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Abstract

The pursuit for lower fuel consumption and stricter emis-
sion legislation has made a simulation- and optimization-
based development methodology important to the automo-
tive industry. The keystone in the methodology, is the sys-
tem model. But for the results obtained using a model to
be credible, the model has to be validated. The paper vali-
dates an open-source, mean-value engine model of a 12.7
liters CI inline 6 cylinder heavy-duty engine, and releases
it as open-source.

Keywords: Mean-value engine model, 0-D modeling, Sim-
ulation, Optimal control

1 Introduction

In today’s automotive industry, there is a drive for lower
fuel consumption and better control of emissions. Simula-
tion and numerical optimization are two tools that can be
used to achieve that. The keystone in a simulation driven
approach, is the system model. For it (and the results ob-
tained using it) to be credible, it needs to be validated.
This paper presents the model structure of an open-source
engine model and validates it.

The engine is a 12.7 liters CI inline 6 cylinder Scania
engine. The model structure is a mean-value engine model
(MVEM) (Heywood, 1988), this type of structure does not
model the piston movement explicitly. Instead the mean
flow in and out of the cylinders is modeled. This makes the
model computationally efficient, and suitable for control
and optimization of the air and fuel path of the engine. It
has a minimal number of states for efficient simulations,
and is continuously differentiable for use with gradient-
based optimization solvers.

The model is a continuation of previous modeling work
by the authors, described in Ekberg et al. (2017). In con-
trast to the previous work, indicated mean effective pres-
sure (IMEP), pump mean effective pressure (PMEP) and
friction mean effective pressure (FMEP), have been re-
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model by validating it. The paper is outlined as follows.
In Section 2 the data sets are presented, in Section 3 the
estimation criterion is presented, in Section 4 the model
equations are presented and the sub-models are validated,
in Section 5 all submodels are connected and the complete
modeled is tuned and validated against measurement data,
and in Section 6 the model is simulated and its basic sim-
ulation properties are presented.

1.1 Contribution

a val-
12.7

The main contribution of this
idated open-source  MVEM of a Scania
liters 6 cylinder engine, downloadable from
www.fs.isy.liu.se/Software/. Also, new
component models for the engine torque, and an
adaptation of an existing turbine model are introduced.

paper is

2 Data

Six datasets have been used for modeling and validation,
see Table 1. Dataset A is dynamometer data of the engine,
and is the primary modeling set. Dataset B is simulation
data from a model of the same engine obtained using a
detailed model implemented in GT-Power (Gamma Tech-
nologies, 2004). In B, the air-to-fuel ratio is varied for
the operating points and is primarily used to develop the
torque model. Dataset C is used to model the compressor,
and dataset D is used for modeling the turbine. Dataset
E is used to validate the complete model, and dataset F is
used for throttle modeling.

Table 1. Datasets used to find model parameters.

modeled, the compressor model has been changed for a _Dataset Signals | Samples
more advanced model presented in Llamas and Eriksson A Stationary measurement data | 24 235
(2017), the turbine has been remodeled to better describe B. GT Power Simulation 22 160
the efficiency, and the model is validated as a complete ~ C- Compressor map 4 73
system. D. Turbine map 4 38

The purpose of this paper is to provide an open model ~ E- Dynamic measurement data | 24 69598
to the research community, and to invoke confidence in the _F- Throttle effective area 1 11
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3 Parameter Estimation

To parameterize the sub-models, the following criterion is
used:

K
0* =argmin '} e2(0
g b k;l (0)

ey

where 6* are the criterion minimizing parameters, ¢; the
model error at sample k, and K the number of samples.

Some of the submodels are not modeled using dataset
A, which is the desired model behavior at steady-state. To
compensate for this, the parameters need to be refitted to
represent dataset A. This is done using a regularization
technique, which is selected in order to preserve the model
structure, according to:

K I *_ O
e*zargmin(Ze,%(e)+cZ(u,-9" *9’)2) @)
& M= 6;

i=1

where 6™ are the parameters refitted to dataset A, 8* the
parameters obtained using (1) and a dataset different than
A, I the numbers of parameters to refit, 1; the weight as-
signed to parameter i, and C the cost of changing the pa-
rameters.

To evaluate the model fit, the following measures are
used:

I

e:m;!ekl 3)
ec =/ Vllexl] “4)
_ 1 & e

erel—§k;1 g (5)
erel.o =V Vlex/skl] (6)

where e is the mean absolute error, e, the variance of
the absolute error, é. the relative error, s; the k:th sam-
ple, and e ¢ the variance of the relative error. The vari-
ance was calculated using the command var in Matlab
R2017b.

4 Model

In the presentation of the validated model structure, the
time dependence, (¢), is used to distinguish variables from
constants, dependence on other variables is omitted for
notational simplicity.

The model has four states x(z):

x(t) = [pe(t), pim(t), Pem (1), @xc (1)) (7
where p. is the pressure after the compressor, pj, the in-
take manifold pressure, pem the exhaust manifold pres-
sure, and @ the turbocharger angular velocity. The model
further has three control inputs u(t):

u(t) = [ug(t), une (1) g (1)] (8)
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Figure 1. Model overview. Shown are the four states: pressure
after the compressor p., intake manifold pressure pjn, exhaust
manifold pressure pen and turbocharger angular velocity @,
and the three control inputs: Fuel injection per cycle ug, throttle
effective area uy,, and wastegate effective area uyg.

where ug is the fuel mass injected per cycle, uy, the throt-
tle position, and uyg the wastegate position. The engine
speed, Nice, is treated as an exogenous input into the sys-
tem. Figure 1 shows an overview of the model, where the
states and control inputs are visualized.

4.1 Control Volumes

The volume after the compressor, intake manifold and ex-
haust manifold are seen as thermodynamic control vol-
umes, and modeled as dynamic states with filling and
emptying dynamics. Using an isothermal model and by
assuming mass conservation, and constant ¢, and cy, the
models are described as:

<o) = B0 1) - W) %
Sopin(0) = S (Wi 1)~ We 1) o)
& pon(®) = 27 0 0) - Wi 0) — W) — W (1)

(90)

4.1.1 Parameters

There are four parameters to estimate: volume after the
compressor V., intake manifold volume Vj;,, exhaust man-
ifold volume V¢, and intake manifold temperature Tj,,.

4.1.2 Parametrization and Validation

In dataset A, the mean value of the measured temperature
in the intake manifold is 304.00 K with a standard devi-
ation of 1.11 K, indicating that a constant temperature in
the intake manifold is an acceptable modeling assumption.
The charge air cooler is assumed to be ideal, therefore the
temperature in the intake manifold equals the surrounding
temperature, Tip, = Tymp. The sizes of the volumes V., Vi
and Vep, are tuned until the dynamics of the model comply
with the measurements. Validation of the volume sizes is
seen in section 6.
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4.2 Throttle

In accordance with the throttle modeling approach in
Eriksson and Nielsen (2014), the mass flow through the
throttle is modeled as an isentropic compressible restric-
tion, according to:

pe(t)

VVthr(t) = RT (t)

CD,thr Athr,max Uthr (t ) Winr (t ) (10)

where the air mass flow through the throttle is denoted by
Winr, the maximum throttle area by Awrmax, the flow co-
efficient by Cp gy, the temperature by T, and the specific
gas constant of air by R,. The throttle effective area is
controlled directly via the control signal uy,(¢). The flow
parameter Wy, is taken from (Shen and Ohata, 2011), and
represented as in (Holmbom and Eriksson, 2018):

lPthr(t) = \/%+ 1 (1 _chr(l)) <chr(t) + z:;i>

2%
(11a)
Pim(t) : pim(t) 1
Moty =] 70 ) =50 (11b)
yaLrl otherwise

where 7, is the ratio of specific heats. The conditional
equation (11b) does not have a continuous derivative at the
switching point. The Logistic function is therefore used to
emulate the switching (11b):

e (1) =TT 4 e (£) (T1(2) — TTN9K€)  (12a)
Cowiten (1) =77 efw(rlI(r)fnchOke) (12b)
choke :yal+1 (12c)
() :’;‘C“((tt)) (12d)

where cy is the steepness parameter of the Logistic func-
tion. The implemented flow parameter Wy, (7) is modelled
as (11a), where I, (¢) is modelled according to (12).

4.2.1 Parameters

There is one parameter to estimate, Cp . The throttle
area Athr,max 1S known from dataset F.

4.2.2 Parametrization and Validation

A dataset for validating the throttle model was not ob-
tained. Cp gy 1S seen as a tuning parameter in optimizing
the steady-state levels of the model. A validation of Wy,
is depicted in Figure 2.
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Figure 2. Wy, (¢)-functions where the blue solid reference is
described by (11), the red trace is when I, () is described ac-
cording to (12).

4.3 Cylinder

The cylinder air mass flow is modeled with the help of
the volumetric efficiency, 7y, Heywood (1988). It is
expressed using a single constant as in (Eriksson and
Nielsen, 2014):

b Pim(t) Nice (t)

Weyl(t) = Nyol ————=
cyl( ) Tivol neRy Ty, 60

13)

The cylinder fuel mass flow is calculated from the fuel
injection per cycle and engine speed:

_ ncyllvice(t) uf([) 10-°

Wi(z 14
w(7) . <0 (14)
The fuel-to-air equivalence ratio ¢ () is calculated as:
Wf(l‘ )
t) = AF, (15)
¢< ) chl (t) N

where AF; is the air-to-fuel stoichiometric ratio.

To model the engine torque M (f), it is broken down
into the components: gross indicated torque M;, (¢ ), pump-
ing torque Mpump(?), and friction torque Mfic(¢), and cal-
culated as:

Mice(t) :Mig(t) _Mpump(t) _Mfric(t) (16)
where the three components Mig (¢), Mpump () and Miic (1)
are expressed in the normalized quantities IMEP, PMEP

and FMEP (Eriksson and Nielsen, 2014).
The indicated torque is modeled according to:

Mig (1) = n:’;ﬂ IMEP(r) (172)

IMEP(r) = ;g (1) 22 ”f(t‘)/mé”cy‘ (17b)
b

() = (1 - yﬁ)l> Mea (1) (17¢)

Yey1 (1) = cy0 +Ccy,1¢(t) +cy20° (1) (17d)
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Where the operating point dependent losses, are modeled
using the following polynomial structure:

2
us(t
ncal(t) = Ccal,2 (t) < lféo) — Ccal,1 (t)) + Ccal,0 (18a)
Nice(t
Ceal,1 (t) = Ccal, 10 * Ccal,11 11660(0) (18b)
2
Nice(? Nice(t
Ceal2 (1) = Ccal 20 + Ceal 21 1660(0) + Ccal 22 (1830(0)>
(18¢)
The pumping losses are modeled as:
Miypump (1) = Yo PMEP(t) (19a)
PUmpA T 2
PMEP(t) = cpmep,0 + cPMEP,1 (Pem(f) — Pim(t))  (19b)

The losses which are not included in the pumping losses
are lumped into the friction term, which is modeled as a
polynomial in fuel injection and engine speed:

Wb
Misic (l‘) = 2T FMEP(I)
FMEP(t) = ¢ + c£.1Nice (1) + cr2us(t) + cr3us(t) Nice (1)

(20)
The temperature of the gas exiting the cylinders, 7, is
modeled based on calculations on an ideal cycle and
adding the parameter 1)y to include non-ideal properties:

_ _ inl? _
1) = il 4t (220 4y )

Cpa
(21a)
o W)
%n(t) = Wf([) +chl(t) quv (21b)
em t
Men() = f’imgt )) 1o

To take the heat transfer from the exhaust manifold to
the surroundings into account, the mean value exhaust gas
temperature model from Eriksson (2002) is implemented:

- Cem,h

Tem(t) = Tamp + (Te(t) = Tamp)e "ot (22)

4.3.1 Parameters

There are 18 parameters to estimate: Tyol, Cy,0, Cy,1, Cy,2,
Ccal,05> Ccal,10> Ccal,115 Ccal, 205> Ccal 215 Ccal 225 Cf,0, Cf,1, Cf2, Cf,3,
CPMEP,0> CPMEP,1> Tsc> and Cem h-

4.3.2 Parametrization and Validation

To preserve the properties observed in the data, the param-
eterization is carried out in steps. The cylinder massflow is
estimated using dataset A. The error function is calculated
as:

The indicated torque is estimated using data set B (Ta-
ble 1). The parameterization was done by minimizing the
following error function:

exmep = (IMEP g, & — IMEP 0ge1 4 (OivEp) ) (24a)

OmmEP = [C)/,Oa Cy,1, Cy2, Ccal, 105 Ccal, 115 Ccal, 205 Ccal 215 Ccal,22}
(24b)

The resulting fit is shown in Table 3.

The pumping torque is estimated using data set B (Ta-
ble 1). The parameterization was done by minimizing the
following error function:

erpmEP = (PMEPqy, t — PMEP poqer £ (Opmer))*
OpMEP = [cPMEPO, CPMEP1]

(25a)
(25b)

The resulting fit is shown in Table 3.

The friction torque is estimated using data set B (Ta-
ble 1). The parameterization was done by minimizing the
following error function:

erimep = (FMEPyy, & — FMEP oge1 4 (OrmEp) )
OrMEP = (€0, CE 1, €2, 3]

(26a)
(26b)

The resulting fit is shown in Table 3.
For the model describing the exhaust manifold temper-
ature, the loss function is calculated as:

(27a)
(27b)

€x,T = (Tem, data, k — 7:3m, model, k(eﬂ,m))z
eTem = [nsm Cem,h}

The resulting fit is shown in Table 2.
Table 2. Cylinder model fit to dataset A. é is the mean absolute

error, eg the variance of the absolute error, &, the relative error,
and ey ¢ the variance of the relative error.

e o €rel Crel,c
Mo 084% 061% 092% 0.69 %
Tem 520K 340K 0.78% 0.49 %

Table 3. Cylinder model fit to dataset B. ¢ is the mean absolute
error, eg the variance of the absolute error, &, the relative error,
and ey s the variance of the relative error.

€ €o Crel €rel,c
IMEP 240kPa 11.7kPa 157% 042 %
PMEP 992kPa 105.1kPa 230% 13.6%
FMEP 0.75kPa 0.52kPa 0.70% 0.43 %

4.4 Turbocharger

The turbocharger dynamics is modeled from Newton’s
second law of motion according to:

2
€k,nvol = (nvol,data,k - nvol) (23)
The resulting fit is shown in Table 2. dt Wrell) = e (1) Jie
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Figure 3. PMEP fit to dataset B. Red line shows the one-to-one
ratio.

4.4.1 Parameters

There is one parameter to estimate: Ji.. The validation is
seen in Section 6.

4.5 Turbine

The turbine power, including the mechanical efficiency of
the turbocharger shaft is calculated according to:

Ritln(1) = Wa(1) e Tem(1) me(r) (1= T1(0)" /)
(29a)

I (1) = 2 (29b)

B pem(t)

where py is the pressure in the exhaust aftertreatment
system. For the flow, the square root turbine flow model
in (Eriksson and Nielsen, 2014) is adapted to to describe
dataset D:

cluded. The model is described by:

(1) = Mo (1) — ki 1) (BSR (1) — BSRape(1))? (320)
t)D/2
BSR(1) = O () Dy/ 1 (32b)
V2epe Tem(t) (1~ TL(1) )
BSRpi(t) = cBsr,0 + ¢BsR, 1 Nic,corr11 (1) + (32¢)
cBSR 2 Nt core11 (1) (32d)
Nt,max (t) =Cn 0 + 1 Ntc,corr,II (t) (32e)
kn (l) = Cmax,0 + Cmax, 1 Ntc,corr,H (t) (321)
() 30 1
Ntc,corr,ll (t) = C( ) (32g)

Tom(t) 7 10000

4.5.1 Parameters

There are 14 parameters to estimate: cog, Cg2, €10, C11,
€20, €21, €22, CBSR,05 CBSR, 15> CBSR 25 €105 €1y, 15 Cmax,0, and
Cmax,1-

4.5.2 Parametrization and Validation

The parameterization is carried out by parameterizing the
mass flow model and efficiency model separately using

dataset D. For the mass flow, the loss function is calculated
as:

exwe = (Wi, data, k — Wi, modet, £ (8wr) )
Bwi = [coo co2 €10 €11 €20 €21 €22]

(33a)
(33b)

The model fit is shown in Table 4. For the efficiency, the
following loss function is used:

2
exnt = (M, data, k — M, model, k(Ont)) (34)
Ont = [CBSR,0 CBSR,1 CBSR,2 C1,,0 €ny,1 Cmax,0 Cmax,1]  (35)

The model fit is shown in Table 4.

ka (1)
Wicor(t) = ko(t) (1 fnt(,)kl(ﬂ) 2 (30a) 4.6 Wastegate
. 2 The wastegate is developed in the same way as the throttle
ko() = coo + €02 Nie.coma () (300) (see section 4.2), apart from 7, which is replaced by 7.
ki(t) = c10+c11 Niccorra (1) (30¢) ' The wastegate mass flow is described by:
ko (t) = c20 + €21 Nee.corr (1) + €22 Nig core1 (1) (30d) pem(?)
W (l‘) 30 1 ng(t) === CD,ngwg,max uwg(t) leg (t) (36)
N 1) = — 30 VR T,
tc,corr,l( ) \/m 7 1000 ( e) eldem
where Wy, () is similar to (11a), but ITy,(¢) is replaced by
. ) ITye(2). Tlyg(2) is defined as in Equation (12), where I1(r)
The turbine mass flow is calculated as: is replaced by IT;(¢) in (29b).
_ Pem10™ Table 4. Turbine model fit to dataset D. é is the mean absolute
W) = Wiconr (1) /Tom G error, e the variance of the absolute error, &, the relative error,
and ey 5 the variance of the relative error.

For the turbine efficiency, the standard approach of e — fo__ T Grel brel,0
modeling it from the blade-speed-ratio (BSR) is taken. Wicor 51410 3.5610 130% 0.95%
However, since the BSR lines do not overlap in the kg/svVK/kPa  kg/sv/K/kPa
BSR—n plane in dataset D, a speed dependence is in- M 0.92 % 0.99 % 1.34% 147 %
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4.6.1 Parameters

There is only one parameter to estimate, Cp . The waste-
gate area Ay max is determined from measuring the diam-
eter. Cp,wg is seen as a tuning constant. Since data was not
available to parameterize the wastegate as a separate com-
ponent, the same approach as for the throttle is taken. The
modeling of the wastegate and throttle is similar due to
both being controllable valves for restricting the gas flow.

4.7 Compressor

The parameterization of the compressor was done using
dataset C and by using LiU CPgui (Llamas and Eriksson,
2018), which parameterizes a high-order control-oriented
compressor model based on the rotal least squares algo-
rithm. The fit to dataset A is shown in Table 5.

Table 5. Compressor model fit to dataset A. ¢ is the mean abso-
lute error, e, the variance of the absolute error, &, the relative
error, and e ¢ the variance of the relative error.

e o €rel €rel,c
W, 1.0310% 82910% 0.13% 1.51%
kg/s kg/s
ne 092% 099% 134% 147 %

5 Full System Parametrization

An approach taken in Wahlstrém and Eriksson (2011) and
Sivertsson and Eriksson (2011) is to refit the parameters
to the measurements when all model components are as-
sembled in order to achieve good fit. A similar approach
is taken here, but with a slightly different cost function
(see equation 2) where a regularization technique is used
in order to limit the changes in parameter values in order
to preserve the model structure. This procedure is divided
into two steps. The first step is to refit the torque model to
dataset A. The second step is to tune all parameters influ-
encing the steady state levels of the states when the com-
plete model is fully assembled.

5.1 Torque model

For the torque model, the following parameters are refit-
ted:

Om = [Ccal,Oy Ccal,105 Ccal, 115 Ccal,20, Ccal 21, Ccal, 22, 37)
Cf,0, Cf,1, Cf2, Cf,3, CPMEP,0, CPMEP,I}

using criterion (2). The resulting fit is shown in Table 6

Table 6. Torque model refit to dataset A. € is the mean absolute
error, es the variance of the absolute error, &, the relative error,
and e ¢ the variance of the relative error.

e es

842 Nm 6.59 Nm

€rel

1.81 %

€rel,o

3.05 %

M ice

https://doi.org/10.3384/ecp18153290

5.2 Tuning of steady-state levels

In the same manner as for the torque model, using crite-
rion (2), the parameters influencing the steady-state lev-
els of the states are re-parameterized. To do this, the full
model is simulated and the wastegate is controlled, using
a PID-controller to minimize the error:

Cwg = We — We ref (38)

where the compressor massflow reference W, ref is taken
from the massflow measurment in dataset A. The resulting
fit is shown in Table 7.

Table 7. Steady-state levels of states fit to dataset A for the
fully parameterized model. ¢ is the mean absolute error, es the
variance of the absolute error, &, the relative error, and e ¢ the
variance of the relative error.

€ €o €rel €rel,c
Pc 2.78 kPa 4.00 kPa 1.89% 2.80 %
Pim 2.76 kPa 3.96 kPa 1.89% 2.79 %
Pem 14.73 kPa 3.96 kPa 733 % 3.69 %
o. 198kRPM 242kRPM 488% 7.93 %

6 Full System Validation

The complete system model is simulated with the control
signals recorded from a dynamic engine test (part of data
set E). The result from the simulated system, in compari-
son with the measurement data is displayed in Figure 4.
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Figure 4. State validation, simulated engine model compared to
dynamic measurement data. The control signals are taken from
measurements.

7 Conclusions

A mean value engine model of a Scania 12.7 liters
heavy-duty diesel engine has been developed and vali-
dated using both stationary and dynamic measurements.
The results show good agreement with measurements,
showing that both dynamics and steady-state levels are
well represented indicating that the model is well suited
for studying the engine dynamics and fuel optimal con-
trol. The model is open-source and downloadable from
www.fs.isy.liu.se/Software/.
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