
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/4351756

Multiple	sliding	surface	control	of	idle	engine
speed	and	torque	reserve	with	load	torque
estimation

CONFERENCE	PAPER	·	JULY	2008

DOI:	10.1109/VSS.2008.4570681	·	Source:	IEEE	Xplore

CITATIONS

4

READS

27

4	AUTHORS,	INCLUDING:

Benedikt	Alt

Universität	der	Bundeswehr	München

20	PUBLICATIONS			48	CITATIONS			

SEE	PROFILE

Ferdinand	Svaricek

Universität	der	Bundeswehr	München

75	PUBLICATIONS			160	CITATIONS			

SEE	PROFILE

Matthias	Schultalbers

56	PUBLICATIONS			133	CITATIONS			

SEE	PROFILE

All	in-text	references	underlined	in	blue	are	linked	to	publications	on	ResearchGate,

letting	you	access	and	read	them	immediately.

Available	from:	Ferdinand	Svaricek

Retrieved	on:	18	January	2016

https://www.researchgate.net/publication/4351756_Multiple_sliding_surface_control_of_idle_engine_speed_and_torque_reserve_with_load_torque_estimation?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_2
https://www.researchgate.net/publication/4351756_Multiple_sliding_surface_control_of_idle_engine_speed_and_torque_reserve_with_load_torque_estimation?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_3
https://www.researchgate.net/?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_1
https://www.researchgate.net/profile/Benedikt_Alt?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_4
https://www.researchgate.net/profile/Benedikt_Alt?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_5
https://www.researchgate.net/institution/Universitaet_der_Bundeswehr_Muenchen?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_6
https://www.researchgate.net/profile/Benedikt_Alt?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_7
https://www.researchgate.net/profile/Ferdinand_Svaricek?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_4
https://www.researchgate.net/profile/Ferdinand_Svaricek?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_5
https://www.researchgate.net/institution/Universitaet_der_Bundeswehr_Muenchen?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_6
https://www.researchgate.net/profile/Ferdinand_Svaricek?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_7
https://www.researchgate.net/profile/Matthias_Schultalbers?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_4
https://www.researchgate.net/profile/Matthias_Schultalbers?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_5
https://www.researchgate.net/profile/Matthias_Schultalbers?enrichId=rgreq-df43df06-f540-426a-acc0-1f3c627a3ca1&enrichSource=Y292ZXJQYWdlOzQzNTE3NTY7QVM6MTA0NDU2NDI3NDA5NDE3QDE0MDE5MTU3NjE4NDU%3D&el=1_x_7


Multiple Sliding Surface Control of Idle Engine Speed and Torque Reserve
with Load Torque Estimation

Benedikt Alt, Ferdinand Svaricek Jan Peter Blath, Matthias Schultalbers
University of the German Armed Forces, IAV GmbH, Department of
Department of Aeronautical Engineering, Powertrain Mechatronics,

Institute of System Dynamics and Development Gasoline Engines,
Flight Mechanics, 85577 Neubiberg, Germany 38518 Gifhorn, Germany

benedikt.alt@unibw.de jan.peter.blath@iav.de

Abstract

A novel controller based on multiple sliding surface con-
trol is adopted to automotive engine control at idle condi-
tion. The control task is to maintain the engine speed and
the torque reserve at their reference values despite para-
meter uncertainties and variations in the intake-to-torque-
production delay. Additionally, a disturbance estimator is
applied to reconstruct unknown load torque disturbances
based on measurements of the engine speed. A validated
nonlinear simulation model is used to evaluate the perfor-
mance of the closed-loop system and it is shown that the
system is robust with respect to the mentioned uncertainties
and disturbances.

1. Introduction

The idle speed control (ISC) problem of a spark ignition (SI)
engine represents an interesting control design task in the
field of automotive engine control. In its simplest form the
control target is to hold the engine speed at its desired value
despite unknown disturbances. There are two major sources
of performance detoriation: On the one hand rapid external
load changes result from activating an acessory such as air-
conditioning, power steering, battery charging, etc. On the
other hand, aging effects due to atmospheric exposure in-
duce long-term variations in the engine parameters and the
intake-to-torque-production delay. If the unknown distur-
bances on the engine speed can be effectively rejected, the
driver will have a better impression of the engine quality.
Furthermore, the idle speed can be lowered as the load rejec-
tion capability is improved. With a lower idle engine speed
the fuel consumption can be considerably reduced. Hence,
in modern idle speed controls it is a challenging task to find
a trade-off between the load rejection capability on the one
hand and the fuel consumption on the other hand.

The electronic throttle represents the main input to the
idle speed control system. It allows an air stream to enter
the engine cylinders. Under the assumption of a fixed sto-
chiometric air/fuel ratio the engine torque depends on this
amount of air in the cylinder. Hence, the electronic throttle
is able to set the average engine torque over all cylinders.

Since the air path shows a slow dynamic behaviour, the
spark advance is used as second control input. This actuator
controls the point of ignition and its setting can be changed
on every combustion cycle. At a given ope-rating point
the relationship between spark advance and average engine
torque reaches a maximum value that is called maximum
brake torque Tmax and the corresponding spark advance set-
ting is called αign,max. The current combustion torque that
is also known as indicated torque Tind can be considerably
lowered by moving the spark advance away from αign,max.
In this case Tind may be increased or even more lowered as
seen in Figure 1. Thus, the spark advance set point αign,SP
or as an alternative solution the ignition efficiency

ηign,SP =
αign,SP

αign,max
(1)

allows a fast reaction, however its influence on the torque
generation is rather limited compared to the electronic throt-
tle position.

ηign,maxηign,SP ηign

Δηign

Tind

Tmax

Figure 1. Relationship between engine torque and spark ad-
vance at a given operating point

Many current and next generation engine management
systems are characterized by a centrally coordinated torque
management [1]. This means that all interfaces between the
powertrain electronic control units are formulated on a com-
mon principle which is based on torques and efficiencies.
Hence, this torque structure also has to be considered in the
ISC problem. With this the idle speed controller outputs are
no longer the physical actuator outputs (throttle position,
spark advance). Instead, the two artificial torque demands
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Tair and Tign of the engine management system represent
the new actuator outputs. Furthermore, a second output is
introduced besides the engine speed N. This new output
is commonly known as torque reserve Tres and it describes
the offset (in Nm) between the maximum brake torque Tmax
and the indicated torque Tind (see Figure 1). Note that for the
ISC problem it is convenient to have a certain torque reserve
greater than zero. Otherwise, the spark advance loses its in-
fluence on the torque generation of the engine and the sys-
tem physically depends on the slow dynamics of the elec-
tronic throttle. On the other hand a large amount of torque
reserve leads to a significant penalty in fuel usage. Hence,
it is helpful to design a multiple input multiple output con-
troller with improved disturbance rejection capability that
allows holding the engine speed N and the torque reserve
Tres at their reference values.

Existing production controllers rely on decentralized pro-
portional, integral and differential (PID) controllers with the
drawback of time-consuming adjustments to the nonlinear
plant. Note that production idle speed controllers are usual-
ly characterized by the heuristic settings of the calibration
engineer and that there exists no strategy to find an opti-
mum for the trade-off between fuel consumption and load
rejection capability. The control parameters for the air path
are usually optimized for one specific spark advance setting.
If the spark advance is introduced as additional control in-
put a recalibration of the settings for the air path becomes
necessary. Hence, the idle speed control problem is still a
challenging task in the field of automotive engine control.
Unfortunately, many previous control design approaches do
not consider the torque structure of modern engine manage-
ment systems and often it is only shown that the new control
design works in a simulation or even on a simplified test rig
([2],[16]), but not within a real series vehicle. Furthermore
the throttle position is often the only physical control input
and the spark advance is not taken into account.

Nevertheless recent research has applied a wide range of
control techniques to the ISC problem. The range goes from
linear control techniques valid around an operating point
(e.g. modelbased PID-design [3], H∞-design [4]) to nonlin-
ear techniques (e.g. feedback linearization [5], neural net-
work based control [8]). Linear control techniques are of-
ten combined with gain-scheduling techniques as changes
in operating points occur slowly. However heavy loads
resulting from an auxiliary acessory can take the engine
quickly and significantly away from the nominal opera-ting
point. Hence, the nonlinear nature of the plant makes non-
linear synthesis techniques attractive. However the effort
for modeling and control design should also be considered.
Therefore robust nonlinear control design met-hods, espe-
cially some sliding mode control design techniques become
more and more attractive. In the field of sliding mode con-
trol (SMC) the method of multiple sliding surface (MSS)
control seems very interesting for ISC design since it has
been developed for typical applications of automotive en-
gine control ([13, 14, 15]). This method is robust both
against matched and unmatched uncertainties and takes care
of typical models of automotive systems which contain usu-

ally sparse and experimentally obtained characteristic maps.
The paper consists of three major contributions. First, a

mathematical description is developed that takes care of the
nonlinear behaviour of the engine at idle, the spark advance
as auxiliary input, the centrally coordinated torque manage-
ment and the torque reserve Tres as a new virtual output.
Furthermore, this new nonlinear simulation model is vali-
dated on a series vehicle. As a second contribution the MSS
control design method is adopted to the aforementioned ISC
problem. Thus the control design method is applied to a
multiple input multiple output problem. A key contribu-
tion of this paper is the sliding mode observer based esti-
mation of the unknown load torque Tload that results from
acessories like the air conditioning, power steering etc. Al-
though the MSS control design is known to be robust against
unmatched uncertainties like e.g. the unknown load torque,
online estimation of these uncertainties and disturbances
could improve the tracking capabilities significantly.

The remainder of this paper is organized as follows. Sec-
tion 3 gives a brief introduction to the nonlinear simulation
model of an SI engine with its engine management system.
In section 4 the concept of multiple sliding surface control
is adopted to the ISC problem. Section 5 deals with the en-
gine load torque estimation. Nonlinear simulation results
are shown in section 6. Finally conclusions are drawn in
section 7 and an overview of future work is given.

2. Notation

αign,SP Spark advance set point [degree]
αthr Throttle plate position [degree]
ηign,SP Ignition efficiency set point [-]
J Engine moment of inertia [kgm2]
ṁcc Mass air flow into the combustion chamber [mg/s]
ṁthr Mass air flow into the intake manifold [mg/s]
N Engine speed [1/min]
Ncc Number of cylinders [-]
NSP Engine speed set point [1/min]
Ṅ Rate of change of engine speed [(1/min)/s]
pim Intake manifold pressure [hPa]
ṗim Rate of change of intake manifold pressure [hPa/s]
Tair ISC command of the air path [Nm]
Tdrive Drive torque at the crankshaft [Nm]
Tign ISC command of the ignition path [Nm]
Tind Indicated engine torque [Nm]
Tload Load torque [Nm]
Tloss Friction and pumping losses [Nm]
Tmax Maximum brake torque [Nm]
Tres Torque reserve [Nm]
Tres,SP Torque reserve set point [Nm]
τthr Time constant of the electronic throttle body [s]
τd Intake to torque production delay [s]
θeng Temperature of the engine [K]
θim Temperature of the air in the intake manifold [K]
Vim Volume of the air in the intake manifold [m3]
R Gas constant [287 J/kg/K ]
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3. Nonlinear engine model

In this section a mathematical model of the engine is intro-
duced. It should serve as a nonlinear simulation model and
provides the basis for the control design in section 4. This
nonlinear engine model incorporates both the overall sys-
tem dynamics of the engine and the torque structure of cur-
rent engine management systems. For the mathematical de-
scription of the engine at idle condition it is sufficient to use
an approach with a common mean value model ([10, 11]).
That means that all processes and effects are spread out over
every combustion and differences from cylinder to cylin-
der are neglected. Furthermore, the engine can be modelled
with a time continuous approach. The overall dynamics of
the engine are governed by the electronic throttle including
its position controller, the intake manifold and the crank-
shaft with its flywheel inertia. A mathematical des-cription
that takes these dynamics into account is given by

α̇thr = − 1
τthr

αthr +
1

τthr
αthr,u (2)

ṗim =
Rθim

Vim
(ṁthr − ṁcc) (3)

Ṅ =
30
πJ

(Tind −Tloss−Tload) (4)

where τthr represents the time constant of the closed
loop behaviour of the electronic throttle and ṁthr =
ṁthr(pim,N,Tair) and ṁcc = ṁcc(pim,N) denote the air mass
flow rate into the intake manifold and the combustion cham-
ber, respectively. The air mass flow rate into the combustion
chamber can also be expressed as flow rate ṁ′

cc per combus-
tion with

ṁ′
cc =

120
NccN

ṁcc . (5)

The indicated torque Tind = Tind(ṁ′
cc(t − τd),Tign) gene-

rated once per combustion is taken as a static function of
the air charge ṁ′

cc into the combustion chamber and of the
torque input Tign = Tign(t − τd) of the ignition path where
τd represents the intake-to-torque-production delay. The in-
dicated torque Tind results from calculations of the engine
management system as torque measurements are too ex-
pensive for series vehicles. Furthermore, current engine
management systems are also able to estimate the fric-
tion and pumping losses Tloss = Tloss(pim,N) of the en-
gine. Nevertheless, there exist some unknown load torque
disturbances Tload acting directly on the crankshaft dyna-
mics of the engine (e.g. acessories like air conditioning,
power steering, etc.). Since the torque structure includes se-
veral subordinated feedforward and feedback control loops,
these should also be considered in the nonlinear simulation
model. Among these control loops the charge controller cal-
culating the setpoint for the throttle position

αthr,u = f1 (Tair,ṁcc,SP,ṁcc) (6)

plays a significant role where

ṁcc,SP = f2 (Tair,Tloss,ηign,max,N) (7)

denotes the set point of the air mass flow into the combus-
tion chamber. Hence, the physical actuator inputs (throttle
position αthr and ignition efficiency set point ηign,SP) are
transformed both into torque demands Tair and Tign on the
air path and on the ignition path, respectively. With this the
torque demand Tign is the only control input acting directly
on the indicated torque Tind and hence on the engine speed
N at idle. The remaining control input Tair on the air path
influences the maximum brake torque Tmax and with

Tres = Tmax −Tind (8)

it is also able to adjust the torque reserve Tres. Hence, there
exists a dynamical actuator constraint for Tign and an unidi-
rectional coupling between the two torque demands Tair and
Tign. Next, the following nonlinear state space representa-
tion can be derived from equations (2), (3), (4), (6), (7) and
(8): ⎡

⎣α̇thr
ṗim
Ṅ

⎤
⎦=

[
g1 (αthr, pim,N,Tair)
g2 (αthr, pim,N,Tair)
g3 (αthr, pim,N,Tign)

]
(9)

[
N

Tres

]
=
[

x3
h2 (αthr, pim,N,Tair,Tign)

]
(10)

where x = [αthr pim N]T , u = [Tair Tign]
T and y =

[N Tres]
T .

Hence, the nonlinear model from equations (9) and (10)
represents the base for the application of modelbased con-
trol theory.
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Figure 2. Maximum brake torque and indicated torque:
Comparison of the experimental data with the simulation
after a step in the torque demand on the air path

In the following the nonlinear mathematical description
of the engine has to be validated on the real plant. For this
purpose a representative validation procedure has been car-
ried out on a series vehicle with a 2.0l spark ignition engine
using a common rapid control prototyping system. Figure
2 shows as an example an acceptable matching between the
simulation model and the real plant after a step in the torque
demand Tair on the air path.
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4. Multiple sliding surface control

In this section a procedure similar to integrator backstep-
ping ([17]) is adopted to the aforementioned idle speed con-
trol problem. This method is called Multiple Sliding Sur-
face (MSS) control and it has been developed to simplify
controller design of systems where model differentiation is
difficult and where the matching condition is not fullfilled
([13, 14, 15]). This section adopts this method to the prob-
lem of holding the engine speed N and the torque reserve
Tres at their reference values. For general information about
MSS control design the reader is referred to [15]. For the
aforementioned idle speed control problem a modular struc-
ture with three layers as illustrated in Figure 3 is introduced,
including the control of the throttle position αthr, the com-
bined control of the drive torque Tdrive and the torque re-
serve Tres and finally the control of the idle engine speed N.

NSP

N
Upper

Tres,SP

Tdrive,SP

Tres

T̂drive

Middle

αthr,SP

αthr

Tair

Bottom
Layer

Layer

Layer
Tign

Figure 3. Block diagram of the controller

4.1. Control of throttle position

In the first step the bottom layer of the controller is deve-
loped. The task is to generate a torque demand Tair on the air
path such that the actual throttle position αthr,SP corresponds
to its desired value. Hence the sliding surface σ1 is defined
as

σ1 = αthr − z = 0 (11)

where z is the output of an additional first order lag that
provides a continuously differentiable signal of αthr,SP:

ż = − 1
τz

z+
1
τz

αthr,SP . (12)

In the following steps the task is to deduce a control law for
the controller output Tair. For this purpose the time deriva-
tive of equation (11)

σ̇1 = ˙αthr − ż (13)

has to be calculated. To make the sliding surface σ1 attrac-
tive its time derivative should satisfy

σ̇1 = −Kd1sat(σ1) . (14)

Hence, the right hand sides of equations (13) and (14) can
be equated. Under the assumption that the static function

of αthr,u in equation (6) depends primarily on the torque de-
mand Tair this relationship can be inverted and the following
assumption is justified:

Tair ≈ f ∗(−1)
1

(
αthr,u

)
. (15)

Together with equations (2) and (15) the controller output
Tair can be derived and it is given by

Tair = f ∗(−1)
1

(
τthr

(
1

τthr
αthr +

1
τz

αthr,SP− 1
τz

z−Kd1sat(σ1)
))

.

To prove the stability of the resulting closed loop system,
the η− reachability condition

σ1σ̇1 ≤−η |σ1| (16)

has to be satisfied where η > 0 is an arbitrary constant. To
satisfy equation (16) system uncertainties have to be incor-
porated as far as possible. One of these bounded uncertain-
ties is the closed loop time constant τthr of the electronic
throttle with its position controller

1
Fthr

≤ τthr

τ̂thr
≤ Fthr (17)

where Fthr represents the aforementioned uncertainty
bound. Furthermore, the assumption of equation (15) leads
to the second source for the bounded uncertainties:

1
F1

≤ f1
f̂1

≤ F1 . (18)

Under consideration of the bounds of the system uncertain-
ties the switching gain Kd1 can be calculated as

Kd1 ≥ F1τthrη +(F1τthr −1)
1
τz

(
αthr,SP − z

)
(19)

and thus the time taken to reach the sliding surface σ1 = 0
is given by

tsm ≤ |σ1 (0)|
η

. (20)

Hence, the asymptotic stability can be guaranteed if condi-
tion (19) is satisfied.

4.2. Control of drive torque and torque reserve

In the next step the middle layer of the controller is deve-
loped. For this purpose the relevant nonlinear state space
respresentation can be deduced from equations (9) and (10)
and it is given by[

ṗim
Ṅ

]
=
[
g21 (pim,N)+g22 (Tair)
g31 (pim,N)+g32 (Tign)

]
(21)

[
Tdrive
Tres

]
=
[
h1 (αthr , pim,N,Tair,Tign)
h2 (αthr , pim,N,Tair,Tign)

]
. (22)

The task is to generate both torque demands Tair and Tign
on the air path and on the ignition path in a way that the
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drive torque Tdrive,SP and the torque reserve Tres,SP corre-
spond to their desired values. The design of the middle
layer of the controller is split into two separate tasks. In
the first step a control law is developed that generates the
torque demand Tign. In the second step a control law is de-
veloped which generates the desired value of the trottle po-
sition αthr,SP which serves as reference value for the bottom
layer of the controller.

For the first design step two sliding surfaces σ21 and σ22
have to be defined:

σ21 = Tdrive −Tdrive,SP = 0

and σ22 = Tres −Tres,SP = 0 .
(23)

The controller output Tign is calculated by means of the time
derivatives of the sliding surfaces σ21 and σ22:

σ̇21 = Ṫdrive − Ṫdrive,SP

and σ̇22 = Ṫres − Ṫres,SP

(24)

where Ṫdrive and Ṫres have to be calculated by means of the
total derivatives of Tdrive and Tres:

Ṫdrive =
∂h1

∂ pim
ṗim +

∂h1

∂N
Ṅ +

∂h1

∂Tair
Ṫair +

∂h1

∂Tign
Ṫign

Ṫres =
∂h2

∂ pim
ṗim +

∂h2

∂N
Ṅ +

∂h2

∂Tair
Ṫair +

∂h2

∂Tign
Ṫign .

From simulation studies it is known that ∂hi
∂N << ∂hi

∂ pim
and

∂hi
∂Tair

<< ∂hi
∂Tign

for i = 1,2. Hence the corresponding partial

derivatives in equation (24) can be neglected. Since both
sliding surfaces σ21 and σ22 have to be driven simultane-
ously to zero their time derivatives have to be incorporated
both into the caculation of the control law for Tign. Hence
σ̇21 and σ̇22 have to be added to a combined time derivative:

σ̇21 + σ̇22 =
(

∂h1

∂ pim
+

∂h2

∂ pim

)
ṗim

+
(

∂h1

∂Tign
+

∂h2

∂Tign

)
˙Tign − Ṫdrive − Ṫres

To make both sliding surfaces attractive their time deriv-
atives should satisfy

σ̇21 =
2

∑
i=1

σ̇21i and σ̇22 =
2

∑
i=1

σ̇22i (25)

where
2

∑
i=1

σ̇21i = −Kd21sat(σ21)−Kl21σ21 (26)

and
2

∑
i=1

σ̇22i = −Kd22sat(σ22)−Kl22σ22 . (27)

Hence the right hand sides of equations (25), (26) and (27)
can be equated. Consequently the torque input Tign on the
ignition path can be deduced and it is given by

Tign = Tign (0)+
∫ ( ∂h1

∂Tign
+

∂h2

∂Tign

)−1(
−
(

∂h1

∂ pim
+

∂h2

∂ pim

)
ṗim

+
2

∑
i=1

σ̇21i +
2

∑
i=1

σ̇22i + Ṫdrive,SP + Ṫres,SP

)
.

The stability proof is not printed due to space constraints
but it is similar to section 4.1. In the following the second
design step of the middle layer of the controller is explained.
The task is to develop a control law that generates the de-
sired value of the trottle position αthr,SP and to take the con-
trol law for the torque demand Tign on the ignition path into
consideration, too. In particular, the fast dynamics of the
torque demand Tign should be taken into account and this
should be the essential controller output for transient reac-
tions. Hence, a new sliding surface

σ31 = Tign−Tign,SP = 0 (28)

can be defined and it should be quickly driven to zero. Fur-
thermore, two more sliding surfaces

σ32 = Tdrive −Tdrive,SP = 0

and σ33 = Tres −Tres,SP = 0
(29)

have to be defined in order that the desired values of the
drive torque Tdrive,SP and the torque reserve Tres correspond
to their desired values. Since σ32 = σ21 and σ33 = σ22 the
calculation of the corresponding time derivatives

˙σ31 = Ṫign− Ṫign,SP ,

˙σ32 = Ṫdrive − Ṫdrive,SP and

σ̇33 = Ṫres − Ṫres,SP

(30)

is similar to equation (24). Thus, a new combined time deri-
vative

σ̇31 + σ̇32 + σ̇33 = Ṫign − Ṫign,SP +
(

∂h1

∂ pim
+

∂h2

∂ pim

)
ṗim

+
(

∂h1

∂Tign
+

∂h2

∂Tign

)
˙Tign − Ṫdrive − Ṫres

can be calculated. To make all three sliding surfaces at-
tractive their time derivatives should satisfy

σ̇31 = 0 , σ̇32 =
2

∑
i=1

σ̇32i and σ̇33 =
3

∑
i=1

σ̇33i (31)

where
Ṫign = Ṫign,SP = 0 , (32)

2

∑
i=1

σ̇32i = −Kd32sat(σ32)−Kl32σ3
32 (33)

and
3

∑
i=1

σ̇33i = −Kd33sat(σ33)−Kl33σ33−Ki33

∫
σ33dτ . (34)
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Hence, the right hand sides of equations (30), (31), (33) and
(34) can be equated. Consequently, the desired value αthr,SP
for the bottom layer of the controller can be deduced and it
is given by

αthr,SP = f ∗(−1)
1

(
g∗(−1)

22

(
−g∗21 +

(
∂h1

∂ pim
+

∂h2

∂ pim

)−1 (
Ṫdrive,SP

+Ṫres,SP +
(

∂h1

∂Tign
+

∂h2

∂Tign

)
Ṫign +

2

∑
i=1

σ̇32i +
3

∑
i=1

σ̇33i

)))
.

As mentioned before the stability proof for the middle
layer of the controller runs similarly to section 4.1. and it is
also not printed due to space constraints.

4.3. Control of idle engine speed

The following section deals with the upper layer of the con-
troller. The control task is to develop a control law that gen-
erates a desired value of the drive torque Tdrive,SP that serves
as reference value for the middle layer of the controller. As
the idle engine speed N should correspond to a predefined
reference value NSP a new sliding surface

σ4 = N−NSP = 0 (35)

can be defined. The reference value for the middle layer
of the controller Tdrive,SP is calculated by means of the time
derivative of equation (35):

σ̇4 = Ṅ− ṄSP . (36)

To make the sliding surface σ4 attractive its time derivative
should satisfy

σ̇4 =
3

∑
i=1

σ̇4i (37)

where
3

∑
i=1

σ̇4i = −Kd4sat(σ4)−Kl4σ4 . (38)

Together with equation (4) the desired value for the drive
torque Tdrive,SP can be deduced and it is given by

Tdrive,SP =
πJ
30

(
ṄSP +

3

∑
i=1

σ̇4i

)
. (39)

The stability proof for the upper layer of the controller runs
similarly to section 4.1. and it is also not printed due to
space constraints.

5. Load torque estimation

The last control design step deals with the estimation of
the unknown load torque disturbances Tload that result from
an acessory like air conditioning, power steering, etc. Due
to the fact that the load torque acts like an unmatched dis-
turbance on the engine it should be estimated on-line from
measurements of the idle engine speed N. With the estima-
tion of the unknown load torque Tload the load rejection and
tracking capabilities of the idle speed controller can be con-
siderably improved ([18]). From [19] various techniques for

on-line input estimation are known. Thus, the load torque
Tload can be estimated with a Luenberger observer, a dirty
differentiator, a high gain observer or even with a sliding
mode observer. Due to robustness issues the two latter solu-
tions seem to be adequate for the incorporation into the idle
speed controller of an SI engine. In this work the unknown
load torque Tload is estimated using a sliding mode observer.
From equation (4) the relationship

ξ̇ = Tind −Tloss−Tload (40)

can be deduced where ξ = Jπ
30 N. Now the task is to estimate

Tload from the measurements of ξ , Tind and Tloss. For this
purpose a further sliding surface σ5 = 0 is introduced where
σ5 = ξ − ξ̂ and ξ̂ represents the estimate of the variable ξ .
Furthermore, the following variable structure filter

˙̂ξ = Tind −Tloss− γsat(σ5) (41)

is introduced with γ > 0. The unknown load torque Tload
is calculated by means of the time derivative of the sliding
surface

σ̇5 = ξ̇ − ˙̂ξ . (42)
Together with equations (40) and (41) the time derivative of
the sliding surface σ5 can be deduced and is given by

σ̇5 = −Tload + γsat(σ5) . (43)

As the aim of this load torque estimation is to drive the error
between the variable ξ and its estimate ξ̂ to zero as quick as
possible the time derivative of the sliding surface σ5 should
satisfy σ̇5 = 0. Hence, the unknown load torque Tload can
be estimated with

T̂load = −γsat(σ5) . (44)

To remove the high frequency oscillations from the esti-
mated load torque T̂load a first oder lag is introduced with

˙̂Tload, f = γ
(−T̂load + γsat(σ5)

)
. (45)

Finally, the asymptotic stability of the sliding mode ob-
server is considered. From [19] it is known that for any
t ≥ tsm with tsm = 2

γ |σ5(0)| the system is said to be in slid-
ing mode on the sliding surface σ5 = 0 if the parameter γ sa-
tisfies the condition γ > b+ γ

2 wheras sup |Tind −Tloss| ≤ b
represents the upper bound of the difference between the
indicated torque Tind and the torque losses Tloss. Note that
Tind and Tloss are calculated values of the engine manage-
ment system. Furthermore, it is known from [19] that the
estimation error between ξ and ξ̂ is upper bounded and is

|σ5(t)| ≤
√

σ5(0)2e−γt +
b2

γ2 . (46)

6. Nonlinear simulation results

This section illustrates the efficiency and the robustness
properties of the proposed control framework. The fol-
lowing simulations are carried out with the validated nonli-
near simulation model of section 2 with a sample time of
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ts = 10 ms. Firstly, the disturbance rejection capabilities are
demonstrated. For this purpose an additional load torque
of Tload = 10 Nm is applied to the engine at t1 = 15 s and
removed at t2 = 25 s.
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Figure 4. Estimation of the unknown load torque
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Figure 5. Engine speed and torque reserve: Disturbance
rejection capabilities with unknown load torque

In Figure 4 it can be seen that the sliding mode observer
presented in section 5 is able to calculate an accurate esti-
mate T̂load of the applied load torque using measurements
of the engine speed N and estimates of the indicated torque
Tind and the torque losses Tloss. Furthermore, it is shown
in Figure 5 that the propsed MSS controller of section 4 is
able to hold the engine speed N and the torque reserve Tres at
their reference values while the unknown load torque Tload
is applied to the engine. In Figure 6 a change in the refer-
ence value of the engine speed NSP is introduced. It can be
reasoned that the settling times are reasonable small and the

overshoot is negligible.
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Figure 6. Engine speed and torque reserve: Changing refer-
ence value of the idle engine speed
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Figure 7. Relative engine speed error: Robustness analy-
sis with uncertainties in the system parameters and in the
intake-to-torque-production delay

Finally, selected results of a robustness analysis are given
in Figure 7. In this analysis up to 19 different model para-
meters and characteristic maps of the nonlinear simulation
model are varied by ±10 % around its nominal value. Fur-
thermore, the intake to torque production delay has been
increased by 400 %. For all these variations the engine
speed N and the torque reserve Tres are considered both to-
gether with the aforementionned disturbance rejection sce-
nario and also with the change in the reference value of
the engine speed NSP. The deviation to the correspon-
ding nominal engine speed and torque reserve shown in
Figures 5 and 6 is normalized around the operating point
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(NSP,0 = 800 1/min,Tres,SP,0 = 8 Nm). The resulting rela-
tive engine speed error is shown for 20 variations with
strongest impact on the system. It can be reasoned that the
relative engine speed error is bounded with about 1 % in the
transient phase of the disturbance rejection scenario.

7. Conclusion and future work

This paper deals with the problem of holding the idle en-
gine speed and the torque reserve at their reference values
despite unknown load torque disturbances and system un-
certainties. In the first step a nonlinear plant description
is introduced that contains the underlying physical relation-
ships of an SI engine. Furthermore, the torque structure of
current engine management systems is considered and the
nonlinear si-mulation model is validated on a series vehicle.
For holding the engine speed and the torque reserve at their
reference values a mutliple sliding surface design controller
is introduced. This control framework consists of three lay-
ers and two control laws that generate the torque demands
on the air path and the ignition path. Furthermore, the influ-
ence of load torque disturbances that act as unmatched dis-
turbances on the system is minimized using a sliding mode
observer for load torque estimation. The resulting control
framework is able to handle the whole operating range at
idle with unchanged control gains. Hence, it is simple to
calibrate and can be easily adopted if changes in the plant
occur. The efficiency and the robustness against system un-
certainties and variations in the intake-to-torque-production
delay is shown by nonlinear simulation results.

The ongoing and future work consists in the implementa-
tion of the proposed control framework on a series vehicle.
In particular, robustness has to be analyzed on the real plant
and the new control framework has to be compared with
the production controller regarding design and calibration
effort, control performance and robustness properties. Ad-
ditionally, the authors research interest tends to methods for
adaptive calibration for the control gains in order to further
reduce design and calibration effort.
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[4] Bohn, C., T. Böhme, A. Staate and P. Mannemann, ”A non-
linear model for design and simulation of automotive idle
speed control strategies”, Proceedings of the 25th American
Control Conference, Minneapolis, USA, 2006.

[5] Pfiffner, R. and L. Guzzella, ”Feedback linearization of a
multi-input SI-engine system for idle speed control”, Pro-
ceedings of the 5th IEEE Mediterranean Conference on
Control and Systems (MED), Paphos, Cyprus, 1997, Paper
MP4-2.

[6] Alt B., Blath J.P., Otto K.-D., Svaricek F. and M. Schul-
talbers, ”Observer-based output tracking of engine speed
and torque reserve at idle with sliding mode control”, Pro-
ceedings of the European Control Conference, Kos, Greece,
2007.

[7] Butts, K.R., N. Sivashankar and J. Sun, ”Application of
l1 optimal control to the engine idle speed control prob-
lem”, IEEE Transactions on Control Systems Technology,
vol. 7(2), 1999, pp 258-269.

[8] Li, X. and N. S. Yurkovich, ”Neural network based, discrete
adaptive sliding mode control for idle speed regulation in IC
engines”, Journal of Dynmaic Systems, Measurement and
Control, vol. 122, 2000, pp 269-275.

[9] Ford, R. and K. Glover, ”Spark ignition engine idle speed
control using a novel framework and enabling control of the
tradeoff between fuel consumption and load rejection ca-
pability”, Vehicle System Dynamics, vol. 36(2-3), 2001, pp
225-251.

[10] Hrovat, D. and J. Sun, ”Models and control methodologies
for IC engine idle speed control design”, Control Engineer-
ing Practice, vol. 5, 1997, pp 1093-1100.

[11] Guzzella, L. and C.H. Onder, Introduction to Modelling and
Control of Internal Combustion Engine Systems, Springer-
Verlag, Heidelberg, Germany, 2004.

[12] Utkin, V.I., ”Variable structure systems with sliding modes”,
IEEE Transactions on Automatic Control Vol. 22, 212-222,
1977.

[13] Green, J. and J.K. Hedrick, ”Nonlinear speed control for
automotive engines”, Proceedings of the American Control
Conference, San Diego, CA, Vol. 3, pp. 2891-2898.

[14] Won, M. and J.K. Hedrick, ”Multiple-surface sliding con-
trol of a class of uncertain nonlinear systems”, Inernational
Journal of Control, Vol. 64, pp. 693-706, 1996.

[15] Hedrick J.K. and P.P. Yip , ”Multiple sliding surface con-
trol: theory and application”, Transactions of the ASME,
Vol. 122, pp 568-593, 2000.

[16] Edwards, C. and S.K. Spurgeon, Sliding Mode Control, The-
ory and Applications, Taylor and Francis LTD, London,
1998.

[17] Krstic, M., Kanellakapoulous, I. and P. Kokotovic, Nonlin-
ear and adaptive control design, Wiley Interscience, New
York, 1995.

[18] Stotsky, A., Eghardt, B. and S. Eriksson, ”Variable structure
control of engine idle speed with estimation of unmeasur-
able disturbances”, Journal of dynamic Systems, Measure-
ment and Control, Vol. 122, pp. 599-603, 2000.

[19] Stotsky, A. and I. Kolmanovsky, ”Simple unknown input es-
timation techniqunes for automotive applications”, Proceed-
ings of the American Control Conference, Arlington, VA, pp.
3312-3317.

54


