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Abstract: This work aims to develop a first principles
mean value model that can be further used for advanced
control design on different types of maritime diesel en-
gines to increase efficiency and reduce fuel consumption.
A nonlinear model is initially derived and linearised for
a control design. These models are simulated and results
are compared for further control design approaches.
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1 Introduction

As the European emission standards have become more
stringent, diesel engines are becoming obsolete espe-
cially within the automotive industry [1]. However,
diesel engines will be used in maritime transportation
for the upcoming decades. Emission minimization of
NOz, CO2 and particulate matter is one of the ma-
jor areas in maritime diesel engine control applications.
Adhering to emission conditions set by International
Maritime Organization (IMO) [2], current diesel en-
gines requires efficient control, which itself require ac-
curate modeling. In this work, a first principles mean
value model for diesel engine airpath and engine dy-
namics are presented, that is, creating a nonlinear and
linear models to examine the state variables of the sys-
tem, which are intake and exhaust manifold pressures,
compressor power and engine speed. The airpath model
consists of intake and exhaust manifold pressures, tur-
bocharger power, engine speed and fuel injection ra-
tio. Each dynamics is modeled and simulated separately
utilizing MATLAB’s Simulink. Some of the models are
achieved empirically due the nonlinearity of system. On
the other hand, such nonlinear models are required for
mapping complex chemical and combustion reactions.
Mean value model itself is a valid approach. However,
it is not suitable for cylinder wise control, since it does

Suomen Automaatioseura
Finnish Society of Automation

not take the pulsating nature of the engine airpath in
to account [3][4].

In general, modeling does not possess a single way
approach for all dynamic systems. However, numer-
ous valid and widely used approaches exist in the
literature[5-9]. Each system and its features, such as
physical quantities mentioned above, requires a careful
and a systematic approach, which affects the control
design and behavior of controls. In other words, the de-
sired efficiency in control design of the engine is highly
dependent on the generated mathematical models of the
system. Mean value models are also part of the more ac-
curate models to be developed for cylinder-wise control
of the engine, which is a key challenge nowadays and in
the years to come [10].

The developed mean value model is presented in
section 2. Control design and simulation results are pre-
sented in sections 3 and 4, respectively.

2 Modelling

The mathematical model in this work is based on the
VEBIC’s engine provided by Wartsild [11]. The topol-
ogy is depicted in Figure 1. The engine airpath is con-
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Fig. 1. Topology of the diesel engine

trolled by turbocharger, which consists of turbine and
compressor. The compressor increases the incoming air
pressure to a desired level in addition to increasing the
temperature levels. The air temperature is then de-
creased with inter-cooler to best suit the combustion
reaction. The amount of air mass in the cylinders de-
pends on the fuel injection. Therefore, the intake man-
ifold pressure has to be controlled.
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The injected fuel is mixed with heated air mass
in cylinder and ignited with a spark. This reaction
pushes the piston down. The piston is attached to the
crankshaft. Hence, the lateral motion of the piston is
converted to rotational motion of the crankshaft. The
piston pushes the exhaust gas out of the cylinder toward
the turbine. The exhaust gas causes the turbine blades
to spin. Since the turbine is attached to the compressor
with a shaft, it is possible to control the turbine with the
compressor or the intake manifold pressure with turbine
speed.[12]

2.1 Airpath model

Mass flows

The conversation of air mass is equal to mass flows
through the intake and exhaust manifold [13]. The air
mass flow through intake manifold is the difference
between the air mass flows into the compressor, W;
(Kg-s'), and cylinders, Wi,

mi = Wei = Wie (1)

The air mass flow though the exhaust manifold is
the difference between exhaust mass flow into the tur-
bine, W, and sum of air mass flow into the cylinders
with fuel mass flow into the cylinders, W,

Mg = Wie + Wy — Wy (2)

Manifold pressure

The pressures of intake and exhaust manifolds can be
presented with the first law of thermodynamics and
ideal gas law [13]. Intake manifold pressure is thus de-
fined as

and exhaust manifold pressure is defined as

(ETCE .
e = i ()

where, R (J-mol™ - K™'), T (K) and V (m?) are the
intake and exhaust manifold gas constant, temperature

and volume respectively. By substituting (1) and (2)
into (3) and (4) respectively, the pressure of intake and
exhaust manifold become

. RT;
pi = v,

(Wci - Wie) (5)

g RCL' TZL’
Pz =

(Wie + Wf - Wxt) (6)

a
Air flow through the cylinders can be presented as
a function of engine speed, we (rad- 3_1), volumetric ef-
ficiency of the engine, 7,, and intake manifold pressure,
pi (Pa)
Wi, = v (dee)wepivd (7)
ToR;T;
where, Vy (m?®) is engine displacement volume and v
is number of revolution per engine cycle. 1, is as defined
in [14] as
Ny = Ayl + Ay2We + aUS(’Jg

Values of constants ay1, ay2 and a,3 are approximated.
The exhaust gas flow through the turbine can be
presented with the orifice equation

Wt = Pr Atq}(ﬁ)f(uuvg) (8)

VR Ty

where, A; (m?) is the area of turbine nozzle and ¥
is the pressure ratio correction factor, which is defined
as

9 2 EESY . .

qf(p) VE(E) ()5 itk (27
1

Pz 7%(?31)% ,if%ﬁ(% %

Here, ~ is specific heat ratio and it is defined as
v = ¢p/co, where ¢ (J- Kg ' K1) is specific heat at
constant pressure and ¢, (J - Kg_lK_l) is specific heat
at constant volume and p, is ambient pressure. f(uygt)
is the control signal and it is defined as

f(uvgt) =b1 + bou + b3u2 (9)

where uyg¢ is the control signal of variable geometry tur-
bocharger (VGT), and by, by and b3 are approximated
parameters [4]. Mass flow through the compressor is
function the compressor isentropic efficiency 7.

77cPc
cpTa((lif:i)“ - 1)

where T, is ambient temperature and p = (y-1)/7.

Wi = (10)

Power
Power of turbocharger is defined as power transferred
between the turbine, P; (kW), and compressor, P

. 1
Pe= —(nmPi - Pe) (11)
Te
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where, 7. (s) is turbocharge time constant and 7,
is the turbine mechanical efficiency. P; is function of
exhaust gas mass flow, ambient and exhaust pressures

A\ M
P, = nthcpTI(1 - (pl) )
Pa

where T, presented as function of air-to-fuel
ratio(\)[14]

(12)

Ty = Ti + CL“)\M2 + a3 (13)

Here, a;1-3 are tuning coefficients.

2.2 Fuel-path model

The mean acceleration of the crankshaft of the engine
can be described with the second law of Newton

Jéoe = SM (14)

where J (Kg-m?) is the moment of inertia of the engine
and XM is sum torques effecting the crankshaft. These
torques are indicated engine torque, M. (Nm), friction
torque, My, and load torque, M;.

The equation of indicated engine torque is modeled
under the assumption that indicated thermal efficiency
is depended on engine speed and air-to-fuel ratio, \,

_ Wf th

€

Me

ni(We, A) (15)

where Qp,, (M.J-kg™") is lower heating value of the
fuel, Wy is the fuel mass flow and 7; = (a1 + agwe +
asw?) (1 - ag\?) [14]. Wy is used as a control signal.

Friction torque My is caused by phenomena such as
friction of crankshaft bearings or resistance between the
piston rings and cylinder wall and is proportional to the
friction mean effective pressure, fmep (Pa), [15]

fmepvd
Mp=—"= 16
f 2mv (16)
where fmep is defined as
N, 2
fmep = C1 +48 1050 +0.48p

Here, Cy (Pa) is a constant, N (RPM) is the engine

2.3 Linearization and analysis

A linearised model is needed to better understand
the behavior of the model around operating points
(Pi0s P20, Peos weo, f(uvgto)). The mean value model of
this work is linearised utilizing the Taylor’s approx-
imation. Detailed calculation have been left out for
clarification.

Intake manifold pressure

Api = R;T; ncPCON(%)#il(p%)
SR | O A(C A Ve
nv(weO)weOVd
_ LA redJEe0 T d N\ Ap,
2nvR;T; ) P

Ne
= |AF
(cpTa((’;’f)“ - 1))

oV,
+ (pz()d(avl + 2avgw50 + 3avgwgo))Awe (18)

QWURiTi

Ezhaust manifold pressure

dV_( Pa
R.T. Atd (7~)
A ‘a: — T-T _ Pz0 * Pz0 . A -

. o (Weo )weo Vg Ap;
QﬂvRiTi

. pioVy
2o R;T;

2
(ap1 + 2ap2we0 + 3avgweo))Awe

szAt\I}( Lo

D ”)Af(uvgt)] (19)

P AWy 4| - ke
! ( VRT:

Compressor power

Apczl[_APc

T

dv a
(nmntAt dpzo (Ij’gj)cpTzf(u +0)
vg

VR Ty
(u(m“) L(1- <’3“>“>))Apx
DPx0

Pz0

. . P Ay W (L)
speed and S, (m-s~1) is the mean piston speed. The load + nmntIszOCpTa:(l - (pa)”)Af(uvgt)
torque can be defined as an external input. Thus, the VR Ty Dz0
mean acceleration of the crankshaft becomes (20)
JWe = Me — My - M; (17)
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Engine speed

Adn = 1| (a2 + 2a3we0) (1 = a1 A )weo WroQno
T J wzo

2

(a1 + agweo + azw?y) (1 = asA®)WeoQpy A
_ we
weO

We0

N ((a1 + agweo + aswip) (1 = asA") Qpy AWf)

+ Aload (21)

With (18)-(21), the state-state representation of the
linearised MIMO-system (Multiple Input, Multiple Out-
put) becomes

(t) = Ax(t)ax1 + Bu(t)2x1 + Ed(t)1x1

y(t) = Cx(t)ax1 + Du(t)2x1 (22)

where A e R B e R¥2. E e R*™!, € ¢ R¥** and
D e R*2. F is external disturbance, which in the case
of this systems is the engine load torque.

3 Control design

Before designing a proper controller, two-way interac-
tion of the MIMO-system has be to analyzed. Ideal case
is to have as minimal internal coupling as possible. Such
features of the system can be examined with the relative
gain array (RGA) method [16]

RGA(G(s)) = M(G(5)) £ G(s) x (G(s) )T (23)

where G(s) is the transfer function matrix of the
system and x is the Hadamard product (point-by-point
product). In this work the transfer function of the sys-
tem is

B G11(S) G12(S) $)) = e 1
G<S>-[Gm<s> Gm(s)],m( ) [1 O] (24)

Although the engine speed is one of the inputs for
intake manifold pressure as shown in (18), there is only a
minor coupling between the channels. Value of ¢ is close
to zero. The A-matrix is anti-diagonal due to order of
the states, when defining the transfer function.

The results of RGA-analysis enable the separate
control design of pressure and engine speed. In this work

a separate PID-controller was utilized for each physi-
cal quantity in both nonlinear and linear model. The
controller outputs are fuel injection and control of vari-
able geometry turbocharger wu,g4¢. Similar results in both
nonlinear and linear model mean that advanced control
systems can be applied on the linearised system.

4 Simulation results

4.1 Nonlinear and linear open-looped
system

The open-loop airpath and fuel-path models were ini-
tially simulated without controllers using step functions
for inputs Wy and v with MATLAB’s Simulink. Accord-
ing to the RGA-analysis, there is little coupling between
the engine speed and intake manifold pressure. This can
be seen in Figures 2 and 3, where increase of u at time
200 ms does not have any effect on the engine speed,
and increase of Wy at 400 ms can be seen as a small
peak in pressure curve. Major changes in the curves are
caused by increase of engine load at 600 ms. All models

Fig. 2. Nonlinear (red) and linear (blue) intake manifold pressure
of an open-looped system.

Engine speed (RPM)

Fig. 3. Nonlinear (red) and linear (blue) engine speed of an open-
loop system.
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are Lyapunov stable as well as BIBO-stable (Bounded
Input, Bounded Output). The deviation between the fi-
nal values of nonlinear and linear pressure curves means
that the models have different operating points.

4.2 Nonlinear controlled system

Simulation results of the nonlinear airpath and engine
speed model are depicted in Figures 4 and 5. Both mod-
els are controlled with separate PID-controllers, where
the input signals are Wy and uygt for airpath and en-
gine speed model respectively. Intake manifold pressure

== v |

T T T T T T T

E \ y

Fig. 4. Nonlinear intake manifold pressure (red) with respect to

controller signal.

Fig. 5. Nonlinear engine speed (red) with respect to fuel injec-
tion.

is inversely proportional to the control signal as shown
in Figure 4 at 200 ms. Increase of speed and external en-
gine load can be seen as small peaks at 500 ms and 600
ms respectively. The increase of intake manifold pres-
sure does not affect the engine speed. Increase of load
causes the speed to drop, which is stabilized by fuel in-
jection. Both models maintain the desired values despite
the changes and disturbances affecting the system.
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4.3 Linear controlled system

Simulation results of linearised, closed-loop intake man-
ifold pressure and engine speed system are presented in

Figures 6 and 7 respectively. As observed in section

Fig. 6. Linear intake manifold pressure with respect to controller
signal.

E]
Engine speed (RPM)
T

Fig. 7. Linear engine speed with respect to fuel injection.

4.1, the airpath model is strongly dependent on operat-
ing points. The controller signal is at its peak during the
entire simulation time and for this reason the pressure
does not drop to its reference value. This means that the
linear airpath model has different operating point than
the nonlinear model. Engine speed is stabilized within a
short time and follows the reference value well, which is
seen as overlapping curves in Figure 7. Major difference
to the nonlinear engine speed model is a slight increase
of fuel injection at 600 ms.

5 Conclusions

The purpose of this work was to design a first principles
mean value model for the airpath and fuel-path of a mar-
itime diesel engine to reduce fuel consumption and thus,
increase the efficiency. To achieve this, a nonlinear and
linearised model were simulated with PID-controllers.
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Initially, simulations were performed without any
controllers and the results indicated that the outcome
of airpath model depended heavily on the operating
points. This problem occurred again in the closed-loop
simulations. Nonlinear models provided sufficient re-
sults. However, advanced control approaches cannot be
performed on nonlinear systems.

Proper operating points can be found with meth-
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