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K e y w o r d s : Power systems control, robust nonlinear ture) perturbations may destabilize the operating condi-
control, L and L disturbance attenuation. tions and force one or more generators to go out of step2 1

and to be disconnected from the network. The transient
stabilization problem consists in the design of an excita-A b s t r a c t
tion feedback control for each generator which keeps each
generator at synchronous speed when perturbations occur.

A robust nonlinear state feedback control achieving tran- Voltage regulation is not considered at this stage. Lin-
sient stabilization is designed on the basis of the standard ear controllers are actually employed which are designed
third order model of a synchronous generator connected to on the basis of linear approximations around op erating
an in¯nite bus. Sudden mechanical p ower failures, short conditions: only small perturbations and small deviation
circuits, in¯nite bus perturbations may drive the genera- from op erating conditions can be handled. It is clear that
tor out of step. The prop osed robust nonlinear excitation nonlinear controllers [7] are required to handle the large
control prevents the machine from going out of step in the perturbations that typically occur in power systems. As a
presence of any mechanical or electrical parameter p ertur- ¯rst step in this direction it was shown that several power
bation. L and L disturbance attenuation are guaran- systems models are linearizable by state feedback ([2] , [4] ,1 2

teed from the power angle and relative speed regulation [1 4] ) so that the operating condition is the only equilib-
errors with resp ect to time-varying parameter p erturba- rium p oint for the closed loop system and very large stabil-
tions from nominal values. The op erating condition is the ity regions can b e assured by nonlinear feedback lineariz-
only equilibrium point of the closed loop system with an ing controllers provided that state variable measurements
explicitly computable stability region, when all parame- and physical parameters are available to the controller:
ters are equal to their nominal values. transient stabilization along with voltage regulation can

be achieved in this case. Adaptive versions of feedback
linearizing controls were then developed in [1 2] , [1 5] and1 I n t r o d u c t io n
[8] so that the knowledge of some critical parameters which
may change during op erations is no longer needed to guar-

Transient stability and voltage regulation for p ower sys- antee speed regulation. Robust nonlinear state feedback
tems are classical control problems. Dynamical models controls have also b een investigated in [1 3] while in [1 0] ro-
of increasing complexity have b een developed both for a bust adaptive nonlinear controllers are develop ed assum-
single machine connected to an in¯nite bus and for multi- ing additive disturbances and unknown electrical param-
machine networks ([1 ] , [3] ) . They all show an intrinsic eters.
nonlinear nature since the electric p ower provided by each In this pap er we address the problem of designing a non-
generator is a nonlinear function of the generators state linear state feedback control for a third order model of a
variables. As a consequence there are several stable and synchronous generator connected to an in¯nite bus relying
unstable equilibrium p oints. Early studies aimed at de- only on the nonlinearities but not on the parameters which
termining the stability regions of desired operating condi- are not assumed to b e known by the controller and in fact
tions by means of Lyapunov functions in order to study the are also allowed to b e time-varying to account for unmod-
e®ect of p erturbations ([1 ] , [9] ) . In fact sudden mechani- elled dynamics. There are ten physical parameters (b oth
cal (load shedding and generation tripping) and electrical mechanical and electrical) in the third order model and
(short circuits with changes in the power network struc- they can be time varying and undergo sudden variations



due to short circuits, turbine failures, load shedding, in¯- In practice, the exact values of the machine physical pa-
0nite bus voltage and frequency perturbations. Following rameters (H , X , X , X , X , T , K ) in model (1 ) are hardd T L d cd

the theoretical developments in [5] , [6] , [1 1 ] (even though to obtain, and (P , D , ! , V ) are lumped parameters whichm s s

they do not apply to the model considered here in which account for unmodelled dynamics such as turbine dynam-
uncertain parameters multiply the control input) , a ro- ics, load dynamics, damper windings and multimachine
bust nonlinear state feedback control is designed which dynamics. Those parameters may undergo sudden on line
makes the op erating condition the only equilibrium p oint variations due to mechanical and electrical perturbations
for the closed loop system when the parameters assume and faults. For instance, ! and P will change consid-s m

their nominal value: it is exponentially stable with an ex- erably when the mechanical power is p erturb ed by load
plicitly computed very large stability region. The robust- shedding or turbine failures, and their variation is not
ness with respect to time varying variations from nominal measurable. The in¯nite bus voltage V may change ass

values is achieved guaranteeing b oundedness and arbitrary a consequence of perturbations occurred in the network.
L and L disturbance attenuation from the regulation Furthermore, when a fault occurs in the bus or causes a1 2

errors with respect to the variations of all parameters from change in the structure of the electrical network, the re-
their nominal values. actance of the transmission line will b e changed and as a

0result X and X will change considerably. Thus, thered s d s

is a need for the excitation control law which not only
stabilize the nominal system at a desired equilibrium with1 P r o b le m F o r m u la t io n
a large stability region, but also guarantees robustness
with resp ect to unknown parameter perturbations. In the

The well-known classical third order dynamic model of
next section, we will present an approach to design such a

a synchronous generator connected to an in¯nite bus is
feedback control law so that the closed loop system is ex-

given as follows (see [1 ] ) :
ponentially stable with arbitrary small L and L gains1 2

_ from the parameter perturbations to the regulation error.± = !
To this end, we reduce the eleven physical parameters inD ! !s s

_! = ¡ ! ¡ P + P (1 )e m the model (1 ) as followsH H H
01 X ¡ Xd 22d_ _P = ¡ P + V ! sin ± ± = !e e s0 0T X Xd sd d s

_! = ¡ µ ! ¡ µ P + µ (2)1 2 e 3V Ks c
+ P ! cotg± + (sin ± ) u 1e f 20 _X T P = ¡ µ P + µ ! sin ± + P ! cotg± + (sin ± ) ud e 4 e 5 e fs d µ 6

where ± (rad) is the p ower angle of the generator relative
where the new parametrization requires only six p ositive

to the angle of the in¯nite bus rotating at synchronous Dparameters µ > 0, ( i = 1 ; 2; ¢ ¢ ¢ ; 6) de¯ned as µ = ,i 1 Hspeed ! ; ! (rad/s) is the angular speed of the genera-s 0X ¡ X! ! d1 2s s dµ = , µ = P , µ = , µ = V , µ =0 02 3 m 4 5 6tor relative to ! , i. e. , ! = ! ¡ ! and ! is the gen- ss g s g H H T X Xd sd d s0erator angular sp eed; P (p :u :) denotes the active electri- X Tde s d . While the variables ( ! ; P ; V ) can b e measured,e tV Ks ccal power delivered by the generator to the in¯nite bus;
± measurements are not available, even though ± can b e

(± ; ! ; P ) constitute the state variables; H (s ) is the iner-e obtained by time integration of ! measurements. In the
tia constant, D (p :u :) is damping constant and P (p :u :)m following, we will denote by c (i = 1 ; 2 ; ¢ ¢ ¢ ; 6) the knowni
is the mechanical input power; V ( p :u :) is the voltage ats ~constant nominal values of the parameters µ and by µ =i i1the in¯nite bus; X = X + X = X + X + X (p :u :)d s d T L ds 2 µ ¡ c ( i = 1 ; 2 ; ¢ ¢ ¢ ; 6) the parameter variations from nom-i i
is the total reactance which takes into account X ( p :u :) ,d inal values. Due to physical considerations we restrict the
the generator direct axis reactance, X (p :u :) , the trans-L operation of the system to the op en set
mission line reactance, and X (p :u :) , the reactance of theT ½ ¾10 0 0transformer; X = X + X = X + X + X (p :u :) withs T Ld d d2 +s ­ = (± ; ! ; P ) : ( ± ; ! ; P ) 2 (0; ¼ ) £ < £ < : (3)0 e eX denoting the generator direct axis transient reactance;d

u ( p :u :) , which constitutes the control signal, is the inputf
The asymptotically stable nominal operating condition isto the SCR ampli¯er of the generator; K is the gain ofc

0 0 given bythe excitation ampli¯er and T = T X = X with T (s )d d dsd d s

being the direct axis short circuit time constant. c c c c3 4 3 6
± = ± ; ! = 0; P = P = ; u = (4)s e e s f sThe generator terminal voltage is given by c c sin ±2 2 s

1" #
2 ¼2 2 2 2 where ± 2 (0; ) , guarantees terminal voltage regulationX P X V 2X X ss d 2s e sdV = + + P cotg±t e2 2 [V = 1 (p :u :) ] . Note that there is another unstable equi-2 tX XV sin ± d sds s

librium point (± ; 0; P ) with sin ± = sin ± for equationu m u s

which is to be regulated to its reference value V = 1 (p :u :) , (2) which may be very close to the stable one making thetr

while the relative speed ! is to be regulated to zero. stability region very small. The control problem can b e



formulated as follows: ¯nd a state feedback control law [k Hence, by choosing v as ( k > 0)1 !

is the arbitrary positive real scalar to be chosen]
k k2 ~v = ¡ c ! + c + k ! + ~! ! + ~! + k ~! + ± (1 3)1 1 3 ± !u = ' ( ± ; ! ; P ; ± ; k ) (5) 4 4f e s

the equation (1 2) b ecomesfor the system (2) such that the closed loop system has
the asymptotically stable op erating condition (4) as an · ¸~µ 1~ ~exp onentially stable equilibrium point when the parame- _~! = ¡ k ~! ¡ ± ¡ µ P + [Á Á ]! 2 e 2 1 2 3 ~µ 3ters assume their nominal values and in addition satis¯es

T ~in terms of z (t) = [( ± (t) ¡ ± ) ; ! ( t) ] , x ( t) = [z (t) ; (P (t) ¡ k µ ks e 72 2 2¡ ~! ( Á + Á ) + v ¡ ~! v (1 4)T T~ ~ ~ 12 1 2 3 1P ) ] and w = [µ ; µ ; ¢ ¢ ¢ ; µ ] the following properties:e s 1 2 6 4 µ 4µ7 7

_with Á = ¡ ! , Á = 1 . Note that ~! = _! ¡ _! = _! + k ! .(S1 ) e x p o n e n tia l sta b ility a n d L d istu rba n ce a tte n u a - 2 1 2 3 r ±1
Di®erentiating (1 1 ) and (1 3) with respect to time yieldstio n .

h12 ¡ c t k k k2k z (t) k · g (x (0) ) e + ° (k w k ) ; 8 t ¸ 0 (6) _1 P = ( ! + + k + k ¡ c + ~! ! ) ¢e r ! ± 1k 4 4 2ik kholds, where g (x (0) ) ¸ 0, c > 0, ° (r ) is a class K1 2¢ (c + ~! v ) + v (¡ µ ! ¡ µ P + µ )7 1 1 2 e 31function and k is an arbitrary positive real scalar; 2 4
£ k k 1 k2+ k ( ! + + k + ) ( c + ~! v )(S2) L d istu rba n ce a tte n u a tio n . ± ! 7 12

4 4 k 2±Z ZT T ¤1 k2 2+ v ! : (1 5)k z (¿ ) k d ¿ · h (x (0) ) + ° (k w k ) d ¿ (7)2 1k 40 0

Therefore, from the model (2) and the last expression (1 5) ,holds for any given T > 0, where h ( x (0) ) ¸ 0, ° (r )2

we getis a class K function and k is an arbitrary positive
real scalar. 5X1_~ _ _P = P ¡ P = (sin ± ) u + Á + Á µ (1 6)e e e r f 3 0 3 i i

µThe e®ect of physical parameters variations from their 6 i= 1
nominal values is quanti¯ed by (6) and (7) : (6) gives an

whereupper bound on L regulation errors while (7) gives a1 hbound on L regulation errors. This formulation allows us k k 1 k2 2Á = ¡ k ( ! + + k + ) ( c + ~! v )3 0 ± ! 7 1to solve the transient stability problem for the desired op- 4 4 k 2±ierating condition and to characterize the robustness with k 2+ v ! + P ! cotg± ;e1respect to parameter variations from their nominal values. 4
Á = ! Á ; Á = P Á ; Á = ¡ Á ; Á = ¡ P ;3 1 s 3 2 e s 3 3 s 3 4 e

2Á = ! sin ± ;3 52 R o b u s t C o n t r o l D e s ig n h k k k2Á = ( ! + + k + k ¡ c + ~! ! ) ¢s ! ± 1
4 4 2i~De¯ning ± ( t) = ± (t) ¡ ± and ~! ( t) = ! (t) ¡ ! (t) = ! (t) + k ks r 2¢ (c + ~! v ) + v :7 1~ 1k ± ( t) with k > 0, from (2) we have± ± 2 4

_ Using the same strategy employed in choosing v , we de-~ ~ 1± = ¡ k ± + ~! (8)±
¯ne the robust control law as follows_~! = ¡ µ ! ¡ µ P + µ + k ! : (9)1 2 e 3 ±

c k6 2~1 1 u (± ; ! ; P ; ± ; k ) = v ¡ P v (1 7)f e s 2 e 2Recall that µ > 0 (i = 1 ; 2; ¢ ¢ ¢ ; 6) . Let µ = ; c =i 7 7µ c sin ± 4 sin ±2 2¡ ¢
1~ ~µ = µ ¡ c = ¡ µ and de¯ne7 7 7 2µ c2 2 with v yet to b e designed, which substituted in (1 6) gives2

~P (± ; ! ; P ; ± ; k ) = P ¡ P (± ; ! ; ± ; k ) (1 0) 5e e s e e r s X~µ k6_ 2~ ~P = v ¡ v ¡ P v + Á + Á µ : (1 8)e 2 2 e 3 0 3 i i2with µ 4µ6 6 i= 1³ ´ k 2P ~! (± ; ! ; ± ) ; v ( ± ; ! ; ± ; k ) = c v + ~! v (1 1 )e r s 1 s 7 1 1 Choosing v as (k > 0)2 p4

5where v is to b e designed and k > 0 is the constant X1 k 2~ ~v = ¡ k P + c ~! ¡ ~! P ¡ Á ¡ Á cwhich appears in the disturbance attenuation inequalities 2 p e 2 e 3 0 3 i i
4

i= 1(6) and (7) . Then, the equation (9) can be rewritten as
5Xk~ 2~µ k7 ¡ P Á (1 9)2 e~_ 3 i~! = ¡ v ¡ µ ! ¡ µ P + µ + k ! + v ¡ ~! v : (1 2)1 1 2 e 3 ± 1 41µ 4µ i= 17 7



h i
1 2 2 2~ ~ ~ ~and substituting it in (1 8) , we obtain Let U (t) = V (± ( t) ; ~! (t) ; P (t) ) = ± (t) + ~! (t) + P (t)e e2© ª

5 5 and c = min 2k ; 2k ; 2k .± ! pX Xk_ 2~~ ~ ~P = ¡ k P + c ~! + Á µ ¡ P Á From (26) it followse p e 2 3 i i e 3 i4
i= 1 i= 1 Z t1¡ c t c (¿ ¡ t)~ U (t) · U (0) e + ° ( k w k ) e d ¿ : (27)µ k k6 2 2~ ~ k¡ v ¡ P v ¡ ~! P : (20)2 e e 02µ 4µ 46 6 n o

22Since k z ( t) k · max 4; 2 + 4k U (t) , from (27) we ob-±Thus, the closed loop system dynamics are given from (8) ,
tain(1 4) and (20) as n oh

22 ¡ c tk z (t) k · max 4; 2 + 4k U (0) e_ ±~ ~± = ¡ k ± + ~!± Z t ik 1T c (¿ ¡ t)~ ~~_~! = ¡ k ~! ¡ ± ¡ µ P + © µ ¡ ~! © © + ° (k w k ) e d ¿! 2 e 2 2 24 k 0
~µ k7 2 which implies (S1 ) with+ v ¡ ~! v (21 )1 1µ 4µ n oh i7 7

2 2 2 2~ ~g (x (0) ) = max 2 ; 1 + 2k ± (0) + ~! (0) + P (0) :k ±_ eT~~ ~ ~P = ¡ k P + c ~! + © µ ¡ P © ©e p e 2 3 e 3 34
On the other hand, integrating (25) over [0; T ) , we obtain~µ k k6 2 2~ ~ n o¡ v ¡ P v ¡ ~! P2 e e2 2Z Zµ 4µ 4 T h T i6 6 max 2 ; 1 + 2k ± 12 n ok z (¿ ) k d ¿ · U (0) + ° ( k w k ) d ¿T~ ~ ~ ~ kwhere µ = [µ ; µ ; ¢ ¢ ¢ ; µ ] , © = [Á ; 0; Á ; 0; 0 ]1 2 5 2 2 1 2 3 0 0min k ; k± !

and © = [Á ; Á ; Á ; Á ; Á ] .3 3 1 3 2 3 3 3 4 3 5

which implies (S2) with
Consider the quadratic positive de¯nite function n o

21 h imax 1 ; + k1 ±22 2 2~ ~~ ~ 2 2 2V (± ; ~! ; P ) = (± + ~! + P ) : (22) ~ ~e n oe h (x (0) ) = ± (0) + ~! (0) + P (0) :e2
min k ; k± !

Computing the derivative of function V along the traj ec- ³
tories of the closed loop system, we obtain ~ ~~At the equilibrium ± = 0; ~! = 0; P = 0; µ = 0 ( i =e i´

2 2 2~ ~_ ~V · ¡ (k ± + k ~! + k P ) + j~! © µ j± ! p 2e 1 ; 2 ; ¢ ¢ ¢ ; 6) for the closed loop system (21 ) we obtain from¯ ¯
~̄ ¯k µ k7 (1 7) , (1 9)2 T 2 2¯ ¯¡ ~! © © + ~! v ¡ ~! v2 12 1¯ ¯4 µ 4µ7 7 c c c c3 3 4 6

± = ± ; ! = 0; P = c c = ; u =s e 7 3 fk k2 2 2 T c c sin ±~ ~~ ~ ~ ~ 2 2 s+ jµ ~! P j ¡ ~! P + jP © µ j ¡ P © ©2 e e 3 3e e 34 4 ~¯ ¯ in accordance to (4) . When µ = 0 (i = 1 ; 2 ; ¢ ¢ ¢ ; 6) , thati~̄ ¯µ k6 2 2¯ ~ ¯ ~ is all parameters are equal to their nominal values, the+ P v ¡ P v : (23)e 2 e 2¯ ¯µ 4µ6 6 function V in (22) is a Lyapunov function according to
(24) and the stability region of the exponentially stableUsing repeatedly the inequality
operating condition (± ; 0; P ) is given by¯ ¯ s m

T T T¯ ¯³ » k ³ ³ 1 » » ½ ¾p + +¯ ¯ 2· + (³ ; » 2 < ; p 2 N ; a ; k 2 < ) ±¯ ¯ s~ ~a 4 a k a S = ( ± ; ! ; P ) : V (± ; ~! ; P ) <e e
2

1 1~ ~and recalling that µ = and µ = ¡ µ , we obtain7 7 2µ µ c2 2 2 so that the singularities at ± = 0 and ± = ¼ for the control
the dissipation inequality

(1 7) are avoided. In the presence of parameters variations
~6 from their nominal values, i. e. , µ 6= 0 (i = 1 ; 2; ¢ ¢ ¢ ; 6) , theiX12 2 2 2~ ~_ ~V · ¡ ( k ± + k ~! + k P ) + ² µ (24) control parameter k directly a®ects the in°uence of each± ! p ie ik

i= 1 parameter variation on the regulation errors b oth in L 1
and L so that both transients and p eaks can be controlled1 1 2with ² = ² = ² = ² = 2, ² = 3 + and ² = .21 3 4 5 2 6 µµ c 62 2 to enhance the robustness and prevent the generator fromP 6 2~Let ° (k w k ) = ² µ . Then, (24) b ecomesi going out of step.ii= 1

R e m a r k : Following the design of the controller and12 2 2~_ ~V · ¡ (k ± + k ~! + k P ) + ° (k w k ) (25) the analysis of its prop erties, it is obvious that (25) is± ! p e k
still valid even if the parameters µ (i = 1 ; 2; ¢ ¢ ¢ ; 6) arei

which implies, according to (22) time varying: in the case, the inequality (25) and conse-
n o quently the inequalities (7) and (8) hold with ° ( k w (t) k ) =1 P_ 6 2V · ¡ min 2k ; 2 k ; 2k V + ° (k w k ) : (26) ~± ! p ² (t) µ (t) .i ii= 1k



3 S im u la t io n R e s u lt s

We tested by simulation the proposed controller (1 7) , (1 9)
with control parameters: k = k = k = 60, k = 0:1 with± ! p

reference to a synchronous generator characterized by the
following nominal values of the parameters:

! = 31 4:1 59rad= s D = 5p:u: H = 8ss

T = 6:9s K = 1 X = 1 :863p:u:d c d
0X = 0:257p:u: X = 0:1 27p:u: X = 0:4853p:u:T Ld

The op erating point ± =1 . 256 rad, P =0. 9 p. u. , ! =0s m

guarantees V =1 p. u. , with V =1 p. u. . The goal of thet s

simulation is to verify the e®ect of a severe fault on the
turbine, a change in the structure of the electrical network
and a variation of the gain of the excitation ampli¯er. It
was considered a fast reduction (50% of the initial value) of
the mechanical input power and a sudden increase (20% of
the nominal value) of the transmission line reactance X L

and of the excitation ampli¯er gain K . The simulationc

was done according to the following time sequence:

1 . The system is in pre-faulted state.
2. At t = 0:6 s the mechanical input power b egins to
decrease.
3. At t = 1 :9 s the mechanical input power is 50% of the
initial value.

Figure 1 : a) Mechanical input power P b) Transmissionm4. At t = 2 s the transmission line reactance begins to
line reactance X c) Excitation ampli¯er gain KL cincrease.

5. At t = 2 :2 s the transmission line reactance is 1 20% of
the nominal value.
6. At t = 2:4 s the gain of the excitation ampli¯er begins
to increase.
7. At t = 2:6 s the gain of the excitation ampli¯er is 1 20%
of the nominal value.

Figs. 2. a) -2. c) show that the power angle ± , the relative
angular speed ! of the generator and the electrical power
P go smoothly to a stable equilibrium point for the per-e

turbed system, according to (21 ) .
Fig. 3. a) shows how the output voltage drops during the
mechanical and the electrical perturbations, while Fig.
3. b) shows that the control signal is smooth and kept in-
side the prescribed physical bounds.
Transient and steady state errors are small and can b e
made even smaller by increasing the parameter k . The
choice of the control parameters is mainly constrained by
the limitation of the control signal.

4 C o n c lu s io n s

For the well-known third order model (1 ) of a synchronous
generator connected to an in¯nite bus involving signi¯cant
nonlinearities and eleven physical parameters which are
di±cult to measure and may undergo large and sudden Figure 2: a) Power angle ± b) Relative angular speed of
on line variations, the design of a state feedback control the generator ! c) Active electrical power P e
which achieves transient stabilization and is robust with
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