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ABSTRACT

Electronic throttle control (ETC) system has worked its way to become a standard subsystem in most of the current
automobiles as it has contributed much to the improvement of fuel economy, emissions, drivability and safety. Precision
control of the subsystem, which consists of a dc motor driving a throttle plate, a pre-loaded return spring and a set of
gear train to regulate airflow into the engine, seems rather straightforward and yet complex. The difficulties lie in the
unknown system parameters, hard nonlinearity of the pre-loaded spring that pulls the throttle plate to its default position,
and friction, among others. In this paper, we extend our previous results obtained for the modeling, unknown system
parameters identification and control of a commercially available Bosch’s DV-E5 ETC system. Details of modeling and
parameters identification based on laboratory experiments, data analysis, and knowledge of the system are provided.
The parameters identification results were verified and validated by a real-time PID control implemented with an xPC
Target. A nonlinear control design was then proposed utilizing the input-output feedback linearization approach and
technique. In view of a recent massive auto recalls due to the controversial uncontrollable engine accelerations, the re-

sults of this paper may inspire further research interest on the drive-by-wire technology.

Keywords: ETC System; System Identification; Nonlinear Control; Input-Output Feedback Linearization; xPC

Target-Based Control System

1. Introduction

In the automotive industry, one of the fruitful technolo-
gies that have emerged from the increasing regulations in
terms of fuel economy, emission control, drivability and
safety is the drive-by-wire technology that creates the
electronic throttle control (ETC) system [1,2]. The sys-
tem comprises of a throttle plate equipped with a pre-
loaded spring and is driven by an electronic-controlled dc
motor to regulate airflow in the intake manifold. In mod-
ern vehicles, the engine control unit computes and maps
the throttle plate’s angle to many entries such as accel-
erator pedal position, engine speed, cruise control com-
mand, and so forth in order to achieve optimal air-fuel
mixtures in the combustion chambers, thereby maximiz-
ing fuel economy and minimizing emissions. The ETC
system, which responses to the prescribed reference from
the engine control unit must operate with fast transient
responses and precise control to regulate the throttle
plate’s angular position [3,4].

Copyright © 2013 SciRes.

In recent years, research in the ETC system and related
areas has been very active in both academia and industry
[5-20]. The research challenge lies mainly in the un-
known system parameters, high nonlinearity characteris-
tic of the throttle module caused by friction and a
pre-loaded spring. In the area of modeling and identifica-
tion, a series of laboratory experiments that yield the
parameter values of an ETC model was presented in [5],
and the complete model was verified through simulations
and real-time implementation. In [6], an ETC model
based on the LuGre friction model was developed. Fur-
ther modifications including parameter verification based
on several experiments were shown in [7]. In [8], the
authors characterized the effects of transmission friction
and nonlinearity of the return spring by means of com-
puter simulations, experiments, and analytical calcula-
tions. Another topic of research by the same authors in
which an automatic parameter tuning method was adop-
ted to enhance the control system robustness was pro-
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posed in [9]. Reference [10] proposed a discrete-time
piecewise affine model of the ETC system, and applied
the clustering-based procedure to identify the parameters.
Yet another approach based on nonlinear optimization
and genetic algorithms were applied to estimate the un-
known ETC system parameters in [11].

Much research has been conducted in the area of con-
trol strategies as well. Controller realizations based on
proportional-integral-derivative (PID) algorithm supple-
mented with friction feedback/feed-forward can be found
in [8,12,13]. In addition, a comparative study of the per-
formance and advantages among the three controllers: a
PID, Linear Quadratic Regulator (LQR), and LQR-plus-
Integral controllers was addressed in [13]. A linear-
quadratic-Gaussian (LQG) based control was proposed in
[14]. Researches that utilized the sliding mode control
(SMC) technique applied to an ETC system can be found
in [11,15,16], and neural networks-based SMC in [17]. In
[18] the development of an adaptive control scheme that
guarantees speed tracking was presented. In the system
integration level, the authors of [19] considered the con-
trol strategy for a vehicle with ETC and automatic trans-
mission. They applied dynamic programming technique
to optimize the transmission gear shift and throttle open-
ing to maximize fuel economy and power demand from
the driver’s accelerator pedal position. In [20], the au-
thors proposed a throttle-control algorithm that compen-
sates two sources of delays, in the throttle response and
in the manifold filling, in order to improve the engine
response.

This paper enhances our previous research results in
[5]. We provide in details the procedure of laboratory
experiments for identifying each unknown system pa-
rameter. Data and analytical computations are also pro-
vided. A nonlinear control strategy based on the input-
output feedback linearization approach is then investi-
gated. The paper is organized as follows. Section 2 de-
scribes the physical components and mathematical mod-
eling of the ETC system. Section 3 elaborates in details
the identification method of each system parameter.
Step-by-step tests, experiments and detailed data analysis
are provided to arrive at the set of system parameters.
The parameters obtained were verified and validated in
Section 4. The proposed design of a model-based non-
linear controller for the ETC system is illustrated in Sec-
tion 5, followed by the simulation results in Section 6.
Finally, Section 7 contains the conclusion.

2. ETC System Modeling

A pictorial view of a Bosch DV-E5 ETC system [21],

particularly the throttle module, used in many vehicle

models is shown in Figure 1. The module consists of:

e a throttle plate driven by an armature-controlled dc
motor with two redundant angular position sensors;

Copyright © 2013 SciRes.
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Figure 1. Pictorial view of the Bosch ETC system.

o throttle plate angle limiters acting as a mechanical
stop at 90° when the throttle plate is in the fully open
position, and approximately 7.5° in the fully closed
position [12]. This small partial opening of the throt-
tle plate provides enough air flow to allow the engine
to run at its idle speed, allowing a driver to crawl a
vehicle, sometimes referred to as limp home, to a safe
place in the absence of throttle control full power;

e two sets of reduction gear trains with a total gear ratio
of N = 20.68 obtained by physically counting the
numbers of the gear teeth;

e areturn spring K, which ensures a safe return of the
throttle plate to its closed position when no driving
torque is generated by the dc motor.

A schematic representation of the ETC system of Fig-
ure 1 is displayed in Figure 2.

The mathematical model for the ETC system can be
treated as a single-shaft mechanical system by transfer-
ring all the model parameters to the throttle plate shaft
(load) through the gear ratio. The parameters and nota-
tions used in deriving the mathematical model of this
particular ETC system are listed below:

R, : Resistance of the armature circuit,

L, : Inductance of the armature circuit,

K,: Back electromotive force (emf) coefficient re-
ferred to the motor side,

K, : Back emf coefficient referred to the load side,

K., : Motor torque constant referred to the motor side,

K., : Motor torque constant referred to the load side,

J., : Motor moment of inertia,

J, : Throttle plate moment of inertia,

Jo, : Equivalent moment of inertial referred to the load
side,

B,, : Motor viscous damping coefficient,

B, : Throttle plate viscous damping coefficient,

B, : Equivalent viscous damping coefficient referred
to the load side,

K, : Return spring stiffness,

To, : Spring pre-loaded torque,

T, : Frictional torque generated by the movement of
the throttle plate,

N: Gear ratio (N =n_/n, =a, /o _>0),

e,(t) : Voltage produced by emf,

6_(t) : Angular position of the throttle plate,
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Figure 2. Schematic of the ETC system.

a)L (t) : Angular velocity of the throttle plate,
6,,(t) : Angular position of the motor,
o, (t): Angular velocity of the motor,
(t) Load torque transmitted through the reduction
gear trains,
v, (t) : Armature voltage,
[ (t) Armature current.
With reference to Figure 2, the armature circuit of the
ETC system is described by

a

L d'dE VR (1) Ky (D=v,(1). (1)

Substituting N =@, /o, and K, =K,N

yields

into (1)

a

L di‘z‘i—gt)+ R, (1) + Ky (1) =v,(t). (2
The torque balance equation is given by
I (1)+ B0, (t)+TLT(t) =K., (t). 3
The ETC system load torque T, (t) in (3) is governed
by

T (t)=J @, (t)+B o (t) @
+K,6, (t) +Tp +T; sgn(a)L)
where sgn(a, ) is the signum function defined by
1 if @, <0,
sgn(w, )=40 if o =0, (%)
I if @, >0.
Combining (3) and (4) with N =@,
Jeq®, (1) + By (1) + KO, (t)
+To + T, sgn (o, ) = K, (1),

[, yields
©

where J., =(N*J,+J,), B, =(N’B,+B,),and

K, = NK, . Equations (2) and (6), therefore, represent
the ETC mathematical model referred to the load side.
The immediate task now is to identify all the unknown
parameters and constants: L,,R,, J q,Beq, K Km, Ks,
To., and T, which are needed to facilitate the designs
of the model-based ETC feedback control systems in

Sections 5 and 6.

Copyright © 2013 SciRes.

3. System Identification

System parameter identification is, in general, one of the
most critical and difficult tasks in system modeling,
analysis and synthesis. The following approaches are
commonly used: 1) application of mathematical system
parameters identification algorithms and techniques [22,
23]; 2) estimation based on laboratory experiments; and
3) a combination of 1) and 2). In this section, we present
a series of laboratory experiments to identify the pa-
rameters of the Bosch ETC system model described in
Section 2. The approach is practical and proved to be
effective for the ETC system investigated. The details of
each experiment are described as follows.

3.1. Stalled Motor Resistance Test

In this experiment, the throttle plate was held fixed at its
closed position. A slowly varying dc voltage was applied
to the motor terminals which, in turn, caused the motor
current to increase slowly. The data of the voltage and
current were captured. Since the throttle plate was locked,
that is, @ (t)=0, and with the fact that the armature
current changed very slowly, di,/dt~0, thus (2) is re-
duced to a simple Ohm’s law

Rai, (t) =V, (t). @)

The plot of the armature voltage Vv, (t) and armature
current i, (t) in (7) is shown in Figure 3. The inverse
of the slope of the approximated line yields the armature
resistance whichreads R, =1.15Q.

3.2. Stalled Motor Inductance Test

The throttle plate was still held fixed at the closed posi-
tion. A step voltage V, was applied to the stalled motor
terminals. As a result, the back emf voltage e,(t) was
zero because there was no angular velocity. Therefore,
the armature circuit in (1) or (2) can be expressed as

L R 1)y, ®)

where R, was the total armature circuit resistance con-
sisting of the resistances of the armature circuit, current
sensor and all the wiring in the measurement set up. The
solution of the first-order differential Equation (8) with a
step voltage V, and the initial condition i,(0)=0 is
given by

i (t) :Yia(l—et/f) : ©

where 7=L,/R, is the electrical time-constant of the
dc motor. Figure 4 shows the oscilloscope-captured
waveforms of the resulting motor voltage and current.

At steady state, after 3 ms, the total resistance was ap-
proximately R =V, /i, =1.59/1.05~1.5Q. The time t
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Figure 4. Stalled motor inductance test.

read from Figure 4 when the current reached approxi-
mately 63% of its steady-state value was 1 ms; this yields
7=t . Therefore, the motor inductance was obtained as
L,=7R =1.5mH.

3.3. Back Electromotive Force Test

In this test, the throttle plate was manually placed at the
fully open position and released. The return spring K
caused rapid return of the throttle plate to its closed posi-
tion. The rapid closing of the throttle plate, in turn, me-
chanically drove the dc motor through the reduction
gears. As a result, the back emf voltage e, (t) described

by

& () =K, (1), (10)
was induced at the motor terminals. Figure 5 shows the
back emf voltage and the throttle plate position captured

by the oscilloscope during such self-closing of the throt-
tle plate.

Copyright © 2013 SciRes.

Using the angular position data from Figure 5, the
throttle plate velocity was calculated by
oy (t) =dg, (t) /dt . The resulting angular velocity was
plotted together with the angular position and back emf
as shown in Figure 6.

The back emf signal was filtered (not shown). Using
(10), the back emf constant referred to the load side K,
= 0.4 V-s/rad was computed at time t = 0.2 s where the
plate angular velocity was the most steady. Since we
used the SI unit, it follows that the motor torque constant
referred to the load side was K, =K,=04N-m/A
[24].

The back emf constant of the dc motor K, can be
obtained from K, =K, /N =0.0193V-s/rad , where N =
20.68 is the gear ratio. It is important to mention that a
different experiment, called a sensorless velocity meas-
urement method, in which the dc motor was detached
from the ETC module was performed in Section 3.5.1,
and yielded a value K, =0.0185V-s/rad , which agreed
with the value obtained above. The sensorless measure-
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Figure 5. Plot of back emf versus angular position.
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Figure 6. Plot of back emf, angular position and angular
velocity.
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ment method is a more reliable method, because, among
other things, the fact that the plate angular velocity was
judged to be the “most steady” at t=0.2s in Figure 6
was somewhat arbitrary. The new method will be devel-
oped in Section 3.5.1.

3.4. Static Loads Test

The purpose of static loads test was to identify the fric-
tion torque T, , the spring pre-loaded torque T, pro-
duced by the return spring, and the return spring constant
K,. When the throttle plate was moving very slowly,
thatis, @_(t)=a_(t)~0, the torque balance equation is
given by, from (6)

T (1) =K., (t)+ T + T, sgn(o, )= K,i, (t). (11)

In order to measure the parameters in (11), the dc mo-
tor was energized by a slowly increasing armature cur-
rent. This caused a slow rotation of the throttle plate. The
armature current and throttle plate angular position were
captured by the oscilloscope as shown in Figure 7.

It can clearly be seen from Figure 7 that a larger cur-
rent was needed (approximately 1.7 A) to move the
throttle plate towards opening than towards closing (ap-
proximately 0.6 A). This was because the torque devel-
oped by the motor had to overcome the torques produced
by the return spring, K. (t), T, , and the friction
torque, T, . Using the armature current data together
with the motor constant K =0.4 obtained from the
previous experiment in (11), the load torque equation
becomes

T (1) = KO (1) +Tp £T4, (12)

where sgn(w_)=1 during the plate opening, and
sgn(w_)=-1 during the plate closing.

Equation (12) can be visualized by the plot of the load
torque against the angular position shown in Figure 8.
Three approximate straight lines have been inserted. The

3 T T T T T T T 2

Current (A)
Angular position (rad)

Time (s)

Figure 7. Static loads test.
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Figure 8. Throttle plate position versus load torque.

middle straight line representing the spring load torque,
K0, (t)+T,_, lies exactly in the middle between the
other two lines. The right straight line represents the
torque during the movement towards opening which is
the spring load torque plus friction torque,

K0, (t)+T, +T;. The left straight line represents the
torque during the plate closing which is the spring load

torque minus friction torque, K6, (t)+T —T; .

The following parameters can be read directly from

Figure 8:

e The spring pre-loaded torque is the minimum torque
value on the middle line which reads
Tp, =0.396 N-m

e The inverse of the slope of the middle line yields the
spring constant,

K, = AT, /A0 =(0.524- 0.396)/(1.571 -0.096)
=0.087 N-m/rad;

e Finally, the friction torque is easily obtained as:
T, =0.680-0.396=0.284 N-m (during the move-
ment towards opening), or
T, =0.524-0.240=0.284 N-m (during the move-
ment towards closing).

3.5. Viscous Frictional Coefficient Test

The equivalent viscous frictional coefficient B, of the
ETC unit referred to the load side is given by
B,, = N’B, + B, (sce (6)), where N = 20.68 is the gear
ratio. Since B, comes mostly from the lubricated and
sealed throttle shaft joint, it is small and negligible,
therefore B,, ~ N°B,,. Thus we only have to deal with
the identification of B, . Note that the throttle plate
movement is limited to 90°, but the viscous frictional
coefficient is associated with the angular velocity and
thus requires the dc motor to run freely. The need to run
the motor freely can be accomplished by removing the dc
motor from the ETC unit. Consider the torque balance
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equation of the detached dc motor
Jn0n (1) + B, (1) +T, =T, (1), (13)

where T, represents static frictional torque of the mo-
tor. At any constant speed, @, (t)=0, therefore the fric-
tional torque caused by viscous coefficient B, 1is given
by

T, (t) =B, (t)+T,,. (14)

It is seen from (14) that if the instantaneous values of
T.(t) and o, (t) can be captured, the viscous coeffi-
cient B,, and static frictional torque T,, can be de-
termined.

Since it was desired to obtain the velocity measure-
ment but the detached dc motor was not equipped with
any velocity sensor, a 16 pulse-per-revolution optical
sensor was attached to the motor shaft, and the detached
dc motor was energized to run smoothly. The optical
sensor signal, motor voltage and current were recorded
by the oscilloscope as shown in Figure 9.

Here, observe that the motor produced 8 ripples per
revolution on the voltage and current waveforms caused
by the non-uniformity of the magnetic field in the dc
motor. This information is useful and can be used to cal-
culate the motor angular velocity from a frequency
measurement method proposed below, rather than using
the optical sensor method conducted above. This is be-
cause the dc motor was small and attaching the optical
sensor to the motor shaft was not practically convenient
to perform the measurements. The proposed frequency
measurement approach may be called a sensorless veloc-
ity measurement method and is detailed below.

3.5.1. Sensorless Velocity Measurement Method

The optical sensor was disconnected and the motor was
mechanically driven by another dc motor with an arbi-
trary velocity @, the resulting induced back emf voltage
e,(t) shown in Figure 10(a) was recorded.

Two data processing runs were performed on the re-
corded emf data. The first was filtered to get an average
value é (see Table 1); the second was Fast Fourier
transformed (FFT) using MATLAB to obtain the associ-
ated frequency f (see Table 1). The FFT result is dis-
played in Figure 10(b). Since there were 8 ripples per
revolution on the signals, the back emf constant can be
calculated from

__ & 48
o (t8) (1)

The procedures above were repeated with different ar-

bitrary constant velocities and the corresponding €, and

K, were calculated. Figure 11 shows the result of the
FFT, and the calculated data of each test is shown in Ta-
ble 1.

The overall average K, calculated from Table 1 was
0.0185 V-s/rad which is very close to the result of K, =
0.0193 V-s/rad obtained in Section 3.3 when the dc mo-
tor was not removed from the ETC unit. The method of
sensorless velocity measurement developed here was
judged to be more reliable than the method of Section 3.3,
and can be applied to the next parameters identification
described in the sequel.

3.5.2. Identification of Viscous Friction Coefficient
A series of step input voltages: 2, 4, 6, 8, 10 and 12 V,

Optical sensor

2.965

N
©
>

Voltage (V)
N
[{e]
&

Copyright © 2013 SciRes.

Time (s)

Figure 9. Optical sensor, motor voltage and current signals.
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Figure 11. Fast Fourier transform of different motor veloci-
ties.

Table 1. Result of sensorless verification test.

Average N
Test#  backemf  Frequencyf K, =4¢,/(nf)

& (V) (Hz) (V-s/rad)
1 0.8753 61.0426 0.01827
2 1.9009 129.41 0.018703
3 3.7113 255.77 0.018475
4 4.6501 321.69 0.018405

Average 2.7844 191.9782 0.0185

were applied to the armature circuit of the detached dc
motor. The voltages and currents were recorded. Figure
12 illustrates the oscilloscope-captured waveforms of the
voltage and the current with the 2 V step input voltage.
The responses of the other input voltages were similar
but different in amplitudes and therefore were not shown
here. For each of the step input voltages, the steady-state

Copyright © 2013 SciRes.
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Figure 12. Armature voltage and current responses.

portions of the current data between 0.3 to 0.9 s were
processed by FFT to obtain their associated frequencies
and the angular velocities were calculated by

w, =2n(f/8). The same portion of the current data,
after averaging, were also used to calculate the motor
torque from T, =Ki,, where K =K, =0.0185. Ta-
ble 2 reports all data obtained from the experiments and
calculations above.

The angular velocity and the motor torque data from
Table 2 were plotted and the MATLAB polyfit com-
mand was used to perform the best fit of the data. The
result is shown in Figure 13 which is also mathemati-
cally represented by (14).

At @, =0, the approximate static frictional torque of
the dc motor read from Figure 13 was T, =6.9x10~
Nm. The slope of the fitted line was the approximate
viscous coefficient of the dc motor: B, =2.05x107
Nm-s/rad. The viscous friction torque generated by the
throttle shaft was small and therefore ignored as men-
tioned earlier in this section. The total viscous friction
coefficient referred to the load side was therefore
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594
Table 2. Result of viscous friction coefficient test.
Step input FFT Angular Average Motor
voltage ~ Frequency velocity measured torque T,
V) f(Hz) o, (rad/s) current i, (A) (N-m)
2 95.2 74.80 0.405 0.0075
4 211.2 165.90 0.576 0.0106
6 334.6 262.76 0.688 0.0127
8 457.9 359.61 0.813 0.0150
10 580.0 455.51 0.903 0.0167
12 704.5 553.33 0.934 0.0172
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Figure 13. Plot of torques versus angular velocities based on
data from Table 2.

B., = N’B, =(20.68)" x2.05x10™
=0.0088 N-m-s/rad.

3.6. Moment of Inertia Test

In this test, the dc motor was put back into the ETC unit
and the throttle plate was manually released from the
fully open position similar to the test in Section 3.3.
Since the armature current was zero, the torque balance
equation can be described by

Te (1) = Jeg®, (t)= —B, 0, (t)-K O, (t)-To —T; .(16)

The back emf data e, (t) and the angular position
6, (t) were captured during the rapid self closing of the
throttle plate. The angular velocity and angular accelera-
tion were calculated from o (t)=e,(t)/K, , and
@, (t)=dw_/dt, respectively. The total torque T, (t)
can be calculated from the right hand side of (16). Figure

Copyright © 2013 SciRes.

14 shows these measured and calculated values as a
function of time.

Finally, the moment of inertia can be calculated from
(16), Joq =Ty (t)/e.(t). The calculated average mo-
ment of inertia at the time interval of 0.04 to 0.08 s was
Jeg = 2.1x107° kg-m* . This value was the total moment
of inertia of the whole ETC unit. At this point, we have
identified all the unknown ETC system parameters and

constants. The results are summarized in Table 3.

4. Parameters Verification

The main objective of this section is to use the mathe-
matical model described by (2) and (6) to verify the pa-
rameters identified in Table 3. Two methods were em-
ployed: SIMULINK simulation, and actual real-time
control implementation of the ETC system using an xPC
TargetBox. The xPC TargetBox is a real-time rapid pro-
totyping device, which is widely used in both industries
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| | | | |
| | | | |
| | | | |
| | | |
| | | |
| | | |
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| | | |
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Figure 14. Filtered back emf, velocity, acceleration and tor-
gue versus time.

Table 3. Results of ETC parameter identification.

Parameters and constants Symbols Identified values
Armature resistance R.(Q) 1.15
v )
Armature inductance L, (mH) 1.5
Back emf constant (load side) K, (V-s/rad) 0.383
Motor torque constant (load side) K, (N-m/A) 0.383
Spring constant K, (N-m/rad) 0.087
Spring pre-loaded torque T, (N-m) 0.396
Friction torque T, (N-m) 0.284
Equivalent viscous damping B, (N-m-s/rad) 0.0088
Equivalent moment of inertia Jo (kg - mz) 0.0021
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and academia for control analysis and synthesis, see for
example [25,26]. The SIMULINK diagram is as shown
in Figure 15, while the actual control experimental setup
is as shown in Figure 16. A PID controller with the gains
Kp=9, Ki=6 and K;=0.1 was designed to meet
the following performance criteria: 1) step response of
the throttle plate angular position with no overshoot and
steady-state error, and 2) settling time t, <100 ms .

Figure 17 shows the SIMULINK response of the an-
gular position @_(t) with a reference input r(t)=1
rad, together with the result captured by the xPC Target
scope in real time. It can be seen that the SIMULINK
and the real-time control results were practically identical
and the performance criteria were satisfied with no over-
shoot and t; <100 ms . Hence the parameters obtained in
Table 3 were validated. These parameters together with
the mathematical model described by (2) and (6) can now
be used for other control analysis and synthesis for this
particular ETC system.

5. Design of Model-Based Nonlinear
Control Systems

In this section, we applied the input-output feedback lin-
earization technique [27-29] to design a nonlinear con-
troller for the ETC system. For ease of analysis and ref-
erence, we define the following constants in the ETC
system described by (2) and (6):

K K T
klzJ_s, k, = 0 k3:3_m’ k4:J_f’
& b o & 17
T K R
= =t o= K=
eq a a a

The resulting model can be expressed in a con-
trol-affine single-input single-output (SISO) nonlinear
state-space form as

X, X, 0

X, | =] =KX =Ky X, + KXy —K, S (%, )—ks [+] O [u, (18)
X, —KgX, —k; X, ks
— A ' —

* £(x) &(x)

Step input

Battery

595

y=h(x)=x. (19)

where X (t), X,(t) represent the angular position and
the angular velocity of the throttle plate, respectively,
X;(t) is the armature current of the dc motor; u(t) is the
armature voltage applied to the dc motor. The function
S(x,) defined by

S(x)=

is a smooth approximation of the signum function
sgn(X,) with a small positive number & [30]. Figure
18 illustrates the approximated sgn(X,) given by (20)
with different & . It is remarked that other signum ap-
proximations are also possible, for example, the sig-
moid-like function S(x,)=X, / (.| +¢) . where & isa
small positive scalar [31]. However, the approximation
function (20) will be used in this study.

Applying the input-output feedback linearization me-
thodology, we obtain

y=L,h(x)+Lh(x)u=x,

2

—5% >

l+e (20)

y=Lih(x)+L,Lh(x)u
=—k X, =KX, +K;X; =K, S (%, ) —Ks,
¥ =Lh(x)+L,Lih(x)u
=ik, + (=K, + k3 =Kk )%, =Ky (K, +k; )%, (21)

+koks +k,k,S(%,) -k, ¥+ k,ku

where

oLl 'h : oLl 'h
__f (x)f(x),LgL';lh(x)z f (x)
are the Lie derivatives for i=1,2,3, L%h(x)=h(x),
and dS(x,)/dt isgiven by

ds(x,) _ 25e™ . 2

dt (1 +e % )2

Equation (21) shows that the output relative degree is

L',h(x) g(x)

ox

Springs

Ks*o(t)+Tpl

Hard Limits

Km_bar

Scope

PEEE—
o) emf 44
\F

Kb_bar +——

Sign

Figure 15. ETC SIMULINK model with PID controller.
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Figure 16. Pictorial view of computer controlled ETC sys-
tem with xPC Target.
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Figure 17. Comparison between real-time control and simu-
lation.
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Figure 18. Approximated signum function with different d.

three and is equal to the dimension of the system. There-
fore, the ETC system in (18) and (19) is fully linearizable
with the nonlinear transformation given by
2=7(x)
Xl
= X2
=k X, =Ky X, + KXy —k, S (%, ) —Ks

. (23)

It can be shown that the Jacobian matrix associated
with (23) has the form

Copyright © 2013 SciRes.

ET AL.

0 0
1 01, (4

—0%y
K k- k{ 20e

L
(1 +e7%% )2 J ’

which is nonsingular for all xeR’ and therefore T(x)
is a global diffeomorphism for (18). Referring to (23),
the original nonlinear system in the X-coordinates de-
scribed by (18) and (19) is transformed to a linear system
in the z-coordinates as

z=Az+ Bv,
y=0Cz,

I
O =

(25

where 4, B and C are in controllable canonical forms,
and Vv(t) is the transformed input defined by

v=y=b(x)+D(x)u, (26)
where b(x) is the nonlinear cancellation factor and D(x)

is a nonsingular scalar function. From (21) and (26), it
follows that

b(ax) = kik, X, + (=K, +k3 —kke )%, =Ky (K, +k;) %,
s (x,) @7

+KyKs + kK, S (%) - k4—dt ,

D(x)=kk,. (28)

In order to achieve output tracking, we introduce the
tracking error as e(t)=y(t)-y,(t) where y (t) is
the reference input. The main objective is to force
e(t)>0 such that y(t)—>y,(t) as t—oo. It fol-
lows that

ézy_erzl_Yr’
é:y_yr:zz_yU (29)
e:y_yr = 23_er :v_.y.r’

A suitable tracking control law for the transformed

input V(1) is given by

v=-Ke+y, =-K[T(x)-Y,]+y,.  (30)

where e=[e ¢ é]T, T(x) isgivenin (23),
Y. =[y, V. ¥, ]T , and the constant feedback gain

K e R™ is determined such that A4, = 4— BK is Hur-

witz, that is, all eigenvalues of A, lie in the open left-
half complex plane. Finally, the linearizing feedback
control law can be obtained from (26) and is given by

u=D"(x)[-b(x)+v], 31)

where v(t) is given by (30), and b(x) and D(x) are given
in (27) and (28), respectively. Substituting (31) into (18)
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yields the overall closed-loop nonlinear ETC system in

the x-coordinates
x=f(x)+g(x) D'l(x)[—b(x)+v], )
y=h(x)=x.
6. Nonlinear Control Simulation Results
The performance of the controller can be adjusted by
carefully designing the control gain matrix K in (30). A
pole placement technique will be conducted for this part
of the study. As in the PID design of Section 4, we re-
quire: 1) the step response of the throttle plate angular
position with no overshoot and steady-state error, and 2)
a settling time t; <100 ms . Such a response characteris-
tics can be achieved by placing a pair of complex conju-
gate poles at &w, = jo, =—70+ j71.41 with
@, = m,\]1- &, which correspond to a damping ratio of
£=0.7 and natural frequency of @, =100rad/s; and a
dominating real pole at —35. These pole locations yield a
step response similar to a step response of a first-order
system. The resulting gain matrix was
K =[350 14.9 0.18]x10°. The simulation results of
the angular position X (t), the angular velocity X, (t),
the armature current X,(t), and the armature voltage or
control input u(t) with §=1 for a series of step ref-
erence inputs Y, (t)=r,, where r, is constant, with
different time intervals are as shown in Figure 19. It is

100

o]
o

60

40

20

Angular position xl(t), (deg)

-20
0

Armature current x3(t), (A)

o 0.6 1.2 1.8 2.4
Time (s)

seen that all responses are well within reasonable ranges,
especially the unsaturated control input u(t). Figure 20
displays the simulation results for a series of step plus
ramp inputs with different time intervals, y, (t)=r, +rt,
where r, and r, are constants; and Figure 21 for a
sinusoidal input y, (t) =90sin(2nt/2.4).

Simulation results show that the controller yields ex-
cellent tracking performance regardless of the types of
reference signals. However, the ramp response in Figure
20 exhibits a small overshoot of about 2 degrees as the
ramp signal introduces one more dominant pole into the
closed-loop system.

7. Conclusion

We presented the modeling and unknown system pa-
rameters identification of an industrial Bosch automotive
ETC system. The identification was based on a series of
laboratory experiments, measurements and data process-
ing techniques. The validation of the identified parame-
ters by comparing the simulation results with the
real-time implementation using an xPC Target under a
PID control scheme produced excellent results for this
particular ETC system which demonstrated the effec-
tiveness and reliability of the parameters identification
techniques. We then proposed a nonlinear closed-loop
control system design based on the input-output lineari-
zation approach. The simulation results showed that the
nonlinear controller developed was capable of accom-

Angular velocity >%(t), (rad/sec)

10 \ \ \

a

Armature Voltage u(t), (V)
& o

-10

Tlmé (s)

Figure 19. Simulation results of step reference input with different durations.
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Figure 20. Simulation results of step plus ramp reference input with different durations.
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Figure 21. Simulation results of sinusoidal reference input.

plishing the tracking tasks for different types of reference
inputs with excellent performance. The results presented
in this paper can be considered as an interesting and im-
portant case study encompassing system modeling, sys-
tem parameters identification, nonlinear controller de-
signs, real-time control, and analytical solutions of the

Copyright © 2013 SciRes.

closed-loop trajectories of the nonlinear ETC system.
The techniques and methodology developed are applica-
ble to similar and/or other types of ETC systems. In view
of a recent massive auto recalls due to the controversial
uncontrollable engine accelerations, the results of this
paper may inspire further research interest on the drive-
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by-wire technology.
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