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A simplified model of a turbocharged marine diesel engine is developed. This model is 
simpler than the original rigorous model, which is obtained through the performance 
curves and based on the thermodynamic applications. The simplified model is suitable for 
stability studies of control system particularly the speed governor design. By comparison 
of these two models, the simplified model was shown to have good transient accuracy at 
different propeller load of the engine.  
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1. Introduction 

 
The degree of speed control of ship 

machinery affects the economics and optimi-
zation of the machinery configuration and 
operation. 

The machinery systems are becoming 
increasingly difficult in the attempt to control 
the engine speed. This is because the 
complexity to model the marine power plant as 
well as the turbocharged diesel engine. In 
order to predict how this modeling is difficult, 
it is necessary to apply the physical relations 
on which the concept of system modeling is 
connected. Linearized models, however, are 
useful in studying the dynamic behavior of the 
engine parameters for small perturbations, for 
instance those occurring while trying to 
maintain constant speed when waves are 
encountered. In this article by dealing with a 
linearized model, it has been possible to 

obtain analytical expressions of the transfer 
functions involved and consequently explicit 
relations between the output characteristics 
and the parameters of the system. Such a 
model may be derived in an experimental or 
an analytical manner. Experimental ap-
proaches have been based on identification 
procedures such as [1-3]. Comprehensive 
analytical models, based on thermodynamic 
considerations, are derived in various works 
such as [4-7]. 

To assess the stability and to determine 
the effect of parameters on diesel-propeller set 
in marine power plant, a model of the diesel, 
which is considerably simpler than the engine 
designer’s thermodynamic model, is required. 
This model needs to accurate over a wide load 
range. This precludes the use of a simple 
transfer function representation. 

The aim, in designing propulsion control 
systems, is the development of a simpler 
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system. This system must be easy to be 
handled in modeling and control. Also it 
should be suitable to keep a modern 
propulsion plant in its highest performance 
level. This system has to attain required 
engine dynamics, without neglecting any 
safety operation of the propulsion machinery. 

The theme of the paper is to highlight the 
original rigorous model of the engine, then to 
describe a simplified diesel engine model. 
Lastly, the factors affecting accuracy and 
detailing the problems will be examined. 
 
2. The original rigorous model of the 

engine 

 

The turbocharged marine diesel engine 
can conventionally be divided into a number of 
sub-systems. The dynamics of some of these 

sub-systems are not considered very 
important with respect to the behavior of the 
total system. The models, which take into 
account, in more detail, the thermodynamic 
processes are available [6,7]. 
 Fig. 1 shows the structure of the used 
model and contains all dynamic of the engine 
model. In applying this model, the various 
functions are obtained from the tendency of 
performance curves such as the compressor 
and the turbine, or data obtained from 
detailed thermodynamic models. Ideally these 
functions should include all the inputs that 
affect the output variable and should be 
stationary (time independent). Considering 
these sub-systems of the model in more detail, 
the load torque of the compressor Qc  can be 
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Fig. 1. Original rigorous model of marine power plant. 
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calculated from the air ratio o1 p/p , while the 

block of turbine calculate the turbine torque 
QT . The speed of the turbocharger Ω can be 

calculated as shown in the block of 
turbocharger rotor. The engine block contains 
the functional relationship between the engine 
torque Qe over fuel flow rate fm

.
, the air fuel 

ratio and the air pressure ratio 1e p/p . The 

delay gives the first order lag approximates the 
average of the fuel pump by delay time of τc  

seconds. The fuel flow rate is controlled by the 
rack position RF and the engine speed ω in the 
fuel pump. The engine speed ω can be 
calculated from the engine torque Qe , the 

friction torque Q f , the propeller torque Q p  

and the equivalent polar mass moment of 
inertia of engine, propeller and rotating parts 
J e  as shown by the block of the propulsion 

shaft. The propeller block gives the screw load 
characteristics of the propeller to give the 
propeller torque Q p .           

The analysis of the different components 
will lead to a coupled system of differential 
equations, which may include non-lineariza-
tions. This system of equations can be 
linearized at considered operating point to 
obtain first order differential equations, with 
the corresponding block diagram [6]. Due to 
the complexity of such a block diagram, it is 
preferable to use state-space approach for the 
implementation of the model. The state-space 
equations are of the form: 
 

,.  . ubx Ax +=&     (1) 
 

xc .y T= ,    (2) 

 
where the state vector x  is 
 

T
f

.

ge2c ]mDTmTm[ Ωω=x . 

 
Solving eqs. (1) and (2), the transfer function 
will be, 
 

bAIc j .).s(.G
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j
−

−= .    (3) 

 

Based on the operation point data of the 
engine, and corresponding to vector c j

T , the 

transfer function and the transient response 
for each state variable can be obtained by the 
use of MATLAB program package. 
 
3. The simplified model 

 

In the following, the most important 
dynamic characteristics of the sub-systems 
will be considered. 

The rate of the injected fuel fm
.

, is 

controlled by the fuel pump rack position RF, 
and is proportional to the shaft speed ω as, 
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where τ is the dead time due to the 
discontinuity of the fuel injection and is 
approximated as half of the firing period of the 
engine [8]. τc is the delay time constant of the 
fuel pump which is equal to the time of one 
complete crankshaft cycle [9].  
 The turbocharger responds normally 
slowly to changes in the operating point of the 
engine. The slow behavior of the turbocharger 
does not influence the engine dynamics. 
Therefore, the turbocharger dynamics can be 
compensated [10]. In order to adjust the 
dynamic behavior of this simplified model to 
obtain the accuracy with that of the rigorous 
model, it is better to introduce a lead 
compensation transfer function as 

)s1/()s1( mp ττ ++ , where τp and τm are the 

greatest time constants of the more accurate 
relationship fe m

.
/P  which can be obtained 

from the original rigorous model. This will 
compensate the steady state inlet air pressure 
from the instantaneous exhaust pressure 
ratio. Also, it models the observed slow 
dynamic of the turbocharger following a step 
change in fuel flow and hence gives the 
effective power of the engine Pe. The engine is 
considered to be a block with the fuel flow 
change fm

.
 as input variable and the effective 

power change eP  as the output variable.  
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The model for crankshaft dynamics is easily 
considered, 
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The propeller law may be approximated as [8]; 
 

3
ll .KP ω= .       (7) 

 Using nominal values RF, fm
.

, Pe and ω for 

the non-linear previous eqs. (4) to (7) and 
applying Laplace-transformation may lead to 
the block diagram of the linear model in fig. 2, 
where the linearization factors are ki (i = 
2,…,6). The variables are considered to be the 
small excursions from the equilibrium point 
as a function of the time. 
 
4. Results 

 
In this section the modeling will be applied 

to a two-stroke Sulzer 5RTA58 marine diesel 
engine at 50%, 75% and 100% propulsion 
load. The steady state values of these loads 
were used to generate the functions in relation 
to the turbocharger and the propeller charts. 
The transient values were used to generate the 
other functions. Having obtained the original 
rigorous model for the diesel engine, from the 
manufacturer’s detailed thermodynamics 
model, the block diagram of fig. 1 was used to 
obtain the overall response of the engine-
propeller system. These time responses were 
then compared to another set of responses 
obtained from the block diagram of the 
simplified model of fig. 2. In these responses, a 
step  function  of   rack   position  change  was 
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Fig. 2. Simplified linear model of marine power plant. 
 

applied, the transient response of the engine 
speed, the fuel flow rate and the effective 
power at 50%, 75% and 100% propulsion load 
are shown in figs. 3, 4 and 5, respectively. 
Table 1 shows the maximum differences of 
transient responses and the steady state 
responses between the two models at each 
load. At all these loads the maximum 
transient speed error between the simplified 
and rigorous model is less than 10% of the 
maximum speed deviation up to 5 s, whereas 
at the steady state condition the difference is 
not exceeds 2.5%. That is due to the time 
delays incorporated in the air cooler and the 
inlet manifold. The fuel flow rate matches 
nearly closely with a maximum difference less 
than 3%. Only at 75% load, the difference 
exceeds 5%. This is due to introducing the 
dead time τ and the delay time τc in the 
calculation of the fuel flow rate of the 
simplified model. The maximum effective 
power difference is less than 10% and the 
simplified model is faster than the original 
rigorous model, resulting in more torque 
output and consequently more effective power 
slightly earlier. That is due the compensation 
transfer function of the supercharger 
dynamics in the simplified model. 

 
  Table 1  
  Steady state accuracy 
 

Error at s.s. % Max. error %  

2 8 ω 

1.5 3 fm
.

 

1 8 Pe 

50% 
 

2.5 10 ω 

1.4 5 fm
.

 

1.6 10 Pe 

75% 

1.5 9 ω 

2 3.5 fm
.

 

1 9 Pe 

100% 

 
5. Conclusions 
 

Modeling of original rigorous turbocharged 
marine diesel engine for the purpose of marine 
propulsion plant simulation is accomplished 
through application of the fundamental 
equations, and supplemented   by   empirical 
relationships.  The  analysis  can   be   chosen  
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Fig. 3. Dynamic response of engine speed, fuel flow rate 
and effective power with respect to rack position step 

function, at 50 % Load. 
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Fig. 4. Dynamic response of engine speed, fuel flow rate 
and effective power with respect to rack position step 

function, at 75 % Load. 
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Fig. 5. Dynamic response of engine speed, fuel flow rate 
and effective power with respect to rack position step 

function, at 100 % load. 
 
from the background of equations and 
relationships to  produce a  model  that  in  its 

simplicity or its complexity suits the needs of 
this simulation. In this paper, the rigorous 
model has been assembled and outlined by 
materials necessary for marine diesel engine 
modeling. The studying of this model without 
regulator for a unit step change in fuel rack 
position reveals its stability as a self-
regulating plant, which can be attributed 
principally to the large inertia of the rotating 
masses. 

A simplified model for the diesel engine 
has been introduced in order to facilitate the 
control system design, which is suitable to 
keep a modern propulsion plant at its highest 
performance level. In the simple model, the 
turbocharged has been eliminated from the 
model, as its influence on the overall perform-
ance is insignificant. Therefore a lead compen-
sation transfer function, obtained from the 
thermodynamic model, is introduced. The 
transfer function of the engine in the 
simplified model has to be noted approxi-
mately equals to that obtained from the 
rigorous model. Also the dead time due to the 
discontinuity of the fuel injection and the time 
delay of the fuel pump have been introduced. 
It has to be noted that the simplified model 
does not represent actually the turbocharged 
engines with respect to performance and 
power, but it is suitable to facilitate the study 
of the control system design of the engine. 

The simplified model achieves the steady 
state accuracies of better than 2.55% of the 
steady state speed deviation condition at 75% 
propeller load, compared to the original 
rigorous model, while the steady state fuel 
flow rate is better than 2% over the same load. 
The transient power accuracy for 75% load is 
better than 1.6%. 

The simplicity and accuracy of this 
simplified model make it well suited for 
stability studies of control system particularly 
the design of the speed governor. 
 
Nomenclatures 

 

A is the system matrix, 
b is the control vector, 
cT is the output vector, 
CV  is the calorific value of fuel  (kJ/kg), 

D  is the dummy variable, 
JT  is the polar mass moment of inertia of  
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 turbocharger  (kg.m2), 
J e  is the equivalent polar mass moment of 

 inertia of engine, propeller and rotating     
 parts (kg.m2),  

lK  is the proportionality constant for  

 propeller load ,    

pK  is the fuel pump constant, 

1m
.

 is the air flow from compressor   

 (kg/s), 

2m
.

 is the air flow from cooler (kg/s), 

3m
.

 is the 2m
.

+ fm
.

 (kg/s), 

cm
.

 is the air flow rate stored in air cooler  

 and inlet manifold (kg/s), 

em
.

 is the accumulated gas in exhaust  

 manifold (kg/s), 

fm
.

 is the fuel mass flow rate (kg/s), 

Tm
.

 is the rate of gas mass flow inlet to the  

 turbine (kg/s), 
po  is the ambient pressure  (bar), 

p1  is the supercharging air pressure (bar), 

pe  is the exhaust gas pressure  (bar), 

eP  is the effective power (kW), 

lP  is the power absorbed by propeller (kW), 

Qc  is the compressor torque (kJ), 

Qe  is the engine torque (kJ), 

Q f  is the frictional torque (kJ), 

 Q p  is the propeller torque (kJ), 

QT  is the turbine torque (kJ), 

s is the laplace factor, 
T o  is the ambient temperature (K), 

T1  is the outlet temperature from  

 compressor (K), 
T 2  is the air temperature after air cooler (K), 

T 3  is the gas inlet temperature to exhaust  

 manifold (K), 
T g  is the exhaust gas inlet temperature to  

 turbine (K), 
u is the input variable, 
x     is the state vector, 
y  is the output of the system, 

ithη  is the Indicated thermal efficiency of  

 engine, 

mη  is the mechanical efficiency, 

Ω is the turbocharger speed (1/s), and 
ω is the engine speed (1/s). 
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