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Abstract—This paper introduces a method of using 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 

AMPING 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 authors have shown that using global 
frequency data as input to the UPFC controller provides 
effective inter-area oscillation damping. Although the 
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Fig. 1. Unified Power Flow Controller Diagram 
 

 
[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. 

 

II.  TWO STAGE CONTROLLER 

In this section, the two stage controller design is 
summarized from [7].  
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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
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j jj j

dj j
q j jd d dc

S j j j
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i i i v
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where: 

:un Number of UPFCs 

1, ...,
u

j n=  

1 11, j jd qji i ji+= : Shunt injection current in UPFC j (pu)  

2 22, j jd qji i ji+= : Series injection current in UPFC j (pu)  

1 j
R : Equivalent shunt resistance of UPFC j (pu)  

1 j
L : Equivalent shunt inductance of UPFC j (pu)  

2 j
R : Equivalent series resistance of UPFC j (pu)  

2 j
L : Equivalent series inductance of UPFC j (pu)  

jdc
v : DC bus voltage in UPFC j (pu)    

j
C : Equivalent capacitance of UPFC j (pu)   

j
p

R : 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,j jk α : 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 2 un 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.  

 

 
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:  

j
ω : Speed of machine j (rad/s)       1, ...,

g
j n=  

j
M : Inertia at machine j (pu)         1, ...,

g
j n=  

j
M

P : Mechanical input at machine j (pu)   1, ...,
g

j n=  

i
δ : Angle at bus i (Radians)      1, ..., 2

g u
i n n= +  

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

jk jk
Y ∠Φ : Admittance matrix of the equivalent reduced 

system for , 1, ..., 2
g u

j k n n= +  

 

This nonlinear state space system is of the order 2 1
g

n − with 

intermediate control inputs ri defined as: 
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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 second control stage is to 

find the values of 
1 1 2 2

, , ,
d q d q

i i i i from the following four active 

and reactive power balance equations at the sending and 
receiving buses of the UPFC:  
      
 

( ) ( )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 
1 1 2 2

, , ,
d q d q

i i i i can be taken to be algebraic 

quantities. With this assumption, converting (1) to (4) to 
algebraic equations results in: 

11

11 1
1 1
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Solving the differential-algebraic equation set of (19) to 

(22) and (5) will result in the values of 
1 1 2 2

, , , ,
dc

k k vα α . 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 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.  

 
Fig. 4. Two Stage Control Design 
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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 
1

X  and 

observable set of 
2

X ,  equation (3) can be rewritten [9]: 

 
.

1 1 111 12

.
21 22 2 2

2

X X BA A
U

A A X B
X

= +
⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎣ ⎦

        (23) 

 

The directly available set of 
1

X  can be verified through: 

 

1 1Y C X=              (24) 

 

where 
1

C  is a square and nonsingular matrix. The estimated 

set of 
^

2
X is of the form: 

^

2X LY Z= +              (25) 

 
Considering the dynamics of Z to be of the form: 

.

Z FZ GY HU= + +          (26) 
 
the estimation error can be written as:  

^

2 2 2e X X= −             (27) 

 
Therefore, the dynamics of the error is given by: 

.

2 21 1 11 1 1 1

22 1 12 2 2 1 1 2

( )

( ) ( )

e A LC A FLC GC X

A LC A F X B LC B H U Fe

= − + − +

− − + − − +
  (28) 

 

Setting the coefficients of
1

X , 
2

X and U to be zero in equation 

(28) results in: 
.

2 2e Fe=                 (29) 

2 1 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.  

 

 
 

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 
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
 

 
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 
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.  
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Fig. 6. Machine speeds 

2 4 5
, ,ω ω ω (rad/s) (thin: case I, bold: case II) 

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 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.  
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Fig. 7. Machine speeds 
2 4 5
, ,ω 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 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 3
, ,ω 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 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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