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ABSTRACT

The reduction of impacts which occur in electromechani-
cal valve actuators due to the presence of valve lash have been
largely neglected in the literature. Instead, the majority of work
in this area has focused on impacts occurring elsewhere. As such,
a controller is presented here to account for the impacts which
occur during the release phase of the valve opening due to the
presence of valve lash. A combination of feed forward and it-
erative learning control are used to achieve trajectory tracking
during the release bounding the impact velocity by 0.4 m/s.

1 Introduction

Innovative technologies are required to further reduce au-
tomotive pollution and fuel consumption. One such technology
is the electromechanical valve actuator (EVA). Valve timing in
most automotive engines is fixed with respect to the piston posi-
tion by a mechanical linkage called a camshaft. While reliable
and effective, this constrains the optimization of the engine per-
formance. The electromechanical valve actuator permits variable
valve timing for greater flexibility by employing electromagnets
to actuate the valves. Research has shown that variable valve
timing can potentially reduce automotive emissions by 12% to
15% [1], improve fuel economy by 18% to 23% [2], and increase
engine torque by 20% [3].

A typical electromechanical valve actuator is shown in
Fig. 1. The valve motion is governed through the forcing of
the armature by the opposing sets of electromagnets and springs.
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A typical operation begins with the armature held against either
the upper or lower magnetic coil. This creates an imbalance be-
tween the opposing springs which will drive the armature across
the gap when the current in the releasing coil is sufficiently re-
duced. As the armature nears the opposite side it is caught by and
held against the remaining electromagnetic coil to complete the
transition. Once again an imbalance is created in the opposing
springs which is used to reverse the process. The spring forces
are balanced when the armature is equidistant from each mag-
netic coil.

The inherent drawback of the electromechanical valve actu-
ator is that it suffers from large impacts at several different loca-
tions due to the motion of the armature and valve. These impacts
are excessively loud and may lead to actuator failure. Of particu-
lar interest to this paper are the impacts which occur between the
armature and valve stem during the release of the armature.

As in conventional cam driven systems, the valves are not
physically connected to the armature to allow for thermal ex-
pansion during operation. This ensures that the valve will al-
ways close against the valve seat. The gap between the armature
and valve stem is denoted as the valve lash and can range be-
tween 0.1 mm to 0.5 mm depending on the thermal expansion
of the valve. In a conventional cam driven systems a physical
device, referred to as a lash adjuster, is used to account for the
valve lash and avoid large impacts between the valve and the
cam. Rather than redesign the actuator to include a similar de-
vice, which would increase packaging size and cost, the exist-
ing hardware can be utilized to achieve the desired performance
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Figure 1. Electromechanical valve actuator.

through intelligent control of the command voltage to the elec-
tromechanical valve actuator.

Almost without exception the effects of valve lash are com-
pletely ignored in the literature. In most instances [4-8] the re-
search is concerned with impacts which occur between the valve
and valve seat and between the armature and magnets. However,
at maximum valve lash the impact velocity is quite significant
and can be as large as 2 m/s.

Impacts which occur due to the valve lash during a valve
closing event are considered in [9, 10]. Excitation of the resonate
frequency corresponding to impacts between the armature and
valve stem is avoided by a notch filter. In a valve closing proce-
dure the armature and valve are initially in contact and therefore
move as a single mass during the majority of the executed mo-
tion. It is only at the end of the travel when the valve is fully
closed that the two separate. After separation the armature has
less than 0.5 mm of travel remaining. Conversely, during a valve
opening procedure the armature and valve are not initially in con-
tact. Improper release of the armature can result in repeated im-
pacts between it and the valve throughout the travel. These im-
pacts are referred to as “chatter” between the armature and valve
stem.

Release of the armature in the absence of valve lash is con-
sidered in [8]. The short delay between valve events at high en-
gine speeds necessitates the quick release of the armature. The
authors of [8] propose a technique which minimizes the release
time and loss of potential energy. This solution is no longer ideal
when valve lash is present and can result in impact velocities of
up to 2 m/s.

The goal of this paper is to develop a controller capable of
limiting these impacts below 0.4 m/s, referred to as soft release,

without significantly increasing the transition time. As long as
the initial impact between the armature and valve stem is kept
below 0.4 m/s the resulting chatter is minimal. Feed forward
control based on the theoretically required voltage necessary to
coast the armature through the valve lash at 0.4 m/s is used to ac-
complish the soft release. Due to modeling uncertainty the theo-
retically required voltage cannot achieve the desired performance
alone. Therefore it is augmented with an iterative learning con-
troller to improve the performance from one valve event to the
next.

2 Modeling the EVA's Release Dynamics
Using the model developed in [8] and defining the states of
interest and the system input as;

z the distance between the armature and upper magnetic coil [m]
v the armature velocity [m/s]

i the current in the upper magnetic coil [A]

V; the voltage applied to the upper magnetic coil [V]

the EVA’s releasing dynamics are described by

dz

TV )
% _ %(—Fmag(i,z)+ks(l—Z)+kpre—bv) )
di  Vr=ri+x1(i,z)v

a B Xz(i,Z) ‘ (3)

where m is the mass of the armature in kg, Frag is the magnetic
force generated by the upper magnetic coil in N, | is half the
total armature travel in m, kg is the spring constant of the upper
spring in N/m, Kpre is the preload of the upper spring in N, b is
the damping coefficient in kg/s, V, is the applied voltage in V, r
is the resistance of both the wiring and magnetic coil in Q, X1V is
the back-EMF generated by the armature motion in V, and Xz is
the inductance of the magnetic coil in H. The armature position
and applied voltage are restricted to the sets z € [0,2I] and V; €
[—180, 180] respectively due to the physical constraints of the
magnets and actuator saturation.
The functions Frag, X1, and X2 are given by

2Kai

X1(i,2) = (o127 4
2ka

X2(2) = m ®)
. Kai2

Fneg (i,2) = m (6)
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Figure 2. Free release of the armature.

where kg and ky, are constants. Eqgns. (4) (5) (6) neglect the effects
of flux saturation and leakage, but still provide a good 1% order
approximation of the actual relationships.

Eqn. (2) assumes that the valve and armature are not in con-
tact with one another. This is done intentionally as we are only
concerned with the release of armature while it is not in contact
with the valve. If the release is done properly the armature and
valve will move as a single mass through the remainder of the
valve motion. The magnetic force generated by the lower mag-
netic coil is not included in Eqgn. (2) as it has a negligible effect
on the release.

3 Release of the Armature

Before proceeding with the design of the soft release con-
troller let us first examine the physics and difficulties behind re-
leasing the armature. Two procedures for releasing the armature
are also presented in this section.

At the beginning of a valve opening/closing procedure the
armature is initially held at rest against one of the two magnetic
coils, where it remains until the magnetic force is reduced to less
than the spring force. Once released, the motion of the armature
generates current in the releasing magnetic coil retarding the mo-
tion of the armature. This adversely effects both the transition
time and power consumption as a percentage of the potential en-
ergy stored in the spring will go toward generating electrical en-
ergy rather than kinetic energy.

The simplest method to initiate the armature motion is to
zero the voltage difference across the magnetic coil. For a nom-
inal holding current of 1 A it takes approximately 30 ms before
the current discharges to a low enough level to initiate the arma-
ture motion as shown in Fig. 2. In addition, the armature motion
generates up to 4.5 A of current.

A more efficient method is to apply the release suggested
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Figure 3. Release of the armature without valve lash present.
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Figure 4. Release of the armature with valve lash present.

in [8] and shown in Fig. 3. The release of the armature is ex-
ecuted by applying the maximum negative voltage for a set du-
ration. This quickly reduces the current to zero and effectively
cancels the current generated by the armature motion.
Unfortunately, this method can lead to large impacts when
valve lash is present. At maximum lash the armature accelerates
up to 2 m/s before colliding with the valve, as seen in Fig. 4.
A controller which is capable of releasing the armature quickly
while avoiding large impacts is presented in the next section

4 Soft Release Controller
In order to achieve soft release of the armature, it is desired
that its velocity be given by

Vdes < 0.4m/s. )
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Figure 5. Block diagram of the soft release controller.

One of the simplest approaches is to achieve a linear position
ramp (constant velocity) throughout the lash region, 0.5x103 >
z > 0. This is accomplished by designing a controller to track the
position profile given by

Zges = 0.4 (t — to [K]) for 0.5x10~3 >z > 0, (8)

where t, [K] is the time at which the armature motion is initiated at
the k" valve opening procedure. The armature motion is initiated
by applying an open loop negative voltage to the magnetic coil
to reduce the holding current. Once the armature begins to move
at time t, [K] the open loop negative voltage is turned off and the
tracking controller is turned on. The time at which the armature
motion is initiated, to[K], is determined by when the measured
velocity exceeds 0.1 m/s.

Tracking of the profile is accomplished through the combi-
nation of feed forward and iterative learning control. The feed
forward controller brings the system near the desired perfor-
mance by applying the theoretical voltage which generates the
current, iges, corresponding to tracking of zges. The iterative
learning controller then compensates for modeling uncertainty
by adjusting the applied voltage from one valve event to the next.
The arrangement of the controller is shown in Fig 5. The total
voltage command to the electromechanical valve actuator, V, is

Vi = Vit + Vi, (9)

where Vi is the feed forward voltage and V¢ is the additional
voltage from the iterative learning controller.

4.1 Feed Forward Control
Feed forward control is advantageous as it utilizes the inher-
ent system dynamics which may be beneficial for soft release,

i.e. the current generated in the magnetic coil by the armature
motion. The desired constant velocity ramp implies zero accel-
eration, which occurs when

Fveg (1des, Zdes) = ks (1 — Zdes) +Kpre (10)

if the effects of friction, which are small at low speed, are ne-
glected. Solving for iges we find

i2
Kaifes

(kn+ Zdes)2
Kaides = (ks (1 — Zes) + Kpre) (kb +2des)®  (12)

. ks(l —z +k
:%=¢i—ﬁﬂ—%%umy (13)

ka

Differentiating Eqn. (13) with respect to time

. =1
diges 1 <ks(| —Zdes)‘f‘kpre) 2 KsVdes (Kb + Zdes)

dt - 2 ka ka
ks(l —z k
+\/ s( des) + prevd&s-
Ka

Next, substituting Egns. (4) (5) into Eqgn. (3) the current dynam-
ics can be rewritten as

g_((vr—ri)(kbjLz)+ iv ) (19)

Replacing i, z, v, and V; with iges, Zges, Vdes, and V¢ ¢ respectively,
we can solve for the feed forward voltage

dldes _{(Vst —Tides) (Kp + Zdes)
2ka
idesVdes
+
(kp+ Zdas))
|d$ idesVdes 2ka
- ()
(Ko + Zdes) / kb + Zdes
+riges.

The feed forward voltage is therefore solely a function of time,
which is easy to implement and eliminates the need for extra
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sensors. Due to modeling uncertainty and imperfections in the
triggering time, feed forward control is not able to achieve per-
fect tracking alone. Therefore it is augmented with an iterative
learning controller.

4.2 lterative Learning Control

Iterative learning controllers (ILC) exploit the repetitive na-
ture of a system to improve the tracking of a desired trajectory
from cycle to cycle. Based on the tracking error of the previous
iteration the ILC modifies the input of the next iteration in order
to reduce the error. For our purposes the ILC compares the mea-
sured output of the armature with the desired trajectory given in
Eqn. (8) after each valve event and then modifies the voltage of
the next valve opening event to improve the tracking of Eqgn. (8).

Before applying the ILC to the EVA, an overview and proof
of the iterative learning controller used here is presented. First
let us define

yq € R" as the discrete desired trajectory
y[k] € R" as the discrete system output of the ki iteration
u[k] € R" as the discrete system input of the k' iteration

The goal of the ILC is to determine the input u* such that in the
limit as the iteration number, k, tends toward infinity

I(Il_)rrgo ulk] = u*and (15)
Jim y[k] = ya. (16)

The mapping I" which relates the input, y[K], to the output, u[k],
is defined as

MN=R">R"st. yk]=T (u[k]) (17)

where

Ju* st yg =T (u*). (18)

It is assumed that the nonlinear mapping I' can be approximated
by the linear mapping P € R™*" such that

y[k] = Pu[k] and yq ~ Pu*. (19)

Using the linear formulation of the iterative learning controller

ulk+1) = Sulk] +E (ya —y[K]), (20)

the matrices S € R™ "M and E € R™" must be chosen such that

limulk] =u*. (21)

k— o0

Let us select the matrices S and E as

S=land E = £RLT (22)

where R and L are the right and left singular vectors of the sin-
gular value decomposition, P = LART. A is a diagonal matrix
whose elements are the singular values, o;, of the matrix P, ar-
ranged in decreasing order, g, > 01 > --- > Gj > --- Op_2 >
Op—1.

Substituting Eqgn. (19) into Eqgn. (20)

ulk+1] = Su[k] +E (yq — Pu[K])
=RTuk+1] = (| - 0%/\) RTulk]
+0iLTyd

and applying the linear transformations

v[k] = RTu[k] and (23)
w=L"yq (24)

results in the de-coupled system

Vk+1] = (| - Oi/\> v[k]+0ip
VI = { Vol -+ va-a [}

The dynamics of each element v; can be written individually as

vilk+1]= (1-%) Vi [k]+0ioui (25)
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Solving explicitly for v; [k] results in

o\ K 1—(1—5—;)k
Wk = (1_0_') v+ 2Ly (20)

o Oj

which converges to

. 1
vi = limvilk] = . (27)

Therefore output components which require small inputs are
learned faster than output components requiring large inputs,

. . . (o]
since the convergence rate is determined by 1 — 0—' and the re-
0]

quired input, v, is proportional to ci‘l. This helps to avoid actu-
ator saturation.
Transforming back into the coordinates yq and u

RTu* = A"t yqy (28)
u* = RA"ILTyq. (29)

Substituting into Eqn (19) the plant output is

y = Pu* (30)
y = LARTu* (31)
y = LARTRA 1L Tyq4 (32)
Y =VYd (33)

Therefore as the iteration number, k, tends toward infinity the
plant output tends toward the desired trajectory yq. It is important
to note that the ILC is not simply inverting the plant. Recall that
the mapping P is only an approximation of the input to output
characteristics of the system. The ILC uses the tracking error
at each iteration to determine the true relationship between the
input and output in order to achieve the desired tracking.

In order to guarantee tracking of Eqn. (8) by the armature
we define

y[K] € R" as the discrete response of the state z between 0 <
z<0.5.

ulk] € R" as the additional voltage, Vji¢, added to the feed
forward voltage, Vss.

The discrete desired trajectory

Yd = [Ydo,Yd1," " »Ydi»*** »Yd(n—1)] (34)

is defined as

Ydi = 400iAT, (35)

and the linear mapping, P, is a square n x n matrix given by

h)] 0 0 - 0
h] h[o] 0 - O
P=| i
h[n—2] h[n—3] --- h[0] O
h[n—1] h[n—2] -+ h[1] h[0]

where h[j] is the j" element of the discrete impulse response of
the discrete linear model obtained from linearizingatz= 0.5 mm
and discretizing at 20 kHz.

5 Experimental Setup and Results

The controller outlined in Sec. 4 is implemented using a
laser vibrometer to measure the position and velocity of the ar-
mature during the valve release. This signal is then sampled by
an 1103 dSpace processing board at 20kHz. Based on the con-
trol algorithm and the measured armature position the dSpace
processing board regulates the voltage to a set of current drivers
in order to achieve the desired performance.

The response of the 1% and 13! iteration are shown in
Figs. 6 and 7 respectively. The first iteration shown in Fig. 6
is the response of the system using only the feed forward con-
troller. While an improvement over the release proposed in [8],
see Fig. 4, perfect tracking is not achieved and the armature and
valve collide at approximately 1 m/s. Thirteen valve events later,
Fig. 7, the iterative learning controller has improved the tracking
significantly and the armature and valve collide at approximately
0.4 mfs.

6 Summary and Conclusion

Valve lash plays a critical role in the operation of the elec-
tromechanical valve actuator. While necessary for the thermal
expansion of the valve, it creates the potential for large impacts.
This paper has presented an iterative learning controller which is
capable of bounding these impacts by 0.4 m/s through trajectory
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tracking. The use of control theory to exploit the existing hard-
ware is advantageous compared to a physical lash adjuster which
would increase both cost and packaging size.

The controller still requires more work before it can be im-
plemented in a production vehicle. During operation in an engine
the valve lash will fluctuate due to the expansion and contraction
of the valve. The controller must therefore be able to somehow
estimate the valve lash and/or account for changes in it. In addi-
tion, another method must be found to determine the initiation of
motion as the precision of the position sensor is inadequate and
it is not feasible to use a measurement of the velocity. A logical
approach would be to apply a closed loop controller to initiate
the motion.

While soft release is important it represents only a portion
of the impacts which can occur in the electromechanical valve
actuator. Future work will concentrate on integrating the soft

release controller presented here with a soft landing controller
in order to reduce all of the impacts which can occur during the
operation of the electromechanical valve actuator.
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