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ABSTRACT In this article, a finite-time observer-based speed control strategy for the marine diesel
engine is proposed with consideration of system parameter uncertainties, external disturbances and input
constraints. Initially, a finite-time disturbance observer is designed, by which the synchronized uncertainties
are accurately estimated in the sense of finite-time stability. Based on the observed information, a speed
control strategy is proposed, and practical finite-time stability of the closed-loop system is demonstrated
by rigorous theoretical analysis. Besides, for solving the input constraints inherent with the speed control
system, an auxiliary variable is introduced to compensate the extra part of control output signals. Finally,
numerical simulation and comparison are presented. The common operation situations of the marine diesel
engines are taken into account, including starting, acceleration and deceleration between speed set points,
sudden load changing, varied propulsion system parameters and different slope limits, etc. Comparing with
the related existing method, the effectiveness and advantages of the proposed finite-time observer-based

control law are illustrated.

INDEX TERMS Finite-time control, disturbance observer, input constraints, marine diesel engine.

I. INTRODUCTION

Diesel engines are extensively used as main engines and
electric generators in ship industry by virtue of high ther-
mal efficiency, reliable performance, and economic advan-
tages [1]. When diesel engine is employed as marine main
engine, the speed control of the engine is crucial for guar-
anteeing smooth cruise, since engine speed directly effects
on the ship sailing speed [2]. Therefore, diesel engine speed
control has been widely investigated in recent years. How-
ever, new challenges came up due to the application of new
technologies such as exhaust gas recirculation (EGR) [3],
hybrid propulsion [2], variable geometry turbocharger (VGT)
[4], etc., which made the speed control more complicated
and brought higher requirements for the entire engine sys-
tem. Meanwhile, the actuators of speed control system also
get improved, i.e. the traditional fuel pump rack has been
substituted by high pressure common rail (HPCR) system.
Thus it is possible to conduct control signals more precisely,
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because the HPCR performs accurate and flexible fuel injec-
tion. Therefore, advanced control algorithms can be applied
to speed control system to further improve the marine diesel
engine performance. Consequently, increasing research inter-
est has been aroused in this field and extensive studies are
reported on engine speed control strategies, see [5]-[13],
and the references therein. As a simple and reliable control
method, Proportion-Integration-Differentiation (PID) is com-
monly adopted to diesel engine speed control system [5].
Besides, fuzzy PID [6], Hoo PID [7], and PID controller
combined with genetic algorithm [8] are investigated. In [12],
a multi-sliding surface control scheme is proposed, different
sliding surfaces are selected with consideration of the various
engine working conditions.

However, it is noticeable that the existing control methods
concerned with diesel engine speed control system can only
achieve asymptotical stable property, which implies the con-
vergence rate is at best exponential with infinite settling time.
Meanwhile, due to the faster response speed, higher accuracy
and better robustness, finite-time control laws have been a hot
topic. In [14], the homogenous system theory is applied to
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study finite-time control problem for soft landing on aster-
oid, numerical simulation results show that the proposed
method shows faster convergence rate and better disturbance
rejection properties than the asymptotically stable controller.
In [15], a finite-time consensus law is developed for multi-
robot system by using terminal sliding mode control. For fur-
ther enhancing system robustness, the unknown disturbances
and system uncertainties should be properly compensated by
the control strategies, thus adaptive mechanism [16], sliding
mode control method [17], and neural network [18] have
been adopted. Recently, observer-based control method has
become a valid measure for estimating unknown information
of the concerned system [19]-[23]. In [20], a homogenous
observer is developed to estimate system states and output-
feedback control law is achieved by adding a power integrator
technique. In [21], a reduced-order disturbance observer is
proposed to attenuate the uncertain disturbances in a class
of continuous non-linear systems. It is noticeable that the
observer technique is also upgraded by combining the finite
time control approach [24]-[26]. In [24], a continuous finite-
time extended state observer is presented to estimate the
actuator faults and system uncertainties. In [25], a finite-
time disturbance observer is first designed to reject the load
disturbances variation, and then non-singular terminal slid-
ing mode controller is proposed on basis of the observation
information. By now, finite-time observer-based control has
become an effective approach for stabilizing systems with
unknown disturbance and uncertainties. Notably, the applica-
tion of finite-time control methods and observer techniques
would potentially improve engine speed control system per-
formance, which is worthwhile to be studied.

In addition, finite-time control laws always demonstrate
large control output signals to generate fast convergence
rate, which inevitably results in large magnitude of system
states. Nevertheless, state constraints [27]-[29] and actuator
constraints such as input saturation [30], [31] and deadzone
[32], [33] problem exist in practical system. Barrirer Lya-
punov function (BLF) is employed to restrain the system
states and control input simultaneously, and better tracking
effect is guaranteed [28]. In [30], a nonlinear controller is
first designed to handle input saturations and velocity feed-
back unavailability for the dual rotary crane system. In [31],
an auxiliary system is introduced to solve non-symmetric sat-
uration nonlinearity. In [33], actuator deadzone is considered
in an articulated manipulator control system, and a finite-time
controller is proposed. Considering the marine diesel engine,
it is necessary to limit the fuel supply based on the operating
condition, such that the economical efficiency is improved
and the polluted emission is reduced [34]. Meanwhile, for
engine speed control system, the fuel injectors in each cylin-
der is used as the main actuators, which inject certain mass of
fuel into cylinder according to the control signals. Therefore,
only positive control signals will be effectively reacted by
the fuel injectors. By now, such practical problem have been
received little attention among the related research works.
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FIGURE 1. Schematic diagram of the marine diesel engine for propulsion.

Hence, the investigation of input constraints for engine speed
control system is a meaningful topic with practical sense.

Given the challenges stated above, this work develops
finite-time disturbance observer and finite-time controller for
diesel engine speed control system in the presence of input
constraints. The main achievements of the proposed control
strategy are shown as follows: 1) Model deviations and exter-
nal disturbances of the speed control system are summarized
as synchronized uncertain term, which is estimated by the
proposed finite-time disturbance observer. Afterwards, the
estimated information is used to facilitate the control law
design. 2) Due to the actuators of the speed control system
only respond to positive signals, input constraints problem is
explicitly handled in this paper. A finite-time control law is
constructed by employing an auxiliary variable to overcome
the input constraints.

The main contents of the following sections are given as
follows. In Section 2, the mathematical model and the control
objective of diesel engine speed control system are addressed.
In Section 3, a finite-time disturbance observer is developed,
then a finite-time control law with input constraints is further
derived with the observed information. In Section 4, simu-
lated works are carried out, effectiveness of the disturbance
observer-based finite-time control law is verified, and com-
parison has been exhibited to show the superior performance
of the proposed control scheme. Finally, the conclusion about
the work is summarized, and further research of this paper is
discussed in Section 5.

Il. PRELIMINARIES

In Fig. 1, the schematic diagram of a marine diesel engine
is presented, which is composed of the engine body, tur-
bocharger, exhaust manifold and intake manifold. Addition-
ally, aimed at speed control system analysis, a telegraph and
a propeller are connected to the engine. Specifically, the
telegraph provides a reference speed signal to the control
system and load torque is acted on the engine by the propeller.
The mathematical models and problem formulation will be
illustrated in the following context. Then, some useful defi-
nitions and lemmas are given to facilitate the control scheme
design.
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A. MEAN VALUE ENGINE MODEL FOR DIESEL ENGINE
The mean value engine model (MVEM) is the most widely
used control-oriented model for diesel engine by virtue of its
easy implementation and high calculation speed [35] which
is introduced for investigating the speed control strategy of
diesel engine. In order to study the characteristics of the
speed control system of marine diesel engine, mean value
torque models of thermodynamic and kinetic processes will
be addressed in detail, including the torque produced by
fuel combustion, and the various internally and externally
consumed torque.

Let M; be the gross indicated torque stems from the fuel
combustion in each cylinder, which is calculated as

meqLAV NiNeyl

27N, st
where my is fuel mass injected into each cylinder per cycle, n;
is the gross indicated efficiency, g gy denotes the low heating
value of diesel, Ncy| is the number of cylinders. Ny depends
on the type of diesel engine, which takes 1 and 2 for a two-
stroke engine and a four-stroke engine, respectively.

Note that during the working process, the indicated torque
M; is partially consumed internally, i.e. friction torque M;
and pumping torque M}, should be taken into consideration.
Generally, My and M}, are calculated by empirical formulas.
Here, Mt is assumed to be a quadratic polynomial of engine
speed [36], and M), is calculated based on the intake and
exhaust manifold pressures as follows

M; = ; ey

%
My = 22109 (klng + kone + k3> )
4
Va
M, = 4_ (pem _Pim) (3)
T

where Vg denotes the total displacement, n. is the engine
speed, pem and pin, respectively present the exhaust manifold
pressure and the intake manifold pressure, ki, k2, k3 are the
experimental coefficients.

Thus, the effective torque generated by the marine diesel
engine M. is obtained

MezMi—Mf—Mp 4)

Besides, the external torque consumption is mainly
counted on the propeller connected to the engine. Despite of
the shaft system and the gear-box also result in partial torque
loss, the value is considerable small and its variation is quite
slow compared with the torque generated by the propeller,
so this part of torque loss is ignored in this paper. The reduc-
tion ratio of the gear-box is assumed to be 1, which is clear for
analysis and will not affect the structure of the mathematical
model. Hence, the external torque consumption Mjg,q is equal
to the propeller torque loss, and can be obtained as

Mioad = kn? 5)

where the coefficient k is calculated by £k = KMwaS
with Ky denoting the propeller torque coefficient, D}, denot-
ing the propeller diameter, and p, denoting the seawater
density [37].
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B. DIESEL ENGINE SPEED CONTROL PROBLEM
FORMULATION

The dynamic model of the propulsion system can be obtained

141 dne 30
( et P) dr - T
where J. denotes the total inertia moment of the moving
components of the diesel engine, J, is inertia moment of the
propeller. The external disturbance My is mainly caused by
the change of propeller torque, which results from the fluc-
tuation of propeller torque coefficient and partial propeller
emerging from water.

Remark 1: J,, is usually different for various propulsion
systems and time-varying even for the same propulsion sys-
tem because of the entrained water inertia [7].

Combining (1)-(6), the entire dynamic model can be sum-
marized as

(Me — Mioad — Md) (6)

x=f@+g@u+d(@) N

where the engine speed is chosen to be system state variable
and the fuel mass injected into each cylinder per cycle is taken
as control input variable, i.e. x = ne and u = my. Besides,
f (x), g (t) and d (¢) are given as follows

30
= —— (Mt + M
f(-x) T (Je +JP) ( f+ load)
15gLuv Neyi i
) = ———
g (@) 2N (e + )
30
dt)=—— (M, + M

For the marine engine, speed setting mode is the main work-
ing module and the basic requirement at sea. The desired
speed is sent to the controller by the telegraph, which switches
values in the step form.

Remark 2: The coefficients Ney, Ny and grpv are
constants for a given diesel engine. However, the gross indi-
cated efficiency »; is time-varying, which infers g (¢) is time-
varying, and has significant impact on the speed control
system. In this paper, n; is supposed to be dominated by
excess air coefficient o and engine speed 7., thus it is cal-
culated as [38], [39]

m= (and + ame +a3) (1 - asa®) @®)

where a;,i = 1,2,...,5 are experimental constants. The
excess air coefficient is calculated by the qualities of the fuel
injected and the air intake per cycle per cylinder. The air mass
is obtained by the turbocharger model, the intake manifold
model, the exhaust manifold model as shown in Fig. 1. The
detailed illustration has been given in [40], and omitted here
due to space limitation.

Remark 3: Although M, can be calculated by (3), the mea-
surements for pem and pin are not always available due to
the high cost of pressure sensors. Thus, we assume that M, is
unknown and treated as part of external disturbances.
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Given Remarks 1-3, the following assumption can be
made.

Assumption 1: Denote f(x) = fo(x) + Af(x) and g(¢) =
go(t)+ Ag(t), where fo(x) and go(¢) represent the known parts
of f(x) and g (), while Af(x) and Ag(z) are the unknown
parts.

In view of the above statement, system (7) is rewritten as

x = fo(x) + go(Hu+ D )

where D = d (t) + Af(x) + Ag(t)u represents the synchro-
nized uncertainties.

Remark 4: The actuators of the speed control system are
subject to input constraints and the fuel mass injected into
each cylinder per cycle should be neither negative nor exceed
the maximum limit of the diesel engine. Excessive fuel injec-
tion mass will shorten the service life of the diesel engine and
even cause serious damage. Besides, the fuel injection mass
is usually limited to ensure appropriate excess air coefficient
in order to achieve economical efficiency and satisfy strict
emission requirements [41].

According to Remark 4, one can get

u € [0, u] (10)

where the positive variable # denotes the maximum limitation
of fuel mass per cylinder per cycle in accordance with the
working condition of the concerned diesel engine.

C. CONTROL OBJECTIVES

For marine diesel engine, steady sailing speed tracking is a
key evaluation indicator. The desired speed of the marine
engine is given by the telegraph, which consists of a set
of fixed target speed values. The output signals of the tele-
graph switches between the adjacent values during the whole
operation progress. Additionally, a slope limit is commonly
applied on the target speed to avoid excessive acceleration
for preventing propulsion system damage [37]. In practice,
the marine diesel engine speed control strategy is designed
to drive the engine speed to track the desired speed with
fast response capability and high robustness. Meanwhile,
the input constraints mentioned in Remark 4 should be taken
into consideration to obtain reasonable control command,
such that satisfying performance can be achieved.

D. USEFUL DEFINITIONS AND LEMMAS
Before proceeding further, several useful definitions and lem-
mas are introduced.

Definition I [42]: Consider the following system

x=f(x,u),x(@) =xy, xeR" (11

where f D — 9" is non-Lipschitz continuous on a
neighborhood D of the origin x = 0 in 91" The state variable
x is finite-time convergent if there is an open neighborhood
U of the origin and a function 7 : U\ {0} — (0, 00), such
that every solution trajectory x (¢, xg) of (11) starting from
the initial point xop € U\ {0} is well-defined and unique in
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forward time for ¢ € [0, Ty (xp)), and lim;_. 7, (xy) (¢, X0) = 0.
Here Ty (xp) is called the settling time (of the initial state
xo). The state variable x of (11) is finite-time stable if it is
Lyapunov stable and finite-time convergent. If U = D = )",
the state variable x of (11) is globally finite-time stable.

Definition 2 [43]: The solution of the nonlinear system
(11) is practical finite-time stable (PFS) if for all x(zy) = xo,
there exist ¢ > 0 and T (g, x9) < oo such that ||x(¢)|| < & for
allt > 19+ T.

Lemma 1 [44]: Consider system (11), and suppose that
there exists continuous function V(x), scalars ¢ > 0 and
0 < o < 1, such that

Vx)+cVEx)®* <0

Then the origin is finite-time stable equilibrium of the system
(11). Moreover, the settling time T (xp) satisfies Ty (xg) <
1 1—«a
T ¥ (0)
Lemma 2 [43]: Considering system (11), and suppose that
there exist continuous function V(x), scalars A > 0,0 < o <

land 0 < B < oo, such that
V) < —AV@)* + B

Then, the trajectory of system (11) is PFS. Therefore, the tra-
jectories of the closed-loop system are bounded in finite time

as 01in91 X € (V(x)“ < ﬁ), where 0 < 69 < 1. And
—bo

the time needed to reach such a neighborhood is bounded as

Ty (x9) < ;/9((.;((01)1;“)’ where V (xo) is the initial value of V (x).
Lemma 3 [42]: Forall x; € R(i = 1,2,...,n) and real

number p € (0, 1], following inequalities hold

n p n n p
(Z |x,»|) <Y Il <n' (Z |xi|)
i=1 i=1 i=1

IIl. FINITE-TIME OBSERVER BASED SPEED CONTROL
LAW WITH INPUT CONSTRAINTS

In this section, a finite-time disturbance observer is first
designed to estimate the synchronized uncertainties. Then,
based on the observation information, a finite-time control
law with consideration of input constraints is constructed.

A. FINITE-TIME DISTURBANCE OBSERVER

For estimating and compensating the synchronized uncertain-
ties, a finite-time disturbance observer is developed. Define
z1 = x and an extended state variable zp = D.

Assumption 2: For diesel engine speed control system,
the disturbance D is continuous and differentiable. Denoting
D = h(t), and h(t) is assumed to be unknown but bounded,
i.e. |a(t)] < h with h being a positive scalar.

Then, system (9) is extended as

(12)

=fox)+go@®u+z
Z=h()
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Let 71 and 7, represent the estimated values for z; and z;,
respectively. A disturbance observer is given as follows

Z1 =fo (x) + go (x) u + z2 — Opysig'’? (21 - m) 13)
72 = —02pysgn (21 — Zl)

where p1, p2 and 6 are positive observer gains to be selected.
For a given vector x = [xy, ... ,x,,]T and y € N, the function
sig? (x) = [Ix1]” sgn(xp), ..., [x,|” sgn(xn)]T is defined.

Denote the observation errors e¢j = Ej —-z,j =12
According to equations (12) and (13), the observation error
system can be written as

{é’i = e; — Opysig!? (er) (14)

&y = —60%pysgn (e) — h (1)
Theorem I: Consider the system (9) under Assumptions 1-
2. If the disturbance observer (13) is applied. Then, the obser-
vation errors are finite-time stable, and the settling time is
bounded by Typps < 3 V., (90) 2.
Proof: Consider the following coordinate transformation
€

= =2

where 0 ¢ (0, 1), thus the observation error system (14) leads
to

= —0'"2pi5ig'? (e1) + Oer
- 146 (15)
——9 P pasgn (e1) — 6~ D (1)

By defining an auxiliary variable ¢ = [sigl/2 (e1) &2 ]T,
a Lyapunov function candidate is constructed

V, =3Py (16)

where P is a positive definite symmetric matrix.

In the following context, stability analysis of the error
dynamic system is addressed as follows.

Step 1: A subsystem of the error dynamics (15) is consid-
ered

&1 = —0'"02psig (1) + 062 17
& = —0'"%pysgn (e1)
Differentiating # along (17), it yields
3 — % leq| =1/ [—91_9_/2;018ig1/2 (e1) + 982]
L —0'7 pysgn (e1)
= |e1| "' Ay (18)
_p1-/2 / 20/2
where Ay = _'01 /
_01—0[02 0

From (18), the first time derivative of V, along the subsys-
tem (17) is obtained

le1| 72 9T Qw
(19)

ey 2T (Agp +PA19) 9 =—
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where A;gP_—i— PAy = —Q. Obviously, Ay is Hurwitz if and
only if 91_0/2,01 > 0and #'~%p, > 0. Hence, there always
exists a unique solution P > 0 for any Q > 0.

In view of the definition of V,, it can be deduced that

leq |12 < 19| < Amm (P) V.. Therefore, it further has
. — A
v, < _)‘milr{Z P) V1/2 min (Q) V, = —ci Vg]/z (20)
Amax (P)

—-1/2 Amin
where ¢ = )‘mh{ (P) )»max((Q)

Step 2: The original error dynamic system (15) will be
analyzed. Taking the time derivative of V, along (15), it has

. 0
T 1/2 1/2
V,<29'P |:—h (1) 6-(+9) :| —e1VP<—(c1 —e) V)
2D
(P -
where ¢; = )me(P)(;l —5- If 0 is sufficiently large to ensure
146 max(P)h o ’
0 > PR INzv ok then it can be deduced that V, <

—c3 Ve/ with ¢3 = ¢; — ¢ > 0. According to Lemma 1,
the observation errors converge to the equilibrium in finite
time with the settling time satisfying T,ps < —V (%)%,
where ¥ denotes the value of ¢ at initial time. Thus itimplies
that 7, and D can be estimated by 71 and 7 in finite time.

B. FINITE-TIME CONTROLLER WITH INPUT CONSTRAINTS
On basis of the proposed finite-time disturbance observer, the
speed control scheme will be further studied. Recalling input
constraints u € [0, u] for the injected fuel mass, the following
equation is introduced

u=v—Au (22)

where v represents the output signal of the control algorithm,
u is the actual control input acting on the diesel engine, and
Au is defined as

(23)

< O <I
A TN A
S < o<
IA
NI

v,

With the assistance of (22), it is possible to compensate
the extra part of the control signal, and thus facilitate the
controller design and stability analysis.

Remark 5: The input difference Au between the desired
control signal v and the actual control input u cannot be too
large, otherwise it will make the actuator cannot stabilize the
system in real application. Similar explanation can be found
in [45], [46].

The speed tracking error is defined as

S =X —Xxq (24

where xq denotes the reference engine speed.
Furthermore, to facilitate controller design, an auxiliary
variable is defined

S (25)
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Here, £ is defined in the form of command filter

£ =—hiE — & —go (1) Au (26)

with iy, hy being positive gains and 0 < r < 1.
Thus, the finite-time speed control law with input con-
straints is proposed

v=g0 (07! [~his—hog" — han' — fo () = T2+ @D)

where i and &y are positive control gains to be chosen.
Theorem 2: Consider system (9) under Assumptions 1-2.
If controller (27) combined with observer (13) is applied.
Then, the system trajectories are practical finite-time stable.
Proof: A Lyapunov candidate function is selected as

V=Vi+W (28)

where V| = %nTn and V, = %ETS.
Combining (24), (25) and (26), the time derivative of n
yields

n=3—-£
= fo )+80 () u+D—%q — [—hi& — hE" — go (1) Au]
=fox)+go®)v+D+hi§+hE — iy (29)

Substituting control law (27) into (29), it has

n=—hs—h& —hn"—72o + x4 + D+ h& + " — x4
= —hin—h3n — e (30)

It has been proven in Theorem 1 that the observation error
ey approaches zero within finite time. Hence, stability of the
closed-loop system is analyzed by two phases.

Firstly, before the settling time Ty, the time-derivative of
(28) yields

V = —hin"n—han ' —nTey—h TE —hpg"*!

—&Tg0 (1) Au
1 1
< - (hl —§> n n—hyn T — (hl — 5) £Te — ppert!
1 1
+§ lle2]l + 3 lligo (t) Aull? (31)

Since the observation error e, converges to zero in finite
time, it can be concluded that |lez]] < p; with p; being
a positive scalar. Moreover, it is reasonable to assume that
llgo () Aul| < p2 with py being a positive scalar, for gg (¢) is
a constant calculated by the engine coefficient and Au should
be a bounded constant with consideration of Remark 5.

Hence, (31) leads to

. 1 1 1 1

Ve —(h =2 \nTn—(n —2)&T V)
< (1 2)’177 (1 2>§§+2P1+2ﬂz
< -3V +ps (32)

where p3 = 2h; — 1 and pg = %,012 + %p% Thus, it further
implies that the closed-loop system is ultimately bounded
stable and the states n and £ converge to a region around the
equilibrium if any of the following inequalities satisfied

n > 2p4/p3

50864

£>2p4/p3

Therefore, it can be concluded that the system states n and &
are bounded even before the synchronized uncertainties are
precisely compensated.

Secondly, after the settling time Tops, the observation error
ey = 0, then (30) can be simplified as

n=—hn—hyn (33)

Given (26) and (33), then differentiating the Lyapunov
function V, it yields

V=—hin'n—han —mETe — et —£Tg0 (1) Au

(34
By using Young’s inequality, it can be obtained
. 1
Vo< —hin'n—han' ™t~ (hl - 5) 576 — g™t
1 2
+5 llgo (1) Aull
r+1 r+l rtl
< —Qh - 1)V—22k<V12 +V,? )
1 2
3 llgo (1) Aull (35)

where h| > % and A = min {hy, h3} > 0.

. rtl rl
In view of Lemma 3,onecangetV 2 = (V1 + V) 2 <
r+l r+l1

V,% +V,7 , then (35) leads to

. r r 1
V< 2w g 5 llgo () Aul® (36)

According to Lemma 2, the system (9) with the control law
(27) is practical finite-time stable. For all x(#y) = xo, the time
in which the system trajectory reach

lim x e (VE < g aul? /255531 - )
w—>w(
And the settling time satisfies T < (2V (xp)) 17/)»0)0 (1—=r),
where 0 < wg < 1, V (xp) is the initial value of V (x).

Therefore, n and & are proven to be PFS. Actually, control
signal v decreases as the speed tracking error approaching the
equilibrium. Eventually, v will fluctuate between the upper
bound and lower bound, thus the final value of Au is zero.
Hence, £ is finite-time stable from (26). Given (25), it can
be deduced that speed tracking error s is practical finite time
stable.

Remark 6: Compared with the control methods in [5]-[13],
it is noticeable that not only finite-time convergence rate is
achieved but also the input constraints problem is explicitly
handled in this paper. Given the fact that the fuel injectors
only respond to the positive control signals, the proposed
speed control law with input constraints possesses practical
significance and application value.

Remark 7: The proposed control scheme is developed on
basis of the MVEM, which is a common model for diesel
engine and gasoline direct injection engine. Therefore, this
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FIGURE 2. The overall tracking performance of the disturbance observer.

TABLE 1. Parameters of the marine diesel engine.

Parameter Value
Working Principle 4-stroke
No. of Cylinders In-line, 6
Bore/Stroke 130/160 mm
Displacement 12.7L
Compression Ratio 17.5:1

Intake System Turbocharging, inter-cooling

Rated Power 405kW (1900rpm)

Maximum Fuel Delivery 250mg/cycle

method can be easily extended to the case of gasoline direct
injection engines. However, for the non-gasoline direct injec-
tion engines, further research should be carried out in the
near future, because the throttle motion model has not been
considered by now.

IV. SIMULATION AND ANALYSIS

To verify the effectiveness of the proposed finite-time
observer based control law (FTOBC), numerical simulation
on a marine diesel engine is carried out, the results are ana-
lyzed in this section. Moreover, the second order sliding mode
controller (SOSMC) in [13] is employed under the same sim-
ulated condition, which has shown better performance than
traditional PID controller. Hence, by comparing the results
between SOSMC and FTOBC, the superiority of FTOBC is
illustrated.

In Table 1, the primary parameters of the concerned marine
diesel engine are given. According to the common operating
conditions of marine diesel engines, the simulations include
the starting process, steady operation process, acceleration
and deceleration between speed set points, and sudden load
changing. To get the engine running, a starting torque is used
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to drive the engine until it reaches a certain speed, then the
control algorithms will take charge of the speed control sys-
tem. A set of reference speed is considered as set points to test
control performance, which are 700 rpm, 1100 rpm, 1500 rpm
and 1900 rpm. After the starting process, the reference speed
changes between the adjacent set points. A slope limit is
applied on the reference speed, which is set as 400 rpm/s.
Besides, in harsh sea conditions, the propeller inevitably
emerges and reenters the water, which would cause dramatic
loads changing. Given such situation, propeller torque Myaq
is discharged and increased by 50% at 11.5 s and 12.5 s to sim-
ulate the effect of emerging and reentering. Especially, varied
inertia moment J}, and diverse slope limits are considered to
test the robustness of the proposed FTOBC.

A. DISTURBANCE OBSERVER PERFORMANCE

The simulation results of the finite-time disturbance observer
(13) are given in Fig. 2-4, where the parameters are chosen as
6 =10, p; =20 and p; = 30.5.

Due to the starting process, the disturbance observer is ini-
tiated at about 0.66s when the FTOBC takes over the control
authority. From Fig. 2, it can be seen that the synchronized
uncertainties D varies with the changing of engine speed
ne and propeller torque. Meanwhile, the response curves of
the observation value keep good tracking performance dur-
ing the whole working process. More details are depicted
in Fig. 3 and Fig. 4.

Fig. 3 (a) and (d) show the trajectories of engine speed re,
synchronized uncertainties D, and their observations after the
algorithm execution. It only takes the finite-time observer less
than 0.2 s to stabilize the observation errors with considerable
high accuracy. In Figs. 3 (b) and (c), the observed results of
engine speed during acceleration and deceleration processes
are presented, which indicate that the observed n. can track
the time-varying actual speed with negligible overshoot and
acceptable accuracy. Correspondingly, Fig. 3 (e) and (f) show
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FIGURE 3. The detail tracking performance of the disturbance observer during (a) and (d) starting, (b) and
(e) acceleration from 1500 rpm to 1900 rpm, (c) and (f) deceleration from 1500 rpm to 1900 rpm.

that there is a slight delay deviation of the observed D during
acceleration and deceleration process, and the observation
can track its real value precisely afterwards.

The abrupt loading and unloading are big challenges for
marine diesel engine control system, thus Fig. 4 is carried
out. The propeller torque Mjy,q is discharged and increased
by 50% at 11.5 s and 12.5 s, respectively. Due to the sudden
reversed change of go(¢) - u, the time history of observed
speed diverges from the actual speed at the beginning. Then,
it consumes approximate 0.2 s for the observation errors to
be stabilized. Hence, it can be seen that the observed speed
and observed disturbance track their actual value despite the
instant change of load.

To sum up, the proposed finite-time disturbance observer
possesses good tracking performance and considerable fast
convergence rate, which can be used for control law
implement.

B. FINITE-TIME CONTROLLER PERFORMANCE

In order to illustrate the advantages of FTOBC, a SOSMC
controller proposed in [13] is applied on the con-
cerned marine diesel engine for comparison. Moreover,
the parameters of both controllers are selected by balancing
the control performance under different working conditions.
The control parameters of the FTOBC are selected as r = 0.8,
hy =92, h, = 110 and h3 = 98. The parameters of SOSMC
are chosen as p = 0.5, A1 = 5.5 and A, = 80.
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FIGURE 4. The detail tracking performance of the disturbance observer
during loading and unloading.

Additionally, the input constraints for the two controllers
are considered in two aspects: the upper and lower bounds.
The upper bound, i.e. the limit of SOSMC/FTOBC in the
following figures, refers to the maximum allowed value of
fuel mass per cylinder per cycle. To be specific, it is calcu-
lated in real time with consideration of the minimum limit
value of excess air coefficient and the air intake mass. Mean-
while, it should be bounded by the maximum allowed fuel
mass by the concerned engine, i.e. 250mg/cycle. Since the
air intake mass varies with the engine operating conditions,
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FIGURE 6. The starting process comparison between SOSMC and FTOBC.

the maximum allowed value of fuel mass is also time-varying
as shown in Fig. 5. The lower bound for both controllers is
set as zero, for only positive fuel amount is possible to be
injected. Although SOSMC is designed regardless of control
input constraints, the above mentioned upper/lower bound
should be applied to SOSMC in the simulation, thus fair
comparison of control performance can be ensured.

The results of engine speed and control output response
curves under FTOBC and SOSMC are shown in Fig. 5-9.
From Fig. 5, we can see that both controllers process satis-
fying performance under each operating condition. Detailed
description and analysis are described below.
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FIGURE 7. Diesel engine speed and controller output response during
loading and unloading.

1) CASE 1 STARTING PROCESS

Simulation results for the starting process are presented
in Fig. 6. The control algorithms effect on the engine instead
of the starting torque as the speed reaching 300 rpm, which
would lead to speed fluctuation to some extent. The overshoot
of the engine speed under the FTOBC is attenuated and the
recovery time is less than 0.33 s. Whereas, the overshoot
and recovery time are 21.8 rpm and 0.49 s when SOSMC is
applied. After the speed is stabilized at idle value, the torque
generated by the propeller is loaded on the engine at 1.5 s,
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FIGURE 8. The control performance comparison between SOSMC and FTOBC with
different moment of inertia under various conditions like (a) acceleration from 700 rpm
to 1100 rpm, (b) acceleration from 1100 rpm to 1500 rpm, (c) acceleration from 1500 rpm
to 1900 rpm, (d) deceleration from 1900 rpm to 1500 rpm, (e) deceleration from

1500 rpm to 1100 rpm and (f) deceleration from 1100 rpm to 700 rpm.

which results in an overshoot of approximate 12 rpm and
0.12 s recovery time for SOSMC. However, it only brings a
2 rpm overshoot for FTOBC, and the recovery time is 0.08 s.
As shown in Fig. 6, by applying FTOBC scheme, the fuel
mass reaches the upper bound for a while at the beginning
stage, then drops sharply and stays within the allowed range.
Owing to the large magnitude of control output, FTOBC
possesses faster response speed than SOSMC. Moreover, the
fuel mass immediately falls back into the allowed range after
reaching the upper bound, because the input constraints prob-
lem has been handled by algorithm design. Hence, by con-
sidering input constraints, control performance of FTOBC is
improved.

2) CASE 2 LOADING AND UNLOADING CONDITIONS

As stated previously, dramatic load changing would happen
when the propeller emerges from the water and renters into
water. Fig. 7 shows the simulation result when 50% load
is suddenly unloading and loading at 1900 rpm. It can be
observed that control performance of FTOBC is obviously
superior to SOSMC. During the unloading phase, the over-
shoot under FTOBC is only 34 rpm, which is obviously less
than the overshoot of 156 rpm under SOSMC. Meanwhile,
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the recovery time of FTOBC and SOSMC turns out to be
0.14 s and 0.56 s, respectively. During the loading phase,
because of the delay of turbocharge, the fuel mass under
both controllers have once reached their limits. Therefore, the
engine speed overshoot under the both controllers are larger,
i.e. 87 rpm and 132 rpm for the FTOBC and SOSMC, respec-
tively. Besides, because of the integral item in the SOSMC
controller, the control signal still increases even when the
limit is reached. Hence, an overcontrolling is caused, which
is shown by the enlarged plot. This phenomenon is likely to
occur in the presence of integral loops and can be weakened
by setting limitation in integral item or with anti-windup
methods [47], [48], but such methods can hardly keep good
performance during the wide operating conditions for diesel
engine. Nevertheless, FTOBC avoids this situation and recov-
ered faster.

3) CASE 3 ACCELERATION AND DECELERATION
CONDITIONS WITH DIFFERENT INERTIA MOMENT

In practical, a diesel engine is required to be able to work with
different propulsion system rather than a fixed one. Hence,
varied system parameters for distinct propulsion should be
taken into consideration, such as inertia moment, torque
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FIGURE 9. Robust comparison of the two controllers with different desired speed slope limits,

A-2000 rpm/s, B-500 rpm/s, C-400rpm/s.

coefficient, etc. In this case, the concerned control strate-
gies are applied on propulsion systems with different iner-
tia moments, thus robustness of the FTOBC and SOSMC
can be verify and compared. Two sets of propulsion system
parameters are selected. Control gains for both FTOBC and
SOSMC are tuned for only one set, thus system robustness
of the two schemes is tested. Accordingly, the response
curves are denoted as SOSMCI1 and FTOBCI1 for one set,
SOSMC?2 and FTOBC?2 for the other set. In Fig. 8, during
acceleration/deceleration stage, a slight speed delay devi-
ation exists when FTOBC is applied, whereas accurately
tracking is performed by SOSMC. That is because a small
deviation exists between the observed D and the actual D at
the above mentioned stage, which has been shown in Fig.
3. After the acceleration/deceleration, engine speed under
the FTOBC converges to the reference speed within 0.05 s.
Whereas it takes SOSMC much longer time to stabilize
engine speed to the set points and obvious overshoot can be
observed. Although both controllers achieve speed tracking
with high accuracy after a certain time, control performance
of SOSMC deteriorates as the propulsion system parame-
ters changed. However, FTOBC scheme maintains satisfac-
tory performance under different propulsion inertia moment,
which implies that FTOBC demonstrates stronger robustness
compared with SOSMC.

4) CASE 4 ACCELERATION AND DECELERATION
CONDITIONS WITH DIFFERENT SLOPE LIMITS

From the perspective of safe operation, distinct propulsion
systems should match different slope limits. Hence, the fol-

lowing processes are carried out to test control performance
of FTOBC and SOSMC under varied slope limits. In Fig. 9,
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the black dash line A, B and C denote three types of slope
limit, which are 2000 rpm/s, 500 rpm/s and 400 rpm/s
respectively. Observed from Fig. 9 that FTOBC performs
satisfactorily with high tracking accuracy under all three
cases, whereas system performance is heavily affected by the
slope limit when SOSMC applied. It is worthwhile to men-
tion that extreme large/small injection volume is inevitable
for driving engine speed to track steep slope limit. Hence,
the upper and lower bound of fuel mass are reached when
tracking the 2000rpm/s slope under both controllers. How-
ever, the response curves of FTOBC recover faster with less
fluctuation afterwards, due to input constraints problem has
been solved by the algorithm in advance.

Summarizing the above analysis and comparison, FTOBC
scheme shows superior performance over SOSMC scheme.
Accurate speed tracking with fast convergence rate and strong
robustness are guaranteed by FTOBC, and input constraints
problem is also solved properly as well. Therefore, control
performance of marine diesel engine speed system can be
further improved by the proposed FTOBC.

V. CONCLUSION AND PERSPECTIVES

In this paper a finite-time observer-based speed control
method is investigated to handle system uncertainties, exter-
nal disturbances and the inherent input constraints problem.
By proposing a finite-time disturbance observer, synchro-
nized uncertainties including parametric uncertainties and
external disturbances are reconstructed. Based on the obser-
vation information, a finite-time control law with input con-
straints is further designed. Theoretical analysis proofs that
system trajectories converge to a small neighborhood around
the equilibrium within finite-time. To show the superior
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performance over the existing methods, numerical simulation
is carried out. By comparing the results of various operation
situations on the marine diesel engine, faster convergence rate
and stronger robustness are demonstrated by the proposed
FTOBC while achieving precise speed tracking. Our future
work will concern the discontinuity and inhomogeneity of the
diesel engine, and control algorithms will be tested on real
engine bench.
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