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Abstract

Speed control of an automotive engine based on sliding mode
techniques has been presented. A 2-sliding “super twisting”
algorithm has been applied since it does not require the time
derivative of the sliding variable, which in this case would in-
volve estimating engine acceleration. This and the associated
flatness properties enable a sliding mode controller to be con-
structed which uses only measured engine speed and does not
require the use of an observer. The controller tracks not only
the set point speed but also shows robustness to the parame-
ter variations and load torque disturbances and is valid across
a wide operating envelope. Simulation results using a two sub-
system IC engine model have also been presented.

1 Introduction

Speed control for an automotive engine is a nonlinear prob-
lem. An engine controller designed for this purpose should not
only track the desired speed but also show robustness to mod-
elling errors, load torque disturbances and be computationally
efficient. Sliding mode control is known to be robust with a
straightforward design formulation and thus provides a possi-
ble solution to the engine speed control problem.

Different sliding mode control strategies have been applied to
the engine control problem [1, 2, 5, 15]. Choi and Hedrick
[2] proposed an adaptive sliding mode control algorithm and
demonstrated simulation results. They used a two-state model
with throttle demand as the control variable. However, the re-
sulting algorithm needs engine speed, manifold pressure and
temperature, throttle body airflow and throttle position to be
measured. Bhatti et al. [1] designed a sliding mode controller
for idle speed operation using a linear model for the design
and taking spark advance and air bypass valve as inputs. An
observer was designed to reconstruct the system state for use
by the controller. Vesterholm and Hendricks [15] used a mean
value engine model with throttle angle as the control variable.

They used a weighted sum of speed error and integral of speed
error as the sliding variable.

In this paper, it is verified that the engine speed is an appro-
priate flat output and thus stabilizing this output alone will ef-
fectively stabilize the closed loop system. A two sliding al-
gorithm is applied as presented by Levant [6–9]. The super
twisting 2-sliding algorithm has been shown to be extremely
robust and stable [6, 9]. Moreover it does not require the time
derivative of the sliding variable, which in this case would in-
volve acceleration. This and the associated flatness properties
enables a sliding mode controller to be constructed which uses
only measured engine speed and does not require the use of an
observer. The engine model considered for simulation of the
controller performance is adapted from that of Crossley and
Cook [3] with the assumption that stoichiometric air-fuel ratio
(AFR) is controlled by another independent controller.

2 Automotive Engine Model

The low frequency phenomenological representation of an au-
tomotive engine presented by Crossley and Cook [3] has been
considered. The two main subsystems considered are:

1. The crankshaft dynamics

2. The manifold dynamics

The crankshaft speed state equation can be written as:

Jṅ = τeng − τl

whereτeng is the torque produced by the engine,τl is the vari-
able load torque andJ is the effective engine inertia. The
torqueτeng is described by the following empirical function:

τeng =ke0 + ke1ma + ke2(AFR) + ke3(AFR)2

+ ke4σ + ke5σ
2 + ke6n + ke7n

2 + ke8nσ

+ ke9σma + ke10σ
2ma

where,kei, i = 1,· · · , 10; are constant coefficients,AFR is
the air-fuel ratio andσ is the spark advance. The variablema



is the air mass charged in the cylinder during the intake stroke,
which takes place in the firstπ radians crankshaft rotation of
the four-stroke cycle. Thus, in the model,ma was obtained by
integrating the air mass flow from the manifold and resetting
the integrator at the end of each ingestion stroke. This results
in a variable reset period,treset = π/n, which depends on the
rotational speed. Finally, it is known that in the actual engine, a
delay exists between the ingestion of the air-fuel and the related
torque production. Therefore, an induction to power lag ofπ
radians was assumed and, consequently, a variable delay (π/n)
was included in the model. However, for the purpose of con-
troller design, the output of the integrator block with variable
reset can be closely approximated by:

ma =
ṁaoπ

n

The nominal load torque, comprising of rolling friction, engine
friction and aerodynamic drag torques, can be expressed as the
function of the speed,n as follows:

τl = τr + τf + τa

with τr = kl1, τf = kl2+kl3n andτa = kl4n
2 where,kli, (i =

1,· · · , 4) are constant coefficients.

The intake manifold dynamics, modelled as a first order differ-
ential equation, is:

ṗm =
RTm

Vm
(ṁai − ṁao)

where,R is the gas constant,Vm the manifold volume andTm

the manifold temperature.RTm/Vm is assumed to be constant.
The air mass flow rate into the cylinders from the manifold
ṁao, is the function of manifold pressurepm, and speedn,
given as:

ṁao = kmo0 + kmo1npm + kmo2np2
m + kmo3n

2pm

The air mass flow rate into the manifolḋmai, is the function of
manifold pressurepm and the throttle angleθ, as follows:

ṁai = f(θ)g(pm)

where,

f(θ) = kth0 + kth1θ + kth2θ
2 + kth3θ

3 (1)

g(pm) =
{

1 pm ≤ 0.5patm
2

patm

√
patmpm − p2

m pm > 0.5patm

The coefficientskmoi andkthi, i = 0,· · · , 3 are constants deter-
mined by experimental data andpatm is the atmospheric pres-
sure.

Let the speedn, and the manifold pressurepm, determine the
state vector:x = (x1, x2)T = (n, pm)T and the control vari-
able:u = f(θ). Then the state space description of the system
can be written as

ẋ1 = χ(x) (2)

ẋ2 = ξ(x) + γ(x)u (3)

where

χ(x) =
1
J
{K1 + K2(kmo0/x1 + kmo1x2 + kmo2x

2
2

+kmo3x1x2) + K3x1 + ke7x
2
1 − kl1 − kl2

−kl3x1 − kl4x
2
1}

ξ(x) =
RTm

Vm
(−kmo0 − kmo1x1x2 − kmo2x1x

2
2

−kmo3x
2
1x2)

γ(x) = g(x2)

with

K1 = ke0 + ke2(AFR) + ke3(AFR)2 + ke4σ + ke5σ
2

K2 = π(ke1 + ke9σ + ke10σ
2)

K3 = ke6 + ke8σ

Differentiating the first state equation we have

ẍ1 = φ̃(x) + η(x)u (4)

where,

φ̃(x) =
1
J
{(−K2kmo0

x2
1

+ K2kmo3x2 + K3 + 2ke7x1

−kl3 − 2kl4x1)χ(x) + K2(kmo1 + 2kmo2x2

+kmo3x1)ξ(x)}
and

η(x) =
K2

J
(kmo1 + 2kmo2x2 + kmo3x1) γ(x)

Remark 1: The engine model considered is differentially flat
with speed as the flat output. Consider equation (2). It is pos-
sible to writex2 as a function ofx1 and ẋ1. Eliminatingx2

from equation (4) and using equation (3),u can be written as a
function ofx1, ẋ1 andẍ1 [4, 5].

Remark 2: Due to the flatness of the system demonstrated
above, it is sufficient to stabilize only the flat output which in
this case is engine speed. The other variables will be automati-
cally stabilized provided the reference trajectory does not pass
through any singularities like zero speed in this case [4,12].

3 Higher Order Sliding Modes

Higher order sliding modes (HOSM) have been developed in
the literature and are currently finding useful applications [6–
10, 13, 14]. The main idea behind higher order sliding is to act
on the higher order derivatives of the sliding variable (s) rather
than the first derivative as in standard sliding modes. Keeping
the main advantage of the standard sliding modes, it has the
additional advantage that it removes the chattering effect. The



rth order sliding mode is determined by the equalitiess = ṡ =
s̈ = · · · = s(r−1) = 0, which form anr-dimensional condition
on the state of the dynamic system.

The sliding order is a measure for the degree of smoothness
of the sliding variable in the vicinity of the sliding mode.
In general, anyr-sliding controller that keepss = 0 needs
s, ṡ, s̈,· · · , s(r−1) to be made available [6, 7]. In the case of
engine speed control, this implies that acceleration should ei-
ther be measured or else an observer constructed to estimate it.
However, because the “super-twisting” 2-sliding algorithm is
used, no knowledge of the engine acceleration is required and
hence speed control of an automotive engine based on speed
measurement alone, without an observer, is possible.

The super twisting algorithm defines the control law,u(t), as
the combination of two terms. The first is defined in terms of
a discontinuous time derivative while the second is the contin-
uous function of the sliding variable. The trajectories of the
super twisting algorithm are characterized by twisting around
the origin on the phase portrait of sliding variable, see Fig. 1.
Formally, consider a system of the form

ẏ1 = y2

ẏ2 = φ(t, x) + η(t, x)u

wherey1 = s, y2 = ṡ andφ(t, x), γ(t, x) are smooth uncertain
functions with|φ| ≤ Φ > 0, 0 < Γm ≤ η ≤ ΓM . The so
called super twisting algorithm converges to the 2-sliding set
(s = ṡ = 0) in finite time and is defined by the following
control law [6].

u(t) = u1(t) + u2(t)

u̇1 =
{ −u, |u| > 1
−Wsign(s), |u| ≤ 1

u2 =
{ −λ|s0|ρsign(s), |s| > s0

−λ|s|ρsign(s), |s| ≤ s0

Where,W > 0, 0 < ρ ≤ 0.5 and0 < s0 > |s(t, x)| and bound
on u as 1 is normalized. The simplified algorithm for systems
linear in control ands0 = ∞ will be employed in this study.

0

0

s

ds

Figure 1: Phase portrait of Super Twisting algorithm

4 Engine Control Problem

The engine control is a real-life control problem. The exis-
tence of unknown torque disturbances and parameter varia-
tions, which in turn affect the speed, is an important issue to
be considered. Increase in load torque results in a dip in the
speed and vice-versa. Thus, the problem is to stabilize the en-
gine speed, at the desired speed level,x1d. The engine model
has been discussed in Section 2, equations (2), (3) and (4). The
sliding surface,s = x1 − x1d, i.e. the speed error, satisfies a
second order differential equation of the form:

s̈ = φ(x) + η(x)u (5)

whereφ(x) = φ̃(x)− ẍ1d.

In the range of operation

|φ| ≤ Φ > 0;

0 < Γm ≤ η ≤ ΓM

The following control law defines the “super-twisting” 2-
sliding algorithm [7, 8].

u(t) = −λ|s|ρ sign(s) + u1, (6)

u̇1 = −W sign(s) (7)

Corresponding sufficient conditions for finite time convergence
to the sliding manifold are [6]

W >
Φ
Γm

> 0 (8)

ρ(λΓm)
1
ρ > (ΓMW + Φ)(2ΓM )

1
ρ−2 (9)

0 < ρ ≤ 0.5 (10)

The control law does not need any information on the time
derivatives of the sliding variable,s, and no explicit knowledge
of other system parameters. This not only reduces the number
of sensors used but also reduces the computational burden of
the controller. Moreover, it is also easy to tune.

5 Simulation Results

This section illustrates the performance of the controller
through simulation results. The model considered here is the
The Mathworks benchmark model [11]. Simulations are car-
ried out for the speed starting from 300 rad/sec to 450 rad/sec
and then back to 300 rad/sec. Within the range of operation
system bounds are:Φ = 1.17 × 104, Γm = 219.17 and
ΓM = 1.15 × 103. The sufficient values ofW , λ andρ satis-
fying equations (8), (9) and (10) are 53.5, 1.75 and 0.5 respec-
tively. For simulation the controller coefficients chosen are:
W = 6, λ = 2 andρ = 0.5. The actual inputθ has been
calculated online by solving the third order algebraic equa-
tion (1). Different initial conditions chosen are:n(0) = 300,
Pm(0) = 0.6 andu1(0) = 16.

In the simulation it can be seen that the controller shows ro-
bustness in the presence of initial condition errors, parameter



variations and unknown external disturbances. Uncertainties
and disturbances have been taken in to consideration in the
simulation, firstly, by modifying open loop parameters (such
as rotational moment of inertiaJ , spark advanceσ and opti-
mal stoichiometric air-fuel ratioAFR, Fig. 7) up to 20% from
their nominal values, secondly, by introducing unknown load
torque variations, i.e. step change of constant power load at
different speeds (representing constant power electrical appli-
ances such as compressor of the air-conditioning unit) and fil-
tered white noise (representing additional random torque dis-
turbances). Variations in the nominal value of the manifold
temperature (Fig. 6) were also included. The step change of
constant power load (2.2 kW) is att = 3.5, 12, 16 and23 sec
(Fig. 8). As can be seen in Fig. 2 and Fig. 3, there is no signifi-
cant jump or dip at these points.
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Figure 2: Rotational speed,n (rad/sec)
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Figure 3: Sliding surface,s
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Figure 4: Load Torque,Tl (Nm)
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Figure 5: Throttle angle,θ (deg)
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Figure 6: Unknown % variations in manifold temperature,Tm
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Figure 7: Unknown % variations in air-fuel-ratio,AFR
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Figure 8: Unknown external disturbances due to activation and
deactivation of car appliances (kW)
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Figure 9: Manifold pressure,Pm

6 Conclusions

A sliding mode controller using a 2-sliding algorithm has been
used for engine speed control. Due to the properties of the 2-
sliding algorithm and a proven flatness property of the engine
speed dynamics, the controller requires only measurement of
the engine speed that is readily available. The performance
of the closed loop system has been assessed using a compre-
hensive nonlinear simulation model. It has been shown that
a 2-sliding controller not only tracks the set point speed but
also shows robustness to parameter variations, initial speed and
changes in the load torque.
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