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Abstract

Automotive engines equipped with camless valve-
trains (so called camless engines) have been studied for
over twenty years, but production vehicles with engines
of this type are still not available due to difficulties
in ensuring adequate and reliable valve performance in
this valvetrain. For an electromechanical camless val-
vetrain, the actuator noise caused by high contact ve-
locities of the moving parts of the actuator has been
identified as a key problem. With the idea of providing
tools to address this problem, in this paper we develop
a physics-based model for an electromechanical cam-
less valve actuator. The model parameters are identi-
fied using appropriately constructed steady-state and
transient experiments, and good agreement between
the model and the experimental transient response tra-
jectories is demonstrated. Finally, a sensitivity study
is performed to characterize the ability of the control
signal to affect the reduction of the contact velocities.

1 Introduction

Conventional internal combustion engines use me-
chanically driven camshafts to actuate intake and ex-
haust valves. While this system is convenient and reli-
able, the fixed timing of the valve events with respect
to the piston motion is typically selected as a compro-
mise among fuel economy, emissions, maximum torque
output, and valvetrain noise, vibration and harshness
(NVH).

The growing need to improve fuel economy and re-
duce emissions led to the introduction of an alternative
valvetrain technology, namely, a camless valvetrain. In
the camless valvetrain, the valve motion is controlled
directly by a valve actuator, without mechanical link-
age to the camshaft. As a result, the timing of the
exhaust and intake valve opening and closing can be
optimized for each engine operating condition. Various
studies have shown that a camless valvetrain can alle-
viate many otherwise necessary engine design tradeoffs
by supplying extra degrees of freedom to the overall
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powertrain system (Ahmad and Theobald, 1989; Gray,
1988; Ma, 1986; Meacham, 1970; Schechter and Levin,
1998). Specifically, it has been shown that control-
ling the intake valve events can eliminate the need for
throttled operation in gasoline engines, thereby reduc-
ing pumping losses and improving fuel economy (Ash-
hab et al., 1998; Elrod and Nelson, 1986; Miller el al.,
1997). Other benefits of camless engines include higher
maximum torque output, which is optimized for dif-
ferent driving conditions, cylinder de-activation, and
elimination of external exhaust gas recirculation, etc.
(Schechter and Levin, 1998).

While VVT can be obtained using a wide spectrum
of different technologies (see a review of various VVT
technologies in Schechter and Levin, 1998), the highest
degree of flexibility and the fastest VVT capability is
achieved in truly camless engines with either electrohy-
draulic (Kim, et al., 1997) or electromechanical (Butz-
mann et al., 2000) actuators. These camless actuator
technologies are under intensive development by several
manufacturers, with the electromechanical technology
currently considered by many to be in a relatively more
developed stage. The issues that have to be addressed
in the actuator design include cost, reliability, pack-
aging, power consumption, noise and vibrations. The
noise has been identified as the main problem with the
electromechanical actuator technology. It may, in fact,
preclude the usage of such systems, if satisfactory solu-
tions are not found.

The noise in an electromechanical actuator is
caused by high contact velocities of the moving parts of
the actuator. The noise can be reduced if the contact
velocities are reduced, i.e., the so called soft-landing is
achieved. In a conventional valvetrain the valve profiles
are carefully optimized to reduce the noise and the op-
timal solution is mechanically embedded into the val-
vetrain design during manufacturing of the camshaft
lobes. In a camless valvetrain it is the responsibility
of the control system to ensure the adequate actuator
performance at varying engine operating conditions. To
facilitate the analysis and controller design for an Elec-
troMechanical Camless Valvetrain (EMCV), an actua-
tor model is developed and validated in this paper.

The paper is organized as follows. First, we de-



scribe a physics-based model for the EMCV. The model
represents the mechanical, electrical and magnetic sub-
systems of the actuator and their interactions. To iden-
tify the model parameters and the nonlinear character-
istics of the actuator, special experiments have been
developed and implemented both on the engine with
EMCV in the dynamometer and with the actuator
alone on a bench-top. Unlike in the work (Butzmann et
al., 2000), here we take a special care to ensure model
validity even at small gap distances between the arma-
ture and the coil, which is exactly the region where high
contact velocities responsible for noise production tend
to occur. A close agreement between the model and
measured actuator responses is demonstrated. Finally,
the results of a sensitivity study are reported whereby
numerical simulations of the model are used to charac-
terize the ability of a control system to reduce the con-
tact velocity as well as to affect the actuator response
time.

2 System Overview

Figure 1 shows the EMCV actuator with a valve at
three typical positions. There are two magnets (upper
and lower magnets), two springs (actuator and valve
springs) and an armature in the actuator. The two
magnets are coils wound on ferromagnetic material.
The coils are driven by currents generated by electron-
ics. The electronics are driven by a pulse-width modu-
lated voltage and the duty cycle of this voltage signal
determines the steady-state current value. When the
coil is activated, a magnetic field is generated and con-
sequently the magnetic force is applied on the armature
in the magnetic field. The two springs are adjusted
such that both are always compressed for any position
of the armature in between the two magnets. The ar-
mature is subjected to the magnetic force and actuator
spring force and passes the forces to the valve. The
actuator uses the spring force to accelerate the masses
(the actuator spring bolt, the armature, the valve, and
the valve spring bolt), then uses the electromagnetic
force to attract and dwell the valve and the armature.

The equilibrium of the spring-mass system is at the
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Figure 1: EMCV actuator with a valve

middle position between the two magnets. Therefore,

when there is no current on coils, the valve will stay
in the middle position (“Neutral Position” in Figure
1). When the valve is closed (“Valve Closed” in Figure
1), there is a voltage applied on the upper coil which
generates a holding current. The holding current de-
pends on the spring force and the pressure difference
between the cylinder and the exhaust/intake manifold.
If the valve is scheduled to open at ty, the voltage ap-
plied to the upper coil should be regulated to zero at
to — Tm; the time 7, is necessary for the discharge of
the magnetic field. Then a voltage with high duty cy-
cle, d., is applied to the lower coil at ¢;. A magnetic
field is generated that attracts the armature to contact
the lower coil and maintains the maximum valve lift.
The current generated by this high voltage, d., is de-
noted as catching current. Once the contact is ensured
and quasi-static conditions of the mechanical subsys-
tem are reached, the voltage applied to the lower coil
can be reduced. The time that the lower duty cycle
voltage, dj, is applied to the lower coil is denoted by
ta. By controlling to we affect the power consumption
of the electrical subsystem. When the valve is closing,
the operation is similar with the voltage applied on the
lower coil regulated to zero at t3. In the Figure 2, we
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Figure 2: The driving current of the EMCV actuator and
the corresponding valve profile

define the time intervals 7 = 1 —ty and ™ = t; — &g
that are used in the sensitivity analysis section.

To summarize, the actuator consists of electrical,
magnetic and mechanical subsystems, which are inter-
connected with each other (shown in Figure 3). The
variables and the three subsystems will be explained in
more detail in the next sections. Because of the sym-
metry, we only analyze the subsystems when the valve
is opening.

3 Electrical Subsystem

Figure 4 shows the electrical subsystem of the ac-
tuator. The equation of the electrical circuit is:
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Figure 4: The electrical subsystem of the EMCV

Vm:L%+r-i+%, (1)
where,
V; is the effective voltage on the power

electronics, determined by the control signal
d(t)7 (Vm = Vin (d(t)) = d(t) : V)a

L is the external inductance of the electronics
circuit,

i is the current in the coil,

r is the resistance in the electronics circuit,

is the flux linkage in the magnetic field
generated by the coil.

V, L and r are constants and A is a nonlinear function.

The control signal d(t) is the duty cycle command
to the electronics, d(t) € [0,1]. If we consider the op-
eration we described for valve opening (Figure 2), we
have the following d(¢) for the lower coil in one opera-
tion cycle:

0 whent<ty
_ d. whent; <t <ty
d(t) o dp, whents <t <t3 (2)

0 when t > t3.

4 Mechanical Subsystem

Figure 5 shows the mechanical subsystem and the
associated free-body diagram when the valve is at the
middle position. The moving mass of the mechanical
system includes three parts: the upper spring bolt, the
armature, and the valve with the valve spring bolt.
In this paper, we lump all the three pieces in one
mass because they are moving together during most of
the travel from one coil to another. Figure 5 shows
the spring forces from the actuator spring (F,,)and
the valve spring (Fj;) and the magnetic force (Finag)-
Also shown are the damping force inside the actuator
(Fgamp) and the gas flow force (Fyiow) on the valve.
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Figure 5: The mechanical subsystem of the EMCV

The differential equation describing the one mass,
spring mechanical subsystem is given by Newton’s Law,

mz = _Fmag _Fus +ES _Fdamp +Fflow7

3)
where,
m is the mass of the moving parts in
the actuator,
z is the distance between the armature

and the lower coil, z € [0, 8] mm, when

z = 0, the armature contacts the lower
coil and the valve is in the open position,
when z = 8 mm, the armature contacts
the upper coil and the valve is in the
closed position,



Frag is the magnetic force generated by the

coil,
Fyus is the spring force from the upper spring,
Fy is the spring force from the lower spring,
Faamp is the damping force inside the actuator

due to the friction,

Friow is the gas flow force on the valve
generated when the valve separates two
chambers with different pressures.

The positive direction for the forces is in the direction
of increasing distance z.

In the calculation of the spring force F,s; and Fi,
we agsume linear springs. This assumption was tested
by measuring the spring force for different spring com-
pression. From the measurement, the spring constant
was identified as k; = 75N/mm for both springs.
Therefore, we have the following spring forces:

Fus=ks(zs+2—4) =ks(z —4) + kszs
By =ks(zs+4—2)=ks(4d — 2) + kszs,

where, 2z is the initial compression of both the springs
at the equilibrium point (z = 4 mm). Consequently,
we have Fj; — Fus = 2 - ks(4 — z). Here we notice that
if we want to satisfy the requirement that both springs
are compressed during the whole travel of the armature
(Fis and F,; are both positive when z € [0, 8] mm), it’s
required that z; > 4 mm.

Figure 6 shows an experimental trace of the dis-
tance z and an estimate of the exhaust valve gas flow
force based on the upstream (F,y;) and the downstream
(Pezn) pressure with equation Fyioy = (Poyt — Pezh)Sev,
where S., is the area of the exhaust valve. When
the valve starts opening, there is no magnetic force
on the armature since the currents on both coils are
regulated to zero and the spring force magnitude is
|2k (4 — 8)| = 600 N. It is shown that |Fiow| < 40 N
during valve opening is small compared to the spring
force. It should be noted that, when the engine oper-
ates at higher loads, this force may become significant.
Here, we assume that Fy,, is an unknown external
force applied to the mechanical subsystem.

The damping force is Fyqmp = kp2, where ky is the
damping ratio. Finally, we obtain the dynamics for the
mechanical subsystem in the form:

mE = —Frag +2-ks(4—2) — kpz + Fion. (4)

5 Magnetic Subsystem
Figure 7 shows the magnetic circuit (the dash line
loop) of the lower coil and the armature in the actuator.
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Figure 7: The magnetic subsystem of the EMCV

The equation of the magnetic circuit is given by
(Sadiku, 1994):

Ncoil “i= (éRcore + §Ra.rm + §Rga.p)a (5)

A
Ncoil

where, Ngy;; is the number of turns of the coil, and
Reore, Rarm, and Ryqp are the reluctance of the core
material, the armature, and the air gap, respectively.
The reluctances Reore, Rorm, and Ryqp are calculated
by (Sadiku, 1994);

£

§R:M—S,

where

£ is the mean length of the circuit loop,
S is the cross-section area of the magnetic
material,

73 is the permeability.

Therefore, Reore = “6%1(“) = Reore(2,%) with a

constant C7 = g“c‘;:, because £.or. and S;ore are con-
stants determined by the dimension of the actuator,




and feore = Weore(2,%) is a function of both z and i
which is determined by the nonlinear property of this
core material. Ryqp = Coz = Ryep(2) with a constant
Cy = ;5—, because {yqp is the gap length z, Sgap
is a constant determined by the dimension of the ac-
tuator, and pgqp is the permeability of free space po.
Rorm = Cs is a constant since Lo, Sorm, and tgry, are
constants determined by the dimension and property of
the armature. Then (5) can be written as:

. A Cy
Ncoi =\
et Ncoil(,u'core(zaz) +C2z+03) -
NZ . .
A= ol = Az, ). (6)
o e e Caz + Gy

Thus A is a nonlinear function of the armature dis-
tance (z) and the current (¢), and requires careful char-
acterization in order to obtain an accurate estimation
of the magnetic force.

Equation (1) shows that A affects the electrical sub-
system. At the same time, A is related with the mag-
netic force (Fpnqey). The magnetic force generated by
this magnetic field is calculated from the co-energy, W,

ow'’
0z

i
Finag = where W':/ Adi. (7)
0
Since the variables 7 and z are independent, (7) be-
comes:

PO . OFmag O
Fmag = . %dl = T = % (8)

Because A = \(z,%), we know:

aFmag N a_)\ .
T(ZJ) - az(zaz)‘ (9)

6 Parameter Identification

The nonlinear functions of A(z,i) in (6) and
Frag(2,1) in (7) depend on the magnetic property of
the ferromagnetic material. To find these unknown
nonlinear functions, steady-state and dynamic exper-
iments have been conducted. Dynamic experiments
were performed by operating an experimental engine
equipped with this EMCV actuator in a dynamome-
ter. Bench-top experiments with a stand-alone actuator
were conducted to complete the steady-state actuator
characterization. These steady-state experiments give
us pairs of current and distance and the corresponding
magnetic force. To guide our derivation of the relation
among them, we used the physical relation detailed in
(Cheung et al., 1993).

The relation between flux linkage (A) and current
can be split into two regions: a linear region (when

A < Ay, the flux depends linearly on the current) and a
saturation region (when A > A, the rate of change of
flux with respect to the current decreases for increas-
ing value of 7). Figure 8 shows the theoretical relation
between A and ¢ for different values of z that is given
by:

Ma:1) = (5 kjrz —ks)-i when A(2,9) < As,
(i) = @) = HEZEDL en Az, ) > A,

where, A, is a constant, while Ag(z) and i¢(z) are cho-
sen such that C! continuity of the function of A(z,1) is
preserved.
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Figure 8: Relation between A and ¢

From the steady-state data, it is shown (Figure 9)

mag

2
that, for a fixed distance z, 8 51.2 > 0 for small values

2
ofi (i < 1is). Forlarge currents (i > i), 2 g;fg“"’ <0.

By inspection of the steady-state data, we determined
the current and the associated distance where the rate
of change of F),,, with respect to ¢ starts to decrease
and denote the current as i4(z), where,

is(2) = ke + krz. (10)

Using (9), in the linear region, we have:

; k
Lin . 1 -2
r = —3°. 11
mag(z77’) 2(k2 +Z)27/ ( )
We know that (11) can be rewritten in the form:
. T%ZZ(ZJ) 1
—(k = —vk 12
; (k2 + 2) ﬁ\fl, (12)

thus, \/El and ko can be obtained by linear regression
of steady-state data that satisfy ¢ < is(2).

For the F,,,,, in the saturation region, an approach
is to use a polynomial (13), in which all the coefficients
o’ s are determined from steady-state data which satisfy



7: Z is(z)a
Fri?ztg(z i) = a0+a1\/l7+a2i+a3i2

1
.01 —_
+a4(0.01 + 2) + a3 00iT 2

i
:(0.01 T
+agi( +2) +a70.01+z

Vi
0.01+ 2
(13)

+agVi(0.01 + 2) + ag

Thus we have the following expression for Fiq4:

o [ Fho(z) wheni < iy(2)
Fmag(z,z)—{ F39 (2,4) wheni > i4(2).

mag

(14)

Here we made some modification to the calculation of

Frfb‘}fg(z i) to assure the continuity of Fp4(2,1), ie.,

F59% (2,i4(2)) = FLin(z,i,(z)). Figure 9 shows the

mag mag
estimation (solid lines) using (14) and measurement (x)

of Finqq. The regression matches the data well.
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Once Fq4(2, 1) is known, 2 5722 (2,1) can be deter-

mined. Let x1(z,%) def g—i‘(z,i) = 8Fgg“" (z,1) defined

by (14). At the same time, we know that:

dA(z,1)  OA(z,i)dz | ON(z,i) di
dt 9z dt + 8 dt’ and
d\(z,%) _di
=Vin—r-i—L— 1
7 Vin =71 e (15)

then, we define the new function x2 as:

] Vm —r-i— ’ ;) 4
xa(zi) €L+ m((;.”) _ Vool
¢ at (16)

and x2(z,7) can be regressed by dynamic data which

includes Vj,, 7, and z, and d’ and dz that are derived

by the numerical calculatlon from i and z, respectively.
Finally, the differential equations are given by:

ﬂ _ ‘/in_r'i_Xl(zai)U

dt x2(2,1)

dz

halad 17
7 v (17)
dv 1

e _Fma 7. 2- s 4— - )

7 m( g(2,0) +2-ks(4—2) — kyv)

where, x1(2,1%), x2(2,1), and Fp,q4(2,%) are now known
static nonlinearities and k,, k, and r are known fixed
constants.

There is one thing to be noticed in (17). To avoid
singularity, x2(z,7) can not be zero in the operating
range. This is guaranteed by the physics. Figure &8
shows that %ﬁ—”l should be positive, which means that
x2(z,4) > 0for alli >0 and z > 0.

7 Model Validation

In this section, we perform simulations by numer-
ically implementing the differential equations (17) in
simulink using s-function. Simulation result are com-
pared with the dynamical experimental data collected
from an operating engine equipped with an EMCV.

Figures 10 and 11 show the comparison of sim-
ulation results and the dynamic data for two dif-
ferent driving conditions, 1500 RPM, 4 bar, and
2500 RPM, 5.5 bar. It is seen that the discrepancy
in the predicted current and position responses from
the actual dynamic measurements is not significant
while the difference in the velocity traces is significant
for small z. The experimental data show the smooth
change of velocity when z is close to 0, but the simula-
tion shows an acceleration followed by a large contact
velocity.

The relation between Fj,q, and 2 shows that the
acceleration before contact predicted by the model is
reasonable. Specifically, as z is reduced, F},,4 becomes
larger than the spring force when z is small (as shown
in Figure 12). The same acceleration has been docu-
mented by Butzmann, et al, 2000.

A possible explanation for the difference between
the model and the experimental data is that the mea-
surement of the position is not fast enough and the
resolution is not high, and consequently the numerical
approximation of the velocity is not accurate. Measure-
ments from a sensor with higher resolution and wider
bandwidth do, in fact, show this acceleration. An ad-
ditional reason for the modeling error may be as fol-
lows. Note first that our model is based on the as-
sumption that the three parts in the actuator move to-
gether all the time. Assume there is a distance (z,) be-
tween the armature and the actuator spring bolt when
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Figure 11: Comparison of the simulation result and the
transient measurement at 2500 RPM, 5.5 bar

the armature contacts the lower coil and the actuator
spring bolt contacts the upper coil. Then if we con-
sider the opening of the valve, the spring force on the
three body is Fjs — Fys = 2 - ks(4 — z) before the two
parts separate, while the spring force on the armature
is Fjs = ks(zs + 4 — z) after the separation. Because
zs > 4 mm, the spring force on the armature after sep-
aration is larger than before separation. Then if the
actuator spring bolt and the armature separate near
the start of the acceleration shown in Figure 10 and 11,
the actuator spring bolt contact velocity is actually the
value when they separate, while the armature will be
accelerated by a smaller acceleration if the initial com-
pression of the spring is well-tuned (because the spring
force is larger). Consequently, the contact velocity of
both the armature and the actuator spring bolt can
potentially be smaller than the one predicted by our
model (shown in Figure 10 and Figure 11).
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Figure 12: Magnetic and spring forces vs. distance

8 Sensitivity Analysis

Even though we can try to improve the prediction
of the model by including the three pieces in the arma-
ture and valve assembly, we judge that the validity of
the model is sufficient for control analysis and design
purposes. In this section, we look into the effect of the
control signal d(¢) on the contact velocity and the rela-
tive authority of its parameters in lowering the contact
velocity.

The valve motion is mostly determined by the
spring and a damper, except that it is also affected
by a magnetic force when the valve is close to the mag-
net. Figure 13 shows the valve position when it’s a free
oscillation, a damped oscillation, and a damped oscil-
lation with a magnetic force corresponding to a con-
stant catching current. If the armature moves with-

:
— Free oscillation

~ - Damped oscillation

— _Damped oscillation w/ magnetic force

Figure 13: Different valve trajectories in different condi-
tions

out any damping and with zero magnetic force, it is a
free oscillation and it will start from the upper magnet
(z = 8 mm) and reach the lower magnet (z = 0 mm)
with zero velocity in 3.6 msec, followed by going back
to the upper magnet. If the damping is significant, the
armature can’t reach the lower magnet (the dash line
in Figure 13) because the damper will dissipate energy.
However, the electrical subsystem will add energy to
the actuator through the magnetic force. If the addition
of energy from the electronics is more than the dissipa-
tion from the damper, the armature will reach the lower
magnet (the dotted line in Figure 13) with a nonzero



velocity in around 3.6 msec. In this case, the kinetic
energy of the moving masses is the subtraction of the
dissipated energy (denoted as Ej) from the electronics
energy (denoted as Ey), and consequently the contact

velocity is v, = 4/ %, where Ej = [, tfc ky - dv(t),

and By (t) = [° Fyuag(t)-dz(t), in which T, is the time
when the valve moves to its maximum lift. It’s then
clear that v, is related to v(t), 2(t), T¢, and Fpq,(2),
which are determined by the control signal d(¢). The
following plots show the change of the contact velocity
as well as the landing time when d(t) is changed.

Figure 14 shows that increasing 73 will decrease
contact velocity while increase travel time. It is also
found from the simulation that when 7 is too large,
catching can not be achieved.
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Figure 14: Contact velocity and travel time vs. 71

Figure 15 shows that reduction of duty cycle d, will
decrease contact velocity while increase travel time. If
d. is too small, catching can not be achieved.
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Figure 15: Contact velocity and travel time vs. catching
duty cycle (d.)

Figure 16 shows that when 7o is less than some
value, decreasing 7o will decrease contact velocity while
the travel time doesn’t change much.
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Figures 14 to 16 show that 71, d.., and 7» can change
the contact velocity. Hence, it is feasible to develop a
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Contact velocity and travel time vs. 7

control algorithm that can adjust them to reduce the
contact velocity.

9 Conclusion

In this paper, we developed an EMCV actua-
tor model. The model parameters were identified by
steady-state and dynamic experiments. Then we vali-
dated the model by comparing the simulation with the
actual measurements. Finally we reported the result
of the sensitivity analysis that sheds light in the future
control design direction.
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