
Chapter 4 

Simulation Results and Analysis 

4.0 Introduction 

In this chapter, the modelled system is analysed with simulation results obtained from 

the MATLAB/Simulink. Basically, the system is analysed before adding the UPFC to 

the system and then, the improvement towards the system stability is to be identified 

after adding the UPFC to the system at Kukule Ganga Generator bus. 

The modelled system is simulated before adding the UPFC to the system with various 

faults created. The aim of this creation of fault is to obtain a situation where system 

cannot hold its stability. Therefore, three phase line to ground faults have to be created 

to simulate this situation. Then the critical clearing time was observed to be increasing 

with the UPFC introduced in the system. 

Input K value is changed, in order to observe the effect of the damping coefficient 

imposed by the UPFC to the system. Results are analysed for various K valued Then 

effective damping coefficient and damping ratio to the system is fcalculdt^fi using 

simulation results. 

Then UPFC performance is studied by changing parameters of shunt converter, as 

explained in the previous chapter to find out most suitable parameters for shunt 

converter for optimum operation. This type of optimisation is normally combined with 

cost benefit analysis as well. 

4.1 Analysis of Faults 

4.1.1 Fault created on Horana Bus: 

A three phase to ground fault is created on Matugama - Horana transmission line 

towards the Horana end with fault impedance of 0.001Q. The time duration of the 

fault is from 20.0s to 20.5s, so that giving sufficient time to make the system to 

become unstable. 

It is observed that with this type of fault in the line, the system is marginally unstable 

and unable to come back to a stable point after clearing the fault after 500 
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milliseconds, as system itself does not provide sufficient damping to this type of 

transient behaviour. Kukule Ganga generator rotor angle variation were observed and 

results are shown in figures below, 
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(a) Without UPFC in Operation 
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(b) With UPFC in Operation 

(c) With UPFC in Operation - Zoomed view of (b) 

Figure 4.0: Rotor Angle Response to Fault on Horana Bus 

These types of large transient oscillations have been damped by the UPFC as can be 

seen from the above Figure 4.0. When UPFC is not in operation, huge oscillatory 

response is observed as shown by Figure 4.0(a). Rotor angle maximum overshoot has 

been limited to just above 90degrees, when UPFC in operation. Thereafter, oscillation 

is damped out to zero at around 30s. First swing of rotor angle is a very high value, 
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when UPFC is not inserted, it goes to above 150 degrees. That behaviour is damped 

out by DC link capacitor either by absorbing that energy temporary or releasing its 

stored energy to the series inductor. 

4.1.2 Fault created near Pannipitiya Bus: 

A three phase to ground fault is created on Pannipitiya Bus with fault impedance of 

0.001Q. The critical clearing time of this case before adding the UPFC is 600 

milliseconds. Therefore, the time duration of the fault is taken from 20.0s to 20.7s, so 

that giving sufficient time to make the system to unstable. 

Fault time duration for this case is 700 milliseconds, as system itself does not provide 

sufficient damping to this type of transient behaviour. 

(a) Without UPFC in Operation (b) With UPFC in Operation 

• 

(c) With UPFC in Operation - Zoomed view of (b) 

Figure 4.1: Rotor Angle Response to Fault on Pannipitiya Bus 
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As can be seen from above figure 4.1, rotor angle maximum overshoot has been 

limited to just below 50degrees, when UPFC in operation. This is because the fault is 

far away from the Kukule generators and somewhat closer to the infinite bus. 

Therefore, fault current is largely fed by infinite bus. Thereafter, oscillation is damped 

out to zero at around 26s. 

4.1.3 Fault created near Panadura Load Bus: 

A three phase to ground fault is created on Panadura bus with fault impedance of 

0.00 ID. The time duration of the fault is from 20.0s to 20.6s, because critical clearing 

time for this kind of fault is observed to be 500milliseconds. 

500 milliseconds fault time is in between the values of previous two cases, where in 

this case fault lied between those two cases. Therefore, the model validity to some 

extent also confirmed by this behaviour. Kukule Ganga generator rotor angle variation 

is observed and results are shown in figures below, 

(a) Without UPFC in Operation (b) With UPFC in Operation 

Figure 4.2: Rotor Angle Response to Fault on Panadura Bus 
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(C) With UPFC in Operation - Zoomed view of (b) 

Figure 4.2: Rotor Angle Response to Fault on Panadura Bus 

This type of large transient behaviour has been damped out by the UPFC as can be 

seen from the above Figure 4.2. When UPFC is not in operation huge oscillatory 

response is observed as shown by Figure 4.2(a). Rotor angle maximum overshoot has 

been limited to just below 70degrees, when UPFC in operation. Thereafter, oscillation 

is damped out to zero at around 29s. The maximum overshoot value also lies in 

between the values of previous two simulations. 

4.1.4 Fault created near Matugama Bus: 

A three phase to ground fault is created closer to Kukule generators. That is on 

Matugama bus with fault impedance of 0.001 Q. The time duration of the fault is from 

20.0s to 20.3 Is, so that giving sufficient time to make the system to become unstable. 

Critical clearing time for this case is 300 milliseconds, as fault is very closer to the 

Kukule generators. The fault is allowed to persist 1 Omillisecond more to create an 

unstable situation. Kukule Ganga generator rotor angle variation were observed and 

results are shown in figures below, 
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(a) Without UPFC in Operation (b) With UPFC in Operation 

(c) Without UPFC in Operation - Zoomed (a) (d) With UPFC in Operation - Zoomed (b) 

Figure 4.3: Rotor Angle Response to Fault on Matugama Bus 

As can be seen from the above Figure 4.3, UPFC was only able to damp out the 

oscillation when fault existed lOmilliseconds more unlike in previous cases. When 

UPFC is not in operation huge oscillatory response is observed as expected, as shown 

by Figure 4.3(a). Rotor angle maximum overshoot has been limited to just below 

90degrees, when UPFC is in operation. Thereafter, oscillation is damped out to zero at 
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around 32s. An initial high overshoot of above 150degrees was also observed in this 

case. And that is due to the closeness of the fault to Kukule bus. 

4.2 Effect of increase in damping Coefficient of the UPFC 

Let us examine the effect of increase in damping coefficient, as a result of insertion of 

UPFC to the system practically with the simulation. Kb is the additional damping 

coefficient provided by the UPFC (according to the equation 2.7). We can increase the 

value of Kb in the model in order to obtain better results. As b is a constant value, we 

can increase the value of K. Advantages of by having a larger damping constant to the 

system can be theoretically explained as follows. Then the system is simulated with 

different K values and results are shown in Figure 4.5 and Figure 4.6. 

Theoretical examination can be shown as follows, 

From the generator swing equation, 

d2S „,dS 
at at 

For small 5, let it is equal to A8, then 

./fd1AS M — + Kd Ke AS = pm dt2 dt 
As Pe linear for small 8, as shown in the Figure 4.4 below, 

Figure 4.4: Power Vs. Load angle cure for a Synchronous Generator 
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Taking Laplace Transformation of the above equation, 

(S2 +^-S + ̂ )AS = Pm M M 
Therefore, 

M 

2 M 

From above equation, to have real roots, 

When this equation has real roots, that means Eigen values of the system has real 

negative numbers. When Eigen values are real negative the system damp out without 

oscillations. 

To obtain the point where these two transitions are taking place, the following equality 

can be written, 

From the above equation, it can be seen that when Ke has higher values that means 

when generator is in low load condition, for disturbances in the system creates 

generator to oscillate more. But, when generator is in higher load condition then 

generator output oscillations would damp out quickly without much oscillations. But 

problem with the higher load condition of the generator is that, the chances of getting 

back to the stability reduce as it operates very closer to the critical clearing angle 

point. In other words inertia constant can be increased either by reducing Ke, or by 

increasing Kd. Therefore, by adding UPFC (which will increase the M), we can 

operate the machine in low load condition so that no oscillations would result due to 

disturbances in the same time providing enough gap to the critical clearing angle. This 

will enable the enhancement of stability of a system. 

K value (in page 19, Eq - 2.13) of the UPFC input can be increased in this model in 

order to increase the overall damping coefficient. It is simulated with different K 

values, and effective increase of dampness is obtained. This simulation is carried out 

with fault in the Matugama - Horana transmission line towards Horana end. 

= 2 VM 
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(b) Simulation Result when K = 1 behaviour of peak values, after adding exponential 

trend line 

Figure 4.5: Simulation results with K = 1 
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Stability of a system is determined by is Eigen values. Real Eigen values correspond 

to non-oscillatory mode, complex Eigen values correspond to oscillatory mode 

response. These complex Eigen values always occur in conjugate pairs. 

Typical type of it as follows, 

A = a ± jo) 
QU _ g(cr±jo))t 

= eatcos(i)t ± jeatsincot 
If a is negative, oscillations decay to zero, otherwise it increases, eo is the Angular 

Velocity of oscillation. Therefore, from the above simulation and from the graph in 

(b) 

Average time between two peaks = 0.6667 s 

Damped Frequency of Oscillation = 1.5Hz 

Therefore, co = 2 n f = 9.4248 rad/s 

From the above graph, a = -0.45 

Lets, find the damping ratio which determines the rate of decay of the amplitude of 

the oscillations. 
-a Therefore, damping ratio is ~Vg2+o>2 

= 0.0477 

Time constant of amplitude decay isl/|<r|, which is equal to T<j. 

Td = 2.22 seconds 

Un-damped natural frequency fn ~ — 
V 1-£2X27T 

fn =1.5017 
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(a) Simulation Result when K = 10 

(a) Simulation Result when K = 10, after adding exponential trend line 

Figure 4.6: Simulation results with K = 10 
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When observing above figures we can see that increase in K has a big effect in 

damping of oscillation compared to K= 1 case. The most affected parts are when Aco 

is high. Similarly, with the above case calculations can be done as follows, 

When K= 10 lets calculate above values 

Average time between two peaks 

Damped Frequency of Oscillation 

Therefore, co 

From the above graph, a 

Therefore, damping ratio is £ 

£, = 0.0677 

= 0.6667 s 

= 1.5Hz 

= 2nf= 9.4248 rad/s 

= -0.64 
-a 

•Ja2+u)2 

Time constant of amplitude decay is l/\(?\, which is equal to Td. 

Td = 1.5625 seconds 

Un-damped natural frequency fn ~ r — — •y 1—£ X2.TI 
fn = 1.5034 

As discussed in the previous chapter UPFC cannot provide damping infinitely. The 

value of damping that can be provided by the UPFC is mainly determined by the value 

of the DC link capacitor. At transient state DC link capacitor voltage fluctuates, as 

active power flows through it and it provides or absorbs active power depending on 

the condition of the transient. Amount of energy that can be stored/absorbed by DC 

link capacitor is the decisive factor for this constrain. 
i ? Energy Capacity of a Capacitor is given by = - CVZ 

= 0.5x750e-6x400002 

= 600000 J 

If this amount of energy is increased further, K value also can be increased to get 

better dampness to the system. 
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K value is increased, with observing out puts and increase in damping coefficient was 

observed up to K = 30. Thereafter, output rotor angle transient is not damped further 

with K. Therefore, for 750jaF capacitance, max K value is 30. At K = 30 rotor angle 

variation is shown below. 

Kmax = 30 for 750|o,F capacitance and shunt converter rating of 100MVA 

(a) When C = 750^F and Kmax = 30 

(a) Simulation Result when K = 30, after adding exponential trend line 

Figure 4.7: Simulation results with K = 30 
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Similarly, with the above case calculations can be done as follows, 

When K= 30 lets calculate above values. 

Average time between two peaks 

Damped Frequency of Oscillation 

Therefore, o) 

From the above graph, a 

Therefore, damping ratio is E, 

= 0.6667 s 

= 1.5Hz 

= 2?if = 9.4248 rad/s 

= -0.73 
-a 

V<t2+M2 

4 = 0.0772 

Time constant of amplitude decay is 1 / M , which is equal to Td. 

Td = 1.3699 seconds 

Un-damped natural frequency f„ 

fn = 1.5045 

4.3 Effect of increase in shunt converter power rating 

Shunt converter performs a major part in transients, as it passes active power 

requirement to the line inductor through series converter, DC link capacitor. As per 

the literature [15], if shunt device can handle all active power requirements in 

transient then, the DC link capacitor voltage will remain unchanged (theoretically). 

However, to handle transient power, shunt device has to be overrated. This will 

increase the initial cost investment for the shunt converter as well as its losses. 

Transient current through the line is increase to about 75 OA which is going through 

the line inductor. Therefore, at transient energy stored in the inductor will be increased 

(1/2LI2). 
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Therefore, transient analysis is done with higher value of shunt converter while 

keeping the same value for the series converter. 

For the same fault with a constant K value (at 1) shunt converter rating is increased to 

400MVA. Then obtained results are as follows, 

(a) when shunt converter rating 100MVA (b) when shunt converter rating is 400MVA 

Figure 4.8: Simulation results different shunt converter ratings 

Transient is damped very quickly with the increase of shunt device rating. This type of 

behaviour has to be obtained from investing a lot of money and wasting higher losses 

in the shunt converter. Full economic evaluation has to be carried out in order to 

decide the size of the shunt converter. 
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