMI) 

approach has been discussed in the fifth paper. Decentralized methods usually use local 

measurements for data estimation. As these local measurements might not always be adequate for 

proper feedback estimation, a centralized wide-area method for feedback estimation based on 

selected global measurements using reduced order observers has been discussed in the sixth 

paper. Although the focus of the research is on the UPFC, in the seventh paper it has been shown 

that using similar methodologies for system modeling and control, it is also possible to use 

multiple STATCOMs for damping power system oscillations. The next contribution of this 

research is to propose a new nonlinear method for oscillation damping which has been described 

in the eighth paper. Since dynamic placement of  FACTS  controllers  plays an  important  role on  



the dynamic behavior of the power system, the other contribution of this research has been 

devoted to two different methods for dynamic placement of UPFCs which have been discussed in 

the ninth and tenth papers. 
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1. The Effect of Various UPFC Operating 
Points on Transient Stability 

 

Mahyar Zarghami Mariesa L. Crow 
Department of Electrical and Computer Engineering 

Missouri University of Science and Technology, MO, 65409, USA 
 

ABSTRACT: In this paper, it is shown that using the power injection model for a UPFC, 

there exist sets of operating points for which the same amount of ac bus voltage and 

active/reactive series power injections can be evaluated. These various operating points are 

designated by different dc bus voltages ( ) and modulation amplitudes ( ) and phases 

(

dcV 1 2,k k

1 2,α α ). Simulations show that the dynamic behavior of a UPFC could be related to its pre-fault 

operating situations. The question to be answered is to verify which operating point would be the 

best candidate from a network stability point of view. A linear approach based on the eigenvalue 

problem has been used to answer the question and satisfactory results have been outlined. 

 
 

Index Terms: UPFC, Transient Stability 
 

I. INTRODUCTION 

The power injection model has so far been widely used for power system simulations 

where FACTS devices such as UPFCs exist in a network.  In this approach, UPFCs are modeled 

by converting their phasor variables into the domain, which has the advantage that in steady-

state, the UPFC variables are constant. In addition, it is possible to directly incorporate the 

differential-algebraic equations of the UPFC into the power network. Using the power injection 

model, the action of a UPFC in the network is represented by its series and shunt current 

injections where these currents are controlled by the variations of the dc bus ( ) and modulation 

amplitudes ( ) and phases (

0dq

dcV

1 2,k k 1 2,α α ) [1]. In this paper, it will be shown that for the same ac bus 

voltage and active/reactive series power injection in a UPFC, there exists a set of operating points 

designated by different sets of 1 1 2 2, , , ,dcV k kα α  values.  

Although each of these sets of control parameters result in the same power injection model, 

3



the different control parameter sets have different impacts on transient stability.  Therefore, the 

choice of a proper operating point is of vital importance. Some work already exists in the 

literature related to the choice of optimal set of operating points for the FACTS devices in steady-

state conditions. These approaches mostly focus on the operation of the system from aspects such 

as optimal power flow and UPFC internal constraints [2, 3]. Despite the work done so far, there is 

still considerable work to be done in the area of the system dynamics to analyze the effect of 

various operating points on the stability and control of the power system. 

In the following sections, the power injection model will be described along with an 

algorithm for finding sets of operating points of UPFCs. These operating points are visualized 

using corresponding operating plots. In the plots, the stable/unstable regions are designated based 

on determining the eigenvalues of the linearized power system state space matrix evaluated at 

steady-state. Power system simulations have been accomplished to find a probable relation 

between the stable/unstable pre-fault operating areas and the likelihood of the power system to go 

unstable after a fault.  Observations are reported and further work is proposed. 

 

II. THE POWER INJECTION MODEL OF THE UPFC 

The equations of the power injection model for the UPFC are taken from [4].  It is assumed 

that the power system is balanced and therefore no zero sequence voltages and currents exist in 

the network. There are basically nine equations governing a UPFC and its interface to the power 

network. Each of the series and shunt parts has two differential equations and there is one 

differential equation relating the series and shunt parts through the dc link. The four remaining 

algebraic equations interface the UPFC with the power network through the two buses of the 

UPFC.  The two buses of the UPFC are denoted as Bus1 and Bus2, where Bus1 is the bus 

connected to the shunt transformer of the UPFC.  

 

The equations that describe the shunt part of the UPFC are: 

 

1 1 1

.
1 1 1

1 1
1 1 1

1 cos( ) cosd d q dc
B

R k Vi i i V
X X X 1θ α

ω
= − + + + − θ      (1) 

1 1 1

.
1 1 1

1 1
1 1 1

1 sin( ) sinq q d dc
B

R k Vi i i V
X X X 1θ α

ω
= − − + + − θ     (2) 

 

Similarly, the series equations are: 
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2 2 2

.
2 2 2 1

1 2 2
2 2 2 2

1 cos( ) cos cosd d q dc
B

R k V Vi i i V
X X X X 1θ α θ

ω
= − + + + − + θ   (3) 

2 2 2

.
2 2 2 1

1 2 2
2 2 2 2

1 sin( ) sin sinq q d dc
B

R k V Vi i i V
X X X X 1θ α θ

ω
= − − + + − + θ   (4) 

 

The equation for the dc capacitor that links the shunt and series parts is: 

 

1 1

2 2

.

1 1 1 1 1 1

2 1 2 2 1 2

cos( ) sin( )

cos( ) sin( )

dc d q
B

dc
d q

p

C V k i k

Vk i k i
R

θ α θ α
ω

θ α θ α

= − + − +

− + − + −

i

=

=

     (5) 

 

The power balance equations at Bus1 are: 

 

1 2 1 21 1 1 1 1 1 1
1

(cos( )( ) sin( )( )) cos( ) 0
n

d d q q j j j j
j

V i i i i V V Yθ θ θ θ
=

− + − − − −Φ =∑  (6) 

1 2 1 21 1 1 1 1 1 1
1

(sin( )( ) cos( )( )) sin( ) 0
n

d d q q j j j j
j

V i i i i V V Yθ θ θ θ
=

− − − − − −Φ =∑  (7) 

 

Finally the power balance equations at Bus2 are: 

 

2 22 2 2 2 2 2 2
1

(cos( ) sin( ) ) cos( ) 0
n

d q j j j j
j

V i i V V Yθ θ θ θ
=

+ − − −Φ∑    (8) 

2 22 2 2 2 2 2 2
1

(sin( ) cos( ) ) cos( ) 0
n

d q j j j j
j

V i i V V Yθ θ θ θ
=

− − − −Φ∑    (9) 

 

where the following variables are defined: 

 

Bω : Base frequency of the network (rad/S) 

:, 11 XR Equivalent Resistance & Reactance of the shunt transformer (pu) 

:, 22 XR Equivalent Resistance & Reactance of the series transformer (pu) 
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:,
11 qd ii The shunt currents of the UPFC in the direct and quadrature axes, respectively (pu) 

:,
22 qd ii The series currents of the UPFC in the direct and quadrature axes, respectively (pu) 

:, 21 kk Amplitude modulation indices of the shunt and series parts, respectively 

:, 21 αα Phase modulation indices of the shunt and series parts, respectively 

:dcV dc link capacitor voltage (pu) 

:C Capacitance of the dc link (pu) 

:pR Equivalent resistance parallel with the capacitor of the dc link, representing the dc 

losses (pu) 

 

III. MULTIPLE OPERATING POINTS OF THE UPFC 

In this section, we verify the existence of multiple operating points of a UPFC in steady-

state conditions. Fig. 1 shows a UPFC embedded into a line between buses 1 and 2. We mean to 

regulate the active/reactive power flow through the line as  and the voltage magnitude at 

the ac bus of the UPFC as .  

scsc QP /

scV

Bus 1 Bus 2 

scsc jQP +  

11 qd jii +  

22 qd jii +  

scV  

 
Fig. 1. Power injection model of the UPFC embedded into the line from Bus1 to Bus2 

 

In a conventional power system with no FACTS device, two active/reactive power flow 

equations can be written at every PQ bus. With the introduction of a UPFC into the power 

system, the four power flow equations at buses 1 and 2 cannot be written in their conventional 

form anymore. These four equations are vital for the evaluation of two voltage magnitudes and 

two voltage phases.  Instead of the four powerflow equations to determine the bus voltages 

magnitude and angle, equations (6)-(9) are used.  But equations (6)-(9) introduce four additional 

6



unknowns of into the system. However, because 
2211

,, qdqd iiii 1 scV V=  is known, there are actually 

only three additional unknowns. Using equations (1)-(5) also adds the additional unknowns 

of 1 1 2 2, , , ,dcV k kα α . So up to this point, the UPFC has 9 additional equations and 12 additional 

unknowns. In order for the system to be solvable, 3 more equations are needed for every UPFC. 

From the power injection model, two of the equations can be written as: 

 

2 22 2 2(cos( ) sin( ) )d qV i i PUPFCθ θ+ =       (10) 

2 22 2 2(sin( ) cos( ) )d q UPFCV i i Qθ θ− =       (11) 

 

To develop the last equation, consider Fig. 2. Here, active power balance at the dc link in 

steady-state can be written as: 

p

dc
seriesshunt R

V
PP

2

−=+         (12) 

where and are the active powers injected from the shunt and series parts of the 

UPFC, respectively. More specifically, these two powers can be written as: 

shuntP seriesP

 

11 1 1 1 1 1cos( ) sin( )
1shunt dc d dc qP k V i k V iθ α θ α= − + + +     (13) 

22 1 2 2 1 2cos( ) sin( )
2series dc d dc qP k V i k V iθ α θ= + + + +α    (14) 

 

shuntP  seriesP  

2
dc

p

V
R

 Shunt 

Converter 

Series 

Converter 

 
Fig. 2. Active Power Balance in Steady-State Conditions 

 

Considering shuntP  to be specified, equation (13) is the last equation needed to determine the 

UPFC parameters.  Since shuntP  is a specified value, each value of shuntP  determines a possible 

UPFC operating point.  

Figs. 3 show sets of operating  and V plots for a UPFC installed between buses 1 and 1 2,k k dc

7



2 in the IEEE 118 bus test system. The parameters of the UPFC have been given in Section V.  

As can be seen in Fig. 3a, there is a large variation in the value of  with changes of1k shuntP . 

However, the value of  remains around 1 pu to regulate the voltage of the ac bus of the 

UPFC to be equal to .  The dotted lines in Fig. 3 represent the unstable regions determined by 

the eigenvalues of the linearized system explained in section IV.  

1 dck V

scV

 

IV. EFFECT OF PRE-FAULT OPERATING CONDITIONS ON TRANSIENT 

STABILITY 

In this section, the effect of the initial operating point on the transient stability of the system 

will be considered.  One basic approach to determining stability is to linearize the system 

equations around its equilibrium point. Although power systems are nonlinear, this approach is 

able to roughly predict the relative likelihood of the system to go unstable. 

Consider the following nonlinear differential/algebraic equations of the system [5]: 

( , )X f X Y=&          (15) 

0 ( ,g X Y= )          (16) 

 

where X is the state vector and Y  is the vector of voltage magnitude/angles of the power 

system.  

The linearized equations are of the form: 

X AX BYΔ = +&         (17) 

0 CX DY= +          (18) 

 

where  shows the linearized variable around its equilibrium point. Δ

 

Using equations (17) and (18), it is possible to get the state space matrix of the linearized 

system as: 
1

sysA A BD C−= −         (19) 

The eigenvalues of sysA  determine the relative stability of the system after a fault.  If the 

eigenvalues have positive real parts, then the relative stability of the system is poor. 
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Fig. 3. Operating Plots of the UPFC 
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V. SIMULATIONS AND RESULTS 

To verify the assumption made in the previous section, we show two examples 

using the IEEE 118 bus test system [6]. This system has 20 machines, where the order of 

each machine is 10, containing the two-axis generator model, Type I Exciter/AVR model 

and turbine and governor models. As we discussed in the above sections, every UPFC 

would add 5 state variables into the system. So the order of the linearized power system 

with one UPFC would be 205. Two different UPFC placements have been considered in 

the following examples and their results are explained. The parameters of the UPFC are: 

1 0.01R pu= 1 0.15X pu=,  

2 0.001R pu= , 2 0.015X pu=  

100pR pu= 1.1364C, pu=

= − 0.1353scQ

 

  

Example 1 

As the first example, a UPFC placement between buses 1 and 2 has been considered 

with , 0.1178scP pu pu= −  and 0.9528scV pu= . These are basically the line 

power and voltage values before the UPFC installation.  

 

(a) When , we get an operating point where: 0.01shuntP = − pu

1 0.9626k =  ,   2 0.0024k =

1 6.2815radα = , 2 3.4029radα =  

1 0.9533dck V pu=  

1
0.0110di pu= −

1
0.0015qi pu=

= −
2

0.1827qi pu=

,  

2
0.0452di pu

,  

 

With the above conditions, all eigenvalues of sysA have negative real values. To observe the 

transient stability of the system, a fault is applied to bus 30 at 1 s and is cleared after 0.1 s.  Figs. 

4-7 show the behavior of the system with and without PI controllers. Four simple PI controllers 

have been applied to control the series active power, series reactive power and voltages of the dc 

and ac buses of the UPFC [4]. The controller parameters are shown in Table I. 
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TABLE I 

PI Controller Parameters for Examples 1 and 2 

Series Controller  

Pk  Ik  

Active Power 1e-3 1e-3 

Reactive Power 1e-3 1e-3 

Shunt Controller  

Pk  Ik  

dc voltage 5e-2 5e-2 

ac voltage 5e-3 5e-3 

 

Figs. 4a and 4b show the series injected power ( seriesP ) of the UPFC before and 

after the fault for the uncontrolled and controlled cases, respectively. Figs. 5, 6 and 7 

depict the variations of the series injected reactive power ( seriesQ ), and ac voltage of 

the UPFC ( ) for the uncontrolled and controlled cases.   In this example, it is obvious 

that the system is stable and easily controlled. 

1. dck V

1V
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Fig. 4. UPFC Injected Series Active Power in Example 1a  

(without control – top, with control – bottom) 
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Fig. 5. UPFC Injected Series Reactive Power in Example 1a 

(without control – top, with control – bottom) 
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Fig. 6. ac voltage of the shunt converter of the UPFC in Example 1a 

(without control – top, with control – bottom) 
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Fig. 7. ac bus voltage of the UPFC in Example 1a  

(without control – top, with control – bottom) 
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(b) Next, an alternate operating point is chosen with the same values of ,sc scP Q and scV , but 

where . Note that for the power injection model, these two operating points are 

identical because they have the same series active and reactive power and bus voltage.  For this 

situation, two complex conjugate eigenvalues have positive real parts, thus this operating point is 

locally unstable.  From the participation factors, it is determined that these unstable eigenvalues 

are associated mostly with the angular frequency of the generators connected to buses 100 and 

112. This means that the UPFC itself is not contributing directly to the instability. The control 

parameters of the UPFC at this point are: 

0.6shuntP = − pu

 

1 0.1287k =    2 0.0086k =

1 6.1842radα =  2 1.6396radα =  

1 0.9891dck V pu=  

1
0.6641di pu= −

1
0.1577qi pu=

= −
2

0.1853qi pu=

  

2
0.0332di pu

  
 

The same fault is applied to the system as in the previous example. The same PI controller 

is used to stabilize the system.  As can be seen in Figs. 8-11, the controlled network becomes 

unstable rapidly. This shows how important the choice of initial operating condition is to the 

controllability and stability of the system, regardless of the choice of initial series active and 

reactive power flows and system bus voltage. 
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Fig. 8. UPFC Injected Series Active Power in Example 1b 

(without control – top, with control – bottom) 
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Fig. 9. UPFC Injected Series Reactive Power in Example 1b 

(without control – top, with control – bottom) 
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Fig. 10. ac voltage of the shunt converter of the UPFC in Example 1b 

(without control – top, with control – bottom) 
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Fig. 11. ac bus voltage of the UPFC in Example 1b 

(without control – top, with control – bottom) 

 

Example 2 

In the second example, a UPFC placement is changed and it is now placed between buses 

102 and 101 in the 118 bus network.  The initial injection model settings are , 

, and . These are basically the line power and voltage values before 

UPFC installation.  

0.3966scP p= u

u pu

pu

0.1063scQ p= − 0.9866scV =

 

(a) When , the initial parameters are:  0.01shuntP = −

1 1.0018k =    2 0.0075k =

1 6.2816radα =   2 1.7371radα =  

1 0.9867dck V pu=  

1
0.0103di pu= −

1
8.9314 4qi e pu= − −

=
2

0.0638qi pu=

  

2
0.4113di pu

  
With the above conditions, all eigenvalues of  have negative real parts.  Similar to example 

1, a fault is applied to bus 30 of the network at 1 s and cleared after 0.1 s.  Figs. 12-15 show the 

behavior of the system with and without PI controllers. In figures denoted by (a), no control has 

been applied until 14.25 s. On the other hand, in the figures distinguished by (b), the PI controller 

has been applied from the very beginning. The same control parameters as in Table I have been 

sysA
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used in this example. As it might be viewed in Figs. 14a and 15a, after about 14.25 s, the PI 

controllers do a good job for stabilizing the system. 
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Fig. 12. UPFC Injected Series Active Power in Example 2a 

(without control until 14.25s – top, with control – bottom) 
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Fig. 13. UPFC Injected Series Reactive Power in Example 2a  

(without control until 14.25 – top, with control – bottom) 
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Fig. 14. ac voltage of the shunt converter of the UPFC in Example 2a 

(without control until 14.25 – top, with control – bottom) 
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Fig. 15. ac bus voltage of the UPFC in Example 2a 

(without control until 14.25 – top, with control – bottom) 

 

 

(b) Next, an alternate operating point is chosen with the same values of ,sc scP Q and scV  

where . For this situation, two complex conjugate eigenvalues have positive real 

parts, thus this operating point is locally unstable.  From the participation factors, it is determined 

that these unstable eigenvalues are associated mostly with the angular frequency of the generators 

connected to buses 40 and 112. Here again we conclude that the power system inter-area modes 

0.7shuntP = − pu
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are corresponding to unstable equilibrium points and not the UPFC modes. The operating 

conditions of the UPFC in these situations are: 

 

1 0.1216k =    2 0.0105k =

1 6.1752radα =   2 1.6288radα =  

1 1.010dck V pu=  

1
0.7252di pu= −

1
0.1139qi pu=

=
2

0.0168qi pu= −

  

2
0.4158di pu

  
 

The control is applied at 12.8s.  As it is seen in Figs. 16a, 17a, 18a and 19a, the controller is 

not able to stabilize the system. Actually the control action makes the situation worse. However, 

in Figs. 16b, 17b, 18b and 19b it is seen that when the controllers come into action from the very 

beginning, they could stabilize the system. This again shows that picking an inappropriate 

operating point could lead the power system into undesirable behavior after a fault. 
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Fig. 16. UPFC Injected Series Reactive Power in Example 2b 

(without control until 12.8s – top, with control – bottom) 
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Fig. 17. UPFC Injected Series Reactive Power in Example 2b 

(without control until 12.8s – top, with control – bottom) 
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Fig. 18. ac voltage of the shunt converter of the UPFC in Example 2b 

(without control until 12.8s – top, with control – bottom) 
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Fig. 19. ac bus voltage of the UPFC in Example 2b 

(without control until 12.8s – top, with control – bottom) 

 

VI. CONCLUSIONS 

This work shows that the steady-state power injection model of the UPFC is insufficient for 

transient stability analysis.  In the steady-state power injection model, only the series reactive and 

active powers and the shunt bus voltage magnitude are specified.  Even with these values 

specified, there are many operating states that can be achieved from the dynamic equations.  This 

may lead to unstable initial operating conditions.   In addition, even if the initial operating 

conditions are stable, the stability margin may be sufficiently decreased so as to adversely affect 

the controllability of the system during transients. 

Future work would be to apply nonlinear control theory for the evaluation of an optimal 

operating condition from the system’s stability point of view. Other approaches such as 

application of the energy function methods might also be able to explain and predict system 

behavior after a contingency happens to the power system. 
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2. The Existence of Multiple Equilibria in
         the UPFC Power Injection Model   

  M. Zarghami, Student Member, IEEE, M. L. Crow, Senior Member, IEEE

ABSTRACT: This letter shows the existence of multiple equilibria that arise from the

use of the state model of the UPFC. These multiple equilibria can arise from a common

power injection model for the same terminal conditions of shunt bus voltage and series

active and reactive power injections. The multiple equilibria result in two or more sets

of eigenvalues, some of which may indicate an unstable operating condition. Therefore,

the use of the UPFC power injection model must be used with caution to ensure stable

operation of the UPFC.

 

Index Terms–UPFC, oscillation damping, power system stability

I. INTRODUCTION

The UPFC power injection model is widely used for power system simulations (recent

examples include [1]-[3]). In the power injection model, the impact of the UPFC in the

network is represented by its series and shunt current injections, or similarly, its series

and shunt active and reactive power injections. A common approach to incorporating the

UPFC power injection model into the system is to represent the UPFC as two buses:

a ‘PQ’ bus at the receiving end in which both active and reactive power are specified,

and a ‘PV’ bus at the sending end in which voltage and active power are specified

[4]. In this letter, it will be shown that if the power injection model is used instead of

the dynamic model for the same operating conditions, then multiple equilibria (with

possibly different stability properties) can exist.
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                               Fig. 1.  Unified Power Flow Controller Diagram

II. THE UPFC STATE MODEL

The UPFC is a combination of the STATCOM (static synchronous compensator) and

SSSC (static series synchronous compensator) as shown in Figure 1. The series connected

inverter injects a voltage with controllable magnitude and phase angle in series with the

transmission line, thereby providing active and reactive power to the transmission line.

The shunt-connected inverter provides the active power drawn by the series branch and

the losses and can independently provide reactive compensation to the system. The UPFC

state model is:

1

ωs

d

dt
id1 =

k1Vdc

Ls1

cos (α1 + θ1) +
ω

ωs

iq1 −
Rs1

Ls1

id1 −
V1

Ls1

cos θ1 (1)

1

ωs

d

dt
iq1 =

k1Vdc

Ls1

sin (α1 + θ1) − Rs1

Ls1

iq1 −
ω

ωs
id1 −

V1

Ls1

sin θ1 (2)

1

ωs

d

dt
id2 = −Rs2

Ls2

id2 +
ω

ωs

iq2 +
k2

Ls2

cos (α2 + θ1)Vdc

− 1

Ls2

(V2 cos θ2 − V1 cos θ1) (3)

1

ωs

d

dt
iq2 = −Rs2

Ls2

iq2 −
ω

ωs
id2 +

k2

Ls2

sin (α2 + θ1)Vdc

− 1

Ls2

(V2 sin θ2 − V1 sin θ2) (4)

C

ωs

d

dt
Vdc = −k1 cos (α1 + θ1) id1 − k1 sin (α1 + θ1) iq1

−k2 cos (α2 + θ1) id2 − k2 sin (α2 + θ1) iq2 −
Vdc

Rdc

(5)
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where the parameters are as in [5]. The currents id1 and iq1 are the dq components of

the shunt current. The currents id2 and iq2 are the dq components of the series current.

The voltages V1 � θ1 and V2 � θ2 are the shunt and series voltage magnitudes and angles

respectively. Vdc is the voltage across the DC capacitor, Rdc represents the switching

losses, Rs1 and Ls1 are the shunt transformer resistance and inductance respectively and

Rs2 and Ls2 are the series transformer resistance and inductance respectively. The control

parameters k1 (k2) and α1 (α2) are respectively the modulation gain and voltage phase

angle of the shunt (series) injected voltage.

The power balance equations at bus 1 (sending) are:

0 = V1 ((id1 − id2) cos θ1 + (iq1 − iq2) sin θ1) − V1

n∑
j=1

VjY1j cos (θ1 − θj − φ1j) (6)

0 = V1 ((id1 − id2) sin θ1 − (iq1 − iq2) cos θ1) − V1

n∑
j=1

VjY1j sin (θ1 − θj − φ1j) (7)

and at bus 2 (receiving):

0 = V2 (id2 cos θ2 + iq2 sin θ2) − V2

n∑
j=1

VjY2j cos (θ2 − θj − φ2j) (8)

0 = V2 (id2 sin θ2 − iq2 cos θ2) − V2

n∑
j=1

VjY2j sin (θ2 − θj − φ2j) (9)

Figure 2 shows a power injection model of the UPFC. The series branch shows the

series injected voltage (controllable by varying k2 and α2) and the shunt branch with

voltage controlled by k1 and α1.

Combining equations (1)-(9) yields nine equations with thirteen unknowns, therefore

additional constraints are necessary to fully determine the operating equilibrium.

In the power injection model, three parameters may be arbitrarily set: the shunt bus

voltage magnitude and the series active and reactive powers such that:

Vsc = V1 (10)

Psc = Vd2id2 + Vq2iq2 (11)

Qsc = Vq2id2 − Vd2iq2 (12)
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                                           Fig. 2.   UPFC Equivalent Model

where Vsc, Psc and Qsc are the specified desired values.

Since the power injection model is lossless, the shunt power P1 is typically set to Psc

as well (being a ‘PV’ bus). However, in the state model the shunt power must account

for losses in the converter such that

−P1 = Psc + Ploss (13)

= Psc +Rs1

(
i2d1

+ i2q1

)
+Rs2

(
i2d2

+ i2q2

)
+

1

Rdc
V 2

dc

thus providing the thirteenth equation. Therefore, for the same specified values of Vsc, Psc,

and Qsc, multiple solutions for the remaining variables may exist depending on the choice

of P1. The power injection model in which P1 = Psc is just one of many solutions that

exist to the model of equations (1)-(12).

In applications in which a dynamic model is used, typically the dc link voltage (Vdc)

is controlled. By controlling Vdc, the user is indirectly specifying the value of P1 since

the shunt active power is used to maintain Vdc. However, the power injection model is

independent of the value of Vdc, therefore the value of P1 can be arbitrarily chosen, which

may lead to inconclusive results concerning stability.

III. ILLUSTRATIVE EXAMPLE

In this example, a UPFC is placed in the IEEE 118 bus system with the following

parameters (in per unit):
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                               Fig. 3.  UPFC parameters for variations in P1

Rs1 = 0.01 ωsLs1 = 0.15 Rdc = 100

Rs2 = 0.001 ωsLs2 = 0.015 C = 1.1364

Figure 3 shows the variation in k1 and Vdc as P1 is varied and Psc, Qsc and Vsc are

held constant. Note that the product k1Vdc remains nearly constant, thus the magnitude

of the injected voltage remains near 1.0 with only a few percent variation to regulate the

shunt voltage at the desired Vsc.

Consider the two points (P-1 and P-2) indicated in Figure 3. These two points

correspond to the same operating conditions where

Psc = −0.1178 pu Qsc = −0.1353 pu Vsc = 0.9528 pu

with

k1 (pu) α1 (rad) k2 (pu) α2 (rad) k1Vdc (pu)

P-1 0.9626 0.0017 0.0024 -2.8803 0.9533

P-2 0.1287 0.0990 0.0086 1.6396 0.9891

The negative sign in Psc and Qsc indicates that the power flow is from bus 2 to bus 1.

Both P-1 and P-2 satisfy the same injection model constraints, but with significantly

different results. The P-1 system eigenvalues all lie in the left half plane, whereas a pair

of P-2 system eigenvalues have migrated to the right half plane. To see the difference

in the effect of the operating points, consider a three phase ground fault on bus 30 (of
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the IEEE 118 bus test system) cleared after 0.12 seconds (Figure 4). For the system

initialized at P-1, the oscillations remain bounded, whereas the system initialized at P-2

results in nonlinear undamped oscillations.
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                         Fig. 4.  Dynamic response of UPFC series active power

IV. SUMMARY AND CONCLUSIONS

This letter is intended as a cautionary note for the use of the power injection model.

While the power injection model is a useful simplification, it does not represent losses

and may therefore lead to inaccurate estimates of the stability and dynamic behavior of

the full system.
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3. Discussion on Effective Control of  
Inter-Area Oscillations by UPFCs 
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ABSTRACT:  The paper discusses an effective method for damping inter-area oscillations 

in a power network using UPFCs. This two stage method controls voltage magnitudes/angles of 

the two sides of the UPFC based on a linearized approach, which in turn will command 

modulation amplitudes and angles of the UPFC. The method is compared to a one stage 

linearized approach which directly commands modulation amplitudes and angles of the UPFC. 

Discussion on the feasibility of the method and its relation to the steady-state operation of the 

UPFC is also addressed. 

 

Index Terms: UPFC, Inter-Area Oscillations 
 

I. INTRODUCTION 

Damping inter-area oscillations in a power network is one of the important applications of a 

Unified Power Flow Controller [1]-[6]. These oscillations can occur in a system because of 

contingencies such as sudden load changes or power system faults. Fig. 1 shows a schematic 

diagram of a UPFC, which is a series-shunt FACTS device. Controlling power oscillations can be 

done by rapidly changing the power flow through the series part of the UPFC. The needed 

electrical power to do this action comes from the UPFC's capacitor, which can be discharged 

temporarily during the control. This in turn brings up the issue of control and maintaining the 

capacitor dc voltage. There has been numerous work reported in the area of damping inter-area 

oscillations, some of which are based on linear control analysis of the UPFC and power system 

[1, 3 and 5], and others are based on nonlinear control systems theory and Lyapunov Energy 

Functions [2, 4 and 6]. Whichever method is used for the problem, the controller does its action 

by commanding the modulation amplitudes ( ) and angles (1 2,k k 1 2,α α ) of the UPFC. 

Despite all the work done so far, authors have rarely found thorough work which not only 
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shows results of the control in a complex multi-machine network with numerous oscillating 

modes, but also takes into account the dynamics of the UPFC capacitor and its shunt part in the 

studies.  

In the present work, two control schemes for damping inter-area oscillations have been 

considered. In the first scheme, a one stage controller has been designed which directly 

commands the modulation amplitudes and angles of the UPFC. In the second scheme a two stage 

controller is devised. The first stage calculates the needed voltage magnitudes and angles at the 

two buses of the UPFC and the second stage commands the values of modulation amplitudes and 

angles of the UPFC based on the calculated values in the first stage. Both methods are based on 

the linear control theory and linearization of the state space model of the power system and they 

both take into account the dynamics of the shunt part and capacitor of the UPFC in the design. 

However, nonlinear simulations have been carried out to show the capability of the controllers in 

damping multiple inter-area oscillations. Studies show that the two stage controller shows 

remarkably better results on the IEEE 118 bus test system. In the following sections, modeling of 

the power system as well as the design of the controllers will be explained in detail. Then 

simulation results will be shown and comparison between the operations of the mentioned 

controllers will be presented. In the end, feasibility of the two stage controller as well as its 

relation to the steady-state operation of the UPFC will be discussed. 
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Fig. 1. Unified Power Flow Controller Diagram 
 

II. SYSTEM MODELING FOR CONTROLLER DESIGN 

This section describes the process for modeling the power system from the controller's 

point of view. The goal is to describe the system by a pure nonlinear differential equation set. The 

resulted state space model can be linearized for the purpose of the present work. In the work, the 
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system is assumed to have gn generators, load buses and  UPFCs. This results the system 

admittance matrix to have an order of .  If we assume all loads of the system to 

have constant admittance, and if we consider classical model for the generators, it would be 

possible to get a reduced admittance matrix of order

ln un

2g ln n n+ + u

2g un n+ , where gn internal machine buses 

are connected to UPFC buses as shown in Fig. 2. This comes from the fact that there would be 

no current injection at load buses or generator terminal buses if we assume the loads to be of 

constant admittance type and hence it would be possible to reduce the order of the system by 

Cron reduction when the load admittances are taken into the new bus admittance matrix. This 

method would also take the generators' transient axis reactances into the new admittance 

matrix so that the equivalent system would be viewed from the injection points of (a) Generator 

internal buses (b) UPFC sending buses and (c) UPFC receiving buses as shown in Fig. 2. 

2 un

d
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Fig. 2. Equivalent Power System from the Controller's View 

 
The resulted state space system would be of the following format for the generators: 

.

j j sδ ω ω= −          (1) 
2.

1

(1 / )( cos( ))
g un n

j j j k jk j k jk
k

jMM P E E Yω
+

=

= − − −∑ δ δ Φ     (2) 

 
where:  

 

Sω : Synchronous speed (rad/s) 
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jω : Speed of machine j (rad/s)      1, ..., gj n=  

jM : Inertia at machine j (pu)       1, ..., gj n=  

jMP : Mechanical input at machine j (pu)     1, ..., gj n=  

iδ : Angle at bus i (Radians)      1, ..., 2g ui n= + n  

iE : Bus magnitude at bus i (pu)                1, ..., 2g ui n= + n  

jk jkY ∠Φ : Admittance matrix of the equivalent reduced system for          , 1, ..., 2g uj k n= + n  

 
For UPFCs we use a power injection model schematically shown in Fig.3.  
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Fig. 3. Power Injection Model for UPFC 
 

According to [7], the dynamical equations for UPFC's power injection model could be 
written as: 

 

11 1

. 11 1
1 1

1 1

1 cos( )
1

j

j jj j

dj j
q j jd d dc

S j j

VR k
i i i v

L L
θ α

ω
= − + + + −

jL
      (3) 

1 1 1

. 11 1
1 1

1 1

1 sin( ) j

j j jj

qj j
q q j jd

S j j

VR k
i i i v

L L
θ α

ω
= − − + + −

1
dc

jL
     (4) 

22 2

. 2 12 2
1 2

2 2 2

1 cos( )
2

j j

j jj j

d dj j
q j jd d dc

S j j j

V VR k
i i i v

jL L L
θ α

ω
=− + + + − +

L
     (5) 

2 2 2

. 2 12 2
1 2

2 2 2

1 sin( ) j

j j jj

q qj j
q q j jd dc

S j j j

V VR k
i i i v

L L L
θ α

ω
=− − + + − +

2

j

jL
     (6) 
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11

22

.

1 1 1 1 1 1

2 1 2 2 1 2

cos( ) sin( )

cos( ) sin( )

j jj

j

jj
j

qj j j j j jdc d
S

dc
qj j j j j jd

p

C v k i k i

v
k i k i

R

θ α θ α
ω

θ α θ α

= − + − +

− + − + −

    (7)  

 
where: 

1, ..., uj n=  

11, jdji i ji+=
1 jq

2 jq

: Shunt injection current in UPFC j (pu)  

22, jdji i ji+= : Series injection current in UPFC j (pu)  

1 jR : Equivalent shunt resistance in UPFC j (pu)  

1 jL : Equivalent shunt inductance in UPFC j (pu)  

2 jR : Equivalent series resistance in UPFC j (pu)  

2 jL : Equivalent series inductance in UPFC j (pu)  

jdcv : dc bus voltage in UPFC j (pu)    

jC : Equivalent capacitance in UPFC j (pu)   

jpR : Equivalent dc resistance in UPFC j (pu)  

1 1,jk jα : Modulation amplitude and angle of the shunt part of UPFC j 

2 2,j jk α : Modulation amplitude and angle of the series part of UPFC j 

 

1 1 cos
jd jV V 1 jθ=          (8) 

1 1 sin
jq jV V 1 jθ=          (9) 

2 2 cos
jd jV V 2 jθ=          (10) 

2 2 sin
jq jV V 2 jθ=          (11) 

If the buses of the new system are numbered as 1 to g
n for generators, 1

g
n + to 

for UPFCs' sending buses and g un n+ 1
g un n+ + to for UPFCs' receiving buses, 

then we will have: 

2
g un + n
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1, ...,
u

j n=  

1 gj n jV E +=          (12)  

1 gj n jθ δ +=          (13)  

2 g uj n n jV E + +=          (14)  

2 g uj n n jθ δ + +=          (15)  

 
Writing up KCL at the sending and receiving buses of the UPFC and doing some math one 

can get the following equations: 
 

1, ..., ui n=  
 

1 1
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2
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1 , ,
1 1

, , ,
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, , ,
1

,

sin( )

cos( ) sin( )
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) sin(
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where: 

1[ ] [ij ij ij ijZ Y −∠Ψ = ∠Φ   , 1, ...,g gi j n n n= + + u    (20) 
 

Equations (1) to (20) could fully describe the model used in this work for controller design. 
 

III. ONE STAGE CONTROLLER DESIGN 

Using the full state space model described in the previous section and considering the 

following inputs: 4 un

2( 1) 1 1 1

2( 1) 2 1 1

2 22( 1) 2

2 22( 1) 2

1

2
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=

       (21) 

  

It would be possible to get a linearized state space system of the form: 
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1 1 2 2 1

.

2 1

1 4

[ ]

[ ]

,..., , ,..., , , , , , ,..., , , , ,

,...,

g g n n n n nu u u u u

T
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un

X

U u

X AX BU
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u

δ δ ω ω=

=
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   (22) 

 

Where A and are constant matrices. As it is seen in (22), the order of the system 

is . This is because instead of the equation set (1), the following modified equation 

set has been used in the linearization process: 

B

2 5g un n+ −1

.

1

2,...,
j j

gj n

δ ω ω= −

=
         (1)' 

 

The reason for the above manipulation and calculating generators' speed deviations with 

respect to the first generator is to get a linear system which is controllable. Using (22) and 

applying an optimal control scheme of the LQR format, it is possible to find an optimal K matrix 

to account for updated modulation amplitudes and angles from U KX= − during the control 

process. This approach is called the one stage method because it directly calculates the 

controlling modulation amplitudes and angles. 

 

IV. TWO STAGE CONTROLLER DESIGN 

We write (2) as: 
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where: 

2( 1) 1 1

2( 1) 2 1

22( 1) 2

22( 1) 2

1

2

1, ...,

j

u

j d

j q

dj n

qj n
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j n

r V

r V

r V

r V

− +

− +

− +

− +

+

+

=

=

=

=

=

        (23) 

 

Considering (1)' and (2)', one can get a nonlinear state space equation of the order 

with intermediate control inputs defined by (23). This state space set, which describes the 

first stage of the control process, is independent of the UPFC dynamics and seems to be 

mathematically much less complicated than the system defined in III. Linearizing this system and 

applying an optimal linear control based on LQR would result in optimal values of voltages at 

both sending and receiving buses of a UPFC at every time step of the control process. The 

resulting control tries to minimize speed and angle deviations of the machines. Considering 

UPFC voltages as intermediate inputs of the control problem would decouple them from the 

power network and one can independently solve the dynamical equations of a UPFC for its 

modulation amplitudes and angles once its bus voltages are known. This is called the second 

stage of the control. Fig. 4 shows a flowchart which describes this two stage control 

schematically. 

2
g

n −1
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Fig. 4. Two Stage Control Design 
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V. EXAMPLE AND DISCUSSION 

As an example, IEEE 118 bus test system has been considered [8]. This system has 20 

machines, where the order of each machine is 10, containing the two-axis generator model, Type 

I Exciter/AVR model and turbine and governor models. The diagram of the network is shown in 

Fig. 5.  
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Fig. 5. IEEE 118 Bus Test System 

 

 

The above system has been nonlinearly simulated using MATLAB with a fault having an 

admittance of 1 pu occurring on bus 43 at 0.2 s and removed at 0.4 s. Two UPFCs have been 

installed in the system in lines 30-26 and 64-65 respectively. They operating points of the UPFCs 

have been initialized using the method discussed in [9]. The characteristics of the UPFCs along 

with their pre-fault steady state operating points are as follows: 
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Two controllers have been designed using the One Stage and Two Stage schemes 

respectively. Simulations have been compared with the case where no UPFC exists in the system 

and the results have been shown in the following figures. The weighting matrices for both 

controllers have been chosen such that the most possible damping of inter-area oscillations can be 

obtained. Fig. 6 shows the speed of generators. The dashed plots show the simulations with no 

UPFC and the thin and bold plots show the results with the One Stage and Two Stage controllers, 

respectively. As it is seen, speed deviations have been controlled using the Two Stage controller 
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effectively. Also note that for both the uncontrolled and the One Stage controller there exist low 

frequency components which have not been damped out completely by the end of the simulation. 

The results of the Two Stage controller do not show this low frequency component at all. The 

One Stage controller shows qualitatively compatible results with [10]. In [10], the differential-

algebraic equations of the power system have been directly linearized for designing the controller. 

Fig. 7 shows the controlling modulation amplitudes and angles of the UPFCs during the control 

process. Fig. 8 depicts UPFC currents in d-q format and Fig. 9 shows UPFC ac and dc voltages. 
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Fig. 6. Speed Deviations (No Control: thin, One Stage: bold, Two Stage: boldest) 
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continued Fig. 6. Speed Deviations (No Control: thin, One Stage: bold, Two Stage: boldest) 
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continued Fig. 6. Speed Deviations (No Control: thin, One Stage: bold, Two Stage: boldest) 
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Fig. 7. Modulation Amplitudes and Angles (One Stage: thin, Two Stage: bold)  
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Fig. 8. UPFC Currents (One Stage: thin, Two Stage: bold) 
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Fig. 9. UPFC ac & dc Voltages (One Stage: thin, Two Stage: bold) 
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As it is generally seen in the figures, the Two Stage controller shows more effective and 

quicker results. However, there are more severe transients for the dc voltages in the Two Stage 

controller. Actually, the pre-fault steady-state operating situations play an important role in the 

success of the Two Stage controller. As it is seen, dc voltages may come down from 6 pu to less 

than 2 pu during the control. This shows that in order for the Two Stage controller to do its work, 

the dc side should be capable of injecting enough energy into the system. Authors found out that 

3 major factors effect the operation of the Two Stage controller: (a) or the equivalent 

capacitance of the UPFC, (b) 

C

Loss
P at pre-fault steady-state which describes ac losses of the UPFC, 

and (c) which describes the dc losses of the UPFC. From the above 3 factors, increase of 
p

R
Loss

P  

and  tend to increase the steady-state operating point of . Several simulations show that 

successful operation of the controller is guaranteed when the values of C ,

p
R dc

v

Loss
P and

p
R  are increased, 

or when more capacitance, more ac losses and less dc losses exist in UPFCs. This sensitivity does 

not hold for the One Stage controller, where the simulations were repeated with a broad range 

of C , 
Loss

P and
p

R and the simulation results were generally successful.  

VI. CONCLUSION 

Two control schemes for damping inter-area oscillations using multiple UPFCs have been 

introduced in this paper, which are both based on the linear control theory. They are both state-

feedback controllers and assume that global data of the power system is available to the 

controllers. The Two Stage controller shows more effective and quicker results than the One 

Stage controller. However, certain operating conditions must be provided for the Two Stage 

controller to do its job effectively. These conditions are mostly affected by UPFC dc capacitance 

and its ac and dc losses, where more capacitance and ac losses from one hand and less dc losses 

from the other hand can enhance the operation of the controller. Simulations show that a 

compromise between these three parameters could be gained for practical purposes. 

Further work includes designing decentralized controllers which depend on only local data. 

Further investigation could be made on designing nonlinear controllers based on the proposed 

nonlinear modeling. Robustness and dependency of the designed controllers on the topology 

changes of the power system is also a matter of concern. 
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4. A Novel  Approach  to  Inter-Area Oscillation
       Damping by UPFC Voltage Control 

     M. Zarghami, Student Member, IEEE, M. L. Crow, Senior Member, IEEE.

S.  Jagannathan, Senior Member, IEEE, and Y. Liu Fellow, IEEE

ABSTRACT: This paper discusses a novel approach for damping inter-area oscillations

in a bulk power network using multiple unified power flow controllers (UPFC). In this

paper, a new control is introduced to mitigate inter-area oscillations by directly controlling

the UPFCs’ sending and receiving bus voltages. The results of this controller are compared

to a traditional approach that works by controlling the active and reactive power flows

through the UPFCs. The proposed control provides better inter-area oscillation mitigation

when applied to multiple UPFCs in the 118 bus IEEE test system.

Index Terms – UPFC, oscillation damping, power system stability

I. INTRODUCTION

In addition to steady-state power flow control, damping oscillations in a power network

is one of the primary applications of a Unified Power Flow Controller (UPFC). As

high voltage power electronics become less expensive, FACTS devices will become

more prevalent in the bulk transmission system to control active power flow across

congested corridors and ensure voltage security. An added benefit of UPFCs deployed in

the transmission system is that they can also effectively control active power oscillations

that can damage generators, increase line losses, and increase wear and tear on network

components. Therefore developing suitable control strategies is a requirement before

UPFCs can be confidently utilized in the power system.

Mitigating power oscillations can be accomplished by rapidly changing the power flow

through the series part of the UPFC. By controlling the amplitude and angle of the series
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injected voltage, the active and reactive power flow in the transmission line can be altered.

Several authors have investigated utilizing the UPFC to damp inter-area oscillations

utilizing a variety of control approaches [1]-[10]. Some of this work is based on a linear

control analysis of the UPFC and power system [1]-[5], whereas other authors consider

nonlinear control systems theory and Lyapunov Energy Functions [6]-[10]. Regardless of

which approach the control law is based upon, the UPFC controller ultimately performs

the control by commanding the appropriate modulation amplitudes (k1, k2) and angles

(α1, α2) of the series and shunt voltages.

The UPFC power injection model is widely used for power system simulations (recent

examples include [2]-[4]). In the power injection model, the impact of the UPFC in the

network is represented by its series and shunt current injections, or similarly, its series

and shunt active and reactive power injections. A common approach to incorporating the

power injection model into the system is to represent the UPFC as two buses: a ‘PQ’ bus

at the receiving end in which both active and reactive power are specified, and a ‘PV’

bus at the sending end in which voltage and active power are specified [11].

In this paper, a new UPFC control methodology is introduced for damping inter-area

oscillations in which the sending and receiving end voltages are utilized instead of the

active and reactive powers. This is based on a two-stage control scheme in which the

controlling UPFC voltages are first determined and then the desired sending and receiving

end conditions are imposed upon the UPFC dynamics to derive the controlling modulation

amplitudes and angles. The results of the proposed controller are then compared to

a traditional approach that controls the active and reactive power flows through the

UPFCs. Both of these methods are based on linear control theory, however they are

both validated using a full non-linear system simulation. The resulting dynamics indicate

that the proposed controller provides significantly better damping in the 118 bus IEEE

test system.

II. THE UPFC MODEL

The unified power flow controller, or UPFC, is the most versatile FACTS device.

It consists of a combination of a shunt and series branches connected through the

DC capacitor as shown in Fig. 1. The series connected inverter injects a voltage
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                             Fig. 1.  Unified  Power  Flow  Controller   Diagram

with controllable magnitude and phase angle in series with the transmission line,

therefore providing real and reactive power to the transmission line. The shunt-connected

inverter provides the active power drawn by the series branch plus the losses and

can independently provide reactive compensation to the system. The UPFC model is

a combination of the STATCOM (Static Synchronous Compensator) and SSSC (Static

Synchronous Series Compensator) models [12]:

1

ωs

d

dt
id1 =

k1Vdc

Ls1

cos (α1 + θ1) +
ω

ωs

iq1 −
Rs1

Ls1

id1−
V1

Ls1

cos θ1 (1)

1

ωs

d

dt
iq1 =

k1Vdc

Ls1

sin (α1 + θ1) − Rs1

Ls1

iq1 −
ω

ωs
id1 −

V1

Ls1

sin θ1 (2)

1

ωs

d

dt
id2 = −Rs2

Ls2

id2 +
ω

ωs

iq2 +
k2

Ls2

cos (α2 + θ1)Vdc

− 1

Ls2

(V2 cos θ2 − V1 cos θ1) (3)

1

ωs

d

dt
iq2 = −Rs2

Ls2

iq2 −
ω

ωs

id2 +
k2

Ls2

sin (α2 + θ1)Vdc

− 1

Ls2

(V2 sin θ2 − V1 sin θ2) (4)

C

ωs

d

dt
Vdc = −k1 cos (α1 + θ1) id1 − k1 sin (α1 + θ1) iq1

−k2 cos (α2 + θ1) id2 − k2 sin (α2 + θ1) iq2 −
Vdc

Rdc

(5)

where the parameters are as shown in Fig. 1. The currents id1 and iq1 are the dq

components of the shunt current. The currents id2 and iq2 are the dq components of
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the series current. The voltages V1 � θ1 and V2 � θ2 are the sending end and receiving end

voltage magnitudes and angles respectively. The UPFC is controlled by varying the phase

angles (α1, α2) and magnitudes (k1, k2) of the converter shunt and series output voltages

(e1, e2) respectively.

The power balance equations at bus 1 are given by:

0 = V1 ((id1 − id2) cos θ1 + (iq1 − iq2) sin θ1) − V1

n∑
j=1

VjY1j cos (θ1 − θj − φ1j) (6)

0 = V1 ((id1 − id2) sin θ1 − (iq1 − iq2) cos θ1) − V1

n∑
j=1

VjY1j sin (θ1 − θj − φ1j) (7)

and at bus 2:

0 = V2 (id2 cos θ2 + iq2 sin θ2) − V2

n∑
j=1

VjY2j cos (θ2 − θj − φ2j) (8)

0 = V2 (id2 sin θ2 − iq2 cos θ2) − V2

n∑
j=1

VjY2j sin (θ2 − θj − φ2j) (9)

�����

iG1 iG2 iGN

                       Fig. 2.  Equivalent  power  system  from  the  “voltage  control”  view

III. “VOLTAGE CONTROL” CONTROLLER DESIGN

For control development purposes, several assumptions are initially made. The two

simplifying assumptions are that the system loads are modeled as constant impedance

loads and can therefore be absorbed into the bus admittance matrix. Secondly, the

generators are modeled as the classical “transient reactance behind constant voltage”

model. Note that these assumptions are for control development only – the proposed
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control is validated with the full nonlinear 10-th order power system model given in the

Appendix. Using the load impedance model, the only points of current injection into

the network are the generator internal buses and the UPFC sending and receiving end

buses. Furthermore, Kron reduction enables the transmission network to be reduced to

an admittance matrix of size (N + 2n × N + 2n) where N is the number of generator

buses and n is the number of UPFCs in the system. Fig. 2 illustrates the reduced system

showing the points of current injection. Each UPFC has two current injections, i1 and

i2, at the sending and receiving ends respectively. The generator current injections are

given by iG. The classical model for the reduced network including the UPFCS is:

δ̇j =ωj − ωs (10)

ω̇j =
1

Mj

[
PMj

− Ej

N∑
k=1

EkYjk cos (δj − δk − φjk)

−Ej

N+n∑
k=N+1

EkYjk

(
cos (δj − φjk) r2(k−N−1)+1 + sin (δj − φjk) r2(k−N−1)+2

)

−Ej

N+2n∑
k=N+n+1

EkYjk

(
cos (δj − φjk) r2(k−N−1)+1 + sin (δj − φjk) r2(k−N−1)+2

)
⎤
⎦(11)

j = 1 . . . , N

where Ej � δj is the voltage at bus j, Yjk � φjk is the (j, k)th element of the reduced

admittance matrix, Pmj
,Mj, and ωj are the mechanical power, inertia constant, and

angular speed respectively of machine j, and ωs is synchronous speed. The first

summation represents the active power injected at each generator bus, the second

summation represents the active power injected at each UPFC sending bus, and the third

summation represents the active power injected at each UPFC receiving bus.

This nonlinear system has 2N states and 4n intermediate control inputs rj defined as:

r2(j−1)+1 = V1dj (12)

r2(j−1)+2 = V1qj (13)

r2(j−1)+2n+1 = V2dj (14)

r2(j−1)+2n+2 = V2qj j = 1, . . . , n (15)

where V1dj , V1qj, V2dj and V2qj are the dq components of the sending (1) and receiving

(2) ends for the j-th UPFC respectively. This step describes the first stage of the two
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stage control. Note that this stage is independent of the UPFC dynamics.

Linearizing this reduced system results in a linear system of the form:

Ẋ = AX +BR (16)

where R represents the vector of the UPFC dq voltages. This system can be linearized

through the feedback control

R = −KX (17)

where K is chosen using optimal LQR control processes to minimize speed and angle

deviations in the generators. If the original system were linear, this feedback control

would result in the optimal values of voltage magnitudes and angles at both the sending

and receiving buses of the UPFC to damp the interarea oscillations.

The second stage of the control is to convert the control inputs R into the modulation

gain and phase angles k and α for each UPFC. The first step in this stage is to find the

values of currents id1, iq1, id2 and iq2 from the UPFC active and reactive power balance

equations at the sending and receiving end buses given in equations (6)-(9).

If it can be assumed that the time scale difference between the UPFCs and the generator

dynamics is large (i.e. 1
ωs

� 1
Mi

) and letting 1
ωs

≈ 0, then equations (1)-(4) can be

rewritten as their algebraic counterparts:

0 =
k1Vdc

Ls1

cos (α1 + θ1) +
ω

ωs
iq1 −

Rs1

Ls1

id1 −
V1

Ls1

cos θ1 (18)

0 =
k1Vdc

Ls1

sin (α1 + θ1) − Rs1

Ls1

iq1 −
ω

ωs
id1 −

V1

Ls1

sin θ1 (19)

0 = −Rs2

Ls2

id2 +
ω

ωs
iq2 +

k2

Ls2

cos (α2 + θ1)Vdc − 1

Ls2

(V2 cos θ2 − V1 cos θ1) (20)

0 = −Rs2

Ls2

iq2 −
ω

ωs
id2 +

k2

Ls2

sin (α2 + θ1)Vdc − 1

Ls2

(V2 sin θ2 − V1 sin θ2) (21)

Solving equations (18)-(21) together with (5) provides the values of k1, α1, k2, and α2

which are the true control inputs to the UPFC. This procedure can be repeated for each

UPFC independently since the first stage of the control provides the network coupling

during the determination of the input R (the sending and receiving end voltages). Fig. 3

shows a flow chart which illustrates the two stage control.
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                                       Fig. 3. Two stage   control  design

IV. “POWER CONTROL” CONTROLLER DESIGN

In this section, a more traditional “power control” approach is derived. It is based on

the control developed in [13]. The power system equations can generally be written as

Ẋ = F (X, Y ) (22)

0 = H(X, Y, U) (23)

where X is the set of state variables (generator states), Y is the set of network variables

(usually bus voltages and angles), and U is the set of inputs. In this control approach,

the set of inputs is taken to be the set of UPFC active and reactive powers at the sending

and receiving end buses. In this control approach, the UPFC is modeled as a “power

injection” model [11] and the UPFC dynamics are neglected. For the purpose of control

development, the changes in reactive powers are considered to be small and the UPFC

losses are neglected, then equations (22)-(23) can be linearized:

Ẋ =
∂F

∂X
ΔX +

∂F

∂Y
ΔY (24)

0 =
∂H

∂X
ΔX +

∂H

∂Y
ΔY +

∂H

∂U
ΔU (25)
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Solving equation (25) for ΔY in terms of ΔX and ΔU yields

ΔẊ =

⎛
⎝∂F
∂X

− ∂F

∂Y

(
∂H

∂Y

)−1
∂H

∂X

⎞
⎠ΔX −

⎛
⎝∂F
∂Y

(
∂H

∂Y

)−1
∂H

∂U

⎞
⎠ΔU (26)

= AΔX +BΔU (27)

where ΔU = ΔP is the vector of changes to the existing active power flows through the

UPFC. Once again using LQR, then

ΔU = −KΔX (28)

The UPFC reactive powers are calculated using a PI controller to keep the sending and

receiving end voltage magnitudes at their desired levels. Once the new control values of

active and reactive power are found, they are converted into the corresponding switching

inputs k1, α1, k2, and α2 respectively.

V. THE TEST SYSTEM

The IEEE 118 bus test system has been used to compare the two different controllers.

The diagram of the network is shown in Fig. 4. This system has 20 generators each

modeled with the set of equations given in the Appendix. Two UPFCs have been installed

in the system in lines 30-26 and 64-65 with the shunt (sending) parts on buses 30

and 64, respectively. These particular lines were chosen heuristically as being tie lines

between coherent areas. Very little research has addressed the placement of UPFCs for

stability improvement. Most placement algorithms consider only static line loadability or

placement for conjestion reduction. However, one recent work [14] addresses the use of

modal controllability indices specifically for FACTS placement for oscillation damping.

The parameters of the UPFCs are given in Table I. The per unit approach is the same

as in [15] on a 100MW, 100kV system. For example, this corresponds to a Zbase of 100Ω.

TABLE I

UPFC PARAMETERS (IN PU)

R1 L1 R2 L2 Rdc C

UPFC1 0.01 0.15 0.001 0.015 51.0 686.0

UPFC2 0.01 0.10 0.001 0.010 51.0 686.0
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                                            Fig. 4.  IEEE  118  bus  test  system

VI. CONTROLLER RESULTS AND COMPARISONS

In this section the results of the “power controlled” method are compared with the

“voltage controlled” approach. Although the controllers for both methods have been

designed based on linear control approaches, the simulations have been performed on

full nonlinear differential-algebraic systems (as given in the Appendix).

In the highlighted example, a solid symmetrical fault has been applied on bus 43

at 0.2 seconds and has been cleared in 0.4 seconds. The frequencies of a selected set

of generators is shown in Fig. 5. Not all of the frequencies are shown due to space

constraints, but the results are similar. The thin lines are the dynamic responses with no

UPFCs, the thick lines are the “voltage control” approach and the dashed lines indicate

the “power control” results respectively. As can be seen in the various traces, both

the “power” and “voltage” control approaches mitigate the oscillations in comparison

to the uncontrolled case. However, the “voltage” controlled case indicates much better

oscillation damping and it able to hold the generator frequencies at nearly synchronous

speed, whereas both uncontrolled and “power” controlled results show evidence of a

very slow low frequency excursion (0.02 Hz) due to the very slow time response of the
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Fig. 5.    Generator frequency (no   control  –   thin   line,   power control   –  dashed   line, voltage

control – thick line)

Fig. 6 shows the sending and receiving end bus voltages for the two UPFCs. The time

scale has been decreased for better detail. Even though V1d, V1q, V2d, and V2q are modified

through the control approach, the change in the bus magnitudes |Vd + jVq| is very small

and thus appears nearly constant. This is the primary design of the control approach. The

power control approach yields voltages that vary during the fault, but does provide good

voltage damping following the fault clearing compared to the no control case.

Fig. 7 shows the receiving end active power flows. The negative sign indicates that

the active power normally flows from bus 2 to bus 1. Both the voltage and power

control approaches provide significant oscillation damping. The proposed voltage control

approach does result in larger transient active power excursions than the power control

approach, but smaller steady-state active power excursions.

Fig. 8 shows the magnitude of the voltage injected by the series transformer. Figs. 9 and
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10 show the injected active and reactice powers by the series transformer respectively.

Note that in all cases, the injected powers are less than 10% of the active power on the

line and the injected voltage magnitude is small.

The active power injected through the shunt converter is shown in Fig. 11 and the dc

link capacitor voltage is shown in Fig. 12. The primary difference between the controls
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is that the voltage control approach more effectively utilizes the active power out of the

dc link capacitor than does the power control approach to damp the interarea oscillations.

After the oscillations have been damped, the active power injection returns to near zero

which is the active power normally utilized by the converter to account for switching

losses. Longer duration analysis shown in Fig. 13 indicates that the dc link capacitor

voltage returns to nominal within 100 seconds. This is a sufficient recharge rate unless

multiple contingencies occur in close succession.
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In order to quantify the behavior of the controllers and compare them with the

uncontrolled case, the following generator frequency and bus voltage profile indices are

used:

Iω =
1

N

N∑
i=1

⎛
⎝ 1

ns

ns∑
j=1

|ωi − ωs|
⎞
⎠ (29)

IV =
1

Nb

Nb∑
i=1

⎛
⎝ 1

ns

ns∑
j=1

|Vi − V �
i |
⎞
⎠ (30)
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where N is the number of generators in the system, Nb is the number of buses, ns is the

number of samples, and V �
i is the desired voltage magnitude at UPFC bus i. These indices

provide a quantitative measure of the performance of each control approach. The lower

the index, the better the performance of the control approach. Table II shows the indices

for the two controlled cases and the uncontrolled case. Note that the proposed voltage

control scheme provides the best performance as measured by voltage and frequency

deviations.

As a further comparison, the modal content was extracted from the rotor speed
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TABLE II

CONTROLLER COMPARISONS

control Iω IV

none 0.5488 0.0015

power 0.3262 0.0013

voltage 0.0113 0.0003

TABLE III

DOMINANT MODAL CONTENT

no control power control voltage control

−0.59 ± 24.59 −0.77 ± 23.28 −3.55 ± 23.84

−0.04 ± 9.81 −4.69 ± 10.16 −0.91 ± 10.17

0.00 ± 8.50 −0.39 ± 8.79 −0.79 ± 11.82

0.00 ± 5.75 −0.15 ± 5.70 −0.67 ± 4.97

responses using the matrix pencil method (which is a Prony-like estimation tool) [16]. The

dominant modes are given in Table III for the uncontrolled, power, and voltage–controlled

cases. Note that both the power– and voltage–controlled cases provide increased damping

as indicated by the increased magnitude of the real part of the eigenvalue. In fact, the

uncontrolled case exhibits several sustained oscillations below 1 Hz (corresponding to the

0.00± j5.75 and 0.00±8.50 modes). These modes are damped considerably as indicated

by both the dynamic responses and the damping coefficient.

VII. CONCLUSIONS AND FUTURE WORK

Two control schemes have been compared for damping inter-area oscillations by UPFCs.

The first is a “power controlled” scheme which changes active power flows through the

UPFCs for damping oscillations and the second is a novel“voltage controlled” scheme

which damps oscillations by changing the sending/receiving voltage angles of the UPFCs.

It is seen that the proposed “voltage controlled” scheme is much more effective in

damping inter-area oscillations. One drawback however, is that the UPFC dc capacitors are

discharged temporarily to inject their energy into the power system through a controlled

approach. Since there is currently no specific algorithm for avoiding dc link voltage

collapse in the UPFCs, further work is needed to develop a scheme for controlling dc
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link voltages of UPFCs if subjected to multiple contingency faults.

Another area of future research is to design decentralized controllers or controllers that

need a combination of local and selected global data. These proposed controllers were

validated under the assumption that all system data was available, but in practice this

assumption is not fully valid. Lastly, although these examples show that the proposed

controller works under severe fault conditions, the sensitivity of the method to topology

changes should also be studied.
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APPENDIX

Two–Axis Generator Model

δ̇i = ωi − ωs

Miω̇i = TMi
+
Vi

x′di

(
E ′

di
cos (θi − δi) + E ′

qi
sin (θi − δi)

)

T ′
d0i
Ė ′

qi
= −xdi

x′di

E ′
qi

+

(
xdi

− x′di

)

x′di

Vi cos (θi − δi) + Efdi

T ′
q0i
Ė ′

di
= −xqi

x′di

E ′
di
−
(
xqi

− x′di

)

x′di

Vi sin (θi − δi)

Assumption: x′
qi

= x′di
and Rs = 0

IEEE Type I Exciter/AVR Model

TEi
Ėfdi

= −KEi
Efdi

− SEi
(Efdi

)Efdi
+ VRi

TAi
V̇Ri

= −VRi
+KAi

RFi
− KAi

KFi

TFi

Efdi

+KAi
(Vrefi

− Vi) V min
Ri

≤ VRi
≤ V max

Ri

TFi
ṘFi

= −RFi
+
KFi

TFi

Efdi

Turbine Model

TRHi
ṪMi

= −TMi
+

(
1 − KHPi

TRHi

TCHi

)
PCHi
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+
KHPi

TRHi

TCHi

PSVi

TCHi
ṖCHi

= −PCHi
+ PSVi

Speed Governor Model

TSVi
ṖSVi

= −PSVi
+ PCi

− 1

Ri

ωi

ωs

0 ≤ PSVi
≤ Pmax

SVi

Power Balance Equations

Generator Buses

0 =
Vi

x′di

(Eq′i sin (δi − θi) − Ed′i cos (δi − θi))

−Vi

n∑
j=1

VjYij cos(θi − θj − φij)

0 =
Vi

x′di

(Eq′i cos (δi − θi) + Ed′i sin (δi − θi) − Vi)

−Vi

n∑
j=1

VjYij sin(θi − θj − φij)

Load Buses

0 = PLi
− Vi

n∑
j=1

VjYij cos(θi − θj − φij)

0 = QLi
− Vi

n∑
j=1

VjYij sin(θi − θj − φij)
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     5. Decentralized Control and Placement of
          Multiple UPFCs for Damping Interarea

      Oscillations:  An LMI Approach 
J. Guo, Student Member, IEEE, M. Zarghami, Student Member, IEEE,

M. L. Crow, Senior Member, IEEE, S. Jagannathan, Senior Member, IEEE

ABSTRACT: In this paper, the enhancement of interarea oscillation damping of

a power network by multiple UPFCs is demonstrated. Hankel singular values and

model balanced realization are utilized to reduce the large-scale power network into

a reduced order model which is suitable for network control development. An LMI-

based approach is used to design decentralized controllers that cooperate even though

only local information is utilized. The decentralized controller performance is validated

through simulation results. The results of the control approach is also used as a framework

to develop a metric with which to compare the dynamic properties of various UPFC

placements.

Index Terms – UPFC, oscillation damping, power system stability

I. INTRODUCTION

In bulk   power transmission systems, power electronics based controllers are frequently

called Flexible AC Transmission System (FACTS) devices. As the vertically integrated

utility structure is phased out, transmission providers will be forced to utilize FACTS

devices to address a number of potential problems such as uneven power flow through the

power system, dynamic instability, interarea oscillations, and difficult voltage regulation.

FACTS devices have been shown to improve dynamic stability and mitigate inter-area

oscillations in the bulk power system [1]-[3].
.
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One of the important applications of the Unified Power Flow Controller (UPFC) is

to control power flow and mitigate interarea oscillations. These oscillations occur in

the power system as a result of contingencies such as sudden load changes and faults.

Interarea oscillations limit the amount of active power transfer on tie-lines between

coherent generator groups. Additionally, these low-frequency oscillations are frequently

poorly damped and may lead to stability problems and increased stress on the generator

prime movers.

Most proposed controls for the FACTS are based on locally available information

monitored at the sending and receiving ends of the FACTS ([4]-[6] are recent examples).

More recently, researchers have started trying to develop a complete system model that

incorporates both system and FACTS dynamics [7][8]. For example, in [8][9], the authors

recognize the interleaved effects of observability and controllability and use input-output

controllability analyses to determine the most appropriate input signals. Under certain

operating conditions, an interarea mode may be controllable from one area and be

observable from another; therefore local controllers may not be effective for damping that

mode. In fact, local controllers may actually aggravate the interarea oscillation. It has long

been hypothesized that power system controllers may interact adversely [10][11][12].

Considerable work has addressed the task of decentralized control (i.e. control based

purely on local information), but there are still many open questions regarding the impact

of decentralized control on controller interactions. In [2], a power system damping control

design is formulated as an output disturbance rejection problem. A decentralized damping

control design based on the mixed-sensitivity formulation in the linear matrix inequality

framework is carried out. The disadvantage of this control design is that each device

control is designed for only a single inter-area mode and frequency weights must be

chosen heuristically. In [13], a TCSC control is developed to damp multiple inter-area

modes, but global information is needed. In [8], a procedure for the sequential design of

decentralized FACTS controllers for multi-machine power systems is presented. The focus

of this design approach is to estimate the effects of other FACTS devices in the frequency

domain. One loop is considered at each step, and the control is designed sequentially for

each FACTS device. In this approach, for each loop to be closed, frequency characteristics

are used to provide a rough estimate of the effects of closing subsequent loops. The
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drawback to this approach is that the sequence of the loops may affect the design

effectiveness. In [3], [14] and [15], the effects of FACTS devices on each generator’s

stabilizer are estimated and a global tuning procedure is developed to stabilize the system.

The PSS stabilizers are selected to coordinate with the FACTS devices. However, the

simultaneous design of PSS and FACTS controllers in multi-machine power system is

complex and one would like to design the FACTS controllers independent of tuning the

parameters of the PSS controllers. In [1], a FACTS device stabilizer damping contribution

diagrams for inter-area mode is described and the effects of the FACTS devices on the

damping are estimated. However, this approach does not provide any decentralized control

design strategies, nor are the contribution diagrams verified by simulations. Furthermore,

the control effort for each controller to attain the response is not taken into account.

The control development proposed in this paper builds on the framework established

by these earlier works and endeavors to improve upon the noted limitations. Specifically,

the primary contributions of this paper are:

1) the development of an approach for the decentralized control of multiple UPFCs,

and

2) a method to ascertain the effectiveness of various UPFC placements on oscillation

damping.

II. UPFC INTERACTIONS

In recent years, the use of the UPFC for oscillation damping has received increased

attention. If multiple UPFCS (or other FACTS devices) are utilized, decentralized control

must be carefully designed and implemented or the controllers may adversely interact

causing loss of system stability. Consider two UPFCs placed in the IEEE 118 bus test

system. Each UPFC is controlled using PI controllers utilizing local information only.

Each UPFC provides good local oscillation damping when it is the only UPFC deployed

in the system. However, when two UPFCs are deployed, they interact in unexpected ways.

Figure 1 shows the dynamic response of generators 1-4 to a three-phase to ground fault

with two UPFCs in the system (not all of the generator responses are shown due to space

limitations). Similarly, Fig. 2 shows the active power line flows on tie-lines between areas.

The two UPFCs are located geographically distant in two different areas (more details
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                    Fig. 1.  UPFC  interaction  in  the  118  bus  system  –  generator  frequencies

are provided in later sections). The thin lines show the response to the same fault with no

UPFCs in the system. Note that the uncontrolled system exhibits sustained, multi-modal

oscillations, but remains boundedly stable. The thick line shows the dynamic responses

of the system with the two locally controlled UPFCs. Note that while the UPFCs are

able to damp the oscillations at some of the generators, at other generators they cause

the oscillations to worsen since both UPFCs endeavor to inject/absorb active power into

the system. Because only local information is used, the UPFCs are unable to coordinate

their control efforts and they start to “ring” against each other causing a resonance effect.

This outcome motivates the need to develop a decentalized control approach such that

the UPFCs cooperate and do not adversely affect the power system stability.

III. CONTROL DEVELOPMENT

The power system model can be generally modelled as the set of differential-algebraic

equations:

ẋ = f(x, z, u) (1)

0 = h(x, z, u) (2)

where x represents the state variables of the power system including the generator

dynamics and the UPFC states. The vector z represents the power system bus voltage
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                 Fig. 2.  UPFC  interaction  in  the  118  bus  system  –  active  power  line flows

magnitudes and angles and u is the input into the system.

For control development purposes, this system can be linearized. Although the control

development will be based, in part, on the linearized system, the control effectiveness

will be validated with a full nonlinear system simulation. Linearizing equations (1)-(2)

yields:

Δẋ =
∂f

∂x
Δx+

∂f

∂z
Δz +

∂f

∂u
Δu (3)

0 =
∂h

∂x
Δx+

∂h

∂z
Δz +

∂h

∂u
Δu (4)

Solving for Δz and substituting yields the linearized differential equation system:

Δẋ = AΔx+BΔu (5)

This linearized system can be optimally controlled using the Linear-Quadratic Regulator

(LQR) approach, where

Δu = KcΔx (6)

where the matrix Kc is provides the gain that minimizes the control effort and state

deviation.

While this approach typically results in very good dynamic performance, there are

numerous drawbacks to implementation. First the size of the original system (equations

(1)-(2)) may be too large to adequately apply the LQR method. Secondly, and possibly

70



more importantly, this method represents a global control; this approach assumes that

all states x are measurable and available for use. Therefore this is not a very practical

approach. Thus, the first step in developing an implementable control is to reduce the

size of the system through model reduction and then to develop a decentralized control

that utilizes only local information.

A. Model Reduction

The first step in designing the control is to reduce the power system model into a

reduced system that still retains the dynamics of interest. The system reduction step is

used to make the size of the system tractable for control development. System reduction

is accomplished utilizing a linearized system model:

ẋ = Ax+ Bu (7)

y = Cx+Du (8)

where y is the output vector and

A =

[
∂f

∂x

]
−
[
∂f

∂y

] [
∂g

∂y

]−1 [
∂g

∂x

]

B = −
[
∂f

∂y

] [
∂g

∂y

]−1

Bt

C = −
[
∂g

∂y

]−1 [
∂g

∂x

]

D = −
[
∂g

∂y

]−1

Bt

The states can be partitioned as x1 and x2 where

⎡
⎢⎣
ẋ1

ẋ2

⎤
⎥⎦ =

⎡
⎢⎣
A11 A12

A21 A22

⎤
⎥⎦

⎡
⎢⎣
x1

x2

⎤
⎥⎦+

⎡
⎢⎣
B1

B2

⎤
⎥⎦u (9)

y = [C1 C2] x+Du (10)

In this approach, the set of states x1 is retained because they are more “important” than

x2. In this case, importance is determined by the amount of interarea modal information

they contain.
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Ae =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

A +
∑k

i=1
BiKci B1Kc1 B2Kc2 . . . BkKck

0
[

A +
∑

k

j �=1
BjKcj −B2Kc2 + Lo1D12Kc2 . . . −BkKck + Lo1D1kKck

−Lo1

(
C1 +

∑
k

j �=1
D1jKcj

)]
0 −B1Kc1 + Lo2D21Kc1

[
A +
∑k

j �=2
BjKcj . . . −BkKck + Lo2D2kKck

−Lo2

(
C2 +

∑
k

j �=2
D2jKcj

)]
.
.
.

.

.

.

.

.

.

.

.

.

.

.

.

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

x1
e1
e2

.

.

.

ek

⎤
⎥⎥⎥⎦

                                                  Fig. 3. Ae   matrix

By eliminating x2, the reduced order model is given by

ẋ1 =
[
A11 −A12A

−1
22 A21

]
x1 +

[
B1 − A12A

−1
22 B2

]
u (11)

y =
[
C1 − C2A

−1
22 A21

]
x1 +

[
D − C2A

−1
22 B2

]
u (12)

The states appropriate for elimination (those not containing relevant modal information)

are chosen through the use of the Hankel norm. The Hankel norm is the root of the ratio

between the future output energy resulting from any input in the past and the energy

of the input, assuming that the future input is zero. The Hankel norm of a system G is

defined as

‖G‖2
H = sup

(∫∞
0 yTydt∫ 0
∞ uudt

)
(13)

The approximation error in the reduced system is bounded by

2 (σr+1 + . . .+ σn) (14)

where σr+1, . . . , σn are the Hankel singular values of the portion of the system that is

eliminated. The Hankel singular value σi is defined as

σi =
√
λi(PQ) (15)

where P and Q are the controllability and observability gramians respectively and λi is the

i-th eigenvalue of PQ. By using the Hankel norm, the modes that are least involved in the

energy transfer from input u to output y can be deleted while keeping the approximation

error small [16].
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B. Decentralized Control

For decentralized controller design, the system equations are partitioned as

ẋ1 = Âx1 +
k∑

i=1

Biui (16)

yi = Ĉ1x1 +
k∑

j=1

Dijuj i = 1, . . . , k (17)

where k is the number of UPFCs (and therefore areas) in the system. The matrices Â

and Ĉ1 are given by

Â =
[
A11 − A12A

−1
22 A21

]

Ĉ1 =
[
C1 − C2A

−1
22 A21

]

Note that only x1 is retained in this formulation since only a subset of the states is

required to sufficiently capture the system dynamics as measured by the Hankel norm.

There are k inputs uj because there are k control areas since each UPFC provides a

control input into the system.

Let x̂i represent the estimate of x1 based on the local control ui, then

˙̂xi = Ax̂i +
k∑

i=1

BiKcix̂i + Loi

(
yi − Cix̂i

)
(18)

ui = Kcix̂i (19)

for i = 1, . . . , k where

Ci = Ci + [Di1 Di2 . . . Dik]

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

Kc1

Kc2

...

Kck

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

Note that x̂1, x̂2, . . . , x̂k are all “estimates” to the reduced system state x1 based on the

control effect of the different UPFCs. Therefore a new state variable can be defined that

describes the error in each of these estimates:

ei = x̂i − x1 (20)
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The closed loop system then becomes
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ẋ1

ė1

ė2
...

ėk

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= Ae

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1

e1

e2
...

ek

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(21)

where Ae is given in Figure 3.

If P is a positive definite matrix where

P =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

P0 0 . . . 0

0 P1 0 0
...

...
...

...

0 0 . . . Pk

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

then

AT
e P + PAe < 0 (22)

can be solved using an LMI approach if the initial feedback matrices Kci are set by

an LQR solution. The LMI approach to control systems is a synthesis of several robust

control approaches. For certain types of problems, the LMI formulation allows the exact

numerical solution of control problems that have no analytic solution [12]. To ensure

asymptotic stability, k additional equations are incorporated into the LMI equations:

Pi (A+BK) − PiLoi (Ci + [Di1 . . . Dik]Kc) +

(Pi (A+BK) − PiLoi (Ci + [Di1 . . .Dik]Kc))
T < 0 (23)

for i = 1, . . . , k. If these additional LMI equations are feasible, then the decentralized

quadratic controllers exist and may be found numerically.

Note that if the resulting system is asymptotically stable, then the errors e i will be driven

to zero and the decentralized “estimated” systems will converge to the same system as

time increases. Thus by design, the UPFC controllers are forced to coordinate their

actions, even though only local line flow information is used.
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                                            Fig. 4.  IEEE  118   bus   test  system

IV. CONTROL VALIDATION

Figure 1 illustrated a case of two interacting UPFCs. In this section, that case will be

repeated using the proposed control development with promising results. The control is

validated with the IEEE 118 bus system shown in Figure 4. In this example, a three-

phase-to-ground fault is placed on bus 43 at 0.2 seconds and is cleared at 0.4 seconds.

The system generators are modeled as two-axis generators with a simple DC exciter,

voltage regulator, and turbine/governor. The UPFC is a fifth-order model from [17]. The

generator, UPFC, and network equations are given in the Appendix. One UPFC is located

at bus 30 on line 26-30 and a second UPFC is located on bus 64 on line 64-65. These

are geographically remote locations in two different areas of the system.

The results of the proposed control are shown in Figure 5. Once again, only local

information is used as an input into the controllers and only the frequency responses of

generators 1-4 are shown (due to space limitations). The proposed control rapidly damps

the oscillations in rotor frequencies. This response underscores the fact that decentralized

control can be effective if properly designed. The active power flows on the same lines

as before under the proposed control are shown in Fig. 6. Note that with the proposed
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                         Fig. 6.  Active  power  flow  on  tie  lines  with  proposed  control

control the oscillations are rapidly damped. Fig. 7 shows the series active power flow

through the UPFCs. Note that variation in the active power is less than 10% of the line

flow on the line.

V. UPFC PLACEMENT

Despite the fact that UPFCs can be very effective in damping power system oscillations,

there is little research in the literature which addresses the role of UPFCs’ placement in
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the dynamic performance of the network. There is considerable work published on the

placement of FACTS devices to improve the steady-state performance of the network,

such as improving the power transfer or minimizing system losses [18]-[21]. In [22],

the placement of variable impedance apparatus to improve of the stability of large scale

power systems is explored, but this work does not specifically address UPFCs. Recent

studies for the placement of FACTS controllers for stability improvement can be found

in [23], where a fast algorithm based on controllability indices has been proposed. In

this algorithm, it is assumed that UPFCs can be located simultaneously on all lines of

the system. Based on this assumption, additional terms augment the original state space

system and are used to determine the UPFC placements.

Because different UPFC placements can cause significant differences in the dynamic

behavior of the system, placements must be chosen with care. Not only can a good

placement improve the stability of the system; a poor placement can produce nondesirable

behavior. In this paper, a new performance index is introduced that provides a method

to compare different candidate placements in terms of the damping they can provide in

the system under the same control approach.

One particular goodness measure for stability can be to use the eigenvalue of the

observability gramian matrix W0 of the linearized system. For example, consider two
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TABLE I

ASSESSMENT OF CONTROL PERFORMANCE AND CONTROL EFFORT OF UPFC

PLACEMENTS

placement

I: 26-30, 64-65 II: 48-49, 68-69

Performance 54.44 68.19

Control Effort 70.00 127.32

linear system models that are obtained for two different UPFC placements:

ẋ = A1x+B1u (24)

y = C1x+D1u (25)

and

ẋ = A2x+B2u (26)

y = C2x+D2u (27)

where y represents the generator frequencies. The different state matrices indicate

different network topologies due to different UPFC placements. A quadratic performance

criterion z can be utilized to compare the controller performance such that

z = min
∫ ∞

0

(
yTy + uTu

)
dt (28)

where
∫∞
0 yTydt gives the performance measure and

∫∞
0 uTudt gives the required control

effort for each placement. These two measurements can further be assessed by the

eigenvalues of the observability gramian matrix W0 according to linear system theory,

where W0 satisfies

ATW0 +W0A+ CTC = 0 (29)

The IEEE 118 bus system is again used to test the performance of the two UPFC

controllers in two different sets of placements. The two placements and their effectiveness

are summarized in Table I. Both the performance and control effort assessments indicate

that placement II (UPFCs placed in lines 30-26 and 64-65) is more effective than

placement I (UPFCs placed in lines 48-49 and 68-69). Placement I is the placement that

was used in the previous examples. These conclusions are validated in the simulation
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                                   Fig. 8.  Comparison   o f  different   placements

results shown in Figure 8. While it is not possible to show an exhaustive comparison of

all placements in this paper, the proposed process can be used to compare the impact of

placements of several potential placements.

V. CONCLUSIONS

In this paper a new method for coordinating UPFC control is proposed. The proposed

control is shown to be effective even when each UPFC is operating only on local

information. An additional example is given in which uncoordinated UPFC control can

lead to instability. Furthermore, the proposed control is utilized as a framework in which

to compare the performance of various UPFC placements. Both performance and control

effort are quantified. All of the results are validated through simulations on the IEEE 118

bus test system.

APPENDIX

Two–Axis Generator Model

δ̇i = ωi − ωs

Miω̇i = TMi
+
Vi

x′di

(
E ′

di
cos (θi − δi) + E ′

qi
sin (θi − δi)

)
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T ′
d0i
Ė ′

qi
= −xdi

x′di

E ′
qi

+

(
xdi

− x′di

)

x′di

Vi cos (θi − δi) + Efdi

T ′
q0i
Ė ′

di
= −xqi

x′di

E ′
di
−
(
xqi

− x′di

)

x′di

Vi sin (θi − δi)

Assumption: x′
qi

= x′di
and Rs = 0

IEEE Type I Exciter/AVR Model

TEi
Ėfdi

= −KEi
Efdi

− SEi
(Efdi

)Efdi
+ VRi

TAi
V̇Ri

= −VRi
+KAi

RFi
− KAi

KFi

TFi

Efdi

+KAi
(Vrefi

− Vi) V min
Ri

≤ VRi
≤ V max

Ri

TFi
ṘFi

= −RFi
+
KFi

TFi

Efdi

Turbine Model

TRHi
ṪMi

= −TMi
+

(
1 − KHPi

TRHi

TCHi

)
PCHi

+
KHPi

TRHi

TCHi

PSVi

TCHi
ṖCHi

= −PCHi
+ PSVi

Speed Governor Model

TSVi
ṖSVi

= −PSVi
+ PCi

− 1

Ri

ωi

ωs

0 ≤ PSVi
≤ Pmax

SVi

Power Balance Equations

Generator Buses

0 =
Vi

x′di

(Eq′i sin (δi − θi) − Ed′i cos (δi − θi))

−Vi

n∑
j=1

VjYij cos(θi − θj − φij)

0 =
Vi

x′di

(Eq′i cos (δi − θi) + Ed′i sin (δi − θi) − Vi)

−Vi

n∑
j=1

VjYij sin(θi − θj − φij)
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Load Buses

0 = PLi
− Vi

n∑
j=1

VjYij cos(θi − θj − φij)

0 = QLi
− Vi

n∑
j=1

VjYij sin(θi − θj − φij)

UPFC

1

ωs

d

dt
id1=

k1Vdc

Ls1

cos (α1 + θ1) +
ω

ωs
iq1−

Rs1

Ls1

id1 −
V1

Ls1

cos θ1 (30)

1

ωs

d

dt
iq1=

k1Vdc

Ls1

sin (α1 + θ1) − Rs1

Ls1

iq1−
ω

ωs

id1 −
V1

Ls1

sin θ1 (31)

1

ωs

d

dt
id2=−Rs2

Ls2

id2 +
ω

ωs
iq2 +

k2

Ls2

cos (α2 + θ1)Vdc

− 1

Ls2

(V2 cos θ2 − V1 cos θ1) (32)

1

ωs

d

dt
iq2 = −Rs2

Ls2

iq2 −
ω

ωs
id2 +

k2

Ls2

sin (α2 + θ1)Vdc

− 1

Ls2

(V2 sin θ2 − V1 sin θ2) (33)

C

ωs

d

dt
Vdc = −k1 cos (α1 + θ1) id1 − k1 sin (α1 + θ1) iq1

−k2 cos (α2 + θ1) id2 − k2 sin (α2 + θ1) iq2 −
Vdc

Rdc

(34)

Bus 1 Power Balance

0 = V1 ((id1 − id2) cos θ1 + (iq1 − iq2) sin θ1)

−V1

n∑
j=1

VjY1j cos (θ1 − θj − φ1j) (35)

0 = V1 ((id1 − id2) sin θ1 − (iq1 − iq2) cos θ1)

−V1

n∑
j=1

VjY1j sin (θ1 − θj − φ1j) (36)
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Bus 2 Power Balance

0 = V2 (id2 cos θ2 + iq2 sin θ2)

−V2

n∑
j=1

VjY2j cos (θ2 − θj − φ2j) (37)

0 = V2 (id2 sin θ2 − iq2 cos θ2)

−V2

n∑
j=1

VjY2j sin (θ2 − θj − φ2j) (38)
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 S. Jagannathan, Senior Member, IEEE, Yilu Liu, Fellow, IEEE 

ABSTRACT: This paper introduces a method of using local data and a selected set of the 

global data for controlling inter-area oscillations of the power network using Unified Power Flow 

Controllers. This novel algorithm utilizes reduced order observers for estimating the missing data 

the purpose of control when all the data is unavailable through frequency measurements in a 

Wide Area Control approach. The paper will also address the problem of time-delay in data 

acquisition through examples. 

 

Index Terms: UPFC, Inter-Area Oscillation, PMU, Wide Area Control, Reduced Order 

Observer 

I.  INTRODUCTION 

Damping inter-area oscillations in a power network is one of the important applications of a 

Unified Power Flow Controller (UPFC) [1]-[6]. These oscillations can occur in a system as a 

result of a number of contingencies including sudden load changes or power system faults. Fig. 1 

shows a schematic diagram of a UPFC, which is a series-shunt flexible AC Transmission 

(FACTS) device. Controlling power oscillations can be done by rapidly changing the power flow 

via the series part of the UPFC, which in turn can impact the power flow through the entire 

network. The needed electrical power to do this action is channeled from the UPFC’s shunt part. 

Namely, the series part is controlled by the modulation gain and phase angle ( 22 ,αk ) of the 

injected voltage vector and the shunt part is controlled by modulation gain and phase angle 

( 11,αk ) of the internal voltage of the shunt converter. 

As explained earlier, damping inter-area oscillations demands the dynamic change of active 

power flow through the network.  To rapidly damp interarea oscillations requires knowledge of 

the many modes that are inherent in oscillatory behavior.  Frequency responses are rich in modal 

content and have been shown to be excellent inputs in controller design. In previous work [7], the 
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authors have shown that using global frequency data as input to the UPFC controller provides 

effective inter-area oscillation damping. Although the introduction of frequency measurements  

(such as from  FNET [12]) has made wide area control of the power networks feasible, it is still 

not reasonable to expect that the full set of frequency measurements is available for controller 

use.  Therefore most UPFC controls still rely heavily on locally available measurements.  This is 

why decentralized control schemes for damping inter-area oscillations must be developed.  

However, decentralized control schemes that depend primarily on local information can be 

significantly improved by the addition of select global frequency information. 

This paper introduces an approach which shows that it is possible to damp out power 

network oscillations using only a limited set of measurements. The work is based on the two 

stage type of controller introduced in [7], which instead of using a whole set of global state 

feedback data, uses a subset of the global data plus an estimated set of data to run the controller. 

Simulations on the IEEE 14 bus test system show that the scheme is satisfactory. 

In the following sections, the two stage controller will be reviewed.  Then the method for 

designing a reduced order estimator based on the available feedback data will be provided. Next, 

simulation examples and their comparison with full state feedback controllers will be provided. In 

the end, the effect of time delay in global data acquisition will be shown and further work will be 

proposed. 
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Fig. 1. Unified Power Flow Controller Diagram 

 

II. TWO STAGE CONTROLLER 

In this section, the two stage controller design is summarized from [7].  

Using a power injection model for the UPFC schematically shown in Fig. 2, the dynamical 

equations for the UPFC can be written as [8]: 
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1 1 cos
jd jV V 1 jθ=         (6) 

1 1 sin
jq jV V 1 jθ=         (7) 

2 2 cos
jd jV V 2 jθ=         (8) 

2 2 sin
jq jV V 2 jθ=         (9) 

 

where: 

:un Number of UPFCs 

1, ..., uj n=  

11, 1j jdji i ji+= q

2

: Shunt injection current in UPFC j (pu)  

22, j jdji i ji+= q : Series injection current in UPFC j (pu)  

1 jR : Equivalent shunt resistance of UPFC j (pu)  

1 jL : Equivalent shunt inductance of UPFC j (pu)  

2 jR : Equivalent series resistance of UPFC j (pu)  
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2 jL : Equivalent series inductance of UPFC j (pu)  

jdcv : DC bus voltage in UPFC j (pu)    

jC : Equivalent capacitance of UPFC j (pu)   

jpR : Equivalent dc resistance in UPFC j (pu)  

1 1,j jk α : Modulation amplitude and angle of the shunt part of UPFC j 

2 2,jk jα : Modulation amplitude and angle of the series part of UPFC j 
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Fig. 2. Power Injection Model for UPFC 

 

To derive the two stage controller, the loads in the system are initially converted to constant 

impedance.  Further, the generators are modeled as the classical “transient reactance behind 

constant voltage.”  Note that these assumptions are made only to develop the UPFC control – the 

proposed two stage control will be validated on a system with constant power loads and with fully 

modeled (10th order) generators with voltage regulators.  With the constant impedance 

assumption, it is possible to find a reduced admittance matrix of order 2g un n+ , where gn  internal 

machine buses are connected to UPFC buses as shown in Fig. 3. The dashed lines in the figure 

show that in the reduced order network, virtually all the buses are connected to each other.  

2 un
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Fig. 3. Equivalent Power System from the Controller's View 

 

Using the above, the resulted state space system for the power network would be of the 

following format: 

gjj nj ,,21 K& =−=        ωωδ       (10) 
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where:  

1, ..., gj n=  

jω : Speed of machine j (rad/s)       
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jM : Inertia at machine j (pu)       1, ..., gj n=  

jMP : Mechanical input at machine j (pu)     1, ..., gj n=  

iδ : Angle at bus i (Radians)        1, ..., 2g ui n= + n

n
iE : Bus magnitude at bus i (pu)        1, ..., 2g ui n= +

jkY ∠Φ jk : Admittance matrix of the equivalent reduced system for , 1, ..., 2g uj k n= + n

1

 

 

This nonlinear state space system is of the order 2
g

n − with intermediate control inputs ri 

defined as: 

( )

( )

( )
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22212

21212
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1112 1
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=

=

==

++−

++−

+−
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      (12) 

 

The above state space set, describes the first stage of the control process.  Note that this 

first stage is independent of the UPFC dynamics of equations (1)-(5). Linearizing this system 

results in a linear time invariant system of the form: 

 

BRAXX +=&          (13) 

 

Linear feedback control is given by: 

 

KXR −=           (14) 

 

where K is chosen using optimal LQR control processes to minimize speed and angle 

deviations in the generators. 

If the system were linear, the above control results in optimal values of voltages at both 

sending and receiving buses of the UPFC.  The second control stage is to convert the control 

inputs R into modulation gain and phase angles k and α for each UPFC. The first step in the 
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second control stage is to find the values of from the following four active and reactive 

power balance equations at the sending and receiving buses of the UPFC:  

1 1 2 2
, , ,d q d qi i i i

   

( ) ( )jqjqqjjdjddjj iiViiVP 2112111 −+−=       (15) 

( ) ( )jqjqdjjdjdqjj iiViiVQ 2112111 −−−=       (16) 

jqqjjddjj iViVP 22222 +=         (17) 

jqdjjdqjj iViVQ 22222 −=         (18) 

 

where: 

1 jP : Active Power from jth UPFCs sending end bus  

1 jQ : Reactive Power from jth UPFCs sending end bus  

2 jP : Active Power from jth UPFCs receiving end bus  

2 jQ : Reactive Power from jth UPFCs receiving end bus  

 

The calculation made above is based on the fact that the UPFC’s dynamics are much faster 

than the machines’ dynamics so that can be taken to be algebraic quantities. With this 

assumption, converting (1) to (4) to algebraic equations results in: 

1 1 2 2
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Solving the differential-algebraic equation set of (19) to (22) and (5) will result in the 

values of . It should be noted that in a network having multiple UPFCs, this 

procedure can be done independently for each of them, since the first stage control provides the 

1 1 2 2, , , , dck k vα α
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network coupling in the determination of the input R which are the dq sending and receiving 

voltages. Fig. 4 shows a flowchart which describes the two stage control.  

 

Stage 1 

1 1 2 2
: , , ,

d q d q
Get V V V V  

Stage 2 

1 1 2 2, , ,: , dcGet k k vα α  

Network Inputs 

 

Fig. 4. Two Stage Control Design 

 

III. REDUCED ORDER ESTIMATOR DESIGN 

The control scheme explained in section II is best implemented if all the feedback data 

(machines’ speeds and angles) are available to the controller. However, in a wide-area network 

spread over long distances this assumption may not be feasible. The idea behind a reduced order 

observer is to estimate the unavailable feedback data using the available data. Dividing the states 

into a directly available set of 1X  and observable set of 2X ,  equation (3) can be rewritten [9]: 

 
.

1 111 12

.
21 22 2 2

2

X XA A
U

A A X BX
= +

⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎣ ⎦

1B
      (23) 

 

The directly available set of 1X  can be verified through: 

1 1Y C X=           (24) 

where  is a square and nonsingular matrix. The estimated set of 1C
^

2X is of the form: 

^

2X LY Z= +          (25) 

 

Considering the dynamics of Z to be of the form: 
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.

Z FZ GY HU= + +         (26) 

 

The estimation error can be written as:  
^

2 2e X X= − 2

2)

         (27) 

 

Therefore, the dynamics of the error is given by: 
.

2 21 1 11 1 1 1 22 1 12 2 2 1 1( ) ( ) (e A LC A FLC GC X A LC A F X B LC B H U Fe= − + − + − − + − − + (28) 

Setting the coefficients of 1X , and U to be zero in equation (28) results in: 2X

.

2e Fe= 2

1

          (29) 

2 1H B LC B= −          (30) 

22 1 12F A LC A= −          (31) 

1 1
21 1 1 11 1G A C LC A C FL− −= − +        (32) 

 
Defining L  to be the observer gain, L can be chosen such that F is negative definite. This 

guarantees the estimator to be stable and accurate. 

Based on the designed estimator, the applied control takes the form of: 

1

^1 2

2

[ , ]
X

U K K
X

= −
⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

         (33) 

IV. EXAMPLE AND DISCUSSION 

The IEEE 14 bus test system [10] has been used to validate the reduced order estimator and 

the proposed two stage control process in the control of inter-area oscillations. This system has 5 

machines and can be roughly considered to have two areas, where machines 1, 2 and 3 form one 

area and machines 4 and 5 form the other area.  The generators are modeled with 10th order 

models containing the two-axis generator model, Type I Exciter/AVR model and turbine and 

governor models. The diagram of the network is shown in Fig. 5.  
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Fig. 5. IEEE 14 Bus Test System 

 

The full differential-algebraic system has been simulated using MATLAB with a high 

impedance fault of 1 pu applied on bus 10 at 0.2 s and removed at 0.4 s. One UPFC has been 

installed in the system on the line between buses 5 and 6 with the shunt (sending) part of the 

UPFC on bus 5. The operating point of the UPFC has been initialized using the method discussed 

in [11]. The characteristics of the UPFC along with its pre-fault steady state operating points are 

as follows: 
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Table I provides the detail of six different cases that were simulated.  The first case is the 

base case in which there is no UPFC control.  In Case II, the proposed two-stage control is 
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utilized with full state feedback.  Cases III and IV provide a comparison between scenarios in 

which different global signals are available (frequencies only according to FNET) and the 

remaining frequencies and all angles are estimated.  The final two cases (V and VI) illustrate the 

impact of time delay on the global signal feedback. 

Fig. 6 shows the simulation results for the speeds of machines 2, 4 and 5 (from top to 

bottom, respectively), for case I (thin) and II (bold). The figure shows that the proposed two stage 

control using the entire machine's data as feedback to the controller can effectively damp out 

inter-area oscillations uniformly in a short time.  

 

TABLE I 

Simulation Cases According to the Feedback and Estimated States 

 Feedback 

States 

Feedback 

States' 

Delay 

(ms) 

Estimated 

States 

Case I (No 

Control) 

--- 0 --- 

Case II (All 

Feedback 

Available) 

1 2 3 4 5

2 3 4 5

, , , ,

, , ,

ω ω ω ω ω

δ δ δ δ
 

0 --- 

Case III 
2 5,ω ω  0 

1 3 4

2 3 4 5

, ,

, , ,

ω ω ω

δ δ δ δ
 

Case IV 
2 4,ω ω  0 

1 3 5

2 3 4 5

, ,

, , ,

ω ω ω

δ δ δ δ
 

Case V 
2 4,ω ω  5<t<15 

1 3 5

2 3 4 5

, ,

, , ,

ω ω ω

δ δ δ δ
 

Case VI 
2 4,ω ω  5<t<20 

1 3 5

2 3 4 5

, ,

, , ,

ω ω ω

δ δ δ δ
 

 

 

Fig. 7 shows a comparison between cases II (bold), III (thin) and IV (boldest). Note that 

although in cases III and IV the same number of feedback states is available, the overall 

performance of case IV shows better performance. This shows that selecting the proper feedback 
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states can play an important role in the performance of the controller. On the other hand, although 

in case IV, we get good speed deviations' damping for machines 2 and 4, but for machine 5 this is 

not happening.  

 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
370

375

380

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
370

375

380

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
374

376

378

380

 time (seconds) 

Fig. 6. Machine speeds 2 4 5, ,ω ω ω (rad/s) (thin: case I, bold: case II) 
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Fig. 7. Machine speeds 2 4, , 5ω ω ω (rad/s) (bold: Case II, thin: Case III, boldest: Case IV) 

 

To verify how time delays from the available states in a wide-area controlled system impact 

the performance of a controller, cases V and VI introduce a randomly varying time delay into 

each of the globally available signals.  In Case V, the time delay varies randomly between 5 and 
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15 ms.  In Case VI, the time delay varies randomly between 5 and 20 ms. 

Fig. 8 compares Cases IV and V, which both have the same observer design. The only 

difference is in the amount of time delay in the global signal feedback.  The comparison shows 

that there is a slight degradation in performance caused by the signal delay, the controller and 

estimator still perform well and suitably control the system.  
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Fig. 8. Machine speeds 2 4 5, ,ω ω ω (rad/s) (thin: Case V, bold: Case IV) 
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Fig. 9. Machine speeds 1 2, , 3ω ω ω (rad/s) (thin: case VI, bold: case IV) 

 

Fig. 9 shows the comparison of Case IV and Case VI in which the random delays can be up 

to 20ms.  This difference has a significant impact on the ability of the UPFC to damp the system 

oscillations.  In fact, the UPFC actually destabilizes the system by causing undamped high 
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frequency oscillations.  At this time, the authors are investigating whether the estimator or the 

control is affected by the time delay causing the instability. 

V. CONCLUSIONS AND FURTHER WORK 

This work shows that using a selected group of measurements in a wide-area controlled 

network can provide suitable inter-area oscillation damping performance provided the remaining 

states are estimated through properly designed observers. In a multi-area system, the selected 

measurements must be chosen from all the major areas of the system to guarantee the controller's 

successful performance. However, the choice of measurements within an area and the optimal 

number and type of measurements is still an open question.  

Further work is needed to verify the number and type of the optimized measurements in a 

power network in a more organized scheme based on the control theory. Validity of the proposed 

approach should be tested in larger networks with more areas and oscillatory modes. Moreover, it 

is possible that local measurements used as auxiliary outputs of controller's linearized state space 

would contribute to the control process and reduce the number of needed global measurements. 
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7. Damping Inter-Area Oscillations in Power 
Systems by STATCOMs 

Mahyar Zarghami, Student Member, IEEE, Mariesa. L. Crow, Senior Member, IEEE 

ABSTRACT:  Shunt FACTS devices such as STATCOMs are best known for their impact 

on reactive power flow in power networks. This is usually done by local reactive compensation 

which also regulates voltage magnitude of the bus to which the shunt FACTS device is 

connected. On the other hand, these devices are less known for their effect on active power flow. 

This paper discusses a novel approach for damping inter-area oscillations in a large power 

network using multiple STATCOMs. In the paper, it will be shown that these oscillations can be 

controlled by changing STATCOMs’ bus voltage angles, hence regulating active power flow 

through the network. Feasibility of the new approach is also discussed. 

 

Index Terms: STATCOM, Inter-Area Oscillation 

 

I.  INTRODUCTION 

FACTS devices have so far been used to solve numerous dynamic and steady-state 

problems in power systems by controlling voltage, impedance and power through the networks. 

One way to categorize these devices is to divide them into shunt, series and series-shunt devices. 

While shunt devices are usually used for applications such as reactive power compensation and 

voltage control, series devices are mostly applied in active power flow changes and damping 

power oscillations in the network. It is obvious that series-shunt devices such as UPFCs have 

characteristics of both shunt and series devices. Applications for STATCOMs, SSSCs and UPFCs 

as shunt, series and series-shunt devices can be found in [1]-[8].  

A STATCOM, which is a shunt device, has not been well known for damping power 

system oscillations. These oscillations can occur in a system because of contingencies such as 

sudden load changes or power system faults. They usually exist between groups of generators 

which are located at the sides of tie-lines in a power system. Controlling oscillations can be done 

by rapidly changing active power flows through these lines. So far, UPFCs have been mostly 

found in the literature as proper devices for damping these types of oscillations.  

In this paper, STATCOMs have been used in a multi-area power network for controlling 
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inter-area oscillations. The idea behind this type of control is to control voltage angles at the 

buses to which STATCOMs are connected. In the sections to come, first the model used for 

STATCOM has been introduced. Then the control method will be discussed. The method is tested 

by simulations on IEEE 118 bus system and feasibility of the control will also be addressed. 
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Fig. 1. STATCOM Diagram 

 

II.  STATCOM MODEL 

A STATCOM consists of a shunt branch connected through a dc capacitor as shown in Fig. 

1. This branch can inject reactive and active powers through its dc capacitor, hence changing both 

its ac bus magnitude and angle. The state space model for STATCOM has been taken from [9]. It 

consists of 3 differential equations written in the format as follows: dq
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The power transaction in the STATCOM can be controlled by its modulation amplitude  

and angle

k

α . 
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III. CONTROLLER DESIGN 

For control development purposes, several assumptions are initially made. The two 

simplifying assumptions are that the system loads are modeled as constant impedance loads and 

can therefore be absorbed into the bus admittance matrix. Secondly, the generators are modeled 

as the classical “transient reactance behind constant voltage” model. Note that these assumptions 

are for control development only – the proposed control is validated with the full generator model 

given in the Appendix. Using the load impedance model, the only points of current injection into 

the network are the generator internal buses and the STATCOM buses. Furthermore, using Kron 

reduction enables the transmission network to be reduced to an admittance matrix of size  nN +(  

 where N is the number of generator buses and n is the number of STATCOMs in the 

system. Fig. 2 illustrates the reduced system showing the points of current injection. Dashed lines 

show that virtually all machines and STATCOMs are connected to each other. 
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Fig. 2. Equivalent Power System from Controller's View 

 

The classical model for the reduced network including STATCOMs is: 

Nj ,...,1=  

sjj ωωδ −=
.

         (4) 
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where jjE δ∠  is the voltage at bus j, jkjkY φ∠  is the (j,k)th element of the reduced admittance 

matrix, ,  and 
jMP jM jω  are the mechanical power, inertia constant and angular speed 

respectively of machine j, and sω  is synchronous speed. The first summation represents the active 

power injected at each generator bus and the second summation represents the active power 

injected at each STATCOM bus. 

This nonlinear system has 2N states and 2n intermediate control inputs defined as: jr

 

 
jdj Vr =+− 1)1(2          (6) 

jqj Vr =+− 2)1(2          (7) 

 

where  and are the dq components of the j-th STATCOM respectively. This step 

describes the first stage of the two stage control. Note that this stage is independent of the 

STATCOM dynamics. 

jdV
jqV

Linearizing this reduced system and assuming constant voltage magnitudes at STATCOM 

buses results in a linear system of the form: 

BRAXX +=
.

         (8) 

where R represents the vector of STATCOM bus angles. This system can be linearized 

through the feedback control: 

 

KXR −=          (9) 

where K is chosen using optimal LQR control processes to minimize speed and angle 

deviations in the generators. If the original system were linear, this feedback control would result 

in the optimal values of voltage angles at STATCOM buses to damp inter-area oscillations. 

The second stage of the control is to convert the control inputs R into the modulation gain 

and angles k and α  for each STATCOM. The first step in this stage is to find the values of 

currents and from the STATCOM’s active and reactive power balance equations: di qi
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ni ,...,1=  
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=
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where in the above  is the (i,j)th element of the original admittance matrix and Nsys 

is the number of system buses. 

ijij Φ∠Υ

If it can be assumed that the time scale difference between the STATCOMs and the 

generator dynamics is large (i.e. is M/1/1 <<ω ) and letting 0/1 ≈sω , then equations (1)-(2) can be 

written as their algebraic counterparts: 
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Solving equations (12)-(13) together with (3) provides the values of  and k α  which are the 

true control inputs to the STATCOM. This procedure can be repeated for each STATCOM 

independently since the first stage of the control provides the network coupling during 

determination of the input R (STATCOM bus voltage angles). Fig. 3 shows a flow chart which 

illustrates the two stage control. 

Linearize (4)-(5) 

Stage 1- Get: qd VV ,  

Solve (12)-(13) and (3) 

 
Stage 2- Get: dcvk ,,α  

Find Reduced Admittance Matrix coupling generators and STATCOMs 

 
Fig. 3. Two Stage Control Design 
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IV. DECENTRALIZED CONTROLLER 

The control method mentioned in III needs global feedback data (generator rotor speeds 

and angles) to be implemented. As this might not be feasible at all times, one approach is to use 

estimated data instead of real data for control implementation. This can be done by designing 

optimal local observers which altogether make a decentralized control system. In this approach, 

for each STATCOM, local active power flow information from connected lines is used to 

estimate the states of the whole control system. Optimal observers can be designed using LQR 

approach for the following system: 

 

BRAXX +=
.

         (14) 

 

ni ,...,1=  

RDXCY iii +=          (15) 

  

 

where and can be evaluated after linearization of the output equations for each 

STATCOM. Using LQR, n sets of estimators would be of the following format: 

iC iD

 

)(
^^^

.

iiiiii YYLBRXAX −++=        (16) 

 

where is the optimal observer gain. Input commands for each STATCOM will be 

calculated as: 

iL

^

ii XKR −=          (17) 

  

V.  THE TEST SYSTEM 

The IEEE 118 bus test system [10] has been used to validate the proposed controller. The 

diagram of the network is shown in Fig. 4. This system has 20 machines where the order of each 

is 10 as shown in Appendix.  Three STATCOMs have been installed in the system on buses 30, 

64 and 94. The parameters of the STATCOMs are similar and are shown in Table I. Steady state 
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operating points of STATCOMs have been chosen such that dc bus voltages would be equal to 

2.0 pu. 

 

TABLE I 

STATCOM Parameters 

 
1
( )R pu  

1
( )L pu ( )

p
R pu  ( )puC  

STATCOM1 0.01 0.15 100.0 100.0 
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Fig. 4. IEEE 118 Bus Test System 

 

VI.  EXAMPLES AND RESULTS 

In order to validate the proposed controller in IEEE 118 bus test system, a solid 

symmetrical fault has been applied on bus 43 of at 0 s and has been cleared at 0.2 s. Nonlinear 

simulations have been carried out using fully 10th order machine models as shown in the 

Appendix. Two cases have been considered for simulations. Case I is uncontrolled and case II is 

decentralized controlled (when control is implemented using estimated data with local observers). 

Fig. 5 shows four of the machines’ rotor speeds. Because of lack of space, not all generator 

speeds have been shown. As it is seen in this figure, the proposed control can damp out 

oscillations effectively. Figures 6-7 show STATCOMs’ ac bus voltage magnitudes and angles 
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respectively. As it is seen in these figures, voltage angles are controlled in order to damp 

oscillations and variations of voltage magnitudes are rather small. This clearly shows that inter-

area oscillations have close relationship with active power flow changes throughout the network. 

Fig. 8 depicts dc capacitor voltages and Fig. 9 shows injected active powers by STATCOMs. As 

it is seen, STATCOMs need to inject multiple orders of their nominal active powers in a short 

period of time and this in turn causes dc capacitors to be discharged temporarily. 
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Fig. 5. Speed deviations (uncontrolled: thin, decentralized controlled: bold) 
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Fig. 6. STATCOM bus voltage magnitudes (uncontrolled: thin, decentralized controlled: bold) 
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Fig. 7. STATCOM bus voltage angles (uncontrolled: thin, decentralized controlled: bold) 
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Fig. 8. STATCOM dc voltages (uncontrolled: thin, decentralized controlled: bold) 
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Fig. 9. STATCOM injected active powers (uncontrolled: thin, decentralized controlled: bold) 

108



VII.  CONCLUSIONS AND FURTHER WORK 

A control scheme has been proposed for damping inter-area oscillations by STATCOMs 

which is based on changing their bus angles to control active power flow through the power 

network in transients. The method is showing good results in IEEE 118 bus test system. A 

decentralized approach has been devised for estimation of the needed feedback data through local 

observers which uses local active power flows as measurements. However, the method uses 

considerable active power flow injections from STATCOMs during transients. This might 

necessitate the usage of ultra capacitors as well as higher rating power electronic devices in the 

make of voltage source converters in STATCOMs.  

Further investigation could be made on designing nonlinear controllers based on the 

proposed nonlinear modeling. Robustness and dependency of the designed controllers on 

topology changes of the power system is also a matter of concern. It is also possible to see how a 

bunch of FACTS devices (such as STATCOMs, UPFCs, SSSCs, etc.) existing in a network could 

work together to damp out inter-area oscillations. 
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8. Nonlinear Control of FACTS Devices for 
         Damping Inter-Area Oscillations

             in Wide-Area Power Systems
                 M. Zarghami, Student Member, IEEE, M. L. Crow, Senior Member, IEEE, and

            S.  Jagannathan,  Senior Member, IEEE

                    ABSTRACT: This paper introduces a new scheme for nonlinear control of FACTS

                    devices for the purpose of damping inter-area oscillations in wide-area power systems.

                    FACTS controllers consist of series, shunt or a combination of series-shunt devices which

                    are interfaced with the bulk power system through injection buses. Controlling the angle

                    of these buses can effectively damp low frequency interarea oscillations in the system.

                    The proposed control method is based on finding an equivalent reduced affine nonlinear

                    system for the network from which the dominant machines are extracted based on

                    dynamic coherency. It is shown that if properly selected, measurements obtained from this

                    subsystem of machines are sufficient inputs to the FACTS devices to stabilize the power

                    system. The effectiveness of the proposed method on damping inter-area oscillations is

                    validated on the 68 bus, 16 generator system of the New England/New York network.

                 Index Terms – Nonlinear Control, FACTS, Inter-Area Oscillation, PMU, Wide Area

                   Control, Coherent Groups, Dominant Machines

     I.   INTRODUCTION

                    Flexible Alternating Current Transmission Systems (FACTS) devices can provide promis-

                    ing solutions to many of the stability problems that occur within the bulk power system.

                   As high voltage power electronics become less expensive and have a wider-range of

                    operation, FACTS devices will become more prevalent in the transmission system to

                    control active power flow across congested corridors and ensure voltage security.
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FACTS devices can be categorized into three major groups: shunt devices such as

the Static Synchronous Compensator (STATCOM), series devices such as the Static

Synchronous Series Compensator (SSSC) and Series-Shunt devices such as the Unified

Power Flow Controller (UPFC). In addition to steady-state solutions such as power flow

and voltage control, an added benefit of FACTS devices deployed in the transmission

system is that they can also effectively control active power oscillations that can damage

generators, increase line losses, and increase wear and tear on network components.

Therefore developing suitable control strategies is a requirement before FACTS can be

confidently utilized in the power system.

Several authors have investigated utilizing FACTS, especially UPFCs to damp inter-

area oscillations using a variety of control approaches [1]-[10]. Interarea oscillations can

occur in a system because of contingencies such as sudden load changes or faults. In

[1]-[5], oscillation damping is based on a linear control approach to the UPFC and power

system, whereas other authors consider nonlinear control systems theory and Lyapunov

Energy Functions [6]-[10]. Typically, nonlinear approaches are more effective for large

perturbations or when the power system state strays significantly from the initial operating

point.

The research proposed in this paper provides a general nonlinear method for using

multiple FACTS devices in a wide-area power network for the purpose of damping inter-

area oscillations. In the paper, we show that any FACTS device which is capable of

changing its interface bus angle(s) with the network is eligible to be part of a set of devices

suitable for controlling power system oscillations. Using this method, it will be shown

that even shunt FACTS devices, such as STATCOMs, which have not been traditionally

considered for applications such as damping power oscillations, can also be used for this

purpose. The control method is based on finding a reduced nonlinear affine state space

system for the network which can be controlled by wide-area synchronized measurements

of rotor frequencies. While Phasor Measurement Units based on frequency measurements

(such as from FNET [11]) has made wide area control of the power networks feasible, it

is still not reasonable to expect that the full set of frequency measurements is available

for controller use. Therefore, we propose an approach to use a reduced set of PMUs

based on the dominant machines of the system has been proposed for control action.

113



��������	

ia,1

����
��


21

��������	

�
�����
	�


�
�����
	�


i
b,1

c,1


����
��


c,2i

b,2
i

a,2i

shP  +jQsh

s,2R s,2L

c,1e

b,1e

vc,2

Pdc

-

+

vdc

dci

Rdc
C

L Rs,1 s,1 e

e

e

a,2

b,2

c,2

ea,1

v

v

v

a,1

b,1

c,1

vb,2

va,2

seP  +jQse

P
2
+jQ

2
P

1
+jQ

1

                             Fig. 1.  Unified  Power  Flow  Controller  Diagram

II. THE UPFC MODEL

The unified power flow controller, or UPFC, is the most versatile FACTS device. It

consists of a combination of a shunt and series branches connected through the DC

capacitor as shown in Fig. 1. Models for STATCOM and SSSC can be easily extracted

from UPFC model. The series connected inverter injects a voltage with controllable

magnitude and phase angle in series with the transmission line, therefore providing real

and reactive power to the transmission line. The shunt-connected inverter provides the

active power drawn by the series branch plus the losses and can independently provide

reactive compensation to the system. The UPFC model is a combination of the STATCOM

(Static Synchronous Compensator) and SSSC (Static Synchronous Series Compensator)

models [12]:

1
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d
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−k2 cos (α2 + θ1) id2−k2 sin (α2 + θ1) iq2−
Vdc

Rdc

(5)

where the parameters are as shown in Fig. 1. The currents id1 and iq1 are the dq

components of the shunt current. The currents id2 and iq2 are the dq components of

the series current. The voltages V1 � θ1 and V2 � θ2 are the sending end and receiving end

voltage magnitudes and angles respectively. The UPFC is controlled by varying the phase

angles (α1, α2) and magnitudes (k1, k2) of the converter shunt and series output voltages

(e1, e2) respectively.

The power balance equations at bus 1 are given by:

0 = V1 ((id1 − id2) cos θ1 + (iq1 − iq2) sin θ1) − V1

n∑
j=1

VjY1j cos (θ1 − θj − φ1j) (6)

0 = V1 ((id1 − id2) sin θ1 − (iq1 − iq2) cos θ1) − V1

n∑
j=1

VjY1j sin (θ1 − θj − φ1j) (7)

and at bus 2:

0 = V2 (id2 cos θ2 + iq2 sin θ2) − V2

n∑
j=1

VjY2j cos (θ2 − θj − φ2j) (8)

0 = V2 (id2 sin θ2 − iq2 cos θ2) − V2

n∑
j=1

VjY2j sin (θ2 − θj − φ2j) (9)

III. SYSTEM MODEL

For control development purposes, several assumptions are initially made. The two

simplifying assumptions are that the system loads are modeled as constant impedance

loads and can therefore be absorbed into the bus admittance matrix. Secondly, the

generators are modeled as the classical “transient reactance behind constant voltage”

model. Note that these assumptions are for control development only – the proposed

control is validated with the full nonlinear 10-th order power system model given in the

Appendix. Using the load impedance model, the only points of current injection into

the network are the generator internal buses and the UPFC sending and receiving end

buses. Furthermore, Kron reduction enables the transmission network to be reduced to an

admittance matrix of size (N+n×N+n) where N is the number of generator buses and

n is the number FACTS current injections in the system. Fig. 2 illustrates the reduced

system showing the points of current injection. Each UPFC has two current injections,

i1 and i2, at the sending and receiving ends respectively; a STATCOM has one current.
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                          Fig. 2.  Equivalent  power  system  from  the  controller  viewpoint

The generator current injections are given by iG. The classical model for the reduced

network including the UPFCs is:

δ̇j = ωj − ωs (10)

ω̇j =
1

Mj

[
PMj

−Ej

N+n∑
k=1

EkYjk cos (δj − δk − φjk)

]
(11)

j = 1 . . . , N

where Ej � δj is the voltage at bus j, Yjk � φjk is the (j, k)th element of the reduced

admittance matrix, Pmj
,Mj, and ωj are the mechanical power, inertia constant, and

angular speed respectively of machine j, and ωs is synchronous speed. The summation

represents the active power injected at each current injection point.

IV. CONTROLLER DESIGN

The controller design consists of three stages.

A. Stage I

The objective of the first design stage is to find the desired changes in mechanical

powers required to stabilize the system. To obtain the amount of mechanical power

required, we initially assume that the mechanical powers PMj
are inputs into the system

model. Note that this is only for controller development; we don’t actually require that

the generator mechanical powers change.
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Under this assumption, the system model of equations (10) and (11) become

ẋ = F (x) +GU (12)

where

F (X) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ω1 − ωs

− 1
M1
E1
∑N+n

k=1 EkY1k cos (δ1 − δk − φik)
...

ωN − ωs

− 1
MN

EN
∑N+n

k=1 EkY1k cos (δN − δk − φik)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(13)

G =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 . . . 0 0

0 1
M1

. . . 0 0
...

...
. . .

...
...

0 0 . . . 0 0

0 0 . . . 0 1
MN

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(14)

U = [0 PM1 0 PM2 . . . 0 PMN
] (15)

where x = [δ1 ω1 δ2 ω2 . . . δN ωN ] and

Since we only require that the system frequencies return to steady-state rapidly, a subset

of equations (12) is

ẋ2 = f (x1) + gu (16)

where x1 = [δ1 δ2 . . . δN ] and x2 = [ω1 ω2 . . . ωN ].

f(x1) =

⎡
⎢⎢⎢⎢⎣

− 1
M1
E1
∑N+n

k=1 EkY1k cos (δ1 − δk − φik)
...

− 1
MN

EN
∑N+n

k=1 EkY1k cos (δN − δk − φik)

⎤
⎥⎥⎥⎥⎦

(17)

G =

⎡
⎢⎢⎢⎢⎣

1
M1

. . . 0
...

. . .
...

0 . . . 1
MN

⎤
⎥⎥⎥⎥⎦

(18)

U = [PM1 PM2 . . . PMN
] (19)
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Letting x1s, x2s and us denote the steady-state values of x1, x2 and u respectively, then

the error in generator rotor frequencies becomes

e = x2 − x2s (20)

and

ė = f (x1) − f (x1s) − gus + gud (21)

Equation (21) can be stabilized with input ud such that

ud = g−1 [−f (x1) + f (x1s) + gus +Ke] (22)

where K is a positive definite matrix and

ė = −Ke (23)

Stage II

In Stage I, the required changes in the generator’s mechanical powers were found that

stablize the system. In this stage, these changes are translated into control signals to the

FACTS devices. As noted previously, the generator mechanical powers do not actually

change as a consequence of the proposed control. Using the desired active power changes,

a new control signal is introduced:

Δu = udesired − uactual (24)

where ud and us are the desired and actual values for the generator mechanical powers.

This mismatch is translated into the desired changes in the FACTS’ bus voltage angles:

lj = Δuj − Ej

N+n∑
k=N+1

EkYjk cos (δj − δk − φjk)

−Ej

N+n∑
k=N+1

EkYjk cos (δj − δk − Δδk − φjk) (25)

j = i, . . . , N

where

L = [l1, . . . , lN ]T

Δ = [Δδ1, . . . , Δδn]T

The nonlinear system (25) is solved numerically for Δ. Note that if N �= n, then the

system of equations is not square and an exact solution to (25) is not possible. In this
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case, the equations are minimized to find the best fit to Δ which minimizes the error in

(25). These values are then used to calculate the desired current injections: i�d1, i
�
q1, i

�
d2, i

�
q2.

Stage III

In this stage, the desired current injections are translated into actual control values for

the FACTS devices. As before, we develop this approach for the UPFC only, noting that

similar approaches can be developed for the SSSC and STATCOM. To accomplish this,

a predictive control based on [13] is used. The basic methodology of predictive control

is to design an asymptotically stable controller such that in an affine nonlinear system,

the output y(t) tracks a prescribed reference value w(t) in terms of a given performance:

ẋ(t) = f (x(t)) + g (x(t)) u(t) (26)

yi(t) = hi (x(t)) i = 1, . . . , m (27)

where m is the number of outputs equal to the number of inputs in u(t). The receding

horizon performance index is given by

J =
1

2

∫ T

0
(ŷ(t+ τ) − ŵ(t+ τ))T (ŷ(t+ τ) − ŵ(t+ τ)) dτ (28)

where T is the predictive period. The actual control input u(t) is given by the initial

value of the optimal control input û(t+ τ) for 0 ≤ τ ≤ T and u(t+ τ) = û(t+ τ) when

τ = 0.

The optimal predictive control law is given by:

u(t) = −
(
Lgl

ρ−1
f h(x)

)−1 (
KMρ + Lρ

fh(x) − w[ρ](t)
)

(29)

where ρ is the relative degree for the system outputs (assuming that all outputs have the

same relative degree) and L is the Lie derivative defined by:

Lμν =
∂ν

∂x
μ (30)

The matrix Mρ is given by

Mρ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

h(x) − w(t)

L1
fh(x) − w[1](t)

...

Lρ−1
f h(x) − w[ρ−1](t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(31)
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The matrix K is the first m rows of the matrix Ψ−1
rr ΨT

ρr where

Ψrr =

⎡
⎢⎢⎢⎢⎣

ψ(ρ+1,ρ+1) . . . ψ(ρ+1,ρ+r+1)

. . . . . . . . .

ψ(ρ+r+1,ρ+1) . . . ψ(ρ+r+1,ρ+r+1)

⎤
⎥⎥⎥⎥⎦

(32)

Ψρr =

⎡
⎢⎢⎢⎢⎣

ψ(1,ρ+1) . . . ψ(1,ρ+r+1)

. . . . . . . . .

ψ(ρ,ρ+1) . . . ψ(ρ,ρ+r+1)

⎤
⎥⎥⎥⎥⎦

(33)

where

ψi,j =
T

i+j−1

(i− 1)!(j − 1)!(i+ j − 1)!
, i, j = 1, . . . , ρ+ r + 1 (34)

and

T = diag {T, . . . , T} ∈ Rm×m

Returning to equations (1)-(5), the relative degree for all of the outputs is ρ = 1 and

assuming the control order to be r = 0, then the control law for the UPFC becomes

u1 =
−3L1

ωsVdcT
(id1 − i�d1) +

R1

Vdc
id1 − L1

Vdc
iq1 +

V1 cos θ1
Vdc

+
L1

ωsVdc

d

dt
i�d1 (35)

u2 =
−3L1

ωsVdcT

(
iq1 − i�q1

)
+
R1

Vdc
iq1 +

L1

Vdc
id1 +

V1 sin θ1
Vdc

+
L1

ωsVdc

d

dt
i�q1 (36)

u3 =
−3L2

ωsVdcT
(id2 − i�d2) +

R2

Vdc

id2 − L2

Vdc

iq2 +
V2 cos θ2
Vdc

− V1 cos θ1
Vdc

+
L2

ωsVdc

d

dt
i�d2 (37)

u4 =
−3L2

ωsVdcT

(
iq2 − i�q2

)
+
R2

Vdc
iq2 +

L2

Vdc
id2 +

V2 sin θ2
Vdc

− V1 sin θ1
Vdc

+
L2

ωsVdc

d

dt
i�q2 (38)

These inputs are then translated into the control inputs for the UPFC:

k1 =
√
u2

1 + u2
2 (39)

α1 = tan−1 u2

u1
(40)

k2 =
√
u2

3 + u2
4 (41)

α2 = tan−1 u4

u3
(42)

The three stage control process and outcomes of each stage are summarized in Figure

3.
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                                    Fig. 3.  The  three  stage  control  process

V. SELECTIVE FEEDBACK MEASUREMENTS BASED ON DOMINANT

MACHINES

The control method discussed in the previous section requires global feedback data,

such as generator rotor speeds and angles, to be implemented. Although with recent

advances in Phasor Measurement Units it may be possible to provide synchronized

global measurements, it is still not feasible to assume that all generator rotor speeds

are simultaneously available. Therefore, it is reasonable to assume that a subset of

the measurements are available for feedback and the remainder of the states must be

estimated based on the available measurements. The most probable machines to obtain

measurements from are those machines which are dominant within coherent groups.

There are numerous methods for calculating coherent groups in the literature [14]-[17].

In [17], the coherency identification method is based on modal analysis and Gaussian

elimination with full pivoting on the selected eigenvectors of the system to find the

reference generators and their group members. The selected eigenvectors are chosen

based on the lowest oscillatory modes of the system. Once the dominant machines are
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                                        Fig. 4.  68  bus,  16  generator  test  system

found, a reduced order system is computed which captures the “slow” dynamics of the

original system. In this process, the remaining unmeasured states of the system can be

estimated based on the states which are measured via singular perturbation [18]. Let the

dominant machines be ordered from 1 to Q and the rest of the machines be numbered

from Q+ 1 to N , then the changes in the non-dominant machines can be approximated

using a zero-th order model by:
⎡
⎢⎢⎢⎢⎣

χQ+1,Q+1 . . . χQ+1,N

...
. . .

...

χN,Q+1 . . . χN,N

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

ΔδQ+1

...

ΔδN

⎤
⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

∑Q
k=1 χQ+1,kΔδk −∑N+n

k=N+1 χQ+1,kΔδk
...

∑Q
k=1 χN,kΔδk −∑N+n

k=N+1 χN,kΔδk

⎤
⎥⎥⎥⎥⎦

(43)

where

χi,j =
μij

μii
i = 1, . . . , N and j = 1, . . . , N + n (44)

and

μij = −EiEjYij sin (δi − δj − φij) i �= j (45)
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μii = −
N+n∑
k �=i

EiEkYik sin (δi − δk − φik) i = j (46)

Note than when only the dominant machines are selected for the control action, only

the rows corresponding to the dominant machines will be used in equation (25) thereby

reducing the order of the system. This is advantageous since the pseudo-inverse required

to solve the set of equations is more nearly square providing better convergence.

VI. EXAMPLE AND RESULTS

Although the control has been developed using the classical generator model, the control

approach will be validated using the full 10th order model which includes an exciter/AVR,

turbine, and governor dynamics. The model is given in the Appendix. The proposed

control is validated on the 68 bus, 16 generator New England/New York test system

shown in Figure 4. The coherent groupings corresponding to the five slowest modes are

indicated by the dashed lines in Fig. 4. The network data and the grouping procedure

are given in [19]. The transmission tie lines are shown with bold lines. The reference

generators for the five areas are G5, G13, G14, G15, and G16.

Choosing the appropriate number of FACTS devices in the network is based on the

number of coherent areas. As a rule of thumb, the best number is to match the number

of current injections with the number of modes. For example, five current injections can

be used to control the inter-area oscillations between five areas. In the example, we have

used only four current injections: one UPFC (two injections) and two STATCOMS (one

injection each), to show that good results can be obtained even with few controllers if

necessary.

The optimal placement of FACTS devices in a power system for oscillation damping is

still an open research question. Very few authors have addressed the placement of FACTS

devices for stability improvement. Most placement algorithms consider only static line

loadability or placement for congestion reduction. However, one recent work addresses

the use of modal controllability indices specifically for FACTS placement for oscillation

damping [20]. In this paper, the UPFC is placed on line 42-41 with the shunt converter

on bus 42 and the STATCOMS have been placed on buses 1 and 2. The UPFC placement

was chosen to be a tie line and the STATCOMS are on centrally located buses in adjacent
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coherent areas.

The parameters of the FACTS devices are given in Table I. The per unit approach is

the same as in [21] on a 100 MW, 100 kV base.

TABLE I

FACTS PARAMETERS

R1 L1 R2 L2 Rp C

UPFC 0.01 0.15 0.001 0.015 25 1400

STATCOMs 0.01 0.10 n/a n/a 25 1200

In the simulations, a solid three-phase fault is applied to bus 33 at 0.2 seconds and

cleared at 0.3 seconds. The dynamic responses to this fault is shown in the following

figures.

Case I: proposed control, all measurements

available

Case II: proposed control, only dominant machine

measurements available

Case III: linear control (taken from [22])

Note that in Case II, the estimation approach discussed in Section V is used to obtain

approximations to the unavailable states.

Figure 5 shows a subset of the generator speeds with no FACTS devices in the system

compared to Case I. Not all responses are shown for the sake of brevity. The selected

generators are taken from four of the five coherent areas (generator 14 is by itself in an

area and is not shown). Note that the generators go unstable as a result of the fault, but

the proposed control is able to stablize the system and rapidly mitigate the oscillations.

Figure 6 shows the results of the proposed control method for Cases I (bold) and II

(thin) compared against a linear control (dashed). The scale is enlarged from Figure 5 to

show the detail in each case. Although it appears as if the linear case is going unstable,

it actually does remain stable. The oscillations are damped over the longer simulation

time. Note that in all cases, the proposed nonlinear control produces better damping

than does the linear case. Recall that in Case I, all of the generator speeds are assumed

to be measurable and usable for feedback, thus it is not surprising that Case I provides

124



0 2 4 6 8 10
376.9

376.95

377

377.05

ω
1

ra
d/

s

0 2 4 6 8 10

377

377.05

377.1

ω
15

0 2 4 6 8 10
376.8

376.9

377

377.1

377.2

ω
11

time (seconds)

ra
d/

s

0 2 4 6 8 10
376.96

376.98

377

377.02

377.04

ω
16

time (seconds)

           Fig. 5.  Generator speeds for no FACTS devices (bold) and Case I (thin)

excellent oscillation mitigation. The important thing to note here is that the Case II results

are comparable to the Case I results even though only five of the sixteen generators were

assumed to be measurable. This indicates that not only does the proposed control provide

excellent damping, the proposed estimation method also works in concert with the control

very effectively.
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          Fig. 6.   Generator speeds for Case I (bold), Case II (thin), and Case III (dashed)

Figure 7 shows the active power injections of the UPFC. The series injection is shown

in the top figure and the shunt injection is shown in the bottom figure. In this figure,

Case II (bold) is compared to Case III (thin). These series active power injection for

the proposed control is very modest; therefore the rating of the series transformer and

converter do not need to be overly large. The shunt converter, however, does inject

considerable active power into the system during the fault. Similar behavior is displayed

by the STATCOMs as shown in Figure 8. Figure 9 shows the dc link capacitor voltages.
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The UPFC and one of the STATCOMs experience a drop of approximately 5% whereas

the second STATCOM experiences a slight increase in voltage. This is reasonable, since

to damp oscillations, it may be necessary to inject active power in some areas and absorb

active power in other areas.
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Fig. 7.  UPFC  injected  active  power:  Series  (top)  and  Shunt  (bottom);  Case  II  (bold)  and

Case III (thin)
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Fig. 8.  STATCOM  active  power   injection:  Case   I   (bold),   Case   II   (thin),  Case  II  (dashed)

VII. CONCLUSIONS

A three stage nonlinear control scheme has been proposed for damping inter-area

oscillations using multiple FACTS devices. Any FACTS device which is capable of

controlling its interface bus(es) angle with the power network can be considered for

this type of control. The method uses the generators’ speeds as the feedback data for
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the control. Using measurements from the dominant generators and estimating the rest

of the states based on equivalent reduced systems was shown to considerably reduce

the number of needed global measurements for control. Based on the simulation results,

the proposed method shows promising results for wide-area control of power systems.

However, there are several issues which need to be considered. There is a considerable

computational burden for the controller which requires fast processors for real-time

performance. However, proper grouping and using the dominant machines could lower

the computation time. Future work will also consider the effect of time delays and

communication noise in the measured states on the control effectiveness. Sensitivity of

the proposed method to system uncertainties and topology changes should also be studied.

APPENDIX

Two–Axis Generator Model

δ̇i = ωi − ωs

Miω̇i = TMi
+
Vi

x′di

(
E ′

di
cos (θi − δi) + E ′

qi
sin (θi − δi)

)

T ′
d0i
Ė ′

qi
= −xdi

x′di

E ′
qi

+

(
xdi

− x′di

)

x′di

Vi cos (θi − δi) + Efdi

T ′
q0i
Ė ′

di
= −xqi

x′di

E ′
di
−
(
xqi

− x′di

)

x′di

Vi sin (θi − δi)

Assumption: x′
qi

= x′di
and Rs = 0
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IEEE Type I Exciter/AVR Model

TEi
Ėfdi

= −KEi
Efdi

− SEi
(Efdi

)Efdi
+ VRi

TAi
V̇Ri

= −VRi
+KAi

RFi
− KAi

KFi

TFi

Efdi

+KAi
(Vrefi

− Vi) V min
Ri

≤ VRi
≤ V max

Ri

TFi
ṘFi

= −RFi
+
KFi

TFi

Efdi

Turbine Model

TRHi
ṪMi

= −TMi
+

(
1 − KHPi

TRHi

TCHi

)
PCHi

+
KHPi

TRHi

TCHi

PSVi

TCHi
ṖCHi

= −PCHi
+ PSVi

Speed Governor Model

TSVi
ṖSVi

= −PSVi
+ PCi

− 1

Ri

ωi

ωs

0 ≤ PSVi
≤ Pmax

SVi

Power Balance Equations

Generator Buses

0 =
Vi

x′di

(Eq′i sin (δi − θi) − Ed′i cos (δi − θi))

−Vi

n∑
j=1

VjYij cos(θi − θj − φij)

0 =
Vi

x′di

(Eq′i cos (δi − θi) + Ed′i sin (δi − θi) − Vi)

−Vi

n∑
j=1

VjYij sin(θi − θj − φij)

Load Buses

0 = PLi
− Vi

n∑
j=1

VjYij cos(θi − θj − φij)

0 = QLi
− Vi

n∑
j=1

VjYij sin(θi − θj − φij)
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9. Optimal Placement and Signal Selection 
for Wide-Area Controlled UPFCs for 
Damping Power System Oscillations 

Mahyar Zarghami, Student Member, IEEE,  
Mariesa L. Crow, Senior Member, IEEE 

ABSTRACT: The paper discusses an optimal placement for UPFCs and an optimal 

method for the selection of global measurements in a wide-area controlled network for the 

purpose of damping power system oscillations.  Both the placement and signal selection methods 

are optimized to damp inter-area oscillations.  Optimal UPFC placement is identified by 

comparing different candidate placements based on the total damping they produce.  Optimal 

selection of output measurements is based on the projection of the right eigenvectors on outputs. 

After the selection of the desired output measurements, observer gains are designed by LMI 

approaches. Test results from the IEEE 57 bus test system indicate good potential in terms of 

selecting UPFC placements and output signals. 

 

Index Terms: UPFC, Power System Oscillation, UPFC Placement, Wide-Area Network, 

Output Signal Selection, LMI 

 

I.  INTRODUCTION 

The UPFC, or Unified Power Flow Controller as shown in Fig. 1 is a series-shunt FACTS 

device which is capable of controlling the active and reactive power flow through the line in 

which it is deployed.  This capability enhances the operation of the power system under steady-

state conditions. However, because FACTS devices have very fast dynamics compared to 

generators, they can also play important roles to enhance the stability of power systems. This is 

usually accomplished through supplementary controls associated with these devices. Damping 

power system oscillations is one of the important applications of UPFCs [1]-[6].  Oscillations can 

occur in a system as a result of contingencies such as sudden load changes or power system 

faults.  Traditionally power system stabilizers (PSS) have been used for damping local and inter-

area oscillations, but FACTS controllers have significant potential as an alternative to PSS. 
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Fig. 1. Unified Power Flow Controller Diagram 

 

Despite the fact that UPFCs can be very effective in damping power system oscillations, 

there is little research in the literature which addresses the role of UPFCs’ placement in the 

dynamic performance of the network. There is considerable work published on the placement of 

FACTS devices to improve the steady-state performance of the network, such as improving the 

power transfer or minimizing system losses [7]-[10].  In [11], the placement of variable 

impedance apparatus to improve the stability of large scale power systems is explored, but this 

work does not specifically address UPFCs.  Recent studies for the placement of FACTS 

controllers for stability improvement can be found in [12], where a fast algorithm based on 

controllability indices has been proposed. In this algorithm, it is assumed that UPFCs can be 

located simultaneously on all lines of the system.   Based on this assumption, additional terms 

augment the original state space system and are used to determine the UPFC placements. 

However, previous work [13] has shown that the introduction of a UPFC into the power system 

changes its operating conditions from the base case, and furthermore that there can be multiple 

resulting operating conditions that can each affect the transient behavior of the system differently.   

Because different UPFC placements can cause significant differences in the transient 

behavior of the system, placements must be chosen with care.  Not only can a good placement 

improve the stability of the system; a poor placement can produce undesirable behavior.  In this 

paper, a new performance index is introduced that provides a method to compare different 

candidate placements in terms of the damping they can provide in the system under the same 

control approach.  

After the placement candidates are chosen, modal analysis based on observability indices is 

performed to identify the best global signals in the wide-area network for proper observer design 

which provides the estimated feedback data to the controller [15]. The observer design has been 

 

132



performed using LMI approaches. The discussed algorithms have been validated using 

comprehensive nonlinear simulations using 10th order generator models as given in the Appendix. 

 

II.  UPFC MODEL 

The UPFC dynamic model is based on the power injection model shown in Fig. 2.  
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Fig. 2. Power Injection Model for UPFC 

 

The dynamic equations for the UPFC power injection model are given as [16]: 
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1
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1 1 1
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where: 
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111 qd jiii += : Shunt injection current in UPFC (pu) 

222 qd jiii += : Series injection current in UPFC (pu)  

1R : Equivalent shunt resistance in UPFC (pu)  

1L : Equivalent shunt inductance in UPFC (pu)  

2R : Equivalent series resistance in UPFC (pu)  

2L : Equivalent series inductance in UPFC (pu)  

dcv : dc bus voltage in UPFC (pu)    

C : Equivalent capacitance in UPFC (pu)   

pR : Equivalent dc resistance in UPFC (pu)  

11,αk : Modulation amplitude and angle of the shunt part of UPFC 

22 ,αk : Modulation amplitude and angle of the series part of UPFC 

 

III.  CONTROLLER DESIGN 

Because the placement method depends on the controller design approach, the controller 

design used in this study is summarized in this section.  For simplicity and moreover to remove 

the dynamics of the UPFC from the design (hence making the design independent of the UPFC 

model), the power system is reduced to the current injection points. The current injection points 

are the generator internal buses and the UPFC sending/receiving buses as shown in Fig. 3. The 

dashed lines in the figure indicate that in the reduced order network, nearly all of the current 

injection buses are connected to each other. The reduced admittance matrix for this simplified 

network is created by assuming constant admittances for the loads and absorbing them into the 

original admittance matrix of the power system. In addition, the generators are modeled with the 

classical model.  This is only for model development;  the controller design is validated through a 

full-order nonlinear simulation.  The order of the reduced order system is 2g un n+ , where gn is 

the number of generators and is the number of UPFCs. un
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Fig. 3. Equivalent Power System from the Controller's View 

 

The resulting state space model for the above system then becomes: 

.

j j sδ ω ω= −          (6) 

2.

1

(1 / )( cos( ))
g un n

j j j k jk j k jk
k

jMM P E E Yω
+

=

= − − −∑ δ δ Φ    (7) 

where:  

Sω : Synchronous speed (rad/s) 

jω : Speed of machine j (rad/s)      1, ..., gj n=  

jM : Inertia at machine j (pu)       1, ..., gj n=  

jMP : Mechanical input at machine j (pu)     1, ..., gj n=  

iδ : Angle at bus i (Radians)         1, ..., 2g ui n= + n

n
iE : Bus magnitude at bus i (pu)         1, ..., 2g ui n= +

jkY ∠Φ jk : Admittance matrix of the equivalent reduced system for , 1, ..., 2g uj k n= + n  

 

Linearizing (6)-(7) results in a linear time invariant system of the form: 
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BRAXX +=&          (8) 

 

where X is the vector of generator rotor speeds and angles and R is the vector of inputs, 

namely the angles of the UPFC sending/receiving buses. The state space system in (8) can be 

controlled using the LQR approach. This comprises the first stage of the control. The second 

stage is to find the modulation amplitudes and angles of the UPFCs [14]. 

 

IV.  PLACEMENT FOR STABILITY IMPROVEMENT 

Using the LQR approach in (8) will result in a control of the form: 

 

KXR −=          (9) 

 

Substituting (9) into (8) results in: 

 

( )X A BK X= −&         (10) 

Therefore for every placement, the resulting eigenvalues of A-BK estimate the modes of the 

system and their damping effect on the system.  More specifically, the summation of the real parts 

of the eigenvalues provides an index that predicts the damping of the oscillatory modes of the 

system.  If a specific range of oscillations (such as the inter-area modes) are of interest, then these 

calculations can be performed on the corresponding eigenvalues.  Repeating this procedure for all 

placement candidates and sorting the resulting indices creates a table to show the best and worst 

damping candidates. Although eigenvalue calculations are repeated for every candidate 

placement, numerical techniques for calculating subsets of eigenvalues of large sparce matrices 

can be used to improve computational efficiency [17]. 

 

V.  OBSERVER DESIGN 

The implementation of the control method described in section III requires all rotor speeds 

and angles.  However, in a power system spread over wide geographical areas, this requirement 

might not be feasible. However, with the introduction of Phasor Measurement Units (PMU) 

which can provide synchronized measurements from different parts of the network, the most 
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critical measurements for the control effectiveness can be determined based on the information 

they convey about the oscillatory modes of the system.  This can be accomplished through the 

projection of the right eigenvectors of the system on the output matrix and sorting the best output 

measurements [15]. For a state space system of the following format: 

 

X AX BR
Y CX DR

= +
= +

&
         (11) 

 

where C is the output matrix, the projection of the right eigenvector of Φ  is found by: 

 
'C C= Φ           (12) 

 

The output matrix C represents any measurement which may be available in the network. In 

this work, the line active power flows have been considered for measurement, since interarea 

oscillations have direct effect on them. Every row of the matrix contains the information of the 

corresponding line power flow from different oscillatory modes. Therefore, based on which 

modes are of interest, the magnitudes of the corresponding columns are summed to get an index 

for every power flow measurement. 

'C

Once the best output candidates are determined from (12), proper observer design can be 

performed for the estimation of the states. The observer structure has the following form: 
.
^ ^

(
^
)X A X BR L Y Y= + + −         (13) 

^ ^
Y C X DR= +          (14) 

 

where 
^
X is the vector of estimated generator rotor speeds and angles, and L is the observer 

gain and it can be designed using different approaches.  In this work, an LMI approach has been 

used for designing L. The design procedure for determining L with one UPFC placement in a 

power system is described below. Defining the estimation error to be: 
^

e X X= −          (15) 

 

The following state space system is created: 
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         (16) 

 

where: 

0e

A BK BK
A

A LC
− −⎡ ⎤

= ⎢ −⎣ ⎦
⎥        (17) 

 

By defining a positive definite matrix of the following format: 

0

1

0
0
p

P
p

⎡ ⎤
= ⎢
⎣ ⎦

⎥          (18) 

then inequality can be solved using an LMI approach if the initial feedback matrix 

K is set by an LQR solution. Note that if the resulting system is asymptotically stable, then the e 

error will be driven to zero and the “estimated” states will converge to real states as time 

increases. To ensure asymptotic stability, an additional inequality for the local observer is 

incorporated into the previous inequalities as: 

0T
e eA P PA+ <

 

1 1

1 1

[ ( ) ( )] ...

[ ( ) ( )] 0T

p A BK p L C DK

p A BK p L C DK

− − − +

− − − <
      (19) 

 

VI.  EXAMPLES AND RESULTS 

The IEEE 57 bus test system [18] has been used to illustrate the results. This system has 7 

machines that are modeled with a two-axis generator model, a type I exciter/AVR model and 

turbine and governor models as given in the Appendix. The full nonlinear system has been 

simulated using MATLAB with a solid fault occurring on bus 17 at 0.2 s and removed at 0.4 s. 

The UPFC parameters are given in Table I.  

 

TABLE I 
UPFC Parameters 

 
  

1
( )R pu  

1
( )L pu

2
( )R pu  

2
( )L pu  ( )

p
R pu  ( )puC  

UPFC 0.01 0.15 0.001 0.015 100.00 350.0 
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(a) UPFC Placement 

The method discussed in section IV is used to find the best placement of the UPFC. The test 

system has a total of 80 lines. By convection, a UPFC on line i-j is assumed to have the shunt 

converter on bus i. Therefore, for 80 lines, there a total of 160 possible placements for the UPFC. 

For every placement, the method discussed in [13] has been used to find the proper stable steady-

state initial conditions of the system. Then the summation of the real parts of the eigenvalues of 

(10) has been used as the placement index (PI).  The results of the sorted PIs are shown in Table 

II. Not all the cases have been shown because of lack of space. The shown cases have been 

chosen from the beginning, middle and the end of the original table. 

 

TABLE II 
UPFC Placements sorted by Placement Indices (PIs) 

 
Case 

No. 

From To PI 

1 15 3 -95.0498 

2 13 12 -92.7163 

3 4 16 -86.3130 

4 15 13 -85.2046 

5 15 1 -84.9136 

…    

30 10 12 -44.6083 

31 10 51 -38.7585 

32 55 9 -36.9371 

33 55 54 -36.9285 

34 29 7 -31.5083 

…    

176 30 31 -1.7354 

177 32 34 -1.7262 

178 32 31 -1.7112 

179 31 32 -1.3899 

180 31 30 -1.3873 
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Placements 1 and 30 have been compared to show the validity of the method. Simulation 

results for the rotor speeds are shown in Fig. 4. In these simulations, it has been assumed that all 

of the state feedbacks are available. The bold, dashed and thin plots are related to Placements 1, 

30 and the uncontrolled case, respectively. From the results, Placement 1 has an overall better 

performance. 

In order to quantify the behavior of the placements, a machine speed profile index is 

defined as follows: 

 

1 1

1 1g samplen n

i s
i jg sample

I
n nω ω ω

= =

⎛ ⎞
= ⎜⎜

⎝ ⎠
∑ ∑ − ⎟⎟      (20) 

 

where: 

:Iω  Speed profile index 

:gn  Number of generators 

:samplen  Number of samples in speed profile 

:iω i'th generator speed 

:sω Synchronous speed 

 

The above index estimates the performance of each placement. Specifically, the lower the 

index is, the better the performance of the placement is expected to be. Table III shows the 

comparison of simulations in terms of the above defined index. As can be seen, placement 1 

results in smaller values for the speed index. This means that smaller deviations of rotor speed are 

experienced in the simulations for this placement.  

 

TABLE III 
Comparison of the Placements Based on Speed Profile Index 

 
 Iω  

Placement 1 0.0179 

Placement 30 0.0417 

Uncontrolled 1.2825 
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Fig. 4. Machine rotor speeds (Placement 1: bold, Placement 30: thin, uncontrolled:  dashed) 

 

(b) Observer Design 

Once it is determined that Placement 1 is a good candidate in terms of its PI, the next step is 

to design an observer for the UPFC controller so that it can estimate the feedback data for the 

control action. This is because in most cases it is not possible for the controller to have direct 

access to all feedback states. Assuming that all line active power flows are possible candidates for 

measurement, the method discussed in section V has been applied to find the best candidates for 

measurement in terms of their information about the system modes. Table IV shows a selection of 

the best and worst candidates in terms of their observation index (OI). The index OI is defined as 

the summation of the magnitudes of all columns in each row of . 'C
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TABLE IV 

Measurement Candidates Sorted by Observation Indices (OIs) 

 Case 

No. 

From To OI 

1 1 2 2.5928 

2 8 9 2.3483 

…    

179 31 32 0.0107 

180 32 33 0.0002 

 

 

 

 

 

 

 

 

Once the best measurement candidates are found, the LMI approach can be used to design 

the proper observer. In this work, only the first two measurements (power flows in lines 1-2 and 

8-9) have been used for designing the observer. To show how capable the observer is in 

estimating the states, the simulation results for generator rotor speeds are shown in Fig. 5. The 

bold plots show the results when all feedback data is available, while the thin plots show the 

results when the feedback data has been estimated, and the dashed plots show the uncontrolled 

case. As can be seen from the results, the controller is doing a very good job in terms of damping 

power system oscillations. It is also seen that as the time is increased, the observer error tends to 

decrease.   

 

VII. CONCLUSIONS AND FURTHER WORK 

In this paper, a method has been proposed for the placement of UPFCs for stability 

improvement. The method is based on a candidate comparison. The method selects the best 

placement candidates based on the total damping they could create on all or a range of the 

oscillation modes. Once the placement candidate is selected, the best output measurements are 

determined based on the observability indices. These measurements are used by LMI approaches 

to design a proper observer. 

Further work is to combine placement methods to find the best candidates in terms of both 

static and dynamic criteria. Other work would be to study the lack of a critical output 

measurement on both control and estimation. ∞H methods could be mixed with LMI to provide 

robust controllers. The sensitivity of the controllers to topology changes should also be studied. 
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Fig. 5. Generator rotor speeds (Feedback available: bold, Feedback estimated: thin, 

Uncontrolled: dashed) 
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APPENDIX 
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10. Dynamic Placement and Signal 
Selection for UPFCs in Wide-Area 

Controlled Power Systems 

Mahyar Zarghami, Student Member, IEEE, Mariesa L. Crow, Senior Member, IEEE, S. 
Jagannathan, Senior Member 

ABSTRACT: This paper deals with the problem of damping inter-area oscillations in 

wide-area bulk power systems using unified power flow controllers. Dynamic placement and 

signal selection are two important issues when FACTS devices are deployed in the system. In the 

paper both problems have been investigated using a Most Dominant Branches table calculated 

based on modal analysis which shows the influence of active powers of the branches on inter-area 

modes of the system. First, dynamic placement has been explained in which the best placement 

candidates are selected based on their influence on inter-area modes. Next the paper deals with 

dynamic estimation of the states of the system based on selected global measurements. Estimation 

of the states is important in centralized control approaches since global feedback is not fully 

available. Simulations on the IEEE 118 bus test system show that the proposed approaches give 

valuable guidelines for dynamic placement and signal selection problems. Although the results of 

the discussed methods have been explored using UPFCs, applications can be extended to other 

series connected FACTS devices. 

 

Index Terms: UPFC, Inter-Area Oscillation, UPFC Placement, Wide-Area Control, Signal 

Selection 

I. INTRODUCTION 

The UPFC, or Unified Power Flow Controller as shown in Fig. 1 is a series-shunt FACTS 

device which is capable of controlling the active and reactive power flow through the line in 

which it is deployed.  This capability enhances the operation of the power system under steady-

state conditions. However, because FACTS devices have very fast dynamics compared to 

generators, they can also play important roles to enhance the stability and dynamic performance 

of the power system. This is usually accomplished through supplementary controls associated 

with these devices. Damping power system oscillations is one of the important applications of 
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UPFCs [1]-[6].  Oscillations can occur in a system as a result of contingencies such as sudden 

load changes or power system faults.  Traditionally power system stabilizers (PSS) have been 

used for damping local and inter-area oscillations, but FACTS controllers have significant 

potential as an alternative to PSS. 

Despite the fact that UPFCs can be very effective in damping power system oscillations, 

there is little research in the literature which addresses the role of UPFCs’ placement in the 

dynamic performance of the network. There is considerable work published on the placement of 

FACTS devices to improve the steady-state performance of the network, such as improving the 

power transfer or minimizing system losses [7]-[10].  In [11], the placement of variable 

impedance apparatus for improving the stability of large scale power systems is explored, but this 

work does not specifically address UPFCs.  Recent studies for the placement of FACTS 

controllers for stability improvement can be found in [12], where a fast algorithm based on 

controllability indices has been proposed. In this algorithm, it is assumed that UPFCs can be 

located simultaneously on all lines of the system.   Based on this assumption, additional terms 

augment the original state space system and are used to determine the UPFC placements. 

However, previous work [13] has shown that the introduction of each UPFC into the power 

system changes its operating conditions from the base case, and furthermore that there can be 

multiple resulting operating conditions that can each affect the transient behavior of the system 

differently.  Because different UPFC placements can cause significant differences in the transient 

behavior of the system, they must be chosen with care.  Not only can a good placement improve 

the stability of the system; a poor placement can produce undesirable behavior.   

On the other hand, with the advances in Phasor Measurement Units, wide-area controllers 

for power systems are going to be feasible in the near future. These controllers, in contrast with 

decentralized controllers use the global feedback data for control implementation. However, the 

centralized controllers might not have direct access to all global feedbacks. This is where 

dynamic state estimation based on a selected set of global measurements becomes important.  

In this paper, modal analysis has been used for both dynamic placement and signal 

selection problems. Generally speaking, dynamic behavior of a power system is dependent to 

numerous factors, such as the pre-fault operating status of the system, fault type, fault location 

and its value, etc. Because of this, a best placement candidate cannot be guaranteed for all fault 

scenarios. However, certain guidelines can be found for proper FACTS placements based on 

modal analysis on the current steady-state status of the system.  As it will be shown, these 

guidelines can also be used for selecting the proper measurement candidates for estimation 

purposes in wide-area controlled systems where the feedbacks from all global states are not 
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available. In the sections to come, first we introduce a linear approach by modal analysis where a 

table of Most Dominant Branches (MDB) is calculated based on the influence of branches on 

inter-area modes. Then we explain the method by which we pick the best placement candidates as 

well as the best measurement candidates according to MDB. The discussed methods can be 

employed using any type of series connected FACTS device. Since UPFCs have been used in this 

project, a brief description of the control method used for damping oscillations using UPFCs 

based on previous work has been reviewed [14]. In the end simulation examples on IEEE 118 bus 

test system show the effectiveness of the proposed approach in determining the best placement 

and measurement candidates. 
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Fig. 1. Unified Power Flow Controller Diagram 

II. DETERMINING THE TABLE OF MOST DOMINANT BRANCHES (MDB) 

We can consider the dynamics of a power system consisting of the machines and the power 

network (transmission lines, power transformers, loads, etc.) to be of the following general 

nonlinear format: 

),(
.

YXfX =          (1) 

),(0 YXg=          (2) 

 

In (1) and (2), 1×∈ nRX and 1×∈ mRY represent the machine and network states (bus 

voltages and angles), respectively. Since the dynamics of the power network side is usually much 

faster than the dynamics of the machines, (2) has been approximated with algebraic equations. 

Note that in the differential-algebraic equation set of (1)-(2), FACTS dynamics has not been 

included. In other words, (1)-(2) show the situations of the system before placement of the 
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FACTS devices. 

Linearization of (1)-(2) around its equilibrium yields in: 
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where in (3) and (4), x and y represent small changes of states X and Y around their 

equilibrium, respectively. Substituting from (4) into (3) one can find: 

           (5) Axx =
.
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     (6) 

nnRA ×∈  represents the behavior of the system based on modal analysis. Finding the 

eigenvalues of A, one can find the oscillatory modes of the system and their frequencies. 

On the other hand, since power system oscillations are occurred in a power system because 

of imbalances between the generation and consumption of the active power, changes of active 

power flows through the branches (lines and transformers) could best represent the oscillatory 

modes of the system. Writing active power flow equations for branches and following the 

linearization method discussed above we can find the following set of equations for active power 

flow changes: 

 

Cxp =          (7) 

where in (7)  is the vector of active power flow changes, b is the number of 

branches and  is the output matrix. 

1×∈ bRp

nbRC ×∈

In order to find the influence of active power flow changes on the oscillatory modes of the 

system, we find the projection of the right eigenvector of A on C as it is shown below [15]: 

  

 Φ= CC '          (8) 

where nnR ×∈Φ  represents the matrix of right eigenvectors. Every row of shows the 

impact of the corresponding branch power flow on different oscillatory modes. Therefore, based 

'C
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on which range of mode(s) are of our interest, the elements of the corresponding columns can be 

summed to get an index for every power flow measurement on specific oscillatory mode(s). 

Usually, we are interested in damping inter-area modes. These modes can be determined by 

sorting the eigenvalues in terms of absolute values of their imaginary parts and finding the gap in 

the resulted frequencies. Modes with least values of frequencies are taken to be the inter-area 

modes. Once (8) is found, its rows are sorted based on their total influence on inter-area modes. 

The resulting table is called the Most Dominant Branches table, or simply MDB.   

 

III. ALGORITHM FOR DYNAMIC FACTS PLACEMENT AND SIGNAL 

SELECTION 

The following algorithm is proposed for finding the best placement candidates as well as 

the best power flow signals for state estimation: 

1- Determine the number of UPFCs for placement. 

2- Take n+1 to be the lowest modes of oscillation and determine the MDB table based on 

the previous section. Note that in (5), one mode would be the zero mode and it is 

assumed that at least the next n modes will be affected by n UPFCs. 

3- For every row of MDB, also determine the individual effect of every branch on every 

mode. 

4- Choose the best placement candidates among branches based on their total balanced 

influence on inter-area modes.  

5- Choose the best measurement candidates among the rest of the table based on their total 

balanced influence on inter-area modes. The number of measurements must provide 

feasible solution to the observer design. Observers can be designed by numerous 

approaches. In this work, observers have been designed based on LMI approaches. 

 

IV. CONTROLLER DESIGN 

The controller design used in this study is summarized in this section based on [14].  For 

simplicity and moreover to remove the dynamics of the UPFC from the design (hence making the 

design independent of the UPFC model), the power system is reduced to the current injection 

points. The current injection points are the generator internal buses and the UPFC 

sending/receiving buses as shown in Fig. 2. The dashed lines in the figure indicate that in the 

reduced order network, nearly all of the current injection buses are connected to each other. The 
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reduced admittance matrix for this simplified network is created by assuming constant 

admittances for the loads and absorbing them into the original admittance matrix of the power 

system. In addition, the generators are modeled with the classical model.  This is only for model 

development; the controller design is validated through full-order nonlinear simulations.  The 

order of the reduced order system is 2g un n+ , where gn is the number of generators and is the 

number of UPFCs. 
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Fig. 2. Equivalent Power System from the Controller's View 

 

The resulting state space model for the above system then becomes: 

.

j j sδ ω ω= −          (9) 

2.

1

(1/ )( cos( ))
g un n

j j j k jk j k jk
k

jMM P E E Yω
+

=

= − − −∑ δ δ Φ     (10) 

where:  

Sω : Synchronous speed (rad/s) 

jω : Speed of machine j (rad/s)      1, ..., gj n=  

jM : Inertia at machine j (pu)       1, ..., gj n=  

jMP : Mechanical input at machine j (pu)     1, ..., gj n=  
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iδ : Angle at bus i (Radians)        1, ..., 2g ui n= + n  

iE : Bus magnitude at bus i (pu)          1, ..., 2g ui n= + n  

jkY ∠Φ jk : Admittance matrix of the equivalent reduced system for , 1, ..., 2g uj k n= + n  

 

Linearizing (9)-(10) results in a linear time invariant system of the form: 

BrAxx +=
.

         (11) 

 

where x is the vector of generator rotor speeds and angles and r is the vector of inputs, 

namely the angles of the UPFC sending/receiving buses. The state space system in (11) can be 

controlled using the LQR approach where: 

 

          (12) Kxr −=

 

This comprises the first stage of the control. The second stage is to find the modulation 

amplitudes and angles of the UPFCs by solving the nonlinear differential-algebraic equations 

resulting from the UPFC model and its interface with the power network [14]. 

Implementation of the control for (11) requires all rotor speeds and angles.  However, in a 

power system spread over wide geographical areas, this requirement might not be feasible. With 

the introduction of Phasor Measurement Units (PMU) which can provide synchronized 

measurements from different parts of the network, the most critical measurements for control 

effectiveness can be determined based on the information they convey about the oscillatory 

modes of the system as explained in III. Once the best output candidates are determined, observer 

design can be performed for the estimation of the states. The observer structure has the following 

form: 

)(
^^^

.

yyLBrxAx −++=        (13) 

DrxCy +=
^^

         (14) 

where  is the vector of estimated generator rotor speeds and angles, and L is the observer 

gain and it can be designed using different approaches.  In this work, an LMI approach has been 

used for designing L. Considering the estimation error to be: 

^
x
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xxe −=
^

          (15)  

 

Matrix  is found such that: eA

''
..

],[],[ exAex e=         (16) 

 

By defining a positive definite matrix of the following format: 

 

),...,,( 10 unpppdiagP =        (17) 

inequality can be solved using an LMI approach if the initial feedback matrix K is 

set by an LQR solution. Note that if the resulting system is asymptotically stable, then the e error 

will be driven to zero and the “estimated” states will converge to real states as time increases. To 

ensure asymptotic stability, additional inequalities for the local observers are incorporated into 

the previous inequalities in terms of matrices. 

0T
e eA P PA+ <

unpp ,...,1

V. EXAMPLES AND RESULTS 

The IEEE 118 bus test system [16] which is shown in Fig.3 has been used to illustrate the 

results. This system has 20 machines that are modeled with two-axis generator, type I 

exciter/AVR and turbine and governor models as given in the Appendix. The full nonlinear 

system has been simulated using MATLAB with a solid fault occurring on bus 43 at 0 s and 

removed at 0.2 s. Two UPFCs with similar parameters are to be placed in the system. The UPFC 

parameters are given in Table I. The state space model for UPFCs has been extracted from [17].  

 

TABLE I 

UPFC Parameters 

1
( )R pu  

1
( )L pu  

2
( )R pu  

2
( )L pu  ( )

dc
R pu  ( )puC  

0.01 0.15 0.001 0.015 25.00 1400.0 
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Fig. 3. IEEE 118 Bus Test System 

 

(a) UPFC Placement 

The method discussed in section III is used to find the best placement of the UPFCs. The 

MDB table has been created and its results for 10 upper most dominant branches are shown in 

Table II.  

As it is seen in Table II, the influence of the branches on mode 0 is negligible. For 

placement, we pick the first UPFC to be located on the first dominant branch (from 68 to 65). As 

it is seen, the influence of this branch is more on Mode 2 with an approximate ratio of 3/2. 

Because of this, for the next UPFC placement, we look for a branch whose influence would be 

more on Mode 1. The most dominant branch which has this property is from 30 to 38 with an 

approximate ratio of 3/2. So this branch would be probably the best choice for placement of the 

second UPFC. These placements have been compared with several other placements to show the 

validity of our concept. One set of these placements is located on branches 5-3 and 64-63. The 

comparison between these two sets of placements is shown in Fig. 4 for some of the rotor speeds. 

In the control method, it has been assumed that all feedbacks are available. Because of lack of 

space, not all rotor speeds have been shown. However, the following Speed Profile Index has 

been defined in order to give a quantitative comparison between the placement sets: 

1 1

1 1g samplen n

i s
i jg sample

I
n nω ω ω

= =

⎛ ⎞
= ⎜⎜

⎝ ⎠
∑ ∑ − ⎟⎟       (18) 

where: 
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:Iω  Speed profile index 

:gn  Number of generators 

:samplen  Number of samples in speed profile 

:iω i'th generator speed 

:sω Synchronous speed 

 

TABLE II 

Most Dominant Branches and Their Influence on Inter-Area Modes 

 

From To Mode 

0 (%) 

Mode 1 

(%) 

Mode 2 

(%) 

Total 

Weight 

(pu) 

65 68 0.0002 39.0201 60.9797 1.1927 

80 81 0.0002 43.0232 56.9766 1.0152 

68 81 0.0002 43.0233 56.9764 1.0138 

30 38 0.0003 60.6173 39.3824 0.8911 

38 65 0.0006 69.5737 30.4258 0.7606 

69 77 0.0002 43.2887 56.7112 0.4444 

64 65 0.0006 9.2136 90.7858 0.4293 

8 30 0.0007 70.9298 29.0696 0.4135 

77 82 0.0003 42.2808 57.7189 0.4085 

23 24 0.0001 74.5151 25.4848 0.4062 

 

The above index estimates the performance of each placement set. Specifically, the lower 

the index is, the better the performance of the placement is expected to be. Table III shows the 

comparison of simulations in terms of the above defined index. As can be seen, the placement set 

(68-65) & (30-38) results in smaller values for the Speed Profile Index. This means that smaller 

deviations of rotor speeds are experienced in the simulations for this placement set.  
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TABLE III 

Comparison of the Placements Based on Speed Profile Index 

Placement Iω  

 (68-65) & (30-38) 0.0135 

(5-3) & (64-63) 0.0247 

 

 
Fig. 4. Comparison of placements for rotor speeds (bold: 68-65 & 30-38, dashed: 5-3 & 64-63) 

 

(b) Observer Design 

Once it is determined that the set (68-65) & (30-38) is a good placement candidate, the next 

step would be to design observers for estimation of the feedback data for control action. The 

concept here is to use other unused dominant branches in Table II for output measurements. Since 

it would be desirable to have as few measurements as possible for the observer, LMI design is 
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repeated until feasible solution is obtained. The following 6 branches shown in Table IV are 

found to be the suitable output measurements. As it can be seen from Fig. 3, these outputs are a 

combination of local and global measurements. 

 

TABLE IV 

Output Measurements for Observer Design 

 

From To Mode 

0 (%) 

Mode 1 

(%) 

Mode 2 

(%) 

Total 

Weight 

(pu) 

80 81 0.0002 43.0232 56.9766 1.0152 

38 65 0.0006 69.5737 30.4258 0.7606 

69 77 0.0002 43.2887 56.7112 0.4444 

64 65 0.0006 9.2136 90.7858 0.4293 

8 30 0.0007 70.9298 29.0696 0.4135 

77 82 0.0003 42.2808 57.7189 0.4085 

 

Comparing Table II with Table IV, it is seen that the dominant branch 68-81 has not been 

selected as an output measurement. The reason is that branches 80-81 and 68-81 are in series as 

shown in Fig. 3 and having one of them for measurement would be enough for observer design. 

Dashed plots in Fig. 5 show rotor speed simulations for the case where feedbacks have been 

estimated. As compared to the bold plots in Fig. 5, it is seen that the observers are doing a good 

job in terms of estimation of the states. Fig. 6 compares the controlled case with feedback 

estimation with the uncontrolled case. As this figure shows, the controller has been successfully 

damping inter-area oscillations. 
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Fig. 5. Comparison of rotor speeds (bold: all feedbacks available, dashed: estimated feedbacks) 
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Fig. 6. Comparison of rotor speeds for controlled and uncontrolled (bold: control with estimated 

feedbacks, dashed: uncontrolled) 

 

VI. CONCLUSIONS AND FURTHER WORK 

In general, dynamic behavior of the power system depends on factors such as the pre-fault 

operating status of the system, fault type, fault location and its value. In this paper, a simple 

method has been proposed as a guideline for dynamic placement of UPFCs and output 

measurements selection for proper estimation of the states in the system. The method is based on 

finding the table of Most Dominant Branches in terms of their influence on inter-area modes. 

Simulations show successful results for both dynamic placement and signal selection. Since 

finding the MDB table is not dependent to UPFC dynamics, the proposed method can be 

extended to the placement of others series connected FACTS devices, too. 
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Further work would be to look for placements which are optimal from both steady-state and 

dynamic perspectives. Minimal measurements for state estimation should not result in 

unsuccessful estimation of the states when one or more of the branches are removed as a result of 

contingencies. This might require further investigation on finding the best optimal set of 

measurements. 

APPENDIX 
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2.   CONCLUSIONS 

In this research, several methods have been discussed for damping inter-area oscillations 

in multi-area power systems using multiple UPFCs. A novel effective method based on 

controlling UPFCs’ bus voltage angles has been shown to have fast and effective results for 

damping oscillations. The method is extended to its nonlinear counterpart where state feedback 

from dominant machines of the system is needed for the control. However, enough capacitance 

on the dc side must exist for these methods to work successfully. Since global feedback data is 

not usually accessible for control implementation, decentralized and centralized wide-area 

methods have been proposed for dynamic feedback data estimation. Although decentralized 

controllers which rely only on local measurements for estimation seem more interesting, they do 

not always provide a feasible solution since local data does not always contain enough 

information about all system modes. Optimal dynamic placement of FACTS controllers has an 

important effect on the dynamic behavior of the system and oscillation damping. Simple methods 

based on modal analysis have been proposed for dynamic placement. 

Further work would be to test the proposed controllers in more realistic power system 

models. One way to do this is through hardware in loop simulations where real laboratory scale 

FACTS devices are interfaced with simulated power systems. Another area of work would be to 

design more robust and adaptive controllers which show better results against system 

uncertainties and topology changes. Although through simulations it has been shown that the dc 

capacitor voltage would be naturally regulated in most severe single-contingency fault scenarios, 

control of the dc capacitor is another area of research since currently there is no specific method 

for capacitor voltage regulation to make sure that voltage could be maintained against multi-

contingency fault scenarios. The methods proposed for dynamic placement are based on modal 

analysis which is inherently a linear method. Other nonlinear methods could also be investigated. 

One of these methods can be based on power system energy functions in which the best 

placement would possibly be the one maintaining the lowest level of energy in the system. 
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