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Abstract

In this thesis project a robust control for an electronic throttle valve(ETV)
is developed. The thesis is held in collaboration with the company Testing
Technologies s.r.l.

The designed controller is intended to be used for testing purposes by exploiting the
testbench of the company, in particular the aim is to have a controller able to adapt
to different valve models and so to be independent from the parameters of the valve
itself in order to speed up the testing procedure and to avoid the re-characterization
of the model for every valve. After an introduction and overview on the state-of-
the-art, the mathematical model of the valve is presented. Then three types of
controllers have been examined. Starting from the work previously done for the
company, a controller based on Youla-Coucera parametrization and a Feedforward
compensation is taken in exam, then a more performing and robust controller is
designed based on Sliding Mode Control techniques. First developing a classical
Sliding Mode controller(SMC) and then exploiting the Higher order Sliding modes
theory(HOSM) to realize a Super Twisting Sliding Mode Controller(STSMC).The
classical SMC is more robust with respect to the Youla-Coucera controller,but has
still some dependence on the valve parameters in the computation of the sliding
surface. Instead the STSMC configuration is independent from the parameters of
the valve, and for the design only bounds on the second derivative of the sliding
surface are needed, making it suitable for a trial and error procedure and for self
tuning.

The control algorithms are implemented in Simulink for simulation purposes, then
an equivalent scheme on labview has to be developed to integrate the controller in
the testbench. To conclude, the three controllers have been compared considering
the performances and the intrinsic predisposition to be easily tuned and the
independence on ETV parameters.
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Chapter 1

Introduction

1.1 Project overview

In internal combustion engines the throttle valve is responsible of the air intake in
the combustion chamber. The position of the valve affects the performances of the
engine and other aspects such as[1]:

Idle control

Speed control

Fuel consumption
o Emissions

Due to the stringent constraints on emissions for environmental reasons and op-
timization of safety and performance, the improvement of the aspects mentioned
above is necessary, and so a good control design is essential to achieve such objective.
The position of the plate of the valve is controlled in two ways:

e Mechanical control
o Electronic control or Drive by wire

In the first case the throttle plate position is mechanically connected to the gas
pedal. In this way when the pedal is pushed the mechanical rod pulls the spring
and opens the valve depending on the position of the pedal.

In ETVs the position of the pedal is measured by sensors, this information is sent
to the ECU that elaborates the optimal valve’s plate position. This solution is
called drive by wire because isn’t directly connected by a mechanical system but
is driven from distance by an electronic wire that enable the movement by a DC
motor|2].
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1.2 Electronic Throttle Control

The control of an ETV is an important aspect in modern automotive technologies.
As for other components the optimization of such control is needed, other than
the safety and emission optimization mentioned in the previous section, for the
improvement of autonomous driving technologies. The information taken in account
to evaluate the optimal control action does not depend strictly on the only pedal
position but also on other sensor data:

Speed sensor

Pre-collision system sensors

Wheel speed sensor

Air flow sensor

All the information brought by all the sensors are used by the by the Electronic
Control Unit (or Electronic Control Module) in order to evaluate the optimal valve
position set angle.

Throttle Valve

Throttle Position Sensor
Accelerator Pedal

- . Throttle
Position Sensor = | Contol
Motor
:
r Y
) Skad
ﬁass ﬁl.r - ECM -+ Control
ow Meter ECLr

! I

Ignition Fuel
Cloil Injector

Figure 1.1: General ETV control setup [3]
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The general scheme of the control system is a closed loop system that take
as feedback the informations about the actual position of the valve to adjust the
control action effort to give to the system.

Reference i'/—\ Error Control action Measured angle
C ETV

L

Figure 1.2: General closed loop control scheme

1.3 State of the art

In ETVs the main problem to overcome is given by the intrinsic strong non-linearities
given by the return spring and the friction phenomenon in the plate and the other
moving parts. Many solutions have been proposed in literature to compensate
the non-linearity effects. In [4] a solution with Youla-coucera parametrization and
feed-forward compensation of the non-linearities have been proposed.The controller
is of simple design and the solution provide good tracking performances but is
strongly dependent on the ETV parameters and so a recharacterization must be
done if we want to use the same controller on a different valve.

A different kind of approach is to use directly a non-linear control technique like
in [5], in which a VSS based controller have been used, exploiting a three level
cascade controller that ensures robustness. This structure was chosen in order to
make easier the physical implementation of the controller in terms of components
and computational effort. The recent technological improvements, providing more
powerful microcontrollers allows to use nonlinear techniques that are computa-
tionally more demanding than the previous structure proposed but of simpler
implementation. To this purpose a controller based on SMC theory have been
considered since it provides robustness to the uncertainties of the valve parameter
but it is also dependent on them for the design of the sliding surface.

3
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In [6] a controller based on HOSM theory have been proposed to overcome the
problem of chattering typical of the classical SMC. The design of this kind of
controller is dependant only on some constraint given on the parameters; these
constraints are connected only to the bound of some uncertainty function, so is
completely independent on the values of the ETV parameters. This characteristic
allow the design of an Adaptive algorithm form the automatic tuning of the con-
troller parameters, making this technique suitable to be used for different type of
valves without the recharacterization of the parameters. A similar solution have
been used in [7], exploiting the STSMC algorithm that provides all the advantages
of the previous cited study but also a simpler pratical implementation.



Chapter 2

Case study

2.1 ETV model

In order to develop a controller for the ETV a model of the system is needed.

Infermediiate Gear
Pinion Gear
Control
ET O
iﬂb Driver DC Motor
i) o
Valve Plate  |© o =
Nonlinear Spring | 0 Sector
Gear
Position
Sensor

Figure 2.1: General ETV scheme [§]

The derived mathematical model of the valve has been obtained in [4] deriving the
parameter values of the different parts of the system i.e. :

e DC motor

» Static and dynamic characteristic of the valve
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2.1.1 DC motor model expression

The armature resistance and inductance has been obtained exploiting the blocked
rotor test driving the armature with respectively a constant voltage and then
a sinusoidal one. Then the electromotive force coefficient has been estimated
connecting the motor to the valve and bringing the plate to 90° angle and letting
it freely return to the resting position and calculating the voltage in open circuit.
With all the calculated parameters it is possible to derive the mathematical expres-
sion of the DC motor section :

dia ()
dt

Were V, is the armature voltage, R, is the armature resistance, 1, is the armature
current, k. is the back EMF coefficient and w,, is the speed of the rotor.

V, = Ryia+ L + ket (t) (2.1)

2.1.2 Static characteristic

In order to determine the static characteristic of the valve it is at first necessary to
evaluate the total losses of the motor, that is the sum of the Joule losses and the
losses due to friction, ventilation phenomenon and viscous friction.

Boss =VI= Ra[2 + P0<wm>

Where F, is equal to :

PO(Wm) - (Tcm + Bmwm + Cdmwzn)wm (22)

Given that T, is the Coulombian friction coefficient, B,, is the viscous friction
coefficient and CYy,, is the ventilation coefficient. The behavior of the valve in static
condition is then described by the following expression:

T, = (ktia — Po(wm))T = K(0 — 0) + Tpr + T.sign(6) (2.3)

Where k; is the motor torque coefficient, K is the spring coefficient, Tpy, is the
spring preload torque and and T, is the Coulombian friction torque. These coefficient
are evaluated determining the characteristic of the valve during a full opening and
closing of the valve done at constant velocity in order to consider negligible the
equivalent inertia of the system. The results leads to a discontinuous characteristic
caused by the nonlinear behavior of the spring and so two different value of the
parameters ,depending on the position of the valve, are obtained.

From figure 2.2 is also possible to evaluate the resting angle 6, that is the angle that
corresponds to the flat section of the characteristic(i.e. the discontinuity point).

6
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Valve static characteristic

16

127

Angle {rad)
=
(=]

06

D i 1 1 ]
45 -04 03 -02 4041 0 0.1 0.2 0.3 0.4 0.5

Torque (N*m)

Figure 2.2: Valve static characteristic[4]

2.1.3 Dynamic characteristic

In order to derive the dynamic characteristic of the valve the useful torque at
the plate is evaluated giving a sinusoidal set angle as input, then is from the
contribution of the static parameters is subtracted to obtain only the dynamical
torque.

Tyyn = BrO + I,0 (2.4)

Where By is the viscous coefficient of the plate only (without considering the
motor), and I.q is the equivalent inertia of the whole system with respect to the
axis of rotation of the plate.
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& D

di,
Gla + kowpn (1) Tm Trp

u u=Rol, +L Trp =Tt

_— dt

Ty = ight — Po(wm)

1g® = Trp — BL6 — K.(6 — 0,) — Ty, — Tosign(d) —>

=3

Figure 2.3: Block scheme of the ETV model used in the thesis

2.1.4 Parameter tables

In this paragraph are collected all the parameters values utilized to build the ETV
model.

Table 2.1: Motor section parameters

Parameter Value
R, [ohm] 2.6342
L,[H] 0.021795

k.[V/(rad/s)] 0.01704
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Table 2.2: ETV static parameters

Angle

Parameter 0 < 6y 0 > 6y

K,[Nm/rad] 0.64785 0.074151
Tpr[Nm]  -0.32338  0.23889
T.[Nm]  0.072206 0.01999

Table 2.3: Loss parameters and Dynamic parameters

Parameter Value
T[Nt 2.2759¢-03
B, [Nm/(rad/s)]  1.1728e-06
Cpm|Nm/(rad/s)?] 3.1839e-11

Op[rad] 0.1665
B [Nm/(rad/s)] 1.4242¢-2
L, [Kgm? ] 6.9637e-4

2.2 Simulink model

The model used for design and simulation of the various controllers is built starting
from the expressions used in the sections above to calculate the parameters, and
translated into blocks.

The motor block is built in order to express the relation 2.1 expliciting the armature
current. The inputs of this block are the control voltage (Armature voltage), and
Win-
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D >
V_a

._.F N 1 . N
(2) p E_a(t) b difdt s i_alt) @

w_m .
- emf coefficient

1/Armature inductance

Armature
reststance —

Figure 2.4: Simulink model of DC motor

Then to evaluate the useful torque at the motor the first two terms of 2.3 are used:
Tu = ktia - P0<wm>

The block that evaluates T, is then built considering also the expression to
evaluate the dissipated power:

+

.

i a
- Torque
coefficient

Resistent torque

Figure 2.5: Rotor mechanical equilibrium block

Feeding the result to the reductor block, that perform the conversion of the useful
torque at the motor to the useful torque at the throttle plate by simply multiplying
it by the reductor ratio. This same block is used to obtain the w,, from the

10



Case study

estimation of 6.
The last block exploits 2.3, and 2.4 in order to estimate the position of the
valve, remembering that the dynamical torque has been obtained subtracting the
contribution of the static parameters to the total torque at the plate, so the resulting
total torque is:

Tip = Ko(0 — 60) + Tpr, + Tosign(f) + Bro + 1,0 (2.5)

Isolating 6 variable in 2.5 the following expression of the throttle plate acceleration
is obtained:
. 1 . .
0 = T[TTP — BLQ — KS(Q — 00) — TPL — Tcszgn(G)] (26)
eq
After having defined the expression, the block that evaluates 6 is built, and 0 and
f are obtained by integration. .

v_a
V_a(t) i_a ia
w_m

thetaf———»(1)

DC Motor Electric Circuit Tu T_u T_tp T_tp theta

theta_d
Throttle plate equilibrium

—*w.m

w_m theta_d

DC Rotor Mechanical equilibrium

Reductor

Figure 2.6: Full simulink scheme of the ETV model

2.2.1 Frequency response

A further analysis have been done on the linearized system identified by black box
approach [4]. Then by means of Fast Fourier Transform(FFT) the bode diagram is
built to represent the frequency response of the whole system. This kind of study
is useful to understand the working frequency range of the ETV.

From the magnitude graph it is possible to notice the cutting frequency of the
system. So for frequencies below 1 rad/s the magnitude remain constant. The
performances degrade significantly above the cutting frequency, as well as the phase
shift that reaches 90° slighly after that value.

11
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Figure 2.7: Full simulink scheme of the ETV model
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Chapter 3

Control techniques

3.1 Youla-Coucera parametrization and FF com-
pensation

In an early work done on the project [4] ,it was developed a controller based
on the Youla-Coucera parametrization and a Feed-Forward compensation of the

non-linearities.
The choice was done due to the simple implementation of the controller and the

low computational effort needed.

3.1.1 Youla-Coucera parametrization

The objective of the Youla-Coucera parametrization is to find the family of con-
trollers K (s) that stabilize our closed loop system.

+

— K(s) > P(s) >
W,

__ry)

Figure 3.1: Closed loop scheme

The closed loop transfer function is given by:
() K(s)P(s)
§) = —F—"—
1+ K(s)P(s)
13

(3.1)
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Then, if Q(s) = #S’L(S) is considered, the closed loop transfer function will be
in the form 7'(s) = Q(s) * P(s) and it is possible to find the expression of K(s) in

function of Q(s) :

Qe
1—Q(s)P(s)
Q(s) is considered as the family of all stable filters, so if the plant is a stable one,

the closed loop transfer function will be stable and a suitable controller K (s) ,that
stabilize the system, can be defined.

K(s) (3.2)

3.1.2 Plant inversion and shaping filter

Stability condition of Q(s) is enough to ensure the stability of the entire control
loop system. To obtain a stable @(s) the technique of plant inversion has been
used.

As explained in [9] the plant inversion exploit the previous knowledge of the plant
to obtain a suitable input for our system. Since the system is minumum phase (i.e.
invertible), it is possible to produce the desired input by giving the desired output
to the inverse of the plant, this is why the technique is called plant inversion. Then,
in order to obtain the desired behavior of the closed loop system a so called shaping
filter Fj(s) is designed. The expression of Q(s) is:

Q(s) = Fo(s)P~'(s) (3.3)

The shaping filter Fg(s) is designed to be Fy(w) ~ 1 for the working frequency
range of the plant and to ensure that the Q(s) filter is proper. This is achieved
with the shaping filter having this form:

1
Fo(s) = ———— 3.4
o) = s 1y (3.4)
Where the parameter ng is chosen to make Q(s) at least biproper and 7 is chosen
in order to fulfill the specification of the project. Considering our design project

the expression of F(s) has been defined as a low-pass filter:
Fo(s) = —— (3.5)

having n, = 1 and w. = % = brad/sec for the specific case.
Moreover to avoid possible instability problem due to saturation of control input
the controller has been inserted in an anti-windup loop.

14
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3.1.3 Feedforward compensation

Since the system is highly non-linear due to the return spring and friction phe-
nomenon(both dependent on the position of the throttle plate), a feedforward block
has been added to compensate for this behavior. The total control action is then
the sum of the control action produced by the controller previously computed and
that of the feedforward block.

Feedforward
»| Controller
PLANT |Output (¥)
Error >
- (E) Feedback
Rcfn;-n_gc_'_ Controller
(R)

Figure 3.2: Feed Forward scheme

In order to evaluate the Feedforward control contribution we need to evaluate
the torque contribution of the nonlinear actions. So is necessary to evaluate the
compensation torque to be exerted by the DC motor and evaluate the voltage
produced by that torque. The starting point is a direct correlation between the
voltage and the nonlinear elements torque contribution. These informations can be
derived from the ETV model starting from the expression of the armature voltage:

Va(t) = Rol, + Ladzgit) + kowy, (t) (3.6)

That in the Laplace domain becomes:

Va(s) = Roly + sLoly(8) + kWi (8) = (Ra + sLo) 10 (8) + ke () (3.7)

Reminding that the torque constant is k; it follows that:
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The final expression of the armature voltage:

_ R“ZfL“TNL(s) + ke@n(s) = Gi() TN (s) + ke@in(s) (39

Va(s)
The transfer function G(s) is not proper (i.e. the order of the numerator is grater
than the order of the denominator), so a Butterworth type lowpass filter of the
second order Fp(s) has been added so to obtain G7 = G1(s)Fg(s) The last element
to consider in order to obtain the final transfer function is the gain of the driver
that can be considered constant since the dynamics are much faster in comparison
with the ETV.

The total command action is then provided by:

= _ Vals) _ Gis)

ke
chd ( S)

— — TNE — W, 3.10
Kdriver Kdriver (S> * Kdriver v (S) ( )

3.2 Sliding mode control

Sliding Mode Control (SMC) is a control technique derived from Variable Structure
Systems (VSS) [10] in which a discontinuous action is applied to obtain different
controllers depending on the state of the system.

The most advantageous feature of VSS is in fact the presence of a sliding motion.
The goal is to bring our system towards the sliding surface despite the starting
point in the state space and then maintain the system on the surface. The main
idea is having different feedback controllers in opposite sides of a predefined surface
of the state space in which i have the desired behavior for my system, bring the
state points towards that surface and then maintain (slide) the system on it from
then on [11]. The most important characteristics that make this type of controller
suitable for a wide range of problem are:

« The insensitivity towards disturbances and parameter uncertainties(i.e. Ro-
bustness)

o The simple tuning of the parameters

Considering an example od a second order system taken from [11]:

{j:l - (3.11)

T9 = bcos(mxy) + u

Selecting the following expression for the sliding surface,

s=xy+cr; =0 (3.12)
16
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and the control law,
u = —cxy — sgn(s) (3.13)

the behavior will be the one shown in figure 3.3 using these values for the parameters
c=0.5,b=0.75, m = 10 and x19 = 5 and x5y = 1 as initial conditions.

Figure 3.3: Phase trajectory of system 3.11 using control law 3.13

The so called reaching phase is clearly visible from t, until the trajectory touches the
surface, then the sliding phase begins . In the example an ideal sliding mode occurs
because an infinite switching frequency is considered. In real application finite
switching frequency leads to oscillations near the surface causing a phenomenon
called chattering.

17
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reaching phase

chattering

Sliding sur face

Figure 3.4: Chattering visualization

Chattering can lead to stability problems if is filtered, or lead to high effort for the
actuator due to the high frequency oscillations.

3.2.1 General Framework

In order to derive the formulation of the controller for the ETV let’s start from a
general formulation of the problem.
Considering the following system:

i = f(x,t) +d(t) +u (3.14)

where f(z,t) is a nonlinear function of the states and time representing the modeled
behavior of the system, d(t) is a generic disturbance signal, and u is the control
action.

The expression of the nonlinear function and the disturbance can be divided in the

18
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contribution of two terms:

flz,t) = fe(z,t) + Af(x,t)

d(t) = di(t) + Ad(t) (3.15)

fr(t,x) and dj(t) represent the known part of the function and the disturbance ,
while ¢ f(x,t) and 0d(t) represent the unknown uncertainty contribution.
Consider then the state vector :

T

fzrl (3.16)
and the error on the state:
E=T — 24 (3.17)

Were z4 is the desired state.
Our system can be then rewritten as:

i = frlz,t) + Af(x,t) + dp(t) + Ad(t) +u (3.18)

3.2.2 Choice of the sliding surface

There is no general rule to find the sliding surface. The choice is done considering
which surface will be useful to reach the desired behavior.
Since our goal is to reach a desired angle set the proper choice would be:

S=¢e+ A (3.19)

When the system is sliding on the surface, equation 3.19 is equal to 0, this implies:

E+de=0 = £=—-A¢

Solving the simple differential equation it is obtained:

e(t) = e Mg (1)

Consequently (t) will tend to 0 as ¢ — oo for any A > 0

3.2.3 Control action formulation

The relative degree of the system is two, since it is necessary to derive the output,
(that in our case is the throttle plate angle and corresponds to the first state) , 2
times before the control action u appears in the expression.

19
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So, considering the sliding surface previously defined and taking the derivative the
following expression is obtained:

S=E+X=0F—GTqg+ A (3.20)

substituting the expression 3.18 in the 3.20 the following expression is obtained:

S = fi(w,t) + Af(x,t) + di(t) + Ad(t) +u — ig + \é (3.21)

So the control action is selected in such a way to cancel out the known terms:

u=—fm(x,t) —dpn(t) +iqg— N+ v (3.22)

The term v is designed in order to deal with uncertainties and to fulfill the
reachability condition (chapter 1 of [12]). To ensure S — 0 in finite time we need
to know at least the upper bound of the uncertain terms :

IAf] < afx,t) >0

|Ad| < B(t) >0 (3.23)

Using the Lyapunov method to veify the reachability condition, and so having
SS < 0 it follows:

v=—(n+a+ B8)sign(S) (3.24)

It follows that SS < —nSsign(S) < 0 for every n > 0 , ending up with the final
expression for the control u:

u=—fm(x,t) —dn(t) + g — A — (n+ a+ B)sign(S) (3.25)

3.2.4 Chattering compensation

Many ways has been studied in order to reduce or eliminate chattering.

A possible solution presented in [11] is to substitute the sign function with a contin-
uous one such as saturation function. This reduces chattering as the discontinuous
term is not present anymore but the switching variable will converge to an interval
that depends on the function parameter.

Another function that is possible to use for the purpose is the hyperbolic tangent,
that is smooth and continuous. So the discontinuous term is substituted by :

v = —tanh(nS) (3.26)

High value of the n parameter makes the tanh more similar to the sign func-
tion,increasing the slope in the neighborhood of the origin, so i can tune this
parameter making the control action smoother provided that the performances
parameters are still satisfied.
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3.3 Super Twisting sliding mode algorithm

To overcome the problem of chattering other methods have been studied in literature,
one of the most important is the Higher Order Sliding Mode theory. The HOSM
aim at optimize the discontinuous action contribution to chattering by working on
higher order derivative of the sliding surface in such a way that[12]:

S=8=8=.=8""Y=0 (3.27)

Where r is the sliding order of the system, and indicates the order of the sliding
surface in which is present the discontinuous action.

In order to be effective the sliding order considered must be higher than the relative
degree of the system, so for a system of the second order, a sliding order equal to 3
has to be considered.

The higher is the sliding order with respect to the relative degree, the smoother will
be the response. This is due to the fact that the discontinuous action, present in
the r*" order sliding surface, is then integrated r times to obtain the actual control
signal, and so the u signal will be continuous.[13]

Various algorithm has been developed to exploit HOSM. One is the Twisting
algorithm, that is the first known algorithm to be exploited, that take the name
from the phase portrait of the algorithm considered as a system[12] that converges
to the origin 'twisting’ around it infinite times. Instead in [14] a version with
an adaptive algorithm is presented , stressing out the fact that the only design
parameter to be known are the bounds on the uncertainties.

Another algorithm is the Super Twisting Sliding Mode Control one. This algorithm
as the TA previously mentioned has only to satisfy some constraint considering the
uncertainty bounds, and only need informations about sliding surface S.

3.3.1 Super Twisting Algorithm

The STSMC algorithm comprise two terms, the first is the actual control action,
the second one is the derivative term that contains the discontinuous action. The
mathematical formulation is the following[7]:

{u: —K|S|2sign(S) + v (3.28)

v = —asign(S)

Were A and « are the parameters to be tuned, and the sliding surface S is defined
as 3.19

In order to ensure convergence in finite time of the sliding surface S, some constraints
on the second derivative S, must be satisfied. Considering the expression of S as:

S = h(z,t) + g(z,t)u (3.29)
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The functions h(z,t) and g(x,t) are unknown but are bounded by some constant
quantity in this way :

1Az, )] < Am, T < [lg(z, )| < Tag
The sufficient conditions can therefore be expressed as:

A
K>="
|

4A,, Tu(K + Ap)
T2 T,.(K— A

m

(3.30)
o >
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Chapter 4
Numerical implementation

The implementation of the classical Sliding Mode controller and the Super Twisting
Sliding Mode controller has been done in Simulink®. Then the controllers are tested
using the model of the valve (model in the loop) using different wave signals to
catch the different behaviors. The result are then used to compare the controller
performance with respect to the controller previously developed in the project for
TTech.

4.1 Sliding Mode implementation

The main element for the design of the SMC is the definition of the sliding surface
that in our case is defined in 3.2.2. In order to be able to evaluate the error
mathematically a representation of the model in the following form is needed:

i = f(x) + g(x)u (4.1)

In which z is our state variable having 1 = 6 and x5 = 0 = Wy
Considering this state space representation the model will be expressed in this way:

1|k kieky?
X2 = = S xa — (T + Buxa + Can’x3) 7%

(4.2)
—K(x1 — x0) — Tpr, — Tpsign(xz) — Brxs

From this representation of the model we can derive the f and g of the equation
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4.1 and evaluate the needed control action. The expressions are:

1 k kT2
f= |- éT Xy — (T + B2 + Cmezxg)szz
" (4.3)
—KS(Xl — Io) — TPL — Tcsign(xz) — BLX2
]_ ktT
= —— 4.4
IR (4.4)

The next step is the definition of the sliding surface as exploited in 3.2.2. So
considering our system variables and substituting them in equation 3.19 it is
obtained the following expression :

S = Ty — i’d + /{2($1 — .I'd) (45)

Thus obtaining a control action of the form
1 . . :
u = —;(—f + &g — Aé) — nsign(S)

In order to avoid integration problems using the matlab function block in Simulink®,
the discontinuous parameters of the ETV model have been evaluated using a
hiperbolic tangent function to make them continuous. The solution adopted is the
following :

K, = (K;_QKS)tanh(C(@ —6)) + W;K) (4.6)
TPL = anh(C(Q - 90)) + W (47)
Tp = (ngTC_)mnh(O(e — 0y)) + (ngTC_) (4.8)

Where K, Tpr, T are the nonlinear parameters, and the apex + or - represents
respectively the parameter value for values of 6 greater than 6y and for values
smaller than 6y. The coefficient C regulates the slope of the hyperbolic tangent
function.

The controller algorithm has been implemented exploiting the matlab function
block in Simulink®. In t

The parameters are chosen by trial and error considering the trade-off between
rising time, steady state error , chattering and control action effort. So in such a
way to have good tracking performances without having a too high control action.
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Figure 4.1: Simulink implementation of SMC

4.1.1 Integration problems

The evaluation of the control action gave problem in the integration of the model
for simulations. The value diverges in presence of a variation of the signal(step,
ramp ,sine), ultimately this render the system non-usable at the current state.
Neither filters or saturation block fixed the problem.

4.2 STSMC implementation

The block scheme implementation is similar to that of the classical SMC | in the
matlab function block is written the algorithm of the STSMC algorithm that is
expressed in 3.28.
The code used for the controller,containing the parameters definition and the
implemented algorithm is shown in appendix A.

The parameters values have been chosen by trial and error procedure in order
to have a good trade-off between rising time performances, steady state error and
control action.

4.2.1 Simulink scheme functional description

In this section is presented a detailed overview of the simulink scheme of the Super
Twisting Sliding Mode Controller.

The scheme is composed by four different types of blocks. There are three
derivative blocks , one integrator , the actual controller and the ETV model. Then
there is the arrow representing the input reference signal. In detail:
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Figure 4.2: Simulink implementation of STSMC
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Figure 4.3: Descriptive scheme for 4.2

ETYV model: this block represents the model of the system used for simulation
and tests

Controller: this block takes as input the states of the system, the reference
signal and its first two derivatives and the v term. It uses all these input to
evaluate the supertwisting algorithm as shown in the matlab code : all the
constant parameters are declared first , then the position error is evaluated
and the sliding surface is defined and lastly the control law is described. The
outputs of the block are the actual control law v and the term

Integrator: This block is used to evaluate the v term starting from 7, that is
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the term containing the discontinuous action.

« State derivative: this block is used to evaluate the second state of the
system (rotational speed) from the ouput of the system that is the only first
state(angle position)

« Reference derivative(1*" and 2"?) : these two derivative blocks are used
to evaluate the first and second derivative of the reference signal needed for
the evaluation of the algorithm. They are used to evaluate first and second
derivative of the position error.

4.2.2 Step simulations

In order to evaluate the time response of the system a set of step signal have been
used as reference. To fully evaluate the behavior, the step functions are chosen with
values between 0 and 90 degrees with steps of ten to span the majority of the valve
working points. The criterion chosen to evaluate the settling time is considering
the time needed for the output to reach and stay within an error band of Af = 3° .
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Figure 4.4: Step response of STSMC

Settling time

As it is possible to see in image 4.4 representing all the various step responses, the
STSMC does not cause overshoot in the output response, therefore the settling
time is equivalent to the rise time if we consider the same A6 for the evaluation of
these criteria. In table 4.1 the settling time t2Y are grouped for all step simulations.
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Table 4.1: Settling times of STSMC

Set angle [°] Settling time [s]

0 0.157
20 0.157
30 0.252
40 0.302
50 0.347
60 0.375
70 0.404
80 0.422
90 0.442

Steady state error

After the analysis on the settling time , the steady state error(es) is taken in exam.
From the step simulation graph (4.4) it is observable that the steady state error
appears to be small for all the angles range. Checking the data results it is visible
that e,, ~ 107* for all step simulation, that is very low for our application. By
zooming closely some high frequency oscillations are present in that trait, but the
woriking frequency of the ETV is much lower so this will not effect the results.

Small step simulations

Near the limp home position (or rest position) of the ETV the return spring cause
a strong non linearity. So to verify the robustness of the controller in this strong
nonlinear region some simulation have been performed considering a different set
of step signals. The angles used for the simulation sweep from 5° to 15° in order to
span all the neighborhood of the rest position of the valve. The response is stable
for all steps and the steady state error is comparable with the value found for the
bigger step simulations. In figure 4.6 are represented all the simulations, having
the dotted line as the reference step signal.

4.2.3 Stair signal simulation

For this test an up-down stair signal is used to simulate a situation more similar
to the real working behavior. The whole response, present in figure 4.7 shows a
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Figure 4.5: Zoom of the signal and set angle of 80° at steady state
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Figure 4.6: Step response for various small angle set

good behavior in terms of tracking performances. The error behavior is shown in
figure 4.8 and despite the presence of the +10° spikes, that are inevitable due to
the intrinsic nature of the simulation, it has a good trend.
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Figure 4.7: Stair signal simulation
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Figure 4.8: Stair signal simulation error

4.2.4 Sine wave simulations

eset = ‘goffset + gaSin<Wt)
30

55

The test done with a sinusoidal signal serve the purpose of verifying the behavior
for different velocity of variation of the set angle. The test have been done with
different angle and frequencies. The signal used is of the form:



Numerical implementation

Changing the frequency of the set it is visible how the tracking performance
degrade around the frequency of 300 rad and above. But since the valve has a much
lower frequency working band the performances are not affected by such behavior.
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Figure 4.9: Simulation with a sinewave at drad frequency

4.2.5 Triangular wave simulation

The triangular wave is used to simulate the case of and acending and descending
linear ramp. This kind of signal serve the purpose of testing the valve in a condition
of constant velocity.

As we can see from image 4.10 the tracking is stable and precise during the
entire trait. Also the error is very small as the reference(dotted line) and the output
of the system (red line) almost overlaps.
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Figure 4.10: Triangular wave simulation
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Chapter 5

Simulation tests and
comparisons

The primary goal of this chapter is to provide a detailed comparison between
the controllers that were examined. The aim is to highlight the differences in
terms of performance and behavior.The analysis is conduces in order to provide
an understanding about the possible improvement brought by the new formulated
system.

5.1 Testbench characteristics

In the previous study, the measurement of the Youla-Coucera controller was
conducted through experimental testing using a dedicated experimental testbench
as shown in image 5.1. The scheme depicts the interconnections among the various
elements and visually illustrates the linkages between the components, providing a
clear overview of their connections.

The elements and devices that correspond to the various blocks of the scheme
are the following:

Control and signal acquisition device(National Instrument myRIO 1900)

Driver for providing the control to the valve DC motor(Electromen EM-176A)

Current sensor (Texas Instruments INA 250A4)

Two RC low-pass filters with nominal cutting frequency of 1421Hz

12 VDC generator
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Pasition analagic measure (0-5VDC)

Figure 5.1: Testbench scheme

The ETV under examination is already provided with an internal position sensor.
The myRIO device is used to acquire all the characteristic state variable of the
system. The information acquired consider not only the position of the throttle
plate , that is fundamental for the correct functioning of our feedback system, but
also saves the information about current and tension at the poles of the DC motor.
The data collected have been used to evaluate the model of the Electronic Throttle
valve as extensively reported in chapter 2.1. The driver EM-176A generate the
command signals for the motor. It provides two different inputs :

« An analogic signal proportional to the output voltage of the driver
» A logic signal providing the direction of rotation of the motor

The acquisition is done iterposing a voltage divider between the motor and the
myRIO device. This is because the nominal power supply voltage for the motor is
12V in DC | instead the data collection device is able to measure voltage in the
range of £10V. A lowpass filter is needed to measure the PWM signal of the driver.
The cutting frequency of 1421Hz is designed to not interfere with the test done on
the valve that has natural frequency of 1Hz Instead the current sensor has a gain
of 2V and it is supplied with a 15V voltage. Since the output volatage range is
between 0 — 15V DC' in order to measure negative currents it is possible to add
a reference voltage (in this case 5V)to change the possible current measurement
range to [—2.5,5]A. The position measurement was carried out using the valve’s
internal sensor, which operates at a 5V DC' voltage and provides a 0 — 5V DC
output range for the selected configuration. The sensor’s output is ratiometric,
with a characteristic equivalent to 0.952% of the supply voltage per degree of disk
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rotation. Regarding the control action exerted by the myRIO, it is important to
consider that its analog output operates within a £10V DC range. However, the
motor driver’s output is in the 29V DC range, exceeding the motor’s nominal
voltage of 12VDC. To accommodate this, the command signal has been limited.
Furthermore, the motor speed reference has been split into its absolute value and
sign. The first signal corresponds to a positive analog output from the myRIO,
while the rotation direction is determined by a second signal output from the
myRIO and input to the driver.

5.2 labVIEW implementation of Youla-Coucera
configuration

Before collecting the experimental data the system has to be designed in the
labVIEW environment. In image B.1 is implemented the calculation of the nonlinear
discontinuous term that are needed to evaluate the feedforward action.

In figure 5.2 is shown the implementation of the feedforward action that is
then combined with the closed loop controller(5.3) to generate the total control
action. In the operative cycles of execution, all the important variable are measured

Torque Discrete Transfer Function Gain FE output FF
I B> = @ T3
G-

motor velocity Discrete Transfer Function 2 {b

Figure 5.2: labVIEW representation of Feed Forward control action

considering a time reference and the signal value:
o Set position

o Output angle (measured by the valve Hall sensor) to evaluate the position
error needed by the feedback

S

R

o The derivative of the signals are evaluated with a filter of this form :

5.3 Step response comparison

The step response simulation is the most important test to evaluate the performances
of a system. Understanding the system’s response to an abrupt input change is
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Figure 5.3: labVIEW representation of closed loop control action

crucial in assessing the stability of the overall control loop , as well as the ability
to arrive at a steady state value. In order to compare the Youla-Coucera controller
with the Super Twisting Sliding Mode one the responses to various steps have
been taken in account. The main performance criteria considered are the settling
time and the steady state error. To give an indicative and initial comparison,
the experimental results of the Youla-Coucera controller are compared with the
simulations done in Simulink® of the STSMC .
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Figure 5.4: Step response comparison for 60 degree angle

The first thing that is possible to notice in image 5.4 is the big overshoot present
in the experimental step response of the Youla-Coucera controller. Instead the
STSMC arrives at steady state without any oscillation. This problem increase
with the amplitude of the step for the Youla-Coucera configuration, but for the 80
and 90 degree step angle is limited by the physical limitation of the valve when it
is fully open at a square angle. Having a response without overshoot may avoid
the situation where the throttle plate hits the stop position, either in fully open
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or fully closed scenario. Avoiding oscillations in the response increase the overall
performances of the system, both regarding fuel consumption and driving comfort.
The rising time, as we can see from image 5.5, is smaller for the STSMC far almost
all angle set, excluding 80 and 90 degree angle, for which the settling time is
decreased for the same reason that limits the overshoot for the higher angles.

2.5

Il Super twisting
BlYoula-Coucera

Time[s]

0 20 30 40 50 60 70 80 90
Step set angle[deg]

Figure 5.5: Settling time comparison

Regarding the steady state error, as seen in section 4.2.2 for the Super Twisting
Sliding Mode Controller is negligible compared with the Youla-Coucera.

5.4 Stair response comparison

The comparison of the result of this test is done to highlight the different behavior
when the input signal has abrupt changes of angles that are not too high.

In image 5.8 it is clearly visible the presence of overshoot in the Youla-Coucera
simulation, as in the step response simulation. The STSMC response is smoother
and the error, seen in image 4.8, is reasonable compared with the error error
characterizing the YC(image 5.9).

5.5 Sine response comparison

In this last simulation the aim is to analyze the different behavior obtained in
response to a sinusoidal signal. The main issue, visible in image 5.11 is the flat
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Figure 5.6: Steady state error using Youla-Coucera controller

trend near the fully closed position. This behavior, not present in the STSMC, is
due to the inability of the YC controller to follow small angle reference.

In fact it is clear from a test with a sinusoidal wave oscillating between a set
position of 20 to 70 at a frequency of 1Hz that even though the tracking has a bit
of delay it is reasonably smooth.

5.6 Final considerations

Simulation and comparisons are an important step to do to understand the different
characteristics and find the better solution for our purposes. In this chapter the
main goal was to present an indicative comparison between the previous study
conducted on the topic and the new model presented in this work. Even though
the similarity and contrasts are seen between the experimental data collected in the
antecedent report and the Simulink® assessments done on the new model, the main
intent was to give an overview on the possible improvements brought by STSMC.
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Chapter 6
Conclusions

The thesis aim is to find the most performing and most suitable type of controller
for an eventual universal controller that serve the purpose of testing different types
of Electronic Throttle Valve.

After a theoretical presentation and a comparison between the characteristics of
the different controller architectures , with the help of simulations it is possible to
determine the one with the best performances compliant with the final object of
the elaborate.

The two main controller technologies taken in exam are the Sliding Mode control
and Super Twisting Sliding Mode control. This choice is done considering the pre-
vious work done for the company that was based on a Youla-Coucera parametrized
controller with feed forward compensation of nonlinearities. Although the perfor-
mances were good for a majority of angle set signals, it lacked in robustness near
the limp home position(rest position) of the ETV | where the nonlinearity terms
are stronger, and so for small angles the tracking was not ensured.

SMC and STSMC are nonlinear control techniques, so they directly consider the
nonlinearities of the system in the formulation of the problem, so the robustness
issue are solved. However the first solution with SMC presented a problem called
‘chattering’ that are oscillations near the sliding surface caused by the discontinuous
term of the controller, furthermore its formulation still presents dependencies from
the ETV parameters.

The STSMC is an improvement of the classical SMC that reduce chattering phe-
nomenon. This feature is achieved by means of the higher order sliding modes that
allow to have a smooth control action. This formulation have also the peculiarity
of being independent from the system parameters.

Analyzing the simulation done for the Sliding Mode controllers it turned out that
the performances of the STSMC are the best in terms of rising time and in terms of
non-linearity compensations , as the tracking for small angles resulted to be stable.
In addition, the STSMC, lands itself for an easy tuning that does not depend on
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the valve parameter directly , so making it the perfect choice for a self tuning
scenario.

6.1 Future works

Considering the work done during this project some consideration can be done
about improvements and future works:

o Up to now the validation and testing of the controller models has been carried
out in the Simulink® environment and the results has been compared with
the experimental data of the previous work done in collaboration with the
company. A first step forward it is surely to build a valid controller scheme in
the labVIEW environment,that is the software used for interfacing with the
actual testbench. Some validation can be done in this phase before doing the
actual experimental analysis on the real simulation environment.

o As mentioned in the previous point, in order to have a system that is able to
work in real applications it is necessary to use measurement instruments that
put our developed controller in real working context. This inevitably leads
to translate the system in software and run assessments on the tesbench to
certify the robustness in the real harness.

o Moreover, an open point still remain regarding the generalization of control
system and his total independence from the different valve parameters. This
is an important topic for the company because this kind of solution will
significantly increase the efficiency of testing procedure by reducing the time
needed for the retuning. It has been seen in this work that the Super Twisting
Sliding Mode Control technique lands itself to be used for the purpose since
his formulation depends only on the bounds of some parameters and not
directly on them. A straightforward solution to this problem can be found in
[6] , where the parameters of an Higher Order Sliding Mode Controller are
estimated on-line by means of a Genetic Algorithm.
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Appendix A
MATLAB code

A.1 Sliding Mode Controller nonlinear term eval-
uation

%% Nonlinear
Ks = ((K_s_pos—K_s neg)/2)xtanh(coeff*(x1 — phi_0)) + ((K_s_pos+
K s neg) /2)
Tpl = ((T_pl _pos—T pl neg)/2)xtanh(coeff*(x1 — phi_0)) + ((T_pl post+
T_pl neg)/2);
5/Te = ((T_c_pos—T_c_neg)/2)*tanh(coeff*(x1 — phi_0)) + ((T_c_post
T c neg)/2);

A.2 Sliding Mode Controller implementation

%% SM paramers

2kl = 400;
31 k2 = 50;
|eta = 10;
6l eps = x1 — xs;

71g = (1/1_1)*k_t*ratio/R_a;

off = (1/1_1)x(—(k_exk_t/R_a)*x2xratio”2 — ..
10 (T m + B m«x2+ratio + C Dmxx2™ 2*rat10 T2)x(x2)xratio”2 — B_1x
x2 — Ks*(x1 — phi_ 0) — Tpl — Texsign(x2));

11|%% sliding manifold
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12

130s = x2 — xs_d + k2xeps;

14

15|%% control law

slu = —(1/g)*( —f 4+ xs_dd — k2%(x2—xs_d)) —kl«tanh(etaxs);
17

18

19| end

A.3 Super Twisting SMC implementation

9% SM paramers

2| lambda = 1;
31k2 = 10;
| alpha = 1;

¢l eps = x1 — xd;

8|%% sliding manifold
s = x2 — xdd + k2x*eps;
12|%% control law

13ju = —lambdaxabs(s) "0.5%sign(s) + nu;
«{nu_d = —alphaxsign(s);

17| end
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Appendix B
labVIEW code

1 %% Parameters

2 tau = 3942/100;

3 eta = 1,'

4 phi_0 = 9,54

i} T_c_pos = 0.0195%;
7 T c_neg = 0.072208;
3 T_pl_pos = 0.23885;
9 T_pl_neg = -0.22338;

%Spring stiffness (N*m/rad) (phi<phi_0)

18 pi=4~atan(1);

wimn = tau*phi_dot/120%pi;

%% Calculation

Fud [od [od Pod [od

T_visc = (B_I/{tau*eta)+B_m)*wm;

if phi<phi_0
delta  =- ((T_pl_neg-T_pl_pos)+(K_s_neg-K_s_pos )*{phi-phi_0)/120*pi)/(tau’ -
T_coulomb = (T_c_pos /(tau™eta)+ T_m)*sign_vel;

Pl [l Fd Pud [l

i f DO PO — S D 00 e Oh LA R LD pa = O

else
delta =-(T_pl_pos/(tau*eta)+K_s_pos*(phi-phi_0)/120*pi/ (tau*eta));
T_coulomb = (T_c_neg /(tau™eta)+T_m)*sign_vel;

end

T = T_coulomb +delta+T_visc;

L L L L L L

Figure B.1: Evaluation of nonlinear actions in labVIEW
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Acronyms

ETV

Electronic throttle valve
SMC
Sliding Mode control
STSMC
Super Twisting Sliding Mode control

VSS

Variable Structure System

HOSM
Higher Order Sliding Mode

TA
Twisting Algorithm

ECU

Electronic Control Unit

EMF

Electro Motive Force

YC

Youla-Coucera
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