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a b s t r a c t

The testing and certification of vehicles in succession to their development are usually achieved
on chassis dynamometer testbeds. In this context, the execution of test cycles shall be performed
as automatised as possible even if vehicles with manual transmission powertrain are under test.
A particular challenge is the vehicle driveaway from standstill by actuating clutch and engine in
accordance with each other. In this paper a non-linear decoupling multivariate control scheme based
on feedback linearisation considering the accelerator and clutch pedal positions as manipulated
variables is proposed. To obtain the required vehicle model for control in a time-saving manner,
the clutch torque transmissibility and engine torque characteristic are identified incorporating a
Wiener model structure from efficiently designed drive manoeuvres. By applying this model structure,
the dynamics can be considered separately from the static non-linearity, which is beneficial for
control. In addition to the successful demonstration of the presented workflow and an examination
of the controller performance on vehicle system simulation software, the robustness with respect to
parameter uncertainties is investigated.

© 2019 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

When a newly developed vehicle is tested and certified in its
entirety, usually chassis dynamometers are employed to assess
the engine and powertrain performance referring to different
aspects. Common criteria to be investigated are noise emission,
performance, fuel consumption, exhaust emissions and electro-
magnetic compatibility. Compared to test runs on the road the
use of testbeds is less expensive, easier to conduct, repeatable
and can be fully automated, which is of importance in particular.
In addition, chassis dynamometers allow for transient tests un-
der pre-defined environmental conditions when they are located
within a climate chamber. Also the easier integration of emis-
sion measurement devices, load control and data acquisition as
compared to road tests is beneficial in a complete test cell system.

The automatisation of test runs is primarily enabled by a
robotic device, which replaces and acts as a driver. Its tasks are
the operation of the brake, the accelerator and the clutch pedal, as
well as changing the gear by manipulating the gear lever. As usu-
ally a prescribed velocity profile and an associated gear shifting
strategy have to be pursued, in terms of control engineering all
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these actuators have to be considered as manipulated variables in
a closed loop of the vehicle and a driver controller. Such a driver
controller has to handle different tasks and is therefore composed
of several overlying controllers treating driveaway, acceleration,
gear shifts, deceleration and stopping.

In this paper, the non-linear multivariable decoupling control
using the accelerator and clutch pedal for vehicle driveaway
is considered for manual transmission powertrains as the first
part of a holistic workflow for an automated testbed opera-
tion. The control scheme is based on feedback linearisation of
multivariable systems [1] and incorporates a non-linear vehicle
model. As soon as the clutch closes, one degree of freedom is
lost and a different control strategy has to be applied. Also in
this context, the application of feedback linearising control is
advantageous and has been already applied for velocity control
on chassis dynamometers with robotic drivers [2]. Hence, the ve-
locity trajectory of an arbitrary test cycle can be tracked with high
accuracy, although the control strategy has to be switched over
during driveaway followed by the short distance driven in the
first gear, as well as during shifting. The controller design in [2]
does not require any a-priori information about the vehicle. In the
context of multivariable decoupling control, such an assumption
is too restrictive as at least the clutch characteristic varies too
much in different vehicles and has to be identified in advance.

https://doi.org/10.1016/j.isatra.2019.08.021
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Especially the task of how to launch the vehicle from standstill
on the testbed automatically is covered by the contribution in
the present paper. The focus is on the provision of an efficient
workflow to identify a vehicle and concurrently obtain a readily
parameterised controller.

Thus, as the second main contribution of the present paper
an identification procedure is proposed to be able to apply the
controller to a previously unknown vehicle coming to the testbed
without spending too much time for identification. This approach
covers the identification of the dynamic engine torque charac-
teristic in dependency of the accelerator pedal position as well
as the clutch torque transmissibility characteristic. By applying a
Wiener model structure [3], linear dynamics can be considered
in feedback linearisation separately from the static non-linearity,
which is beneficial for control.

The presented decoupling control scheme considers vehicle
speed and engine speed as controlled variables. The accelerator
pedal position and the clutch pedal position are the manipulated
variables, which are actuated in accordance with each other.
Compared to individual controllers, by application of a decoupling
approach the controlled variables can track their reference tra-
jectories without interacting with each other, which is the main
benefit. As the considered non-linear vehicle and powertrain
model has full relative degree when the required torques are con-
sidered as inputs, the decoupling control utilises these torques as
intermediate manipulated variables. The inverse of the static non-
linear transformation from the pedal positions to the required
torques is considered after the controller separately. However, the
dynamic behaviour of the torque buildup is included into the con-
trol scheme directly. This approach guarantees that the control
scheme can be used with different model structures generically
depending on the identified characteristic. Such models could for
example also be neural networks resulting from deep learning.

Also, the robustness with respect to deviations of parameters
such as for example the inertias or parameters of the torque
buildup characteristic is demonstrated alongside a simulation
with a modified clutch characteristic. For that purpose, parameter
deviations are represented as a perturbation input to the error dy-
namics of the feedback linearised system. Finally, a lemma from
non-linear control theory is applied showing the boundedness of
errors.

Clutch control has been considered in the literature in various
contexts. In [4] the relations from pedal positions to the torques
are assumed to be linear and an analytic design procedure is ap-
plied to the overall linear model in the complex plane considering
parameter variations, robust tracking and stability properties. A
simple linear decoupling control for clutch engagement has also
been shown by [5]. However, the control scheme is based on a
simple linear second order model of the powertrain using torques
as manipulated variables directly. When a controller replacing
the driver is considered, only the pedal positions are available
as manipulated variables. Thus, our workflow considers these
variables in control directly. Several extensions of the linear con-
trol scheme of [5] put an emphasis especially on vehicle launch
comfort, such as for example [6], who applied optimal control
under consideration of the rate of change of the clutch torque
as input instead of the clutch torque directly. In [7] the engage-
ment of an automotive dry clutch using different mathematical
formulations of the considered linear model is described and the
proposed linear control scheme is further optimised. Based on
these model formulations, other control methodologies have been
demonstrated in the summarising book [8].

Also, the task of dual clutch control as it is required for
gear shifting in automatic transmissions has been investigated in
the literature. These control schemes usually combine different
linear and non-linear controllers with a state machine to achieve

reasonable gear shifting in diverse situations (e. g. [9–14]). In
this context a feedback linearisation based feedforward–feedback
control scheme has been applied to automatic dual clutch trans-
missions by [15]. This application to dual clutches focusing on
shifting operation in production vehicles is not directly compa-
rable to the start up controller considered for efficient testbed
testing in this paper. However, a similar model structure and a
non-linear engine torque characteristic are used.

When other non-linear properties of the powertrain are to be
included into the model for control, often merely linear dynamic
approximations or static non-linearities are used. In [16] the
hydraulic clutch actuator position feedback loop is approximated
by a first-order linear system and a static non-linear relation
between clutch torque and clutch main bearing position is incor-
porated. Gear shifting control is then achieved based on cascaded
and decoupled speed and torque control loops.

To consider the actual implementation of a clutch controller
in a vehicle, additional attention has to be turned to parameter
identification. In [17] parameters of a truck driveline model are
identified using signals that are readily available on the vehicle
data bus. Similar to the approach pursued in the present pa-
per, the parameterisation is done by experiments with engaged
clutch and steps on the accelerator pedal as excitation. How-
ever, only the inertias, stiffnesses and damping coefficients of
the powertrain are estimated and the clutch torque is used as
manipulated variable in two different optimal control strategies
directly. In [18] an approach to also characterise the relation
between the clutch main bearing position and the transmitted
clutch torque is presented.

To summarise, the main contributions of this paper are the
proposition of a holistic workflow to obtain a non-linear vehicle
model for automated vehicle driveaway control as well as a non-
linear decoupling multivariate control scheme based on feed-
back linearisation. Additionally, the robustness of the presented
control scheme has been investigated. Overall, an advantageous
and simple procedure is obtained to run vehicles with man-
ual transmission powertrains in automated test runs on chassis
dynamometer testbeds.

This paper is organised as follows: In Section 2 the powertrain
model of a passenger vehicle is described, followed by the identi-
fication of its relevant parameters and characteristics in Section 3.
The basic concept as well as the application of decoupling control
to the vehicle launch are shown in Section 4. In Section 4.3 the
controller robustness against parameter deviations is assessed.
Finally, results for a passenger vehicle are given in Section 5.

2. Powertrain subsystems and models

Modelling and control of automotive powertrain systems is
a broad field with a large amount of literature surveys [19–25]
introducing the fundamentals of treating such systems. In the
sequel, relevant subsystems of the powertrain (Fig. 1) and their
basic equations as well as the overall model used in control are
presented.

2.1. Engine model

Modern internal combustion engines are sophisticated mecha-
tronic systems. Depending on the considered task, dynamic en-
gine models with different fields of attention exist [25]. These
models range from combustion fundamentals and in-cylinder
processes with a resolution in the order of crank angle degrees
(i. e. covered frequencies of 5–15 kHz) to mean value engine
models, which consider the average dynamics over larger time in-
tervals ranging from one combustion cycle up to a whole driving
cycle of several minutes [26]. When control tasks from a driver’s
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Fig. 1. Common manual transmission powertrain layout incorporating an
internal combustion engine, dry clutch, gearbox, wheels and elastic shafts.

perspective are considered, especially the latter class of mean
value engine models covering frequencies of about 0.1–50 Hz is
suitable. The main dynamics of interest are those of the engine
torque buildup as response to the accelerator pedal position α,
which usually shows a highly non-linear dynamic behaviour. The
equation of motion of the engine is

JEω̇E = TE(α, ωE, ·) − TCl(·) (1)

with engine inertia JE, the engine torque TE and the torque TCl
transmitted by the clutch. The torques can be modelled as func-
tions depending on several quantities, which is indicated by a dot
in the argument.

Although there exist non-linear engine models with only a
few number of states [27], their application in launch control
is not suitable. The model states such as turbocharger speed,
subsystem actuator positions or manifold pressures are neither
known to a driver, nor available in production vehicles. Hence,
a reasonable tradeoff between model complexity and necessary
parameterisation effort is required. The applied Wiener model
structure, which is comparable to [28], for representation of TE
is easy to parameterise, yet sufficiently accurate.

2.2. Clutch model

In vehicles with manual transmissions usually a single plate
friction clutch is used transmitting power by means of friction.
Additionally, an automotive dry clutch disc is equipped with tor-
sional dampers resulting in a piece-wise linear surrogate torsional
stiffness behaviour. The equation of motion of the clutch in sliding
state is

JCl,outω̇Cl = TCl(·) − TS − bCl(ωCl − ωGb,in), (2)

where JCl,out is the inertia of the clutch output part attached to the
transmission, ωCl is the clutch disk rotational speed, ωGb,in is the
rotational speed of the gearbox input shaft and bCl is a damping
coefficient. The surrogate elasticity of the clutch is described by
torque TS as

ṪS = kCl(ϕCl)(ωCl − ωGb,in), (3)

which is governed by the non-linear stiffness characteristic
kCl(ϕCl) depending on the relative angular displacement ϕCl be-
tween the clutch disk and the gearbox input shaft.

The most essential part of the clutch model is the relation
between the clutch torque TCl and the pedal position β , or the
clutch main bearing position xMB, respectively. A common rep-
resentation of TCl is the result of a Coulombic friction model

TCl = FnµRCl sign(ωE − ωCl) (4)

with normal force Fn acting between the two clutch disks, the
(dynamic) friction coefficient µ and a characteristic clutch disk

radius RCl. The slip speed ωsl = ωE −ωCl determines the direction
of the torque transmission, but not its magnitude in this static
model. Eq. (4) defining the torque transmissibility is widely used
in the literature, for example by [7,29] or [8]. Extensions have
been made by modelling µ dependent of slip speed and temper-
ature [30], by considering the clutch disk radius RCl as variable
during the engagement [31], by modelling the non-linear relation
between the normal force Fn and the normalised clutch pedal
position β via the cushion spring characteristic [8] or by adding
the hydraulic system to the torque transmissibility model [32].
As soon as the clutch disc friction facings wear out, the torque
transmissibility characteristic changes usually by experiencing a
shift without changing its shape significantly [29,33].

When control tasks are considered, only lumped clutch mod-
els, which confine themselves to describe the transmitted torque
phenomenologically, should be used. In the identification in Sec-
tion 3, such a lumped model is used, which comprises a static
non-linearity in combination with first order linear dynamics.

2.3. Gearbox and differential

Usually, the stiffness encountered in the gearbox is much
larger compared to other components of the remaining pow-
ertrain. Thus, for launch control the gearbox is modelled as a
rigid device without any dynamic behaviour. Additionally, when
considering the driveaway, also the backlash can be neglected.
Depending on the selected gear i the transmission ratio

rG,i =
ωin

ωout,i
=

Tout,i
Tin

(5)

changes. For automotive transmissions, rG,i > 1 holds for the
lower gears, whereas higher gears might be realised with a trans-
mission ratio of less than one. For rG,i > 1 the rotational speed
is reduced from ωin to ωout,i at the output and the torque Tout,i
is increased from Tin, respectively. The equation of motion of the
gearbox is

JGb,outω̇Gb,out = rG,i
(
TS + bCl(ωCl − ωGb,in)

)
− TGb,out, (6)

where JGb,out is the inertia of the gearbox reduced to the output
shaft and TGb,out is the torque at the output shaft. To obtain the
overall transmission ratio ri of the powertrain from the engine ro-
tational speed to that of the wheels in gear i, also the differentials
and the final drive have to be included. The overall transmission
ratio ri is the product of the transmission ratio of the gearbox and
that of all differentials rD

ri = rDrG,i. (7)

2.4. Shafts

Depending on the powertrain layout adjacent components
such as the gearbox, differentials and wheels are connected by
elastic shafts. These elastic connections, especially the half shafts
attached to the wheels, would have to be included according to
the specific layout of the considered powertrain (e. g. Fig. 1).
However, when the powertrain is controlled by the pedal po-
sitions, higher frequency oscillations cannot be considered in
control. Thus, elastic connections are insignificant in the current
control task and are assumed stiff.

2.5. Wheels and longitudinal dynamics

Especially when powertrain oscillations and the corresponding
longitudinal vehicle dynamics are to be analysed, an accurate tyre
model represents an essential part of the overall model. However,
tyre dynamics are a difficult to model and highly non-linear
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Fig. 2. Powertrain model applied in decoupling control.

process [34]. To control the vehicle from a driver’s perspective
(i. e. using the accelerator and clutch pedal only), such oscillations
cannot be considered directly. It is already in the design and
calibration of underlying control loops that powertrain oscillation
reduction would have to be considered, for example by ensuring
a suitable torque build up characteristic [25].

In the application to driveaway control, straight line driving is
assumed such that the wheel speed of all wheels is equal. Also,
the torques supplied by the differentials are distributed equally
to both wheels and both axes, respectively. Then, the vehicle can
be reduced to a single mass mV, whose longitudinal movement
is directly related to the angular velocity of the wheels by the
dynamic rolling radius RW of the wheels(
JW + mVR2

W

)
ω̇W = TW − RWFRes(vV). (8)

The overall wheel torque TW accelerates the vehicle, whereas
the driving resistance FRes, which is usually a function of vehicle
velocity vV, opposes the acceleration. If more elaborate tyre mod-
els are used, non-linear relations exist between the longitudinal
vehicle velocity, the wheel speed and the effective longitudinal
force.

2.6. Model for decoupling control

Combining the dynamic relations of all submodels (1), (2),
(3), (4), (6), (8) and their elastic connections yields a detailed
non-linear dynamic model describing the powertrain and the lon-
gitudinal vehicle dynamics, respectively. The model complexity
and the large amount of involved parameters, which are difficult
to obtain in general, are disadvantageous for the application in
control tasks considering a driver’s perspective.

To obtain a reduced complexity model (Fig. 2) adequate for
control, elastic connections are assumed rigid. The vehicle model
with slipping clutch basically reduces to the equation of motion
of the engine (1) and that of the remaining powertrain

J ′V,iω̇Cl = TCl(·) − T ′

R,i(vV) (9)

where J ′V,i denotes the reduced (indicated by ′) moment of inertia
of the powertrain from the clutch output side to the vehicle mass
in gear i. In the most simplifying assumption J ′V,i could be reduced
to the combination of the moment of inertia JW of the wheels and
the influence of vehicle mass mV

J ′V,i =
1
r2i

JV,i ≈
1
r2i

(
JW + mVR2

W

)
. (10)

The torque T ′

R,i(vV) results from driving resistance. The identifica-
tion of its approximation from coast down acceleration data will
be described in Section 3.1.

Finally, as manipulated variables only the pedal positions α
and β are available. Thus, two additional model equations de-
scribing the dynamic torque characteristics of the engine torque
TE as well as the clutch torque TCl have to be used. In their
most general form, these are represented by non-linear dynamic
models

tE
(
T (nE)
E , . . . , ṪE, TE, α(nE), . . . ,

α̇, α, ω
(nE)
E , . . . , ω̇E, ωE, ·

)
= 0 (11a)

tCl
(
T (nCl)
Cl , . . . , ṪCl, TCl, β (nCl), . . . ,

β̇, β, ω
(nCl)
sl , . . . , ω̇sl, ωsl, ·

)
= 0 (11b)

depending on several variables. The identification and determi-
nation of the structure of (11) as well as of the driving resistance
will be shown in Section 3.

3. Identification

It is obvious that the model parameters vary among different
vehicle-types. Furthermore, auxiliary forces and torques caused
by, e.g., various road-gradients also significantly influence the
dynamic properties of a vehicle. However, as the model of ve-
hicle dynamics is primarily intended for control purposes, the
most general structure of the model (11) is not adequate. A
control approach based on a too complex model could become
intractable. In addition, such a model would require estimating
a large number of interconnected parameters from a limited set
of the available – often noisy – measurements. Hence, a use-
able structure of the model should be revealed by carrying out
well-designed experiments.

• The experiments must be designed so that they can be
carried out in a real vehicle testing environment.

• The measurements should be automatised and conducted
in as limited time as possible; when human intervention is
unavoidable, it should be kept to the minimum extent.

• The measured variables and signals should be available di-
rectly or indirectly from the real vehicle.

• No direct torque measurements are available.
• The measurements should be processed in an algorithmized

manner.
• The results should be formatted so that the resulting model

can directly be implemented in the control approach.
• The experiment design should reflect the way humans learn

to drive, i.e., to operate the accelerator pedal position α and
the clutch pedal position β .

The simulation experiments were conducted within
CarMaker R⃝ pro and AVL CRUISETMM, which are advanced dedi-
cated software environments produced by IPG Automotive and
AVL, respectively. The simulation solutions are developed specifi-
cally for testing passenger cars and light-duty vehicles. Using the
software, it is possible to accurately model real-world test sce-
narios, including the entire surrounding environment. CarMaker R⃝

pro and AVL CRUISETMM are open integration and test platforms
and can be applied throughout the entire development process –
from model – to software – to hardware – to vehicle-in-the-loop.

The simulated experiments can be used to master the cur-
rent requirements of vehicle development. In accordance with
the automotive systems engineering approach, the virtual test
driving is used to develop and test systems and system networks
in their entirety within the whole vehicle in realistic scenarios.
The simulation solution includes a complete model environment
comprising a detailed vehicle model and highly flexible models
for roads and traffic. With the aid of this model environment, it is
possible to build complete and realistic test scenarios, taking the
test run off the road and conducting it using computer simulation.
The event and manoeuvre-based testing method ensures that
the necessary flexibility and realistic execution of real-world test
driving are also features of virtual test driving. Various examples
of successful simulated virtual-drive approach implementations
have been extensively documented in literature [35–42].
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Fig. 3. Section of the simulation experiment conducted for the driving-resistance
identification; Upper panel: accelerator (blue solid line), clutch (red dashed line)
and brake pedal position (dotted line); Middle panel: vehicle speed (blue solid
line); Lower panel: vehicle acceleration (blue solid line).

Fig. 4. Processed data (grey dots) and fitted polynomials (blue dashed line) of
coast-down acceleration aCd with regard to vehicle speed vv .

The simulations were carried out using a typical passenger
front-wheel driven car model. As the simulation models are of
high fidelity, we do not expect any considerable deviations of
the dynamic behaviour as compared to the usage of actual data
instead of simulations, provided the parameters are validated
and measurement noise is not dominant. Therefore, we believe
that the conducted simulations adequately represent real testbed
experiments. However, real testbed experiments will have to be
carried out in the future in order to prove the applicability of the
presented approach in practice.

The identification section consists of 4 subsections.
First, the driving resistance is treated. The identification is

carried out using coast-down experiment data, which provides
enough information to identify the effective resistance torque
measured as coast-down acceleration.

Next, the engine torque is considered. A Wiener nonlinear
model structure is assumed. As the achievable engine torque
depends on the accelerator pedal position as well as the actual
engine speed, the engine-torque map identification must be car-
ried out considering both influential variables. The identification
data is obtained from adequately designed experiments so that
the whole relevant operating range is taken into account.

Furthermore, clutch torque transmissibility is identified from
several driveaway experiments with different clutch positions.
During the experiments, the engine speed is kept constant using
a simple feedback controller.

Finally, an inverted engine characteristic is derived. The re-
sulting characteristic is a bijective mapping that is used in the
proposed decoupling control scheme.

3.1. Driving resistance

The reduced driving resistance torque T ′

R,i(vV) acting at the
clutch appears in (9). It depends on the selected gear and incor-
porates all effects, which increase the required power to maintain
a demanded vehicle velocity, and includes e. g. the friction of
powertrain components, air resistance, road gradient and various
other sources of power losses. Usually, the driving resistance is
described in form of a quadratic polynomial depending on the
vehicle velocity vV. By performing a coast down experiment or
simulation, where the vehicle is accelerated to a certain velocity
and rolls to a stop with clutch open, this polynomial can be
parameterised easily. In the application to the decoupling control,
instead of the torque the magnitude of acceleration

aCd(vV) = sign(vV)
(
a0 + a1|vV| + a2v2

V

)
(12)

is modelled directly as it is easier measurable and can be bene-
ficially applied in the subsequent equations for vehicle identifi-
cation. The relation of aCd(vV) and T ′

R,i(vV) will be derived in the
next section.

Usually, the polynomial coefficients a0, a1 and a2 are deter-
mined as the first identification task. Frequently these coefficients
are already available for certain vehicles, because they are a
necessary information for the chassis dynamometer testbed con-
troller. The coast-down simulation experiment is shown in Fig. 3.
The parameters in Eq. (12) can be identified from the experimen-
tal data. For the particular car, the identified driving-resistance
characteristic is shown in Fig. 4. The coast-down parameters are
as follows.

a0 = −9.94 · 10−2 m s−2

a1 = −1.62 · 10−8 s−1

a2 = −1.89 · 10−4 m−1

(13)

Due to the structure of aCd(vV), a discontinuity occurs at velocity
zero, which is especially disadvantageous in startup control. As a
simple yet effective solution the sign function in (12) can be ap-
proximated by a tanh function to remove the discontinuity [43].

3.2. Engine torque

Besides depending on the accelerator pedal position α, the
achievable engine torque TE varies according to the actual en-
gine speed ωE as well. The map identification must therefore be
conducted considering both influential variables TE(t) = TE(α(t),
ωE(t)). During normal vehicle operation the actual engine speed
ωE is subject to constant variations, thus it is generally not pos-
sible to carry out steady-state torque measurements: the accel-
erator pedal position α can easily be fixed to a certain value,
but the steady state can generally not be reached, especially for
higher values of α (in 1st gear and on flat road) as the resulting
engine torque quickly accelerates the engine speed ωE beyond its
maximum limit, which results in the underlying engine controller
taking over rendering such measurements useless. Therefore, the
engine torque map must be identified using dynamic experiments
by measuring the vehicle velocity and acceleration that are (in-
directly) influenced by the actual engine torque TE with regard
to the accelerator pedal position α and the actual engine speed
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Fig. 5. Block diagram of the Wiener model describing the engine torque
characteristic.

Fig. 6. Section of the simulation experiment conducted for the engine torque
identification; Upper panel: accelerator (blue solid line), clutch (red dashed line)
and brake pedal position (dotted line); Middle panel: engine speed (blue solid
line); Lower panel: vehicle acceleration (blue solid line).

ωE. As explained in Section 2.1, the engine torque characteristic
TE = TE(α, ωE) is modelled as a Wiener model. A block diagram
of the Wiener model is depicted in Fig. 5. A simple 1st order
dynamics for the accelerator pedal position α is assumed

α̇eff(t) =
α(t) − αeff(t)

τα

, (14)

where τα denotes the time constant that describes the dynamic
part of the Wiener model. The effective accelerator pedal position
αeff represents the input of the static part of the Wiener model
TE(t) = TE,stat(αeff(t), ωE(t)).

It is clear that such a model is generally too coarse to fully ap-
proximate the dynamics of the torque build-up, but the primary
aim is to develop a model that is adequate for control purposes,
thus the simple structure is sufficient. Furthermore, the simplicity
makes it easy to identify the model parameters using relatively
simple experiments that can be conducted in a real-world setting
without requiring too much effort nor taking a long time to carry
out. In addition, such an approach is also suitable for vehicles
that allow different driving modes (sport, comfort), where the
accelerator pedal position α is appropriately filtered in order to
obtain the value that represents the actual input of the engine.
Hence, the dynamics in Eq. (14) allow a simple approximation
of various engines and vehicles. The simulation experiments are
conducted by feeding various step signals representing the accel-
erator pedal position α as the input. The appropriate response

trajectories of the engine and the vehicle are recorded. Note that
the identification simulations are conducted with the clutch fully
engaged (β = 0). An exemplary section of the identification
data is shown in Fig. 6. The identification data is compiled from
several measurements for various positions of accelerator pedal
position α, accelerating from various initial engine speeds: the
simulation experiments involved accelerations invoked by setting
the accelerator pedal positions to α ∈ {0.1, 0.2, . . . , 1.0}, starting
from initial engine speeds ωE/RPM ∈ {1000, 1500, 2000}, respec-
tively. The signals can be easily generated automatically or by an
operator so that the whole operating range can be covered.

There is a trade-off between the accuracy of the identification
results and the time needed to conduct the experiments in order
to gather an adequate amount of identification data. However, a
set of experiments consisting of several runs similar to the one
shown in Fig. 6 can be carried out fairly quickly in practice. One
experiment run takes less than 10 s. In order to cover the whole
operating range, it is more than adequate to conduct 10 × 3
runs (α ∈ {0.1, 0.2, . . . , 1.0}; ωE/RPM ∈ {1000, 1500, 2000}).
Hence, less than 5 min of experimentation data is needed, which
is not difficult to achieve on a testbed. Despite the time needed
for experiments being quite sensible, adequate measurements
for satisfactory identification could be recorded by even further
reducing the experimentation time, if so required.

By measuring the longitudinal acceleration of the vehicle and
taking into account the dynamic relations, it is possible to iden-
tify and derive the torque map TE = TE(αeff, ωE) as follows.
Considering Newton’s second law for rotation

ω̇E
(
JE + J ′V,i

)  
J∗(ri)

= TE(αeff, ωE) − T ′

R,i(vV), (15)

where J∗(ri) denotes the moment of inertia of the whole vehicle
and powertrain, and Newton’s second law for longitudinal vehicle
acceleration

aV =
RW

ri
ω̇E, (16)

it is possible to express aV with torques

aV =
RW

riJ∗(ri)

(
TE(αeff, ωE) − T ′

R,i(vV)
)
. (17)

By substituting the driving resistance torque T ′

R,i(vV) by coast
down acceleration aCd, aV can be reformulated as

aV =
RW

riJ∗(ri)
TE(αeff, ωE) −

J ′V,i

J∗(ri)
RW

riJ ′V,i
T ′

R,i(vV)  
−aCd(vV)

. (18)

Thus, the driving resistance torque T ′

R,i(vV) can be expressed as

T ′

R,i(vV) = −
riJ ′V,i

RW
aCd(vV). (19)

Considering that J ′V,i ≫ JE, Eq. (18) can be rewritten as

TE
J∗

≈
ri
RW

(aV − aCd(vV)) . (20)

In this manner, it is possible to identify and derive the engine
torque map by measuring the longitudinal acceleration of the
vehicle.

The dynamic part of the Wiener model (see Eq. (14)) is ob-
tained using the Nelder–Mead optimisation method. For each
data point, the effective accelerator pedal position αeff is cal-
culated from the signal α(t) with regard to the actual value of
the time constant τα within the particular optimisation step.
The resulting data is compared to the identified engine torque



N. Euler-Rolle, C.H. Mayr, I. Škrjanc et al. / ISA Transactions 98 (2020) 237–250 243

Fig. 7. Engine torque map (wireframe mesh) and identification data.

Fig. 8. Series of simulated measured acceleration experiments aV (blue dashed
line) compared to the outputs of the identified model aV ,model (red solid line).

map TE
J∗ =

TE (αeff,ωE )
J∗ and the average square error between the

measured data {
TE
J∗ }measured and the simulated data {

TE
J∗ }simulated is

used as the criterion fcrit for the optimisation:

fcrit =
1
N

N∑
i=1

({
TE
J∗

}measured(i) − {
TE
J∗

}simulated(i))2 (21)

where i ∈ {1, . . . ,N} is the index of measured or simulated data
point. For the particular vehicle, the optimisation establishes the
following time constant of the Wiener model

τα = 0.3546 s. (22)

Fig. 7 depicts the resulting engine torque map. The actual
torque depends on the effective accelerator pedal position αeff
and the engine speed ωE. The depicted wireframe mesh repre-
sents the identified engine torque map, whereas the overlying
trajectories show the identification data.

In order to verify the identified engine torque model we con-
duct a series of acceleration experiments that are most relevant
for the vehicle driveaway problem. The experiments are carried
out with various final accelerator pedal positions α so that the
whole relevant operating range is taken into consideration. The
simulated measured acceleration data aV are compared to the
outputs of the identified model aV ,model. The comparison is shown
in Fig. 8.

Fig. 9. Simulated measured acceleration signal aV (blue dashed line) compared
to the output of the identified model aV ,model (red solid line). Below, the error
signal aV ,error = aV − aV ,model within the relevant time-interval is shown (red
solid line).

Furthermore, the results of the experiment (with similar in-
puts as in Fig. 6 – i.e., αfin = 0.6) are compared to the output of
the identified model. The signals aV and aV ,model along with the
resulting modelling error signal aV ,error = aV − aV ,model within the
relevant time-interval are depicted in Fig. 9.

3.3. Clutch torque transmissibility

For the identification of the clutch torque transmissibility,
simulation experiments are conducted with the clutch pedal.
The resulting vehicle acceleration is recorded to determine the
characteristic of torque transmission through the clutch. In the
application to a vehicle on the testbed, a human driver could
simply perform the experiments by executing several driveaways
with different clutch positions. In simulation, the engine speed is
kept at a constant value by a feedback controller, whereas the
clutch and brake are operated open loop. Thus, these open loop
signals have to be designed in an appropriate manner.

In Fig. 10 a section of the simulation experiment is depicted.
The clutch is fully disengaged at β = 1 (red dashed line in
the upper panel). Driveaways are performed by steps or steps in
combination with ramp signals, and the resulting acceleration aV
(lower panel) is recorded. In between the experiments the vehicle
is brought to a halt using the brake pedal (dotted line in the
upper panel). In that way appropriate data for identification can
be obtained in a short period of time with available measurement
devices.

Motivated by physical considerations as well as by analysis
of the obtained data, the torque transmissibility is basically con-
sidered as a static non-linearity depending on the clutch pedal
position only. Thus, the obtained acceleration data are fitted by
a third order polynomial. In Fig. 11 two different acceleration
characteristics and the data for identification are depicted.

The required torque characteristic is found by rewriting (9)
using (12) and the relation aV = RWr−1

i ω̇Cl

TCl
J ′V,i

=
ri
RW

(aV + aCd) . (23)
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Fig. 10. Section of the simulation experiment conducted for the clutch torque
transmissibility identification; Upper panel: accelerator (blue solid line), clutch
(red dashed line) and brake pedal position (dotted line); Middle panel: engine
speed (blue solid line), reference value (yellow dashed line) and clutch disc
speed (green dash-dotted line); Lower panel: vehicle acceleration (blue solid
line); Interval not considered in the identification is greyed out.

Fig. 11. Processed data (grey dots) and fitted polynomials (dashed and
dot-dashed line) of recorded vehicle acceleration aV for two different clutches.

As it is assumed that the engine always delivers a sufficient
amount of engine torque, the recorded torque (23) can be con-
sidered as the maximum clutch torque.

To obtain an overall vehicle model suitable for decoupling
control, the clutch characteristic is extended to a Wiener model
using first order low pass dynamics with a fast time constant of
10 ms as compared to the rest of the system. Primarily, this ex-
tension is motivated by the mathematical structure of the vehicle
powertrain model to significantly simplify the controller design
and be able to include the clutch torque as a system state (see
Section 4). Nevertheless, either the hydraulic system dynamics
between clutch pedal and the clutch itself or the dynamics of
the robotic device acting as a driver could be considered as an
physical interpretation of the low pass behaviour.

3.4. Map inversion

In the final application of the control scheme, the decoupling
controller will consider the dynamics of the engine and clutch
torque buildup. Their static non-linear properties have to be
evaluated inversely each. Thus, depending on a required torque

Fig. 12. Inverted engine characteristic.

value, the required pedal positions have to be found. As the clutch
torque transmissibility (Fig. 11) is a bijective function (except
for TCl = 0 where any arbitrary clutch pedal position above
the engagement point can be used) its inverse application is
straightforward.

The engine torque characteristic (see Eq. (22) and Fig. 7) de-
pends on the position α and on the engine speed ωE. With the
current engine speed being known, the inversion of the char-
acteristic is achieved numerically. Again, for common internal
combustion engines a bijective mapping is obtained. Regions of
infeasible torque demand, which appear due to the maximum
torque depending on the engine speed, are covered with the
extrema of α in the inversion. Fig. 12 depicts the inverted engine
characteristic.

4. Feedback linearising control of multivariable systems

By feedback linearisation a system transformation of a non-
linear system into equivalent linear systems through a change
of variables and suitable control inputs is performed such that it
renders a decoupled linear input–output map between new (vir-
tual) inputs and the outputs [1,44,45]. When multivariable sys-
tems [46,47] are considered, especially the decoupling property
achieved by feedback linearisation is an essential benefit.

4.1. Basic concept

Consider the square non-linear state space system

ẋ = f (x) +

m∑
i=1

g i(x) ui (24a)

yj = hj(x), j = 1, . . . ,m (24b)

with state vector x ∈ Rn×1, scalar inputs ui, i = 1, . . . ,m, scalar
outputs yj, j = 1, . . . ,m, smooth vector fields f (x) : Rn×1

→

Rn×1 and g i(x) : Rn×1
→ Rn×1 as well as smooth output functions

hj(x) : Rn×1
→ R. Feedback linearising control is based on

differential geometric properties of (24). Thus, time derivatives
of the outputs yj are considered. The first derivative of yj yields

ẏj =
∂hj(x)

∂x
dx
dt

=
∂hj(x)

∂x

(
f (x) +

m∑
i=1

g i(x) ui

)
(25a)

= Lf hj(x) +

m∑
i=1

Lg ihj(x) ui. (25b)
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The expressions Lf hj(x) ∈ R and Lg ihj(x) ∈ R in (25b) are the Lie
derivatives [45] of the scalar function hj(x) along the vector fields
f (x) and g i(x), respectively. The Lie derivative Lkf hj(x), k ∈ N is
defined recursively

Lkf hj(x) = Lf
(
Lk−1
f hj(x)

)
, (26a)

L0f hj(x) = hj(x). (26b)

The relative degree δj of output yj of system (24) is defined as
the number of differentiations which have to be applied before
any of the inputs appears in the differentiation for the first time
explicitly. Thus, by using Lie derivatives, δj is determined from

Lg iL
k
f hj(x) = 0, k = 0, . . . , δj − 2, ∀ i (27a)

Lg iL
δj−1
f hj(x) ̸= 0. (27b)

The overall system (24) is said to have relative degree ∆ =∑m
j=0 δj and vector relative degree [δ1, δ2, . . . , δm]. Applying δj

differentiations to the output yj yields

y
(δj)
j = L

δj
f hj(x) +

m∑
i=1

Lg iL
δj−1
f hj(x) ui, (28)

which can be written as⎡⎢⎢⎢⎣
y(δ1)1

...

y(δm−1)
m−1
y(δm)
m

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
Lδ1
f h1(x)

...

Lδm−1
f hm−1(x)
Lδm
f hm(x)

⎤⎥⎥⎥⎥⎦
  

l(x)

+ J (x)

⎡⎢⎢⎣
u1
...

um−1
um

⎤⎥⎥⎦
  

u

(29)

for all m outputs of (24). The matrix J (x) ∈ Rm×m

J (x) =

⎡⎢⎢⎢⎢⎣
Lg1L

δ1−1
f h1(x) · · · LgmL

δ1−1
f h1(x)

Lg1L
δ2−1
f h2(x) · · · LgmL

δ2−1
f h2(x)

...
. . .

...

Lg1L
δm−1
f hm(x) · · · LgmL

δm−1
f hm(x)

⎤⎥⎥⎥⎥⎦ (30)

is the decoupling matrix, which is required to be regular for
control. By choosing the control law as

u = J−1(x) (v− l(x)) , (31)

an exactly linear and decoupled input–output behaviour from the
new virtual input v ∈ Rm×1 to the output y in form of integrator
chains⎡⎢⎢⎢⎣

y(δ1)1
...

y(δm−1)
m−1
y(δm)
m

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎣
v1
...

vm−1
vm

⎤⎥⎥⎦ (32)

of length δj, j = 1, . . . ,m is obtained. For systems with full rela-
tive degree ∆ =

∑m
j=1 δj = dim(x) = n, the state transformation

Φ(x) : Rn×1
→ Rn×1

z =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

z1
z2
...

zδ1
zδ1+1

...

zn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
= Φ(x) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

h1(x)
Lf h1(x)

...

Lδ1−1
f h1(x)
h2(x)

...

Lδm−1
f hm(x)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(33)

Fig. 13. (a) Original system representation (24); (b) transformed system
representation with decoupled dynamics from the virtual inputs v to the
outputs y.

in combination with the input transformation

v = J (x)u + l(x) (34)

transforms the original system (24) into its Brunovsky canonical
form [1]

ż =

⎡⎢⎢⎣
A11 0 . . . 0
0 A22 . . . 0
...

...
. . .

...

0 0 . . . Amm

⎤⎥⎥⎦
  

A

z+

⎡⎢⎢⎣
b11 0 . . . 0
0 b22 . . . 0
...

...
. . .

...

0 0 . . . bmm

⎤⎥⎥⎦
  

B

⎡⎢⎢⎣
v1
v2
...

vm

⎤⎥⎥⎦
(35)

where A ∈ Rn×n and B ∈ Rn×m. The m decoupled subsystems of
(35) described by matrices Ajj ∈ Rδj×δj

Ajj =

⎡⎢⎢⎢⎢⎣
0 1 0 · · · 0
0 0 1 · · · 0
...

...
...

. . .
...

0 0 0 · · · 1
0 0 0 · · · 0

⎤⎥⎥⎥⎥⎦ (36)

and bjj ∈ Rδj×1

bjj =
[
0 0 · · · 0 1

] T (37)

represent one integrator chain of (32) each. To obtain a non-
linear decoupling control law for the original system (24), m
linear controllers are designed for each subsystem control signal
vj individually. Finally, the resulting vector v is transformed non-
linearly to the physical control signals u by (31). The controller
design as well as the resulting control law will be demonstrated
in detail for the driveaway control in Section 4.2.

In Fig. 13 a block diagram representation of the original system
(24) in subfigure (a) and the transformed system with equivalent
input–output behaviour in subfigure (b) are shown. In these block
diagrams m = 2 and δ1 = δ2 = 2 has been used.

If system (24) does not have full relative degree (i. e. ∆ <
n), the state transformation Φ(x) is not completely defined by
(33). Additional states, which constitute the so called internal
dynamics, have to be introduced. For the further treatment of
such systems in control, reference may be given to [1] or [45].
In the literature numerous applications of multivariate feedback
linearising decoupling control exist, such as for example to vehi-
cle dynamic control [48], to gas conditioning systems [49] or to
power systems [50].
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4.2. Decoupling launch control

To separate the dynamic properties of the torque buildup
models of the engine and the clutch from its static non-linearities,
the control loop is based on torques as manipulated variables.
The demand values determined by the controller are then in-
versely transformed to the pedal positions by using the static
non-linearity.

The dynamic model used in control incorporates the state
vector x ∈ R4×1

x = [ωE, ωCl, TE, TCl] T (38)

containing the rotational speeds of the engine ωE and the clutch
disc ωCl, as well as the engine and clutch torques TE and TCl. Their
dynamical relations are given by (1), (9) and the dynamic parts
of the Wiener models in form of (14). The two outputs are the
engine speed and the vehicle speed

y = h(x) =

[
x1,

RW

ri
x2

]
T, (39)

and the manipulated variables are the required torques TE,dmd and
TCl,dmd

u =
[
TE,dmd, TCl,dmd

] T. (40)

Giving (24a) in matrix notation with the input matrix G(x) ∈ R4×2

yields

ẋ = f (x) + G(x)u. (41)

In the sequel, the derivation of the control law is shown using
general formulations of the dynamic parts of the torque models

G(x) = [g1(x), g2(x)] =

⎡⎢⎣ 0 0
0 0

gE(x) 0
0 gCl(x)

⎤⎥⎦ (42)

f (x) =

⎡⎢⎢⎣
1
JE
(x3 − x4)

1
J ′V,i

(x4 − T ′

R,i(x2))

fE(x)
fCl(x)

⎤⎥⎥⎦ . (43)

Assessing the relative degrees of the outputs of this system ac-
cording to (27), reveals that δ1 = 2, δ2 = 2 and ∆ = 4 holds,
which means a system with full relative degree is present.

The decoupling matrix J (x) with m = 2 is evaluated for the
dynamical system (41) consisting of (39), (40), (42) and (43)

J (x) =

⎡⎢⎢⎣
1
JE
gE(x)

−1
JE

gCl(x)

0
RW

riJ ′V,i
gCl(x)

⎤⎥⎥⎦ . (44)

To complete the input transformation (34), the second order Lie
derivatives are required to obtain

l(x) =

⎡⎣ 1
JE

(fE(x) − fCl(x))
RW
riJ ′V,i

(
fCl(x) −

∂T ′
R,i(x2)
∂x2

(
x4
J ′V,i

−
T ′
R,i(x2)

J ′V,i

))⎤⎦ . (45)

The state transformation

z = Φ(x) =

⎡⎢⎢⎢⎣
x1

1
JE

(x3 − x4)
RW
ri
x2

RW
riJ ′V,i

(
x4 − T ′

R,i(x2)
)
⎤⎥⎥⎥⎦ (46)

and inverse transformation

x = Φ−1(z) =

⎡⎢⎢⎢⎣
z1
ri
RW

z3

T ′

R,i(
ri
RW

z3) +
riJ ′V,i
RW

z4 + JEz2

T ′

R,i(
ri
RW

z3) +
riJ ′V,i
RW

z4

⎤⎥⎥⎥⎦ (47)

allow to represent the system in Brunovsky canonical form (35).
A linear controller is applied then to each subsystem of (35)
described by (36) and (37) to obtain the virtual control signals v1
and v2. The physically manipulated variable u follows from the
combination of the control law for v, (31) and (47).

When the dynamic part of the torque characteristic is a first
order low pass, where the time constant τE may also be a function
of engine speed, the following relations hold

gE(x) = τE(x1)−1 (48)

gCl(x) = τ−1
Cl = gCl (49)

fE(x) = −τ−1
E x3 (50)

fCl(x) = −τ−1
Cl x4. (51)

As a consequence, the decoupling matrix (30) can be written as

J (x) =

⎡⎣(JEτE(x1))−1
−(JEτCl)−1

0
RW

riJ ′V,iτCl

⎤⎦ (52)

and the term l(x) reads as

l(x) =

⎡⎢⎢⎢⎢⎢⎣
J−1
E

(
τ−1
Cl x4 − τ−1

E x3
)

−
RW

riJ ′V,i

(
τ−1
Cl x4 +

1
J ′V,i

∂T ′

R,i(x2)
∂x2

(
x4 − T ′

R,i(x2)
))
⎤⎥⎥⎥⎥⎥⎦ . (53)

The derivative
∂T ′

R,i(x2)
∂x2

is found from (19), where the acceleration
aCd is expressed in form of its polynomial approximation (12),
which can be derived analytically with respect to x2.

4.3. Robustness

To assess the robustness of the decoupling control with re-
spect to parameter uncertainties resulting from identification, a
lemma from non-linear control theory is applied. For a simplified
notation, the input transformation (31) is rewritten as

u = µ(x) + ψ(x)v (54)

using abbreviations ψ ∈ Rm×m and µ ∈ Rm×1. Their dependencies
on x are not further indicated in the sequel. To obtain the error
dynamics of the considered system the vector of control errors
e ∈ Rn×1 is introduced:

e =

⎡⎢⎢⎢⎣
z1 − w1
z2 − ẇ1

...

zn − w
(δm−1)
m

⎤⎥⎥⎥⎦ , (55)

where wj indicates the reference trajectory of output j. By a
change of coordinates, the Brunovsky canonical form (35) trans-
forms into the error dynamics

ė = Ae + B
(
v− w(δ)) . (56)

The vector w(δ)
∈ Rm×1 contains the highest derivatives of the

reference trajectories

w(δ)
=

[
w

(δ1)
1 , · · · , w(δm)

m

]
T. (57)
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Fig. 14. Closed loop scheme of the decoupling controller for a multivariate
system with m = 2, n = 4 and full relative degree.

Applying state vector feedback v = −Ke with the gain matrix
K ∈ Rm×n defined as

K = diag (k1, · · · , km) (58)

and k i ∈ R1×δi as the gain vectors of the individual subsystems,
a closed loop formulation of the error dynamics can be obtained.
Note that the control errors associated with different outputs do
not interact and the closed-loop dynamics of the individual error
can be chosen independently of the others. A closed-loop scheme
of the decoupling control is given in Fig. 14.

Due to unknown parameter deviations resulting from identifi-
cation, in the application of the control law it is assumed that only
approximations ψ̂, µ̂ and ẑ = Φ̂(x) of the actual non-linearities
ψ, µ and Φ are known. Finally, the closed loop error dynamics

ė =
(
A − BK

)
e + Bλ (59)

comprise the nominal dynamics and an additional term λ ∈ Rm×1

acting as perturbation input

λ = ψ−1
[(
ψ − ψ̂

) (
Ke − w(δ))

+ ψ̂K
(
Φ − Φ̂

)
+ µ̂− µ

]
. (60)

All quantities in (60) except the gain matrix K depend on x. To
assess the behaviour of the closed-loop system (59), the following
lemma [44] is applied:

Lemma 1. Consider the closed-loop system (59), where
(
A − BK

)
is Hurwitz. Let P = PT

≻ 0 be the solution of the Lyapunov equation

P
(
A − BK

)
+
(
A − BK

) TP = −I (61)

and k be a nonnegative constant less than
(
2∥PB∥2

)−1
.

• If ∥λ∥ ≤ k∥e∥ for all e, the origin of (59) will be globally
exponentially stable.

• If ∥λ∥ ≤ k∥e∥+ϵ for all e, the state e will be globally ultimately
bounded by ϵc for some c > 0.

Simulation results for perturbed parameters of the startup
controller will be shown in Section 5.2.

4.4. Control with integral action

To reduce steady-state errors and improve the overall closed-
loop behaviour, integration of the control error should be ben-
eficially applied. Thus, the error vector (55) is enhanced by one
integrator for each output error such that an additional state e+

i
is included into e just before state ei. The dynamics of e+

i and the
index i are defined as

ė+

i = ei, i = 1, δ1 + 1, . . . ,
m−1∑
j=1

δj + 1. (62)

The structure of the resulting dynamics of the enhanced error
vector e+

∈ R(n+m)×1 remains the same as in (56) with the matrix

Fig. 15. Simulation result of vehicle launch; Upper panel: accelerator (blue solid
line) and clutch pedal position (red dashed line); Middle panel: engine speed
(blue solid line), reference trajectory (yellow dashed line) and clutch disc speed
(green dash-dotted line); Lower panel: vehicle velocity (green solid line) and
reference trajectory (yellow dashed line) as well as the ±2 km

h tolerance bounds.

Table 1
Vehicle parameters.
mV 1500 kg RW 29.3 cm
JE 0.07 kg2 r1 13.382
J ′V,1 0.74 kg2 τE 0.2 s
J∗ ≃0.81 kg2 τCl 10 ms

dimensions increased accordingly. The application of state vector
feedback v = −K+e+ leads to the same conclusions as drawn
without the additional integrator. In the context of feedback
linearisation this control approach is also referred to as extended
PID or PIDδ−1 control [51].

5. Results

To evaluate the proposed control scheme, the multi-discipli-
nary vehicle simulation software AVL CRUISETMM and
IPG CarMaker R⃝ pro has been used, whereupon the results of the
latter one are depicted in the sequel.

5.1. Nominal results

For simulation a medium-class passenger car with front-wheel
drive is used. As the startup performance of the decoupling con-
trol has to be assessed, all simulations have been performed in
first gear. Relevant vehicle parameters are given in Table 1.

In Fig. 15 the simulation result of a vehicle launch using nom-
inal parameters in the controller are shown. The decoupled feed-
back controllers have been designed to possess dominant pole
couples at −12.35 ± 4.06i for the engine speed and at −10.45 ±

3.43i for the vehicle velocity. In addition to the favourable be-
haviour of the controlled variables as compared to their reference
trajectories, also the trajectories of the manipulated variables are
beneficial. They do not show any sharp spikes, which would dete-
riorate the performance related to emission cycle testing. As soon
as the slip speed decreased to nearly zero, the clutch is closed
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Fig. 16. Simulation result of vehicle launch with increased acceleration (for a
detailed description of the panels refer to Fig. 15).

and an alternative one-degree-of-freedom control is applied for
velocity tracking (i. e. at shortly after t = 3 s in Fig. 15).

In Fig. 16 the simulation is repeated with a different reference
trajectory leading to a higher acceleration than in Fig. 15 (1.75 m

s2
instead of 1 m

s2
). These acceleration values are comparable or even

higher than they appear for example in standardised exhaust-
gas test cycles. Also with the higher acceleration reference, the
control performance is advantageous.

5.2. Robustness

To assess robustness in the sense of Lemma 1, several param-
eters in the controller are perturbed considerably and the effect
is analysed. The time constant τE is set to 140% of its nominal
value, inertia JE to 140%, inertia J ′V,1 as well as inertia J∗ to 85%.
These perturbations represent a more inert engine in combination
with a more agile powertrain. Evaluating the Lyapunov equation
(61) for the applied controller design yields an upper bound of
constant k of 5.538. In Fig. 17 the inequality of Lemma 1 incor-
porating the control error e+ and perturbation input λ according
to (60) is depicted in the time interval the decoupling control is
activated. The value of k is set to its upper bound value. If ∥λ∥ −

k∥e+
∥ remained less or equal to zero, the error dynamics (59)

would be globally exponentially stable. In this example, the result
in Fig. 17 using the described parameter variation indicates the
error dynamics to be bounded. The same result holds for different
combinations of physically plausible parameter variations.

In Fig. 18 the simulation of Fig. 15 is repeated with a worn
out clutch. Compared to its identified characteristic (Fig. 11), the
static relation between torque and clutch pedal position is shifted
horizontally by a value of 0.05. This represents an increase in
clutch wear. Although the closed-loop performance is decreased
slightly, the controller handles the altered characteristic well.

As the drive away control scheme is intended to be used at
the beginning of a drive cycle only, a constant clutch temperature
is assumed. The consideration of temperature effects would be
necessary when frequent high acceleration launches were to be
performed. As the robustness against parameter deviations is
good, slight influences of temperature can be handled by the
controller already.

Fig. 17. Assessment of Lemma 1 to show the boundedness of the error dynamics
for a variation of model parameters in the controller.

Fig. 18. Simulation result of vehicle launch with additional clutch wear as
compared to the identified characteristics (for a detailed description of the
panels refer to Fig. 15).

6. Conclusion & outlook

In this paper a holistic workflow to efficiently automate drive-
away manoeuvres on a chassis dynamometer testbed without
having to spend too much expensive testbed time for vehicle
modelling has been described. A suitable powertrain model struc-
ture has been combined with an identification procedure, which
results in a non-linear vehicle model directly applicable in non-
linear multivariate decoupling control using the accelerator and
clutch pedal positions as manipulated variables. Therefore, an ef-
ficient identification of necessary vehicle characteristics has been
applied in combination with a simple design of experiment. The
proposed control has been derived using feedback linearisation
and significantly facilitates the robust and fully automated chassis
dynamometer operation of vehicles with manual transmissions.
In the literature, which is reviewed in Section 1, such an proce-
dure focused on efficiency and robustness as well as the proposed
control concept has not been covered yet.

Besides the execution of experiments on an actual testbed, as
an outlook the decoupling control approach could be extended to
non-linear powertrain control for oscillation avoidance. In pow-
ertrain testbeds, torques are applied by electric dynamometers
directly to the drive shafts. Thus, not the pedal positions but the
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dynamometer torques act as manipulated variables. This setup
gives the opportunity to eliminate higher frequency oscillations
using more complex powertrain models in decoupling control.

Note that the decoupling control scheme is not restricted to
the presented model structure or application case. It could be
applied with different model structures such as neural networks
(e. g. resulting from deep learning) as well. The application of
feedback linearisation for decoupling control is possible as long
as one is able to deduce the appropriate Lie derivatives.
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