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ABSTRACT: A new extended adsptive backstepping
algorithm for general nonlinear systems in parametric feedback
form is proposed. The method preserves useful nonlinearities
and the real-time estimation of uncertainty parameter, and does
not follow the classicd certainty equivalence principle. Then
the proposed method is applied to nonlinear adaptive control of
Satic VAR Compensator (SVC) of a single-machine infinite-
bus system containing some unknown parameters. This novel
adaptation mechanism is introduced into power systems, and a
novel adaptive control law for this SMIB system is presented.
The simul ation results demonstrate that the proposed method is
better than the design based on classical adaptive backstepping
in terms of properties of stability and parameter estimation.
Hence, it will be an dternative to practice engineering and
applications. In addition, this algorithm is applicable to other
control systems.
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Due to the environmental constraint and the huge
cost of building new transmission lines, the existing
power systems are operating ever closer to their utility
limits with the rapid increase of load demand. As a
result, many power grids are highly stressed and the
problems of system stability, security and reliability
are one of those issues of great importance and
urgency in the current situation[l]. The rapid
improvement in power electronics makes them a
novel way to above mentioned problems because of
their ability to enable fast and easy control. Such
electronic devices are caled Flexible AC
Transmission System (FACTS) devices. Static VAR
Compensator(SVC) is one of the most widely used
FACTS devices. It is very effective on providing
dynamic voltage support and reactive power
compensation[2]. The study about SVC has attracted
more attentions of researchers, especially about the
control mode of SVC[1-7]. Such as conventional
linear stabilizer[3] and exactly linearized controller
for SVC[1, 4-6].

In recent years, backstepping technique as a
powerful tool is applied to nonlinear control[8] to
preserve the useful nonlinearities. This technique is
more suitable for the situation where the system
model has unknown parameterg[7-14]. Several types
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of controllers have been designed for systems of lower
triangular structure in practical applications such as
the robust adaptive control of multi-machine power
systemg[9] and steam valve control[11] by using the
so-called adaptive backstepping, whereas the adaptive
law is based on certainty equivalence principle. More
recently, a novel backstepping algorithm presented in
Ref. [12], which relies on the Immersion and
Invariance (1&1) stabilization and 1& | adaptive control
tools developed in Ref. [13], is better than the
“classical” adaptive backstepping one with respect to

the response of the system and the speed of adaptation.

Unfortunately, it is only suitablein situation where the
“virtual” control coefficients are ones and limits its
range of applications.

In this paper, we extend the above-mentioned
adaptive backstepping algorithm in Ref. [12] to
systems in general form, where the proposed adaptive
mechanism does not follow the classica
certainty-equivalence philosophy, and apply it to a
SMIB power system with SVC to realize our goal
which is an improvement upon the speeds of both
adaptation and response of systems. Both the
proposed algorithm and its application to this SMIB
power system have the following advantages in
comparison with those of the classical adaptive
backstepping: (Wthe improved responses of system;
(@a desired property, which is absent in classical
adaptive backstepping design, namely, the speed of
adaptation may be regulated by a related parameter
imposed on the error dynamics.

1 AN EXTENDED ALGORITHM

1.1 Problem formulation

This section extends the adaptive backstepping
algorithm in Ref. [12] which is for systems in
so-called parametric feedback to a general form
whose “virtual” control parameters are functions of
feedback states.

Consider a class of systems described by
equations

% = fi00 %) 9 00 %)X +
i O %00, 1£iEn (1)

where xI R" isthe system state, x.,, =ul Risthe

o5 26 %
control input and f,g are smooth functions,
0,0¢--%)*0 and j,(x,...,x) are smooth

vector fields, g; is unknown constant vector.

Our control objective is to enforce x to track a
given sufficient smooth bounded reference signal ; .
1.2 Adaptive law design

Firstly, we define the error variable

z=0,- 0 +b(%,%),i =120 (2
where g, is the estimate ofq,, and b, (§ is smooth
function yet to be defined.

Secondly, differentiating Equ.(2), we have the

dynamics of z given by the equation
X+ G (0 X)X +

%) = Z)] 3

. _+ . 4 b
=g. +3 —[f o
z =q elﬂxk[ (%

kT(Xl,...,Xk)x(dk +b, (%,
withx , =u.
The update law can be selected as follows

q‘-—-aﬂ—[f (X %) + G (X 4 ) Xerg +
k=1

¢ 04 %) X0 + by (0,
Thus, the error dynamics are
z = aﬂ_l (4,
k=1 T

Note that Equ. (5) isin lower triangular form.

In what follows, we adopt the selection of the
functionsb, (¥ and its assumption in Ref. [12].

In Equ. (5), its diagonal terms can be rendered
negative semi-definite by selecting b, (¥ as

%) = d<( Gl

where k;(Jis posmvefunctlon.

%))l (4)

%)% 5

-+, C;)dc; (6)

Consider now the following assumption.
Assumptionl: There exist afunction k(3 anda
constant k(%3 k >Osuchthat, for j =1,---,i- 1

b, .
—=d. X)) o X 7
fx i O 6 (%, %) (7)
for some bounded functionsd; (3, where b, (3
is given by Equ.(6).

In order to establish the stability properties of the
estimator, we propose the following lemma:

Lemma 1: Consider the system (5) with the
functions b, (¥ given by Equ.(6), and suppose that
assumption 1 holds for all i=1---,n. Then there
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exist constante, > Osuch that derive the dynamics of the rest of states until the real
control appears.
—(Qe £- %)z ] 8
dt (|al 2'2) |al[| )z ®) Step n : The n-th dynamics are given by
Proof: Similar to Ref. [12]. %= (X, X,) 0 (6, X U+
n n 1
Remark 1 Since §ez'z is a decreasing 1060 M - & T g0 +
i=1 k 11X
function of time, z is bounded. Integrating both sides of O (%0 X ) X Fi 1 (%2 % )0, ] -
Equ.(8), we canknow that j ;z issquare- integrable. BlOx. I,
- a—=0- e ()™ (15)
1.3 Controller design k=1 19 T(x)"
This section proposes a control law to render The real control input is:
j 'z converge to zero, which implies from Equ. (2) 1 -
. . T . u:—{_ fn(xl"“’xn)_] n(Xl"“’Xn)x
that an asymptotic estimate of each term j g, in g, (%, %)
. . LT n n 1
Equ. (1) isgivenby j ., (g, +b,), and to ensure global @ +b, 00 x )+ 8 fix V[E, (% %)+
asymptotic stability of the desired equilibrium. Now a k=1 X
controller can be designed by the following procedure. Ok (%7 X ) Xear 1 (xl, ,xk)x
Step 1: DefineX =X - XI, whose dynamics are (dk +b, (X, X )] + (Xl)
governed by 10 )
~ — ST _ no_l X R ~ _
%= 600)* 60006+ 5 bok - © 8 Do, - a, (% %6 G0} (16)
Take x, asa “virtual” control and define k=110
%, = X, - X,(X,0, X)) (10) So, .the closelo?p sy.stem isgiven by
Select % =-a,(%.0y)- ] T(Xl)zl+91(xl)>”<z,
X, =[Gy (x)I- fu(%) -] 1 (%)@ + [ =, (%, %.0.0) + ool 1092
* ~ . l
X, - a,(X I .
D1 (%)) % - 2(%,0)] (11) L i T00u%)T2 + 0,00, %)%, an
where a,(} yet to be designed. : :
Substituting Equ. (11) into Equ. (10) and noticing T ~ BX,
. =-a PR ’ ’
Equ. (9)yield % =R K t) * a g
% =-a,(%,0,)- ] 1 007 + 6, (%)% f i)z 0 (e %)z,

Step 2: Differentiating Equ. (10) gives dynamics
);(2 = 06, %) + 0, (%, %) X5 +] zT(Xlixz) %
fix, ﬂxz - TX,
a - — q.,- —
2 ™, X - 19, 1 .”Xl Xl
Take x3 as a “virtual” control and define

X =% - XS(X:L’XZ’dl’dZ’jq)

(12)

(13)
By selecting
1

Xy =————{- f,(%,%,) - ] ZT(Xl,Xz)X
9,(%, %)

@ +b,(x, Xz))+ﬂ [F,00) + 9, ()% +

X
P gy + e

1 1 b
i 7 ()@+ (Xl))]+ﬂq1 o

2,(%,%,0,,0,)} (14)
Following this procedure step by step, we can

The following theorem gives the main results.
Theorem 1. There exist functionsa, (¥ such that
the system (17) together with (5) is globally asympt-
ctically stableat x=0and I_i®rpj (X @), () z () =0.
Proof: Differentiating thefunction
V(R %) = 58 %
k=1

along the trajectories of (17) and selecting the
functions a, (3 as

(18)

ia, = (cl+—)x1
)
y . n-i1+1 _
Ilai =0. 1(X1’ : '-1))9-1"'((% + ))9 + (19)
)
I Yn- k+1 X 25 .
- (_) i=2,---,n
& 4
fori=2,---,n, where ¢ >0,g>0 are arbitrary
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constants, we have

V, £- ackxk +ga(1 C(%%)z)7 (20

The proof is compl eted by combining the above
function with the one in Lemma 1 and invoking
standard Lyapunov arguments.

Remark2: When f (x,---%)° 0,0,(x,--%)°1
in Ref. (1), and the sufficient smooth reference signal

X, is constant, our result coincides with that of
Ref.[12].

2 ADAPTIVE CONTROL OF SVC

2.1 Dynamic Model of SMIB Systems with SVC

In this section, we apply the proposed method in
Section 2 to coping with the adaptive control problem
of the SMIB power systemswith SVC.

The system model is expressed as follows
Equ.[7]:

Td=w-w,

.I.

Pae =U T (- Yoo + Yoo +U)

where the meaning of all variables is referred to
Ref[7].

Generally speaking, the damping coefficient can
not be measured accurately in practical situationg9].
Hence D is considered as an unknown constant
parameter, so is g,=-D/H in Equ.(21). By
comparing Equ. (22) with Equ. (21), q should be
defined as [q,,9,.,9,]" =[0,- D/H,0]".

Letx, =d-dg,X =W- Wy, % = Yoo - Yoo SO
we can put the model (21) in the parameter feedback
form of Equ.(1), where

W, . D
:FO[Pm - Eqwsysvcsnd - W_O(W_ WO)] (21)

‘| f(x)=0

|91(X1) 1

.J (%) =0

: f,(%.%) =Wy / H[PB, - EQ/Yy0SiN(X, +d;)]

}' 0, (%, %) = -Wo / H XE, sin(x, +d,) (22)

.f (%%, %) == U Ty, %%
|g3(X1 Xy, %) =1/,

i 2(x%) =%,

fi 500 %,%) =0

2.2 Design of adaptive control law
The control objectiveisto ensure x; to track zero.
In other words, synchronism between generators in
power systemsis kept.
We construct the error
Z :dz - 0, + b,y (%, %) (23)
Selecting the function b, (3 according to Equ.(6)
as  b,(x,%)=05k¢ with k an positive tuning
constant, yields the error dynamics
2,=-kz, (24)
with the update law (4). Clearly, Assumption 1 holds,
for any constant k>0, Lemma 1 also does.
Following the design methodology of the previous
section, the controller is gotten by Equ.(14), (16), (22)
and the meaning of X (3 and the update law is given
from (4) and b, (%}, respectively.

{“X3 ﬂX3[ (Py- E'yVeYaeo ™

sin(x, +d,)) - W"Egvsxgsin(xl +dg) + X, %

(e 4 20+ 0 2 QY sin +,)]-
(6 + = (Payyx, - xp) +[Y0 e,

29 %,
sin(x, +dg)1(%, +¢,%)}

A W, .

q2 =- kXZ[FO(Pm - ElQ/SyS/COS”(Xl +d0)) -
W, . ~ Kk
FO EqWSXSSIn(X:L +d0) + Xz(Qz +EX22)]

3 SIMULATION RESULTS

In order to investigate the effectiveness of the
proposed controller, we will make comparisons with the
classcal adaptive backstepping controller and the
full-information controller. The data of the system for
simulation are below and others are provided in Ref. [7].

¢, =0.8,c, =05,c,=05,k=80,g =10

Fig.1 shows the response of the system with
initial conditions x, (0) =0.3488, %, (0) = 0,%,(0) =0.

Fig2 gives the performance of the edtimators.
Moreover, like the classical backstepping design[7, 9], the
proposed method aso survives large disturbance. Fig.3
shows the generator maintains synchronism when subje-
cted to athree phase short circuit to ground from 0.1~0.2s.

PDF SCHF# ] "pdfFactory Pro™ X AL www. Fineprint.com.cn


http://www.fineprint.com.cn

% 10 4 fiF REE: FRATCUIAME A S P () — Mo 150 N 4 757 11
ﬁ“m REFERENCE
B \:\_\_ . [1] WangY, ChenH, ZhouR. A nonlinear controller design for svc to
o1 'x\ ‘H_ﬂl—lnfo \_({./ improve power sysem voltage stability[J]. Electrical Power and
’ e, TR Energy Systems, 2000, 22(7): 463-470.

(e~ Proposed -7 [2] QunGu, Pandey A, Starrett SK. Fuzzy logic control schemesfor gtatic

-0.3[ Classica ) . .
VAR compensator to control sysem damping using global signal

-0.05 0.05 0.15 0.25 xy/mm

1 RFEHEPUTRI LR
Fig.1 Thecomparison of phasetrajectories
Qo/pu

0
X Full-info

-2 \/'f'._ Proposed

-
-4 Classical

0 2 4 6 8 t/s
2 AMSHMAITHIER
Fig.2 Thecomparison of two parameter estimations

90 (@)
700
- II"|, F,*'f\\\_/’ —
50 L J-'
05 1 2 3 4 s
@
105 P
1.003 I"'I N
1001 || '|I ! ‘xﬂ ]
oo | | |~
0.997 I"L,"
0 1 2 3 4 s
(b)

3 dfaw AYAE Rz
Fig. 3 Theresponsesof d and w.

4 CONCLUSIONS

The main contributions of this paper are
extension of a novel adaptive backstepping algorithm
for systems in parameter feedback form to a general
case and its application to SVC for SMIB power
systems to improve performances of system responses
and parameter estimation. The characteristics of the
paper are twofold: firstly, the proposed adaptive
mechanism does not follow the classcal certainty-
equivalence philosophy; secondly, we introduce this
novel parameter estimation into power systems.
Simulation results compared with the classical backste-
pping and full-information schemes show the validation
of the extension and superiority of the proposed
controller. This method can be easily applied to multi-
machine systems to realize the decentralized control.
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