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ABSTRACT The application of model predictive control (MPC) algorithm in the fixed phase control
of marine diesel engine speed is studied under the premise of considering model mismatch and external
disturbance. Firstly, the steady-state error problem of conventional MPC controller is solved by changing
nonlinear model to incremental form. Furthermore, discrete disturbance observer (DO) is introduced in
the feedback correction, which can filter out the high-frequency disturbance and reduce the requirement
of algorithm on the accuracy of model. Then, considering that nonlinear MPC based on DO (DONMPC)
requires a large amount of online computation, the algorithm is simplified by preliminarily converting the
nonlinear model to linear model. Through analysis, the controller performance of the two models is similar.
Furthermore, considering that the speed of marine diesel engine is usually set to a few fixed reference
values, a linear multi-model predictive controller based on DO (DOLMMPC) with less online calculation
is proposed. Finally, the designed controllers are verified by experiments. The software simulations of the
designed controllers and the PID controller are carried out on the cylinder-by-cylinder mean value engine
model (MVEM). It is proved that the algorithm simplification method retains the control performance of
the DONMPC algorithm, and the control performance of the designed two controllers is better than the
PID controller. Moreover, the DOLMMPC controller and PID controller are tested on the semi-physical
simulation platform. The results demonstrate that the DOLMMPC controller can meet the computational
power limit of the microprocessor in practical engineering.

INDEX TERMS Disturbance observer, marine diesel engine, model predictive control, mean value engine
model, speed control.

I. INTRODUCTION

Diesel engine has become the main power source of modern
marines because of its high thermal efficiency and excellent
durability [1], [2], [3]. This type of engine usually operates
at several specified speeds to ensure that the marine is sail-
ing at an appropriate speed [2], [3], [4], which requires us
to exert precise closed-loop control over the diesel engine
speed. However, diesel engine is a kind of typical strong non-
linear system, including the nonlinear relationship between
fuel injection delay and fuel rail pressure, the change of
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combustion characteristics caused by environmental changes,
the aging of engine parts and other factors [5], [6]. In addition,
the complicated sea state will also bring the diesel engine
load torque drastic uncertainty change. The conventional PID
controller adopts the way of off-line tuning, although it does
not depend on the model parameters, and has a good control
performance in the set operating condition, but when the
diesel engine operating condition changes, the control perfor-
mance will be greatly reduced due to the existence of complex
factors such as nonlinear, time-varying and delay. The aging
of engine parts will also make the calibrated parameters no
longer the optimal solution, leading to the gradual deteri-
oration of control performance over time. For a long time,
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scholars in related fields have been working on the design of
a new speed controller, which can be applied to the complex
diesel engine system and ensure the economic and dynamic
performance of the diesel engine during operation.

Some scholars try to study an algorithm to combine with
PID controller, and put forward the adaptive PID control.
The real-time optimization of PID parameters is realized by
parameter tuning algorithm to improve the robustness and
adaptability of the controller. It mainly includes fuzzy PID
controller [7], [8], PID controller which adjusts parameters
based on swarm intelligent algorithm [9], [10] or neural net-
work algorithm [11]. These have the advantage of combining
the capabilities and advantages of the two algorithms. How-
ever, it should be emphasized that the performance of fuzzy
PID control depends heavily on the fuzzy rules designed man-
ually, and this is a tedious process [12]. PID algorithm based
on swarm intelligent algorithm or neural network algorithm
to adjust parameters faces the problem of slow convergence
speed [13], [14], in many fields can not meet the real-time
requirements, thus affecting the control performance. Espe-
cially in the field of diesel engine speed control, most of them
can not be applied in engineering.

Others make attempt to get rid of PID controller and find
a better control algorithm to replace it. Active disturbance
rejection control (ADRC) is a new algorithm developed on
the basis of PID. Reference [15] studies linear ADRC and
nonlinear ADRC, so as to replace PID controller to cope with
strong nonlinear and complex environmental disturbance of
marine diesel engine. In [16], an ADRC controller based
on crankshaft angle domain is further proposed. The advan-
tage of this design is to make the controller closer to the
actual control process. Reference [4] introduces the sliding
mode control (SMC) into the speed control of marine diesel
engine, and built a discrete SMC controller based on DO. The
chattering problem of SMC algorithm is effectively reduced
by the design of reaching law. However, as microprocessor
technology has been iteratively upgraded, so has its com-
puting power. At present, the new diesel engine speed con-
troller should not only cope with the complex characteristics
of the diesel engine, but also take into account the robust-
ness, environmental adaptability and certain optimization
ability.

The MPC algorithm can deal with constraint problems
explicitly based on the predictive model, and it has certain
robustness due to its rolling optimization of the control pro-
cess. However, it does not need to explore the entire time
domain and requires relatively small amount of computation
unlike optimal control algorithm. Meanwhile, the contradic-
tion between rapidity and stability of control performance
can be solved by designing the objective function. Hence,
MPC has developed rapidly since it came out. However, there
is little literature on the application of MPC in the field
of diesel engine speed control. The leading cause is that
the optimization process of MPC needs iterative calculation.
Although the computation is reduced compared with the
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global optimization, it is still difficult to meet the response
requirements in the field with high real-time requirements
such as diesel engine speed control. Therefore, an impor-
tant research direction is how to reduce the computational
load of MPC without seriously affecting its control perfor-
mance [17]. In [18], predictive function control (PFC) is
adopted in the path control of industrial robots. By introduc-
ing basis functions, the control input is regarded as a linear
combination of selected basis functions, and the predictive
output is obtained by simple calculation according to the sys-
tem output under the action of each basis function obtained
by offline calculation, which not only ensures the regularity
of the control input but also reduces the amount of online cal-
culation to a certain extent. Explicit model predictive control
(EMPC) has been thoroughly studied in [19]. Based on the
idea of parameter programming, it divided several feasible
domains in the state space according to constraint conditions,
and calculated the EMPC control law under each feasible
domain offline. In online calculation, it only needed to query
the feasible domain to select the corresponding control law.
However, when the time domain length increases, the number
of feasible domains increases geometrically, which requires
a large amount of storage space and online search time, so it
is only applicable to small-scale control [20]. In addition to
these relatively mature methods, many scholars improve the
computation process for their own control objects to improve
the operation rate. Laguerre function was introduced in [21]
to describe the control incremental signal, thus reducing
the dimensions of each coefficient matrix in the optimiza-
tion problem and improving the operation rate of MPC in
marine dynamic positioning control. Reference [22] reduces
the quadratic programming operation time of MPC in FPGA
through particle swarm optimization algorithm and parallel
operation based on FPGA.

In addition to the above problems, the performance of con-
ventional MPC also depends on the accuracy of the prediction
model. If the model is badly mismatched, the control perfor-
mance will be greatly decreased. And the rolling optimization
and feedback process are not sufficient to suppress signal
fluctuations at this time. There are two common approaches
to this problem. One is to use online identification as system
feedback to update the prediction model [23], [24], which is
a good solution for the system which is difficult to model
and has low requirement on real-time, but in the field of
diesel engine speed control, it is difficult to meet the real-
time requirement. The other called multi-model predictive
control [25], [26], which multiple prediction models are
established under different operating conditions. When the
algorithm is running, the corresponding prediction models
of adjacent operating conditions are taken as reference for
calculation. Although the control accuracy of the multi-model
method is inferior to that of the online identification method,
it makes up for the defects of the conventional MPC by
a large margin, and does not increase the amount of extra
computation basically.
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Even MPC itself has the above problems, its excellent
ability in dealing with multi-constraint and multi-variable
problems makes it widely used in various fields. Refer-
ences [27], [28], [29], [30], and [31] apply MPC to intelligent
vehicles, unmanned aerial vehicles, robots, motor control and
other fields. In addition, MPC is also tried to be used in the
control fields of engine gas path, power, torque and so on [32],
[33], [34], [35]. In conclusion, the application of MPC in the
field of diesel engine speed is worthy of further research.

Aiming at simplifying calculation and improving tracking
performance, this manuscript attempts to design a diesel
engine speed controller based on MPC algorithm which can
be applied to practical engineering. In addition, a DO is
introduced in the feedback to estimate the disturbance in the
predictive model. DO can estimate unknown disturbance by
the change of known state of the system. Its appearance aims
to enhance the robustness of the control system to distur-
bance [36]. The disturbance mentioned here is generalized
and can represent either external unknown disturbance or
unknown action due to the uncertainty of the parameters
of the controlled system. Therefore, the introduction of DO
will reduce the dependence of MPC controller on the precise
model. Firstly, the DONMPC controller are designed using
nonlinear model, and the steady-state error is avoided by
changing the predictive model to an incremental form. Then,
considering that the nonlinear terms in the nonlinear model
occupy a lot of computational resources in the prediction
and solving process, the nonlinear model is preliminarily
simplified to linear model. And the parameters of the linear
model are updated by the system identification of the simula-
tion model. However, although the model used for algorithm
design has been simplified, the optimization solution still
needs a lot of calculation. Therefore, the DOLMMPC con-
troller which is less computative and can run in the micropro-
cessor is further designed by changing the prediction model
with time-varying parameters to one with multiple fixed
parameters under different selected operating conditions, and
adopting off-line calculation of coefficient matrix, the online
calculation amount is greatly reduced.

The rest of this manuscript consists of the following. In the
second section, some of the preparatory work is described,
including the establishment of the diesel engine model, the
derivation of the model formula for the algorithm design
and the design of discrete DO. In the third section, the
speed controller based on DONMPC and DOLMMPC is
designed successively. The design process aims to gradually
simplify the calculation amount of the algorithm, so as to
meet the requirements of practical engineering applications.
In the fourth section, the two speed controllers designed
and the conventional PID controller are respectively tested
by software simulation under multiple operating conditions
on the cylinder-by-cylinder MVEM, and the experimental
results are compared and analyzed. Meanwhile, the designed
DOLMMPC controller and PID controller are tested to prove
the feasibility of the designed controller in the application
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of the microprocessor based on the semi-physical simulation
platform. Finally, the work and achievements of this research
are summarized.

Il. PRELIMINARIES

This section will introduce some work before the controller
design, including the construction of simulation model, the
derivation of some basic formulas in algorithm design and
the construction of nonlinear discrete DO. Meanwhile, it also
be emphasized that the basic composition of the controlled
system in this manuscript is shown in Fig.1. It is a six-cylinder
four-stroke turbocharged diesel engine, which is composed
of turbocharger, intake and exhaust manifold, diesel engine
electronic control unit (ECU), gearbox, propeller and engine
body. In addition, a telegraph is connected to input the refer-
ence speed.

A. SIMULATION MODEL OF MARINE DIESEL ENGINE

The working process of diesel engine has the characteristics
of separate cylinders and stages. The speed control adopts the
mode of fixed phase input, and the injection interval changes
with the speed change. However, in the past research on
diesel engine speed control, the MVEM is mostly used, which
is based on the assumption that the diesel engine working
process is continuous and internal space is uniform field. It is
amodeling method that completely ignores the internal work-
ing process of diesel engine and only cares about the change
of macro parameters. The MVEM can neither describe the
periodic fluctuation of diesel engine speed nor be used for
fixed phase control. In order to better simulate the working
characteristics of diesel engine, a new modeling method is
proposed for the diesel engine indicating torque and pumping
torque. The MVEM can be modified into the cylinder-by-
cylinder MVEM by this method. The new model is more in
line with the actual working characteristics of diesel engine
and can be applied to fixed phase control.

Assuming that the gearbox reduction ratio is 1, the diesel
engine dynamics model can be expressed as follows when the
disturbance is ignored:

_ 30M; — M, — My — Mipad 0
T Jo +J;

where n, represents the diesel engine speed, M; represents
the indicated torque of the diesel engine, M), represents the
pumping torque, My represents frictional torque, Mjyqq TEp-
resents the load torque, J, represents the equivalent moment
of inertia of the diesel engine moving parts, J; represents the
moment of inertia of the propeller and the spindle system.

Let the compound torque M;, = M; — M, which repre-
sents the equivalent torque generated by cylinder pressure
acting on the piston after considering the pumping torque.
By analyzing the force diagram of the crank-link mechanism
in Fig.2, the compound torque can be expressed as:

e

6 .
Miy(1) = Z %rﬂpoj(’) 2)
J=1
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FIGURE 1. The structure of a marine diesel engine control system for propulsion.

P(1)

FIGURE 2. Force diagram of crank-link mechanism.

where r represents the radius of the crankshaft, d represents
the diameter of the cylinder, p. represents the cylinder pres-
sure, ¢ represents the angle at which the linkage deviates from
the center line, 6 represents the angle at which the crankshaft
deviates from the TDC position, the subscript j represents the
cylinder number of the cylinder.

According to (2), as long as cylinder pressure p. is calcu-
lated, compound torque M;;, can be obtained.

A working cycle of the cylinder is divided into five stages
for cylinder pressure modeling, in order to make the calcula-
tion process more in line with the working characteristics of
the diesel engine. The intake valve is opened and the exhaust
valve is closed in the intake process. The cylinder pressure at
this stage can be approximately considered to be equal to the
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pressure in the intake manifold:

tp.T.
pn=pot [ S Cwn - w6
o Vi

where po represents atmospheric pressure, R; represents the
intake gas constant, Tj,, represents the temperature of the gas
in the intake manifold, V;,, represents the intake manifold
volume, W, and W;. represent the mass flow rate of the
compressor and the mass flow rate of the gas entering the
cylinder respectively.

Similarly, the cylinder pressure can be approximately con-
sidered equal to the pressure in the exhaust manifold in the
exhaust process:

! ReTem
Pem = Po + /0 V—(”(Weca) “Wapdt (4

where R, represents the exhaust gas constant, 7, represents
gas temperature in the exhaust manifold, V,,, represents the
exhaust manifold volume, W; and W,. represent the mass
flow rate of the turbine and the mass flow rate of the gas
exhausting the cylinder respectively.

In (3) and (4), it is considered that the gas temperature
in the intake manifold is equal to the ambient temperature,
and the gas temperature in the exhaust manifold is equal
to the cylinder outlet temperature. The turbocharger model
is established using physical equations, and then the mass
flow rate of the turbine and compressor is obtained. The
modeling process is complicated, so it is not discussed in this
manuscript. The mass flow of gas into and out of the cylinder
is calculated according to the intake and injection quality per
cycle of each cylinder and expressed as:

V.
= MvPimVdle 5)
120R; T
meneNey
Wee = Wie + % (6)
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where 1, represents the efficiency of the cylinder volume,
V4 represents the total displacement of the diesel engine,
my represents injection quality per cylinder per cycle, Ny
represents the number of cylinders in the diesel engine.

In the scavenging process, the intake valve and the exhaust
valve are opened at the same time. The general treatment
method is to make the cylinder pressure transition smoothly
from the exhaust stage to the intake stage by cosine interpola-
tion. Meanwhile, the analysis shows that the pumping torque
has been taken into account in the calculation of cylinder
pressure in the above two stages.

The compression process of incomplete fuel combustion
can be regarded as a polytropic process. The expressions of
pressure and temperature are shown in (7) and (8) respec-
tively [37]:

Vivc ke
pc(t) = Pive (m) @)
T —T Vivc ke=1 8
c(t) — Lwe (m) ( )

where pie, Viye and Tj,. represent respectively the cylin-
der pressure, cylinder working volume, and temperature in
the cylinder when the intake valve is closed, V represents
real-time cylinder working volume, k. represents polytropic
index.

During the process from the start of combustion to the
opening of the exhaust valve, the cylinder pressure is mainly
determined by the change of the thermal energy in the
cylinder. According to the first law of thermodynamics, the
change of the thermal energy in the cylinder at this stage is
equal to the heat released by the fuel combustion minus the
energy consumed by the piston movement and heat transfer.
Moreover, the cylinder volume changes very little in each
simulation step, which can be approximated as a constant
volume combustion process, as follows:

POV () = mpqruy nex(t) — myorcy Te(t) ©)

where grgy represents the net heating value of the fuel,
fuel conversion efficiency 17, represents the proportion of
the actual converted heat of the fuel combustion in the heat
generated by the complete combustion of the fuel, x repre-
sents the proportion of fuel that has been combusted, mi;,;
represents the total mass of the actuating medium in the
cylinder, c, represents the specific heat at constant volume
of the actuating medium in the cylinder.

Similar to indicated thermal efficiency, fuel conversion
efficiency n; is considered as a function of diesel engine speed
and air-fuel ratio [38]. Assuming that 7, is a constant value
within a working cycle, it can be expressed as [39]:

e = (kn2 + kane + ki3)(keg — ksAk©)  (10)

where k;1, ki, ki3, kr4 and k;5 are all coefficients that need to
be calibrated.

The proportion of fuel already combusted can be cal-
culated using the single Weber combustion model as
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FIGURE 3. Variation of compound torque in the cylinder-by-cylinder
MVEM.

follows [40], [41]:

9()—¢soc )m+1

() = 1— (55 (11)

where a and m represent the coefficients associated with
the shape, ¢ represents crankshaft angle, ¢, represents the
angle of combustion, ¢y, represents the angle of combustion
duration.

The mixed gas in the cylinder is regarded as the ideal gas,
and the pressure in the cylinder can be obtained by combining
the ideal gas state equation:

pe(t) = w (12)

V()

Based on the above methods, the MVEM in [42] is
improved in this manuscript. The indicating torque M; and
pumping torque M, in (1) are replaced by the compound
torque M,,, and the rest parts are consistent with the MVEM:

Va
My = E(kﬂnﬁ + kane + kr3) (13)
Mioad = kup oDy, (14)

where kry, kr> and kr3 are the coefficients to be calibrated,
kuyp and D, are the torque coefficient and diameter of the
propeller, p,, is the density of water.

The fuel conversion efficiency was calibrated to make the
cylinder-by-cylinder MVEM have the same speed response
characteristics as the MVEM in [42] under the same param-
eters. Figure 3 shows the change of the compound torque of
the diesel engine in a working cycle, and Fig.4 compares the
speed response of the MVEM and the cylinder-by-cylinder
MVEM with the same fuel input.

B. THE MODEL FORMULA FOR ALGORITHM DESIGN
The model formula required in algorithm design will be given
through simplified derivation based on the above simulation

model.
By combining (1), (2), (13) and (14), (15) is derived:

e = Y(ne) + g(H)my 15)
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FIGURE 4. Variation of speed in the cylinder-by-cylinder MVEM.

where
30 My + Mipad
== T Tead 16
Y (ne) R (16)
6 ) .
15rd%pe (1) sin(g; + 6;)
g = = Lt (17)

= 2cos j(Je +J1)

However, g(¢) and ¥ (n,) are difficult to accurately obtain
in practice. The main reason is that the exhaust temperature
is not measured in practice, the fuel conversion efficiency
n; is affected by many factors, which is difficult to describe
accurately, coefficient of the model of friction torque My and
pumping torque M, will also change in the actual operation.
In addition, the complex sea state will bring many unknown
disturbances, which makes the calculation of torque inaccu-
rate. Therefore, g(¢) is regarded as the combination of values
fluctuating within a certain range and constant gg, and the
hard part to measure of i (n.) and g(z) and the mismatched
part of the model are uniformly regarded as unknown distur-
bance D(¢) in this manuscript. Moreover, it can be seen that
V¥ (ne) is the quadratic function of n,. If the actual meaning of
relevant parameters in the simulation model is ignored, it can
be written in the following form:

fre = Aon? + Bon, + gomy + D(t) (18)

where the coefficients Ag and By are determined by v (n,).
Let n, = x, my = u, (18) is rewritten as follows:

% = Aox? + Box + gou + D(1) (19)

(19) was converted into discrete form in order to make
designed algorithm meet the requirements of fixed phase
control. Let h(k) represent the interval time between two
adjacent fuel injections, and use Eulerian method to discrete
(19), as follows:

x(k + 1) = Aoh(k)x>(k) + [Boh(k) + 11x(k)
+ goh(k)u(k) + h(k)D(k) (20)

The derived (20) can be applied to the subsequent con-
troller design.
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C. DISCRETE DISTURBANCE OBSERVER

Because of D(k) in (20), it cannot be directly used in the
design of controller. In previous studies, D(k) was usually
ignored directly. However, the performance of the controller
will be greatly reduced, if the model used is significantly
different from the actual model. Therefore, a discrete DO
is introduced in this manuscript to estimate D(k), and the
estimated disturbance is taken as the feedback correction.
This approach also reduces the dependence of the controller
on the precise model.

Suppose D(k) is unknown but bounded and D(k + 1) =
D(k) + h(k)p(k). So p(k) is also bounded. With D(k) as the
new state variable, (20) can be expanded to the following
second-order system:

x(k + 1) = x(k) + h(k)[Aox> (k) + Box(k)
+gou(k) + D(k)] (21)
D(k + 1) = D(k) + h(k)p(k)

Thus, the discrete DO can be written as follows:

Z1(k + 1) = 21 (k) + h(k)[Agx*(k) + Box(k)
+goutk) + z2(k)] (22)
2otk 4+ 1) = 22(k) + h(k)v(k)

where 71 and Zz, are the observed values of x and D respec-
tively, and v is the control law to be designed.

By making the difference between (22) and (21), the error
system of disturbance can be obtained as follows:

[ ei(k + 1) = ey (k) + h(k)ea (k)

(23)
ex(k + 1) = ex(k) + h(k)[—p(k) + v(k)]

where e; = 71 — x, e3 = 22 — D.

The disturbance can be estimated by designing the control
law v so that both e; and e of the error system (23) are
convergent.

The following control law is proposed in [4]:

u = —Aey(k) + than(z, cz2, ro, knh(k))

[ d = rohy
dy = hod
y=2z1+hocz2

_ |
ap =+/d*+ 8rg |yl 24)

_ ez + rsignt), vl > do
cZo + hy—o Iyl < do
L rosign(a), lal >d
fhan(zy, cza,r0, ho) = —1
7'03, |a| S d

where A, hg, ry and c are the coefficients to be designed, ro
is the gain of the controlled variable, c is the damping factor.
And the assumption of e>(k) ~ (e1(k) — e1(k — 1))/h(k —
1) is made to calculate approximately due to e» cannot be
measured.

The control law (24) is improved based on the discrete
sliding mode control law in [43]. It inherits the advantages of
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FIGURE 5. Variation of compound torque in the cylinder-by-cylinder MVEM.

the original control law, which can suppress any disturbance
smaller than (1 — Ciz)ro and converge to the origin in finite
time. Moreover, chattering can be well eliminated in discrete
systems by designing the ratio of /g to the control step size.
In addition, the [4] innovatively introduced the —A e, (k) term,
which improved the problem that the convergence rate of the
original control law was slow in the early stage.

The control law (24) is applied to obtain the following
discrete DO:

Z1tk + 1) = Z1(k) + h(k)[Aox*(k) + Box (k)
+gouk) + z2(k)]

~ ~ (25)
22(k + 1) = za(k) + h(k)[—Aea (k)
+than(e; (k), cea(k), ro, knh(k))]

where hy = kph(k). ho is called ““filter factor” in refer-

ence [44], which can play a good role in suppressing chat-
tering with proper setting. The author of [44] points out that
the filtering performance is mainly determined by the ratio of
hg to the control step size. Therefore, the introduction of &y,
can ensure the filtering performance in fixed phase control.

I1l. DESIGN OF CONTROLLER

MPC is a prospective control method different from the con-
trol algorithm based on past and present errors. The basic
structure of the MPC controller is shown in Fig.5.

A. NONLINEAR MODEL PREDICTIVE CONTROLLER
The conventional MPC controller is prone to steady-state
error. In this sub-section, the causes of steady-state error will
be analyzed and a DONMPC controller with better perfor-
mance will be designed based on a nonlinear model.

The prediction model requires all parameters to be known,
so the unknown disturbance is removed from (20) and the
following prediction model is obtained:

x(k + 1) = Agh(k)x>(k) + [Boh(k) + 11x(k)
+ goh(k)u(k)

Considering the feedback correction, the prediction error
of time k — 1 is defined as:

ep(k) = x(k) — xm(k|k — 1)

(26)

27)
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where x,,(k|k — 1) is the output of the system at time k —
1, which is directly predicted according to the prediction
model (26) without considering the feedback correction. The
prediction error is mainly caused by the mismatch of part
h(k — 1)D(k — 1) of the prediction model.

The following assumptions are given before designing the
MPC controller:

Assumption 1: The step size is constant in the predictive
horizon.

Assumption 2: The unknown disturbance of the system is
consistent with that of the previous time in the predictive
horizon, that is, e,(k) is unchanged in the predictive horizon.

Suppose that Ny represents the number of strokes of
the diesel engine, and it can be seen that the step size of
(26) changes with the speed of the diesel engine, that is,
h(k) = 60N / (2x(k)N¢y;). However, open loop control is
usually adopted before the diesel engine reaches idle speed
to increase the speed rapidly, and then the speed is closed
loop control. At this time, the speed change between the
last two working cylinders is small relative to the output
speed, so the change of the last two step sizes is small.
Meanwhile, the unknown disturbance e, (k) mainly consists
of the mismatched part of the model which is also a function
of x(k), and the control horizon which is executed in practice
is usually smaller than the predictive horizon. Therefore,
assumption 1 and assumption 2 can greatly simplify the
calculation process base on the premise of introducing only a
small calculation error.

The conventional MPC controller uses the previous pre-
diction error for feedback correction. Based on the above two
assumptions, the predictive output at time k is:

X, (k) = Aoh(k)X?(k) + [Boh(k) + 11X(k)
+ goh(k)Up(k) + In.ep(k) (28)

where X,(k) = [x(k + Llk)x(k + 2[k) - x(k + plilT, .

X(k) = [x(k)x(k + 1]k)---x(k + p — 1|k)]1TXp, X2(k) =
2>k +11K) - - 2P k+p =111, Upk) = [u(k)u(k +
Deutk4+m—=1)-uk+m—0D17 I=[11---1]"

I1xp’ 1xp
and n, € (0, 1) is the feedback correction coefficient of

the prediction error, p and m are the predictive horizon and
control horizon respectively.
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The research of diesel engine speed control requires that
the system can follow the reference speed well, but the con-
trol variable should not change dramatically. The objective
function is designed as follows:

P
T = D" i)k + ilk) — x(k + D)1

i=1

m
+ D Ok +i = 1) = gk = )P (29)
i=1
where u,;(k — 1) is the control variable actually executed at
timek — 1. (@), i=1,2,...,pand y,(D), i=1,2,...,m
are the weight coefficients. x.(k + 1), i = 1,2, ..., p is the
reference output in the current predictive horizon.

The speed control of marine diesel engine is mainly limited
by the maximum fuel injection quantity and the fuel injection
quantity set according to other state parameters, so the con-
straint can be described as:

0 < u < upe (1), ime (1) < Umax(?) (30)

where up,(t) is the real-time injection quality limit deter-
mined by relevant state parameters, and upx(?) is the maxi-
mum injection quality limit.

The optimal control sequence can be obtained by solving
so that u(k + i — 1) is minimized.

Next, the steady-state error of conventional MPC con-
troller is analyzed. The formula of the predictive output
under the conventional feedback correction method is showed
in (28). If the system has reached steady state at time k,
the reference value of the output variable satisfies x,(k) =
xp(k +1), i = 1,2,...,p. According to (28), there may be
a large deviation between x(k) and x,(k) at this time, but
u(k) = uger(k — 1) can make x(k + ilk),i = 2,3,...,p
close to x,(k). So u(k) = uue(k — 1) may become the
optimal solution at the current moment and be executed

m

due to 3 [yu(@dutk +i— 1) — tges (k — 1)1> = 0 in the

objectivg%unction J(k), and the optimal solution obtained is
not completely accurate. Similarly, the next step of rolling
optimization will still get the same solution. As a result, there
is always a fixed steady-state error between the actual system
output x(k) and x,(k). This problem is even worse when

m > 1. Since the i @Ok +ilk) — x.(k + MN]? term in

the objective functli_oln J (k) has nothing to do with u(k), so it
only needs to meet the condition that if u(k) = uge; (k—1), the
predictive output x(k + 1|k) can be close to x,-(k). Then, even
if the deviation between x(k + ilk),i =2, 3, ..., p and x,(k)
is large, the optimal solution obtained in the optimization
solution may be u,;(k — 1), thus leading to the steady-state
error. The steady-state error might be larger than if m = 1.
The prediction model (26) is converted into the following
incremental form in order to solve the above problems:

Ax(k 4+ 1) = Agh(k)A%x(k) + [Boh(k) + 1]1Ax(k)
+ goh(k)Au(k) (31)
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where Ax2(k) = x*(k) —x*(k — 1), Ax(k) = x(k) —x(k — 1)
and Au(k) = u(k) — u(k — 1).

The output at time k + 1 is predicted at time k by introduc-
ing e, (k) in (31). x(k + 1|k) is represented as:

x(k + 11k) = x(k) + Agh(k) Ax*(k) + [Boh(k) + 1]1Ax(k)
+ goh(k)Au(k) + n.ep(k) (32)

In view of the above improvement measures, the steady-
state error problem is reanalyzed. If the steady state is
reached, there are Ax2(k) = 0, Ax(k) = 0 and Au(k) = 0 at
any time, so x(k + 11k) = x(k) + n.ep(k). In this case,
it can be seen from the definition of (27) that e,(k) = 0,
and the premise that x(k + 1|k) approaches x, (k) is that x(k)
approaches x,(k). Therefore, the steady-state error can be
significantly reduced by using the prediction model (31) to
design MPC controller.

In addition, we know that ey(k) = h(k — 1)D(k — 1)
under ideal circumstances from the definition of e,(k) in
(27). According to the actual situation, the system distur-
bance may also appear the transient disturbance with rapid
change in addition to the slow disturbance caused by the
model mismatch. Moreover, the measurement of x(k) will
also contain noise in practice, and there will be differences
in each cycle of the diesel engine, which will be included in
ep(k). The accuracy of the prediction output will be seriously
affected, and the control performance will be worse, if the
above unnecessary factors are introduced into the feedback
correction. That’s why 7, is usually less than 1. Meanwhile,
it can be seen from the above that the DO can not only
estimate the disturbance, but also filter the transient distur-
bance to a certain extent. Therefore, the DO (25) is used in
this manuscript to observe the disturbance, so as to replace
ep(k) for feedback correction and further improve the control
performance of the MPC controller.

According to assumption 1 and assumption 2, the equa-
tion of prediction output based on the incremental prediction
model which the observation error is introduced is:

X, (k) = X(k) + Aoh(k)AX%(k) + [Boh(k) 4+ 11AX(k)
+ g0h(k)AU, (k) + Ith(k) AD(k) (33)

where Iy = [10---0]], .

The objective function is converted into the following
form:

p
Tk =" i)k + ilk) — x,(k + i)
i=1

+ D ) Autk + i — D] (34)

i=1

The limit of control increment in optimization solution is
converted into the following form:

—tgcr(k — 1) < Spm AUKK) < simi (1) — ttaei(k — 1) (35)
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where AUk) = [Au(k)Autk + 1)--- Autk +m — DT

1xm>
10---0
11°
Slmt= L
.0
11---1
mXm

Compared with the conventional nonlinear MPC con-
troller, the DONMPC controller designed in this manuscript
can not only avoid the steady-state error, but also play a
certain role in filtering the transient disturbance and noise.
Meanwhile, the introduction of DO reduces the requirement
of the controller to the accuracy of the prediction model.

B. LINEAR MULTIPLE MODEL PREDICTIVE CONTROLLER
According to the above, iterative calculation is needed repeat-
edly in the process of calculating predictive output and opti-
mizing solution. The heavy computing load prevents the
DONMPC controller from being used in real microproces-
sor. Therefore, this sub-section will simplify the DONMPC
controller and ensure control performance in the process of
gradual simplification.

The nonlinear term Agh(k)x>(k) is an important reason to
increase the amount of computation in the iterative calcula-
tion, so it is first considered to ignore this term and converted
the nonlinear prediction model into linear.

Ignoring the nonlinear term, (20) is simplified as:

x(k + 1) = [Bh(k) + 11x(k) + Ch(k)u(k) + h(k)Dy (k)
(36)

where B and C are the parameters of the linear system, which

can be obtained through the model identification, and Dr,

represents the new disturbance after using the linear model.
Convert (36) into the incremental form:

Ax(k + 1) = [Bh(k) + 11Ax(k) + Ch(k) Au(k)
+ h(k)ADy (k) 37)

Ignoring the disturbance terms of linear model (36) and
(37), the prediction model (38) and incremental prediction
model (39) can be obtained:

x(k + 1) = [Bh(k) + 1]x(k) + Ch(k)u(k) (38)
Ax(k 4+ 1) = [Bh(k) + 1]Ax(k) + Ch(k) Au(k) (39)

Comparing (20) and (36), it can be seen that there will
always be a state xo such that B = Apxg + Bo. When the
same system output x(k) at the current time is adopted, the
difference between the nonlinear prediction model (26) and
the linear prediction model (38) for the prediction output at
the next time is:

eo = Aoh(k)x*(k) + [Bo — Blh(k)x(k) + (g0 — C)h(k)u(k)
= Aglx(k) — xolh(k)x(k) + (go — C)h(k)u(k) (40)
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The difference between (31) and (39) can be expressed as:
el
= Aoh(k) Ax* (k) — Agxoh(k) Ax(k) + (g0 — C)h(k) Au(k)
= Aolx(k) — xolh(k)x(k) — Aolx(k — 1) — xolh(k)x(k — 1)
+ (8o — O)h(k)Au(k) (41)

Assuming C ~ g, then the value of eq is mainly deter-
mined by Ag[x(k) — xo]h(k)x(k), and the error increases with
the increase of x(k) or |x(k) — xo|. However, e is equivalent
to introducing the feedback correction term Ag[x(k — 1) —
xolh(k)x(k — 1) by comparison with eg. Although there is
an extra deviation —Ag[x(k — 1) — xglh(k)x(k — 1) when
x(k) = xp, the deviation between x(k) and x(k — 1) is
small according to the actual operating condition of diesel
engine. So x(k — 1) is not going to deviate very much from
Xx0. When the deviation between x(k) and xq is large under
normal operating condition, the feedback correction term
will compensate the Ag[x(k) — xolh(k)x(k) term to a large
extent due to the small difference between x(k) and x(k — 1).
In addition, it can be seen from the working characteristics
of diesel engine that Au(k) is usually small and far smaller
than u(k). e; will not be too large, even if there is a large
deviation between the identified C and ggo. Therefore, the
incremental linear prediction model can still have similar
prediction performance as the nonlinear prediction model
without considering the disturbance. It can be seen from the
above analysis that the incremental prediction model can also
reduce the steady-state error.

In order to further simplify the computation, a linear dis-
crete DO in the form of (42) is designed according to the
method mentioned above.

z1(k + 1) = z1(k) + h(k)(Bx(k) + Cu(k)
+22(k))

za(k + 1) = za(k) + h(k)[—Aea(k)
+fhan(e; (k), cez(k), ro, knh(k))]

The prediction accuracy of the prediction model (39) can
be further improved by introducing the new observed value
I3L(k) of the linear discrete DO. And then following predic-
tion equation can be obtained based on (39):

X, (k) = X(k) + [Bh(k) + 1]AX(k) + Ch(k) AU, (k)

+ Lh(k)ADy (k) (43)

(42)

However, although the use of linear prediction model
greatly reduces the amount of computation, the online opti-
mization solution still needs a lot of time. The ECU of marine
diesel engine pays more attention to the function of related
peripherals and has limited computing capacity. Meanwhile,
it needs to perform all the control tasks, so it is difficult
to meet the needs of online optimization solution. The con-
trol interval A(k) at the rated speed is about 13ms for the
six-cylinder four-stroke diesel engine with a rated speed of
1500 r/min, and rail pressure control, signal monitoring, data
transmission and other work must be performed during the
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control interval. Therefore, the research of applying MPC
algorithm to diesel engine control mostly stays in the software
simulation stage or only carries out calculation of MPC on the
rapid control prototype which is used for laboratory test with
high operation speed. The following will combine the char-
acteristics of marine diesel engine speed control, and further
simplify the MPC controller based on the linear prediction
model, so as to realize the operation in the ECU.

According to (43), the predictive output is a linear func-
tion of control increment in control horizon. Let D; =

J .
> [Bh(k) + 17! Ch(k), and then the prediction output equa-

=1
tion of the following form can be obtained by expanding the
iterated terms in (43):

Xp(k) = Ix(k) + Sy (k)Ax(k) + S, (k)AUp(k)

+ Sq(k)ADL (k) (44)
where ) )
Sx(k) = [Bh(k)+1>_ [Bh(k) + 11" - X" [Bh(k) + 1]i]1TXp,
i=1 i=1
2 . p .
Sa(k) = h(k)[1 Y [Bh(k) + 11~1--- > [Bh(k) + 1]’_1]1Txp
i=1 i=1
and _ _
D; O o --. 0
D, Dj 0 -~ 0
Su(k) = D,, 1)”;_1 ...... D,
D, Dy g - ) -

L dpxm
The objective function (34) can be converted into the fol-
lowing matrix form:

J(k) = | Ty[Xp(k) — Xgr(k)] H2 + T, AUR> (45

where Ty, = diag[yy(1), »2),...,»P)] and T, =
diag[y, (D), vu(2), ..., vu(m)] are the weighted matrix.

It can be seen from (30) that the constraints in the speed
control of marine diesel engine mainly consist of the max-
imum fuel injection quantity constraint which changes with
the status parameters of the diesel engine in real time and the
non-negative fuel injection quantity constraint. The control
output rarely exceeds the limit in the case of normal oper-
ation and reasonable controller parameters. Therefore, the
limit is usually executed when the control output exceeds
the limit. The constraints are also treated in the same way
in this manuscript, that constraints are not considered in the
calculation of MPC output. In this way, the minimum value
of the objective function J(k) with respect to the control
increment AU(k) can be obtained by partial derivative:

3J (k)
dAU(k)
= 28] (k)T [ T y(Sx (k) Ax(k) + Lx(k) + S4(k)AD(k)
— Xg(k)) + 2(S; (k)T TS, (k) + T, T,)AU(k) (46)
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aJ (k)
When FAUD

obtained:

= 0, the control increment AU can be

AU(K) = (S} ()T TS, (k)
+ TJT,) "SI ()T T,E, (k) (47)
where
E, (k) = Xg(k) — Sx(k)Ax(k) — Lx(k)
— Sp(k)ADL (k) (48)

Thus, the MPC controller can explicitly calculate the con-
trol increment if constraints are not taken into account. As can
be seen that the calculation amount of (47) is mainly deter-
mined by the coefficient matrix Sy (k), S, (k) and Sy (k).

Because marine diesel engine is different from vehicle
diesel engine, it mainly works under several reference speeds.
It usually switches rapidly according to the set acceleration
when switching between adjacent reference speeds, and the
intermediate transition operating condition exists for a short
time. This manuscript proposes a DOLMMPC controller,
which simplifies the time-varying prediction model into sev-
eral fixed prediction models based on above characteristics.
It can maintain the control performance and further reduce
the calculation amount at the same time. The principle of
designed DOLMMPC controller is referred to Fig.6.

As can be seen from Fig.6, the parameters B and C of pre-
diction model should be obtained first, and select the predic-
tive horizon and control horizon during initialization. Then,
the coefficient matrix S, ;, Sy; and Sp;,i = 1,2,...,n,
are calculated offline, where n is the number of reference
speed. In online calculation, the coefficient matrix is selected
according to the output speed, and then the control incre-
ment is calculated according to (47). The selection method
of the coefficient matrix is to switch between the midpoints
of the two adjacent reference speed. Since the midpoint is in
the acceleration or deceleration stage, the difference between
the predicted output speed and the reference speed at this
stage is mainly determined by the difference between the
output speed and the reference speed. And the difference
between the output speed and the reference speed at this time
is large, so the change of the calculation step size has little
influence. Therefore, the method of simplifying the time-
varying parameter prediction model into a multi-parameter
fixed prediction model greatly reduces the calculation time
of the model prediction controller.

IV. EXPERIMENT AND ANALYSIS

According to the above analysis, when the observation effect
of the DO is good, the control performance of the two MPC
controllers designed should be similar due to the simple and
rare constraints in the diesel engine speed control and the
use of the incremental linear prediction model. In this sec-
tion, the control performance of the two MPC controller and
PID controller is firstly compared to prove the excellence of
the designed controller by software simulation. Meanwhile,
it is proved that the simplification of the algorithm does
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FIGURE 6. The principle of DOLMMPC controller.

not cost the loss of control performance seriously. Then, the
DOLMMPC controller is verified on the semi-physical simu-
lation platform, and the comparison and analysis with the PID
controller prove that the DOLMMPC controller designed in
this manuscript can run in the microprocessor. Considering
the complexity of the diesel engine system, all controllers
are a single set of parameters in the experiment in order to
make the comparison of control effects of controllers more
persuasive.

A. SOFTWARE SIMULATION AND ANALYSIS

Since the disturbance is not measurable in actual opera-
tion, it is impossible to give a comparison between the
observed disturbance and the actual disturbance. Even though
the external interference is known during simulation, the
model mismatch is still difficult to determine. Therefore, the
observation performance of disturbance can only be roughly
analyzed. In contrast, we pay more attention to the conver-
gence rate of the disturbance. Therefore, this manuscript only
adopts the form of software simulation for the verification
of DO. At the same time, this sub-section will conduct soft-
ware simulation verification for the three model prediction
controllers designed above, and make a comparative analysis
with PID controller.

1) SIMULATION AND ANALYSIS OF DISCRETE DISTURBANCE
OBSERVER BASED ON NONLINEAR MODEL
In order to simulate the mismatch of the model, although
the parameters of the simulation model are known during
the simulation, the controller parameters are only selected
with approximate values, so that there is a certain deviation
between disturbance observer and the diesel engine model,
and the constant go will also have a deviation from the time
variable g(t) of the model. All deviations are regarded as
disturbances, and the observation effect can be seen in Fig.7.
As can be seen from the Fig.7, in the acceleration and
deceleration operating conditions, the output speed and
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relevant state parameters of the diesel engine change slowly
due to the slope limitation, so the observed speed follows
well, and the observed disturbance changes are also relatively
stable. The fluctuation of observed disturbance is mainly
caused by the white noise added to the model during simu-
lation. In the starting stage, the DO starts to operate when
the speed reaches 300r/min for the first time. The observed
speed is set to the same value as the output speed during
the first operation in order to avoid excessive overshoot,
so the observed disturbance calculated for the first time is 0.
After that, the DO starts to work normally and gradually
converges. The convergence process is relatively stable and
no fluctuation. Because the DO mainly plays a compen-
satory role here, if the convergence speed is too fast, it is
likely to produce fluctuation in some operating conditions,
which worsens the control performance. At the moment of
2.5 seconds, the first loading is similar to the actual closing
of the gear box. It can be seen that the observed disturbance
decreases from the positive value to the negative value at this
time. The change rate of the observed disturbance meets the
requirements and no fluctuation. In addition, the observed
speed converges to the output speed at a slower rate during
loading. The reason is that if the DO pursues the convergence
performance of the speed excessively, it is easy to lead to
the overshoot of the observed disturbance. Moreover, even
if the observation error ey of the disturbance is large, its
convergence rate will be slow as the observation error e
of the speed gradually decreases. Although both converges
at the same time in the end, e; will keep a large deviation
in the convergence process, thus affecting the speed control
performance. Therefore, when selecting the parameters of
the DO, the performance of the observed disturbance should
be given priority. This phenomenon is obvious in the load
mutation operating condition. In the load mutation operating
condition, the DO converges within 1 second, and there is
a large error between the observed speed and the output
speed in the process of convergence, while the observed

VOLUME 11, 2023



H. Shu et al.: MPC With DO for Marine Diesel Engine Speed Control

IEEE Access

2000 ' I | I Actual speed
— Observed speed
1500 .
g
£
? 1000
Q.
N
500 -
0
0 5 10 15 20 25 30
3000 T T T T T T
© 2000 .
Q
§1000 .
Z ort L — : VWV
Q—1000 - .
-2000 1 1 1 1 1 1
0 5 10 15 20 25 30
Time(s)

FIGURE 7. Observation effect of DO based on nonlinear model.

disturbance soon reaches stability. The disturbance observed
above is more beneficial to improve the performance of the
controller. In periodic load operating condition, the observed
speed always keeps a certain deviation from the output speed.
Howeyver, it can be seen that the observed disturbance has
the same variation trend as the added disturbance, but with a
slight delay by comparing the variation trend and fluctuation
period of the output speed and the observed speed.

In general, when selecting the parameters of the DO, the
convergence performance of the observed speed is not the
target, but the convergence performance of the disturbance
should prevail. In the transient operating condition of diesel
engine, the DO with excellent performance should not only
ensure the good convergence rate, but also avoid the fluctua-
tion when the disturbance changes greatly.

2) SIMULATION AND ANALYSIS OF DISCRETE DISTURBANCE
OBSERVER BASED ON LINEAR MODEL

The same simulation operating conditions and disturbance
configuration are used for the DO based on linear model.
Figure 8 shows the observation effect after the selection of
new DO parameters. By comparison with Fig.7, it can be seen
that the two DOs have similar observation effects on speed,
and the variation trend of observed disturbance is basically
the same. However, the observed disturbance values which
use the two models are different due to the large difference in
model mismatch between the two models.
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In the acceleration and deceleration operating conditions,
it can be seen that the two DOs have similar observation
tracks of disturbance. However, the DO based on nonlinear
model has better following performance. The observed speed
of the DO based on the linear model slowly deviates from
the output speed as the speed increase. This phenomenon is
mainly due to the use of linear terms in the linear model
instead of the original nonlinear terms, it is more likely
to appear model mismatch when the diesel engine speed
changes. However, the observation effect of disturbance is
better at this time, and the observed speed eventually con-
verges to the output speed. In the starting operating condi-
tion, the DO still maintains good convergence process after
starting work, and there is no fluctuation. The observed
speed converges more slowly at this time by comparing with
the DO based-on a nonlinear model. But it can be seen
that the observed disturbance at this stage is basically close
to the actual disturbance by comparing the variation trend of
the observed speed and the output speed. In the first loading,
the observed speed still keeps a certain deviation from the out-
put speed. And the observed speed is also close to the output
speed, when the observed disturbance is reduced to the actual
disturbance. Therefore, it can be seen that the observed speed
maintains a good follow effect for output speed after loading.
However, the disturbance observation trajectories of the two
DOs are similar.

It can be seen from the above that when the parameters
of the DO are selected, the following effect of the observed
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FIGURE 8. Observation effect of DO based on linear model.

speed is not the main one, but the following effect of the
observed disturbance shall prevail. In the transient operating
condition of diesel engine, a good DO should not only ensure
rapid following speed, but also avoid the fluctuation when
the disturbance changes greatly. Therefore, the DO based on
linear model designed in this study- can meet the performance
requirements.

3) SIMULATION AND ANALYSIS OF MODEL

PREDICTION CONTROLLER

In this sub-section, the DONMPC controller and DOLMMPC
controller are simulated respectively. The DO used by the
DONMPC controller is the DO based on the nonlinear model.
The DO used by DOLMMPC controller is the DO based on
the linear model. Both DO and MPC controller use the same
model parameters.

The same predictive horizon and control horizon are used
in the simulation in order to compare the control perfor-
mance of the two MPC controllers. The choice of predictive
horizon is important. If the predictive horizon is too small,
the dynamic range of the system cannot be covered. For
example, the overshoot phenomenon occurs in the acceler-
ation and deceleration operating conditions. The predictive
horizon should be guaranteed to include this period to avoid
overshoot. However, if the predictive horizon is too large,
it will increase the amount of computation. Because of the
strong nonlinearity of the diesel engine, the controller still
has prediction errors even with the compensation of DO.
Therefore, the longer the predictive horizon is, the greater
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the prediction error of the last step in the predictive hori-
zon may lead to deterioration of control performance. It is
reasonable to choose the predictive horizon as 15 by the
simulation experiment, which is equivalent to predicting the
speed of the future 5 revolution. The selection of the con-
trol horizon refers to the common range, which is selected
as 3, that is, covering the working range of the diesel engine
1 revolution.

In addition, the weighted matrix I'y and T',, in the objective
function are also parameters that need to be determined. The
change rate of control variables under the same condition
can be changed by adjusting the weighting matrix I'y and
I',. The same weighting matrix is used in the two predictive
controllers for comparison.

The simulation results of the two predictive controllers on
the cylinder-by-cylinder MVEM are shown in Fig.9 and PID
controller is selected for comparison. On the whole, the two
MPC controllers have achieved excellent control effect. The
speed control performance of the two controllers is similar,
both of which are significantly better than the PID controller
as expected. The following is a further detailed comparison
of several typical operating conditions.

Figure 10 shows the simulation results of the two MPC
controllers and PID controller when the output speed is close
to the reference value under acceleration and deceleration
operating conditions. It can be seen from Fig.10 that the
control effects of the two MPC controllers are basically the
same. The main reason is that the incremental linear pre-
diction model can compensate the prediction error to some
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FIGURE 9. Control effect under all operating conditions of software simulation.
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FIGURE 10. Control effect under acceleration and deceleration operating conditions of software simulation.

extent. In addition, each set of parameters Sy ;, S,; and speed is equal to the median of the two adjacent reference
Sa.i used by the DOLMMPC controller is calculated based speeds. Because the diesel engine is in the acceleration and
on a specific reference speed. For each set of DOLMMPC deceleration stage at this time, the injection quality of each
controller parameters, the error is maximum when the output cycle changes greatly, so the error of the parameters will not
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FIGURE 11. Control effect under multiple operating conditions of software simulation.

have a great impact on the output variables. It also shows that
the DOLMMPC controller designed in this manuscript can
greatly reduce the amount of online computation and does
not have a great impact on the control performance. More-
over, the two MPC controllers have achieved good control
effect in each acceleration and deceleration process without
overshoot, and the control performance is significantly better
than that of PID controller.

Figure 11 shows the control effects of two MPC con-
trollers and PID controllers under multiple operating con-
ditions. Subfigure (a) shows that the DONMPC controller
and DOLMMPC controller still maintain similar control
effects in the starting operating condition and the first load-
ing, and the control effects of the two MPC controllers are
respectively better than that of the PID controller. Subfigures
(b) and (c) show the control effect of load mutation operating
condition and periodic load operating condition respectively.
As can be seen from the figures, the control effects of the two
MPC controllers are still similar and obviously superior to
PID controller. Subfigure (d) shows speed fluctuation effect
under steady-state operating condition. As can be seen from
the subfigure (d), steady-state fluctuation effects of the three
controllers are similar. In conclusion, the performance of the
two MPC controllers is better than that of the PID controller
in software simulation. In addition, the control effect of the
two MPC controllers is similar in most operating conditions,
which indicates that the two MPC controllers can be mutually
substituted in the premise of ignoring the amount of online
calculation.

B. SEMI-PHYSICAL SIMULATION AND ANALYSIS

In this sub-section, the semi-physical simulation experiments
are carried out for the designed DOLMMPC controller based
on the cylinder-by-cylinder MVEM. The DOLMMPC con-
troller will run in a real ECU, and PID controller is also
selected for comparison. The main test operating conditions
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are the same as those in the software simulation stage, and the
same load change value is set.

The composition of the semi-physical simulation platform
is shown in Fig.12. The cylinder-by-cylinder MVEM is com-
piled in the host computer A and generates .dll file. Then,
the.dll file is loaded into the real-time host of the HIL cabinet
over the local area network to complete the download of
the model. The control strategy is generated embedded C
code in the host computer B, and downloaded into the ECU
through CANape. The ECU used in the experiments is based
on the NXP MPC5644A microcontroller, which uses the
€200z4 core and has a maximum clock speed of 150MHz.
During operation, the HIL cabinet sends magnetoelectric
crankshaft sensor signals and camshaft sensor signals to the
ECU through the speed signal conditioning board. Thus, ECU
can determine the phase of the diesel engine according to
position of that the missing teeth of crankshaft gear and the
position of that the more tooth of camshaft gear, and calculate
the speed in real time according to the crankshaft speed
signal. The ECU directly drives the fuel injector through the
fuel injection drive circuit, and the fuel injection acquisition
channel of the HIL cabinet can capture the fuel injector open-
ing time and apply it to the diesel engine model to form the
closed loop. The on-line real-time calibration and monitoring
of variables were completed by CANape.

The experimental results of acceleration and deceleration
operating conditions are shown in Fig.13. It can be seen
from the figure that the DOLMMPC controller designed
still has better dynamic performance than PID controller
when running in real microprocessor. By comparison with
Fig.10, it can be found that the control performance shown in
acceleration and deceleration operating conditions does not
change much compared with the software simulation no mat-
ter DOMLMPC controller or PID controller. The overshoot or
convergence time of the PID controller has a small increase
only when the steady state is reached. The main reason is
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that there will be a delay in the acquisition of fuel injection
duration and output speed signal of the signal conditioning
board, resulting in a small slowdown in the response speed
of the control process in the semi-physical simulation. The
control effect of DOLMMPC controller is similar to that
of software simulation. There is no overshoot due to signal
delay, and the convergence time is shorter than that of PID
controller.

The experimental results under multiple operating condi-
tions are shown in Fig.14. In the starting operating condition
of the subfigure (a), the control effect of the PID controller
changes greatly, there is a larger overshoot than that of the
software simulation, and the convergence time is increased.
However, consistent with the above analysis, there is basically
no overshoot in results of the DOLMMPC controller due to
the rolling optimization. The DOLMMPC controller is still
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less disturbed than the PID controller at the first load. This
situation is also shown in subfigure (b) and subfigure (c).
DOLMMPC controller shows far better performance than
PID controller no matter in load mutation operating condition
or periodic load operating condition. In the subfigure (d),
the steady-state fluctuation of the two controllers is basically
the same. Only due to the existence of delay and extra noise
in the semi-physical simulation experiments, the steady-state
fluctuation is increased compared with that of the software
simulation. But it still meets the requirement of speed control
precision.

The semi-physical simulation results show that the
designed DOLMMPC controller can be applied to ECU.
The comparison between DOLMMPC controller and PID
controller shows that the performance of DOMLMPC con-
troller is much better than PID controller in acceleration and
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deceleration operating conditions, starting operating condi-
tion, periodic load operating condition and load mutation
operating condition. In the steady-state operating condition,
the steady-state fluctuation of the two controllers is basically
the same. The above advantages are consistent with those
of software simulation. In addition, when facing the delay
of signal acquisition and control output in acceleration and
deceleration operating conditions, DOMLMPC controller
still has no overshoot due to the effect of off-line rolling
optimization.
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V. CONCLUSION

In order to improve the speed control performance of marine
diesel engine, the MPC algorithm is introduced into the speed
controller, and the optimization design of the MPC controller
is carried out on the premise of simplifying the calculation
without sacrificing the control performance greatly. Firstly,
in view of the problem that conventional MPC controllers
are prone to steady-state errors, an MPC controller based
on incremental nonlinear prediction model is proposed. And
referring to [4], the discrete DO is introduced in the feedback
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correction of the MPC controller. The requirement of MPC
controller for the accuracy of prediction model is reduced by
using the mentioned DO. Meanwhile, because of the filter-
ing effect of the DO itself, the influence of high frequency
disturbance in the feedback on the control performance is
weakened. Then, the calculation of the designed controller
is simplified. The nonlinear model used for algorithm design
is transformed into linear model, and it is constructed as
an incremental form. However, the calculation amount is
still difficult to meet the demand of diesel ECU. Therefore,
a DOLMMPC controller which can calculate parameters
off-line is proposed. The analysis shows that the DOLMMPC
controller is less computative, so it should be able to run in
real time in diesel ECU, and has similar control performance
to the DONMPC controller. In order to verify the above
analysis, a cylinder-by-cylinder MVEM is built based on the
MVEM, which is closer to the actual operation of the diesel
engine. And the software simulation experiments of proposed
MPC controllers and PID controller are carried out based on
the cylinder-by-cylinder MVEM. The experimental results
show that the performance of the two MPC controllers is simi-
lar, and both of them are better than PID controllers. Then, the
DOLMMPC controller and PID controller are verified on the
semi-physical simulation platform. The experimental results
demonstrate that the DOLMMPC controller can run in diesel
ECU and has the same advantages as that of the software sim-
ulation. In conclusion, the DOLMMPC controller designed
in this manuscript can be used in practical engineering to
improve the performance of diesel engine speed control.
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