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Diesel engine modeling
The earliest LINK-SIC contribution in Au-
tomotive Systems from Johan Wahlström,
Diesel Engine modeling and control.
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controllers and a nonlinear input transformation. The main

goal is to perform these comparisons for the performance

variables λO and xegr in operating points where the actuators

are fully controllable. Further, the paper includes modeling,

control design, tuning, and simulation.

1 DIESEL ENGINE MODEL

A model for a heavy duty Diesel engine is used in simula-

tion for tuning and validation of the developed controller.

This Diesel engine model is focused on the gas flows, (see

Fig. 1), and it is a mean value model with eight states: intake

and exhaust manifold pressures (pim and pem), oxygen mass

fraction in the intake and exhaust manifold (XOim and XOem),

turbocharger speed (ωt), and three states (ũegr1, ũegr2, and

ũvgt) describing the actuator dynamics for the two control

signals (uegr and uvgt). These states are collected in a state

vector x:

x = [pim pem XOim XOem

ωt ũegr1 ũegr2 ũvgt]
T

The resulting model is expressed in state space form as:

ẋ = f (x, u, ne, uδ)

where the engine speed ne and the mass of injected fuel uδ
are considered as disturbances, and u is the control input

vector u = [uegr uvgt]
T which contains EGR-valve position

uegr and VGT actuator position uvgt. Fuel control is impor-

tant but it is not the focus in this paper. This paper focuses

on EGR and VGT control.

A detailed description and derivation of the model

together with a model tuning and a validation against test

cell measurements is given in [15]. The derivatives of the

engine state variables are given by Equations (1), and the
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Figure 1

Sketch of the Diesel engine model used for simulation, control

design, and tuning. It has five states related to the engine (pim,

pem, XOim, XOem, and ωt) and three for actuator dynamics.

oxygen concentration in the exhaust gas is calculated in (2).

Further, the main performance variables are defined by (3).

d

dt
pem = f1(x, u),

d

dt
ωt = f2(x, u) (1a)

d

dt
pim =

Ra Tim

Vim

(

Wc +Wegr −Wei

)

(1b)

d

dt
XOim =

Ra Tim

pim Vim

((XOem − XOim) Wegr

+ (XOc − XOim) Wc) (1c)

d

dt
XOem =

Re Tem

pem Vem

(XOe − XOem) (W f +Wei) (1d)

XOe =
Wei XOim −W f (O/F)s

W f +Wei

(2)

xegr =
Wegr

Wc +Wegr

, λO =
Wei XOim

W f (O/F)s

(3)

2 ROBUST NONLINEAR CONTROL

The control design method used is based on a nonlinear mul-

tivariable method proposed in [16] and [17]. It includes con-

struction of a Control Lyapunov Function (CLF) and inverse

optimal control that guarantees robustness of optimal con-

trollers. The control design method is briefly reviewed

below.

Consider the system:

ẋ = f (x) + g(x)u

y = h(x) + j(x)u, x ∈ Rn, u, y ∈ Rm
(4)

where u = 0 render the equilibrium point x = 0. As men-

tioned above, the control design method includes construc-

tion of a CLF V(x) that is defined as follows.

Definition 1 (Control Lyapunov Function) A radially

unbounded, positive definite, smooth scalar function V(x)

is called a Control Lyapunov Function (CLF) for (4) if there

exists a u such that V̇(x) = L f V(x) + Lg V(x)u < 0 for all

x � 0. The notation Lq V(x) denotes the Lie derivate of V(x)

along the vector field q(x).

The control design method also includes inverse optimal

control, where the goal is to first design a control law and

then determine which cost function it minimizes. In order to

obtain a simple relation between the control law and the cost

function, the cost function is chosen quadratic in u accord-

ing to:

∫

∞

0

l(x) + uT R(x) u dt, l(x) > 0, R(x) > 0 (5)

A Matlab/Simulink implementation of the
model for a heavy
duty Diesel Engine
with EGR and VGT,
together with a com-
plete parameter file,

is freely available at the homepage:
http://www.vehicular.isy.liu.se/Software/
TCDI_EGR_VGT/

Compressor Modeling
Oskar Leufvéns PhD thesis focused on mod-
eling of centrifugal compressors.

A control oriented model should thus preferably be able to

describe all modes of operation has good extrapolation capability,

and be easy to tune with the restricted available map data.

1.1. Contributions and outline

This paper analyzes and extends the control oriented Ellipse

compressor model that was proposed for car applications in

Leufvén and Eriksson (2011). The model is capable of capturing

all modes of operation (normal, surge and choke/restriction), and

avoids heat transfer modeling through its emphasis on mass flow

to pressure ratio characteristics.

This paper contributes with an analysis of map properties for a

database with 236 maps, for applications ranging from small

automotive to large heavy duty. The data distribution is discussed,

and what a practicing engineer can encounter when working with

modeling and parameter estimation of compressor data is high-

lighted. The knowledge generated in the analysis of the compres-

sor maps is later used for the parametrization process of the

proposed model structure. A compressor flow modeling literature

survey covering all operating modes is then presented. An in-

depth analysis of the Ellipse model structure follows. The analysis

presents a novel automated parametrization process used on the

database maps. The Ellipse model structure is extended and

further validated to also include heavy duty application maps.

The model structure is validated on the database of compressor

maps, and an analysis focusing on the model structure extrapola-

tion capability is presented. Summary and conclusions end

the paper.

2. The compressor map

The goal of the map is to describe the compressor performance,

for all operating conditions. When turbocharger performance is

measured, the characteristics obtained are valid for the inlet

conditions under which the measurements were conducted. To

overcome this deficiency, different correction factors are applied to

scale the performance variables to cover other inlet conditions.

The correction factors are based on the dimensional analysis of the

compression system (Dixon & Hall, 2010). Most maps use cor-

rected mass flow

W ¼Wc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

T01=Tstd

p

p01=pstd
ð1Þ

and corrected shaft speed

N ¼
Ntc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

T01=Tstd

p ð2Þ

where pstd and Tstd are referred to as reference conditions, T01 and

p01 are the temperature and the pressure at the compressor inlet

respectively, and Wc and Ntc are the compressor mass flow and the

shaft speed respectively (the nomenclature is provided in

Appendix A). The reference conditions are a key component, and

must be provided in the map. The bar denotes a corrected

quantity, and the compressor model of this paper is given in

corrected quantities. An experimental investigation of compressor

correction quantities for automotive applications is presented in

Leufvén and Eriksson (2012), demonstrating the importance and

correctness of Eqs. (1) and (2).

The compressor map, see e.g. Fig. 1, shows stationary pressure

ratio, Πc ¼ p02=p01, and adiabatic efficiency, ηc , a compressor

achieves as a function of W and N . Here p02 is the pressure in

the control volume after the compressor. When the compressor is

installed as a part of an engine, these pressures are commonly

referred to the air filter control volume pressure paf ð ¼ p01Þ and

compressor control volume pressure pcð ¼ p02Þ. Points of equal N

are normally connected, giving a compressor speed line, denoted

SpL. Points are measured from the smallest mass flow, found at the

surge line, to the largest mass flow where choking can occur.

Choke can lead to a pressure drop over the compressor. Surge is a

dangerous instability and can occur e.g. during a gear shift under

acceleration, where a throttle closing causes a fast reduction in

mass flow.

2.1. Map measurement

The common way to measure a turbo map is in a gas stand

(Heywood, 1988; Watson & Janota, 1982; Zinner, 1985). However,

also other facilities can be used, see e.g. Galindo, Serrano,

Guardiola, and Cervelló (2006) and Leufvén and Eriksson (2010).

Methods for both single stage and multiple stage systems are

presented (Westin & Burenius, 2010). A compressor map is usually

measured as follows. Turbine inlet pressure and temperature are

controlled to maintain a desired N . A valve on the compressor

discharge side is used to vary the back pressure of the compressor,

and thereby W and Πc . The system is given an appropriate time to

stabilize all components thermally at a fixed discharge valve

position, before a stationary compressor map point is measured.

Points are then measured from surge up to choke. Different

standards on how to measure and present map data exist, see

e.g. SAE standard (1995a, 1995b), ASME (1997), and Chapman and

Shultz (2003).

The definition of surge from SAE standard (1995b) has been

analyzed in Galindo et al. (2006) and Andersen, Lindström, and

Westin (2009), and different measures can be used e.g. pressure or

shaft speed oscillations, or increasing temperature of air close to

the impeller entry. A unique broadly accepted definition seems to

be lacking. Surge is, in fact, a system property (Greitzer, 1981), and

compressor characteristics can well be measured down to zero

flow (Fink, Cumpsty, & Greitzer, 1992), and also reversed flow

(Galindo, Serrano, Climent, & Tiseira, 2008). Down to what Πc a

speed line should be measured for larger flows is also an open

question.

3. Experimental data

This section describes the stationary map database, and the

dynamic measurements that are used to generate knowledge and

form the rationale for the control oriented model. A first analysis,

Fig. 1. All three turbo compressor operation quadrants important to model for

automotive control applications. One speed line with constant N is shown. The

islands show contours of constant adiabatic efficiency. Some important speed line

points are also marked: pressure ratio at zero flow point ð0; Π̂ c0Þ, corrected mass

flow and pressure ratio at the zero slope line (ZSL) point with positive flow

ðW ZSL ; Π̂ ZSLÞ, and the maximum flow point at zero pressure ratio ðWmax ;0Þ. These

will be used in the Ellipse flow model structure presented in Section 5.2. Note also

that the surge line does not necessarily pass through the ZSL point of a speed line.
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that the models are parametrized on the component level, and

that small component model errors might result in large errors on

a system level. This can be handled following the methodology

presented in e.g. Wahlström and Eriksson (2011), for which the

model structure is well suited.

6.1. Normal operation

Normal operation was considered to be represented by the

operating points in the compressor maps of the database. One

should though keep in mind that some of the maps contained SpL

measured down to very low ηc . Since the parametrization

process of the model structure was automated, all maps in the

database were used. A summary of the mean and maximum

relative model errors is first presented. Three representative maps

are then selected, and presented to show the model structure

properties.

The model is compared to the map in Fig. 10. The left plot

shows mean absolute relative error for map points with ηc460%

(“normal” operating region), and for all map points. The right plot

shows maximum absolute relative error. Note the different y-axis

scalings of the plots. It can be seen that the mean errors are less

than 2.5% and 4% for the ηc460% (normal operating range) and

for all points respectively, for most of the maps. Also the maximum

relative error for the normal operating range is small. It can also be

seen that the Ellipse structure struggles for a few of the maps in

the database. This can be a consequence of the least squares

estimation getting stuck in a local minimum or a “strangely”

shaped map.

Further validations are presented in Fig. 11. The figure presents

what was considered to be three representative model fits (not the

best, and not the worst fit models). Three compressors of different

sizes were selected, representing flow ranges from (from left to

right) a small car compressor up to a truck compressor. The circles

represent map points, and the solid line is the Ellipse model. The

model SpL are also extended down to maximum flow, and also

down to zero flow to show the extrapolation. Very good agree-

ment is found throughout the entire map for the small and large

compressors, while the center model seems to underestimate W

at ZSL of the map.

6.2. Surge operation

Mean value engine models (MVEM) are used to validate the

surge modeling. Two models were constructed; one for the surge

test stand, and one engine test stand.

Fig. 10. Left: mean absolute relative error for map points with ηc460% (“normal” operating region), and for all map points. Right: maximum absolute relative error.

Fig. 11. Representative model fits for three different sized (from small car to truck application) compressors. The circles represent map points, and the solid line is the Ellipse

model. Very good agreement is found throughout the entire map. The model SpL are also extended down to maximum flow, and also down to zero flow.
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Continued research byXavier Llamashas re-
sulted in a parameterization package for a

control oriented com-
pressor model. The
MATLAB tool is freely
available at the home-
page:

http://www.vehicular.isy.liu.se/Software/
LiU_CPgui/

Actuators and Co-surge
The PhD thesis by Andreas Thomasson in-
volves modeling and control of electric and
pneumatic actuators in vehicle applications,
and co-surge in parallel turbocharged en-
gines.
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Clutch modeling
Andreas Mycklebusts PhD thesis deals with
dry clutchmodeling and control. One part is
how tomodel and correct for the thermal ex-
pansion of the clutch
when calculating the
transmitted torque.
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Figure 1: A sketch over the actuator and dry single-plate pull-type clutch
installed in the experiment vehicle.

lumped model. In Velardocchia et al. (1999) Mtrans,k is seen to decrease with
temperature and ∆ω. However there are large variations with wear. In Ercole
et al. (2000) Mtrans,k initially decreases with temperature for low temperatures
and then increases for medium and high temperatures. Similarly there are
variations with wear and in addition temperature-torque hysteresis are reported.
In Velardocchia et al. (2000), Wikdahl and Ågren (1999) and Myklebust and
Eriksson (2012b) temperature models are established, but only Myklebust and
Eriksson (2012b) includes the effect of the temperature on Mtrans.

When modeling the rest of the driveline for (clutch) control purposes it is
common to include one or more flexibilities, (Pettersson, 1997; Garofalo et al.,
2002; Fredriksson and Egardt, 2003; Moon et al., 2004; Crowther et al., 2004;
Lucente et al., 2007; Dolcini et al., 2008)

Here yet another driveline model with focus on the clutch and the control
of it is presented and validated. The contribution lies in that here the thermal
dynamics of the clutch are included in the model. Particularly the significance
to launch performance of including the thermal part is shown.

2 Driveline Model

In order to evaluate the quality of a certain launch control, a longitudinal model
of the heavy-duty truck in question is required. The model has to capture
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4 5 6 7 8 9 10 11 12

0

500

1000

1500

Double Exp. Corrected Pos. [mm]

C
lu

tc
h
 T

o
rq

u
e
 [
N

m
]

 

 

Time [s]   

20

40

60

80

Figure 8: The data from Figure 2 has been corrected for expansion of the clutch
body using (22) and (26). The correction explains the torque drift.

where the torque is decreasing with temperature. However in the experiments
performed here the clutch mostly has a medium to high temperature and could
comply with the data in Ercole et al. (2000).

Power as Input?

It can be discussed whether the dissipated power, P , should be considered an
input signal since it is calculated using (19). On one hand, calculating the
power from the measured torque gives a better power signal that in turn gives a
better estimate of the current transmissibility curve, which could be used for
feedforward in control applications. On the other hand the measured torque
is not always available, e.g. some special driving scenarios, when evaluating
new controllers through simulation, or in the prediction made by a model-based
controller. Then P has to be calculated using the modeled torque. In Section 3.7
the model will be evaluated using both a measured P and a modeled P .
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Figure 6: An electrical analogy of the temperature model (23)-(25). If (mcp)d = 0
the model can also be described by (17)-(18).

transmission. However only a few percent of the dissipated power, P , goes into
the transmission, (Wikdahl and Ågren, 1999). Therefore the heat flow to the
transmission has been neglected. Moreover it has been found that the thermal
masses of the flywheel and pressure plate can be taken as one mass, (mcp)b, for
the clutch body, without loosing accuracy with respect to the expansion. For an
electrical analogy of the model see Figure 6. The corresponding equations are:

(mcp)bṪb = kICE2b(Tcoolant − Tb) + kb2h(Th − Tb) + P (17)

(mcp)hṪh = kb2h(Tb − Th) + kh2amb(Tamb − Th) (18)

where,
P = Mtrans,k ∆ω (19)

In order to connect the temperature model with the change in zero position,
the levers and the expansion of the clutch body as function of temperature are
assumed linear.

x0 = kexp,1 (Tb − Tref) + x0,ref (20)

The x0,ref parameter corresponds to x0 when the temperature is Tref. x0,ref

will naturally decrease with wear as the friction pads get thinner, see Figure 1.
However the thinning of the pads is a slow process compared to the thermal
dynamics and does therefore not need to be modeled at this stage. However it
is an inevitable process and will need to be dealt with during the life time of an
HDT. Therefore x0,ref is modeled in Section 4.

The eight parameters in the equations have been fitted against measured
data and the validation results, on a different set of data, can be seen in Figure 5.
The two integrations in the open-loop simulation give a slow drift. In online
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