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Abstract

An electronic throttle body is an important part of the automotive powertrain of modern passen-
ger vehicles with spark ignition engines. This component should regulate the air mass flow into
the intake manifold of the engine. A precise control of the throttle plate position is critical to
drivability, fuel economy and to fullfill strict emission constraints. Cost, material and packaging
regulations of the automotive industry let the throttle open-loop dynamics become rather com-
plex, exhibiting numerous nonlinearities like e.g. friction and limp-home effects. Furthermore,
nonlinear effects of the electronic throttle’s electric drive augment this complexity again. Hence,
the design for the position controller of the throttle plate becomes difficult and robust model-
based control design strategies have to be applied. The aim of this paper is to give an overview
of modeling approaches for an electronic throttle body. With a validated simulation model it
would be much easier to develop a robust position controller for the throttle plate. This could
be used as an inner loop in a complex control framework of an engine electronic control unit
of a modern passenger vehicle. For the electronic throttle body several modeling approaches
are discussed and compared. Hereby the main focus lies on an exact model description of the
electric drive, the spring mechanism and the friction torques. The resulting simulation models
are validated on a test rig and conclusions are drawn.
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1 Introduction

In the past the driver’s pedal was linked mechanically
to the throttle plate and hence the air mass flow into the
intake manifold was regulated rather imprecisely and
the fuel consumption and emissions were often to high.
Due to the sluggish dynamic behaviour of the intake
manifold the driveability was additionally quite low.
Thus, it was important that modern control strategies
were developed that can optimize the aforementioned
engine characteristics. In this context it is well known
that modern electronic control unit’s (ECU) functional
architecture is characterized by a centrally coordinated
torque management [1]. This means that engine torque
represents the central system variable and all torque de-
mands result in a variation of torque and are defined on
this basis. In this new strategy the driver’s pedal po-
sition is interpreted as a command signal to this new
“drive-by-wire’ system (Figure 1).
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Fig. 1 Torque management of a modern passenger ve-
hicle’s engine control unit

The assumption to this new control strategy and all its
benefits on engine and vehicle level is the ensurement
of a fast and accurate inner loop throttle position con-
trol. With this, the electronic throttle body became a
very important component of the automotive power-
train of modern passenger vehicles. Cost, material and
packaging constraints of the automotive industry often
lead to rather simple and low-cost constructions of the
electronic throttle body. On the other hand, the throt-
tle open-loop dynamics become rather complex. Espe-
cially, dependencies on temperature, humidity and ag-
ing effects grow up rapidly with the use of low-cost au-
tomotive components. Furthermore, numerous nonlin-
earities like e.g. friction and limp-home effects influ-
ence the throttle open-loop dynamics as well. Hence,
the design of a precise position control for the throttle
plate is more and more challenging.

The existing control schemes for the electronic throt-
tle body are mostly based on PID controllers. This is
mainly because (i) they are capable of controlling this
process, maybe not as optimally as one would have ide-
ally liked, but are nominally doing the job, (ii) they are
easy to implement, integrate, service and replace and
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(iii) more important they are cost-effective. Due to the
recent advances in the electronics sector, it is now pos-
sible to implement high-level logical operations on the
engine’s electronic control unit and more sophisticated
controllers are able to do the control-job in a more ef-
ficient and optimal manner. Thus, electronic throttle
control is an interesting area for the application of ro-
bust control design strategies. In [2] a flatness based
controller is used for the electronic throttle control. In
[3] a self-tuning control strategy is developed and in [4]
an adaptive pulse control is introduced. Furthermore,
electronic throttle control is an interesting application
for variable structure control [5, 6] or sliding mode con-
trol strategies [7, 8, 9, 10]. In [11] an adaptive sliding
surface controller is adopted to the electronic throttle
body.

Many of the aforementioned control strategies need a
state-space model of the electronic throttle body’s be-
haviour. Furthermore, these control strategies are usu-
ally developed and tested using an extended simula-
tion model. Hence, a detailed simulation model of the
electronic throttle body has to be built. Thus, model-
ing of the electronic throttle body is still an interest-
ing area for research, although numerous works have
already been presented during the last decades. On the
one hand, there exist many control orientated modeling
approaches that often lead to linear state-space mod-
els that can also be used for control design strategies
[5, 12]. On the other hand, some authors include the
friction and limp-home effects in their modeling ap-
proaches [13, 14]. In the literature of the electrical re-
search engineers, there exist also extended nonlinear
models of the electric drive of the electronic throttle
body [15]. The aim of this paper is to show different
modeling approaches for a special design of an elec-
tronic throttle body. These approaches with some prob-
lems, that have arisen during the modeling and possible
strategies of solution will be adressed in this paper.

The remainder of the paper is organized as follows:
Section 2 introduces the relevant notation for the mod-
eling approaches of the electronic throttle body. In
section 3 the design of the electronic throttle body is
explained. Section 4 considers several modeling ap-
proaches for the electric drive. In section 5 several
modeling approaches for the mechanical subsystem are
given including the spring mechanism, the limp-home
effects and the mathematical description of the friction
effects. The approaches for the overall model descrip-
tion of the electronic throttle body are discussed in sec-
tion 6. Additionally, a comparison to experimental re-
sults is given in section 7. Finally, conclusions are
drawn in section 8 and an overview of future work is
given.

2 Notation

b Width of the coil [m]

bre Iron width inside the coil [m]

B Magnetic flux density [Vs/m?]

Br Remanence, residual magnetism [V s/m?]
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Electric drive constant [Nm/A]
Diameter of the spring wire [m]
Diameter of the torsion spring [m]
Elasticity modulus [N/mm?]

Weight [N]

Heigth of the coil [m]

Magnetic field intensity [A/m]
Electric current [A]

Moment of inertia [kgmz]

Inductivity [H]

Length of the electric flux line (armature) [m]
Length of the lever arm [m]

Iron length inside the coil [m]
Number of ampere-turns of the coil [-]
Number of turns of the spring [-]
Power rating [W]

Resistance [{2]

Constant of the torsion spring [Nm/degree]
Radius of the armature [m]

Time constant [s]

Dynamic friction torque [Nm]

T, Electric torque [Nm)]

Ty Friction torque [Nm]

Tinech, Mechanical torque [Nm]

T, Static friction torque [Nm]

T,y Spring torque [Nm]

Overall Torque [Nm]

Input voltage [V]

m Mass of the throttle plate [kg]

16 Opening angle of the iron yoke [degree]
) Air gap [m]

Throttle plate position [degree]
Throttle plate velocity [degree/s]

0% Measurement angle [degree]

U Permeability [kgm/(A2s2)]

v Magnetic flux [Vs]

v Magnetic flux at ¢4, [Vs]

W Throttle plate velocity [degree/s]

)
S

SRV T TS TETARDS
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3 Design of the electronic throttle body

Electric drive Throttle plate

—

Spring mechanism

Fig. 2 Electronic throttle body

An electronic throttle body consists of two subsystems.
The electrical subsystem produces the electric torque
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T.; = h(ugsp) and the mechanical subsystem dissipates
the mechanical torque Thecn, = f(0, QS) that includes
the spring torque 7%y, the friction and the limp-home
effects. The overall torque Ty, results from

Tinr = Ter — Thnech - (1
In section 4 several modeling approaches for the un-
known electric torque T,; = h(ugp) are introduced
and in section 5 some mathematical descriptions for the
mechanical subsystem T},ecr, = f(0, cb) are presented.
As a start the design of the electrical and mechanical
subsystems of the underlying electronic throttle body
(Figure 2) is explained.

3.1 Design of the electrical subsystem

For an electronic throttle plate a rotational movement
of up to 90 degrees is required. The standard design
for the electric drive of an electronic throttle body is a
brushed DC-motor with gear box. Nevertheless, there
exist some alternatives in order to simplify the design
of such an electrical subsystem. One of these ideas is
the permanent magnet actuator. A diametrically mag-
netized cylindrical solenoid rotates inside an iron yoke
(Figure 3). The magnet is driven by a magnetic coil. A
current ¢ flows through this inductivity L when an in-
put voltage ugp is applied and a magnetic field arises.
Hence, the permanent magnet starts to rotate and to
generate the electric torque T;.

Armature

Coil

Iron yoke

Fig. 3 Principle sketch of the permanent magnet actua-
tor of the electric drive

3.2 Design of the mechanical subsystem

The body of the electronic throttle comprises a suction
pipe connecting the air filter to the intake manifold. In
the middle of this pipe a throttle plate is mounted on a
pivoted shaft. The aforementioned electric drive on the
same shaft allows the throttle plate to rotate up to 90
degrees (until its stop position). Thus, the air mass can
flow directly into the intake manifold. A mechanism
of torsion springs returns the throttle plate into its idle
state if the electric drive is switched off.
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Fig. 4 Principle sketch of the spring mechanism. a)
Throttle plate in closed position, b) throttle plate in
Limp-Home position and c) throttle plate in open po-
sition

The principle sketch of this spring mechanism is illus-
trated in Figure 4. It is shown that two springs hold the
throttle plate in its idle state, the so called limp-home
position, where the throttle is sligthly opened (¢ = 3
degrees). Thus, a possible engine stall is prevented in
case of an electric drive failure. If the throttle plate
is moved out of this limp-home position by the elec-
tric drive - either in positive or negative direction - a
spring torque T, is directed against this electric torque
and it returns the throttle plate to its limp-home posi-
tion if the electric torque is removed. Beside this spring
torque T, there exists severe friction both in the bear-
ing and in the spring torque mechanism of the mechan-
ical subsystem. Hence, it is a challenging task to find
a mathematical description for the predescribed elec-
tronic throttle body that comprises all the aforemen-
tioned physical effects. In section 5 different modeling
approaches are shown and discussed.

4 Models for the electrical subsystem

In this section different modeling approaches for the
electrical subsystem are introduced.

4.1 Linear model for the electric drive

Often, the linear relationship

Tel(t) = CMi(t) . (2)

is used to describe the generation of the electric torque
T.;. As the current i(¢) is an internal model state and
the voltage ugp is the input to the electronic throttle
body a relationship for the current i(t) = hi(usp) is
required. This electric circuit can be described as a se-
ries connection of a resistance R and an inductivity L.

D
&)

Fig. 5 Block diagram for the electric drive of the elec-
tronic throttle body
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Additionally, an armature reaction ¢ Md) leads to a self-
induction effect. Thus, the well-known Kirchhoff’s law
can be applied:

di(t)

y7 —Ri(t) + ey =0. (3)

uspr

In this linear approach it is assumed that the value for
the resistance R is a constant parameter with R =
1.25€2. The inductivity L should also be constant with
L =0.02H.

What remains to do is the identification of the electric
drive constant cj;. This model parameter can be identi-
fied from the measured torque 7; with varying current
7. It can be shown that for a given throttle plate position
there exists nearly a linear relationship. The electric
drive constant represents a mean value slope of such
characteristics for different throttle plate positions.

$=3° ¢ =215°
—Measurements
EO'ZR —Simulation 0.25
Z
o 0.2 0.2
>
<)
2 0.15 0.15
2
5 0.1 0.1]
@
W
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C0 1 2 < 1
Current [A] Current [A]

Fig. 6 Electric torque over current for two different
throttle plate positions

In Figure 6 the characteristics for two different throttle
plate positions are shown. The resulting electric drive
constant is taken to ¢); = 0.132 Nm/A. For more in-
formation about this modeling approach the reader is
referred to [12].

4.2 Nonlinear model for the electric drive

The next model of the electric drive is an extension of
the approach of Section 4.1. This extended approach
considers the value of the inductivity L not to remain
constant. It is assumed that there exists the following

701

o))
o

Inductivity[mH]
[} (2]
a9

a1
o

I
o

10 20 30 40 50 60 70 80 90
Throttle plate position [degree]

Fig. 7 Characteristic for the nonlinear inductivity
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nonlinear relationship:
L = hy(i, ) . “

The resulting nonlinear characteristic of equation (4)
is identified experimentally and illustrated in Figure 7.
The remaining part of the second modeling approach
for the electric drive is similar to the first model. In
Section 4.3 an extended nonlinear modeling approach
for the electric drive is given.

4.3 Extended nonlinear model for the electric
drive

In this section an extended nonlinear modeling ap-
proach for the torque generation of the electric drive is
considered. From [15] it can be deduced that the elec-
tric torque 7T¢; of the permanent magnet actuator can be
calculated from the following relationship:

L OU(9)
Tel(qs) - NZ 8¢ i—o

&)

with N the number of ampere-turns and ¥(¢) the mag-
netic flux as a function of the throttle position ¢. Figure
3 shows that the following relationship for the magnetic
flux ¥(¢) holds true:

U(¢) = Usin(¢) . (6)

For the calculation of the amplitude of the magnetic flux
WU it is assumed that the throttle plate position is opened

at ¢ = 90 degrees. From [15] it is also known that v
can now be calculated by:

. T—03/2
V= lA/ Bs(¢)ride @)
B/2

with Bs(¢) the radial component of the flux density in
the air-gap. Under the assumption of pp. — oo this
unknown flux density can be calculated from

7{ Hdl' = Ha(6)la(0) + Hy($)25 =0 (8)

where

la(¢) = 2r1sin(9) 9)

with 7 the inner radius of the armature. From [15] the
magnetic field intensity H 4 of the permanent magnet
actuator is known as

_ Bs — Bp
Mol A

Ha (10)

with Br the magnetic remanence. Furthermore, the
width of the air-gap ¢ is assumed so small that the entire
magnet flux is conducted in the iron:

Ba(¢) =~ Bs(9) .

Hence, a nonlinear relationship for the unknown radial
flux component of the air-gap Bs of equation (7) is

an

ISBN 978-3-901608-32-2

9-13 Sept. 2007, Ljubljana, Slovenia

found and the amplitude of the flux ¥ in the air-gap
& can now be calculated by

. /2 1
U = 2Bgrql e/ —_— 51 de .
RT1lF 52 sm(gb) +,UA% sm(qﬁ) o]
(12)

Although an exact solution of equation (12) is possible,
it is advisable to use an approximation for this integral.

Tab. 1 Parameters for the extended nonlinear electric
drive model

Parameter | Value | Description

N 238 Number of ampere-turns [-]
Br 1.3 Remanence [Vs/m?]

71 0.014 Radius of the armature [m]

) 0.0004 | Air gap [m]

L 360 Permeability [kg m/(AZ s?)]
I} 17 Yoke position [degree]

[Fe 0.12 Iron length inside the coil [m]

Different simplifications for this problem are listed and
compared in [15]. In the case of the considered elec-
tronic throttle body the following approximation for the

amplitude of the flux ¥ has shown reasonable results:

o 1 ﬁ
U = 2Bgrrilpe— - cos(=) .
sin(3(3 + ) + Jia

2

(13)
Finally, the electric torque of the electronic throttle
body can be calculated by

1
sin(3(5 + 5) + 2 pa

Tei = 2NiBrrilpe cos(%)cos@)) .

14
The physical parameters of equation (14) are listed in
Table 1.

4.4 Validation of the electric drive models

In this section the modeling approaches of sections 4.1,
4.2 and 4.3 are compared. Therefore, an input voltage
usp = 1.5 V is applied to the electrical subsystem in the
simulation and the corresponding output is the electric
torque 7.

g 80f
j=2)
3]
h=)
- 601
e
a2 40
Q<
E 20t —Linear model
= --=Nonlinear model
/ : : - - Extended nonlinear model
0 0.05 0.1 0.15 0.2 0.25

Time [s]

Fig. 8 Validation of the modeling approaches for the
electrical subsystem
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The corresponding values of the throttle position ¢(¢)
can be obtained by solving the simple differential equa-
tion

Jo =Ty (15)

under the assumption that the moment of inertia .J is
known. Figure 8 shows the simulation results. It is em-
phasized that the output ¢ of the simulation models of
sections 4.1 and 4.2 is in both cases limited at 90 de-
grees. The output of the simulation model of section
4.3 doesn’t need these limitations because it includes
the saturation effect of the permanent magnet actuator
itself.

It can be seen from Figure 8 that there is an accept-
able accordance between the predescribed linear and
nonlinear modeling approaches in this case. The ex-
tended nonlinear modeling approach shows a different
opening characteristic for the throttle plate. Especially
for throttle plate angles greater than 30 degrees the
electric torque arises obviously more and the throttle
plate opens faster. This deviation comes from the fol-
lowing simplification: In the extended nonlinear sim-
ulation model for the electric drive the non-magnetic
shaft inside the armature is not taken into considera-
tion. Instead it is assumed that the armature consists
completely of the same iron material. By this assump-
tion the resulting torque 7T; in the simulation should be
increased compared to the measurements. In Figure 8 it
can be seen that the predescriped deviation really exists,
but it seems to be relatively small. Hence, in this first
approach the effect of the non-magnetic shaft inside the
armature is negelected in the remainder of this paper.

5 Models for the mechanical subsystem

In this section different modeling approaches for the
mechanical subsystem are introduced.

5.1 Linear model for the mechanical subystem

The background to all modeling approaches of the me-
chanical subsystem is Newton’s law as already intro-
duced in equation (15). The product of the moment of

inertia J and the angular acceleration ¢ equals the sum
of the torques that act on the pivoted shaft:

Jb =Ty — Ty — Ty (16)
with T, Ty, and T} the electric torque, the spring

torque and the friction torque, respectively. The cor-
responding block diagram is shown in Figure 9. As

(7] 4 1]y
L] J s ]
T, = f,($.9)

Ty = 12(4.4)

Fig. 9 Block diagram of the mechanical subsystem
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the electric torque 7; is known from section 4 the mo-
ment of inertia J and the spring and friction torques T,
and T’y have to be considered. In a first step the com-
pounded moment of inertia J of the throttle plate, the
shaft and the armature has to be identified experimen-
tally and the identified value is

J ~30-10 %kgm?. (17)
In the next step the following mathematical description
of the spring torque T, is introduced:

Tsp = f2(¢7 ¢) .

This nonlinear function f(¢, ¢) contains a discontinu-
ity as illustrated in Figure 10. This function describes
also the behaviour at the limp-home position as pre-
sented in section 3.2.

(18)

¢ > Py

P

Fig. 10 Spring torque over throttle position with nonlin-
earity at the limp-home position

Furthermore it is assumed that both torsion springs have
the same spring constant Rpg. If ¢ < ¢ the in-
ner spring generates the spring torque 7%, whereas at
¢ > ¢rp the outer spring is expanded. This can be
described as

it ¢<oru

%P:{ T

with Tspy = 0.15 Nm. The value for the spring con-
stant R is identified from an empirical equation from
[16]:

—Tspo+ Rp¢

+Tspo + Rr¢ (19

N Ed*

= 3667n.D
where E = 206000 N/mm? is the assumed elastic-
ity modulus of the spring wire material and finally the

value for the spring constant is taken as Rr = 0.36
Nmm/degree.

Rr (20)

In a next step a model for the friction torque 7' has
to be introduced. In the first approach it is assumed
that there exists a linear relationship between the fric-

tion torque 7'y and the angular velocity ¢:

Tj = 02 @1
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The problem to identify the friction constant o is al-
ready treated by numerous works, i.e. [12]. There is
also stated that it is a complex task to find a value for
this parameter and that different approaches exist. In
the remainder of this paper the friction constant o re-
mains as tuning parameter that helps to achieve an ad-
equate compliance between the simulation model and
the measurement data. The resulting value for the fric-
tion constant is taken as oo = 0.017 Nms/degree.

5.2 Dabhl friction model

Instead of a static feedback of the angular velocity (;5 as
shown in section 5.1 the friction torque 7'y can also be
described by means of dynamical models that consider
both the static and the dynamic friction torques T and
T, as shown in the following equation:

Tf = f3(T97TC) .

The characteristic for the friction torque is illustrated in
Figure 11. It can be seen that before the rotation of the
throttle plate begins the stiction or static friction torque
T has to be compensated. When the throttle plate starts
to rotate the dynamic friction torque 7, acts against
this movement. The intersection between these two ef-
fects can be mathematically described by the nonlinear
function g(w,, ). Now the problem is to find a lumped-

(22)

Fig. 11 Friction torque over angular velocity

parameter model for the friction torque 7T'y. One possi-
bility is the well known Dahl model [13, 14, 17]. There,
it is assumed that the friction torque T is calculated by
the following equation:

Tt = ooz 23)

where o represents a model parameter for the asperity
stiffness and z is the internal model state of the follow-
ing first order lag:

This internal model state z corresponds to the horizon-
tal deflection of asperity contacts. In this model de-
scription the nonlinear sliding friction function g(w,,)
of Figure 11 is set to

g(wm) = Tc = Ts .

(24)

(25)
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Thus, there is no intersetion between static and dynamic
friction and the resulting model description becomes
rather simple. A more detailed lumped-paramater
model for friction modeling is introduced in the follow-
ing section.

5.3 LuGre friction model

In this section the predescribed Dahl model of sec-
tion 5.2 is augmented by two more physical effects
[13, 14, 17]. First, the so called presliding displace-
ment friction effect has to be introduced. This effect
takes place when the throttle plate starts to rotate and it
is visualized in Figure 12. It can be seen that the com-
manded signal of the input voltage ugp is ramped up to
move the throttle from standstill. Before the breakaway
and real sliding occurs, the throttle moves slightly due
to the compliance of asperity contacts. In terms of Fig-
ure 11 this presliding displacement effect can be seen
as the impact of the nonlinear sliding friction function
g(wyy, ) that describes the intersection between the static
friction T and the dynamic friction 7.

N

=
%1.8-’/ /——’-
8
S16 , 1
8 8.2 8.4 8.6 8.8 9 9.2
ng-
L5 Breakaway
3] -
%310 Presliding effect
L5
gz 7
£, -
8 8.2 8.4 . 8.6 8.8 9 9.2
Time [s]

Fig. 12 Presliding displacement effect of the electronic
throttle body

Additionally to the presliding displacement effect,
equation (23) is augmented by a damping effect ol‘é—j
and a viscous friction term oow,,. With these additional
assumptions the new function for the calculation of the
friction torque T’ turns into

d
Tj = 00z + 01 + 02w (26)

dt

where z is again the internal model state which corre-
sponds to the horizontal deflection of asperity contacts
as shown in equation (24). The constant model parame-
ters oo and oy are asperity stiffness and damping coef-
ficients, respectively. The coefficient o5 represents the
viscous friction. The time derivative of the horizontal
deflection of asperity contacts z is assumed to be

dz o0 |wm
2L o —
dt m g(wm)

Furthermore, the nonlinear sliding friction function
g(wn,) is modeled as

27)

glwom) = To+ (Ts — To)e VIZEL (28)

with experimental values for the static and dynamic
friction torques 75 = 0.22 Nm and 7, = 0.2 Nm.
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5.4 Validation of the mechanical models

N —Measurements
880r -~ Linear friction model
QS)» -==LuGre friction model
3,60} ---Dahl friction model
S
3 40
o
Qo
g 20F
<
'_
0. : . ‘.'.:.'.' .f-‘-‘.'-'.-'- T : --------
352 354 356 358 3.6 3.62 3.64 3.66
Time [s]

Fig. 13 Validation of the mechanical subsystem with
measurement data

In this section the modeling approaches of sections 5.1,
5.2 and 5.3 are validated with measurement data. For
this purpose the electronic throttle body is disengaged
at ¢ = 90 degrees and it begins to close because of
the spring torque T, but the friction torque T’y deceler-
ates this rotation. As the spring torque T, is assumed
to be known from equation (18) the three modeling ap-
proaches for the friction torque 7'y from sections 5.1,
5.2 and 5.3 can be adopted to the measurement data.
Figure 13 illustrates that the simulation with the LuGre-
friction model shows the best compliance with the mea-
surement data.

6 Opverall simulation model

Sections 4 and 5 introduce each three modeling ap-
proaches for the electrical and the mechanical subsys-
tem, respectively (Table 2):

Tab. 2 Modeling approaches for the electrical and the
mechanical subsystem

Section 4.1 | Linear model for the electric drive
Section 4.2 | Nonlinear model for the electric drive
Section 4.3 | Extended nonlinear model

Section 5.1 | Linear model for the friction

Section 5.2 | Dabhl friction model

Section 5.3 | LuGre friction model

Tab. 3 Possible combinations for the overall simulation
model

Section 4.1 | Section 4.2 | Section 4.3
Section 5.1 1A 1B 1C
Section 5.2 2A 2B 2C
Section 5.3 3A 3B 3C

These submodels are validated with measurements
from the electronic throttle body as illustrated in sec-
tions 4.4 and 5.4. In the next step an overall simulation
model has to be established. Due to several modeling
approaches there exist nine possible combinations (Ta-
ble 3). It can be reasoned that the combinations 1A, 1B,
1C, 2A and 3A contain at least one linear model with
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a non-varying model parameter. Thus, this group of
models can be taken as model description for the throt-
tle plate behaviour at a specific operating point, that is
principially for a constant input voltage ugp. The re-
maining models contain severe nonlinearities and they
are able to reproduce the throttle plate behaviour over
a wide operating range. Thus, they can be taken as ad-
equate simulation models and that helps to reduce the
work on the test rig.

7 Experimental results

From Table 3 it can be seen that there exist nine pos-
sible overall simulation models. The quality of these
modeling approaches has to be evaluated by the follow-
ing validation process: Different steps in the input volt-
age ugp € [4V,5V,6V] are applied to the electronic
throttle body and the resulting throttle plate position ¢
is measured each time. This procedure is also accom-
plished to the nine different simulation models and con-
clusions are drawn. Due to spacing problems only two
representative examples are shown in the remainder of
this section.

5 100
o
by
S 80 —Meas. 4V
S —Meas. 5V
BVE; 60r —Meas. 6V
= ---1A 4V
L 40t -+1A BV
I ---1A BY
o o --3B 4V
8 20 --3B 5V
£ --3B 6V
Qi . . . . .
155 16 165 17 175 18 1.85

Time [s]

Fig. 14 Validation of the overall simulation models 1A
and 3B with measurement data

In Figure 14 the overall simulation models 1A and 3B
are validated with measurement data for an input volt-
age ugp € [4V,5V,6V]. It can be reasoned that both
simulation models behave quite similar compared with
the measurement data. This is particularly true for the
two higher input voltages. For ugp = 4V the perfor-
mance of the linear model 1A is lower compared to the
nonlinear model. To achieve the same matching be-
tween the linear model and the measurements, i.e. two
models of type 1A have to be used, one for the higher
input voltages ugsp and one for the lower ones. With
only one nonlinear model 3B the operating range is par-
ticularly extended.

Figure 15 shows a comparison between the simulation
models 2B and 3B with measurement data for an in-
put voltage usp € [4V, 6V]. For the higher input volt-
age ugp = 6V it can be stated that both simulation
models behave quite similar compared to the measure-
ment data. For the lower input voltage ugp = 4V the
electric torque T¢; resulting from the extended nonlin-
ear simulation model of the electric drive seems to be
too high compared to the friction and spring torques
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Fig. 15 Validation of the overall simulation models 2B
and 3B with measurement data

Ty and T,. This is particularly true for opening an-
gles @ > 20 degrees. Hence, the aforementioned as-
sumption that the non-magnetic shaft inside the arma-
ture can be neglected doesn’t hold true for lower input
voltages. Hence, future work becomes necessary in or-
der to improve the exented nonlinear simulation model
of the electric drive.

8 Conclusion and future work

This paper introduces different modeling approaches
for a special design of an electronic throttle body. The
electric drive of the underlying throttle body consists
of a permanent magnet actuator. The aim of this paper
is to give an overview of the development of existing
modeling approaches. Especially, the focus lies on de-
tailled mathematical descriptions for this new electric
drive. Different simulation models both for the elec-
tric drive and the mechanical subsystem are listed, com-
pared and validated with measurement data. If the sim-
ulation model incorporates the main nonlinearities of
the electronic throttle body it will be able to cover a
wide operating range realistically.

These nonlinear modeling approaches are especially in-
teresting in the context with nonlinear control design
methods. Thus, future work consists in robust nonlin-
ear control design for the throttle plate position and it is
planned to adopt nonlinear sliding mode control theory
to the electronic throttle body, both in simulation and
on the real plant.
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