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ABSTRACT

In recent years, the use of electronic throttle valve systems has
been very popular in the automotive industry. It is used to
regulate the amount of air flow into the engine. Due to the
existence of multiple nonsmooth nonlinearities, the controller
design to the electronic throttle valve becomes difficult task.
These nonlinearities including stick-slip friction, backlash,
and a discontinuous nonlinear spring involved in the system.

In the first part of this paper the electronic throttle valve
system is presented first, and then the model is derived for
each components of the throttle valve system. Later, the
system dimension is reduced to two by ignoring the motor
inductance at the end of this part of work. Actually this step
enables us to design a nonlinear PID controller electronic
throttle valve system.

The simulation results, of applying a nonlinear PID controller
to the electronic throttle valve system, show the effectiveness
of the proposed controller in forcing the angle of the throttle
valve to the desired opening angle in presence of
nonlinearities and disturbances in throttle valve system model.

General Terms
Nonlinear Control Systems, Throttle Valve System, Friction
Model, Nonlinear Spring.
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1. INTRODUCTION

In trying to keep up with emissions and fuel efficiency laws,
the fuel system used in modern cars has changed a lot over the
years. One of the major components in an automobile engine
is the throttle valve part. Designing a control system to the
throttle valve is the newly common requirement trend in
automotive technology. Controlling the throttling angle is the
control of the plate opening angle which it controls the air
amount that enters to the combustion engine. The air flow rate
will directly control the output torque engine and
consequently the speed will raised or lowered according to the
demand. This reveals the importance of controlling the air fuel
ratio. The air mass rate, traditionally, controlled according to
the driver demand where the throttling angle is connecting
directly to the accelerator by a wire. In this way, many
internal and external conditions are ignored in determining
the throttle angle such as fuel efficiency, road, or weather
conditions which will negatively affects the engine overall
efficiency [1]. To overcome the above deficiency an
electronic control module (ECM) is used to accurately
determining the required opining angle. Fig.1 shows the
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details of the electronic control system. Accordingly, the
electronic control unit (ECU) determines the precise amount
of fuel delivered to the engine. This amount of fuel is just
enough to achieve an ideal air fuel ratio (A/F)
(stoichiometry, about 14.7:1). The significance of controlling
the air fuel ratio (A/F) is well clarified in Fig. 2 where the
emissions lowered to a minimum amount (conversion
efficiencies of 98% can be reached). The emission gases are
like hydrocarbons (HC), carbon monoxide (CO) and nitrogen
oxides (NO,). For a deviations of +0.2 air fuel ratio (4/F)
the conversion efficiencies of at least one of the emission
components is drastically decreased as can be seen in Fig. 2
[2]. The electronic throttling valve, as shown in Fig. (3),
consists of a dc motor, a motor pinion gear, an intermediate
gear, a sector gear, a valve plate, and a nonlinear spring [1].

Throttle Valve

Throttle Position Sensor

Accelerator Pedal
Position Sensor

o

Skid
Mlass ECM Control
ow Meter ECU

ey
‘
:
26

i
W

Tgnition Fuel
Cail Injector

Figure 1. ECU (electronic control unit).
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Figure 2. Steady state conversion efficiency [2]
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Figure 3. The configuration of electronic throttling valve

[1].

The problem of controlling the throttle valve plate position is
frequently reviewed and searched in literature due to its
importance in industrial applications. In 2008, Pan et al. [1]
consolidate a variable structure concept with the employment
of feedback backstepping techniques in the intermediate
stages of design. In addition, the sliding mode observer design
technique with equivalent control is exploited in order to
estimate the values of necessary states that are not measured.
The performance of the proposed controller is evaluated by
performing some experiments on the throttle valve setup. For
all the cases, the controller works rather well and meets the
performance specifications.

The theory of sliding mode servo control is being utilized by
Yokohama et al. in 1998 [3] for controlling the electronic
throttle control (ETC) with highly nonlinear property due to
two springs mounted for fail-safe. They designed a three
sliding mode servo controllers in context of matching
condition with the necessary experimental investigation.

A higher order sliding mode control theory was used by
Reichhartinger et al. in 2009 [4] to design a sliding mode
controller to the throttling system. The higher order sliding
mode concept eliminate the chattering arising in the classical
sliding mode control theory and applied for system which
have relative degree greater than one with respect to the
switching function as in the case of the throttling system
model.

A mathematical model for the electric throttle control system
is presented by Chen et al. in 2010 [5], which include the
preload spring with a piecewise linear spring constant.
Different from the infinitely large spring constant assumption
in previous researches, the elastic behavior of the ETC around
the limp home position could be modeled by a linear spring. A
two degree of freedom controller is designed and
implemented based on the ETC model outside the limp-home
position region with a low spring constant. It is shown that a
control design based on the soft-spring ETC model is robust
since the sensitivity function decreases as the spring constant
increases. The pole-placement designed ETC controller
consists of feedforward and feedback functions. The integral
control function with anti-windup feature in the feedback
control loop can compensate the friction force completely.
And the feedforward control compensates the phase lag
resulted from the feedback loop.

An adaptive inverse model control system (AIMCS) is
designed by Yuan Xiaofang et al. in 2010 [6] for the
electronic throttle, with utilizing the two radial basis function
(RBF) neural networks in the AIMCS. Two RBF networks
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were used; the first is to identify the plant by a RBF networks
identifier. This provides the sensitivity information of the
plant to the control input, while the second RBF networks is
exploited as inverse model controller established by inverse
system method. The RBF networks are learned offline firstly
and are trained online using back propagation algorithms.
Then the adaptive learning rates are developed to guarantee
convergence and for faster learning.

Mario Vasak et al. in 2007 [7] perform the controller
synthesis for the piecewise affine (PWA) model of the throttle
system in discrete time by solving a constrained time-optimal
control problem and propose a procedure to model friction in
a discrete-time PWA form that is suitable both for simulation
and controller design purposes. Although the control action
computation, in general, can be restated as a mixed-integer
program but due to the small sampling time, solving such a
program online (in a receding horizon fashion) would be very
prohibitive which resolved by applying recent theoretical
results that enable offline pre-computation of the state-
feedback optimal control law in the form of a lookup table.
The designed time-optimal controller achieves considerably
faster transient, while preserving other important performance
measures, like the absence of overshoot and static accuracy
within the measurement resolution.

The technique employs invariant set computation and
reachability analysis. The experimental results on a real
electronic throttle are reported and compared with a tuned
PID controller that comprises a feedforward compensation of
the process nonlinearities.

The designed time-optimal controller achieves considerably
faster transient, while preserving other important performance
measures, like the absence of overshoot and static accuracy
within the measurement resolution.

The mathematical model of a throttle valve considered
here is nonlinear which it contains discontinuous terms due to
Coulomb friction and a nonlinear spring uses the signum
function in its model as will be derived later. Due to this
complexity, a nonlinear PID controller is suggested in the
present work to attenuate the effect of discontinues terms and
regulates the throttle angle to a value near the desired one.
The proposed nonlinear PID controller consists of a linear
proportional term, a linear derivative term and a nonlinear
integral term. All of these terms use the error function
between the throttle angle and the desired one.

2. MODEL DESCRIPTION OF THE
ELECTRONIC THROTTLE VALVE
SYSTEM

The mathematical model of the electronic throttle valve is
derived based on the work given in [1] and Table (1) consists
of the parameter names and their definitions used in the
derivation of the throttle valve’s mathematical model. After
that and by considering the motor inductance as a small value
the model dimension is reduced by one.

Before getting into the derivation of the electronic throttle
valve nonlinear model we first state its major nonlinearities.
The Electronic throttle valve involves three complex
nonlinearities, i.e., stick-slip friction, nonlinear spring, and
gear backlash. The mathematical model for electronic throttle
valve utilized in the present work will consider only the stick-
slip friction and the nonlinear spring models as the source of
the nonlinearities. The model of the stick-slip friction and the
nonlinear spring are presented in the following items:
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2.1 Friction

Friction is a nonlinear phenomenon in which a force that
produced is tends to oppose the motion of throttle plate such
as coulomb, static, viscous, stribeck, etc. In this work the
coulomb friction is considered. Static friction phenomena only
have a static dependency on velocity. The Coulomb friction
model is demonstrated in the Fig. (4) below.

AT, (oo}

Figure 4. Coulomb friction.

Consequently the Coulomb friction model mathematically is
given by

F,, >0
T(w)=4{ 0, w=
-F;, <0

= F¢sgn(w) @
where F;: is a positive constant.

2.2 Nonlinear Spring:

The typical feature of the electronic throttle valve includes a
stiff spring, which is used as a fail-safe mechanism. This
spring forces the valve plate to return to the position slightly
above the closed position when no power is applied so that the
small amount of air can be supplied into the engine when no
control is available in order to prevent a sudden lock of engine
revolution while the wvehicle is in motion. Moreover, the
motion of the valve plate is limit between the maximum and
minimum angles. These limited stops are realized by a highly
stiff spring, ideally with infinite gain. The characteristic of the
modeled spring is shown in Fig. (5).

Tapig)

=

Figure 5. Nonlinear spring.

The nonlinear relation plotted in Fig. 5 may be written by the
following form
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T (e)—{ D+my(0—6,) if 6, <6 <0
SPAY T =D —my (8, — 0) if B <0 <0,
Or
Tsp(e) = ml(e - eo) + Dsgn(ﬁ - 90) (2)

Due to the clearance formed between a pair of mounted gears,
the gear backlash is another nonlinearity source in addition to
friction and the nonlinear spring. In this work the nonlinearity
coming from backlash phenomenon is ignored when writing
the throttle valve mathematical model.

3. THE FULL MODEL OF THE
ELECTRONIC THROTTLE VALVE

The rotor angular velocity is defined as w, and the valve plate
position is defined as 8. The total inertia and total damping
coefficient are respectively determined by:

2
Jtot =Jm + Kél]int + (KglKgZ) (]ps + ]sect) (3)
2
Btot = Bm + K?ngint + (KglKgZ) Bps 4)

Considering the friction and nonlinear spring torque, the
dynamic equation is obtained:

Jtot® = —Biorw + Kz — Te(w) — T, (0) ©)]

Where z: is the current through the dc motor windings. The
relationship between the valve plate position and the rotor
angular velocity is described by the following relation:

6 = (Kg1Kgz)o (6)

As a result, including motor electrical part, the model of
throttle system:

é = (Kglng)(D

. B K,
b= -2t 4 Ky L) —LTSP(G)
Jtot Jtot Jtot Jtot

o K R, 1
Zz=-Tw-rz+ru 7)

where u: is the input voltage to the dc motor and the nonlinear
functions Te(w) and Ty, () are as described in Eq. (1) and (2)

respectively. Now, let x, = 8 andx, = 6 = (KgKg, ), the
state space form of equations (7) accordingly is written as:

Xl = Xp

Xy = a1 (X — Xq0) +appXp + a23Z — usgn(xy;)
—ksgn(x; — x1,)

Z = asyXy +azzz+bsu (8)

4. THE REDUCED MODEL OF THE
ELECTRONIC THROTTLE VALVE

To simplify the model, the motor inductance L is ignored and
accordingly the throttle valve dynamical system in Eq. (8)
reduced to a system with lower dimension as in the following
steps:

() - (s (2o
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=>0z(1i:)x2+(1i;)z+u

1 H .
as (b—g) =L = 0, Solving for z we get:

zZ= (:ﬁ) Xy + (:733) u 9)

Now by substitute the value of z from Eq. (9) in Eq. (8), we
get:

Xl = X3

. azz bz
Xy = a1 (% — Xq0) + <322 +azs (a_)) Xz +az3 (a_) u
33 33

—hsgn(xz) — ksgn(x; — X1,) (10)

The nominal parameters values considered in the system
model are given in the Table (2). The throttle valve system
model given in Eq. (10) is a second order system and will be
used in designing a nonlinear PID controller that force the
state to track a certain desired throttle angle (system output).

5. NON-LINEAR PID CONTROLLER
DESIGN

In this section, we propose a nonlinear structure for the well
known PID controller. Replacing the integral for the error
function by an integral for the arc tan function to the error in
the PID controller, yields a nonlinear PID controller and it
will be used later in the throttle valve system. When
disturbance which acting on the system dynamics is constant,
the linear PID controller is adequate where the control action
force the state to follow the desired reference [8]. When the
disturbance term is not constant, the linear PID will be able
only to attenuate the disturbance effect with a linear integral
control term. For a bounded disturbance the state will be
regulated to a region around the equilibrium point and the size
of this region is directly depends on the disturbance bound
and the PID control parameters. In all cases (wither in linear
or nonlinear PID structures) the disturbance attenuation ability
depends mainly on the integral term, since its effects is
integrated and increased with time to rejects the disturbance.
Unfortunately the integral term cannot remove the disturbance
effects, rather than that it enters the system response in a limit
cycle. The size of the limit cycle can be reduced via
increasing the integral gain especially when starting near the
equilibrium point. In the other case, when the state starts away
from the equilibrium point, the control may saturate and the
control system is winding up. The idea which proposed in
this work is to use an integral control for the error function
with large gain when the state is near the equilibrium point
and outside a certain bound to the equilibrium point an
integral control but for a constant value. In this case we
preserve the integral control activity when the state starts
away from the equilibrium point and the linear integral
control ability in maintaining the state closely near the
equilibrium point. The saturation function can be used in the
integral term with the desired gain near the equilibrium point
where the ultimate bound for the limit cycle can be easily
specified. Namely the nonlinear PID control in this case is:

u(t) = kye(t) +k; f, sat(e(t))dt + kq < e() (11-a)
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where sat.(e(t)) is an odd function given by

e(t)
sate(e(t)) _ { —~ for |E(t)| <€ €>0 (11-b)
1 for |e(t)| > €

and e is a design parameter which can be adjusted to specify
the limit cycle size. In the present work we will use the arc tan
function which it is a differentiable odd function instead of the
saturation function. Accordingly the proposed nonlinear PID
control is:

u(t) = kpe() +k; f, tan" (ve(t))dt + kg Se(®) (1)

where y is a design parameter has the same function as e when
the control uses the saturation function. The control law in Eq.
(11-c) may be written in a more useful form:

u(t) = kye(®) +kio + kg =-e(®)

(12)
& = tan*(ye(t))
5.1 NONLINEAR PID CONTROL
DESIGN FOR ELECTRONIC

THROTTLE VALVE

In this section a non-linear PID controller that deals with the
nonlinear difficulties is proposed. To use a linear PID control
for a nonlinear systems, the controller gains ky, k; , and kq
are tuned. Most of the tuning rules are based on obtaining
linear model of the system, either through running step tests
or by linearzing a nonlinear model around the operating
steady-state, and then computing parameters values of the
controller that accomplished the stability, performance and
robustness objectives in the closed loop System .While the use
of linear models for the PID controller tuning makes the
tuning process easy, the underlying dynamics of many
processes are often highly complex, due to inherent
nonlinearity of the process and then the controller may be
unable to stabilize the closed loop system and may call for
extensive re-tuning of the controller parameters. The
shortcomings of classical controllers in dealing with complex
process dynamics, together with the abundance of such
complexities in modern day processes, have motivated a
significant and growing body of research work within the area
of nonlinear process control over the past two decades,
leading to the development of several practically. The
nonlinear control strategies can deal effectively with a wide
range of process control problems such as nonlinearities,
constraints, uncertainties, and time delays [9]. In this work a
nonlinear PID controller is proposed for the electronic throttle
valve system. The results showed the effectiveness of this
type of controller in dealing with the inherent nonlinearity in
system model and in forcing the state to the desired point.

In the proposed controller, the arc tan function is used in the
integral part instead of the direct error. The advantage of
using the arc tan function (atan in MATLAB language) is the
ability for attenuating the effect of variable disturbances
representing by discontinuous nonlinearity with uncertain
parameters. As in the case of linear PID controller,
by tuning the proposed nonlinear PID parameter’s values,
we get a better result as will be demonstrated later. The
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proposed nonlinear PID controller is given by the following
law:

u=-kje—kyé—kszo

6 =tan"1(20e) (13)
Where the value of k; = 328,k, = 2.5,k3 =5

e=x; —m/3=0-m/3andé=x, = 0.

The simulations in the subsequent section are done first on the
reduced model of the electronic throttle valve as described in
Eg. (10), and then on the total model, without ignoring the
inductance, as found in Eq. (8). The control efforts is
saturated within the limits of (+12 volts) due to the dc motor

input voltage range.

6. SIMULATION
DISCUSSION

The simulation results are obtained using Matlab/Simulink
(Ver. 14.9). The simulink model for the throttle valve system
are shown in Fig. (8), while the nonlinear PID block
subsystem is shown in Fig. (9). To validate the model
reduction step which it is used in controller design, the
simulations are achieved for both reduced and full order
systems in the following subsections 6.1 and 6.2 respectively.

RESULTS AND
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Figure (8): Matlab/Simulink Model for both reduced and
full order throttle valve system with nonlinear PID
Controller.
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Figure 9. Nonlinear PID Simulink block.

6.1 Reduced Order Model Simulation

Results
The first simulation test is done using the proposed controller
in Eq. (13), based on the reduced model. Fig. (10) shows the
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simulation result for the angle 8 with time where the control
command is aimed to open the throttle angle by 60 degree
(/3). The initial condition for this test is: (8,8) = (0,0).
The settling time is found to be about 0.03 second for + 0.2%
error tolerance around the reference throttle angle.
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Figure 10. Valve Plate Position Angle (0) time history for
reduced order throttle valve system with nonlinear PID
controller.

The plot of the DC motor input voltage, as the control input
simulation results is revealed in Fig. (11).It can be seen
clearly that at the first 0.003 second of simulation, the
controller efforts exceed the actuator limits (+12 volts). In
addition, the phase plot is shown in Fig. (12) which again
proves the effectiveness of the proposed controller to track the
system to the desired position.
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Figure 11. Control action (u) time history for reduced
order throttle valve system with nonlinear PID controller.
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Figure 12. phase plot of x,Vs. x4 for the reduced order
throttle valve system with nonlinear PID controller.

To show the ability of the proposed controller to deal with
parameter perturbation, an uncertainty in the parameter values
of the system model equal to (50%) is considered in the
simulation tests. As shown in the figures below that the
system still keeping his stability and specifications even if the
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parameters is altered by (50%) which show the ability and 12
potential of the proposed nonlinear PID controller.
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Figure 17. Control action (u) time history for original full order
throttle valve system with nonlinear PID controller.
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Figure 15. Phase plot of x,vs. x4 for the reduced order throttle
valve system with nonlinear PID controller with parametric
uncertainty (50%).
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6.2 Full Order Model Simulation Results
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Now we test the proposed controller in Eq. (13) on the

original model without ignoring the inductance, as found in /
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work in the complete system model without simplification.
Figure 19. Valve Plate Position Angle (08) time history for

original full order system with nonlinear PID controller
with parametric uncertainty (50%o).
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Figure 20. Control action (u) time history for original full
order throttle valve system with nonlinear PID controller
with parametric uncertainty (50%o).
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Figure 21. Phase plot of x,vs. x4 for the original full order
throttle valve system with nonlinear PID controller with
parametric uncertainty (50%6).

The simulation results (figures (4.9)-(4.14)) reveals the
capability of the nonlinear PID controller to deal with the full
throttle valve system model, and keeping the system with the
same specifications achieved with the reduced model. It is
obvious that the robustness potential of the controller is
assured while it handles the system with the desired target
with a 50% parametric uncertainty enforced to test the
controller performance.

7. CONCLUSIONS

In this work a nonlinear control law is proposed for
controlling the angle of the throttle valve as one of the major
components in an automobile engine. The proposed control
law replaces the integral of the conventional PID controller by
an integral term that uses the arc tan function for the error
instead of the linear error function. This helps greatly in
attenuating the effects of the discontinuous nonlinear terms
act on the throttle system dynamics due to the friction and to
the presents of the nonlinear spring. The effectiveness of the
proposed control law to force the throttle angle to track the
desired reference is proved via the numerical simulations
based on the reduced and non-reduced system model. This
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result showed the ability of the nonlinear PID controller to
work in the complete system model without simplification.
Also it showed that the control system is robust to the
variations of system parameters up to 50% percent. Finally, it
can be say that due to the simplicity of the control strategy
that is offered in this paper, and the robustness properties of
the designed control system with respect to variation of
process parameters, which can be caused by production
deviations and variations of external conditions, we can
recommend this control strategy for effective and law cost
microcontroller system implementation.
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Table 1. The parameter names and their definitions used
in the derivation of the throttle valve’s mathematical
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Table 2. Nominal parameter values for
simplified model [1].

Parameters Values
a, 1/18
az1 -1.6801e3
az; —-32.9820
s 4.2941e3
3o —11.6039
ass —5.2087¢e2
by 4.7438e2

k 4.6139e3
1l 2.1073e3

model [1].
Parameters Definition
Im Inertia of rotor.
Jint Inertia of intermediate gear.
Jsect Inertia of sector gear.
Ips Inertia of plate and shaft.
Bn Viscous damping constant of motor.
By, Viscous damping c;er;srt-ant of intermediate
Bps Viscous damping constant of plate and shaft.
Np Tooth number of pinion gear.
Nint Tooth number of large intermediate gear.
Nints Tooth number of small intermediate gear.
Ngect Tooth number of sector gear.
L Motor inductance.
R Motor resistance.
K Motor torque constant.
K, Motor back emf constant.
K Reset integrator gain.
0o Spring default position.
0 ax Spring max position.
0 i Spring min position.
D Spring offset.
my Spring gain.
m, Spring limit stop gain.
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