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Abstract: To further improve the transient and steady-state performance of automotive electronic throttle position
tracking, in this paper an adaptive prescribed performance servo control strategy is designed and applied to a real
electronic throttle control system. In view of the possible high gain of the prescribed performance controller in practice,
the actuator constraint is also considered in the controller design. The designed servo controller can ensure the transient
and steady-state responses of tracking error are limited in the range prescribed by the performance function, and converge
with the prescribed convergence rate and have no overshoot. The incorporated adaptive updating law can enhance the
robustness of the transient and steady-state performance against uncertainty from the product tolerance, the operating
conditions, and the aging of components. Both Matlab/Simulink simulation and dSPACE-based hardware-in-the-loop

experimental verification show the effectiveness and applicability of the proposed control strategy.
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1. Introduction

As a core part of an engine, the electronic throttle control system (ETCS) plays an important role in vehicle
control because it affects the engine’s operating efficiency. Therefore, fast and accurate response to the command
signals of the ETCS can improve vehicle drivability, fuel economy, and emissions performance. However, the
performance of an ETCS is greatly affected by nonlinearity from friction, gear backlash, and return spring,
and uncertain physical parameters caused by different working conditions, production tolerances, and aging of
components. Consequently, control strategy research that addresses these issues is always a popular topic in
automotive engine control.

In the past few years, many control strategies-such as adaptive control [1-5], sliding control [6-8], fuzzy
control [9-11], and finite-time convergence control [12, 13]-have been applied in the automotive ETCS to achieve
fast dynamic response and strong robust performance against nonlinearities and uncertainties. Therefore, an
adaptive technique is popular because less knowledge of the plant is required. In addition, the controller can
be implemented without time consuming experiments for precise characterization of the system’s dynamics and
there is no need for the controller to be customized for just a single product. Consequently, the integration
of various control approaches with an adaptive technique have received considerable attention. For example,
compound control of a PID-type feedback controller and feed-forward compensator with an adaptive updating
law are widely used, which was designed by Pavcovic et al. [3] based on identification for the principle part and

self-tuning for some process parameters. In Jiao et al. [1], the adaptive update law is introduced into whole

*Correspondence: jiaoxh@ysu.edu.cn

956

[GO) This work is licensed under a Creative Commons Attribution 4.0 International License.



https://orcid.org/0000-0001-7276-6062

SUN and JIAO/Turk J Elec Eng & Comp Sci

servo tracking control including a feedforward compensator, nonlinearity compensator, and PID-type feedback
controller. The adaptive technique is also often combined with sliding mode control [6-8]. The adaptive inverse
model technique is adopted in radial basis function (RBF) neural networks in Yuan et al. [5], discrete-time
model reference adaptive control is presented in Montanaro et al. [2], and the adaptive backstepping recursive
technique is integrated into the framework of finite-time stability theory in Jiao et al. [12].

When applying the advanced control strategy in a practical system, the saturation constraint is also a
very important control problem. When a stricter control performance is required, it will be more likely for high
gain of the control input to appear. When the designed controller is implemented in practice, this often produces
control-signal saturation due to the physical restriction of the actuator. This saturation problem will potentially
affect the control performance of the real system, resulting in system performance degradation or even loss of
stability if mishandled. In view of these facts, some theoretical studies have been published on control strategies
dealing with the input saturation problem, such as by Chen et al. and Wen et al. [14, 15]. The theoretical
results have been applied in handling the input saturation of various practical systems [6, 16, 17].

In the present paper, considering the crucial transient requirement of the ETCS, a particular performance
bound technique, as presented by Han and Lee [18] and utilized in many practical systems (e.g., robots [19] and
servo mechanisms [20]) will be applied in the tracking controller design for a throttle valve opening. The control
strategy is derived by integrating the adaptive backstepping recursive technique into the framework of prescribed
performance control for an electronic throttle with actuator constraint. The selection of the performance function
in the prescribed performance control can give the ETCS a quick and no-overshoot transient response, while
simultaneously the tracking error is between the upper and lower limits of the performance function during the
entire system operation. The real-time adjustment of the adaptive laws for uncertain parameter estimations
can ensure the robustness of the control performance of the system under different working conditions, aging,

and production deviations.

2. Automotive electronic throttle system

A schematic of the ETCS is shown in Figure 1. When the reference plate position is obtained by trade-off
between the driver request (acceleration pedal position) and the effective traction possibilities depending on
drivability, safety, and emission, the ECU generates a pulse width modulation (PWM) signal according to the
desired plate position 6, and the actual opening signal 6 drives a DC motor. The driving force of the DC motor
through the reduction gearbox, the spring force, and friction of the reverse spring causes the throttle plate to
flip and remain stable at the desired position. Then the position sensor transmits the current opening signal
back to the ECU. Thereby, the closed loop control system of the electronic throttle is formed. According to the

mechanical and electrical characteristics of the ETC, the dynamic equation of the system is as follows:

Li, =u— Riy, — Kewm,
Ttom = Kiig — Bmwm — Trm (1)

Here u is the control voltage. i, is the armature current. w,, and w are the angular velocities of the
motor and throttle plate, respectively. T7 is the load torque including the disturbance torque caused by the
effect of air flow force acting on the throttle plate. T, and T; are the input and the output torques of the
gearbox, respectively. Assume that there is no loss during transmission and the backlash is neglected, the

gearbox transmission model is T;(t) =nTm(t). The friction torque Ty and the return-spring torque T, are
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Figure 1. Schematic of the electronic throttle control system.

described as

Tf((d) - Fchn(w)7 Tsp(e):TLHSgn(9_90)+ks(9_60)a emingegemaxa

where sgn(-) is the sign function. The notations of the physical parameters are shown in Table 1.

Table 1. Notations of physical parameters.

Symbol Meaning of the symbol Unit

R Armature resistance Q

L Armature inductance H

K, Electromotive force constant V -s/rad
K Motor torque constant Nm/A
Iy Jt Motor, throttle equivalent moment inertial | kg - m?
B, B; Motor, throttle equivalent viscous damping | Nm - s/rad
n Gear ratio /

F, Coulomb friction coefficient Nm

Trm Spring offset Nm

ks Spring gain Nm/rad
0o Default opening of the throttle plate rad
Omins Omaz | Minimum, maximum allowed plate position | rad

Considering the input saturation constraint —Upax < w(t) < Upax, define

Umax if 'U(t) > Unmax
u(v(t)) = ¢ o(t) if = Unax < 0(t) < Unax (2)
—Umax 1 v(t) < =Unax,

where Upax is a known constant and u(v(t)) denotes the plant input subject to saturation type nonlinearity.
Moreover, the small value of L can be ignored. The return spring may cause asymmetric behavior of the

viscous damping B; during acceleration and deceleration [4]. Therefore, the dynamic model used in the control
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strategy design is modified as

0=w
. sgn(w —sgn(w — 3
{ bw = —a19—a2+(1+gf())w—a2_ (%U)w—l—ag— agsgn(0—00)—assgn(w)+u(v(t)) -1, (3)
where a:n—ﬁt, a1 =aks, a9r.—- =aB+nK,., as=a16y, as=aTry, as= oF,, b=aJ, J=n?J,+J;, B=n’>B,+B;,
and Tr,=aTy,.

It can be seen from (3) that the existence of nonlinear factors such as reverse spring and friction will
cause viscous sliding and hysteresis, which increase the difficulty in controlling the desired opening of the valve.
In addition, it is worth noting that for a real electronic throttle, due to different operating conditions, differ-
ent manufacturing process requirements, product error, and mechanical damage aging, the system’s physical
parameters are not completely known, and there will be some degree of uncertainty, especially ks, 6o, Try,
and F,.. Load torque T} is also an uncertain variable. Therefore, to ensure the throttle angle 6 tracking the
desired trajectory 6, with the required transient and static tracking performance, the prescribed performance
control technique is introduced to satisfy the following control specifications in the controller’s design.

(i) The adjustment time is required to be less than 100 ms for any operating conditions and reference
signal changes. Meanwhile, no overshoot should be present in the step response. Furthermore, the throttle
plate shall never hit the mechanical end stroke [1].

(ii) The average value of the steady-state tracking error is not larger than 0.11 deg [1].

(iii) The tracking error e(t) is between the upper and lower limits of the performance function:

p(t) = (po — poc)e ™ + poc, (4)

where po, pso, and A are positive constants defined appropriately [18]. Furthermore, for no overshoot, it is
required that 0<e(t)<p(t) if e(0)>0, and —p(t)<e(t) <0 if ¢(0)<0, and the steady-state error ess<poo .

(iv) The designed controller should conform to physical constraints on control input and safety.

3. Adaptive prescribed performance servo control strategy design

For the system (3) with the uncertain parameters and input saturation constraint, an adaptive prescribed

performance servo controller is designed as

v=b0,+a10+ d2+<1+5%n(w)>w+&2_ (H%n(w))w—d‘g—i—f} +d4sgn(9—90)+&5sgn(w)—?)d+%+k22+k3(z—n) (5)

with the adaptive updating laws

P | A 1 A 1 1+sgn(w P 1 1—sgn(w
ay = EZH’ az = 752, Ao+ = Ez (%) W, Q9— = EZ (% w

g = %zsgn(z), as = %zsgn(w)7 b= %z(@r —&), Tp = %z

and the virtual control law « and the transformation of error & are chosen as follows:
a=(¢—kp), &) =e(t)/p(t), z=0, —w—a, e(t) =0, -0 (7)
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©(t) is a piecewise continuous function defined as the following form, which is related to the tracking

error e(t):

0. elt)>0
e0={ 5% 920 )

and 7 is the state variable of the auxiliary design system used to reduce the saturation effect [6]:

In]?

z v—u . v—Uu 2

o)k BRSOty (g ), ] 2 9

0= 9)
0, |nl<e

where adjustable parameters k; >0,i=1,--,4 and k4 >0.5(14+k3). N>1 and €>0 is a small design
parameter.

The stability and convergence analysis of the closed-loop system consisting of (3) and (5)—(9) is briefly

described as follows. The system (3) with the error transformation (7) and ez(t)=6,—w can be redescribed as
= Llea—)
(i o

béo=—v(t)+a10+as+ (H%'n(wvw—i—a? (k%n(w)) —as+assgn(0—0o)+assgn(w)+TL+bb,+(v—u)
A candidate for the Lyapunov function is chosen as follows with ©=6-0, O= [a1,a0+,a9-,0a3,a4,as,b, T :

Lo b o 1o 1ap g4
z Z z —e'r 11
V 25 +22 +217 +2@ o, (11)

where I'=diag{r;}, i=1,---,8. The time derivative of V along (10) is

V= §i(z—i—a—¢§)+z(—v(t)+a10+za2+ (H%n(w))w%—zaz— (lf%n(wvw—a:ri-wsgn(@—oo))

_ . ; (12)
+zassgn(w)+2(b(0,—&)+Tr+(v—u))+mm—0TT~10

Considering the controller (5), the virtual control law (7) and the auxiliary system (9), (12) satisfies

V<—k1E242(a1—a1)0+ z(a2+—d2+)(1+%n(w))w+z(agf—d27)(%)w —z(az—as)
+2(as—ay)sgn(6—0) +z(a5—a5)sgn(w)+z(b—6)(éT—a)Jrz(TL—fL) (13)
—kp2?—ksz(z—n)— (ks—0.5)2—OTT 10— [|2N (v—u)|—z(v—u)]

Furthermore, noting that —ksz(z—n)<-0.5k3224+0.5k3n? and N >1 and considering the adaptive laws
(6), then the following inequality holds:

V < —k1E%—(ko40.5k3) 2> — (kg—0.5—0.5k3)n? (14)

Choosing the adjustable parameters ky >0, kg >0, k3 >0, ks >0.5(1+k3) , it follows that V' <0,Y(&, 2,7, ©) #
0. Therefore, the closed-loop system is Lyapunov stable at (&, z,n, (:)) =0. Furthermore, according to LaSalle’s

invariance principle, it follows that &, z, 7, are convergent to zero. Moreover, due to 0<£(t) <1 resulting from the
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transformation error £(t)=e(t)/@(t) and the definition of ¢(t), it follows that e(t) can monotonically converge
to zero and the entire curve of e(t) is limited to 0<e(t) <p(t),Vt>0 if e(0) >0 and —p(t) <e(t)<0,V¢>0 if

€(0) <0, which means that there is no overshoot in the monotonically transient response of e(t).

4. Simulation verification

For safe and effective practical application in experimental platforms, the simulation results in Matlab/Simulink
are first given to validate the effectiveness of the designed controller. The electronic throttle system established
in Matlab/Simulink is the dynamical model (1) with (2), and the physical parameters are the parameters
identified by Li and Jiao [13] for a real electronic throttle in the HIL test platform.

In simulation, the adjustable parameters of the controller are selected as follows:
Po :1.6, Poo 20.02, /\:907 k‘1 = 1, k2:k3:k4: 10, N=2.

The initial parameters of the adaptive laws are chosen as

d1(0)=0.2615, do+(0)=0.6158, a5 (0)=0.6158, 43 =0.0541, 44 =1.2, a5 =0.8536, fL=1.5, b=0.006.
The adaptive adjustable gains are selected as
7‘1:1,7’2:10,7’3:10,’I"4:].00,7’5:10,7’6:5,7"7:5000,7’8:20.

The following four available operating cases in the simulation environment are considered to demonstrate
the response performance of the resulting closed-loop systems.

Case 1: A single step signal, shown as the dashed line in Figure 2, is selected as the reference signal to
observe the transient response speed of the control system.

Case 2: A group of conventional acceleration/constant deceleration processes, shown as the dashed line
in Figure 3, are selected as the reference signal.

Case 3: A group of sinusoidal signals, as shown by the dashed line in Figure 4, are selected as the reference
signal.

Case 4: A group of rapid acceleration/constant rapid decelerations, shown as the dashed line in Figure
5, are selected as the reference signal.

For the robustness verification, external load disturbance 77, =1.5+0.1sin(27t) and 10% perturbation of
the system parameters are considered in each operating case.

Note that in practice the valve angle of the electronic throttle is only measurable; thus the feedback
velocity in the controller is replaced by the estimate @ = (s/(8s 4+ 1))0, where s is the Laplace variable, § is
a small number (chosen as 0.01), and the constant o is the gain of the filter (chosen as 0.001) [1].

The simulation results, including the throttle opening, control input voltage, and tracking error, in the
four cases are shown in Figures 2-5. The adaptive updating parameter curves are only given in Case 1 (see
Figure 6) because the dynamical variation in the adaptive parameters in Case 1 with short time scale can be
obviously displayed; this case is representative of all of the cases.

To facilitate the analysis of the simulation operation results, the transient and steady-state performance—
including settling time t,, overshoot ¢,%, and the maximum absolute steady-state error |ess| in four cases—is

summarized in Table 2.
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Figure 5. Throttle output and input of simulation in Case

3. 4.

From Figures 2—6 and Table 2, it can be seen that the system error is always limited between the upper
and lower limits of the performance function during the whole running process, and has satisfying transient
response with no overshoot and fast settling time, while the steady-state error does not exceed po,. Moreover,

the controller voltage is always limited to 12V during the entire operation of the four operating conditions.

Meanwhile, the curves shown for ai, a9+, G9-, a3, G4, as, I;, and ’fL demonstrate the adjustability and
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Figure 6. Adaptive parameters of simulation in Case 1.

Case | Ref.[deg] ts[ms| | op%[] | ess[deg]

1 15-35 up 90 0 0.2

2 15-30 up 80 0 0.4
30-15 down | 76 0 0.3

3 15-20 up 69 0 0.3

4 15-30 up 65 0 0.2
30-40 up 62 0 0.2
40-30 down | 55 0 0.3
30-15 down | 52 0 0.2

the boundedness with convergence to certain constants following the different operating points of adaptive

parameters.

To further illustrate the effect of the adaptive update laws, we now design a prescribed performance servo

controller without adaptive estimate in the following form for the nominal case of the system (3):

V= bér—l—al 0+a2+(

1+sgn(w)

2

o

1_
Sgn@v))w_a3+a4sgn<9—0o> assgn(w)—ba+

2

£(t)

o(t)

+koz+ks(z—n) (15)
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with (7)—(9). Then the comparison between the adaptive prescribed performance servo controller and the
prescribed performance servo controller without adaptive estimate is given in the two cases of step signal and
trapezoid signal. Moreover, the load torque with disturbance T, =1.5+0.1sin(27t) and 10% perturbation of
the system parameters is considered in each operating case. The comparison results are shown in Figures 7
and 8, respectively. Obviously, from Figures 7 and 8, especially the partial enlarged figures, it can be seen that
the control with adaptive law is superior to the control without adaptive estimate in both rapidity of transient

response and steady-state error. The comparison results are summarized in Table 3.
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Figure 8. Summarized comparison results of the two
strategies.

Figure 7. Simulation comparison result in step signal.

Table 3. Summarized comparison results of the two strategies.

Case Signal[deg] | Strategy | ts[ms] | op%[-] | ess[deg]
1 (Figure 7) | 0-15 step | adaptive | 50 0 0.10
nonadap | 60 0 0.13
15-30 step | adaptive | 43 0 0.09
nonadap | 50 0 0.12
2 (Figure 8) | trapezoid adaptive | 50 0 0.13
nonadap | 62 0 0.20

5. Experiment tests

To verify the transient rapidity and steady-state accuracy, the tracking error is limited to the prescribed area

in practice and the designed controller is implemented in the HIL test platform of a real ETCS, as shown in

Figure 9.
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Without loss of generality, the following three operating cases are considered in the experiment:

Case 1.

Step signals with large angle variation in a very short time to validate the fast transient

Case 2. A series of smaller amplitude periodical rapid change signals to validate the ability to restrain

the influence of nonlinearity on the transient performance, shown by the dashed line in Figure 11.
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Figure 9. HIL test platform of ETCS.

40

35F

30

25 F

20

0 0.05

0.1 0.15 02
T T
10F
5t
ofF
5k
-10 F
1 1 |
0 0.05 0.1 0.15 02
2 T T T
The upper bound
1k ~— The lower bound| |
— The error e
0 /, [ ——
A1f J
1 1
0 0.05 0.1 0.15 0.2

time(s)

Figure 10. Experimental result in Case 1.

dSPACE o lec Matlab/Simulink
1006 Controldesk
4
i _
;; 39 Act
g - —— = Ref i
238 |
é 37 F
= 36 1 1 | \ , | |
0 1 2 3 i 3 3 L ]

—_
<

<

control voltage (V)
w

'
w
T

—
o
T

output error (rad )
= -

[ [ [

: v

o

'
—_

—

0 1 2 3 4 5 6 7 8
I T T T T T T
The upper bound
—— The lower bound |7
—— The error e
1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

time(s)

Figure 11. Experimental result in Case 2.

Case 3. A series of larger amplitude periodical rapid change signals to validate the responsiveness to

larger angle variation, shown by the dashed line in Figure 12.

In the experimental test, several adjustable parameters of the controller are modified as follows: k; =

20.5, ko =35,71 =10,7=30,75 =15,75 =30. The other controller parameters are not changed. Moreover, the
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load torque with disturbance and parameter perturbation considered in the experiment is also not changed.
The throttle opening and control voltage of the experimental results in the three cases are shown in
Figures 10-12, and the adaptive parameters curves in Case 3 are shown in Figure 13. It can be seen from the
experimental results that the designed control strategy can make the throttle valve plate quickly and accurately
track the desired signal in the case of large or small angle change. The adaptive parameters can converge to
some constants under different working conditions. This indicates that the proposed control scheme can achieve

throttle opening tracking with satisfying transient and steady-state performance in actual operating cases.
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Figure 12. Experimental result in Case 3. Figure 13. Adaptive parameters of experimental Case 3.

Similarly, the comparison with the prescribed performance controller without adaptive estimate is given
in the two cases of larger and smaller amplitude step signals in the experiment. In all of the controller’s
parameters, the disturbance and parameter perturbation considered are not changed. The comparison results
are shown in Figures 14 and 15. The experimental results further illustrate that the control with adaptive law

is better than that without adaptive estimate in rapidity of transient response and steady-state error.

6. Conclusion

To achieve better transient and steady-state performance of the ETCS in practice, the main difficulty lies in
the influence of its strong nonlinearity, parameter uncertainty, and input saturation on the control performance.

Therefore, an adaptive prescribed performance control strategy with treatment of saturation, which includes a
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Figure 14. Experimental comparison result in larger am-  Figure 15. Experimental comparison result in smaller
plitude step signals. amplitude step signals.

prescribed performance controller, an adaptive feedforward compensation, adaptive nonlinearity compensation,
and an auxiliary design system, has been given to ensure fast transient response with no overshoot and tracking
error precision. An adaptive law is introduced to automatically adjust the controller’s parameters corresponding
to uncertain parameters. More importantly, the tracking error is between the upper and lower limits of the
performance function. It should be pointed out that the initial conditions of the conversion error have a great
influence on the steady-state error and transient response of the system. Simulation and experimental results
show that the proposed control strategy is effective when tracking different reference signals and is robust to

various changes in the operating process parameters and load disturbances.
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