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Abstract

Many electromagnetic actuators su2er from high velocity impacts. One such actuator is the electromechanical valve actuator, recently
receiving attention for enabling variable valve timing in internal combustion engines. Impacts experienced by the actuator are excessively
loud and create unnecessary wear. This paper presents an extremum seeking controller designed to reduce the magnitude of these impacts.
Based on a measure of the sound intensity at impact, the controller tunes a nonlinear feedback to achieve impact velocities of less than
0:1 m=s while maintaining transition times of less than 4:0 ms. The control strategy is implemented with an eddy current sensor, to
measure the valve position, and a microphone.
? 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Electromechanical (EM) actuators enable reliable control,
and are quickly replacing hydraulic and pneumatic actua-
tors due to their compactness and :exibility. Electromag-
nets bridge the gap between electrical and mechanical sys-
tems by inducing current in a coil of wire to give rise to a
magnetic force. This force is then used to a2ect the motion
of a physical component within the actuator or system be-
ing controlled. An advantage of using EM actuators is that
the applied force is non-contacting and the actuator dynam-
ics are often signi;cantly faster than the dynamics of the
system being controlled. EM actuators are found in a wide
range of applications including those with transitional (lin-
ear) motion, large induced forces, and contacts between the
activating and actuating components. EM actuators provide
critical functionality in emerging technological areas such
as bio-engineering and telecommunication routing devices.
In bio-engineering an EM actuator controls intra-ventricular
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balloons to simulate a beating heart (Craven et al., 2002)
and implantable drug delivery system (Cao, Mantell, &
Polla, 2001). Optical switches (Baillieul & Nonaka, 2001)
used in controlling telecommunication traCc are activated
using EM or electrostatic actuation. In mature technological
areas such as process and automotive industry EM actua-
tion enables new designs. For example, electromagnets have
been introduced for :ow and distributed mixing control via
throttling during material processing (Gerber, 1997).
Of particular interest are electromechanical valve actua-

tors (EVA) for use in achieving variable valve timing (VVT)
in automotive engines. By de-coupling the valve timing from
the piston motion, VVT allows greater :exibility in engine
operation, potentially leading to improved fuel economy
(18–23%, Leone, Christenson, & Stein, 1996), emissions
(12–15%, Stein, Galietti, & Leone, 1995), and torque (20%,
Hatano, Lida, Higashi, & Murata, 1993).
Impacts experienced by the moving components of the

EVA create unnecessary wear and are excessively loud.
Wear from repeated collisions could lead to actuator fail-
ure, valve breakage, or compromise sealing of the cylinders.
Even if these material issues could be addressed, the sound
intensity produced by high velocity impacts is unacceptable.
The EVA, shown in Fig. 1, consists of an armature

mounted between two opposing sets of springs and electro-
magnets. The pre-load of each spring is set such that they
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Fig. 1. Electromechanical valve actuator and experimental setup.

are both always in compression and the armature will come
to rest midway between each electromagnet when no coil
voltage is applied.
Valve motion is controlled via the voltage applied to the

upper and lower magnetic coils as follows. Initially the ar-
mature is held against the upper magnetic coil causing the
valve to rest in the closed position, creating an imbalance in
the net spring force acting on the armature. When the volt-
age applied to the upper magnetic coil is reduced to zero, the
potential energy in the springs drives the armature across the
gap. A catching voltage is then applied to the lower mag-
netic coil to capture and hold the armature, thus opening the
valve. The reverse process is used to close the valve.
Minimizing wear and noise, while allowing for operation

at high engine speeds, requires that

• the impact velocity between the armature and magnetic
coil be less than 0:1 m=s. In the case of multiple impacts,
the impact velocity is taken to be the largest one.

• the transition time, from when the valve is 98%
open/closed to 98% closed/open, be less than 4:0 ms.

Achieving these requirements is referred to as “soft landing”.
Control techniques that address soft landing can be di-

vided into compensation either during a single valve event
or based on past valve events, with many strategies using
a combination of the two. A relationship between velocity
and the ratio of current to the rate of change of current was
derived by Butzmann, Melbert, and Kock (2000). By ;x-
ing this ratio, the authors are able to e2ectively control the
impact velocity. The methodology itself is quite simple and
does not require a position sensor, both of which are desir-
able for implementation. However, the lack of a position sen-
sor may jeopardize robustness when unknown gas forces are

applied to the valve. LQR observer based control is intro-
duced by Ho2mann and Stefanopoulou (2001) based on the
valve position. The LQR controller is used primarily for sta-
bilizing the system and an iterative learning controller is em-
ployed to achieve the desired performance. More recently
an LQR controller capable of achieving the desired perfor-
mance without iterative learning control has been presented
by Peterson, Stefanopoulou, Wang, and Megli (2002). Ex-
citation of the impacts between the armature and valve stem
are considered by Tai, Stubbs, and Tsao (2001). The au-
thors designed a PD controller which includes a notch ;lter
to avoid excitation of these impacts. Later, they too develop
an LQR controller for the EVA (Tai & Tsao, 2002). An
H∞/preview controller was introduced by Mianzo (2002)
by utilizing current control. Unfortunately the e2ectiveness
of the current controller was never demonstrated. Many of
the aforementioned controllers rely on observers to estimate
the unmeasured states. Various observers based on pole
placement (Ho2mann, Peterson, & Stefanopoulou, 2003),
Kalman ;lters (Peterson et al., 2002), and disturbance esti-
mation (Koch, Lynch, & Chladny, 2002) have been devel-
oped for the EVA.
Due to the repetitive nature of the EVA, many designs

employ some form of cycle-to-cycle based compensation.
An iterative learning controller for the EVA has been de-
signed by Ho2mann and Stefanopoulou (2001) with exper-
imental results given in his later work (Ho2mann et al.,
2003). The desired performance is achieved through track-
ing of a prede;ned trajectory. Similar results have been veri-
;ed by Tai et al. (2001) with a repetitive learning algorithm.
These methods are hindered by the need for an accurate
model of the system and are computationally intensive.
This paper presents an extremum seeking controller which

adjusts a nonlinear feedback from cycle to cycle to reduce
the impact velocity. A small microphone obtains a measure
of the sound intensity which the controller then minimizes.
The reduced sound intensity results in decreased impact ve-
locities. The advantage of the extremum seeking controller
is that it does not require a model of the system dynamics
and its computational load is minimal.

2. Experimental setup

The experimental setup, shown schematically in Fig. 1,
consists of:

• a prototype 200 V electromechanical valve actuator,
• a 200 V power supply (Power-Ten Inc. Model Number:
P83),

• two PWM brush type servo ampli;ers (Advanced Motion
Controls, Model Number: 50A-DD),

• a dSpace 1103 processing board,
• an eddy current sensor (magnetic moments),
• a microphone (RadioShack), and
• a laser vibrometer (Polytec, Model Number: 0VD 20).
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The controller, which consists of a nonlinear feedback and
an extremum seeking algorithm, is implemented as follows:
The displacement of the armature is determined by the eddy
current sensor which detects changes in a magnetic ;eld,
generated by the sensor, caused by the motion of the sensor
target attached to the rear of the armature. Based on the en-
coded nonlinear feedback, given in Section 4, and the mea-
sured displacement the dSpace processing board regulates
the duty cycle of the PWM ampli;ers to control the armature
motion during a valve closing/opening event. The switch-
ing frequency of the PWM ampli;ers is suCciently fast that
we assume that the e2ective voltage applied to the actuator
is the duty cycle command multiplied by the supply volt-
age, which was set to 180 V. At the end of each valve clos-
ing/opening event a microphone is used to obtain a measure
of the sound intensity of the impact. The extremum seeking
controller, given in Section 5, then uses this measurement
to tune the nonlinear feedback before the next valve clos-
ing/opening event to reduce the impact velocity. The ex-
perimental results are obtained using the laser vibrometer,
which is capable of measuring both the position and velocity
very accurately. The measurements obtained from the laser
vibrometer are only used to determine the e2ectiveness of
the controller and are not used in the feedback.

3. Electromechanical valve actuator model

The EVA model derived by Wang, Megli, Haghgooie,
Peterson, and Stefanopoulou (2002) is summarized here.
The dynamics of a valve opening event are essentially iden-
tical to those of a valve closing event and by employing the
optimal release developed by Wang et al. (2002) the releas-
ing coil has very little e2ect on the overall system dynamics.
The EVA can thus be described considering only the e2ect
of the magnetic coil used to capture the armature at the end
of the valve transition. Selecting the following states:

i the current in the magnetic coil,
z the distance between the armature and magnetic coil,
v the velocity of the armature,

the dynamics of the system are given by

dz
dt

= v; (1)

dv
dt

=
1
m

(−Fmag(i; z) + ks(l− z)− bv); (2)

di
dt

=
Vc − ri + �1(i; z)v

�2(z)
; (3)

where m is the combined mass of the armature and valve
in kg, Fmag is the magnetic force generated by the magnetic
coil in N, ks is the spring constant in N/m, l is half the total
armature travel in m, b is the damping coeCcient in kg/s,
Vc is the applied voltage in V, r is the resistance of both the

wiring and magnetic coil in �, �1v is the back-EMF gener-
ated by the armature motion in V , and �2 is the inductance
of the magnetic coil in H.
The nonlinear functions Fmag, �1, and �2 which describe

the magnetic ;eld properties are given by

�1(i; z) =
2kai

(kb + z)2
; �2(z) =

2ka
(kb + z)

; (4)

Fmag(i; z) =
kai2

(kb + z)2
; (5)

where ka and kb are constants determined experimentally.
Eqs. (4) and (5) neglect the higher order e2ects of :ux sat-
uration and leakage as they are diCcult to accurately model.
The model is only included here to provide an explanation
for our choice of feedback given in Section 4. As we will
see, the extremum seeking controller, which is the main fo-
cus of this paper, does not depend upon the system model.

4. Nonlinear feedback

The controller consists of two di2erent components: non-
linear feedback, discussed in this section, and an extremum
seeking controller for self-tuning, discussed in Section 5.
We ;rst motivate the need for nonlinear feedback by exam-
ining the physics inherent to the EVA. The feedback itself
is then presented, followed by experimental results.
Controlling the electromechanical valve actuator is chal-

lenging because of the changing magnetic/electric properties
during the armature travel. At the beginning of the armature
travel the magnetic force generated by the catching coil has
very little in:uence on the armature. During this period it
is undesirable to apply large voltage inputs to the system
to control the armature motion. Doing so would not only
increase power consumption, but large currents generated
early in the transition may result in high impact velocities.
A more practical solution is to let the potential energy stored
in the springs do the work of moving the armature across the
gap. However, if voltage is not applied until the armature is
near the catching coil, it is diCcult to generate the necessary
current to capture the armature due to the back-EMF which
becomes signi;cant near the magnetic coil.
Both of these phenomena are captured in the system

model. From Eq. (5) we see that the magnetic force is in-
versely proportional to the square of the distance. Thus, at
large distances the magnetic force is much less than the
spring force and has little in:uence on the armature motion.
The second e2ect requires more mathematical manipulation
to visualize. Substitution of Eq. (4) into (3) yields

di
dt

=
(Vc − ri)(kb + z)

2ka
+

iv
(kb + z)

: (6)

Let us replace the term kb + z with the small parameter
� = kb + z, as kb�1 and z is approaching zero. Eq. (6)
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reduces to
di
dt

=
(Vc − ri)�

2ka
+
iv
�
: (7)

As the armature approaches the magnetic coil (� goes to
zero) the velocity, which is negative, has a disproportion-
ately larger e2ect (division by �) than the command voltage
(multiplication by �) on the current and will tend to drive it
toward zero.
Therefore small voltages should be applied while the

armature is far from the magnetic coil and large voltages
when the armature is near the magnetic coil. This method-
ology is the opposite of linear feedback, where the input
is proportional to the error. Instead, use of the nonlinear
feedback

Vc =




K1

�+ z
v+

K2

� + z
if z6 2l− 1× 10−3;

0 if z¿ 2l− 1× 10−3

(8)

is proposed. Here, the voltage is inversely proportional to
the distance from the catching coil, thereby alleviating the
a2ects of the changing magnetic/electrical characteristics of
the system discussed in the preceding paragraph. The pa-
rameters K1; K2; �, and � are used to tune the controller to
achieve the desired performance.
The ;rst term of the feedback, K1=(�+z)v, can be consid-

ered as a nonlinear damping gain. The value of K1 is used to
adjust the damping and � is set to a small nonzero value (≈
0:5) to avoid division by zero. The second term, K2=(�+ z),
insures that large inputs are applied near z=0 to overcome
the e2ect of the back-EMF. The magnitude of the input at
z = 0 is adjusted primarily by K2. The value of � governs
how the second term transitions from a small value at z=8
to a large value at z = 0. If � is set too small the transition
will occur too early resulting in a large impact velocity. If �
is set too large the transition will occur too late and the elec-
tromagnet may fail to capture the armature. The feedback is
only applied after the ;rst millimeter of travel to ensure that
the armature has been released before control is applied.

4.1. Experimental results

The nonlinear feedback is implemented on the EVA us-
ing the setup described in Section 2. As the velocity mea-
surement from the laser vibrometer is not used in the feed-
back, a Kalman ;lter is used to estimate the velocity which
is accurate to within += − 0:4 m=s (Peterson et al., 2002).
Experimental results are given in Fig. 2 and Table 1.

Again, note that the signal sent to the PWM drivers is a
duty cycle command equal to the voltage calculated from
Eq. (8) divided by the supply voltage. A mean impact ve-
locity of 0:16 m=s is achieved while avoiding actuator satu-
ration except at the very end of the transition.
This result is typical of the impact velocities achieved

in the literature, which range from approximately 0:05–
0:2 m=s, (Butzmann, Melbert, & Kock, 2000; Ho2mann,

0 0.5 1 1.5 2 2.5 3 3.5 4
0

2

4

6

8

P
os

iti
on

 [m
m

]

4

2

0

2

4

V
el

oc
ity

 [m
/s

]

0 0.5 1 1.5 2 2.5 3 3.5 4
0

1

2

3

C
ur

re
nt

 [A
]

0 0.5 1 1.5 2 2.5 3 3.5 4
0

100

200

V
ol

ta
ge

 [V
]

Position 

Velocity

Time [ms]

Fig. 2. Experimental results using the nonlinear controller.

Table 1
Statistical results for the nonlinear controller

Transition time Impact velocity

Mean 3:23 ms 0:16 m=s
� 0:04 ms 0:08 m=s
Max 3:3 ms 0:32 m=s
Min 3:2 ms 0:05 m=s

Peterson, & Stefanopoulou, 2003; Mianzo, 2002; Peterson
et al., 2002; Tai, Stubbs, & Tsao, 2001; Tai & Tsao, 2002),
and compares favorably with the open loop results of 0:5 m=s
discussed byWang et al. (2002). Smaller impacts are achiev-
able using the feedback given in Eq. (8) but the results be-
come less consistent. The temperature, humidity, and other
environmental factors in the laboratory in which these exper-
iments were conducted were not tightly controlled and are
largely in:uenced by the outside weather. These unknown
factors appear to have a small in:uence on the performance
of the system, and as such the results of Table 1 are based
on a single set of values of K1, K2, �, and � which achieved
the best results over several days. In order to achieve better
results without having to manually make slight adjustments
to K1, K2, �, and � an extremum seeking controller is im-
plemented to automatically tune the nonlinear feedback in
Section 5.

5. Cycle-to-cycle based compensation

To account for unknown, but slowly varying, factors
which a2ect the performance of the system an extremum
seeking controller is employed to apply cycle-to-cycle
based compensation to tune the feedback given in Eq. (8).
These factors may be a result of the changing outside tem-
perature, humidity, or other uncontrollable environmental
factors. Cycle-to-cycle based compensation is particularly
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well suited for the EVA as the valve events are repeated
several thousand times a minute.
Using sinusoidal excitations (Jacobs & Shering, 1968),

the extremum seeking controller selects the value of the pa-
rameter � from Eq. (8) which minimizes a pre-de;ned cost
function based on the sound intensity of the impact recorded
by a small microphone. The parameter � was chosen as it
was found to have the strongest in:uence on the impact ve-
locity. By minimizing the cost function (and thus the sound
intensity) the impact velocity is also minimized. The ex-
tremum seeking controller used here is intended for static
nonlinearities, so the dynamics of the EVA are concealed
from it by discretizing at a sampling rate equal to the rate
of the valve events. An overview of the extremum seeking
control algorithm is presented in Section 5.1. The adapta-
tion of the general algorithm for use with the EVA is given
in Section 5.2.

5.1. Extremum seeking control

A complete proof of the extremum seeking controller is
provided by Krstic and Wang (2000). The proof is summa-
rized here for completeness. Extremum seeking control re-
lies on the theorem of averaging Khalil, 1996 which states
that given a system of the form

dx
dt

= �f(t; x; �) �¿ 0; (9)

where f(t; x; �) is suCciently smooth and T-periodic in t,
then

‖x(t; �)− xav(t; �)‖= O(�); (10)

where

dxav
dt

= �fav(x) and fav(x) =
1
T

∫ T

0
f(�; x; 0) d�: (11)

Stated qualitatively, a time varying periodic system can be
approximated by the time invariant system derived from in-
tegrating the original system over a single period. If the re-
sulting time invariant system is stable about an equilibrium,
the time varying periodic system converges to a periodic
orbit about the same equilibrium.
The dynamics of the extremum seeking controller applied

to the static nonlinearity Q, as shown in Fig. 3, are

dx
dt

= Q[x + a sin(!t)]a sin(!t): (12)

Let �= !t and de;ne x̃(�) = x(�=!), therefore

dx̃
d�

= �Q[x̃ + a sin (�)]a sin (�); (13)

where �= 1=!. Assuming Q is analytic,

Q[x̃ + a sin (�)] =Q(x̃) +
@Q
@x̃

(x̃)a sin (�)

+
1
2!
@2Q
@x̃2

(x̃)a2 sin2 (�) + O(a3):

Q
Static Nonlinearity

System output

*

Σasin (ωt)

System
Input

x dx/dt

Extremum Seeking Controller

Fig. 3. Extremum seeking control as applied to a static nonlinearity.

Substituting into Eq. (13), and applying the theorem of
averaging

dx̃av
d�

= a2�

(
1
2"

∫ 2"

0
sin2(�) d�

)
@Q
@x̃

(x̃av); (14)

where the equilibrium points are the local extremum of Q
(i.e @Q=@x̃=0) and are stable if and only if @2Q=@x̃2|x̃=xe ¡ 0,
which occurs when xe is a local maximum of Q.
By the theorem of averaging, the system output converges

to a periodic orbit about a local maximum. By the same
argument, the output is driven to a periodic orbit about a
local minimum when the integrator is multiplied by −1. An
overview of extremum seeking methodologies can be found
in the review by Sternby, 1980.

5.2. Extremum seeking control for soft landing

Before applying the extremum seeking controller to the
EVA, the appropriate system input and output must be se-
lected and the extremum seeking controller must be modi-
;ed to treat the EVA as a static nonlinearity.
The parameter � of the feedback used in Eq. (8) is selected

as the input and the cost function

Q = (Sdes − Smeas[k])2 (15)

is selected as the output. Where Sdes is the desired sound
intensity and Smeas[k] is the measured sound intensity of the
armature impacting the magnetic coil at the kth iteration. Sdes
is set to a small nonzero value to prevent the controller from
minimizing the sound intensity by avoiding impact. Due to
uncertainty in when the impact occurs, Smeas is determined
by summing the absolute value of the sampled signal from
the microphone over a 1 ms interval which begins when the
armature is less than 0:1 mm away from the magnetic coil.
While e2ective in a bench-top experiment, measuring the

sound intensity of the impact in an internal combustion en-
gine is impractical. By ;ltering the signal from the knock
sensor, mounting load washers under the springs of the EVA,
or through clever placement of accelerometers it should be
possible to obtain a measure of the impact magnitude in or-
der to de;ne a similar cost function Q.
The proof given by Krstic and Wang (2000) requires that

Q be a static nonlinearity. Before applying the extremum
seeking controller to the EVA we must ;rst modify it by
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discretizing the extremum seeking controller at the same
frequency as the valve events. Given that the valve opens
every UT s the extremum seeking controller is discretized at
1=UT Hz. The dynamics of the discrete extremum seeking
controller and the value of � at the kth iteration are

x[k + 1] = x[k] + UTa sin (!kUT + &)(Sdes − Smeas[k])2

�[k] = x[k] + a sin (!kUT + &);

where !="=UT and &="=2. The ;nal controller is shown
in Fig. 4.
To test the extremum seeking controller the parameter �

is initialized at a nonoptimal value. The evolution of �, the
impact velocity, and the cost function Q generated by the
microphone over the next 70 iterations are shown in Fig.
5. Although the cost function Q and the impact velocity do
not have a one-to-one correspondence, on average they both
follow the same trend. Thus as we minimize Q the impact
velocity is also minimized. An enlarged view of the impact
velocity at three di2erent iterations is given in Fig. 6.
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Table 2
Statistical results after the 40th iteration

Impact velocity

Mean 0:07 m=s
� 0:02 m=s
Max 0:12 m=s
Min 0:02 m=s

After approximately 40 iterations both � and the impact
velocity converge to a periodic orbit about their ;nal value,
resulting in a reduction in the impact velocity from 0:4 m=s
to approximately 0:07 m=s as shown in Table 2. The impact
velocity and � continue to oscillate around their ;nal mean
value due to the sinusoidal excitation. The excitation ampli-
tude should therefore be kept small to avoid large deviations
from the ;nal mean value.
The improvements made from Tables 1 and 2 are a result

of the fact that the extremum seeking controller can select
the optimal value of � more accurately than what can be
achieved manually in the presence of slowly varying un-
known disturbances. The same results could be achieved
without the extremum seeking controller if the operator were
to spend time manually re-tuning the gains every so often.
However, the extremum seeking controller is a far more
practical solution for implementation in production auto-
motive engines. Additionally, in comparison to other meth-
ods that apply cycle to cycle based compensation, such as
the work done by Ho2mann on ILC (Ho2mann, Peterson,
& Stefanopoulou, 2003), the extremum seeking controller is
advantageous as it is computationally quite simple and only
requires an additional microphone for implementation.

6. Summary and conclusion

Large impacts experienced by the EVA prevent it
from being used for VVT in IC engines. This paper
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presented the implementation of an extremum seeking
controller to achieve practical impact velocities by ex-
ploiting the repetitive nature of the system. Experimental
results demonstrate that transition times and impact ve-
locities of less than 4:0 ms and 0:1 m=s, respectively were
achieved.
In future work we will investigate systematically the

sources and e2ects of uncertainty to the system so we
can better assess its robustness. Moreover, we will ex-
plore the improvements associated with a multivariable
extremum seeking controller. Finally, we will concentrate
on re-designing a nonlinear feedback controller with better
repeatability and performance.
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