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[Abstract] In this paper, the proposed controller
is obtained by combining the nonlinear feedback
linearization-sliding mode controller (NFL-SMC)
with the full order observer (FOO) and eliminates
the need to measure all the state variables in the
conventional NFL-SMC.
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1. Introduction

To solve the problem associated with the
unmeasurable state variables in the conventional
SMC [1-17] and to obtain the smooth control as
the linearized controller for a linear system (or to
cancel the nonlinearity for the nonlinear system),
the nonlinear feedback linearization-full order
observer/sliding mode control (NFL-FOO/SMC)
is proposed in this paper. The proposed controller
is obtained by combining the nonlinear feedback
linearization-based sliding mode control (NFL-
SMC) with the full order observer (FOO) [18]
and eliminates the need to measure all the state
variables in conventional SMC. The effectiveness
of the proposed controller is verified by the
nonlinear time-domain simulations in case of 3-
cycle line-ground fanlt and in case of parameter
variations {20% over-estimations) for AVR gain
K and for inertia moment M.

2. Nonlinear power system model

The d-axis current and the g-axis current are [19]
L) =celr)- c,(R2 sind(e)+ X, cosﬁ(t)) (N
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i(f)=cel(r)- c‘(—)(1 sins{t)+ R, cosb'(t)) 2)
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Y=G+jB, ZT:Z,Zf;:,
1+2,7:=C +jC,, C:=1+RG-XB
Cy=XG+RB, R:=R-Cx,
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v ()= x,i,(0) €)
v(f)=e ( 1)-1,(1) (4)
vi(r)= v () +vi() (5)
7.()= £.(1) = i)+ (1. ()

=) (1, () +(x, - x)i (0, (1) (6)
where (1) is the d-axis current, ;(¢) is the g-

axis current, P,(r) is the electrical power, ¢fr) is
the g-axis transient voltage, &(c) is the torque
angle, v, is the infinite bus voltage, x, is the d-
axis reactance, x, is the g-axis reactance, and x|

is the d-axis transient reactance.
The nonlinear 4-th order state equations are {19}

alt) =T, =T () %
3)=o.(o()-1 ®
) - ~7T;e;(r)m-(*”—rlﬁfd<r) eal) ©)
)5 Oru)  (0)

e/dmin Se[d s etdmlx and uEmm s uE uFm (1 1)
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Come =60 e, =-60,and w,  =+02 u,_ =-02
where  o(r) is the angular velocity, e, () is the
exciter output voltage, 7, is the mechanical
torque, 7, is the electrical torque, 7, is the
voltage regulator time constant, g, is the voltage
regulator gain, 7 is the d-axis transient open
circuit time constant, M is the inertia coefficient,
o, is the synchronous angular velocity, v, is the
regulator reference voltage, v, is the generator
terminal voltage, and u, is the supplementary
excitation control input.

3. NFL-FOO/SMC design

The full-state feedback equation and the output
equation based on NFL are

=(t) = T(x(t)) (12)
#(t) = Az(t)+ Bu(r) 13)
)= () (14)

The observer state equation based on NFL is [18]

2ty = 43(t)+ Bu(t) + L{»(t)- Ci(t))

=(d4- LC)(t) + Bu(t)+ Ly(t) (15)
L=PC'R" (16)
AP + PA" - PCTR'CP+ Q=0 an

where Q and R are positive definite matrices.
The estimated control input vector is

Unr-roorigr = .-KLQRE(I) (18)
K, =R'BP (19)
PA+ A"P-PBR'B"P+Q=0 (20)
The closed loop system can be expressed
H)| [4 -BK ,, =(r)
L(,)] - [LC A-BK,,, - LCL‘(:) @
A1)
[y (’)] =[c OIL*(,)} (22)

The sliding surface vector and the differential
sliding surface vector can be expressed as

o‘(z(l)) = G'z(t) (23)
&(=(e)) = G7(r) (24)
where G’ is the sliding surface gain [1-4,10].

The Lyapunov’s function is chosen by

v (z(t)) =0’ (z(t)) /2 (25)

The time derivative of V(z(t)) can be expressed as

14 (z(t)) = a(z(t))&(z(t)) (26)
=G"Z(1)G" (1)

= GTz(t)GT[Az(t)+ Bum_M(t)] <0 27)

The control inputs with switching function are

Uy 0 (D2 ~(G™B) ' (G"A)(e)  for G'z(t)>0  (28)
Ur s () SHGB)(GTA)(r)  for G'z{r)<0  (29)
The control input with sign function is formed as
u% oe(0)=~(G"B) (G lelt) sign(o(z(r)))  (30)

The above equation (30) can be reformed as

U e (8) = ~Koe2(f) sign(a(z(t))) 31
Koc:=(G"B) [G" 4] (32)
Finally, the estimated control input vector is

1 s (1) = ~K (1) sign(a(f(t))) (33)

The closed loop system can be expressed as

-BK,,.si a(i(t)))

(1) |4 =(f)

L‘(x)} B Lc 4-1C- BKMsign(a(E(t)))J:f(’)} G
_ (1) '

b0)=[c o]{f(t)] (35)

nonlinear feedback linearization |

(1) = f(x(9), u(t)) o .
¥(© = h(x(t) :

1 () = gGE.v(®)

I () =T1EW) |
3

HO=AL@®+Bu@®+L(Y®-CE®)

, - - - - - - -

0}

v(t)=-K SMC f(t) sign( £ (sigma(t)))

Proposed NFL-O/SMC block

Fig. 1. Proposed NFL-FOO/SMC.

4. Simulation

The proposed NFL-FOO/SMC-PSS in Fig. 2
exhibits better damping properties.
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2. Parameter variation test
The proposed NFL-FOO/SMC-PSS in Fig. 3 (2)
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and in Fig. 4 (2) exhibits better damping
properties and is less sensitive to variations of
AVR gain as compared to the NFL-FOO/LQR-

PSS in Fig. 3 (1) and in Fig. 4 (1).
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Remark : The above equations (A.1) and (A.2) are
said to have relative degree r at a point x* if
(i) L,Lh(x)=0 for all x in a neighborhood of
x> andall &<r-1 and (il) L L/'A(x")=0.
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Fig. 4. Angular velocity waveforms under
parameter variation of inertia moment.

(e normal  f: parameter variation )

5. Conclusion

The effectiveness of the proposed controller has
been verified by the nonlinear time-domain
simulations in case of 3-cycle line-ground fauit
and in case of parameter variations for AVR gain
K, and for inertia moment M.

Appendix

A.1 Preliminary for NFLC [20]
Let us consider the general nonlinear system

()= (x(t)) g(x t))u(c‘ (A.1)
e} = W(x{0)) (A2)
The linearizing diffeomorphism is given by
d)=1(x()=[r L,p Lh Lh...]

= [z, (0 z() =) z() }T (A.3)
The state space forms based on NFL are
i;(;)- = Az(!) + Bu(t) (A-4)
Wt} = C2f) (A.5)

The derivatives of the output are

o0 5H0)s 2D L)+ L))

Sressercarninnesensneense

The control input vector based on NFL is

ult) = g(x (1), v(t))

z L"'h Lh LIk L"’h ") (a7

where ()= ii(-;-)- has a linear relation.
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