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Abstract The addition of a PSS-like supplementary controller to 
the UPFC main control can provide effective damping to the low 
frequency oscillation on the heavily loaded tie lines of 
interconnected power system. However, the conventional 
controller designed based on a linearized model cannot provide 
satisfactory performance over a wide range of operation point and 
under large disturbances. In this paper, the design of the Fuzzy 
Damping Controller (FDC) for UPFC as a substitute of the 
conventional supplementary controller is presented. Scaling factors 
are inserted to the membership functions of both inputs and output 
for easy design of fuzzifier and defuzzifier. Genetic Algorithm 
(GA) is applied to optimize the performance of the FDC thrpugh 
fine-tuning of the scaling factors. A 4-machine interconnected 
power system is used as the test system with a UPFC installed in 
one of the tie lines. Comparisons between the performances of both 
the fuzzy and the conventional supplementary controllers are 
studied. Computer test results show that FDC is very effective in 
damping the oscillation and in the meantime has a better robustness 
as compared with its conventional counterpart. 

Keyworuk: Power system stability and control, FACTS, UPFC, 
fuzzy logic control, genetic algorithms 

I. INTRODUCTION 

In recent years, the progress in high power semiconductor 
device has stimulated the development of a new application 
in power system known as the flexible ac transmission 
system (FACTS). Application of FACTS to power system 
can enhance the controllability and flexibility of the whole 
system via the application made up of compact power 
electronic components [l, 21. The unified power flow 
controller (UPFC) is the most versatile and powerful device 
among the FACTS-device family. It can operate as a shunt 
andor series compensator, a power flow controller, a 
voltage regulator or a phase shifter depending on its main 
control strategy. In this way, simultaneously control on bus 
voltage and transmission line power flow can be realized. 
The development of the fmt industrial UPFC is 
implemented under joint sponsorship of the EPRI, the AEP 
and the Westinghouse Electric Corporation of USA [3]. 

A UPFC power frequency model is suggested in [4], which 
provides an interface of the UPFC to the quasi-steady-state 
model of the transmission network for analyzing the effects 
of UPFC on large-scale power system stability. A versatile 
FACTS-device-ac-network intdace is derived in [5] to 
participate the UPFC model into the conventional transient 
stability analysis program with good convergence and 
accuracy in time simulation. Investigation on the UPFC 
main control effects shows that the UPFC can improve the 
system transient stability and enhance the system transfer 
limit noticeably. The application of the UPFC to the modern 
power system can therefore lead to more flexible, secure and 
economic operation. 

The UPFC can also increase the damping of the system 
through its supplementary control [4]. As the modem power 
systems are interconnected, usually low frequency 
oscillation will occur on heavily loaded tied line after a 
disturbance. Sometimes, the power system stabilizer (PSS) 
on a specific generator cannot provide effective damping for 
this kind of oscillation. In [4], it is shown that the addition 
of a PSS-liked supplementary controller (SC) can provide an 
effective solution to the problem. However, the conventional 
controller designed based on a linearized system model 
around a certain operation point cannot provide satisfactory 
performance over a wide range of operation conditions and 
under large disturbances. 

In this paper, we attempt to design a fuzzy logic based 
controller to replace the conventional one proposed in [4]. 
Fuzzy logic control has a number of distinguished 
advantages over the conventional one [6]. It is not so 
sensitive to the variation of system structure, parameters and 
operation points and can be easily implemented in a large- 
scale nonlinear system. Most importantly, human expert 
knowledge can be incorporated to the controller design 
easily. Many applications of the fuzzy logic theory have 
been seen in power engineering field [7]. 

Many of the fuzzy controllers rely on manual tuning of the 
parameters to obtained desired performance for a specific 
system. However, this may be very time consuming and 
reach a local-optimum. In this paper, we try to optimize the 
parameters of the fuzzy controller by using genetic 
algorithm (GA). GA is a very powerfhl optimization tool, 
which can provide global optimal solutions to any type of 
optimization problem. 

0-7803-6420-1/00/$10.00 (c) 2000 IEEE 1889 



In section 11, the power frequency model of the UPFC, the 
conventional main and supplementary control and the UPFC 
interface to ac network is presented. The structure and the 
operation principle of the fuzzy controller and the 
formulation for its parameter optimization by GA are 
covered in 111. Computer tests on a multi-machine 
interconnected power system are conducted with the results 
shown in section IV. Conclusions are drawn in section V. 
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- 

11. UPFC MATH MODEL AND ITS 
CONVENTIONAL CONTROL 

A. W F C  Power Frequency Model 

The power frequency model for the UPFC suggested in [4] 
is used in the paper and it is outlined as follow. Fig. 1 shows 
a schematic diagram for UPFC, where nl, X,] and n2,& are 
the voltage ratio and the reactance of the shunt and series 
transformers respectively. All the variables used in the 
UPFC model are denoted in Fig. 1 with bold fonts 
representing phasors. The ac system uses per unit system 
with its variables calculated based on the system-side SB and 
V,, while the dc variables are expressed in SI units. 

The UPFC dc link capacitor dynamics can be expressed as 
follows with harmonics and UPFC losses neglected: 

where 

PWM control technique is applied to both of the voltage 
source converters so that the relations between the inverter 
dc- and ac-side voltages is: 

(3) 

where coefficients mf and m2 represent the PWM control 
effects [ l l ]  in order to maintain desired inverter ac-side 
voltage VI and V2 respectively. 

V s w a  ' 
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Fig. 1 Transmission line with UPFC installed 

The phase angles of Vf and V2 can be controlled through 
firing angles p, amdp, of the converters, i.e. 

(4) 

The preferred nil, m2, p, and p2 are outputs from the 
UPFC main control which are assumed to be realized 
without time delay. Equations (1) to (4) constitute the UPFC 
power frequency model for power system stability study. 

B. UPFC Conventional Main and Supplementary control 

The UPFC shunt and series element conventional main 
control and supjplementary control diagrams are shown in 
Fig. 2-4 respectively. 

The shunt element control is the constant dc link capacitor 
voltage control realized by controlling the firing angle p1 of 
inverter 1 (Fig. 2!(a)); and the constant ac bus voltage control 
achieved by controlling m1 of the PWM controller of 
inverter 1 (Fig. :!@)). Although a simple transfer function is 
used for the main control, there is no difficulty to include 
more complicated transfer functions. As for the series 
element, the inserting voltage pm in Fig. 1 can be 

Fig. 2 UPFC shunt element main control diagram 
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Fig. 3 UPFC series element main control and the phasor 
diagram 

0-7803-6420-1/00/$10.00 (c )  2000 IEEE 1890 



decomposed to V, and Vq. The former is perpendicular to 
&, and the latter is in phase with Qs (see Fig. 3(a)). 

Obviously, these two components have strong impacts on 
active and reactive power flow respectively. Based on this 
decomposition, Fig. 3(b) shows the constant active and 
reactive power flow control for the series element main 
control. 

In order to improve system damping, a PSS-like 
supplementary control [12] (see Fig. 4) is added with its 
output dmp-sig used to modulate the terminal bus voltage 
(Fig. 2(b)) or the tie line real power (Fig. 3(b)) to provide 
damping effects. In this paper the bus voltage modulation 
approach is used. 

C. Mathematical model for other elements and the interface 
of the UPFC to ac network 

The subtransient model is used for the generators with the 
third-order excitation control [12]. The mechanical power of 
each generator is approximately constant. Loads are 
expressed as constant impedance and the ac network is 
linear. The sequential solution method, which has been 
successfully used in acldc power system load flow and 
transient stability analysis for ac-dc interface, is extended 
for UPFC interface to ac network. The detail can be found in 
[51. 

III. FUZZY DAMPING CONTROLLER (FDC) 

In this section, a fuzzy supplementary controller is designed 
for UPFC to damp power oscillation. Fig. 5 shows the block 
diagram of the proposed Fuzzy Damping Controller (FDC). 
It is indeed a fuzzy PI controller. The FDC input signal is 
same as its conventional counterpart; i.e., the tie line real 
power PL. The FDC output is still the damping signal 
dmp-sig, which will be sent to the main controller for 
damping power oscillation. 

A. Structure of the designed FDC 

The two gains (or scaling factors) Kl and Kt are inserted to 

make x ' ~ =  KIxl and x ' ~ =  K g 2  usually at a proper range of [- 
1, 11 for easy design of the fuzzifier. The gain K3 at the 
output path plays a similar role for easy design of the 
defuzzifier. Kl, Kz and K3 should be optimised in order to 
get satisfied FDC performance. 

The differentiable Gaussian membership function is used to 
fuzzifying the two input signals. The triangular function is 
used to defuzzify the output fuzzy sets for its easy 
calculation. Seven fuzzy sets are defined for each of the 
input and output signals. They are NB, NM, NS, ZR, PS, 
PM and PB (see Fig. 6(a) and (b)) which stand for negative 
big, negative medium, negative small, zero, positive small, 
positive medium and positive big respectively. In the 
implementation, PB and NI3 are extended to reach i2 
respectively so as to fit the input signals of excessive range. 
The fuzzy rule base is formed based on experiences. Table 1 
shows the fuzzy rules which take the form: 

IF Klxl is Ai and K s 2  is Bi THEN outputy/X3 is C, 

where Ai and Bi are the input fuzzy sets with Gaussian 
membership functions, while Ci is the output fuzzy set with 
triangular membership function. 

(a) (b) 
Fig. 6 Membership Functions for (a) input 

and (b) output signals 

In the FDC, singleton fuzzifier, centre average defuzzifier, 
and product inference engine are used for fuzzifying, 
defuzzifying and inference process respectively 

In order to obtain the optimized FDC performance the FDC 
coefficients should be well designed. It has been found that 
the gain KI has more significant impacts on FDC 
performance than other parameters. Therefore how to tune 
Ki becomes the key in FDC design. Genetic algorithm (GA) 

.............................................................................................................................................. 
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W: washout block, I: integration block, F: fuzzifier, DF: Defuzzier 

Fig. 5 Fuzzy damping controller for the UPFC 

0-7803-6420-1/00/$10.00 (c) 2000 IEEE 1891 



is used in FDC parameter optimization as describe below. 

Table 1 Rule-base table 
If vI and vz are chosen to perform crossover, the resulting 
offspring are: 

where r is a random number between 0 and 1. 

On the other hand, mutation introduces new solution to the 
population for trail by producing spontaneous random 
change in various individuals. Non-uniform mutation are 
used in this wo.rk and is defined as follows: 

B. Genetic Algorithm for FDC Coeficient Optimization 

Genetic algorithm (GA) is a promising approach for the 
optimization of K,. It performs multi-directional search of 
the solution space by reproduction while keeping the 
population size constant for all generations. 

If an element v k  of a parent v is selected for mutation, the 
result would be: 

vk + (~1 )  - vk ) f ( t )  
v, - (vk + LB)f( t )  

If a random digit is 0 

If a random digit is 1 (8) ,,lk= 

The optimization problem considered here is to search the 
optimal set of the controller scaling factors K, which can 
provide the best damping to the system. The optimization of 
the FDC by GA begins with a random set of initial 
population. Floating point number is used to represent the K, 
for faster convergence and better precision. An individual 
solution, denoted as a chromosome, in a population is 
composed of the three scaling factor K, , Kz and K3. Initial 
simulations are conducted to select the feasible solution 
space of the problem so as to increase the convergent rate. 

where UB and LB are the upper and lower bounds of the 
variable Vk respectively, t is the current generation. The 
functionf(t) should return a value in the range [0, 11 such 
that the probability of f(t) being close to 0 increases as t 
increases. This, ensures the operator to search the space 
uniformly initially and very locally at later generations. The 
following function is used 

(9) 
t 
T 

f ( t )  == (r * (1 - -)y 
For each of the individual, time simulation is conducted to where is a r;mdom in the range is the 
obtain the transient response of the system to a certain nuInber of generation, and is a system disturbance. The fitness of the individual is then evaluated 
based on the equation: parameter detelmining the degree of non-uniformity, 

is taken to be 3 here. 

where M is the number of key machines which are strongly 
participating to the power oscillation to be damped by the 
FDC and N is the number of simulation time steps in a 
specific time interval. Equation (6) measures the rotor swing 
of the key machines within the dominant oscillation time 
&er a large disturbance corresponding to a certain set of 
W i ) .  

Genetic operations, crossover and mutation take place to 
reproduce the offspring from the parents [8,9]. Crossover is 
the main operator of GA. It allows the mates exchange 
information with each other by combining two individuals' 
features to form a new individual. Arithmetic crossover is 
used in this paper, which is defined as follows: 

Successive generations are produced by selecting fitter 
chromosomes from the preceding generation. Fitter 
chromosomes, i.e. those with smaller index J, have a higer 
chance to be selected. Roulette wheel selection is used to 
perform the evolution operation. The process repeats until a 
specific maximum number of generation is reached. The 
chromosome with the smallest value of J i s  taken as the final 
solution. 

IV COIMPUTER SIMULATION RESULTS 
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The two-area 4-machine interconnected power system 
shown in Fig. 7 is used as the test system with a UPFC 
installed in on(: of the tie line 101-13. At the steady state, 
about 700 W V  power is generated from each of the 
generators. The loads on buses 3 and 13 are 967 MW and 
1767 MW respectively. About 400 MW power is transferred 
from area 1 tci area 2 through the parallel tie lines. The 



parameters of the UPFC system and its main control can be 
found in appendix. 

Load 
A. Optimization result f o m  GA 

FDC NoSC CSC (GA, 

A three-phase to earth fault at line 3-101 close to terminal3 
with duration of 0.1s is applied to the systems at full load as 
the disturbance to the system. The performance index J of 
each chromosome is evaluated based on the transient 
response of the system. As the machine swing in the first 3s 
after the disturbance would contribute a large portion to the 
index, the response in the first 3s is discarded in the 
evaluation of J to avoid immature convergence. A time step 
of 0.005s is used and the system response up to 7s is 
considered. Accordingly, (6) becomes: 

The population size and number of generations for the GA 
are chosen as 30 and 100 respectively. The optimized K is: 

KGA = (0.56, 1.73,0.68) 

The convergence rate of the performance index throughout 
the 100 generations is shown in Fig. 8. 

B. Comparison of the dynamic performances of the designed 
FDC and CSC 

The performance of the designed FDC is evaluated through 
time simulation, with the response of the CSC given for 
comparison purpose. A three-phase fault on tie line 3-101 
close to the terminal bus 3 is considered. The fault occurs at 
t = 0.5s and it is cleared in 0.1s. Fig. 9 shows the rotor angle 
oscillation of the machine 1 after the disturbance for various 
cases. It can be observed that when there is no 
supplementary controller installed to the UPFC, the 
damping of the system is .very poor. The addition of either 
the CSC or the FDC can increase the system damping 
significantly and reduce the first swing peak angle slightly. 
The result also shows that the performance of FDC is much 
better than the CSC. 

The loads on buses 3 and 13 are changed gradually to test 
the performance of the controllers on the different operating 
points. The parameters of all controllers are remained 
unchanged. Using the same disturbance as before, the 
performance indexes calculated based on (10) are listed in 
Table 2. While the operation point of the system is 
changing, the FDC still performs very well as compared 
with the CSC. For each of the cases, in term of the 
performance index J, the performance of FDC is at least 
30% better than that of the CSC. 

0-7803-6420-1/00/$10.00 (c) 2000 IEEE 

I \---, 

110% I 1734.4 750.8 424.8 
100% 1144.5 461.1 303.4 
90% 901.5 371.8 248.0 
80% I 675.1 314.6 217.0 

V CONCLUSION 

An advanced Fuzzy Damping Controller (FDC) is designed 
for UPFC to damp the low fkequency oscillation in the tie 
line of the interconnected systems. Genetic Algorithm (GA) 
is used to optimize the parameters of the FDC. The 
computer test results show that the FDC is more effective in 
damping the oscillation and possesses better robustness as 
compared with its conventional counterpart. 

120 110 11 

Fig. 7 Two-area 4-machine test system 
m . . . . , , , , . 
I1 

0 

Fig. 8 Evolution of Performance Index J 

machine 1 rotor angle variation 
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Fig. 9 System responses at full load 
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VI11 APPENDIX 

Parameters of the UPFC and its control system 
UPFC parameters: 
Vp220 kV, S p l O O  MVA, nl=0.05, n2=0.25, X,1=0.00025, 
X,=0.05 (all in p. u.) 
The parameters for UPFC main control: 
K14.05, T1=0.01, Kz=l.O, T24.05, K-ps.0, T3=0.1, &=5.0, 
T44.1, V4,,~44 kV 
The parameters of the CSC: 
K~=0.83, Tw=3.0s, T,=T3=0.02s, T2=T4=0.33s, l i m - m d . 2 ,  
lim-min= -0.2 

Membership functions for FDC 
Gaussian membership function: 

where the parameters [o,Z] for the different fuzzy sets are: 
'NB': r0.1415 -13, 
"IS': r0.1415 -0.33331, 

"M': r0.1415 -0.66671, 
'ZR': [0.1415 01, 

IPS': E0.1415 0.33331, 
'PB': [0.1415 11. 

'PM': rO.1415 0.66671, 

Triangular membimhip function: 

where the parameters [U, b, c] for the different fuzzy sets are: 
"B': [-1.3333 -1 .-0.6667], 
WS': [-0.6667 -0.3333 01, 

"M': [-1 -0.6667 -0.33331, 
'ZR': [-0.3333 0 0.33331, 

'PS': [0 0.3333 0.6667], 
'PB': [0.6667 1 1.33331. 

TM': [0.3333 0.6667 11, 
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