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Abstract 

The present study deals with the development of a zero-dimensional model for marine diesel engines of the four-stroke 

type, as well as a methodology to automate its calibration process. The modelling and calibration approach is validated 

using experimental and operational data from a Warstila engine, covering several model input and outputs. Validation 

results suggest that the modelling approach suggested, can predict the stationary and transient responses of the engine 

within 3.5% on measurements taken during the vessel's operation for a variety of loads ranging between 20% to 100%, 

with minimal calibration effort from the modeller. 
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1 INTRODUCTION 

In recent years, the maritime industry is confronted by 

several challenges, including volatile bunker prices that 

affect cargo transportation costs and the shipowners' 

competitiveness and viability of their operations [1], and 

strict regulations to limit emissions and their 

environmental impact, with the aim of reducing CO2 

emissions from shipping by 40-50% [2 – 4]. As a result of 

this combination, energy efficiency and environmental 

sustainability of maritime operations is currently 

prioritized in the maritime industry. Shipowners and 

operators are adopting measures to lower fuel 

consumption and associated emissions, and researchers in 

the are researching innovative technologies and methods 

that can increase the environmental efficiency and cost-

effectiveness of ship operations. 

Improvements in energy efficiency can be obtained in 

a variety of design and retrofit measures, such as hull 

design optimization, adoption of alternative fuels, and 

alternative energy sources [5 – 7], as well as operational 

measures, including speed optimisation, better capacity 

utilisation and advanced route planning execution 

methods [8 – 12]. Regardless of the proposed approach, it 

is widely known that for most of the vessels operating 

today, the main engines, and to a lesser extent the auxiliary 

engines, are the main factors of energy loss on-board [13 

– 14]. For this reason, engine manufacturers have also 

introduced a variety of technologies to improve 

operational efficiency and emission reduction, with 

ongoing development work concentrating on reducing 

fuel consumption, utilising alternative fuels, as well as 

further increasing diesel engine (DE) power density and 

enhancing operating performance [15].  

Nevertheless, the identification and adoption of 

innovative and emerging technologies in marine DEs is 

limited by the expensive design, prototyping and 

experimentation processes [14 – 16]. To mitigate this 

issue, various computer modelling approaches have been 

developed to represent the physical processes that occur in 

a DE under steady-state and transient conditions, as a 

means of a rapid and cost-effective prototyping tool. 

Depending on the application requirements, mathematical 

representations of a varying range of accuracy and 

computational complexity are available in the literature. 

Most widely employed are Mean Value Engine Models 

(MVEMs) [17 – 24], which provide adequate accuracy in 

the prediction of most engine parameters while being 

computationally cheap, and zero-dimensional (0D 

models) that operate on per per-crank basis, allowing the 

calculation of parameters of the gas within the engine 

cylinders [25 - 30]. Finally, several attempts to combine 

both approaches have also been proposed and utilised in a 

variety of applications, reportedly surpassing the 

predictive abilities of MVEMs with lower computational 

requirements than their 0D counterparts [31 - 34].  

Common in these studies is the interest in improving 

and certifying the credibility and accuracy of the 

developed mathematical model. As such, the model 

verification, calibration, and validation processes occupy 

a central role, based on which the predictive capabilities 

of the model are assessed to justify its use for the 

application of interest. In this respect, our main objective 

is to develop a model for a marine DE of the four-stroke 

type, and a computationally efficient optimisation-based 

framework for automatic calibration that can reduce the 

setup time of similar modelling approaches, which is a 

common issue encountered by engineers and researchers 

in the field. The validation of the approach is finally 

demonstrated on a set of operational data from a 
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turbocharged, four-stroke medium-speed DE of a Roll-on 

/ Roll-off vessel. 

The rest of the paper is organised as follows. Section 2 

gives a detailed description of the mathematical model 

developed. Section 3 describes the calibration procedure 

employed to identify suitable parameter values for the 

case study engine. Section 4 gives an overview of the data 

utilised to calibrate and validate the modelling approach, 

and Section 5 discusses the performance of the model. 

Finally, conclusions are drawn in Section 6. 

 

Table 1. Acronyms. 
Acronym Description 

BMEP Break Mean Effective Pressure 

DE Diesel Engine 

LHV Lower Heating Value 

MVEM Mean Value Engine Model 

MCR Maximum Continuous Rating 

ST Shop Trials 

TC Turbocharger 

0D Zero-Dimensional 

MAPE Mean Absolute Percentage Error 

MAE Mean Absolute Error 

PPMCC Pearson Product-Moment Correlation Coefficient 

 

2 NUMERICAL MODEL 

As a case study we have utilised the Warstila 6L46, 

four-stoke DE. It contains 6 cylinders with 0.46 m bore 

and 0.58 m stroke, with a Maximum Continuous Rating 

(MCR) of 5.43 MW at 500 rpm, and two turbochargers 

(TCs) operating in parallel to deliver the necessary air. The 

primary characteristics and layout of the engine are 

presented in Table 2 and Figure 1, which also contains the 

model states. 

 

Table 2. Main Characteristics of the case study engine. 
Model Wartsila 6L46 

Bore Diameter 460 mm 

Stroke Length 580 mm 

Number of Cylinders 6 

Revolutions per Cycle 2 

Engine Speed at MCR 500 rpm 

Brake Power at MCR 5430 kW 

 

 
 

Figure 1. Layout of the modelled engine with all relevant 

components and model states. 

The engine scavenging air and exhaust gas receivers are 

modelled as control volumes, whereas the compressor and 

turbine are modelled as flow elements. The exhaust 

receiver contains states for pressure (p), temperature (T) 

and exhaust gas composition (X), whereas the gas 

composition for the air path has been assumed constant. 

The engine boundaries are modelled using fixed fluid 

elements of constant pressure and temperature, and shaft 

elements are utilised to compute the rotational speed of the 

turbocharger (ωtc) and crankshaft (ωe). Finally for the in-

cylinder process we utilised a two-zone 0-D approach, 

with state quantities being the in-cylinder pressure, 

temperature, gas composition and air-fuel equivalence 

ratio (λ) for each zone. The governing equations of all 

relevant components will be discussed in Sections 2.1 - 

2.6. 

2.1 Gas Composition and properties 

The working fluid of the engine is considered to be a 

mixture of the following 11 species: CO2, H2O, N2, O2, 

CO, H2, O, H, OH, NO and N. The thermodynamic 

properties of the gas are calculated using the NASA 

polynomials [35], under the assumption of a thermally 

perfect gas. The concentration along the air path is 

assumed constant and equal to the standard air 

concentration. 

2.2 Control Volumes 

     The control volumes are modelled using the open 

thermodynamic system concept [36 – 37], and use as 

inputs the pressure, temperature, and composition of the 

working medium contained in the adjacent elements. 

     Considering the control volumes as cylindrical 

solenoids, neglecting dissociation effects and the kinetic 

energy of the flows entering / exiting the receivers, and 

assuming ideal gas, the change of rate in the mass stored 

in the volume can be derived from the mass conservation 

law, the temperature rate of change is derived from the 

energy conservation law, and the pressure of the working 

medium can be computed using the ideal gas law equation 

as 
𝑑𝑚

𝑑𝑡
= ∑ 𝑚̇𝑖𝑛,𝑖

𝑖

− ∑ 𝑚̇𝑜𝑢𝑡,𝑗

𝑗

 (1) 

𝑑𝑇

𝑑𝑡
=

𝑄̇ + ∑ (𝑚ℎ)𝑖𝑛,𝑖𝑖 − ∑ (𝑚ℎ)𝑜𝑢𝑡,𝑗𝑗 − 𝑢
𝑑𝑚

𝑑𝑡

𝑚𝑐𝑣

 

 

(2) 

𝑑𝑝

𝑑𝑡
=

𝑅

𝑉
(𝑇

𝑑𝑚

𝑑𝑡
+ 𝑚

𝑑𝑇

𝑑𝑡
) (3) 

 

where 𝑚𝑖 is the mass flow rate of stream i and the 

subscripts 𝑖𝑛, 𝑜𝑢𝑡 refer to flows entering and exiting the 

control volume, respectively.  𝑚ℎ refers to the enthalpy 

flow rate, and 𝑄̇ = 𝑘𝐴(𝑇 − 𝑇𝑎𝑚𝑏) represents the heat 

transfer from the control volume to the surrounding 

environment, with 𝑘 being the heat transfer coefficient, 

computed according to [38], and A being the heat transfer 

area.  

Moreover, considering the control volume as a well-

stirred mixer, the dynamics of the concentration states can 

be derived as [39] 
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𝑑𝑋

𝑑𝑡
=

𝑅𝑇

𝑝𝑉
∑(𝑋𝑖𝑛,𝑗 − 𝑋)𝑚̇𝑖𝑛,𝑗

𝑗

 (4) 

 

where 𝑅 = 𝑅(𝑋, 𝑇) is the gas mixture constant. 

2.3 Valves 

The mass flow rate through a valve is computed 

assuming subsonic flow through a flow restriction [37], 

with the valve opening signal (lift) as input. 

The bypass valve is assumed to be activated if the 

pressure on the compressor exceeds 90% of the surge limit 

for the instantaneous flow rate. Furthermore, we have 

assumed a linear opening characteristic, with the reference 

area considered as a calibration parameter. For the intake 

and exhaust valves, we utilised a non-linear characteristic, 

parameterised on the maximum crossflow area of the inlet 

and exhaust valved, and crank-angle duration that the 

valve stays at its maximum lift [38].  

2.4 Air Cooler, air filter, exhaust pipes 

Pressure losses in all these components, as well as air 

cooler effectiveness (ϵ𝑎𝑐), have been modelled as 

quadratic functions of their corresponding input mass flow 

rate, and the temperature at the air cooler outlet is given 

by 

 

𝑇𝑎𝑐
𝑜𝑢𝑡 = 𝜖𝑎𝑐𝑇𝑤 + (1 − 𝜖𝑎𝑐)𝑇𝑎𝑐

𝑖𝑛 (5) 

 

with 𝑇𝑤 being the temperature of the cooling water. 

2.5 Turbochargers 

The engine has two turbocharging units operating in 

parallel to supply the engine with sufficient air mass flow. 

We modelled the compressor using its steady state 

performance map, which provides the relations between 

the compressor performance variables: reference flow 

rate, pressure ratio, reference speed and isentropic 

efficiency.  

The rotational speed and pressure ratio are considered 

as inputs to the model, which allows the computation of 

the reference flow rate and isentropic efficiency through 

interpolation [14, 40]. The temperature at the outlet of the 

compressor is given by [36] 

 

𝑇𝑐
𝑜𝑢𝑡 = 𝑇𝑐

𝑖𝑛 (1 +
Π𝑐

𝛾−1

𝛾 − 1

𝜂𝑐

) (6) 

 

where Π𝑐 is the pressure ratio of the compressor, 

corrected for the pressure losses in the air cooler and air 

filter. 

For the turbine, we utilized its swallowing capacity 

and efficiency maps, which allow the calculation of the 

turbine flow rate and isentropic efficiency through 

interpolation, with the turbine pressure ratio  Π𝑡 corrected 

for the exhaust pipe pressure losses. The temperature at 

the turbine outlet is computed through the turbine 

isentropic efficiency (η𝑡) definition as 

 

𝑇𝑡
𝑜𝑢𝑡 = 𝑇𝑡

𝑖𝑛η𝑡 (1 − Π𝑡

𝛾−1

𝛾 ) 
(7) 

 

with γ being the ratio of specific heats of the medium. 

     The rotational speed of the turbochargers is a model 

state, defined by the power balance between compressor 

and turbocharger as 

 

𝑑ω𝑡𝑐

𝑑𝑡
=

𝑃𝑡η𝑡𝑐
𝑚𝑒𝑐ℎ − 𝑃𝑐

𝐽𝑡𝑐ω𝑡𝑐

 
(8) 

 

where 𝑃𝑐 , 𝑃𝑡 refer to the turbine and compressor power, 

respectively, and 𝐽𝑡𝑐 refers to the turbocharger shaft 

inertia. Finally, 𝜂𝑡𝑐
𝑚𝑒𝑐ℎ corresponds to the mechanical 

efficiency of the turbocharger unit, accounting for friction 

losses.  

2.6 Cylinders 

For the in-cylinder process, apart from the assumptions 

underlined in Section 2.1 regarding the working medium 

we have further neglected valve leakage and blow-by. 

Furthermore, the temperatures at the cylinder wall, head, 

piston wall, liner wall, exhaust valve wall, as well as the 

injected fuel temperature are all uniform and constant, as 

the temperature variations of the inner cylinder surface 

during the thermodynamic cycle are weak compare to the 

temperature variations of the combustion gases [41, 42]. 

Moreover, we have assumed uniform cylinder 

pressure, and that the combustion chamber is composed of 

two combustion zones, the burned zone containing 

incompletely oxidized fuel denoted with the subscript (b), 

and unburned zone containing air and fuel, referred to with 

the subscript (u). Each zone is spatially homogeneous, 

separated by an infinitesimally thin flame without mass, 

and no heat transfer between the two zones. A schematic 

is presented in Figure 2. 

 

 
 

Figure 2. Energy flow of the two – zone combustion 

model. 

 

     The main equations governing the model include the 

conservation of mass and energy, and the equations of 

state of the working medium and the evolution of volume 

in each zone, as 

 
𝑑𝑚

𝑑𝜃
=

𝑑𝑚𝑢

𝑑𝜃
+

𝑑𝑚𝑏

𝑑𝜃
=

𝑑𝑚𝑓

𝑑𝜃
+

𝑑𝑚𝑎

𝑑𝜃
 (9) 
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𝑑(𝑚𝑢𝑢𝑢)

𝑑θ
= −𝑝

𝑑𝑉𝑢

𝑑θ
− ∑

𝑑𝑄𝑢𝑖

𝑑θ
𝑖

− ℎ𝑢

𝑑𝑚𝑏

𝑑θ
 (10) 

𝑑(𝑚𝑏𝑢𝑏)

𝑑θ
= −𝑝

𝑑𝑉𝑏

𝑑θ
− ∑

𝑑𝑄𝑏𝑖

𝑑θ
𝑖

+ ℎ𝑢

𝑑𝑚𝑏

𝑑θ
+

𝑑𝑄𝑓

𝑑θ
 (11) 

𝑝𝑉𝑢 = 𝑚𝑢𝑅𝑢𝑇𝑢 (12) 

𝑝𝑉𝑏 = 𝑚𝑏𝑅𝑏𝑇𝑏 (13) 

𝑑𝑉

𝑑θ
=

𝑑𝑉𝑢

𝑑θ
+

𝑑𝑉𝑏

𝑑θ
 (14) 

 

where the subscripts (𝑎, 𝑓) refer to air and fuel, θ refers to 

the crank angle, ∑
𝑑𝑄𝑖

𝑑θ𝑖  refers to the summation of heat 

transfer rates through the engine's different parts’ surfaces 

in contact with the cylinder gases, and 
𝑑𝑄𝑓

𝑑θ
 refers to the 

heat release rate.  

We have utilised a double Wiebe profile for the heat 

release rate, to account for the premixed and diffusive 

combustion processes [38, 43, 44]. While the Wiebe 

functions by no means describe the complex fuel air 

mixing in the diesel combustion process, they can provide 

valuable thermodynamic input for the model in terms of a 

realistic (shape of the) heat release. The Wiebe profile was 

calibrated at the nominal point of the engine, and we have 

estimated the ignition delay according to Sitkey [45]. The 

heat transfer between the mass trapped in the cylinder and 

the surrounding areas is calculated according to the 

standard Newtonian relation, with the heat transfer 

coefficient evaluated according to [48]. The friction mean 

effective pressure is evaluated according to [49], as a 

function of the maximum combustion pressure and engine 

rotational speed. Finally, the concentration of all 

combustion products is evaluated utilising the method of 

[50], under the assumption of chemical equilibrium, 

except for thermal NOX which is computed according to 

the extended Zeldovich mechanism [51]. 

2.7 Sensor Dynamics 

The thermal inertia of the temperature sensors (s), 

which are mounted on the outer surface of the exhaust 

pipes, is modelled as a first-order system [39] 

 
dTs

dt
=

T − Ts

τs

 (15) 

 

where 𝑇𝑠 refers to the temperature including the sensor 

dynamics, and T is the temperature of the working 

medium in the engine. The time constant τ𝑠 is considered 

as a calibration parameter. Dynamic response for all other 

sensors has been neglected, as it is known to be in the 

order of milliseconds [52]. 

2.8 Calculation Procedure 

Inputs towards the cylinder model include the 

pressure, temperature and medium composition from the 

scavenging manifold, the pressure of the exhaust 

manifold, engine rotational speed and fuel injected per 

cycle from the governor. Subsequently, the cylinders air 

and exhaust gas mass flow rates, pressures, temperatures, 

the composition of the exhaust gas, and the equivalence 

ratio of the exhaust gas exiting the cylinders are 

calculated. Additional outputs include the energy flow of 

the exhaust gas exiting cylinders, the indicated power, the 

friction power, brake power torque, brake specific fuel 

consumption and engine brake efficiency. 

For all the other components, being split either control 

volumes or flow elements, the following structure is 

employed: Inputs required for the flow elements are 

utilised from the adjacent flow receiver, or fixed fluid 

structures for the engine boundaries, which include the 

necessary parameters to fully characterise the working 

medium state (temperature, pressure, composition). 

Subsequently, mass and energy flows through the flow 

elements are computed and provided to the adjacent 

control volumes. In addition, the absorbed compressor 

torque and produced turbine torque are calculated and are 

used as inputs to the turbocharger shaft element, which 

derives the turbocharger speed, which, in turn, is provided 

to the turbine and compressor blocks. 

This framework forms an additional system of first 

order differential equations, that is solved for each time 

step by using the classic Runge-Kutta method. In total, the 

model contains 50 states over two major integration steps. 

Parameters include the geometric data of the engine, 

the intake and exhaust valves profiles, the compressor and 

turbine performance maps, the bypass valve geometric 

and control details, constants present in any sub-model, 

and the ambient conditions for the engine boundaries. 

Finally, initial values are also required for the engine and 

turbocharger rotational speeds, and the temperature, 

pressure and composition of the working medium 

contained in the scavenging and exhaust manifolds. 

3 MODEL PARAMETERISATION 

The proposed model contains internal feedback 

systems, hence the modelling errors of any subsystems 

will be propagated and amplified towards the rest of the 

model. As such, balancing out the complete model by 

readjusting the model parameters is essential to obtain an 

overall accurate model [39]. 

The calibration process is treated as an optimisation 

problem, with the objective being to minimise the error 

between the model estimated outputs and the available 

measurements. This is performed in two levels, or sub-

problems: the calibration of the parameters that affect the 

performance of the model in stationary conditions, 

referred to as Problem 1 (𝒫1), and the calibration of the 

parameters that affect the dynamic behaviour of the 

model, referred to as Problem 2 (𝒫2). 

3.1 Optimisation Problem Formulation 

Formally, for both problems we seek the solution to 

the following continuous, non-convex problem: 

 

min
ϕ

𝐿̂ (ϕ, 𝒟ℳ) = ∑ 𝑙(ℎ(𝑋𝑖 , ϕ), 𝑦𝑖)

𝑀

𝑖=1

 
(16) 

subject to:ϕ𝑚𝑖𝑛 ≤ ϕ ≤ ϕ𝑚𝑎𝑥  

 

where ℎ refers to the model of Section 2, ϕ is the set 

of parameters that need to be estimated from a given 

bounded space Φ, 𝑋𝑖 refers to the measurements 
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corresponding with the model inputs, and 𝑦𝑖  refers to the 

measurements corresponding with the model outputs. 

𝐿̂(ϕ, 𝒟ℳ)  is the empirical error of the model ℎ on the 

dataset 𝒟ℳ = {(𝑋1, 𝑦1), … , (𝑋𝑀, 𝑦𝑀)}, measured 

according to a loss function 𝑙(ℎ(𝑋, ϕ), 𝑦). 
For the loss function we have adopted the absolute 

relative error, given by 

 

𝑙(ℎ(𝑋𝑖 , θ), 𝑦𝑖) = ∑
𝑦𝑖

𝑗
− ℎ𝑗(𝑋𝑖 , θ)

𝑦𝑖
𝑗

𝑆

𝑗=1

 (17) 

 

Note that, because 𝑦 is a vector, the loss function of 

Equation 17 refers to the sum of relative errors of all 

model outputs 𝑗 = (1,2 … , 𝑆) and their corresponding 

measured values. 

3.2 Solution Method 

Given the nature of the problem 𝒫1, a Derivative-Free 

Optimisation (DFO) method must be utilised, as obtaining 

or estimating the derivatives of the physical models with 

respect to the parameters is a computationally and time-

intensive procedure. 

The literature on DFO methods is quite large, with a 

variety of algorithms that can solve a diverse class of 

problems [53 – 55]. We have employed an algorithm from 

the class of directional direct search methods: the mesh-

adaptive direct search (MADS) algorithm, which is a local 

optimisation technique with established convergence 

theory under certain assumptions [56, 57]. It is essentially 

an extension of the Generalized Pattern Search algorithm, 

specifically developed to handle non-smooth, black-box 

problems [58, 59]. 

The decision variables for 𝒫2correspond to the 

turbocharger inertias, control volume sizes and the 

thermal inertia constants of the temperature sensors. 

Solving this problem can be complex and requires suitable 

transient datasets, preferably with the response of the 

engine on specific acceleration / deceleration manoeuvres. 

Instead, this procedure is simplified here by setting the 

values of the control volumes to reasonable values of the 

real pipe volume sizes based on the engine design 

drawings and setting the turbocharger inertias to 

reasonable values based on engines of similar sizes, in a 

manner similar to [39]. 

3.3 Performance Metrics 

It is important to note that the experimental data needs 

to be split into two different subsets, to objectively 

evaluate the performance of ℎ: The set 𝒟ℳ that is used to 

tune the parameters of ℎ, and the set 𝒯𝒦 =
{(𝑋1

𝑡 , 𝑦1
𝑡), … , (𝑋𝐾

𝑡 , 𝑦𝐾
𝑡 )} to evaluate (test) the performance 

of ℎ on a real-world scenario. Note that 𝒯𝒦 is required, 

since the error that ℎ would commit over 𝒟ℳ would be 

too optimistically biased, since the latter has been used to 

estimate ℎ itself. 

For this reason, additional performance metrics will be 

reported in Section 5 that refer separately to the 

performance of ℎ on 𝒯𝒦 and 𝒟ℳ, in order to provide a 

complete description of the quality of the model. These 

metrics include the Mean Absolute Percentage Error 

(MAPE), computed as the absolute relative loss value of 

ℎ over a dataset 

 

MAPE(ℎ) =
100

𝐾
∑ |

𝑦𝑖
𝑡 − ℎ(𝑋𝑖)

𝑦𝑖
𝑡 |

𝑁

𝑖=1

 (18) 

 

the Mean Absolute Error (MAE), computed as the 

absolute loss of ℎ 

 

MAE(ℎ) =
1

𝑁
∑|𝑦𝑖 − ℎ(𝑋𝑖)|

𝑁

𝑖=1

 (19) 

 

and the Pearson Product-Moment Correlation 

Coefficient (PPMCC), which measures the linear 

dependency between ℎ(𝑋𝑖) and 𝑦𝑖  with 𝑖 ∈ {1, 2, … , 𝑀}, 

given by 

 

PPMCC(ℎ) =
∑ (𝑦𝑖 − 𝑌̅)(ℎ(𝑋𝑖) − 𝑌̂̅)𝑁

𝑖=1

√∑ (𝑦𝑖 − 𝑌̅)2𝑁
𝑖=1

√∑ (ℎ(𝑋𝑖) − 𝑌̂̅)
2

𝑁
𝑖=1

 
(20) 

 

where 𝑌̅ =
1

𝑁
∑ 𝑦𝑖

𝑁
𝑖=1  and 𝑌̂̅ =

1

𝑁
∑ ℎ(𝑋𝑖)

𝑁
𝑖=1 . 

 

Other state-of-the-art error measures exist, but from a 

physical point of view the ones already reported give a 

complete description of the quality of the model, therefore 

we only report those in Section 5. 

4 DATASET DESCRIPTION 

The dataset utilized consists of two different data 

sources: standard (stationary) measurements performed 

during shop trials (ST) that have been used to calibrate the 

model (𝒟ℳ) , and operational data originating from the 

vessel's data logging system, used by the ship operator for 

performance monitoring purposes, which have been 

utilised only to evaluate the performance of the model 
(𝒯𝒦) . 

 

Table 3. Measurements available from the engine 

monitoring system. 
Signal Symbol Units Uncertainty 

Time stamp 𝑡 - − 

Engine rotational speed 𝑛 rpm ±0.2% 

Engine Torque 𝑇 kNm ±0.8% 

Fuel consumption 𝑚𝑓̇ kg/sec ±1.0% 

Turbocharger rotational 

speed 
𝑛𝑡𝑐 rpm 

±0.2% 

Charge air temperature  

at scavenging manifold 
𝑇𝑠𝑐,𝑖𝑛 K ±1.5% 

Charge air temperature  

at compressor outlet 
𝑇𝑐,𝑜𝑢𝑡 K ±1.5% 

Charge air temperature 

 at compressor inlet 
𝑇𝑐,𝑖𝑛 K ±1.5% 

Exhaust gas temperature  

at turbine outlet 
𝑇𝑡,𝑜𝑢𝑡 K ±1.5% 

 

Regarding the operational measurements, these are 

sampled at 1 Hz for approximately 370 calendar days, 

which amount to 7900 hours of operation for the case 
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study engine for a total of 28.5 million data points. We 

present a summary of the available measurements in Table 

3. Furthermore, a qualitative impression of the operating 

profile covered by the dataset is given in Figure 3. 

To identify stationary operations, the dataset was first 

split into a set of time intervals of continuous operation. 

Within each interval, operation under stationary 

conditions is defined as: Any continuous set of 

measurements for which the rotational speed and load of 

the engine vary by less than 1%, for a period of at least 3 

hours. For each these stationary conditions, the last 10 

minutes of measurements were extracted, and the median 

value of each signal was computed. This allows us to 

summarise each stationary operation as one value per 

signal, for a total of K = 256 stationary operation points. 

 
Figure 3. Qualitative view of the operating profile for the 

case study engine. 

5 MODEL VALIDATION 

The model is verified by comparing the measured 

signals of 𝒟ℳ to the model predictions and validated 

through comparison with the measured signals of 𝒯𝒦.  This 

process is performed for both stationary and transient 

conditions.  The performance metrics discussed in Section 

3.3 are reported in Tables 4, 5 for 𝒟ℳ and 𝒯𝒦, 

respectively. A visual impression is presented in Figure 4 

for various engine loading conditions. 

 

Table 4. Performance metrics on 𝒟ℳ. 
Signal Units MAE MAPE PPMCC 

𝑝𝑐,𝑜𝑢𝑡 Pa 1.2 × 103 0.363 1.000 

𝑝𝑡,𝑜𝑢𝑡 Pa 62.354 0.060 1.000 

𝑝𝑚𝑎𝑥 Pa 1.1 × 105 0.981 0.999 

𝑇𝑐,𝑜𝑢𝑡 K 2.750 0.638 1.000 

𝑇𝑠𝑐,𝑖𝑛 K 0.393 0.122 0.979 

𝑇𝑡,𝑜𝑢𝑡 K 0.066 0.010 1.000 

𝑛𝑡𝑐 Hz 4.302 0.041 0.989 

𝑠𝑓𝑐 g/kWh 1.207 0.056 0.988 

𝐵𝑀𝐸𝑃 Pa 1.8 × 104 0.122 1.000 

 

Considering the verification process i.e., the 

performance of the model on 𝒟ℳ, Table 4 indicates that 

the model can capture all measurements well within 1% 

for engine loads ranging between 20% - 100%.  The 

highest errors appear for the maximum combustion 

pressure, with a MAPE equal to 0.981%, which amounts 

to a deviation of 1.2 × 105 Pa.  The lowest discrepancy 

between the model and the measurements is reported for 

the temperature on the turbine outlet, with a MAPE of only 

0.01%, or 0.06 K, well within the uncertainty of most 

conventional thermocouples used for this application.  The 

prediction accuracy on all other variables is equally good, 

regardless of the subsystem considered.  Although not 

shown for the sake of brevity, the highest deviation for all 

measured signals appears for loads equal to 20% of the 

maximum rated power.  This is of course not desirable, but 

the engine is very rarely operating at low loads for 

prolonged periods of time. 

 

  
Turbine Outlet 
Temperature 

Turbine Outlet Pressure 

  
Scavenging Receiver 

Temperature 
Compressor Outlet 

Temperature 
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Pressure 

Turbocharger Rotational 
Speed 

  

Specific Fuel Consumption 
Break Mean Effective 

Pressure 
  

 

 
 

 

Maximum Combustion 
Pressure 

 

 

Figure 4. Measurements and model predictions under 

stationary conditions. 
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Regarding the validation of the model in stationary 

conditions, we have to consider the performance on 𝒯𝒦, 

which contains a set of measurements that are close to the 

data of 𝒟ℳ, as they are extracted during normal operation 

of the engine during sailing.  Unfortunately, a holistic 

comparison with the performance on 𝒟𝑀 is not possible, 

as a subset of signals is available for validation.   

Nevertheless, the metrics on Table 5 reveal that a non-

negligible discrepancy in performance is present. This 

discrepancy is expected, since 𝒯𝒦 has not been utilised to 

calibrate the model and given the internal feedback 

systems and flow of variables between the control 

volumes and flow elements according to Section 2.8, all 

modelling errors are coupled to the rest of the model and 

amplified. 

More specifically, the MAPE on the compressor outlet 

temperature has increased from 0.638% (2.75 K) on 𝒟ℳ, 

to 2.752% on 𝒯𝒦. Similarly, the scavenging manifold and 

turbine outlet temperatures have increased from 0.122% 

(0.393 K) and 0.01% (0.066 K) to 1.2% (3.8 K) and 2.6% 

(17.5 K), respectively. It is safe to state that, although 

pressure measurements are not available on 𝒯𝒦, the 

relative performance difference of the model between the 

two datasets would follow a similar trend. Moreover, a 

similar decrease in prediction capability can be observed 

for the specific fuel consumption and turbocharger 

rotational speed, with the MAPEs increasing from 0.041% 

and 0.056% on 𝒟ℳ, to 3.5% and 2.2%, respectively on 𝒯𝒦. 

 

Table 5. Performance metrics on 𝒯𝒦. 
Signal Units MAE MAPE PPMCC 

𝑇𝑐,𝑜𝑢𝑡 K 11.545 2.752 0.643 

𝑇𝑠𝑐,𝑖𝑛 K 3.7980 1.199 0.342 

𝑇𝑡,𝑜𝑢𝑡 K 17.545 2.570 -0.145 

𝑛𝑡𝑐 Hz 12.013 3.506 0.881 

𝑠𝑓𝑐 g/kWh 4.4000 2.178 0.514 

 

Furthermore, Figure 5 reveals that the error range is 

highest for 𝑇𝑐,𝑜𝑢𝑡 and 𝑛𝑡𝑐 and reach values by as much as 

10%, whereas the error range for all other measured 

signals lies between ± 5%. 

This discrepancy in the performance of the model can 

be explained by a variety of factors: Regarding the 

temperatures, the differences can be compensated for by 

the measurement uncertainties of Table 3, which equals 

1.5% for all temperature sensors, and an additional 1% 

maximum approximation error on the estimation of the 

load of the engine. Regarding 𝑠𝑓𝑐 and 𝑛𝑡𝑐, the variations 

observed can be attributed to the combined effects of 

measurement uncertainty, and the lack of knowledge 

regarding ambient conditions and the exact fuel 

composition.  More specifically, if this information was 

known, ISO corrections should have been performed for 

the specific fuel consumption according to the 

manufacturer documentation, as well as reference 

correction factors based on the inflow conditions of the 

working medium on the compressor and turbine.  

Although we cannot safely estimate the performance 

increase that these corrections would result in, we expect 

that if applied, the difference in the predictive 

performance between 𝒟ℳ and 𝒯𝒦 would be lower. Figure 

6 gives a quantitative view regarding the predictive 

capabilities in transient conditions. More specifically, the 

simulated and actual response of the engine are compared 

during an acceleration and deceleration manoeuvre. 

 

  
Turbine Outlet 
Temperature 

Scavenging Receiver 
Temperature 

  
Compressor Outlet 

Pressure 
Turbocharger Rotational 

Speed 

 
Specific Fuel Consumption 

 

Figure 5. Distribution of absolute percentage errors on 

𝒯𝒦. 

 

The engine initially operates at a relatively low load 

equal to 40%, and a rotational speed of 11.5 Hz, which 

corresponds to 70% of the rated speed. An acceleration 

manoeuvre is initiated at approximately 50 seconds, with 

the engine speed increasing to its nominal value, which 

subsequently remains constant for a total of 300 seconds. 

At the same time, the load increases momentarily to the 

nominal power output, and subsequently it is lowered to 

65% at approximately 200 seconds, after which it also 

remains constant until 350 seconds. Soon after, a 

deceleration manoeuvre begins, with the engine speed and 

load reducing to approximately 12 Hz and 40%, 

respectively. 

Overall, the model shows good agreement with the 

measured data for all signals. The transient response of 

𝑇𝑐,𝑜𝑢𝑡 is predicted with a maximum error of 4% for the 

entire simulation, with low stationary errors which for 

high loads lie within the sensor accuracy. At low loads 

however, a stationary error of around 3% is present, with 

a slightly slower response during the deceleration 

manoeuvre, compared to the measurements. Similar 

behavior is observed for 𝑇𝑡,𝑜𝑢𝑡, which is also over-

predicted by around 2%, with a relatively slower response 

during acceleration. 𝑇𝑠𝑐,𝑖𝑛 is predicted well within the 

sensor accuracy, although a small constant over-prediction 

of the signal is present. The response of 𝑛𝑡𝑐 and power 

output of the engine (𝑃) are equally well predicted, with 
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the simulated response varying between ± 2% on average, 

despite the highly fluctuating recorded values. 

 

  
Simulation Inputs Turbine Outlet 

Temperature 

  
Turbocharger rotational 

speed 
Brake Power Output 

  
Compressor Outlet 

Temperature 
Scavenging Manifold 

Temperature 

 

Figure 6. Measurements and model predictions under 

transient conditions. 

 

6 CONCLUSIONS 

A 0-D model for a medium speed DE is described and 

validated against measured data of a real engine operating 

in a sailing Roll-on / Roll-off vessel. The automatic 

calibration processes for stationary and transient 

operations can provide suitable parameter values to adjust 

the model's response to the measured signals. The model 

is shown to capture the stationary engine operation of the 

engine for a wide span of engine loads, ranging between 

20% to 100%. 

The stationary relative errors are in general below 

3.5\% for the validation data, despite the lack of 

information regarding the environmental conditions and 

fuel composition, which is an indication of adequate 

model accuracy. The dynamic validation of the model 

shows that it can follow the measured engine signals 

during transients as well, although the transient responses 

of the model can be slightly slower than the measured 

signals. 
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