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Abstract—A mean value engine model of a two-stroke
marine diesel engine with EGR that is capable of simulating
during low load operation is developed. In order to be able to
perform low load simulations, a compressor model capable of
low speed extrapolation is also investigated and parameterized
for two different compressors. Moreover, a parameterization
procedure to get good parameters for both stationary and
dynamic simulations is described and applied. The model
is validated for two engine layouts of the same test engine
but with different turbocharger units. The simulation results
show a good agreement with the different measured signals,
including the oxygen content in the scavenging manifold.

I. INTRODUCTION

The marine shipping industry is facing increased de-
mands in the reduction of harmful exhaust gas emissions.
Stricter emission limits of Sulphur Oxides (SOx) and
Nitrogen Oxides (NOx) are imposed in certain Emission
Control Areas (ECAs). The emission values to fulfill in
these ECAs are set by the IMO Tier III limits [1] that
came into play in January 2016. One of the available
technical solutions to achieve the targeted reduction in
NOx emissions is Exhaust Gas Recirculation (EGR). An
EGR system recirculates a fraction of the exhaust gas into
the scavenging manifold, providing burned gases in the
combustion chamber that directly decreases the production
of NOx during the combustion.

EGR technologies for two-stroke engines are still at the
initial phases of its development. In addition, there are
not many available vessels with an EGR system installed
and thus performing tests is often difficult. Furthermore,
testing any new system in marine two-stroke engines is
also very costly mainly due to the fuel cost associated
with the sizes of such engines. Hence, in order to improve
the performance of the EGR control systems, a fast and
accurate simulation model is a very valuable tool.

Mean Value Engine Models (MVEMs), are a very com-
mon approach for control oriented modeling of internal
combustion engines. In particular, EGR systems have been
also modeled using this approach. Many interesting re-
search articles about EGR modeling in automotive appli-
cations can be found in the literature, some examples are,
[2] and [3]. On the other hand, marine two-stroke engines
have not been widely studied. Nevertheless, some research
papers focused on MVEMs for two-stroke engines are [4],
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[5] and [6]. In addition, in [7] the modeling of the low load
operation of a two-stroke engine without EGR is studied.

The work presented here is an extension of the model
proposed in [8], which enables the model to simulate low
engine loads. The low load operation is very relevant for
the EGR control since the Tier III emission limits have
to be fulfilled near certain coasts, e.g. harbors, where the
vessel is normally operating at low loads. The main new
component that needs to be introduced for this low load
simulation is the auxiliary electrical blower. Its mission
is to ensure that there is enough scavenging pressure at
low loads when the turbocharger is not capable to provide
it. Moreover, the turbocharger model will be required to
simulate at low speeds and pressure ratios. This area is
normally not measured in the provided performance maps,
so a model that can extrapolate to this area is also required.

The developed model is, as in [8], based on the 4T5S0ME-
X test engine from MAN Diesel & Turbo. The 4TSOME-X
is a two-stroke uniflow diesel engine, turbocharged, with
variable valve timing and direct injection. Its maximum
rated power is 7080 kW at 123 rpm. Also, it is equipped
with an EGR system and a Cylinder Bypass Valve (CBV).

II. EXPERIMENTAL DATA

The targeted test engine is constantly being rebuilt to
test new components and new control strategies. This
implies that it is difficult to find measurement data from
the same engine configuration. Most of the measurement
data available is from the same layout as the data used
in [8]. For layout number 1 the oxygen sensors were not
properly calibrated and thus cannot be used for validating
the oxygen levels at the manifolds. For the model pa-
rameterization 30 different stationary points are extracted
from the measurement data. another 24 stationary points
are saved for the validation.

Some more data is available from another layout of the
engine and will be used for validation of the oxygen level in
the scavenging manifold. However, in this layout, number
2, the turbocharger was changed and some sensors where
removed. Moreover, there is much less data available,
and only 18 stationary points could be extracted for the
parameterization and the validation of the model.
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Fig. 1. Engine model diagram with states (blue) and control inputs (red).

III. MODELING

The complete MVEM model consists of thirteen states
and nine control inputs. Figure 1 depicts a model dia-
gram. The states are compressor outlet pressure, p¢ out,
scavenging manifold pressure, pscqy, €xhaust manifold
pressure, Peqp, turbine outlet pressure, Py o+ and tur-
bocharger speed, w;.. The chemical species mass fractions
are states in the scavenging and the exhaust manifolds,
Xscav and Xezp. The species included in the model
are oxygen, carbon dioxide, water and sulfur dioxide,
X = [Xo,,Xco,, XH,0, X50,]- The dynamic equations
are the same for each species so (6) and (7) correspond to
eight single ODEs. The dynamic behavior of the modeled
states is governed by the following differential equations
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The control inputs are EGR blower speeds, wyiow,1
Whiow,2, blower cut-out valves (COV) position, Ucoy,1
Ucop,2, fuel injection angle o, ;, fuel injection time, t;,;,
exhaust valve closing angle, agy o, CBV position, ey,
and auxiliary blower operation ... Engine speed, weng,
and compressor inlet pressure and temperature, pein Tt in,
are considered known inputs to the model.

It is simple to reduce the model to seven states if we
are only interested in tracking the oxygen level in the
manifolds. Then in (6) and (7), the mass fraction only
refers to oxygen, e.g. X = X¢o,. The model is built using

different submodels interconnected. The submodels are
mainly control volumes, e.g. scavenging manifold, and flow
elements e.g. cylinder bypass valve, compressor, turbine,
etc. Since the model is an extension of the one described
in [8], only the new or modified submodels are presented
here.

A. Compressor

In order to properly simulate low loads, a compressor
model capable of predicting mass flow and efficiency at
low speeds is required. The chosen compressor mass flow
model is the one developed in [9], which is capable of this
extrapolation. In addition, the proposed model is capable
of predicting mass flows down to pressure ratios below
one and to zero compressor speed. The area where the
compressor normally operates during low load is below the
slowest measured speed line, which is depicted in Figures
2 and 3.

In the model, each compressor speed line is described
by a super ellipse, which mathematically is written as

< W, — Wy >CUR < I, — T, >CUR L ®
Wen —Wzs Hzs —en

where Wyg, Wen, Hzg, e, and CUR are functions
of compressor speed. More details about these functions
and the model in general can be found in [9]. Since (8)
is invertible, it can be used to predict either pressure ratio
given compressor speed and mass flow or mass flow given
compressor speed and pressure ratio. The latter case is used
in the proposed engine model.

The compressor efficiency is modeled using the ideas
from [10] for the isentropic efficiency definition. The key
for the model is to use the Euler’s equation [11] applied to
the compressor velocity triangles. Using the simplifications
from [10], the conclusion is that the actual enthalpy rise
for a fixed compressor speed can be modeled as a linear
function of the mass flow. This simplifies the number of
parameters required and since it is based in the physical
equations, makes the extrapolation to the low load area
more reliable. The proposed compressor model requires 15
parameters for the mass flow submodel and 4 parameters
for the efficiency submodel.

The mass flow model together with the efficiency model
fitted to the two compressors used in this study is depicted
in Figures 2 and 3. The absolute value of the relative errors
for both compressors are shown in Table 1.

B. Turbine

The Turbine mass flow model is very similar to the
one used in [8]. However, a modification in the model is
required to describe the turbine speed dependence observed
for Turbine 2. The mass flow is described by the following
function from [12]

Wt =Ci\/1— (Ht + Ho)kt )

where k;, IIy and C; are constant parameters to be esti-
mated for Turbine 1. For Turbine 2, k; and C} are also
constants but I is modeled using a quadratic polynomial
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Fig. 2. Compressor 1 model, in black, plotted together with the measured
map points, in blue dots. The first speed line in the lower left corner
represents the stand still characteristics of the compressor. The thinner
level lines represent the modeled efficiency extrapolation down to unity
pressure ratio.

Low load operation

Fig. 3. Compressor 2 model, in black, plotted together with the measured
map points, in blue dots. The first speed line in the lower left corner
represents the stand still characteristics of the compressor. The thinner
level lines represent the modeled efficiency extrapolation down to unity
pressure ratio.

TABLE I
ABSOLUTE VALUE OF THE RELATIVE ERRORS (%) FOR BOTH
COMPRESSORS AND TURBINES. MEAN INDICATES THE MEAN VALUE
OF ALL ERRORS WHILE MAX. IS THE MAXIMUM ERROR COMPUTED.

Compressor 1 | Compressor 2
Mean | Max. | Mean | Max.
W.| 0.86 | 221 | 0.59 | 1.87
ne | 147 | 4.51 | 0.74 | 2.87
Turbine 1 Turbine 2
Mean | Max. | Mean | Max.
W, | 0.14 | 0.51 | 0.56 | 5.61
ne| 060 | 3.32 | 0.69 | 6.11

11 BSR

Fig. 4. Left: turbine 1 mass flow model, in red, plotted together with the
measured map points, in blue dots. Right: turbine 1 efficiency model, in
red, plotted with the measured efficiency points, in blue dots.

11, BSR

Fig. 5. Left: turbine 2 mass flow model, in red, plotted together with the
measured map points, in blue dots. Right: turbine 2 efficiency model, in
red, plotted with the measured efficiency points, in blue dots.

of corrected turbine speed to capture the different speed
lines observed in Figure 5. The quadratic polynomial is
defined as

o = ey 1 N7 + ey 2Ny + ey 3 (10)

where ¢, ,1, ¢m,,2 and cry,,3 are model parameters. The
two models fitted to the two turbines are shown on the left
side of Figures 4 and 5.

The turbine efficiency is modeled using the Blade Speed
Ratio (BSR), as in [2] and [8]. The relation between turbine
efficiency and BSR is defined as

Iy = ¢4 BSR? + ¢cBSR + ¢3 (11)

where c1, co and c3 are also quadratic functions of turbine
corrected speed, and each polynomial is defined as follows

ex = cx 1 NP +exaNy +ex3 (12)

In total the turbine efficiency consists of nine parameters.
The modeled and the measured efficiencies for both tur-
bines are depicted in Figures 4 and 5. Furthermore, for
both turbines, the absolute value of the relative errors are
presented in Table 1.



C. EGR Blowers

The EGR blowers are modeled exactly as in [8]. The
only difference here is that there are two equal blowers
in parallel. The EGR flow is controlled with the blower
speed control inputs, wyow,1 and wyow,2, and the cut-out
valves are used to open or close the EGR flow. Depending
on the engine running mode, there can be only one blower
operating or both of them if more EGR flow is required.

D. Auxiliary Blower

The pressure increase of an electric blower is often
modeled as a quadratic function of the volumetric flow [7].
Since the blower’s pressure increase is available from the
system states, the quadratic function is inverted to obtain
the volumetric flow. Using the pressure and temperature at
the inlet the mass flow provided by the blower is obtained

Pc,out (CAuz,l + CAuzx,2 \/CAu;v,Q - (psca'u - pc,out))

RaTc,out

Wauz =

13)

where Cayuq,1, CAug,2 and Cayg,3 are tuning parameters
estimated with the blower technical specifications.

For the studied test engine, the auxiliary blower is
installed in parallel with the air cooler after the compressor.
This means that when operating it will pull air mass flow
from the compressor outlet control volume to the scaveng-
ing manifold. When active, the pressure difference between
these two control volumes will reverse. When the auxiliary
blower is operated (since there is no restriction valve for
reverse flow in the cooler), there is flow recirculation in
the air cooler. This issue needs to be modeled in order
to capture the measured system behavior. Thus, the flow
from the compressor outlet to the scavenging manifold
is then modeled using (13) and two incompressible flow
restrictions from [12]

if Ugue =1

Tscav

Pc,out\Pc,out —Pscav
Acool\/ ( )

Pscav (Pscav—Pe,out )
Wauz — Acool,r\/
Weool =

if Ugue =0
(14)

Tc,out

where A, represents the flow restriction when the blower
is inactive and A0, models the magnitude of the recir-
culation when the blower is running. Both are parameters
to be estimated.

E. Exhaust Back Pressure

An incompressible flow restriction together with a con-
trol volume is used to model the back pressure for the
turbine, p; o, The pressure dynamics are described by
(5). And the exhaust flow W, ,,; is modeled using the
standard incompressible flow restriction from [12] where
the restriction area is a tuning parameter.

F. Fuel Mass Flow

In [8] the fuel mass flow is considered an input. Here a
fuel mass flow model is used instead, using injection time,
engine speed and hydraulic fuel pressure as inputs. The
hydraulic fuel pressure is regulated by the control system

depending on the engine load and running mode. For the
simulation results presented in Section V, it is considered a
known signal. The model is inspired by the ones described
in [12], and it is defined as follows

Wy = ¢ Weng\/Phyd (tinj — t£,0)

where ¢y and tf are tuning parameters.

15)

G. Combustion Species and Thermodynamic Parameters

The species mass fraction out of the cylinders, X, are
calculated using the stoichiometric combustion equation
and the air and fuel flows entering the cylinders. Without
including the nitrogen explicitly, the combustion equation
can be written

CH,S. +(1+y/4+2)0s = CO2+ (y/2)H20 + 250, (16)

where y is the hydrogen to carbon ratio and z the amount
of sulfur in the fuel, which are known parameters. In the
case of the reduced model with only oxygen mass fraction,
Xy can be computed as in [8] and [2].

Furthermore, the species vector is used to compute the
thermodynamic parameters, IR, ¢, and 7 of the working
gas. This is done for each different gas composition and
computed together with the gas temperature using the Nasa
polynomials that can be found in [13].

IV. PARAMETERIZATION PROCEDURE

The parameterization is done in similar steps as it is
described in [8]. First the following submodels are pa-
rameterized alone: compressor, turbine, ERG blowers, Aux
blower and fuel mass flow. These submodel parameters are
kept fixed in the following parameterization steps.

A. Complete stationary parameterization

The path to follow would be to estimate the different
flow restrictions of the model independently and then do
a complete parameterization of the whole model together.
However, this is not possible since there is no mass
flow measurement available. Hence, the next step in the
parameterization is to use the complete model to get the
best set of parameters that predict the measured states.

The method followed here differs from the one used
previously in [8] where the derivatives of the states are
used in the parameterization. Here instead the whole model
is simulated at each stationary point and the simulated
stationary states are used to compute the relative errors,
erel- In the end, a least-squares problem is formulated with
objective function defined as

1 S N
‘/stat Ni Z Z rel

A7)

where S is the number of different measured signals used to
compute the relative errors, in the general case those signals
are: [pscavapewh:pc,outapt,out» Wtce, Texha Pen97 Wegr]~ N is
the number of stationary points used. The vector 6 repre-
sents the parameters to be estimated, which in this case are



TABLE 11
ABSOLUTE VALUE OF THE MODEL RELATIVE ERRORS (%) FOR BOTH
ENGINE LAYOUTS. LOW LOAD IS WITH AUX. BLOWER ACTIVE, MID
LOAD IS BELOW 70 % AND HIGH LOAD IS ABOVE 70 %

Engine Layout 1
Dscav | Dexh |DPe,out |Ptoout | Wee |Tean | Peng,i| Wegr
Low Load| 2.39 | 2.62 | 5.13 | 2.07 |2.80|0.80| 0.44 |11.44
Mid Load | 3.51 | 3.36 | 6.86 | 3.37 |1.90|0.78 | 0.36 | 9.84
High Load| 4.74 | 6.92 | 2.05 | 5.29 [2.58|1.28| 2.52 | 5.55
Engine Layout 2
Dscav | Pexh |DPe,out |Ptoout | Wee |Tean | Xoy | -
Low Load| 4.75 | 7.73 | 4.38 | 0.17 |6.32|1.74| 1.93 -
Mid Load | 3.75 | 3.08 | 4.78 | 0.18 |2.26|1.59| 1.03 -
High Load| 7.69 |10.48| 4.42 | 0.48 [2.35|3.48| 0.89 -

all the static parameters, except of the fixed parameters of
the submodels stated in the beginning of Section IV. The
stationary simulations are done using a Matlab/Simulink
implementation of the model. To reduce the computational
time required, the Matlab parallel computing toolbox is
used to run simultaneous simulations. Furthermore, a check
on the state derivatives is done in order to stop the
simulation once the stationary levels are reached.

Different estimation steps are done to ensure that the
solver does not get lost with too many parameters. The
parameterization is started without EGR, CBV or low load
stationary points which are progressively included in the
successive steps. Also, the results from each parameteriza-
tion step are used as initial guess for the following one.
Finally, a complete parameterization with all stationary
points available is done.

B. Dynamic estimation

Fixing the estimated parameters at the previous steps,
the dynamic parameters, J;, Vicavs Vezhs Ve,outs Vi,out and
Teov, are tuned using the same procedure as in [8]. In this
case, 17 different step responses are used, including tree
load steps with the auxiliary blowers active.

V. MODEL VALIDATION

Table II presents the absolute value of the relative errors
separated for different load ranges. For Layout 1, the 24
validation stationary points are used. For Layout 2, since
there is few data available, the errors are computed with
the same stationary points used in the estimation. For
both Layouts, the higher pressure errors are mostly in the
high load case, where also the exhaust temperature and
indicated engine power errors are higher. This indicates
that the model and in particular the Seiliger cycle could be
improved in this area. One reason for this could be that at
high load is where the engine protection controls limit the
maximum pressure in the cylinders, and this might not be
totally captured in the model. On the other hand, for the
mid and low load ranges the errors are in general of similar
magnitude. Note that for the Layout 2, the engine power
and the EGR mass flow measurements are not available.
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Fig. 6. Model simulation vs measurements for Engine Layout 1.

Figure 6 shows the simulation results of Layout 1
compared to the measurements of a dataset not used in the
estimation. This simulation has a low load phase where
the auxiliary blower is enabled, where it can be seen that
the system behavior is captured by the model. In particular
the measured pressure and turbocharger speed values are
matched by the model. More discrepancy is observed in
the modeled exhaust temperature during the transients.

For Layout 2, the simulation results are presented in
Figure 7. There is also a low load operation that the model
is capable to capture. In this case the turbocharger speed
prediction is worse than for the Layout 1 which in turn
affects the stationary levels of the pressures. Nevertheless,
it is important to mention that it has been parameterized
with few data. Oxygen mass fraction validation could not
be done due to unreliable measurements for Layout 1 and
in the previous investigations from [8]. Therefore, the most
relevant result from Layout 2 is that the scavenging oxygen
level is captured as it can be seen in Table II and in Figure
7.

VI. CONCLUSIONS

An MVEM for a marine two-stroke diesel engine capa-
ble of simulating low loads is proposed and validated. A
parameterization method to overcome the lack of mass flow
measurements is also proposed. The main characteristic is
that it uses a Simulink model to integrate the modeled states
with stationary inputs and is used to compute the residuals.
Two different layouts of the same engine but with different
turbochargers are investigated, the results show a good
agreement between simulation results and measurements
with some room for improvement at high loads. The
oxygen prediction capabilities are also validated for the
second engine layout since the oxygen measurements are
reliable.
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APPENDIX

TABLE III

SUBSCRIPTS
cov cut-out valve ing injection
blow | blower meas | measured
c compressor mod modeled
scav | scavenging manifold || cool cooler
cyl cylinder t turbine
del delivered eng engine
e exhaust gas a air
tc turbocharger z,in inlet of x
aux | auxiliary blower xz,out | outlet of x
exh | exhaust manifold egr EGR gas
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