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Abstract: Electromechanical valve actuators (EVA) can be used for electronic control of
the engine valves. Their operation requires fast and precise motion of an armature between
two stiff springs and two voltage-controlled electromagnets. Low contact velocities or “soft
landing” of the actuator on the solenoid faces and between the actuator and the valve is also
necessary in order to maintain similar noise and wear levels with conventional camshaft-
driven engines. We analyze the control difficulties, review the actuator model and extend
our previous work by introducing impact dynamics. We then design a self-tuning nonlin-
ear controller using extremum seeking that achieves impact velocities below 0.1 m/s and
maximum transition time of 4.0 ms. Copyright © 2002 IFAC
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1 INTRODUCTION

Electromagnetic (EM) actuation provides reliable
means and a popular alternative to hydraulic or pneu-
matic actuation for implementing control systems. It
is a natural connection between electrical circuits and
mechanical systems. All electromagnetic actuators
work upon the same basic principle. By inducing
current in a coil of wire, the actuator gives rise to
a magnetic force, which is then used to affect the
movement, of some physical component. Such sys-
tems have two distinct advantages; the applied force
is non-contacting, and often the response of the elec-
tromagnet is significantly faster then the dynamics of
the system being controlled.

Due to their usefulness, electromechanical actuator
using electromagnets are found in a wide range of
applications. Of particular interest are the appli-
cations with translational (linear) motion, large in-
duced forces, and contacts between the activating and
the actuating parts. These characteristics provide
critical functionality in emerging technological areas
such as bio-engineering and telecommunication rout-
ing devices. In bio-engineering an EM actuator con-
trols intra-ventricular balloons to simulate a beating
heart [2] and implantable drug delivery systems [10].
Optical switches [13] used in controlling telecommu-
nication traffic are activated using EM or electrostatic
actuation. In mature technological areas such as pro-
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cess and automotive industry EM actuation enables
new designs. For example, electromagnets have been
introduced for flow and distributed mixing control
via throttling during material processing [3]. In au-
tomotive applications they are used in fuel injectors
[19], fast actuating valves such as idle speed bypass
and wastegate, and potentially valvetrain control as

shown in Fig. 1.
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Figure 1: Electromechanical valve actuator and ex-
perimental setup.

Electronic control of engine valves and fully variable
valve timing can be achieved with EM actuation. Ex-
tensive effort has been and is being made in the de-
sign of actuator mechanisms at research and devel-



opment laboratories throughout the world. A search
performed in Feb 2002 with keywords camless, en-
gine, valve, control, solenoid for patents filled in Eu-
rope, United States and Japan resulted 303 relevant
patents; 37 of which were filled after Sep 2001. The
focus of this paper is the dynamical analysis and con-
trol design of the EVA mechanism shown in Fig. 1
in order to ensure precise motion control, fast transi-
tions and low contact velocities. These requirements
are universal in EM actuation independently of the
application area and the operating environment.

2 ELECTROMECHANICAL VALVE
ACTUATOR

The EMV actuator studied in this paper is shown
in Fig. 1. The actuator governs the opening/closing
of the valve through the forcing of a set of springs
and electromagnets. A typical opening/closing cycle
is shown in Fig. 2. Initially the armature is held in
the closed position by the upper magnetic coil, caus-
ing the spring on that side to be more compressed
than the opposing spring. At time t.. the release
command is given and the voltage across the upper
magnetic coil is reduced to zero. The difference in
the spring force drives the armature across the 8 mm
gap, thereby causing the valve to open. A catching
voltage is applied to the lower magnetic coil to en-
sure the armature is caught. Once the armature has
been captured, a holding voltage is applied to hold
the valve open. At time ¢, the process is reversed
in order to close the valve. For more information on
the functionality of the system the reader is referred
to [7].
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Figure 2: Typical valve opening/closing cycle.

The experimental setup consists of the following com-
ponents; Electromechanical Valve Actuator, Eddy
Current Sensor, 2 PWM Drivers, 200 Volt Power
Supply, and a Dspace 1103 processing board. The
eddy current sensor is mounted on the rear of the
actuator and measures the armature displacement,
which is sampled by the Dspace processor at 20 kHz.

Based on the displacement and the control algorithm,
the Dspace processing board regulates the PWM fre-
quency to each of the PWM drivers to achieve the
desired performance.

Before the actuator can be implemented in produc-
tion vehicles, impact velocities less than 0.1 m/s and
transition times of less than 4 ms need to be achieved.
The first specification is required to avoid excessive
noise and wear on the system, while the second is to
avoid variability in trapped mass and collision with
the piston.

Due to non-elastic collision, the armature will bounce
before coming to rest against the catching coil. As
such, we define the impact velocity to be the largest
velocity of the armature when it is in contact with the
catching coil. Typically this corresponds to the first
collision. As the change in trapped mass is negligible
after the armature has completed 98% of its travel,
the transition time is defined as the time from release
to when the armature is 98% closed/open.

Various control methodologies have been proposed to
achieve the desired performance. Specifically, opti-
mal control with no position sensor are used in [1],
iterative learning in [4], linear observer-based control
n [14], and repetitive methodology in [17]. Here, a
self-tunning nonlinear feedback using extremum seek-
ing is used to achieve the desired functionality. Initial
results of this methodology were presented in [15].

3 NONLINEAR MODEL

In [20] a theoretical model for the EMV actuator is
presented and validated against experimental results.
The system consists of four states, namely, armature
position (z in mm), armature velocity (v in m/s), up-
per coil current (i,, in A) and lower coil current (7; in
A). To achieve fast release a reverse polarity voltage
technique, described in [20], is used to quickly drive
the holding current to zero. Therefore the current
in the releasing coil has little influence over the mo-
tion of the armature, and as such the system can be
reduced from four states to three. The three state
model is defined as: catching coil current (i, in A),
distance from the catching coil (z, in mm), and ar-
mature velocity (v in m/s). The resulting equations
of motion are:

di Ve—ri+x1(i,2)v

B 1
dt X2 (2) 3.1)
dz

= -1 2
7 000v (3.2)
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where the catching coil voltage is denoted by V. in V,
the resistance r in 2, the system mass m in kg, the
spring stiffness ks in N/mm, the damping coefficient
b in Ns/m, the magnetic force due to the catching



coil Fpqy in N, the back-EMF xqv in V, and the in-
ductance y» in H. Neglecting saturation effects (see
[20] for the exact model), the functions xi, x2, and
Frnag are given by

2k

xi(i,z) = m (3.3)
2k,
x2(2) = 1000 &y + 2) (3.4)
-
Frag (1,2) = 7(7% n 2)2 (3.5)

where k, and kj are constants.

The force N is the normal force acting between the
armature and catching coil during impact:

if 2 #0, 0
if 0 =0, Fhag (i, 0)— 4k,

. ifv<0, ¢
ifv70, { ifv>0 0

where § is an impulse function calibrated to give v =
ev™, where v is the velocity just after impact and v™
is the velocity just before impact. The parameter e <
1 is chosen based on experimental data and represents
the loss of kinetic energy due to the plastic collision.

if z=0,

A comparison of the model response to experimen-
tal data is shown in Fig. 3 and the detailed behavior
during impact is shown in Fig. 4. The data is gener-
ated by using a 120 V catching voltage applied to the
lower coil 1.5 ms after the armature is released from
the upper coil.
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Figure 3: Comparison of the model to experimental
data. See Fig 4 for an enlarged view of the encircled
region

The model is written compactly as

(3.6)

The addition of the normal force not only adds impact
dynamics, but explicitly shows the multiple equilibria
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Figure 4: Enlarged view of the encircled region
of Fig. 3

of the system at the contact point. The system is at
equilibrium for the set of states and inputs

e ={[i, z,v] | i >4, 2=0,v =0}
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A controller which drives the current to a value near
i. runs the risk of failing to stabilize the armature
against the catching coil due to bouncing and/or
other disturbances. On the other hand, a large hold-
ing current will increase the power consumption of
the actuator reducing, and potentially eliminating,
the projected fuel economy benefits of variable valve
timing. A combined design-optimization study needs
to be performed to rigorously address this question
in the future.

4 CONTROL DIFFICULTIES

The system suffers from low control authority over the
armature position from the voltage input through-
out the executed motion. The underlying reasons are
dynamic during small gaps and static during large
gaps. Specifically, during small gaps the low control
authority arises from the decreased inductance com-
bined with the increased back-EMF that drives the
current to zero exceedingly fast. During large gaps
the magnetic force is not strong enough to balance
the spring force. These phenomena need to be un-
derstood in order to design a successful controller.

Assuming saturation effects are negligible, substitu-
tion of (3.3) and (3.4) into (3.1) yields;

%:1000<(VC—M)U%+2)+ v >

2k, (kb + Z)
Which is a first order approximation of the current
dynamics since it neglects saturation affects. Note
that k, < 1 and z is approaching zero. Let us replace
the term k; + z with the small parameter € = k; + 2,
resulting in

di (Ve —ri)e v
— =1 —_— 4+ — 4.1
i~ 100 < ST ) (+1)



Two observations should be made from (4.1). First,
the input voltage is being multiplied by e, therefore
very near the catching coil, the voltage cannot easily
affect the current dynamics. Second if we multiply
through by € we see that the current dynamics be-
come singularly perturbed near the catching coil. For
z > 1 mm these affects aren’t present as ¢ is greater
than 1.

Similar to the above result, since k, < 1 Eqn. (3.5)
shows that the magnetic force drops off very rapidly
as the armature moves away from the magnetic coil.
For distances greater than approximately 1 mm from
the catching coil the spring force dominates the sys-
tem response as it is much greater than the magnetic
force. Despite this, it is necessary to apply voltage
to the catching coil while the armature is not near
it. If voltage is not applied to the system until the
armature is close to the catching coil, it will be ex-
tremely difficult to raise the current because of the
back-EMF. It is much easier to raise the current be-
fore the system becomes singularly perturbed, and
then apply large inputs near the end of the transition
to overcome the effects of the changing back-EMF
and inductance seen in equation (4.1).

5 NONLINEAR CONTROLLER

Equation (4.1) shows the sever limitations of linear
control methodologies for the EMV actuator. In a lin-
ear controller the input voltage is proportional to the
error (i.e. V, = Kz) exacerbating the decrease of the
influence of the input voltage as z approaches zero.
Thus large values of the gain, K, will be required to
overcome the changing current dynamics. This can,
and does lead to actuator saturation [14]. Moreover,
it leads to small voltage inputs near the catching coil,
potentially creating problems with bouncing.

To overcome the changing current dynamics and re-
duced control authority we propose the use of a non-
linear controller of the form

K, K>

V. = v .
T y+z B4z

(5.1)

The control input is inversely proportional to the dis-
tance from the catching coil, thereby alleviating the
affect of the decreasing influence of the voltage on the
current dynamics. The parameters K;, K>, v, and 3
are used to tune the controller to achieve the desired
performance. The position is measured with an eddy
current sensor and a nonlinear observer designed in
[14] is used to estimate velocity.

Since the current is not driven near the mini-
mum equilibrium value, the magnetic force will re-
main larger than the spring force for small bounces.
Thereby eliminating the potential loss of the arma-
ture due to bouncing.

Experimental results are shown in Fig. 5 and Table 1.

While the nonlinear controller does experience actu-
ator saturation, it does so only at the very end of
the transition. The nonlinear controller achieves a
mean impact velocity of 0.16 m/s and transition time
of 3.23 ms.
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Figure 5: Experimental results achieved by using the
nonlinear controller.

Table 1:
troller.

Statistical results for the nonlinear con-

Transition Time Impact Velocity

Mean 3.23 ms 0.16 m/s

o 0.04 ms 0.08 m/s
Max 3.3 ms 0.32 m/s
Min 3.2 ms 0.05 m/s

6 EXTREMUM SEEKING CONTROL

By applying a tuning algorithm from cycle to cycle it
is possible to improve the performance of the actua-
tor and adjust the controller parameters to account
for changes in the system due to environmental vari-
ations.

Here, we apply an extremum seeking controller
through the use of sinusoidal excitations [5] in or-
der to tune the nonlinear feedback. An overview and
proof [8] of this technique is repeated here for conve-
nience. The proof relies on the theorem of averaging
[6], which states that given a system ‘fl—f =ef(t,x,¢e),
€ > 0 where f(t,z,¢) is sufficiently smooth and T-
periodic in ¢, then

||z (t,8) = @av (t,6)]] = O (€)

where
% = efa (x) and
1 T
faw () = —/ f(r,x,0)dr.
T Jo
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Figure 6: Extremum seeking feedback as applied to a
static nonlinearity.

Stated qualitatively, a time varying periodic system
can be approximated by the time invariant system
derived from integrating the original system over a
single period. If the resulting time invariant system is
stable about an equilibrium, the time varying periodic
system will converge to a periodic orbit about the
same equilibrium.

The dynamics of the extremum seeking feedback ap-
plied to the static nonlinearity shown in Fig. 6 can be
written as:

dz

i Q [z + asin (wt)] asin (wt) .

Let 7 = wt and define Z (1) = = (Z), therefore

Z_f =eQ[Z + asin (7)]asin (1)

_ 1
where ¢ = =

expansion

Let Q be given by the Taylor series
- . ~ , 0Q
QZ+asin(r)] = Q@)+ i (Z) asin (1)

1 0%Q

5 ﬁ (%) Cl2 sin2 (T)

Applying the theorem of averaging we find

d¥ey @ (1 [ 0Q
= <%/0 sin” (1) dT) e (Zaw)

where the equilibrium points are the local extremum

of Q, and are stable if and only if ?,27622 < 0,

=ZTe

which occurs when z. is a local maximum of Q).

Therefore by the theorem of averaging the system
output will converge to a periodic orbit about a lo-
cal maximum. By an identical proof it can be shown
that the output is driven to a periodic orbit about a
local minimum when the integrator in the feedback is
multiplied by —1. For an overview of extremum seek-
ing theory and methodologies the reader is referred
to [16].

The EMV actuator and nonlinear feedback can be
treated as a static nonlinearity if it is discretized
with an appropriate sampling rate. If the sampling
frequency is set equal to the frequency of the valve
transitions, the extremum seeking feedback becomes
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Figure 7: Extremum seeking feedback as applied to
the EMV actuator.

oblivious to the EMV actuator dynamics. Next, the
parameter [ is selected as the input and the impact
velocity, vy, as the output. Therefore, from the per-
spective of the extremum seeking feedback the dy-
namic nonlinear system of the EMV actuator has
been converted into a static nonlinear mapping from
the parameter 5 to the impact velocity, v;. The final
setup is shown in Fig. 7.

Measuring the actual impact velocity is avoided by
selecting a sensor whose output increases with in-
creasing impact velocity, and decreases with decreas-
ing impact velocity. Thus when the sensor output
is minimized, the impact velocity is also minimized.
In our experiment a small microphone is used to
record the sound caused by the impact and the ex-
tremum seeking control is set to maximize the func-
tion J = — (Spin — Smeas)2. Where S,,;, is the de-
sired sound level, and S,,cqs is the measured sound
level. Note that Sy,;, needs to be carefully set to a
non-zero value otherwise the extremum seeking con-
trol will minimize the sound intensity by avoiding any
contact which is obviously not desired. The output
function can be generated by a variety of other sensors
that relate to the impact velocity such as accelerom-
eters, load washers, and knock sensors.

To test the extremum seeking control the feedback is
initialized at a non-optimal value of 8 and allowed
to run, the results are shown in Figs. 8-9. Initially
the feedback achieves an impact velocity of approx-
imately 0.4 m/s. After 40 iterations the extremum
seeking control has reduced the velocity to a mean of
approximately 0.08 m/s.

7 CONCLUSION AND FUTURE WORK

The EMV actuator presents an interesting and chal-
lenging control design problem. The controller must
achieve stringent performance requirements for soft
and fast landing (impact velocities below 0.1 m/s and
transition time smaller than 4.0 ms). The input-to-
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output behavior is nonlinear with low control author-
ity for a combination of reasons that once understood
a practical control solution arises.

Future work will investigate extending the extremum
seeking control for multi-parameter tuning. The au-
thors of [9] have shown that it is possible to simul-
taneously tune several parameters in order to mini-
mize/maximize a single output. Hopefully by tuning
all the parameters in the nonlinear feedback the ex-
tremum seeking control can further improve the per-
formance and better adapt to a larger set of distur-
bances.
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