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ABSTRACT The perturbations are the unwanted and unknown inlets in nonlinear plants which can affect
the outlets. In this article, an estimator is studied for the variables and perturbations estimation in nonlinear
plants. The saturation map is used in our estimator instead of the signum map to decrease the chattering, and
we ensure the estimator convergence by the Lyapunov analysis. The conditions required by our estimator
gains are found to reach the variables error convergence, and these gains are used for the perturbations
estimation. An algorithm is proposed to choose the gains for achieving a satisfactory performance in our
estimator. The studied estimator is applied for the variables and perturbations estimation in the gas turbine

and gasification plants.

INDEX TERMS Variables, perturbations, estimation, gas turbine, gasification, convergence.

I. INTRODUCTION

The perturbations are the unwanted and unknown inlets in
nonlinear plants which can affect the outlets. This issue has
occurred in many nonlinear plants. Since perturbations can
affect the sensors, actuators, or plants yielding additional
costs, and since most nonlinear plants regulators require the
knowledge of perturbations; an approach for the perturbations
estimation is welcome.

There are some studies about regulators for perturbed
plants. In [1] and [2], the active strategy for the perturba-
tions attenuation is mentioned. In [3] and [4], the singular
perturbations approach for the perturbations attenuation is
considered. The variables and perturbations estimation in
plants is focused in [5]-[7], and [8]. In [9]-[12], and [13],
the robust analysis for the perturbed plants stabilization is
focused. The perturbations estimation with fuzzy regulators is
mentioned in [14] and [15]. In [16]-[18], and [19], the authors
use the neuro-fuzzy approximations for the perturbed plants
regulation. The adaptive laws for the perturbed plants regu-
lation are focused in [20], [21], and [22]. In [23] and [24],
the structure theory for the perturbations attenuation is men-
tioned. From the above studies, in [1], [2], [5], [6], [7]-[11],
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[12], [13], [17], and [19], the authors use approaches for the
variables or perturbations estimation in nonlinear plants; then
it would be welcome to be focused on this issue. The novelty
of this article is that each nonlinear plant has a different
structure; consequently, a special estimator with the structure
of the gas plants must be discussed.

There are various estimators who use the plant outlets for
the variables estimation [1], [2], [5], [6], but there are not
many estimators who use the plant outlets for the perturba-
tions estimation. In [7], [8], [11], [13], [17], [19], previous
studies of estimators are focused for the perturbations esti-
mation, but with the two below differences: in the previous
studies estimators with adaptive or feedback outlets are used,
while in this article an estimator with sliding modes outlets is
used, in the plants of previous studies the noise is not used,
while in the plants of this article the noise is used.

In this article, the sliding mode approach is utilized in our
estimator for the variables and perturbations estimation in
nonlinear plants. Since the sliding mode approach uses the
signum map, it can yield the unwanted chattering [3], [12],
[14], [15].

The first contribution of this article is that an estimator
is designed, it is described by the following characteristics:
1) the saturation map is used in our estimator instead of the
signum map to decrease the chattering; and later, we ensure
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the estimator convergence by the Lyapunov analysis, 2) find
the conditions required by our estimator gains that allow it to
reach the variables error convergence; it yields an acceptable
performance in the variables and perturbations estimation.

The second contribution of this article is that an algorithm
is proposed to choose the gains for achieving a satisfactory
performance in our estimator, it is described as follows: 1) we
choose a value for the gain 1, 2) we obtain the estimator
matrix, 3) we obtain the eigenvalues of the estimator matrix,
if the real parts of all the eigenvalues of the estimator matrix
are negative, then the gain 1 is correctly chosen and we can
go to the step 4, otherwise, we must return to the step 1,
4) we choose the matrix 1 of the Lyapunov equation, 5) we
substitute matrix 1 and estimator matrix into the Lyapunov
equation, and we find the matrix 2 of the Lyapunov equation,
if matrix 1 and matrix 2 of the Lyapunov equation are positive
definite, then matrix 1 is correctly chosen and we can go to
the step 6, otherwise, we must return to step 1, 6) we choose
the gain 2, gain 3, and gain 4 to solve the estimator, if the
estimator reaches an acceptable exactness for the variables
and perturbations estimation in the nonlinear plant, then the
algorithm finishes, otherwise, we must return to step 6.

Our estimator is applied for the variables and perturbations
estimation in the gas turbine and gasification plants. The gas
turbine plant is used for the electrical energy generation from
the gas [25], while the gasification plant is used for the gas
generation from biomass [26].

The rest of the article is described below. Section II
presents the estimator design containing the variables error
convergence, and the perturbations estimation in nonlinear
plants, later, an algorithm is proposed to choose the gains
for achieving a satisfactory performance in our estimator.
Sections III and IV estimators are studied for the variables
and perturbations estimation in the gas turbine and gasifi-
cation plants. Section V express the conclusion and future
work.

Il. THE ESTIMATOR FOR THE VARIABLES AND
PERTURBATIONS ESTIMATION
In this section, a variables estimator, and a perturbations
estimator, which are termed as estimator will be studied for
the variables and perturbations estimation in nonlinear plants.
In this article, a special nonlinear plant will be used in
which the outlets have a linear combination with the vari-
ables, the variables have a nonlinear combination with the
variables, and the perturbations are entered additively. The
nonlinear plant is [25], [26]:

h = Ah + f(h,v) + Bu + Bx
y=Ch ey
h € 0" as plant variables, v € R as the plant inlets, y € R
as the plant outlets, u € N as the perturbations, f(h, v) € R"

as a nonlinear map, » € N as the noise, A € W"*"*, B € g1
C € RP*" as matrices.
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A. THE VARIABLES ESTIMATOR
The goal of the variables estimator is that using the inlets
and outlets, the variables of the variables estimator should
estimate the nonlinear plant variables.

The estimator error y is:

Y=y-3=Ch )

7y as the variables estimator outlet, 7 = h — h as the variables
error, i as the estimator variables. The variables estimator is:

h = Ah + f(h,v) + K3 + Esat(M7)
y=Ch

Ch
[clecl My >1
sat(My) = { My IMy| < 1 3)
| My < —1,

71 as the estimator variables, y as the estimator outlets, saz(-)
as the saturation map, M as a matrix where MC € R is a
positive semi-definite constant, K € A=l and E € Rxl,

B. THE CONVERGENCE ANALYSIS OF THE
VARIABLES ESTIMATOR
In this sub-section, the convergence of the variables estimator
applied to nonlinear plants is analyzed based on the Lyapunov
approach [3], [4].

The closed loop model of the variables estimator is the
subtraction of (3) to (1) and using the estimator error (2) as:

ho=

Al + f(h,v) + Bu + Bx — f(h, v)

—KYy — Esat(M7y)
— h=Ah —|—7 + Bu + Bx — KCh — Esat(MCZ)
= h=Ash+f + Bu+ Bx — Esat(MCHh) 4)

f =f(h,v) —f(ﬁ, v), A; = A — KC. The nonlinear map]7 is
bounded as Lﬂ < f, |-] as the absolute value.

The below theorem analyzes the variables estimator con-
vergence.

Theorem 1: The variables error of the variables estimator
(2)-(3) applied to estimate the nonlinear plant variables h (1)
is convergent, y = )»min(QsPs_l), Lf + Bu + B%| <uu<
E, ||-|| as the Euclidean norm in R", |-| as the absolute value,
Py € W and Qy € N are positive definite matrices
which meet:

ATP +PA; = -0y (5)

Ag as is expressed in (4).
Proof: The Lyapunov candidate map is:

L="hPh (6)
The derivative of (4) is:
.T .
h Psh+h'Ph
— L= (ASTPS + PSAS) 7
+2h" Py [f + Bu + Bx — Esat(MCh)]  (7)

L =
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Iising the second term of (7), sat(MCZ) = sat(ﬁ), and
If + Bu+ Bx| <u,is:
21" Py [f + Bu — Esat(MCh)]

= 21" Py [f + Bu+ Bx] — 20" P;Esat(h)  (8)

Using (8) in (7) is:

L=T" (ASTPS + PSAS) T+ 287 P, [F + Bu + Bx]
—20TPEsat(h)  (9)

Using ASTPS + PsAg + uPg = —Q; of (5), is: The equation
of (9) can be expressed as:

L = —h" Qsh + 20" P [f + Bu+Bsx]—2h" PyEsat(h) (10)

Since (5), [7—{—@ +B%| < u,u < E, and since (3), (7),
1 h>1

I3 ’]ﬁ] < 1, we notice that there are three cases
—1h<-—1

of the saturation map. 1) If h o> 1, then sat(ﬁ) =
h = |h|, we replace in (10) as:

sat(ﬁ) =

1 and

L = —h" Qi+ 2W" P, [f + Bu + Bx] — 2" P,Esar(h)
= L <R oh+ 2 Pu—2[|" PE
— L <o (11)

2)If |Z| < 1, then sat(’};) —ThandhTh = |E|T |E| we replace
in (10) as:

= —h"Qh + 20" Py [f + Bu + Bx] — 20" PsEsat(h)
— L = —h' Q7 + 2T Py — 2WThPE

= L =—h"Qh + 2" Pii — 2| || P.E

= L =—h"0J — 2| [[K| P.E — Pa]

— L=—h'0Qh (12)

since in this case }h’ Au >0 = Pu u <
|h|PE < PE.3)Ifh < —1 thensat(h) = —land% =
, we replace in (10) as:

= —h"Qh + 2h" Py [f + Bu + Bx] — 20" PyEsat(h)

= L=-W0Jh—2(= ") P [~ ( +Bu+Bx)]
~2(=[A") PE D)

= L<-Hodh+2[h" pu—2i| PE

= L<-i"oh (13)

since (11), (12), (13), the three cases we have the same
inequality expressed as:

L<-i'oh (14)
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Using ¥ = Amin(QsP; 1) (14) becomes to:

L<—yL (15)

Since (15), it concludes that the variables error of the vari-
ables estimator applied to estimate the nonlinear plants vari-
ables is convergent. (|

C. THE PERTURBATIONS ESTIMATOR
The goal of the perturbations estimator is that using the out-
lets, the perturbations of the perturbations estimator should
estimate the nonlinear plant perturbations.

Since the Theorem 1, it is:

lim |[r| =0 (16)
T— 00
Using, lim h — lim Bx < lim h, hmf 0, I as the
T—o00 T—o00 T—oo T—o0

upper bound of h in the first equality of (4) is:
lim A% + hmf + l1m Bu — hm Ky

T—o0
— lim Esat(My) =
T—o0
== lim Bu — lim Ky - hm Esat(My) < lim h
T—o00 T— 00

11m h— lim Bx < lim &
T—o0 T—o0

= hm u< Thm B~ [KY + Esat(M?) + 1] (17)

T—o00
B~ ! as the pseudo-inverse of B. Since all the terms of (17) are
bounded independently of 7', it becomes to:

= B [KY + Esat(M3) + h] (18)
U as the perturbations of the perturbations estimator, u as the

nonlinear plant perturbations, 4 as the upper bound of h—Bax.
Remark 1: Note that the usage of the map sat(-) yields that

the derivative h does not tend to zero even the map h tends to

zero, but it could be said that T is bounded, this fact is used
to express U as the estimated perturbations of u.

Remark 2: Note that in (2), (18), U only allows to estimate
perturbations u, and since in this article the map sat(-) is
used, it can reduce the unwanted chattering. The possibility
of changing the non-continuous map sat(-) for a softer one
also could reduce the chattering.

The Figure 1 shows the variables estimator and perturba-
tions estimator for the variables and perturbations estimation.
The variables estimator of (2), (3) and perturbations estimator
of (2), (18) are termed as the estimator of (2), (3), (18).

Remark 3: Note it is not required that the nonlinear plant
(1) must be convergent to achieve a satisfactory performance
in our estimator.

Remark 4: For the satisfactory operation of the estimator
(2), (3), (18), the theory and application conditions men-
tioned below must be met: a) propose a gain K that meets
the theory condition (5) such that the variables h of the
variables estimator (2), (3) must reach as soon as possible
the nonlinear plant variables h of (1), b) propose the gain
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The perturbations estimator

E ~
[ g | @=B \[Ky+Esat(My)+h] | ¥,
Y

The variables estimator
K h=Ahtf(h v K +Esat(M7) | Y
E - 1 ﬂff§>1 A~ -)
G=Ch., sat(M§)={M7y |Mgl<1 | h L
1 Mg<1
v The nonlinear plant y
A 77 h=Ahtf(h,v)+ButBse
N y:Ch h

FIGURE 1. The estimator for the perturbations estimation.

h=Ah+f(h,v)+Bu+B:<
y=Ch
|
h=Ah+f (h,v+K§+Esat(M7)
§=Ch ~
u~B~[Ky+Esat(My)+h]

FIGURE 2. The proposed algorithm of our estimator.

E of the perturbations estimator (2), (18) that meets the
application condition such that the estimated perturbations
U of (2), (18) should reach as soon as possible the nonlinear
plant perturbations u of (1). In case that the proposed gains
K, E do not work, you have to start over.

The Figure 2 shows the proposed algorithm to choose the
gains K, E, M, h for achieving a satisfactory performance
in our estimator, the request Re (eigen (Ags)) < O represents
if the real part in the eigenvalues of Ay are negative, the
request Qs > 0 represents if Qy is posmve definite, and the
request =AY represents of T, 7 achieve a satisfactory
performance in the estimation of 4, u. The proposed algorithm
of Figure 2 detailed as follows: 1) we choose a value for K,
2) we obtain A; = A — KC, 3) we obtain the eigenvalues
of A;y = sl — Ag, if the real parts af all the eigenvalues
of Ags are negative, then the gain K is correctly chosen and
we can go to the step 4, otherwise, we must return to the
step 1, 4) we choose Py, 5) we substitute Py and A; into the
Lyapunov equation AT P + P;A; = —Qs, and we find O,
if P and Qy are positive definite, then P is correctly chosen,
the Theorem 1 is met, and we can go to the step 6, otherwise,
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we must return to step 1, 6) we choose the gains E, M, and &

to solve the proposed estimator as h=Ah+ f (77, v) + Ky +
Esat(M3),5 = Ch, @ = B~ [KY + Esat(M3) + 1], if the
proposed estimator reaches an acceptable exactness for the
variables and perturbations estimation in the nonlinear plant
h = Ah + f(h,v) + Bu + Bx,y = Ch, then the algorithm
finishes, otherwise, we must return to step 6.

In the below sections, the root mean squared error (MSE)
is used for comparisons, it is:

T 3
J 1/h2 (19)
== T
T u
0

J=Jp, h2 = 7{2 for variables, J = Jj, h? = y for outlets,
J = Jy, h* =% = (u — w)? for perturbations.

Ill. THE GAS TURBINE PLANT
The Figure 3 shows the gas turbine plant.

FIGURE 3. The gas turbine plant.

The gas turbine plant consists of a compressor, a combus-
tion chamber, a turbine, and a power turbine. T3, T4, T5, T¢
as the temperatures in the different stages, M3, M4, M5, Mg
as the amounts of mass. my as the flow rate of the fuel. The
inlets are vi = my, v = T2, v3 = P», the variables are
hy = m3, hy = ma, h3 = ms, hy = me, hs = T3, hg = T4,
h7 = Ts, hg = Te, hg = P3, hio = P4, h11 = Ps, hi2 = Pe,
and the outlet is y = Pg. Table 1 shows the gas turbine plant
constants.

The gas turbine plant is represented in the form (1) with
A :diag[al,az,a3,a4,a5,a6,a7,ag,a9,a10,a11,a12] ay =
—l,a, =—1,a3 = —1,a4 = —1,a5 = — C,a6——

R
_C_v? ag =

bl

<|>:£D|>°

R
a; = —y>a10 = —DP,a;n = —y,

R
_C_v? ag =

VOLUME 8, 2020
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TABLE 1. The gas turbine plant constants.

Constant Constant
MFDP =1 x 10~ %kg/s | m, = T6kg/s
M3cor = 71.731Kg/s Tores = 288.15K
C, = 1005(0/kg)K e = 1.46966
C, = 718(J/kg)K V =0.8m3

R = 287(J/kg)K m, = 0.99
LHV = 44124(J/kg)K n=1x10"1
Py,ep = 103.125Pa DP = 0.99Pa
mg = 32.94229kg/s Npt = 1 x 1077
Pyres = 680.125Pa Tires = 1400K
Cyg = 863(J/kg)K y=14

Ps,e; = 416.0Pa Tsref = 1000K
Mscor = 2.7184kg/s o=1x10"F
Meeor = 0.3912kg/s 7y = 1.33

aiy = =5, f(h,v) =

the terms of f'(h, v) are [25]:

1. 2. f5. fa, 5, fo, 17, 185 SO, Sfr0, fi1s
fi2l', € =10,0,0,0,0,0,0,0,0,0,0, 11, h = [hy, ha,
h3, ha, hs, he, h7, hs, ho, hio, hi1, hi2l?, v = [vi, va, v3]7,
B=1J1,1,1,1,1,1,1,1,1, 1, 1, 1]T, u as the perturbation,

)

v3 /P>
fi = MFDPmco, </—f05>
(v2/ Tarer)
fo = (h1 +v1)
h10/P4
fs = MFDPms.o; (—{)5
(h6/ Taref)
hi1/Ps
fa = MFDPmeco, </—’;5)
(h7/Tsrer)
1 v3/P)
f5 = nC {MFDPmSocor <—mfo5>
1%y (v2/Tarer)
y—1
1 ho\ v
* CPVQ 1+ — — -1 — Cyhs
Ne V3
fo = (Cphe—Cyghe)maHLHV 1, —C\ghe)vi—mgRhe +Rhahe
hZCvg
1 h10/P4
fr= {MFDPmsCor (—f05
3ty (h6/T4ref)
Yg—1 1
hi1\ 7
x| Cohe ¢ 1+n |1 - — — Cyhy
hio
1 hi1/Ps
=g {MFDPmW (—’;5
4% (h7/Tsrer)
-1
hi2 gyx
* | Cohr {1+ | 1 — ™ — Cyhg
11

R . .
fo= 7 (h9 + hyhs +h5h1>

VOLUME 8, 2020

)

)

fio = DP (hlo + h9>
R . .
S = v hi1 + h3h7 + hihz
R . .
Sio = v (hlz + hahg + h8h4>

A. RESULTS

In this sub-section, the estimator of this research called Esti-
mator 1 is compared against the estimator of [7], [8], called
Estimator 2. The initial conditions of the plant are g = [75.9,
75.9, 75.9, 75.9, 691.7694, 1.6164 x 10°, 1.2708 x 103,
932.4205,2.0561 x 10%,2.0355x 10°,5.7420x 10°, 1.2679 x
10°]7. The goal of the estimators is that the variables 7 of
the variables estimator have to reach the plant variables &
and that the perturbations % of the perturbations estimator
have to reach the plant perturbations u#. The plant inlets are
vi = 1.6 4+ 0.1sin(27T) kg/s, vo = 288 + 1sin(27T) K, and

= 1.013 x 10° 4+ 1sin(2T) Pa from 0 s to 20 s. The

perturbation is u = 7.6923 x 1073 sin(27T) from 0 s to 20 s.
The noise is ¥ = 0.1 rand from O s to 20 s. rand are random
values between 0 and 1.

Estimator 2 is expressed as [7], [8] with initial conditions

as g = [76, 76, 76, 76, 691, 1.616 x 103, 1.27 x 103, 932,
2.05 x 100, 2.03 x 10°,5.74 x 10°, 1.24 x 10317 and gains
asL=[4x1084x1082x107%2x10782x 1078,
4%x107°%,4%x10°%,4%x10°%,6%x107% 6% 107% 6 x 1079,
6 x 107617,

Estimator 1 is expressed as (2) (3) (18) w1th h= [hl, hz,

~ A A A A A A A

ha,h4,hs,hﬁ,h7,h8,h9,hlo,h11,h12 S, V) = (15 /20 f3s

Naw A A AN AT AT X

T1s f55 Jfos 1. f3 fos f105 f11, 1217, the terms of f (R, v) are:

—~ v3/P:
i = MFDPm3cor (3/—2”7(5)

(v2/Tarr)”

]/5= @1+v1)

hio/P
— MFDPms,,, (%)
(ﬁe/ Taref)

- /P
fa = MFDPmgco, (M>

0.5

@7/T5ref)

1 P
- {MFDPm3CO, (LMOS)
1Gy (v2/ T2ref)
—1

1| (% N
s|cm i+ — (—9> 1|} = s

Ne V3

(Cph6 —Cvgh6)ma—|-(LHV np— Cvghﬁ)V]—nghﬁ +Rh2h6
hZCvg

1 hl P4re'
- {MFDPm5CO, (Lfos)
3Gy @6/T4ref
vg—l
-~ hn v -~
s | Cohe J14n, | 1 — G
h10
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1 711/ Psye
= {MFDPmﬁwr (LS”{))
haCy (7/;7/T5ref

rg—1

—~ h Vg
w | Cohr {1+ 1 1—<h12>
11

— Cyhg

fo=<= <h9 + hth +h5h1>

<

fio = DP (h10+h9>

- R

fir = <h11 +h3h7 +h7h3>
- R [~ o~ o

Ji2 = v h12 +h4h8 +h8h4

the initial conditions are /ﬁo = [76, 76, 76, 76, 691, 1.616 x
10°, 1.27 x 10°, 932, 2.05 x 105, 2.03 x 10, 5.74 x 10°,
1.24 x 10917,

The gains K € M2 E € 12 M € R'% and h € 0
for the Estimator 1 are chosen using the proposed algorithm
of Figure 2 detailed as follows: 1) we choose a value for

=[4x107°,4x107,2x107%,2x 107, 2 x 1077,
4x107%,4x107%,4x1072,6 x 1077,6 x 1077,6 x 1077,
6 x 107717, 2) we obtain A; = A — KC = [ay;] € H1?*12

287
as;1 = —1,a00 = —1,ap33 = —1, aus = —1, ags5s = — 535,
— 287 — 287 — _287 — —358.75
ase6 = 863° as77 = 718> asgg = 718> as99 = 19,
as1010 = —0199 a1 = —358 75, asipip = —358 75,
as112 = ~ 300000000 45212 = 5000?0000’ as312 = 5000?0000’
as412 = ~ 3500000000 45512 = ~ 500000000 > 45612 = 500090000’
as7112 = 500000900’ asg12 = 50000000% » 45912 = ~ 500000000
as1012 = — 300000000 * as1112 = — 300000000 * the other terms

of As; have a value of 0, 3) we obtain the eigenvalues of
Ags = sI—Agas —0.42028+0.11615i, —0.42028 —0.11615i,
—347.89, —1.3013, —18.240, —364.18—9.7741i, —364.18+
9.7741i, —0.31231 — 4.1895 x 10~2i, —0.31231 +4.1895 x
10724, —0.7533340.25701i, —0.75333 — 0.25701i, —1.124,
if the real parts of all the eigenvalues of Ay are negative,
then the gain K € %!? is correctly chosen and we can go
to the step 4, otherwise, we must return to the step 1, 4)
we choose Py = [p;] € RIZX12 p1 = 0.5, ppr = 0.5,
p33 = 0.5, pya = 05, pss = 1.2509, pgs = 1.5035,
p77 = 1.2509, pgg = 1.2509, pgg = 1.3937 x 1072, p1o10 =
0.50505, p1111 = 1.3937 x 1073, p1a;p = 1.3937 x 1073,
the other terms of P have a value of 0, 5) we substitute
Py = [pyl € R12x12 and A, = A — KC into the Lyapunov
equation ATPA + PA; = —Qy, and we find Qy = [g;j] €
RI22 g = 1.0, g = 1.0, g33 = 1.0, gaa = 1.0,
qs5 = 1.0, g6 = 1.0, g77 = 1.0, ggg = 1.0, go9 = 0.99998,
qio10 = 1.0, g1111 = 0.99998, g1212 = 0.99998, the other
terms of Qs have a value of 0, if Py = [p;] € R12x12 and
Os = [gi] € R12x12 gre positive definite, then Py = [p;;] €
R12x12 g correctly chosen, the Theorem 1 is met, and we can
go to the step 6, otherwise, we must return to step 1, 6) we
choose the gains E = [1 x 10719, 1 x 10719, 1 x 10719,
1 x 10719 1 x 107191 x 10710, 1 x 10719, 1 x 10719,
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FIGURE 4. The variables estimation in the gas turbine plant.

Nonlinear plant

25 r d =:=:= Estimator 2
— — - Estimator 1

155 i

0 2 4 6 8 10 12 14 16 18 20
Time

FIGURE 5. The perturbations estimation in the gas turbine plant.

1x 107191 x 10719, 1 x 10719, 1 x 107197, M = |1,
1,1,1,1,1,1,1,1, 1, 1, l]T, and h = 2.14 to solve the

Estimator 1 as 1 = Ah + f(h, V) + Ky + Esat(My),y = Ch,
W = B! [KY + Esat(My) + h), if the Estimator 1 reaches
an acceptable exactness for the variables and perturbations

estimation in the nonlinear plant h = Ah+f (h, v)+ Bu+ Bx,
y = Ch, then the algorithm finishes, otherwise, we must
return to step 6.

The Figures 4 and 5 show the variables and perturbations
estimation of the Estimator 1 and Estimator 2 applied to the
gas turbine plant. The Table 2 shows the MSE of (19).

In the Figures 4 and 5, since the Estimator 1 reaches better
variables and perturbations estimation of the plant than the
Estimator 2, it is seen that the Estimator 1 reaches better
performance. In addition, the Figures 4 and 5 show that in
the variables and perturbations estimation of Estimator 1,
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TABLE 2. The gas turbine plant results.

Estimator 2 | Estimator 1
Jn | 4.4084 0.0255
Jy | 3.2915 0.0248
Ju | 0.1134 0.0387

the unwanted chattering is not presented. In the Table 2,
since the MSE is smaller for the Estimator 1 than for the
Estimator 2, it is seen that the Estimator 1 reaches better
exactness for the variables and perturbations estimation.

IV. THE GASIFICATION PLANT
The Figure 6 shows the gasification plant.

FIGURE 6. The gasification plant.

The gasification plant model consists of drying, pyrolysis,
oxidation or combustion, and reduction. Cco, Cco,, CH,,
Chy» Crurs Chy0, Co,, Cn, as concentrations of gases CO,
CO,, H>, Hy, Tar, H,O, O,, N, in InOl/CII13, Pcoals Pchar
as the coal solids densities, char in g/crn3, T as the gases
temperature in K, T's as the solids temperature in K, u as
the injected gases flow in mols/cm?/s, § as the steam flow in
mols/cm?/s, Ry, R, Rj3 as the chemical reactions, mg,, my,0
as the internal molar fractions of O, and H»O. The variables
are hy = Pcoal> N2 = pchar» 3 = Ts, hy = Cco, hs = Cco,,
he = Ch,, h7 = Cpy, hs = Crar, h9 = Ch,0, h1o = Co,,
hi1 = Cy,, the inlet is v = u, the perturbation is §, and
the outlet is y = Cq,. Table 3 shows the gasification plant
constants.

VOLUME 8, 2020

TABLE 3. The gasification plant constants.

Constant Constant

Prischar = 0.766 | Cy = 7.3920cal/g/K
Pr,co = 0.008 hy = 0.001cal/s/K/cm?
Pr,cO, = 0.058 | B =7 x 10~ %mol/cm?/s
PR, H, = 0.083 Agy = —93929cal/mol

PR.CH, = 0.044

Ags = 31309.7cal/mol

PR Tar = 0.0138

II=0.77

PR H>,O = 0.055

2=0.154

PR.H>,O = 0.075

U =76

pR3H20 = 0925

M; = 54.9916g/mol

PR,0, = 1.02 M5 = 52.9666g/mol
P =4.83 T = 430K
L = 100cm

The gasification plant has the form of (1) with & = [k, h2,
h3, ha, hs, he, h7, hg, ho, hio, hll]T, v=u,A = —LBdiag(l) €
R diag(1) as a diagonal matrix with a number 1 in the
main diagonal, C = [0, 0, 0,0, 0,0, 0,0, 1,0, 0], B = [0, 0,

0,0,0,0,0,0, 4

fo. fio, fi117, the terms of f (h, v) are [26]:

fi = —MR;
fo = My [pRr,charR1 — R2 — R3]
1
= o (A (T — h3) — AqaRy — Aq3R3]
s
fa = PrRicoR1 + R3
f5 = Prico,R1 + R
Jo = =prRim,R1 +R3
f1 = Pr,cH R
8 = PriTarR1
I1
fo = prim,0R1 + PRyH,0R2 — PRyH,0R3 + i
Jio = —pryo,R2 + fV
5 )\
= —v
=
R 5 h —6039
= J)—¢€X
! M P h3
1
Ry = Ehzmoz
1 o —22142
Ry = — 19.55 x 10°hymg, P exp
M;
R 1
2= 7 1
Ra T Rm
1
Rz = EhthZO
oy oP? exp (5.052 — 12208
Rc3 =

2
M [mayoP + exp (~22.216 + 24550 ) |

h 0.5i|

3

> T» 0, O]T’f(hv V) = [f17f27f37f47f57f67f77f87
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R 1

37T 7 ]
Rs T R

hs
mo, = ———
02 Cr + ho

hy
m = -
tho Cr + hg

Cr = h4 + hs + he + h7 + hg + hio + h1y

A. RESULTS

In this sub-section, the estimator of this research called Esti-
mator 1 is compared against the estimator of [7], [8], called
Estimator 2. The plant initial conditions are hg = [0.48,
0, 480, 0, 0, 0, 0, 0, 0, 42 x 1074 1.6 x 107%]". The
goal of the estimators is that the variables 7 of the variables
estimator have to reach the plant variables & and that the
perturbations % of the perturbations estimator have to reach
the plant perturbations u. The plant inlet is v = 0.2 x
1073 sin(27) moles/cm?/s from 0 s to 20 s. The perturbation
is u = 1.5 x 107 sin(2T) moles/cm?/s from 0 s to 20 s. The
noise is x = 1 x 107~ rand from O s to 20 s. rand are random
values between 0 and 1.

Estimator 2 is expressed as [7], [8] with initial conditions
as ho = [0.48, 6 x 10°,480,1 x 1072, 1 x 1078, 1 x 1078,
1x1078,1x107%, 1 x 1077,4.2 x 10*, 1.6 x 107]" and
gainsas L = [1x 1071, 1x 10, 1x107",2x1073,1x 1072,
2x1072,1x1072,4%x1073,1x1072,1x 1073 110~ 1]T

Estlmator 1 is expressed as (2) 3), (18) W1th h= [hl, /’lz,

o~ A A A A A A~ o~ A A A X

A A A A~

?1 = —MR,
h=M [pRlcharﬁl
Bi= o I (7 =) -
f+ = PricoR1 + Rs

fs = Prico,R1 + Ry

fo = primR1 +R3

F1 = Pricu,Ri

fs = pri7ar Ry

R Ry

AgRy — A%ﬁa]

o~ -~ - H
fo = pr H,0R1 + PRyH,0R2 — PRyH,OR3 + TV

—

flo = _PR202R2 + ZV

f ly
= —vy
11 L
~ h1 <—6039>
Ry =5—exp =
M, h3
R = —hzﬁioz
R 1 9.55 x 10%homo, P —2214213 70
= X m X )
2 M2 2MQ, p h3 3
% 1
2= 1
Ra ' R
83088

-~ 1

Rz = I—OhﬁHzo

i, oP? exp (5.052 — 1208 )

=)
I

2
Mo [Tins 0P + exp (~22.216 + 24850 ) |

1
hs
Cr +ho
_ ho
O T
aT = /ﬁ4 +’h\5 +7l\6 +’h\7 +/h\8 +’h\10 +’h\11

mo, =

the initial conditions as/ﬁo =[0.48,1 x 1075,480,1 x 1072,
1x1078,1x1078,1x1078,1x 107, 1x 1077,4.2 x 10%,
1.6 x 107917

The gains K € R, E e W, M e %', and i € %
for the Estimator 1 are chosen using the proposed algorithm
of Figure 2 detailed as follows: 1) we choose a value for
K =[1x10"11x10% 1x107", 1x107%,1x104, 1x 1074,
1x10741x1074,6x 1071, 1 x 1072, 1 x 107117, 2) we
obtain A, = A — KC = [ag] € R agy =

___ 1 —__ 1 - _
as22 = —1000000° 4533 = ~ Tooooo0> ds44 =
~T000000° 4566 = —Toooo00° 477 =

S 7

1000000 *
1000000 %s55 =
~ T000000° 4s88

7 _
_1000000’1 astiir =
=1, a9 = —135, asa9 =

_ 600007 _
11000000’ 51010 =
— o> 4529 =

_1008000’ as99 =
— To0eaa5" 19 =
1 1 1 1
~10000° 459 = —Tooog> 4569 = —m,l as719 = ~10000°
as89 = —goo0° 4s109 = —1gg» 4s119 = —1g> the other terms
of Ay have a value of 0, 3) we obtain the eigenvalues of
Ags = s —Agas —7.0 x 1075, =7.0 x 1074, —7.0 x 107,
—7.0 x 107%, =7.0 x 107, —=7.0 x 107%, =7.0 x 107,
—7.0 x 107%, =7.0 x 107%, —7.0 x 107, —0.60001, if the
real parts of all the eigenvalues of Ay are negative, then the
gain K € R!2 is correctly chosen and we can go to the step
4, otherwise, we must return to the step 1, 4) we choose Py =
[pil € RIM pyy = 1, py = 71429, p33 = 1, pus = 1,
pss = L,pes = 1,p77 = 1,psg = 1, po9 = 1x 108, p1g10 = 1,

pit = 1, pro = por = —0.125, pr9 = por = 375,
P39 = po3 = —0.125, psg = pos = —8.7499 x 1072,
Ps9 = pos = —0.62499, pgy = poe = —8.7499x 1072, p79 =

po7 = —0.5, pgo = pog = —0.125, p1o9 = po1o = —0.125,
p119 = po11 = —0.125, the other terms of P, have a value of
0, 5) we substitute Py = [p;;] € R and A, = A — KC
into the Lyapunov equation ASTPS +P;Ay = —Qy, and we find
Oy = gl € WM g1 = 1.4 x 1075, goo = 1.4 x 1075,
33 = 1.4 x 1075, guq = 1.4 x 1075, gs5 = 1.4 x 1073,
gss = 1.4 x 1075, g77 = 1.4 x 107, ggg = 1.4 x 1073,
go9 = 1.5978 x 108, g1010 = 1.4x 1075, g1111 = 1.4x 1073,
q19 = qo1 = —8.7499x 1077, g29 = qop = —2.6250x 1073,
g39 = qo3 = —8.7499x 1077, q40 = qos = —6.1249x 1077,
gs9 = qos = —4.3750 x 1075, geo = gqos = 0.63,
q79 = q97 = —3.5000 x 10_6,q89 = gog = —8.7499 x 1077,
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FIGURE 7. The variables estimation in the gasification plant.

TABLE 4. The gasification plant results.

Estimator 2 Estimator 1
Jr | 0.0529 7.5237 x 100
Jy | 9.5523 x 10~7 | 6.4086 x 103
Ju | 1.1859 x 107° | 1.0118 x 10~°

q100 = go10 = —8.7499 x 1077, 119 = go11 = —8.7499 x
1077, the other terms of Oy have a value of 0, if Py = [p;j] €
R and Q, = lgii] € M1 are positive definite, then
Py = [pij] € MU s correctly chosen, the Theorem 1 is
met, and we can go to the step 6, otherwise, we must return
to step 1, 6) we choose the gains E = [1 x 10_10, 1 x 10_10,
1 x 107191 x 1071%, 1 x 10719, 1 x 10719, 1 x 10719,
Ix10719 1 x 107191 x 10719, 1 x 107197, M =[1, 1,
1,1,1,1,1,1,1,1, 117, and & = 1.73 x 107 to solve the

Estimator 1 as 1 = Ah + f(h, V) + Ky + Esat(My),y = Ch,
U = B~'[KY + Esat(M7) + h|, if the Estimator 1 reaches
an acceptable exactness for the variables and perturbations

estimation in the nonlinear plant h = Ah+f (h, v)+ Bu+ Bx,
y = Ch, then the algorithm finishes, otherwise, we must
return to step 6.

The Figures 7 and 8 show the variables and perturbations
estimation of the Estimator 1 and Estimator 2 applied to the
gasification plant. The Table 4 shows the MSE of (19).

From Figures 7 and 8, since the Estimator 1 reaches better
variables and perturbations estimation of the plant than the
Estimator 2, it is seen that the Estimator 1 reaches better
performance. In addition, the Figures 7 and 8 show that in
the variables and perturbations estimation of Estimator 1,
the unwanted chattering is not presented. In the Table 4, since
the MSE is smaller for the Estimator 1 than for the Estimator
2, it is seen that the Estimator 1 reaches better exactness for
the variables and perturbations estimation.

Remark 5: In the past two sections, it would be very
tedious and expensive to have the sensors to measure all
plant variables. Consequently, it highlights one of the major
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FIGURE 8. The perturbations estimation in the gasification plant.

contributions of this article, it is that with the outlets mea-
surement, our estimator can roughly estimate the variables
and perturbations.

V. CONCLUSION

In this article, an estimator was studied for the variables
and perturbations estimation in nonlinear plants. The vari-
ables error convergence was analyzed with the Lyapunov
approach. Our estimator was compared to a previous estima-
tor in the gas turbine and gasification plants concluding that
our estimator reached a better performance than the previ-
ous estimator for the variables and perturbations estimation.
In addition, in our estimator, the unwanted chattering is not
presented. Our estimator can be applied to many types of non-
linear plants such as electric, mechanical, hydraulic or ther-
mal. In the future work, we will seek to use another alternative
map that allows us to reduce the unwanted chattering for this
type of estimators, we will explore other types of strategies
for the perturbations estimation, for the perturbations attenu-
ation, or for trajectories reaching in perturbed plants.
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