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The dynamics of a large-scale power system are both nonlinear and interconnected. The
equilibrium of such a system is typically unknown and uncertain, and the controllers
within are also subject to physical limitations. In this paper, a new application of
nonlinear robust control is presented for power system control design. It is assumed
that the controllers are designed as a part of generator excitation system design. First,
a customized exact feedback linearization scheme is developed for the power system
under investigation. This new linearization scheme allows one to transform the power
system with a single-axis system model into a linear uncertain system with an unknown
equilibrium. Based on the latest development of nonlinear robust control theory, a novel
control design is then applied to stabilize the resulting linearized uncertain system.
Finally, a nonlinear decentralized excitation control is obtained by the inverse trans-
formation. Compared with existing control schemes, the proposed control is free from
such common deficiencies of power system nonlinear controllers as network dependence
and equilibrium dependence. Detailed stability analysis and engineering judgment in the
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Multi machine power system excitation control design via theories
of feedback linearization control and nonlinear robust control

control design are provided. The results of simulation studies are presented.

1. Introduction

The main objective of installing controllers in power
systems is to achieve desired stability and security at a
reasonable cost. Controllers designed using modern
state-space theory have been serving power systems for
decades, and conventional single-input single-output
controllers designed using classical control theory were
put into use even earlier. In recent years there has been
an increasing interest on applying advanced control
designs in power engineering area. A number of novel
control design methodologies, for example adaptive
control, H,, control and y synthesis, nonlinear control,
feedback linearization, fuzzy logic control and neural
control, have been reported. The goal of these studies
is to achieve stability and performance robustness.
Conventional and state-space controllers are not
designed in a way to guarantee the desired level of
robustness. The focus of this paper is on nonlinear con-
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trol design methodologies (Hill e al., 1993, Falker and
Hecker 1995, Rajkumar and Mohler 1995).

Feedback linearization control (FBLC) theory has
been applied to power system control designs, including
turbine valve control design, excitation control design,
high voltage direct current (HVDC) power control
design and static voltage condensor (SVC) control
design (Lu and Sun 1989, 1993, Sun and Lu 1996).
The results of Chapman and Ilic (1992), Chapman et
al. (1993), King et al. (1994) and Allen et al. (1996)
uncovered several critical issues in FBLC-based control
design and extended the FBLC to reduced-order prac-
tical system and to the investigation of torsion
dynamics. FBLC has also been used in the design of a
controller for synchronous generator connected to an
infinite bus (Mielczarski and Zajaczkowski 1994). The
so-called direct feedback linearization (DFBL) theory
was introduced especially for power system control
design (Gao et al. 1992; Wang et al. 1993, 1994 a) as
DFBL is much more understandable to the power
engineering audience. However, the application of
DFBL is limited only to single-input single-output
systems. Power system stabilizer design through FBLC
has been reported by several researchers (Cao et al.
1994, Nambu and Ohsawa 1996). The effect of unknown
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interconnection was studied recently, and an adaptive
FBLC control law was proposed by Jain er al. (1994).
The FBLC design of a simple ac-dc power system was
examined by Kaprielian et al. 1990). Other nonlinear
control design methods include, for example, predictive
control (Rajkumar and Mohler 1994), variable structure
control (Wang et al. 1994 b), and nonlinear control pro-
posed by the present authors and co-workers (Qu et al.
1992, Jiang et al. 1993, 1997, Cai et al. 1996). This later
method originated from the Lyapunov—based robust
control theory for general uncertain nonlinear systems
(Qu 1995, 1998).

Although many developments have been proposed in
the area of nonlinear control designs for power system,
there are still several issues worth investigating further.

(1) Asindicated by Chapman et al. (1993), implementa-
tion of an excitor control based on FBLC theory
requires that the equilibrium point of power system
is known and fixed. This has not yet been thor-
oughly studied.

(2) An ideal excitation system should be independent on
the topology of power network. The controllers
designed using FBLC, however, require the avail-
ability of information of power systems topology.

(3) Most of the existing nonlinear controllers do not
guarantee that terminal voltages are within their
permissible ranges.

(4) The output of a real-world controller is always lim-
ited because of physical limitations. The effects of
such limits on the dynamics of controlled power
systems should be studied.

(5) The controller should be as simple as possible,
which has three aspects. The feedback signals
required by the controller must be measurable; the
controller must be physically implementable (not
just in theory but also in practice); the control
must be capable of compensating for the unknowns
and it does not require sophisticated tuning of
design parameters.

The main thrust of this paper is to resolve some of
the above-mentioned problems in nonlinear excitation
control design. Based on the latest development in two
nonlinear control design methodologies exact FBLC
and Lyapunov-based robust control, an improved
exact feedback linearization scheme is proposed in the
paper to transform the dynamics of a nonlinear power
system into an uncertain linear system with an unknown
equilibrium. A novel control design is then presented to
stabilize the uncertain linear system, and a nonlinear
decentralized excitation control is obtained by inverse
transformation. The proposed control, which is com-
posed of two additive parts (a linear optimal state-

space feedback and a saturation-type nonlinear robust
control), has several advantages. Firstly, it does not
require knowledge about the system equilibrium as
most other control designs require. Instead, it needs
only an approximate estimate of system equilibrium.
Secondly, the control is decentralized and partially
independent of network topology. Thirdly, loss of bus
voltage can be alleviated by judicious choices of design
parameters, and physical limits of controllers can be
respected. Simulation results of a test power system
are provided.

2. De-composed feedback linearization for power
systems with the single-axis model

Let us at first review the exact linearized model of a
multimachine power system. Under several standard
assumptions, the state equation of ith generator can be
written by (Sauer and Pai 1991)

51‘ = Wi, (1)
) 1
wi:E[Pmi—Pei—Diwi]v (2)
. 1
Ey = T [Eai = Eqi + (Xi = Xap) L], (3)
doi
Pei = E;ilq,' + (Xqi - Xd/i)ldilqi (4)
NG
I; = ZEq’k(Gik oS by — By sin dy) (5)
k=1
and
NG
Iqi = Z E(,;k(Gik sin 6ik + Bik COosS 6ik) ) (6)
k=1

where 6, = §; — 6. The output of each machine is the
rotor angle 4; the vector of state variables of the power
system can be chosen to be

s Oy W] (7)

This new state vector allows one to transform the system
into the canonical form given by

= [(51,(,(}1,(,(.}1,...

21 = Zy;, (8)
Zy = 23, ©)
23i =V, (10)
where
1 [J5 9P, 1
v = _V{ZaE/ T, [—Eq; + (Xg — X)Ly
NG NG
aPei .
4D s = 1dj 11
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is the intermediate control input of the so-called feed-
back linearized system, that is the system consists of
(8)~(10).

Based on modern control theory of linear systems, the
optimal state feedback law of form

vi=—ki(z1; = 2\;) — ka(z2 — 25) —ka(z3 — 23)  (12)

can be used to stabilize the linearized system around the
equilibrium 2. The controls v; drive the output
dynamics of the original systems, and the physical
controls Ey; can be obtained through the mapping in
(11). This design process is currently of interest in the
literature.

A main difficulty in the above control design using
FBLC is that the equilibrium 2 is generally unknown.
In reality, approximate settings of (z%;,25;,23;) have to be
used. Another obstacle is that the control law obtained
above is centralized; consequently both global feedback
signals and network topology must be available. To
develop a decentralized topology-independent control
law, the designer has to separate the dynamics of the
system. In the existing results, an approximation has
been used to discard the coupling dynamics.

Our idea to deal with the two problems mentioned
above is to decompose the nonlinear terms into locally
measurable and locally unmeasurable parts such that the
measurable part is exactly compensated for by a local
control, while the unmeasurable part is compensated for
by an additional robust control input. It is the same
robust control that enables the designer to remove the
requirement of exact knowledge of z°. The decomposi-
tion procedure will be described in detail here, while the
control design will be discussed in the next section.

Let us begin with rewriting Z3; as

Z3y = a;(x) + bi(x)Egy (13)
where,
1 Y5 op, 1
a;(x) = _ﬁ{ 5E(’) Td0, [ Eq/./' + (Xd./f - de)]dj]
NG
oP,;
—I— 2%, —I—D,w,}
1 X9 P, 1
S -—— Eyy (14)
Mf_/:%:#z O Ty "
1P, 1
bw) = =S oE Ty (15)

and x = [61 , Wi ,Eq’l, ) 6n,wn,Eqn] denotes the vector
of the state variable before feedback linearization trans-
formation. Note that both ¢;(x) and b;(x) are not totally

known at the locally i-th power station.

Next, decompose «;(x) and b;(x) into measurable and
non-measurable parts respectively. Let us first rewrite
ai(x) as

1 [opr,; 1
a(x) = _f{ aEe/ T [—Eqi + (Xai — Xa) 4]
qi * doi
aPei .
N,
6, + lw,}
1 NG 9P, -, NG ap.. }
I 5 Egi + Lo (16)
M; {./—;/:#iaEq// v j:lz,_/:;éi 06 !

In the above equation, aPei/aEq’,» (the exact
expressions of aPe,-/aEq’,» are given in appendix A) can

be decomposed into two additive parts as

OPy _ 0Py | AP, an
OE) OEL  OE)
where
oP,; R R
9E] =1+ (E; +AX1;)B; +AX1,G; (18)
aaAEZ:i = (Eji + AX I;)AB; + AX I,AG;  (19)

and (l?ii,éii) denote normal values of (Bj;;,G;) (which
defines the nominal topology), while (AB;,AGj;)
stands for the uncertain components of (B;,G;), and
AX = X,; — X It follows that

a;(x) = a;(x;) + a/ (x) (20)
where
1 [oP,; 1
ai/(xi) = __{aE/ Td/m [ E i+ (Xdl Xdi)ldi]
OP,;
Ao LD 21
%, + lw,} (21)
and
1 |oAP, 1
aj'(x) = —E{ 3F;, Td,m [—Eg+ (X — Xai) L]

aP. 8P
el el 22
L (ega)

Decomposition of (21) and (22) is made so that the
terms in (21) require only the physical information avail-
able locally and (22) contains the variables not available
locally.

The decomposition of b;(x) is straightforward, that is

1 1 9P,

bie) = =357 OE];

=b/+ b/, (23)
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where X
1 9oP, n 1

OAP,;
MT, 0E," '~ MT,, OE,

bl = (24)

In summary, the decomposed form of Zz3; is
Zy = aj(x;) + bi/(xi)Efdi +a]' (x) + bi//(x)Ef'di (25)

where x; = [§;,w;,w;] is the substate vector locally
measurable, and so is z;. Furthermore, the feedback
linearized system can now be mapped into the following
form:

Z1; = Zois (26)
2y = z3;, (27)
23i = M}i + di' (28)
where
w; = aj(x;) + bi/(xi)Ef'di (29)

is the intermediate control input that is local and decen-
tralized, and
di = aj (x) + b (¥) Epai (30)

is the lumped nonlinear uncertainty that is not measured
locally.

In the next section, we shall design the nonlinear
control w; to stabilize the above uncertain partially lin-
earized system based on optimal control theory and
nonlinear robust control theory (Qu 1995, 1998). Once
w; has been designed, the physical control Eg; can be
solved from (29).

3. The proposed control law and stability property

Control design for the partially linearized system
(26)—(28) is more straightforward than that for the
original nonlinear system (1)—(6). Note that the system
equilibrium of the partially linearized system is still
unknown. Therefore, the proposed controller is set to
have two additive parts w/ and w/’, that is

w; = M}i/ + M}iN' (31)

The first part w/ is a state feedback control that stabi-
lizes the ‘normal’ linearized system (system (26)—(28)
with uncertainty d; = 0). It is easy to see that

Wi/ = —kyi(z1; — Z(lii) — k(22 — Zgi) — k3i(z3; — 2(311‘) (32)

is sufficient, where ky; k,; and ks; are gains that can
easily be selected using modern control theory, and
zﬁii,zgi and zgi represent desired equilibrium values for
the ith machine. Obviously, zgi and zgi should be set to
zero, while ziii should be chosen to be any desired value
(which may be equal or close to the pre-fault equilib-
rium). The introduction of z? generates a control even
though the post-fault system equilibrium is often
unknown.

Let us define the following state variables:

yli:Zli_Z(liia (33)

_ d
Wi = Z2i — 22i (34)

_ d
V3i = 23 — Z3i- (35)

It follows that

V1= Yai, (36)
V2i = Vais (37)

V3 = =k — ko yoi — ksiyai+ di +wi'. (38)
Let us write the above equations in compact form as
Vi = Ay + Bi(di + w), (39)

where y; = (y};,¥2;,¥3;) and

0 1 0 0
A = 0 0 1 , B,=1|0 (40)
—ki;  —ky  —ks
Note that
di < & (41)

where £; (whose expression is given in appendix A) is a
constant.

The second part of the control input, w/, is to
compensate for the uncertainty d;. The following
saturation-type controller is used:

BTP.v.
Wi// _ _glz - i iy; ] (42)
||Bi Piyz‘||§i + ¢
The above control design is driven by stability analysis

of the closed system under control w;=w, + w/.
Choose the Lyapunov function candidate as

V=3yPy=>) V,=> jviPy,  (43)
i1 i=1
where P = diag {P,,... ,P,}. It follows that

V= Z 3y (PA; + AlP)y, + v/ PBi(d; + w/)]
_ T T "
= Z [—y: Qiy; +v; PBi(d; + w)], (44)

where Q; = —%(P,A,A—AiTPi) is positive definite. It
should be noted that Q; > 0 is guaranteed by proper
choices of control gains k;,k,; and k;;. Furthermore,
the combined term y, P;B;(d; + w/) is no larger than a
constant, which can be seen as
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B'Py,

T " T 2 L
yiPB(d;+w)=y;PB) d;— &

( ) ( < ||BiTPiyi||§i+5i)

v, PB.d,|BPy,||¢ +y PB;
X de; — yl‘TPiBigizBiTPiYi

IB/Py,lI& + &
YiTPiBidiEi
h ||BiTPiYi||§i+ €
< g (45)

It follows that
V< - ZYiTQiYi + Zfi
i=1 =1

=- Z Yi Qi+
i-1

<=V +n, (46)

where 7 = )\min(Q)/)‘max(P)'

Therefore, we are able to conclude that the closed-
loop system is practically stable under the proposed
control (Qu 1998). Note that the physical excitation
control Eg; is given by

H/l‘/ + M}l‘// — ai/(Xi)
E; = ) (47)

1

which is decentralized and independent to network
change.

4. Simulation studies

The New England ten machine 39-bus system (Pai 1989)
is used to carry out simulation studies to illustrate the
effectiveness of the control. The transient response
under IEEE type I excitors are also provided here to
make a comparison. Several disturbances have been
applied to the testing power system. Throughout the
simulation studies, it is assumed that fault clearing
time is five circles. A disturbance represented by line
26-25 is that a 3-¢ ground fault occurs at bus 26, and
is later cleared by the removal of line 26-25. Similarly,
the meaning of disturbance 26 is self-explanatory.

The parameters of IEEE type I excitors are carefully
tuned such that the system behaves almost optimally
under disturbance 26-25 and 25. The proposed excitor
output limits ¢ and ¢ are listed in table 1. Excessively
large values of bounds ¢;, if chosen, may cause
instability or performance degradation because they
tend to excite un-modelled dynamics and to saturate
the input channels. For most applications, 20-30% vari-
ation or uncertainty is typical, and robust control will
do well. In case no information on bounds is available,
an adaptive version of the proposed robust control can

Table 1. Parameter ranges in the proposed controller.

Machine Excitor Output

number. limits € I3
1 —2.0/2.0 0.01-0.1 4.0-9.0
2 —2.0/2.0 0.01-0.1 4.0-9.0
3 —2.0/2.0 0.01-0.1 4.0-9.0
4 —2.0/2.0 0.01-0.1 4.0-9.0
5 —4.0/4.0 0.01-0.1 4.0-9.0
6 —2.0/2.0 0.01-0.1 4.0-9.0
7 —2.0/2.0 0.01-0.1 4.0-9.0
8 —2.0/2.0 0.01-0.1 4.0-9.0
9 —2.2/2.2 0.01-0.1 4.0-9.0

be easily introduced and implemented. Optimal choice
of matrix Q; is the identity matrix, the resulting matrix
P; is obtained (by MATLAB) as

[2.1345 1.7660 0.5000]
P, = | 1.7660 3.2116 0.9895 |.
{0.5000 0.9895 0.6960J

Optimal control theory is used to choose the gains in
control w/; thus we have ky; = 1.0, k,; =2.29 and;
k3 = 2.14.

Test results will be summarized in sections 4.1-4.4. In
all the simulations, machine 10 is not equipped with any
control since it is an equivalent machine of a large power
system, and this machine is used as the reference
machine.

4.1. Effects in stabilizing sustained oscillations

A sustained oscillation in the testing power system
with IEEE type I excitors has been observed after the
occurrence of disturbance 25 (figure 1(«)). The oscilla-
tion is diminished when the IEEE type I excitor is
replaced with the new excitation control (figure 1(5)).
Figure 1(c). shows the outcomes under different settings
of control parameters (¢; = 0.11; & = 9.0).

Similar results have been obtained when the following
disturbances are applied to the system respectively: dis-
turbances 1, 2, 9, 19, 22, 23, 24, 26, 27, 39. However, the
new controller failed to stabilize disturbances 28 and 29
as the critical clearing times were past, although IEEE
type I excitor failed as well.

4.2. Impact on transient stability

A transient instability in the test power system with
IEEE type I excitors has been observed after the
occurrence of disturbance 26-25 (figure 2(a)). The
instability is eliminated by use of the proposed control
(Figure 2(b)). Similar results were obtained under
different control parameters (¢; = 0.11; & = 9.0). These
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Figure 1. Machine relative angles caused by disturbance 25:
(@) IEEE type 1 excitors are equipped at machines 1 to 9; (b)
FBLC controllers are equipped at machines 1 to 9; 5 = 0.01 and
& =5.0; (c) FBLC controllers are equipped at machines 1 to 9;
& =0.11 and & =9.0.

results, however, are not included here because of space
limitation.

Similar results have also been obtained under disturb-
ances 1-2, 1-39, 24-16, 25-26.
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(b)

Figure 2. Machine relative angles caused by disturbance
26-25: (a) IEEE type I excitors are equipped at machines 1 to
9; (b) new controllers are equipped at machines 1 to 9; g = 0.01
and & = 5.0.

4.3. Voltage distribution and excitation output

The generator terminal voltage distribution and exci-
tation output in a typical transient process (corre-
sponding to figure 2(b) are illustrated in figures 3 and
4 respectively. It can be seen in figure 3 that no severe
over-voltage is observed in figure 3 (this is because the
excitation outputs are carefully chosen). From figure 4,
we see that the controls Ey; of all generators are at their
upper limits. This can be explained by the intuition that
a high excitation output raises the generator terminal
voltage, weakens the effect of disturbance and thus con-
tributes positively to stabilizing the disturbance in a
power system.

4.4. Effects of changed working conditions

Simulations of the dynamics caused by disturbance
2625 have been done when the system is operated
under the following different active power generation
patterns:



Multimachine power system excitation control design 525

0.8 1

044

0.2 ¢+

15s

Figure 3. Terminal voltages of all generators after disturbance
26-25. New controllers are equipped at machines 1 to 9;
& =0.01 and & =5.0.
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Figure 4. Outputs of all excitors after disturbance 26-25.
New controllers are equipped at machines 1 to 9; § = 0.01 and
Ei = 50.

machine 1, 2.5; machine 8: 5.4; others, unchanged;
machine 1, 2.5; machine 8: 5.8; others, unchanged;
machine 1, 2.5; machine 8: 6.4; others, unchanged;
machine 1, 2.5; machine 8: 7.0; others, unchanged;
machine 1, 3.5; machine 8: 7.0; others, unchanged;
machine 1, 4.5; machine 8: 7.0; others, unchanged.

In the above scenarios, neither sustained oscillation
nor transient instability has been observed. Figure 5
shows the machine relative angles under the last pattern.

5. Conclusions and Discussions

A new feedback linearization scheme and its
associated control design method have been described
in this paper. The control design has several advantages
compared with existing control design methodologies.
The effects of the control have been simulated under a
variety of disturbances and at different operating con-
ditions of the system. A comparison has also been done
between the proposed control and IEEE type I excitors.
Since a nonlinear optimal control can only be obtained

(Degrees)
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120 4~
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80
60
40
20
0

15s

Figure 5. Machine relative angles caused by disturbance
26-25. New controllers are equipped at machines 1 to 9;
& = 0.01 and &; = 5.0. The system is under a more stressed con-
dition.

through solving a two-point boundary value problem
and under full knowledge of system dynamics, such a
control is impractical for a power system. The proposed
control, as a suboptimal control, can guarantee the local
optimality of the linearized system and global stability.
For a practical dynamic system, global stability is a
necessary requirement, and local optimality represents
an improved performance that is concerned most. From
this point of view, FBLC-type controls should be quite
favourable to power engineers. In summary, the
following observations can be made from the study.

(1) The proposed controller is capable of suppressing
sustained oscillations as well as stabilizing transient
instabilities caused by a variety of disturbances.

(2) Improved stability robustness of power system
under the proposed control can be obtained.

(3) Increase in power transfer capability of the testing
power system is possible upon the installation of the
new control.

(4) Loss of voltage can be alleviated if control
parameters (in particular, the limits of Ey;) are care-
fully chosen.
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Appendix A

In this appendix, formulae relevant to the main text are
provided. The expression for v; in (11) is obtained as
follows:
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1.
w; = _V(Pei‘FDiwi)

i

1 (35 opP, e P, . ,
= _V(Z OF,, Eqj + ;a—@@ﬂLDiwi

1 [ opr, 1 ) /
=T ZaE’ T [Erg — Eqj + (Xg — X))
of
NG
OP,
+ 75, —I—D,w,}
1 [ op,; 1
=—ﬁ{ aEi T (= Eyj+ (Xg — Xg) 1)
oj
Pei o aP‘)’ !
A p —— 77 E-
= 9 } ZaE/ Ty ™

The unknowns in the above expression are 9P,; /E)Eq’j
and OP,;/9¢;. Letting AX = X,; — X;, we can obtain the
expressions for 9P, /8E;j and OP,;/00; as

0l L
= Gy, =7,
OF,;
ol . .
= Gl/ Cos 61/ — Bll s (51‘}', 1 7é‘],
and
ol,; .
aEq/ = Biia 1=7,
qj
ol .
_— = Gll s (Sl] + Bl/ COS (51‘}', i 7é]
Similarly, we have,
al, X, .

o Z G $in 6 — By cos 8y) = =i, i =],
ol . .
85d EI,;](GZI sin 61} =+ Bz} COS 61})3 1 7é‘],

i
and,

or, Y9
5 = 2 Ear (G cos sy — By sinby) = Ly, i=]

7 k=1

ol,; . .
—L = E;;(—Gjcosé; + Bysin§y). i#].
If i =/, we have

oP, ol ol,; 8Id

—“_ 1 +E AXT;—L + AX T, —=

pE), o FagEy O agEr T AN i pEr

= Iq,' + (EL;, + AXId,)B” + AXIinil‘.

In the case when i # j, we have

aPei / al al aIdt
—4—F +AX] +AXI,
OE,); " OE, TOE]; "OE];

Finally, it follows that
OP,; ol ol Ol
=E/ =L L AXI AX ;=
8 e, AN g T AN g
= Iy + (Eq + AX Ig)l; — AX I
and that, if i #j,
OP,; ol ol,; ol
4= By AX Iy—L + AX I, =2
g, aigp, TN gy AN gy
= [_(EL;I+AXIdI)E G +AXIq,Eq/B ]COS(SU'

Now we can proceed with deriving a bounding
function of uncertainty d;. It follows that

|a, +b Efdl|
| foar 1y,
DE], Ty
NG
opP, 1 ., 0P,
+ g 4 LA,
j:;j;i (8E’ T d/o/ AT Wi
<€i7

in which |4/ (x)| is assumed to be bounded as Ej; is
bounded in practice. The specific value of &; is not im-
portant; the stability analysis is independent of ¢&;. If the
value is derived analytically, it may be too large to be
used in control design. In our simulation studies, &; in
table 1 was chosen based on engineering judgment.
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