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Abstract The use of efficient embedded control systems in
the transportation industry and particularly in turbocharged
Diesel engines requires the programming of elaborated non-
linear control and filtering methods. To this end, in this paper
nonlinear control for turbocharged Diesel engines is devel-
oped with the use of Differential flatness theory and adaptive
fuzzy control. It is shown that the dynamic model of the
turbocharged Diesel engine is differentially flat and admits
dynamic feedback linearization. It is also shown that the
dynamic model can be written in the linear Brunovsky canon-
ical form for which a state feedback controller can be easily
designed. To compensate for modeling errors and external
disturbances an adaptive fuzzy control scheme is imple-
mented making use of the transformed dynamical system of
the diesel engine that is obtained through the application of
differential flatness theory. The control algorithm aims at sat-
isfying the H, tracking performance criterion, which means
that the influence of the modeling errors and the external dis-
turbances on the tracking error is attenuated to an arbitrary
desirable level. After transforming the MIMO diesel engine
system into the canonical form, the resulting control inputs
are shown to contain nonlinear elements which depend on
the system’s parameters. The nonlinear terms which appear
in the control inputs are approximated with the use of neuro-
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fuzzy networks. Moreover, since only the system’s output
is measurable the complete state vector has to be recon-
structed with the use of a state observer. It is shown that a
suitable learning law can be defined for the aforementioned
neuro-fuzzy approximators so as to preserve the closed-loop
system stability. With the use of Lyapunov stability analysis
it is proven that the proposed observer-based adaptive fuzzy
control scheme results in Hy, tracking performance.

Keywords Turbocharged diesel engines - Nonlinear
control - Differential flatness theory - Dynamic feedback
linearization - Adaptive fuzzy control - Observer-based
control - MIMO dynamical systems - Lyapunov stability

Introduction

The development of embedded control for the transportation
systems industry comes against problems of increased dif-
ficulty arising from the highly nonlinear dynamics of the
considered systems and from the technical difficulties in
measuring specific elements of the systems’ state vector
[1-6]. Previous approaches to the control of turbocharged
diesel engines and exhaust gas recirculation systems com-
prise PID and Lyapunov methods. One can also find results
on neural and fuzzy control both for compression ignition
(CI) and spark ignition (SI) engines [7—12]. In particular, con-
trol of turbocharged diesel engines is a complicated problem
because the nonlinear model of the engine cannot be sub-
jected to static feedback linearization [13-16]. Therefore,
one has to apply dynamic feedback linearization by extend-
ing the state vector of the system so as to include also as new
state variables the derivatives of the initial control inputs.
In comparison to systems which can be brought to a linear
form through static feedback linearization, control of sys-
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tems subjected to dynamic feedback linearization requires
substantially different design stages [17]. By defining an
extended state vector (which is an approach also known as
dynamic extension), it is possible to show that the model
of the turbocharged diesel engine is a differentially flat one.
Moreover, by expressing all state variables and the control
inputs of the model one can arrive at an equivalent description
of the system in the linear canonical (Brunovsky) form.

In this paper the nonlinear control problem of the tur-
bocharged diesel engines is solved with the use of differential
flatness theory and of adaptive fuzzy control. Differential
flatness theory is currently one of the main directions in
the development of nonlinear control systems [18-26]. It is
shown that the dynamic model of the turbocharged Diesel
engine is differentially flat and admits dynamic feedback lin-
earization. It is also shown that the dynamic model can be
written in the linear Brunovsky canonical form for which a
state feedback controller can be easily designed. Moreover, to
cope with modeling uncertainties and external disturbances
the paper proposes the implement adaptive fuzzy control with
the use of the transformed diesel engine’s dynamical model
that was obtained through the application of differential flat-
ness theory.

Actually, the paper proposes a solution to the problem
of observer-based adaptive fuzzy control for diesel engines
and in general for MIMO nonlinear dynamical systems that
admit dynamic feedback linearization. The design of the
adaptive fuzzy controller considers that only the system’s
output is measured and that the system’s model is unknown.
The control algorithm aims at satisfying the Hs, tracking
performance criterion, which means that the influence of the
modeling errors and the external disturbances on the track-
ing error is attenuated to an arbitrary desirable level. After
transforming the MIMO system into the canonical form, the
resulting control inputs are shown to contain nonlinear ele-
ments which depend on the system’s parameters. Since the
parameters of the system are unknown, then the nonlinear
terms which appear in the control inputs have to be approxi-
mated with the use of neuro-fuzzy networks. Moreover, since
only the system’s output is measurable the complete state
vector has to be reconstructed with the use of a state observer.
In the current paper it is shown that a suitable learning law
can be defined for the aforementioned neuro-fuzzy approx-
imators so as to preserve the closed-loop system stability.
Lyapunov stability analysis proves also that the proposed
observer-based adaptive fuzzy control scheme results in Hy
tracking performance, in accordance to the results of [27-31].

For the design of the observer-based adaptive fuzzy con-
troller one has to solve two Riccati equations, where the
first one is associated with the controller and the second one
is associated with the observer. Parameters that affect the
closed-loop robustness are: (i) the feedback gain vector K,
(ii) the observer’s gain vector K,, (iii) the positive definite
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matrices P; and P, which stem from the solution of the two
algebraic Riccati equations and which weigh the above men-
tioned observer and controller terms. The proposed control
architecture guarantees that, the output of the closed-loop
system will asymptotically track the desired trajectory and
that Hy, performance will be achieved. The efficiency of the
proposed control method is tested through simulation exper-
iments.

The structure of the paper is as follows: in “Dynamic
Model of the Turbocharged Diesel Engine” section the
dynamic model of the turbocharged diesel engine is analyzed.
In “Nonlinear Control of the Diesel Engine using Lie Alge-
bra” section it is shown how linearization and state feedback
control for the diesel engine can be performed with the use
of Lie algebra. In “Nonlinear Control of the Diesel Engine
Using Differential Flatness Theory” section it is shown that
the dynamic model of the turbocharged diesel engine is a dif-
ferentially flat one, and that linearization and state feedback
control can be applied with the use of differential flatness
theory. In “Application of Flatness-Based Adaptive Fuzzy
Control to the MIMO Diesel Engine Model” section the
stages of differential flatness theory-based adaptive fuzzy
control for the model of the diesel engine are explained.
In “Lyapunov Stability Analysis” section Lyapunov stability
analysis is provided for the adaptive fuzzy control loop that
is implemented on the dynamical model of the turbocharged
diesel engine. In “Simulation Tests” section simulation tests
are carried out to evaluate the performance of the diesel
engine control loop. Finally, in “Conclusions” section con-
cluding remarks are stated.

Dynamic Model of the Turbocharged Diesel Engine

The basic parameters of the Diesel engine are: (i) Gas pres-
sure in the intake manifold p1, (ii) Gas pressure in the exhaust
manifold p», (iii) Turbine power P;, (iv) Compressor power
P.. Additional variables of importance are W, which is the
compressor mass flow rate, 77 the intake manifold tempera-
ture, 75 is the exhaust manifold temperature, W; is the turbine
mass flow rate and Wg g g is the exhaust gas recirculation flow
rate (Fig. 1).
The basic relations of the diesel engine’s dynamics are:

) Ty

p1=Ki(We+uy — Kepr) + TP
1

. 7

P2 = Ky (Kepr —uy —up) + Epz (D

. 1

Pc: ;(nmPt_Pc)

The control inputs to this model are the exhaust gas recir-
culation (EGR) flow rate u; = Wgggr and the compressor
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Fig. 1 Diagram of the turbocharged Diesel engine

mass flow rate o = W;. Moreover, it holds that

K

We = Pe—p— 2
p1_1

Pi=Ki (1= p") w2 3)

The model is simplified by setting 77 = 0 and 7> = 0. In
such a case the associated state-space equations are given by
p1 = Ki(We +uy — Kepr)

P2 = Ka(Kept —uy — uz) 4

. 1
P, ;(nmPt_Pc)

Moreover, it holds that

K.

pa ®)

P =K1 - 172“)142 (6)

W, =P,

The description of the diesel engine in state-space form is
given by

X = f(x) + ga(X)ur + gr(x)u2 (7
where

KiKe % — KiKep)

1
fx) = K> K. p1
_P
K 0
galx) = | —K2| &)= —-K> (3
0 Ko(1—p2™")

With respect to the control, the variables of the output are: (i)
the input manifold pressure p; and (ii) the compressor mass
flow rate W,

P1 P1
y= ( ) =( K, ) )
W, Pcp’f—l

Nonlinear Control of the Diesel Engine Using Lie
Algebra

A Low Order Feedback Control Scheme
The previous definition of the system’s outputs given in Eq.

(9) is used. The linearization of the Diesel engine dynamics
is based on the following relations

b =hi(x)
Zé =Lhi(x)
21 = Lphi(x) + Lg,hi(x)uy + Lg,hi(x)us (10)
73 = ha(x)
23 =L ho(x) 4+ Lg,ho(x)uy + Lg,ho(x)uz
It holds that
Z1(x) = p1
oh oh ohy
Lih(x) = c—fi+—fr+ ——
f I(X) 3)61 fl + 8)62 f2 * 3X3 f3:
Lihi(x) =1f1+0f2+0f3=Lshi(x)
P,
=K1KCM——K1KCP] (1D
P -1

Moreover, it holds that

ohy oh oh
Lg,hi(x) = Iy S + I, S + a_mg”3:>

Lgahl(-x) = 1ga1 +0ga2 +Ogt13 =>Lghl(x) =K (12

while it also holds that

Loh) = g, e O
X) =
gt 8x1 8by angbz 8x3gb3

Lg,h1(x) =185, + 08, +08p; = Lgh1(x) =0 (13)

Equivalently it holds
L ha(x) 8h2f +8h2f +3h2f=>
X) = — — —
F72 dx1 ! 0x7 2 3X3'3
-1
_KcﬂpiL Pe

Lihy(x) = po— 1 (KK

! ‘ - 12 ‘pi —1—KiKep
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K. Pe
+— 1(—7) (14)

Moreover, it holds

Lo ha(x) oho n oho n dohy N
xX) = — — —
ga12 9] 8ay ax 8ay 9x3 8az
—Keup) ™!
Lgah2(x) = Dc ; ]2 8a; +0ga2
T
+ =0=
—K =1
Lo () = Pe—PL (15)
P — 1
Equivalently, one obtains
dohy dhy dhy
Lo h = — — —gp=
ah2(x) o1 8 + angbz + oxs 8b3
—Kepup) ™!
Lg,ha(x) = Pe——to—gp, +08b, + ——— 81,
P1 1 -1
K, L
Lg,ha(x) = WKOU —py) (16)
-

From the relations

21 = Lyhi(x) + Lg,hy (x)uy + Lg,ho(x)u>
23 = Lyha(x) + Lo, ho(x)uy + Lg,ha(x)uz (17)

which is also written as

g
4

KiKe—t — KiKe Py
1
—Keup) ™! P K. (_&
Pem i (KlKCp‘l‘flleKem)jLnf‘fl r
K 0
N R o | (21) as)
PCT_IIZKI pfilKo(l_pz ) uz
1

Therefore, one arrives at a relation of the form
21 = fu+ Myii (19)

The new control inputs can be defined as

v = Lyhi(x) + Lg,h1(x)uy + Lg, ha(x)us
vy = Lyho(x) + Lg,ha(x)uy + Lg, ha(x)us (20)

one has the dynamics

-1
i1 =V
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3 =wn 1)
In such a case the feedback control law results into

.1 1,1 1
V1 =214 — Kp(Zl - Zl,d)

v =21, — Kyl —21) (22)

results in asymptotic elimination of the tracking error. There-
fore, in that case the tracking error dynamics becomes

é1+ Kper = 0= limio0e1(t) =0, K >0
&+ Kpex =0=>1lim,o0e2(t) =0, K >0 (23)

The previous results are confirmed through the computation
of time derivatives and the use of differential flatness theory:

. .. De
Y= p1= 1= p1=9 = kike———— + kyuy

py — 1 —kik.p:

(24)
Similarly it holds
ke . Oyr. Oy2.  Oy2.
Y2 = Pc - Y2 =5 X 8x2x2+ 8x3X3
—Keppt™! , K
Y2 = pe APy %1+ Ok + ——— k3=
(pp)—1 py =1
—Keupy :
V2= P [(KIKL — —KlKepl)
(py)—1 1
K. P, u
+Kiu1 |+ — —— + Ko(1 = py NDuz | =
pp —1 T
~1
—Koupt P,
V2 = i ( KCH—C—KlKepl)
(py)—1 11
-1
K. P, —Keppl
T\ "7 ) TP K
pr—1\ (p) -1
K. u
+— Ko(1 — py Muz (25)
P -1

Therefore, one arrives again at a dynamics of the following
form:

()

P
KIKCW Ki1K:pi

—Keppt™! ( P ) K. (_ pc)
T KIKCF KiKcp1)+ T\ 7T
K 0 ”
+ —Keup} ™! K. —u ( ) (26)
Pcw(Kl) WKO(I — P ) uz
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which finally gives v = Pe—y; ¢ oy =1x3 - c (31)
py —1 x; —1

V= fa+ Mau (27)

A Dynamic Extension-Based Feedback Control Scheme

In the following, dynamic feedback linearization is per-
formed which means that the control inputs that appear in
the linearized form of the system are not only functions of
the initial control inputs u1, u> but they also contain terms
which are based on the derivatives i, uy. Thus, one has
vi = fi(uy,uy) and vo = fa(up, up). Equivalently, this
means that the control inputs u1, #2 which are finally applied
to the real system depend on vq, vy through an integration
relation, that is vy = fi(uy, 1) and vo = fo(uz, i2).

The dynamical system of the diesel engine is written in
an extended form using the variables v = ] = z, v = us
which means u; = [vidt, up = vy. Thus, using Eq. (7)
and Eq. (8) and by substituting #; = z; and z = v as
intermediate state variable it holds

p1 = KiK.P. p}' =1 — K\ K.p1 + K1z
P2 = K2Kep1 — Kaz — Kovp

. P,
Pc = _TC + Ko(l - pZ_M)

Z' = V] (28)
therefore, by defining the state vector x = [x1, x2, X3, x]l =

[p1, p2. Pe, z]7 the state-space description of the diesel
engine model becomes

. X3
X1 = KIKCIL—I — KlKe)Cl + K1X4

x; —
X2 = Ko Kex1 — Koxg — Koo
. X3 _
X3 = _?"'KO(I_XZ )
X4 =1 (29)

Consequently, in matrix form one has

X1 Kchx?—S_l—KlKex1+K1X4
223 Ky2K.x1 — Kaxy
3 —8 4+ Ko(1 —x5)
X4 0
0 0
0 1
+ ol ¥ + ol (30)
1 0

The system’s outputs are chosen to be

Y1 =X1=p1

Linearization of the system is performed using the following
relations-state variables

21 = hi1(x)
zb = Lyhi(x)
& = Lyhi(x) + Lg,Lhi(x)ur + Lg, Lyhi(x)uy  (32)

and equivalently

23 = ha(x)
25 = Lyhy(x)
2= L?;hg(x) + Lo, Lho(x)uy + Lg, L fho(x)uz  (33)

It holds that

I =h@) =z =x (34)
oh

7= Lihi(x)=2=—fi
dx1

ohy dohy ohy

+Ef2+ﬁf3+a_x4f4:>
B =1fit0fa+0-f3+0fs=z) = fi=
X
2 = Ki1K; ,,3 , — K1 Kex1 + Kixg (35)
Xl —

Moreover, it holds that

L3hy(x) = Lyzh=> Lyh (x)

3z 9z 3z
= Z2fi+ 2 hHh+2h=
0x1 0x1 0x3
—x3,ux’kl
Ly (x) = KiKs——— — KiK. | fi
xp —1
Ki1K3
+0/2 + T f3+ K1 fa=
"
—x3,ux“_l X3
L?hl(x) = (K1K3M—1 - KlKe) (KIKS M
x; —1 x; —1
K1 K3 X3
— K1 Kex1+ Kixg4 ) + m (——
xp —1 T
T K, (1 —x;“)) (36)
Equivalently, one computes
azl 9z}
Lo, Lyhi(x) = Lo, 2= Lg, Lh1(¥) = -2 g0, + 7> 8a,
0x1 X2
+8z% n 3z} N
9x3 8as x4 8ay

@ Springer



Intell Ind Syst (2016) 2:349-370

354
n—1
—X3[X]
Lg,Lihi(x) = (Kleu— - KlKe)ga1
x; —1
K1 K3
+0gq4, + o 8az + K180,
"

Lg,Lrhi(x) = K 37

and in a similar manner one obtains

9z)
Lo, Lthi(x) = Lg,z3 = Lo, Lhy(x) = ﬁgbl

X
+8zé n Bzé n az% N
dx2 8b2 0x3 8bs 0x4 8bs
—x3,ux{‘_

1
Lgbthl(x):(KlK3 P _KlKe)gb1+0gbz

=1

K1 K3
+ 8h; + Ki18p,=
1

Lg,Lshi(x) =0 (38)

Following an equivalent procedure one computes

-1
Kc,ux{‘ ( X3
KiK.
2 1 in,t _1

25 = Lha(x) = x3 — K Kex)

xp —1

K. X3 —mu
+Kixa) + o (P Ra—gm)

In a similar manner one gets

2 2

9z . | 0z 923
“2h+2H+ 2=
f2 oxs f oxs fa

|+
S1 5

972

Lihy(x) = —2

f 2(x) ax)
L3 ha(x)

2 — —

{x@ (—Kepp = 1xf ) (el = 1) = (= Kepx} ™2 = Dpux!

_ - -
xp —1

( K1K.x3 )
X\
x; —1—=KK:+ Kixq

—1 —
—ch,xf K]K(»—X3MX{L
=1 -1’

1

+x3

1
—KlKC)

—Kepx! X _
#( 3 +K0(1—x2ﬂ))}

—(-=
xi‘—l T
X

x (KlKC s
Xl —

1~ K1Kex) + K1X4)
K. —n—1
+ ﬁKo,uxz (K2Kex1 — Kpxa)
—Koux!™" KK, K. 1
18— + ] (—;)

1
x1—12 x =1
—Kepux!
LIZKI 0
x{‘ 1

(40)

X (_x?; + K,(1 —xz_”)) + {)@
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Equivalently, one computes

323 323 323 323
L, Lsh = —= =z 2 2
alf 2(x) 9x1 8a, + 8x2gu2 + 9x3 8ay + x4 8as=
-1
8z§ —Kc,uxf
Lo, Lrhy(x) = —=1=Lg,Lrhy(x) =x3—————K]
8a™f x4 gatf (x{‘—lz)
41)
and similarly
az% 32% Bz% 3Z%
e Lrha(x) o S T g, 8 T g8 gy, S
2
Lol iha@) = 220 o Ly L oho(x) = Ko
a2 9 el fhn2 X{L_l oMXy
(42)

Consequently, after the change of coordinates one has the
following description

1 1

21 =2
4y = L3hi(x) + Lg, L ph1(x)v) + Lg, L phy (x)v)
P2 =23

35 = Lihy(x) + Lg, L pha(x)v1 + Ly, L pha(x)va  (43)

Consequently, the system of the diesel engine is written in the
following form. This also takes the following matrix descrip-

tion
(?ﬁ‘) _ L}hl(x) +(Lgath1(x) Lgthh](x)) (vl)
22 thz(x) Lg,Lyhy(x) Lg,Lyrha(x) v

(44

that is

2= fa+ My (45)

Moreover, by defining the new control inputs one has

v, = L7h1(x) + L, Lphi(x)vi + Lg, L ph1 (x)v2

V2, = szhz(x) + Lg, L tha(x)vy + Lo, L fha(x)va  (46)

one has z'} = zé, 2% = vl.ln, Z% = z% and Z% = vl.zn, the sys-

tem’s dynamics is written in the canonical Brunovsky form.
Moreover, the states-space description of the motor becomes

4 7

! 0 1 0 o0\ (% 0 0\
2 000 o)z 10 (vm)
= + (47)
-2 2 2
% 2
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The selection of the state feedback control law, which assures
zeroing of the tracking error is

1 .1 Toel el 1,1 1
Vip = 21qg — K@) —219) — K (21 — 21 9)

vy, =% g — KiGT — 21 — Kp(@1 — 21 ) (48)
Since
bin = fa+ M0 =0 = M, (Bip — fa) (49)

Moreover, because it holds

~ (v _ ﬂl
~(2)-)

to compute the control input #1 which is actually applied to
the diesel motor an integration with respect to time has to be
carried out for the auxiliary control input.

Nonlinear Control of the Diesel Engine Using Dif-
ferential Flatness Theory

The results about dynamic state feedback system lineariza-
tion can be confirmed with the computation of time deriva-
tives and differential flatness theory. The following differen-
tially flat system outputs are considered

Yi=p1=x1
P, K = Ke (51)
= —_— = X
y2 cp;L 1 y2 3x{‘ 1
The dynamics of the extended system is
*1 Kchxif_il_KlKexl‘FKl?M
X2 _ KrK.x1 — Koxy
3 =+ K,(1 - xé‘)
X4 0
0 0
0 1
+ 0 vy + 0 v (52)
1 0
It holds that y; = x therefore
x1=q1(y, )
o xsKe o —D
T K. }
»oy—D
_ 53
K. =x3 (53)

therefore x3 = ¢g3(y, y) and thus variable x3 is a function of
the flat output and its derivatives. From the first row of the
state-space equations one has
. X3
x| = KIKC#—I — K1 K.x1 4+ Kix4=

P

1

X1 — K1 Ko + Ki1Kex)

1

X4 = =
4 K

X4 = q4(y, y) (54)

From the 4th row of the states-space equations one has

X4 =vi=v1 =¢s5(y,y) (55)

where v; is a function of the flat output and its derivatives.
From the 3rd row of the states-space equations one has

. X —
f3= =2 4 Kol -5 ")

. X3 . X3 K
—u X3 + T —X3 + T
— = —= 56
X, " = 0 = X2 - (56)

From the second row of the state-space equations one obtains

X2 = K2 Kex1 — Koxg + vo=
vy = X2 — Ko Kex + Kpxy=
v2 = q6(y,y) (57

Therefore, all state variables of the system and the control
inputs can be written as functions of the flat output and its
derivatives. Therefore, the system of the diesel engine is dif-
ferentially flat. This system can be subjected to dynamic
feedback linearization. By considering the flat outputs

Y1 = X1
K,

Y2 = X3—— (58)
xp —1

and by differentiating with respect to time one obtains the
linearized model of the system

y1 = X1

X3
Cx{,c
—K1Kcx1 4+ Kixa (59)

i =x1=>y =K K

and equivalently

—X3p,x”_1
oo 1
1= (K1Kc—u 3

— K K. })x; +0xp
xp —1

1
+ (Kchu—) X3+ Kixy4 (60)
x; —1
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or X (KlKC%—KIKexl—i—Klm)
e
_X3fob_1 X3 Kepux"™' [/ x3 X3
S — - - el (A3 _ M 0
yl — Kch xi‘_lz KlKC (KIKCxit_l + (xii_l)z ( T +K0(1 x2))](K1KCXil—1
1 CKiKext + Kixs) - - (Koux (Ko Koxy
—K1K.x1 +Kixa )+ | K1K, [ x) =1 2
Xy — _
X3 —u PR L5y (PR R
X (=2 4 Kol =x")) + Kivg 1) it e ‘
K. 1 X3 _
Equivalently, one has + Kixq + T — (—;) ] (—7 + Ko(l —x, ”))
-1
K. ket g (65)
Y2 = P
-1 . .
_ x3Kcpx {L o K. PN Consequently, in complete analogy to the relations computed
2= X 2z ! Xt — 3 with the use of Lie algebra it holds
M71 ..
3o = x3fic/“12 P ”Kc i 2= L3ho(x) + Ly, Lshovy + Lg, L thovs (66)
xp =1 X~
1 where
. xaKepx) x3
V2= KiKe— 1 KiKex1 + Kixs
xp— 1 i L2 ho(x)
K. _ _ _ _
o (—x—3 + K, (1 —x2#)) 62) [ wKen— Dx} PGl = 12— Kol 2060 — D!
)Cl —1 T - (xt‘ _ 1)4
and equivalently it holds X (K 1&% —K1K.x1 +K 1x4)
e
. 0y2., dyr. Oy2. Oy, —Kopxl! .
o= 220+ 2 b 2 25 (63) + L‘z(— B K- )) (KIKC,LL
0x1 dx2 0x3 dx4 ol =1 T x =1
K. _
or — K K.x1 + K1X4) + ﬁ(KoWCg Y (KaKexy
e
. n=1
Y2 — Koxg) + { Kcﬂﬂxl 5 (K1K,; MX3 1) — K1 K.x;
B {)@KCM(,U, — l)x{kz(xf P x3KCufo712(xf‘ — l)ux{hl (p =D T
- m_1y4 K. 1 _
ey R T (‘?)] (=7 + Kol =) ©7)
1
x (KIKC% — KiKext + K1X4)
xp —1
: and also
—K. H=
+ o (-2 K0 -a) uel
' =D T x3Kpxi
Lo, Lrha(x) = ——— (68)
K 8a f 12 2
; pels =1
+ o l(Ko/sz )X2
e

Kopx™!

2N ((kk,—2 )~ KiKox
off =1’ * —1
w_

K. 1 .
+ Kixa + — —— )%
xp —1 T

-1
x3KC/Lx{‘

n 2
xp —1

Kix4 (64)

Therefore, it holds

2
n—=2

{ w3 Kep(u = D 2 = 12 = xaKepx} ™ 26 = D™

o =1
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c 1

K .
Lgbthz(x) = ﬁ(Kasz
I

) (69)

Therefore, one is led again in a description of the system in
the following form

$1 = L3h(x) + Ly, L phi()u1 + Ly, L phy (x)uy
F2 = L3ha(x) + Ly, L pha(x)u1 + Ly, L pha(x)uz — (70)

Again, by defining the new control inputs one has

viln = L?hl(x) + Lg,Lyhi(x)vi + Lg, L rh1(x)v2
v, = L3ho(x) + L, L pha(x)vi + Ly, Lyha(x)va  (71)
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one has i% = z%, ié = viln, i% = z% and Z% = vizn, the
system’s dynamics is written in the canonical Brunovsky

form. Moreover, the state-space description of the motor

becomes

-1 1

Z: 01 0 0 Z; 0 0\

22 0O 0 0 O <1 1 0 Vin
HE + (72)
e ) 1))

5 2

The design of a feedback controller for the above state-space
model is as analyzed in the case of linearization with the use
of Differential Geometry (computation of Lie derivatives).
The selection of the state feedback control law, which assures
zeroing of the tracking error is

|l PR PR
Vip =210 — Kg(@1 —21.0) — K (21 — 21 4)

vy, = %14 — KiGT — 21 — Kp@@i — 21 ) (73)
Since
INN = fa+ M3 =0 = M, @in — fa) (74)

Moreover, because it holds

~ V1 _ dl
= ()=

to compute the control input #; which is actually applied to
the diesel motor an integration with respect to time has to be
carried out for the auxiliary control input.

Flatness-Based Adaptive Fuzzy Control for MIMO
Nonlinear Systems

Transformation of MIMO Nonlinear Systems into the
Brunovsky Form

It is assumed now that after defining the flat outputs of the
initial MIMO nonlinear system, and after expressing the
system state variables and control inputs as functions of
the flat output and of the associated derivatives, the sys-
tem can be transformed in the Brunovsky canonical form
[32]:

)'Cl = X2
)‘Cz = X3
)'Crl—l = Xr

14
o= 1)+ D g1, +di
j=1
Xpj41 = Xr42
)Ejr1 +2 = Xr+3 (76)

Xp—1 =Xp

P
ip = fp(0)+ D gp,(uj+d,
j=1
Y1 = X1

Y2 = Xp—1

Yp = Xn—r,+1

where x = [x1,...,x,]7 is the state vector of the trans-
formed system (according to the differential flatness for-
mulation), u = [uy,...,u p]T is the set of control inputs,
y = [y,..., yp]T is the output vector, f; are the drift
functions and g; ;, i,j = 1,2,..., p are smooth func-
tions corresponding to the control input gains, while d; is
a variable associated to external disturbances. In holds that
ry +r2 + -+ +rp = n. Having written the initial nonlinear
system into the canonical (Brunovsky) form it holds

P
W = fi@) + > giju;j +d; (77
j=1

Equivalently, in vector form, one has the following descrip-
tion for the system dynamics

Y = )+ g@u+d (78)
where the following vectors and matrices are be defined

y(r) — [yl(rl)’ o y;rp)]
f) =[AG), ..., f01"
g(x) =[g1(x), ..., gp(x)]

with gi(x) = [g1i(x), ..., gpi(*)]"

A =diaglAy,...,Apl, B=diag|B,...
¢’ =diaglCy,...,C,l, d=1d,..

’ Bp]
LdplT (79)
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where matrix A has the MIMO canonical form, i.e. with ele-
ments

0 1 0

0 0 0
A =

0 0 1

0 0 0

ri Xrj

Bf=(0 o 0 1), .
C;, = (1 0 0 O)1 r: (80)
Thus, Eq. (77) can be written in state-space form
&= Ax+ Blf(x) + g(x)u +d]
y=CTx (81)
which can be also written in the equivalent form:
% = Ax + Bv + Bd
y=CTx (82)

where v = f(x) + g(x)u. The reference setpoints for the

system’s outputs yi, ..., y, are denoted as yimu, ..., Ypm»
thus for the associated tracking errors it holds

€1 = Y1 — Vim

€2 = Y2 — YV2m

€p =Yp — Ypm (83)

The error vector of the outputs of the transformed MIMO
system is denoted as

Ei=le1,...,ep]"
Ym = ims - -, ypm]T
YO =y yeT (84)

where yl(:n) denotes the r-th order derivative of the i-th refer-
ence output of the MIMO dynamical system. Thus, one can
also define the following vectors: (i) a vector containing the
state variables of the system and the associated derivatives,
(ii) a vector containing the reference outputs of the system
and the associated derivatives

ri—1 rp—1 r
X = (X1, X e Xp, e, Xp (85)

_ ri—1 =177
Yin = Yims-+-sVm s+ Ypms---> Ypm (86)
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while in a similar manner one can define a vector containing
the tracking error of the system’s outputs and the associated
derivatives

_ rp—1
e:Ym—x:[el,...,eil 1,...,ep,...,epp 17 @8N

Itis assumed that matrix g (x) is anonsingular one, i.e. g ')
exists and is bounded for all xeU,, where U, CR" is a com-
pact set. In any case, the problem of singularities in matrix
g(x) can be handled by appropriately modifying the state
feedback-based control input.

The objective of the adaptive fuzzy controller, denoted as
u = u(x, e|0) is: all the signals involved in the controller’s
design are bounded and it holds that lim; - .ce = 0, (ii)
the Hs, tracking performance criterion is succeeded for a
prescribed attenuation level.

In the presence of non-gaussian disturbances wg, successful
tracking of the reference signal is denoted by the H, criterion
[26,31]:

T T
/ el Qedr < ,02/ wgl wadt (88)
0 0

where p is the attenuation level and corresponds to the max-
imum singular value of the transfer function G(s) of the
linearized model associated to Egs. (81) and (82).

Control Law

The control signal of the MIMO nonlinear system which has
been transformed into the Brunovsky form as described by
Eq. (82) contains the unknown nonlinear functions f(x) and
g(x). In case that the complete state vector x is measurable
these unknown functions can be approximated by

fxl6y) = @)y

§(x|0g) = Dg(x)b, (39)
where

1 2 n T
) = (£, £100), ... €}(0) (90)
with & } (x),1=1, ..., nbeing the vector of kernel functions

(e.g. normalized fuzzy Gaussian membership functions),
where

£ = (7' 0.0 @, 07 @) 1)
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thus giving It holds that
1 2
oyl o@ o V) AN EI 8
Ho 6 AV _|e]|=|® @ 8 (100)
Drx)=|"/ f I 92) &% =1.7 .
e . e | ) »
8 8 8 8
RGO N6 ¢y (x) ! " "
) ] ) Using the above, one finally has the relation of Eq. (89), i.e.
while the weights vector is defined as 8(x]0g) = Pg(x)0,. If the state variables of the system are
available for measurement then a state-feedback control law
QfT = (9}, 9%, e 9}\/) (93) can be formulated as
j =1,..., N is the number of basis functions thatisusedto 4 = §‘1(x|0g)[—f(x|9f) +y0 — KT e+ ucl (101)
approximate the components of function f which are denoted
asi = 1,...,n. Thus, one obtains the relation of Eq. (89),  where f(x|6/)and §(x|6,) are neurofuzzy models to approx-

ie. f(x]0p) = @ f(x)0;.
In a similar manner, for the approximation of function g one
has

O () = (£1 00, 6200, ... N ()T (94)

with & (é (x),1=1,..., N being the vector of kernel functions
(e.g. normalized fuzzy Gaussian membership functions),
where

g1 = (94" @, 957 @, ., 85" () 95)

thus giving

¢%’1(x) ¢%§(x> B )

R ARG B
or () dp () ¢ (1)

while the weights vector is defined as

0, = (9;, 93, .. 08) (97)

where the components of matrix 6, are defined as

. S NT
J_
0f = (04,0408, ) (98)
j =1,..., pisthe number of basis functions that is used to
approximate the components of function g which are denoted
asi = 1,...,n. Thus one obtains about matrix GgeRN xp
1 2 P
B4, 9%1 Og,
ol o ... @F
o, =| * 82 82 99)
1 2 p
Oy Oy o Oan

imate f(x) and g(x), respectively. u is a supervisory control
term, e.g. Hyo control term that is used to compensate for the
effects of modelling inaccuracies and external disturbances.
Moreover, KT is the feedback gain matrix that assures that
the characteristic polynomial of matrix A — BKT will be a
Hurwitz one.

Estimation of the State Vector

The control of the system described by Eq. (78) becomes
more complicated when the state vector x is not directly mea-
surable and has to be reconstructed through a state observer.
The following definitions are used

e crror of the state vector e = x — x,,,
e ecrror of the estimated state vector € = X — x,,,
e observationerrore =e —é = (x — x;) — (X — x;)

When an observer is used to reconstruct the state vector, the
control law of Eq. (101) is written as

u= g ' &0~ f G0 + 3D — KT 4 u,] (102)

Applying Eq. (102) to the nonlinear system described by Eq.
(78), results into

YO = f0) 4+ g0E @)= F &) + 3D
—KTe +ul+d=

YO = F) +18() — 2E) + 21T DI-F(®)
+y\ — kTe+u)+d=

YO = [f(x) = f)]+ [gx) — §(E)u

+y" —KTe 4 u.+d (103)

Itholds e = x — x, = y© = @ + . Substituting y
in the above equation gives
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ey =y =K et uc+[f(x) = fD)]

+g) —g®)Ju+d (104)

and equivalently

¢ = Ae— BKTé+ Buc + B{Lf (x) — f(®)]

+1g(x) — g®)]u +d) (105)
_ 7. (106)
where ¢ = [e!,e?,...,eP)T with & = [e;,¢;,6;,...,
elr’_l]T, i=1,2,...,pand equivalently e =1[e'e?, ...,
eP1” with & = [¢;,é,6,...,¢7 T, i = 1,2,...,p

Matrices A,B and C have been defined in Eq. (80).
A state observer is designed according to Egs. (105) and
(106) and is given by [28]:

é=Aé—BKTe+K, [el - CTe] (107)
ep=cTle (108)

The feedback gain matrix is denoted as K € R" * 7. The obser-
vation gain matrix is denoted as K,€R" * 7 and its elements
are selected so as to assure the asymptotic elimination of the
observation error.

Application of Flatness-Based Adaptive Fuzzy Con-
trol to the MIMO Diesel Engine Model

Differential Flatness of the Diesel Engine
It holds that

X1= filx) +g1(x)u

= f2(x) + g2(x)u (109)
It holds that
X1 = x2
X2 = fi(x) + g1(x)u
)'63 = X4
X4 = f2(x) + g2(x)u (110)
Moreover, from Eq. (110) it holds
i1\ _ (i) g1\ .
(m) = (ﬁ(x)) - (gz(x)) e
1 o
_(851(0) X1y (fix)
= (gz(x)) [(m) (fz(X))] ()

Therefore, the considered robotic system is a differentially
flat one. Next, taking into account also the effects of additive
disturbances the dynamic model becomes

@ Springer

= filx,t) + g1(x, Hu + d;

3= fo(x,t) + g, Hu+dp (112)
1y _ (N&x0) g1(x, 1) di

(563) B (fzoc, r)) * (gz(x, t)) "t (dz) (1

The following control input is defined

_ (él(x, t))‘l (xf) A

f(x.1) i)\ L0

KT c

() ()] e

where [u,, ch]T is a robust control term that is used for
the compensation of the model’s uncertainties as well as of
the external disturbances and Kl.T = [k}, k5, .. k,’Z 1 kﬁl]

Substituting Eq. (114) into Eq. (113) the closed- loop tracking
error dynamics is obtained

(xl) _ (ﬁ(x,r)) N (gl(x,t)) (§1<x,r>)1
3 fa(x, 1) g(x, 1)) \&2(x, 1)
(@)
i frx, 1) K;

Uc di
+ (MC;)} + (dz) (115)
Eq. (115) can now be written as
(551) _ (fl(x,t)) " [(gl(x,t) —é'l(x,l))
X3 falx, 1) g2(x, 1) — &2(x, 1)
N D
5 :d
82(x, 1) &2(x, 1) x3
fl(x 1) (KT
frx,0) KT
(116)

and using Eq. (114) this results into
('e'l) _(hen-hen +(g1(x,r>—§1<x,r))u
é3 falx, 1) — fa(x, 1) g2(x, 1) — &a(x, 1)
KT dy
() () + G

The following description for the approximation error is
defined

N EICOENCAN (gl(x, N —&ix, z)) .
fz(xvt)_fz(x7t) g2(x9t)_§2(-x’t)

(118)

(117)
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Moreover, the following matrices are defined

01 0 0 0 0

00 0 0 1 0
A‘0001’B_00

00 00 0 1

k!l k! k! Kkl
KT:(1234) (119)

Ki K5 K5 Kj

Using matrices A, B, K T Eq. (117) is written in the follow-
ing form

s~ (A— BK e+ Bu,+ 5 (16D = N0
¢= Je+ Buct [(fzoc,t)—fz(x,t) *

gl(x’t)_gl(-x9t) 3
(B0 Then) +d]

When the estimated state vector x is used in the feedback
control loop, equivalently to Eq. (105) one has

(120)

é=Ae— BKTé+ Bu.+ B [(fl(x’f) - fl(f,t))

Hx, 1) — G0
gl(x7t)_§l(-xA»t) 3
i (gz(x, N - &, r)) ‘ +d]

and considering that the approximation error w is now
denoted as

[ h@ - HGE D), (a1 —a1E. D)
o (f2<x, D~ HE, r)) i (gzoc, N - &, r)) !

(122)

(121)

Eq. (121) can be also written as

é=Ae— BK"é+ Bu.+ Bw+ Bd (123)

The associated state observer will be described again by Eq.
(107) and Eq. (108).

Dynamics of the Observation Error

The observation error is defined as ¢ = e — ¢ = x — X.
Substructing Eq. (107) from Eq. (105) as well as Eq. (108)
from Eq. (106) one gets

6 —¢6=A(e—&) + Buc+ B{[f(x,1) — f(&, 0]
+lgx, 1) — R, Olu+d} — K,CT (e — &)

el —él =CT(e—é)

or equivalently

¢ = Aé+ Buc+ B{[f(x,1) — f(£,0)]
+lgx, ) — gE, Dlu+d) — K,CTe
ep=cTe

which can be written as

6= (A—K,CT)e+ Buc+ B{f(x.0) — f&.0)]

+lgx, 1) — §(X, 0)]u +d} (124)
eg=cle (125)
or equivalently, it can be written as

¢=(A—K,CT)é + Buc + Bw +d) (126)
er=cCle (127)

Approximation of Functions f(x, t) and g(x, t)

Next, the following approximators of the unknown system
dynamics are defined

oo F1GI6p) 2R fi1(%16f) € RV
f(x)_(fz(ﬂef)feie“xl £(&167) € R (128)

with kernel functions

[Tj—1mly, &)
N N
21:11_[’}:1#1,4]. (x;)

¢y (2) = (129)

where | = 1,2, x is the estimate of the state vector and
M 4i (X) is the i-th membership function of the antecedent (IF)

parjt of the [-th fuzzy rule. Similarly, the following approx-
imators of the unknown system dynamics are defined (Fig.
2)

5. (% N 4x1 5 (% 1x2
wh(gl(xwg)xele §1(516,) € R ) (130)

82(£105) ReRY! 25(%10,) € R'2

The values of the weights that result in optimal approximation
are

0} = arg ming,cuy, lsupscy, (f () — f(&16,))]

O, = arg ming, ey, [supzcy, (8(x) — §(X16))] (131

where the variation ranges for the weights are defined as

My, = {07€R" : [105]|<mq,}

My, = {05€R" : [10g]1<mq,) (132)
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(x5 x2)

Fig. 2 Neurofuzzy approximator used for estimating the unknown sys-
tem dynamics

The value of the approximation error defined in Eq. (118)
that corresponds to the optimal values of the weights vectors
0% and 67 one has

w=(fr.0 = FGI)D) + (g0 — 2EED)u (133)

which is next written as

w=(Fe0 = F@Ip + f 30 - &16D)
+(8(x. 1) = 8(R16,) + §(E16,) — 2EIB)) u (134)

which can be also written in the following form

w = (wa + wb) (135)

where

wa = {[f(x, 1) = fRIO)] + [g(x, 1) = §(R10g) u
(136)
wp = {[f@167) — FRIO)] + 8. 6,) — §GE16)u
(137)
Moreover, the following weights error vectors are defined
éf =0f— 9;‘;

Oy = 0y — 0} (138)

Lyapunov Stability Analysis

Design of the Lyapunov Function

The adaptation law of the neurofuzzy approximators weights
0 and 0, as well as the equation of the supervisory control

term u. are derived from the requirement the first derivative
of the Lyapunov function to be a negative one

@ Springer

1 1 | 1
V==¢'pe+=-e¢"Pée+—0L0,+ —1r[6l6
5 1e+2e ze+2y1 ki f+2y2 r[0, bl

(139)

The selection of the Lyapunov function is based on the fol-
lowing principle of indirect adaptive control ¢ : lim;_, X (¢)
=x4(t) and €:1im;_, o, X (t) =x(¢). This yields lim;_, o x(¢)
= x4(t). Substituting Egs. (107), (108) and Egs. (124), (125)
into Eq. (139) and differentiating results into

. 1. 1 . 1. 1 .
V= EATPlé + EéTPlé + EETPZE + EéTPQé

+Larg 4 L [éré ] = (140)
— —tr
R R
. 1 T
v =2{a-BK")e+K,CTE} P
I
+5é Pif(a—BKT)e+ K,CTef
1 ~ T
+ 5{(A — K,CT)é + Bu, + Bd + Bw] Pyé
1 _
+ 5éTPZ{(A — K,CT)é + Bu. + Bd + Bw}
+ TG4 L [520}] = (141)
vi v
-
V={eT(a-Bk") v k] P
I
+5é Pif(a-BKT)e+ K,CTef
1 )
+ E{éT (A=K, CT)" +ul BT +w” BT +d" BT} Pré
1 ]
+ 58" P2{(A— KoCT)é + Buc + Bw + Bd
+ L 4Th 4+ L [égég] = (142)
Y1 Y2
o1 1
V= 2é" (A= BK") Pe+ Se"CK] P
1 1
+ EéTPl (A—BKT)é + EéTPlK(,CTé
1 1 ;
+ EéT (A-K,cT) Pyé + E(MCT +wl +d"BT pyé
1 1 ;
+ EéTPz (A—K,CT)e + EETPQB(MC +w+d)
1 -

+Lere, 4 L [éTé]
— —tr
T, 878

(143)

Assumption 1 For given positive definite matrices Q; and
Q> there exist positive definite matrices P; and P, which
are the solution of the following Riccati equations [28]

(A—BK")"' P+ P((A-BK")+ 01 =0 (144)
(A—K,CT) Py + Py(A - K,CT)
2 1\ .r
—PB(=—=)B"P+0,=0 (145)
ro p?
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The conditions given in Egs. (144) to (145) are related to the
requirement that the systems described by Eqgs. (107), (108)
and Eqgs. (124), (125) are strictly positive real. Substituting
Egs. (144) to (145) into 1% yields

V= %éT{(A —BKT) P+ Py(a - BKT)]é
+é"CKI Pré + %ET{(A ~k,c")' Py
+Py(A - KOCT)}E + & PyBue + w +d)

1
+y 9f9f+ —tr [9 é ] (146)

2
ie.
V= Lot 0,6 eTCKT Pe
——Ee Qie+e o Pie
1 2 1
- Q- PB|\=-—)B"P,
2° p?

1= 1
+e"PyB(ue +w +d) + —efef + —1r [9 ] }
Y2
(147)

The supervisory control u. is decomposed in two terms, u,
and up.

e The control term u, is given by
(148)

Lr
U, = ——e P)B+ Auy,
r

where assuming that the measurable elements of vector
e are {ey, €3, ..., e}, the term Au, is such that

1,
— —&"PyB + Aug
"

P11l + p13é3 + -+ + piiék
1 & o 4 - .- 7
_ _L| pizer+ p3zes+ -+ paiex (149)
Al
Pike1 + p3ke3 + -+ + prek
e The control term u, is given by
_ T —1 TrpTp s
up = —[(P2B)" (P,B)]” (P2B)" CK, Pie (150)

— ug is an Hy, control used for the compensation of the
approx1mat10n error w and the additive disturbance
d. Tts first component — TPQB has been chosen
so as to compensate for the term —eTPzBBTPze
which appears in Eq. (147). By including also the
second component Au,, one has that u, is com-
puted based on the feedback only the measurable

variables {e], €3, ..., ¢}, out of the complete vec-
tore = [eq, €2, ..., ey]. Eq. (148) is finally rewritten
asu, = —%~TP2B + Auyg.

— up is acontrol used for the compensation of the obser-
vation error (the control term u;, has been chosen so as
to satisfy the condition &’ P Buj, = —éTCKoT Pie.

The control scheme is depicted in Fig. 3

Substituting Egs. (148) and (150) in V and assuming that
Egs. (144) and (145) hold, one gets

. 1 1
V= —EéTQlé—l—éTCKOTPlé - 5éTQZé
1 1
+-¢"P,BBT Pye — —2éTP2BBTP25
r 20

+ée" PyBuy + &' PyBup + T PyB(w + d)

1z 1 2T .
+—9f9f+—lr 9 0 (151)
14 Y2
or equivalently,
. 1 1 I _r
V = ——e Qle — —e Qze — Z—e PQBB Pre
p?
+e" P B(w+d + Aug) + —éTéf
" f
! [éTé } (152)
+ —tr
Y2 878

It holds that 6, = 6 — 65 = 67 and §, = 6, — 67 = 6.
The following weight adaptation laws are considered:

bp = - @& BT Pyé
0, = = @7 BT Pyeu”

(153)

where assuming N fuzzy rules and associated kernel func-
tions the matrices dimensions are 8yeRV*!, 9,e RN*2,
®(x)eR?>* N, BeR"2, PeRY* and ée R**!.

The update of 6 is a gradient type algorithm. The update
of 0 is also a gradient type algorithm, where u, implicitly
tunes the adaptation gain y» [33,34]. Substituting Eq. (153)
in V gives

. 1 1 1
V= —EéTQlé — 5éTQZé — méTPzBBTPzé
+ BTPzé(w +d + Auy)

—( ye' PBD(R)(65 — 67)

+ E(—yz)zr [we” 2B, — 6] (154)
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Fig. 3 The proposed Hyo

control scheme Controller

--------------------------------------

d System

w0 - e kT TP Z >

).c: S (x,u)

: L
= 7731 Py e+Au,
:

-8 (BB (PB) K]

T

Pe

Observer

e=Ade-BK" e+ K [e,-C"e] |4

fwn

Adaptation

h

or

. 1 1 1
V = _EéTQlé — EéTQzé - ﬁébeBBTPZé
+ BT Pyé(w +d + Auy)

I i A
+ ;(—Vl)eTPZBCD(x)(@f —6%)

1 0 sl
+ - (prr [ue B0, — §R16) | (155)
2

Taking into account that u € R**! and é” PB(g(x|0,) —
2(x167)) € R? it holds

. 1 1 1
V= —EéTQlé — 5éTQzé — méTPzBBTPzé

+ BT Pyé(w +d + Auy)
1 ~ A
e PBO@)©Or —07)

I T e o
o [ PB@GIg) — 26N (156
Since é” Py B(2(%16,) — §(%167))ue R it holds
tr(@ PyB(3(x16g) — §(x|0)u)
= &' PB(§(x16y) — &(x16)u (157)
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Therefore, one finally obtains

. g o 1_p 1 _p T -
V:—Ee Qlé’—Eé’ Qze—me P,BB* Pye
+ BT Pyé(w + d + Auy)

1 ~ A
e PBO@)©Or —07)

1 ~ s As10%
+E(_V2)6TPZB(8(X|9g) — 8(x10g))u (158)

Next, the following approximation error is defined
we = [f(R167) — fRI60)] +[2(R16)) — 2(RI6 )M (159)

Thus, one obtains

. 1 1 1
V= —-38" 016 - 38702 - 558 BB Pa2

+ BT Pyé(w + d) + &' P,Bw, (160)

Denoting the aggregate approximation error and disturbances
vector as

wi = w+d + we + Aug (161)
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the derivative of the Lyapunov function becomes

i 1 1
V= —EéTglé — EETQzé

1
——T'P,BBT Pye + ¢ P, Bw,; (162)
2p2
which in turn is written as
V= —léTQlé — léT 0,6 — LETPZBBTPZE
2 2 202
1 1
—i—zéTPBwl +§w1TBTP25 (163)
Lemma The following inequality holds
léTPszl + lwlTBTPzé — LéTPzBBTPZé
2 2 2p2
1
< EpzwlTwl (164)

Proof The binomial (pa — %b)2 > 01is considered. Expand-
ing the left part of the above inequality one gets

1
p2a2 + —2b2 —2ab>0=
0

1 1
—p2a2~|— —b>—ab >0=

2 2p2
ab—Lbz < 1,02612:
202 T2
1 1 1 1
—ab+ —ab — —b* < —p*a? 165
2a +2a 22 = 2,0 a (165)

The following substitutions are carried out: a = w; and
b = &7 P, B and the previous relation becomes

1 1 1
EwlTBTl%é + 5észBwl — Z—IﬂETPZBBTPﬁ

< -p*wiw (166)

N =

The above relation is used in V, and the right part of the
associated inequality is enforced

) 1 1 1
V< -— EéTQIé— EéTQzé—l—EpzwlTwl (167)
Thus, Eq. (167) can be written as
i 1 1
V< —EETQE + E,ozwlTwl (168)
where
(e (01 0} .
E— (e) o= ( ) Q2> — diagl01. 0] (169)

Hence, the Hy, performance criterion is derived. For p suf-
ficiently small Eq. (167) will be true and the H, tracking
criterion will be satisfied. In that case, the integration of 1%
from O to T gives

T. 1 T 1 T
- 2 - 2 2
/vmdrs /||E||dt+ p/ llwi12dr =
0 2 Jo 2" Jo

T T
2V(T)—2V(0)§—/ ||E||2er+p2/ llwidr =
0 0
T T
2V<T>+/ ||E||2th52V<0)+p2/ llwilldr (170)
0 0

It is assumed that there exists a positive constant M,, > 0
such that [ ||wi||?d? < M,,. Therefore for the integral

fOT ||E||2th one gets

o
/ IEIIdr < 2V(©0) + p* M, a71)
0

Thus, the integral fooo [|E| |2th is bounded and according to
Barbalat’s Lemma

lim; o E(t) =0 =
lim; ,00e(t) =0

lim,— 00 &(t) = 0 (172)

Therefore lim;_, o, e(t) = 0.

The Role of Riccati Equation Coefficients in Hy
Control Robustness

The linear system of Eqgs. (124) and (125) is considered again

¢=(A—K,CT)é + Buc + B{[f(x,1)

— fGE, O+ [gx, 1) — §(R, O]u + d}
e = CTé

The aim of H, control is to eliminate the impact of the mod-
elling errors w = [ f(x, 1) — f(£, )] + [g(x, 1) — 8, D)]u
and the external disturbances d which are not white noise
signals. This implies the minimization of the quadratic cost
function [35-37]:

T
J(t) = % /0 el e) + rul (tHyuc(r)

—pz(w—i—g)T(w—i—cf)dt, r,p>0 (173)
The weight r determines how much the control signal should
be penalized and the weight p determines how much the
disturbances influence should be rewarded in the sense of a
mini-max differential game. The control input . has been
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defined as the sum of the terms described in Egs. (148) and
(150).

The parameter p in Eq. (173), is an indication of the closed-
loop system robustness. If the values of p > 0 are excessively
decreased with respect to r, then the solution of the Riccati
equation is no longer a positive definite matrix. Consequently
there is a lower bound p,,;, of p for which the H, control
problem has a solution. The acceptable values of p lie in the
interval [pmin, 00). If ppin is found and used in the design
of the Hy, controller, then the closed-loop system will have
increased robustness. Unlike this, if a value p > p,ip, is used,
then an admissible stabilizing H, controller will be derived
but it will be a suboptimal one. The Hamiltonian matrix

(A —K,cT (2 LZ)BBT)
H= T b (174)

-0 —(A =K,

provides a criterion for the existence of a solution of the
Riccati equation Eq. (145). A necessary condition for the
solution of the algebraic Riccati equation to be a positive
semi-definite symmetric matrix is that H has no imaginary
eigenvalues [37].

Simulation Tests

The performance of the proposed observer-based adaptive
fuzzy MIMO controller was tested in the MIMO nonlinear

model of the turbocharged Diesel engine (Fig. 1). The differ-
entially flat model of the Diesel Engine and its transformation
to the Brunovksy form has been analyzed in “Nonlinear Con-
trol of the Diesel Engine Using Differential Flatness Theory”
section.

The state feedback gain was K € R>*#. The basis functions
used in the estimation of f;(%,7), i = 1,2and g;; (X, 1), i =

1,2, j=1,2were pa,(}) = e, j=1,...,2. Since
there are four inputs X1, % 1 and X3, )é3 and each one of them
consists of 3 fuzzy sets, for the approximation of functions
fi(x,1)i =1, 3, there will be 81 fuzzy rules of the form:

R':IF % is AL AND 3y is A}
AND 33 is Ay AND %3 is Ay, THEN f! is b' (175

l

The aggregate output ;)lf the ?euro-fuzzy approximator (rule-
. Aoa 2= filHi:l“{Ai (&)

base) is fi(x,1) = m.

The estimation of the control input gain functions g;; (X, 1)
i = 1, 2 was derived in a similar way. The overall simulation
time was f; = 40sec. The sampling period was taken to be
0.01 sec. In the beginning of the training of the neuro-fuzzy
approximators their weights were initialized to zero. More-
over, the elements of the diesel engine’s state vector were also
initialized to zero. The positive definite matrices P eR**4
and P,eR*** stem from the solution of the algebraic Riccati
equations Eqgs. (144) and (145), for Q1 and Q> also positive
definite.
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(a) (b)
Fig. 4 a Tracking of a reference set-point 1 by the state variables z;, i = 1,...,4 of the transformed Diesel engine model. b Tracking of a
reference set-point 1 by the state variables x;, i = 1, ..., 3 of the initial nonlinear Diesel engine model
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Fig. 5 a Tracking of a reference set-point 2 by the state variables z;, i = 1,...,4 of the transformed Diesel engine model. b Tracking of a
reference set-point 2 by the state variables x;, i = 1, ..., 3 of the initial nonlinear Diesel engine model

The approximations f and ¢ were used in the derivation of
the control law, given by Eq. (102). To show the disturbance
rejection capability of the proposed adaptive fuzzy controller,
at the beginning of the second half of the simulation time

(a)

Fig. 6 a Tracking of a reference set-point 3 by the state variables z;, i = 1,...,4 of the transformed Diesel engine model. b Tracking of a
reference set-point 3 by the state variables x;, i = 1, ..., 3 of the initial nonlinear Diesel engine model
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additive sinusoidal disturbances of amplitude A = 0.5 and
period T = 10sec were applied to the diesel engine model.

The performance of the differential flatness theory-based
adaptive fuzzy control loop was tested in the case of track-
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Fig. 7 a Tracking of a reference set-point 4 by the state variables z;, i = 1,...,4 of the transformed Diesel engine model. b Tracking of a
reference set-point 4 by the state variables x;, i = 1, ..., 3 of the initial nonlinear Diesel engine model
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Fig. 8 a Tracking of a reference set-point 5 by the state variables z;, i = 1,...,4 of the transformed Diesel engine model. b Tracking of a
reference set-point 5 by the state variables x;, i = 1, ..., 3 of the initial nonlinear Diesel engine model

ing of different reference setpoints. The obtained results are
depicted in Figs. 4, 5, 6, 7, and 8. It can be observed that the
proposed adaptive fuzzy control scheme succeeded fast and

accurate tracking of all these setpoints.

@ Springer

The root mean square error (RMSE) of the examined con-
trol loop is also calculated (assuming the same parameters
of the controller) in the case of tracking of the previous set-
points 1 to 5. The results are summarized in Table 1. It can be
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Table 1 RMSE of Diesel engine’s state variables

Parameter P1 P2 P,

RMSE, 0.0001 0.0004 0.0002
RMSE), 0.0202 0.0204 0.0055
RMSE, 0.0079 0.0411 0.0087
RMSE, 0.0001 0.0009 0.0005
RMSE, 0.0001 0.0215 0.0128

seen that the transient characteristics of the control scheme
are also quite satisfactory.

Conclusions

The paper has examined the use of differential flatness the-
ory as the basis of adaptive fuzzy control of turbocharged
diesel engines. The development of embedded control for
diesel engines exhibits particular difficulties, such as the
engine’s nonlinear dynamics, uncertainties and disturbances
affecting the engine’s model and the difficulty in measuring
specific elements of the engine’s state vector. In particular, the
engine’s model does not admit static feedback linearization
and this increases the degree of difficulty of this nonlinear
control problem. To handle this, it has been proposed to apply
dynamic feedback linearization which is based on extending
the state-space description of the engine with the inclusion
of additional state variables representing the derivatives of
the control inputs.

It has been shown that the extended state-space model of
the turbocharged diesel engine satisfies differential flatness
properties and can be finally transformed into the MIMO
canonical (Brunovsky) form. The latter description facili-
tates the design of a state feedback controller that assures
that the elements of the state vector of the engine will con-
verge asymptotically to the desirable setpoints. For the case
that there is no prior knowledge about the diesel engine
dynamics adaptive fuzzy control can be implemented. After
applying the transform that was based on differential flat-
ness theory the MIMO system was written into the canonical
form. The resulting control inputs were shown to contain
nonlinear elements which depend on the system’s parame-
ters. Since the parameters of the system were unknown, then
the nonlinear terms which appear in the control inputs had
to be approximated with the use of neuro-fuzzy networks.
Moreover, since only the system’s output is measurable the
complete state vector had to be reconstructed with the use
of a state observer. It has been shown that a suitable learn-
ing law can be defined for the aforementioned neuro-fuzzy
approximators so as to preserve the closed-loop system sta-
bility. With the use of Lyapunov stability analysis it has also

been proven that the proposed observer-based adaptive fuzzy
control scheme results in Hy, tracking performance.For the
design of the observer-based adaptive fuzzy controller one
had to solve two Riccati equations, where the first one was
associated with the controller and the second one was asso-
ciated with the observer.

The presented case study on observer-based adaptive
fuzzy control system shows that it is possible to apply indirect
adaptive fuzzy control also to systems that admit dynamic
feedback linearization. This is particularly important for the
design of MIMO controllers, capable of efficiently compen-
sating for modeling uncertainties and external disturbances
in such a class of nonlinear dynamical systems. Unlike other
adaptive fuzzy control schemes which are based on several
assumptions about the structure of the nonlinear system as
well as about the uncertainty characterizing the system’s
model, the proposed adaptive fuzzy control scheme based
on differential flatness theory offers an exact solution to the
design of fuzzy controllers for unknown dynamical systems.
Besides, it enables control of MIMO nonlinear systems with-
out the need to measure all state vector elements. The only
assumption needed for the design of the controller and for
succeeding H, tracking performance for the control loop is
that there exists a solution for two Riccati equations associ-
ated with the linearized error dynamics of the differentially
flat model. This assumption is quite reasonable for several
nonlinear systems, thus providing a systematic approach to
the design of reliable controllers for such systems.
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