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1. INTRODUCTION

An important issue in multi-machine systems is the choice of location of various devices. It is
known that multi-machine systems, normally, split into two groups initially, whenever the system becomes
unstable [1],[2]. Consequently there is a critical cut-set which separates the system into these two groups.
Locating series devices in these lines will strengthen them and thus aid in improving stability. The
compensating devices can therefore be located in lines which form the critical cut-set for critical
contingencies [3]. Another key issue in multi-machine systems is the choice of control signals. It is essential
for robust operation and control, that each device can be controlled by signals that are locally measurable and
require minimum telemetry from other areas.

Trajectory sensitivity analysis (TSA) was used to measure the transient stability condition of the
system in [4]. The TCSC was modelled by a variable capacitor, the value of which changes with the firing
angle. It was shown that TSA could be used in the design of the controller. The optimal locations of the
Thyristor Controlled Series Compensation (TCSC) - controller for different fault conditions could also be
identified with the help of TSA.

In order to improve the Transient Stability of a 9 Bus System with Fixed Compensation on Various
Lines and Optimal Location was investigated using trajectory sensitivity analysis in [5]. A fuzzy controlled
TCSC device was used and the results highlighted the effectiveness of the application of a TCSC in
improving the transient stability of a multi machine power system. In [6], the effect of STATCOM for
improving the stability of the multi machine power system was investigated. The STATCOM was used to
control power flow of power system by injecting appropriate reactive power during dynamic state.
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Simulation results showed that STATCOM not only considerably improved transient stability but also
compensated the reactive power in steady state. This was implemented on a three machine nine bus, power
system.

A novel hybrid power flow controller (HPFC) topology for Flexible AC Transmission System
(FACTS) was proposed in [7]. The key benefit of the new topology was that it fully utilized existing
equipment. The MATLAB/ SIMULINK models of three different configurations of HPFC had been
investigated for their different characteristics, by incorporating them in the multi machine system.

A model for assessment of transient stability of power system was developed in [8]. This was tested
for a single machine infinite bus system as well as multi-machine system. An Unified Power Flow Controller
(UPFC) was demonstrated in [9] to improve the damping of oscillations as well as increase the critical
clearing time for multi-machine system. In this paper a non-linear technique called Dynamic Inversion has
been implemented through TCSC to improve the various aspects of stability issues in multi-machine system,
such as transient stability, critical clearing time, loading, etc.

2. DYNAMIC INVERSION TECHNIQUE
Dynamic Inversion is a technique to track the desired output by forcing the error to zero [10]. Let
the state dynamics be defined as:

x=f0)+[g()1u ()
where X is the state vector, f(x) is the dynamics without the control and g(X) is the state dynamics with

the control U . If the output vector is identical to the state vector, then equation (1) may be written as
follows:

y=10)+[g(X) @
If Yyesireq IS the desired output and the actual output is Y, error can be defined as

€=Y — Yeesired )
The error can be forced to approach zero by using the below given equation:

é+ke=0, ()
where K >0and € is the derivative of error and is given by

€ =Y~ Yiesired ®)
The solution of equation (5) is

e=e"e, (6)

where g, is the initial error. From equation (6), we can observe that the error will tend to zero as time t tends

to infinity. Using the value of error and the derivative of error from equations (3) and (5) and substituting the
same in equation (4), we get and taking Y yeqireq = O as the desired output is fixed.

£+ +K(Y — Veesirea) =0 @
Hence the controller is given by:
u=[g0] {K(Y — Yaesirea) = T (¥)}] ®)

The above controller equation and gives the value of the controllable parameter U to get the desired
output. U is computed using equation (8) in real time. This control law can be applied to any dynamic
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system and reported in [10],[11] and has successfully been implemented in the command tracking of high
performance aircraft. Dynamic Inversion technique has been applied to an SMIB and its robustness also
checked in [12]-[14].

3. FIVE BUS POWER SYSTEM WITH TWO MACHINES (TEST SYSTEM 1)

Figure 1 shows a five bus network containing two generators and seven transmission lines [15]. The
loads are in MW and MVAr and a base of 100MVA is considered. All the reactances and the half line
charging admittances are mentioned in per unit. The line resistances and machine resistances are neglected. It
is assumed that there is a three phase fault on bus 5 and the same is cleared without changing the system
configuration.
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Figure 1. Multi-machine Test system

Bus 1 is considered as a slack or swing bus, bus 2 is a generator or a PV bus and buses 3, 4 and 5 are
load or PQ bus. The following parameters are used: Inertia constant of the two machines are
H, =50MJ/MVA and H, =1MJ/MVA; Direct axis transient reactance of the first machine is x;, =1pu and

for the second machine is x,, =1.5pu -

3.1. Transient Stability Analysis without DI Technique
All loads are converted to per unit on a common base of 100 MVA. Load flow analysis using
Newton Raphson method was done prior to the fault and the results are as shown in Table 1.

Table 1. Load Flow Analysis

Bus No. Pe+jQq P+QU vZLo
(MW+ jMVAr) (MW+ jMVAr) (in pu)
1 70+j10.84 0 106 Z o
2 20+j30.15 0 1045 Z -7.26°
3 0 20+{10 1.035 £ 6.59°
4 0 30+j20 1.023 £ 8.66°
5 0 40+j30 1.017 £ -9.46°

The loads are converted to admittances. The voltages at the various buses, current from the
generators and hence the powers from the generators are calculated. The state dynamics equations are solved
using Runge-Kutta 4™ order method. The four state dynamic equations for the two generators are as follows:

ds, _
dt

-,

©)
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doy _ o (10)
-2 (p,-P
dt 2H1 ( ml el)
Oltft2 =@, — @, ()
do, o,
=2 _% (p,-P

dt 2H2 ( m2 92) (12)

where 6, and o, are the rotor angles, @, and @, are the angular frequencies of machine 1 and 2
respectively and ¢, is the synchronous or nominal frequency of the system.

3.2. Transient Stability Analysis with 75% Line Compensation
In this case it assumed that the line where TCSC will be connected is 75% compensated by a series
capacitance connected to it. The line reactance now becomes 0.2 per unit instead of 0.8 pu.

3.3. Transient Stability Analysis with DI Technique

As depicted in Figure 2, the TCSC is present in the line connecting buses 1 and 2. The line is 50%
compensated by fixed capacitor and the TCSC reactance is varied between 0 — 25%. The reactance of the line
will change dynamically as the TCSC reactance is varied. The TCSC is operated only in the capacitive
region.

v=Log+o | WE!
NORTH

Tobus 3

Tobus 3
Tobus 4

Tobuss

Figure 2. Part of the network where TCSC is inserted

Let U be the TCSC reactance (capacitive). The elements of Y will change as the control varies.
Since TCSC is in line 1 -2, hence four elements of Y that will change, will be Y;,, Y,;, Y;;, Y,, and they
are as given underneath:

Y, =Y, =-1/(jx, — jU) (13)

Y =1(1%, = JU)+1/ jXi5+ Yoo + Yiias (14)

Yy, =1/(j%, — JU) +1/ X5 +1/ % +1/ [Xos + Yiiaz + Yiicos + Yhicza + Yoios  (15)
where X5, X3, Xp3: Xo4, Xo5 are the series reactances Yniaos Yhiass Yhicoss Ynicoas Ynicos @re the half line

charging admittances of lines between buses 1-2, 1-3,2-3,2-4 and 2-5 respectively. As the Y elements are
changing, the voltages during (k +1 ™ time iteration at various buses will change

Multi Machine Stability Using Dynamic Inversion Technique (Abha Tripathi)
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_ Yook Yiagk Vi s
Vit = VK - BV A F (16)
Y11 1 Y11
\72k+l :_hvlku_stng _Y24\74k _Y25\75k _& Ez (17)
Yzz Yzz Yzz Yzz Y22
\73k+1 _ _&\Zkﬂ _Y32 \72k+1 _&\Ek (18)
Y33 Y33 Y33
\74k+1 =—h\72k+1 _Y43\73k+1 _Evsk (19)
Y44 Y44 Y44
\75k+1 — _iszvzkﬂ _i&mv‘lkﬂ (20)
55 55

Electrical power of first machine, during the (k+1)™ is given by
Pi* =Re(Ef"£8™(I17)") (21)

Pi" =Re(E[" 26 (B 45" -V jxy)") (22)

Using the voltage expression from equation (17),

) - ErL gt (23)
Pi"=Re EZ5" (_iivzk _%\7; _ETMJ/ 1%
Finally,
A =BV fsin( 557 — ) (4 (4, ~U) (3, ~1U(0, ~U)) + (24)
‘EM VY, sin( 51 — ) (% (%, ~U) (& ~1(%, ~U))

where 8, =VYyao + Yas —1/ X =1/ X3 and @, g4 are the angles of voltages V) and V)

respectively at the (k+1)™ time iteration. Now, the four states are &, @, 5, @, and hence the state equations
can be rewritten as follows:

_dx

Xl_ dt =X —a, (25)

g, =P _ % (p _p) (26)
dt 2H1 ml el

. d

X =d—)(:=x4 — o, (@7)

g, =P @ p _p) (28)

4 dt 2H2 m2 e2
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The desired output X, is to maintain the speed of the first machine, state X, , constant, at 377
rad/sec (or nominal frequency as 60Hz). The error € is defined as

=X, —Xpq (29)
The derivative of error is

€=X, =Xy (30)
The error dynamics is enforced as follows:

e+Ke=0 (31)
Now the solution of such an equation is given as follows:

e(t) =e,e ™ (32)

where K, is a positive constant which ensures that the error tends to zero as time tends to infinity. As the
desired output is fixed, its derivative is zero. Using equations (26) in equation (30), the following is obtained:

a,
s — — 33
i (Pra —Pu)-0 3

6=
By enforcing error dynamics from equation (33), the following is obtained:
&(Pml_Pel)_o + K (X, —X,4)=0 (34)
2H,

Using the value of the electrical power from equation (24), in equation (34), the control variable which is
reactance of TCSC, is obtained as follows:

U =Ry +2KH, (%, — %)/ & _‘EH\Z‘ Sin(J, ) / %) /(‘EH\ZHYB‘ Sin(J; —¢) / X~
(B + 2K Hy (X, = X0 )/ @) W X33 + Yiiaz + Yhias) (35)

4, RESULTS AND DISCUSSIONS FOR 1 TEST SYSTEM
There are two case studies done and the results for all the cases are explained in detail in the
following sub — sections.

4.1. Case 1: When fault clearing time is 0.36 second
It is assumed that there is a 3¢ symmetrical fault at bus 5 and the same is cleared after 0.32 seconds

without disturbing the system configuration. The oscillations of the rotor angle and speed of machine 2 are
observed. The system is simulated and stability with and without DI technique is observed. The results are
given underneath:

4.1.1. Without DI Technique

Figure 3 shows the variation of the delta of second machine and it is clear that the system is
becoming unstable. The variation of speed of the second machine is depicted in Figure 4. The system is
unstable as it is evident from this plot.

Multi Machine Stability Using Dynamic Inversion Technique (Abha Tripathi)
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Figure 4. Slip variation without DI

4.1.2. With 75% Line Compensation

The delta variation is shown in Figure 5. The system stability is lost. The rotor angle keeps
increasing. The slip variation with 75% line compensation is shown in Figure 6. The slip increases with time
and the system becomes unstable.
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Figure 5. Delta Variation with 75% Line Compensation
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Figure 6. Slip Variation with 75% Line Compensation
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4.1.3. With DI Technique

The delta of the second machine is depicted in Figure 7. With DI technique the damping of the delta
improves and the system tends towards stability. The speed of machine 2 is plotted in Figure 8. From the
graph it is very clear that the damping has improved. The reactance of the TCSC is changing to keep up with
desired results and the plot of the same is shown in Figure 9.
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Figure 7. Delta Variation with DI technique
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Figure 9. TCSC Reactance Variation

4.2. Case 2: Critical Clearing Time and Maximum loading at buses

With the load fixed at the initial values (prior to the fault), a 3¢ symmetrical fault at bus 5 was
assumed. The fault clearing time was increased to obtain the critical clearing time. Next, for the same nature
of fault at bus 5 and fault clearing time fixed at 0.3 sec, the loading was increased at various buses. This way
the maximum loading possible at all load buses, without DI technique, with 75% line compensation and with
DI technique, was tabulated. The same is given in Table 2.

Multi Machine Stability Using Dynamic Inversion Technique (Abha Tripathi)
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Table 2. CCT and Maximum Loading

Attribute Without TCSC With 75% Compensation With TCSC
Critical Clearing time(in sec) 0.315sec 0.338 sec 0.36sec
Maximum Loading at bus 3 40MW 75MW 84MW
Maximum Loading at bus 4 40MW 82MW 95MW
Maximum loading at bus 5 55MW 85MW 96MW

5. SECOND TEST SYSTEM: THREE MACHINE 5 BUS POWER SYSTEM

The same power system as depicted in figure 1 is considered. The only difference is that a third
machine is considered at bus 3 and that that bus is considered to be a PV bus. The active power being fixed
at 0.1 pu and the magnitude of the voltage at 1.02 pu. The resistance of the lines is neglected. As mentioned
earlier, the values of the reactances are in per unit. Apart from the four state equations mentioned before for 2
machines system, there are two more state equations for the third machine which are as follows:

ds.

dts . (36)
do, o, (37)
=5 = P.—P

dt 2H3 ( m3 93)

5.1. Without DI Technique
The load flow analysis is done and the various results are tabulated in Table 3. The fault is assumed

to be at bus 5 and the same is rectified without affecting system configuration.

Table 3. Load Flow Analysis Results

Bus Ps Qs P L v.Ze

No. (in MW) (in MVAr) (in MW)  (in MVAr) (in pu)
1 40 14.85 0 0 1.06 £ 0°
2 20 44 0 0 1.045 / -4.71°
3 10 -31.98 0 0 1.02 £ -3.65°
4 0 0 30 20 1.015 /£ -5.94°
5 0 0 40 30 1.014 / - 6.86°

5.2. Analysis with 75% Line Compensation
The line connected between buses 2 and 4 is 75% compensated and hence the new reactance of the

line becomes half of 0.23 per unit.

5.3. Analysis with DI Technique
DI technique is realized through the TCSC which is placed as depicted in Figure 10.

30420

Tobus 5

Tobus 1 Tobus 3

Figure 10. Part of the network where TCSC is present
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TCSC is assumed to be present in line connecting buses 2 and 4. Therefore the reactance of the line
will change dynamically as the TCSC reactance is varied. U is the TCSC reactance (capacitive) and some of
the elements of Y will change accordingly. Since TCSC is in line 2 - 4, hence four elements of Y that will
change will beY,,,Y,,, Y,, and Y,, and they are as given underneath:

Y42 =Y24 = _1/( jX24 - JU) (38)
Yoo =U (1% = JU) +1 JX03 +1/ X5+ Yiieos + Yooaz + Yiioss (39)

Yy, =1/(j%os — JU) +1/ Xy +1/ jXoq +1/ jXog + oo

i (40)
1/ J%o5 + Yiieor * Yhicos + Yhicza + Yhieas

where X,;, Xo5, Xo4, Xo5 are the series reactances Yy o1, Yhicozr Yhicoar Yhieos  are the half line charging
admittances of lines between buses 2 -1, 2 - 3, 2 - 4 and 2-5 respectively. The desired output X, is to
maintain the speed of the second machine, state X, , constant, at 377 rad/sec (or nominal frequency as 60Hz).

Electrical power of second machine, during the (K +1)™ is given by
P, = E5+1452([;+1)* (41)
P, =E;"28,((E5 48, ~V") ] jxy,)" (42)

Using the voltage expression from equation (17),

P, =EXi/s, (E;ﬂLé} _(_Y21V1k+l _&\7; _Q\Z‘k _&\TSK Y EZMD/ jxd, (43)
Y Y2 Y2 Y2 Y
Finally,
3 ‘Ezkﬂ MM Yy2[sinG, —¢) N ‘Ezm Nsm Yz5| SINES, ~¢3) N ‘Ezm v, Y[ SING, ~¢,)

eZ (Xdz (az _1/(Xz4 _U))) (Xdz (az _1/(X24 _U))) (Xdz (X24 _U)(az _1/(X24 _U))) (44)
EX VS Y s sinG, ¢5)
(Xdz (az _1/(X24 _U)))

where

A = Yiiezr + Yhiczs + Yicoa + Yiias =1/ Xggeono-
=1/ Xy, =1/ Xy =1/ X5

and ¢, ¢, @, are the angles of voltages V,***, V"V, and V;**" respectively. The error € is defined
as

€ =X, —Xyq (45)
The derivative of error is

As the desired output is fixed, then its derivative is zero. Using this concept and the equation (45),
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Q.

> (sz - PeZ)_O

6=
2H,

a)S
(ZHZ (sz - Pez)_O]"‘ Kz(x4 _X4d) =0

(47)

(48)

where K, is a positive real constant. Using the value of the electrical power from equation (44), in equation

(40), we get the control variable which is reactance of TCSC as follows:

N Maglsings, =) [ES N |V sin(S, — )
U= + +
Xa2 Xa2
EXIVCY | sin, —
E"]F- |X25| 6, ¢5)+Pm2+2KH2(X4—x4d)/a)S)/
d2
‘Ezkﬂ MM |Y12|Sin(52 _¢1) 4 ‘Ezkﬂ NZM |Y23|5in(52 _¢3) +
Xa2 Xa2
EXIVEN, | singS, —
‘ 2 M |X25| (2 ¢5)_sz+2K2H2(X4_X4d)/a)s)
d2

Various case studies were done which are discussed in the subsequent sub sections.

6. RESULTS AND DISCUSSION FOR TEST SYSTEM 2
6.1. Casel: A 3¢ fault which is cleared in 0.35 sec
6.1.1. Without DI Technique
The fault clearing time is 0.35 sec and the system is unstable. The variation of

(49)

the delta withou DI

technique is shown in Figure 11 The oscillations are very prominent. And finally, the system loses stability.

The variation of the speed is plotted in Figure 12 and it is clear that the magnitude of
increasing magnitude.

the speed is having
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Figure 11. Delta Variation without DI
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6.1.2. With 75% Line Compensation
Figure 13 depicts the variation of rotor angles of machines 2 and 3. The system is stable as it is very
clear from the figure. The slip variation is plotted in Figure 14.
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Figure 13. Delta Variation with 75% Line Compensation
0.06
—M/C 2 SLIP
—MJ/C 3 SLIP
AN A

AWANNNAN|

SRV VIRV VY
Y VoV

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
Time (in seconds)

SLIP (in per unit)
o
o
o ]
~—
| e

o
o
~

Figure 14. Slip Variation with 75% Line Compensation

6.1.3. With DI Technique

When fault clearing time is 0.35 sec, the variation of delta with DI technique, is plotted in Figure 15.
The oscillations are damped in nature. The speed variations of the two machines (2 and 3) are shown in
Figure 16. The performance is definitely better with DI technique.
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Figure 16. Speed Variation with DI technique

6.2. Critical Clearing Time and maximum Loading at buses

With clearing time as 0.2 sec, the loading was increased. The variation of the speeds of the
generators, connected to all the three buses, was observed. The time when any one of the speeds becomes
unstable was recorded. Similarly the rotor angle variations were also observed. With the fixed loading, the
clearing time is increased till the system becomes unstable and the time is noted down.

Table 4. CCT and Maximum Loading

Attribute Without TCSC ~ With 75% Compensation With TCSC
Critical Clearing time(in sec) 0.34sec 0.4 Second 1.2sec
Maximum Loading at bus 4 76MW 90 MW 96MW
Maximum loading at bus 5 81MW 85 MW 97.5MW

7. CONCLUSION

For both the test systems considered, it is found that the, results with DI technique is better than that
without DI technique and also when the line is 75% compensated. The DI technique was realized through
TCSC and only 25% of the line reactance was varied through TCSC. For test system 1, case 1 confirms that
the unstable system can be stabilized with the help of DI technique. The critical clearing time is increased
from 0.3second to 0.36 second when the line is 75% compensated and increased to 0.338 when DI technique
is used. Loading can be increased at buses 3, 4 and 5 as is depicted in Table 2.

For test system 2, case 1 reiterates that the stability of the system can be improved when 75% line
compensation is used and further improved when DI technique is used. The critical clearing time is increased
from 0.34 second 0.4 second when 75% line compensation is used and it is increased to 1.2 seconds when DI
technique is used. Loading can be increased at buses 4 and 5 which is tabulated in Table 4. Hence it is proved
that when DI technique is used, the damping is improved, the systems’ stability improves, the critical
clearing time is increased and the maximum loading at various buses can be increased.
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