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Electromechanical VVT Actuator
Ryan R. Chladny, Student Member, IEEE and Charles R. Koch, Member, IEEE
Abstract— A promising method for enhancing automotive
internal combustion engine efficiency uses solenoid actuators
to directly control gas exchange valves. Mitigation of valve
seating velocities is challenging due to phenomena such as
magnetic saturation and pressure disturbances. Production
implementation of an electromagnetic valvetrain will require
the development of cost effective yet accurate sensors for robust
feedback control. A method of magnetic flux-based armature
position measurement is presented. An overview of the modeling
and control design is shown with experimental and simulated
results using such a sensor configuration.

I. INTRODUCTION
Traditional internal combustion engine (ICE) gas exchange
valve timing is mechanically fixed with respect to crankshaft
position. This timing determines when the valves open and
close, thereby affecting the air-fuel mixture and exhaust flow.
Since timing cannot be easily altered without significant
engine modifications, a compromise between low and high
engine speed efficiency is usually assigned [1]. A promising
method of improving efficiency is through independent control of gas exchange valve timing. Although variable valve
timing (VVT) has been recognized as a potential method to
improve ICE performance as early as 1899 [2], relatively
low fuel costs and emissions standards have not warranted
the added engine complexity and cost. Recently however,
a confluence of increasing fuel prices, stringent emissions
standards, efficient power-electronics and affordable microprocessor and sensor technologies have motivated researchers
to investigate the viability of variable valve timing methods.
These include electrical motor [3], [4], pneumatic [5], [6],
hydraulic [7], [8], and solenoid valve actuators [9], [10].
Solenoid actuators offer advantages over other actuator types
with respect to precise regulation of transient cylinder charge
and energy efficiency. Such actuators are generally comprised
of a linear-moving armature between two flat pole face Ecore magnets and two preloaded springs as described in [11].
Other solenoid designs include hinged or clapper-type
configurations [13], [14], such as the prototype used in this
work. An example of a typical hinged solenoid actuator is
shown in Figure 1. The armature is mechanically linked
between a torsion bar and linear compression spring. These
springs are used to provide rapid flight times, overcome
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Fig. 1.

Hinged Electromagnetic Gas Exchange Valve Actuator [12]

significant combustion pressures and minimize the necessary
electrical energy input. Pole geometry is considered ‘U’
shaped and both the armature and core are fabricated from
laminated steel for eddy current suppression. One of the
primary remaining challenges of production implementation
of an electromagnetic valvetrain (EMV) is the achievement
of soft valve landing, particularly while subject to practical
engine constraints. Armature and valve seating velocities of
0.1m/s are required to prevent premature engine wear and
excessive acoustic emissions. It is also critical to minimize
the valve transition time. Ideally this time should not exceed
5ms in order to accommodate a sufficiently high engine
speed. It is also expected that a maximum excitation potential
of 42V, the new on-board standard, will be available. To
satisfy these performance and operating constraints, closedloop control is required [15], [16], [17]. Closed-loop control
is also necessary to compensate for system uncertainties
including large disturbance forces from combustion pressure
and parameter variation due to temperature change and component wear. Upon identification of system dynamics and
control performance objectives, bandwidth and resolution
requirements of a feedback sensor and/or output estimation
method may be specified. In this article, an overview of

proposed feedback techniques are presented along with preliminary simulation and experimental results of an alternative
cost-effective method of flux-based position measurement.
Unlike other applications where flux is a control state, such
as induction motor control, here position and velocity are
required for control constraints and trajectory tracking.
II. F EEDBACK C ONSTRAINTS AND P OSSIBLE S ENSOR
C ANDIDATES
Due to the low-impact speed requirement of the valve
and significant combustion pressure fluctuations, a means
of accurately sensing armature or valve position is required
for feedback control. In [15] it was demonstrated that a
sensor accuracy of at least 10µm is required. Presently, a
sensor with this accuracy over a 8mm stroke length is either
too expensive, unsuitable for under-hood environments or
otherwise unfeasible for on-board control. In addition, the
sensor response speed must not limit the control system
and consequently stability. Therefore, the sensor must
have at least an equivalent response or bandwidth of the
actuator system. Methods of state reconstruction through
external valve and/or armature-based position measurements
have been documented. These include position or velocity
measurements via linear variable differential transducer
(LVDT) [18], laser [19], [20], [21] or eddy current
displacement sensors [22], [23].
Although these sensors provide sufficient precision, accuracy
and response, efforts are being made to develop alternative
cost effective sensors or sensing methods with equivalent
performance. These include the flux-based coil type [24],
[14], [25], [26], [27], [28], observer based [29], [30] and
self inductive [31], [32]. In the latter cases, it is proposed
that the driving coil itself be used to relate the measured
rate of change of induced coil current to the armature
position and velocity. This may be done by momentarily
deactivating the drive coil and relating velocity-induced
currents to position. However, this method is susceptible
to noise and signal processing challenges in addition to
temporary loss of control authority [31] and thus potentially
compromising tracking performance.
Observer based state reconstruction makes use of the
measured current signal and estimated initial state
conditions to predict plant output. Such schemes are
sensitive to initial state estimates and require high gain for
the relatively rapid estimation convergence required, making
them prone to instability when subjected to excessive noise
or disturbances. Thus, they are perhaps better suited to
compensate for relatively slow parameter variations with
adaptive feed-forward control.
Another feedback system demonstrated uses a microphone
to adaptively improve impact speeds from sound intensity
measurement [33]. Although proven successful in laboratory
testbench experiments, such a sensor scheme is likely not
practical in an engine environment due to associated sensor
cost, multiple valves in operation and other acoustic sources.

III. F LUX S ENSOR
Flux-based coil type sensors such as proposed in [25],
appear to be a promising method of achieving a low-cost
yet high-performance position measurement. The system
incorporates a secondary sensor coil concentric to each of
the opener and closer magnet drive coils. These sensor coils
are terminated across high impedance analog integration
and amplifier circuits. The circuit output signal can thus
be related to magnetic flux. Using this signal with the
drive current signal, position may be predicted through an
inductance model. In the case of devices with variable air
gaps such as solenoid actuators, the inductance is highly
dependant on armature and hence valve position. Thus, any
time-varying magnetic field produced by the excitation coil
will induce an electromotive force (EMF) in the secondary
coil as predicted by Faraday’s law of mutual inductance. To
account for analog drift, each channel is calibrated prior to
excitation and the integration hardware is reset externally
when the armature is at the opposite pole face of the coil in
use. The reset of the integrator is particularly effective due
to the periodic motion of the valve.
A. Nonlinear Inductance Model
As a means of providing an accurate model of the
physical system, magnetic material saturation is considered.
Saturation effects will be present at high magnetomotive
force (MMF) values, particularly at small armature/pole
face air gaps and/or high current excitation [34]. Control is
expected to be executed while the system is at such operating
conditions.
The following function is intended to approximate the flux
linkage response with magnetic material saturation [35]:
λ(x, i) = ψ(1 − e−ig(x) )

(1)

where i and xǫ[−4 4]mm represent coil current and armature
position respectively and
β
+ α.
(2)
κ−x
A valve position of x = 0 corresponds to a mid-stroke valve
and armature position. Using this form, the parameters ψ,
β, κ and α are solved using a nonlinear least squares fit to
FEA simulated data [34].
Assuming the sensor coil is measured with high impedance
circuitry, resistance of the flux loop is negligible and the
induced voltage due to a change in excitation current or flux
may be expressed as:
g(x) =

vsc =Nsc

dφ(i, x)
Nsc dλ(i, x)
=
,
dt
Nec dt

(3)

where vsc is the induced voltage in the sensor coil, dφ
dt is the
flux induced potential and Nsc and Nec are the respective
number of turns for the sensor coil and excitation coil.
In practice, the induced voltage is integrated (analog) and
sampled. Thus, the integrated result may be expressed as:
R
vsc dt
λ =Nec (φo +
),
(4)
Nsc

where φo is the initial flux condition prior to integration.
Using the derived flux model, a relationship between current,
flux and armature position is of the form:
βi
R
x=
+ κ (5)
αi + ln(1 − Nec (φo + vsc dt/Nsc )/ψ)
Although the induction model appears sufficient for analytic control design, improved position accuracy has been
observed through the direct use of FEA generated position,
flux and excitation data in a look-up table algorithm. Note
that a position measurement can only be observed with a
non-zero current being applied. Current must be non-zero in
order to satisfy controllability conditions [35].

B. State Space Model
1) Electrical Subsystem: The hinged actuator electrical
domain may be represented by an RL circuit described by
Faraday’s law of induction and the following KVL equation:
v =iR +

dλ(i, x)
dt


β
β
di
=iR + ψe−i( κ−x +α) (
+ α)
κ−x
dt

βi
dx
+
,
(κ − x)2 dt

(6)

with applied voltage, v, and excitation coil winding resistance, R.
Solving for rate of change of current yields:
β

di
−βψiẋ + ei( κ−x +α) (κ − x)2 u
=
dt
ψ(β + α(κ − x))(κ − x)

(7)

where the input, u, is defined as u = v − iR.
2) Mechanical Subsystem: The nonlinear inductance
model in (1) is used to develop a relationship between
magnetic force, air gap and current through co-energy [36].
To derive the co-energy of the system, Wc , flux is integrated
with respect to current i:
β
β
ψe−i( κ−x +α) 
Wc (x, i) =
κ + ei( κ−x +α) (βi
(8)
β + α(κ − x)
+(−1 + αi)(κ − x)) − x))
Differentiating Wc with respect to x yields the expression
for magnetic force:
∂Wc (x, i)
∂x
β
ψe−i( κ−x +α)
=
(−βi + (−1
(β + α(κ − x))2 (κ − x)

β
+ei( κ−x +α) − αi)(κ − x)

Fm (x, i) =

(9)

Applying Newton’s second law, valve motion as a function
of magnetic force, torsion bar force and viscous damping is
derived:
ẍ(mv +

Io
b̂
k̂
) + ẋ(bv + 2 ) + x(kv + 2 )
ℓ2v
ℓv
ℓv
Fm (i, x)ℓm
+ Fv + Fg =
,
ℓv

(10)

where:
• mv is the effective valve and moving spring mass
• ℓv is the radial distance from the armature pivot point to
where the longitudinal armature and valve axes intersect
• Io is the armature and torsion bar moment of inertia
about the pivot point
• bv is the viscous damping coefficient associated with
the valve
• b̂ is the viscous damping coefficient associated with the
armature
• k is the valve spring constant
• k̂ is the angular torsion bar spring constant
• Fv is the valve spring pre-load
• Fg is the time and position dependant gas force acting
upon the valve
• Fm is the magnetic force on the armature
• ℓm is the radial distance from the armature pivot point to
where the resultant magnetic force acts on the armature
Letting x̄ = κ − x and substituting the expression for
magnetic force, (9), into (10) results in:
ẍm + ẋb + xk + Fv + Fg
(11)


−i( β
+α)
β
ℓm ψe x̄
=
−βi + (−1 + ei( x̄ +α) − αi)x̄ ,
2
ℓv (β + αx̄) x̄
with m = mv +

Io
ℓ2v

representing the effective system mass,

k̂
ℓ2v

the effective spring constant and b = bv + ℓb̂2
k = kv +
v
the effective damping coefficient.
Note that the magnetic force, Fm , considers only a single
magnet in isolation. This assumption is considered reasonable due to the high permeability of the armature and, since
in practice, only one coil is active at any time. Sufficiently
small angles are assumed such that sin θ ∼ θ since θ is
limited to less than | ± 7o |. Note that external forces such
as those caused by gravity, engine and vehicle dynamics are
considered negligible.
Finally, defining the state vector x = [i x̄ ẋ]T results in the
following nonlinear state space model


−βx3
0
0
(β+αx2 )x2


0
0
1 x
f (x) = 
(12)

β

−x (
+α)
−ℓm βψe 1 x2
k
b
−m
ℓv m(β+αx2 )2 x2
m

0
0
+
(Fv +Fg )
−κk
−
m
m

β

−x1 (
+α) 
x
2
x1 ( xβ +α)
ℓm ψe
,
2
+ ℓv m(β+αx2 )2 −1 + e
− αx1
 x ( β +α)

e


g(x) = 

1 x
2
x2
ψ(β+αx2 )

0
0


 u,

(13)

and the output equation:



x1
h(x) = [0 1 0]  x2  .
x3

(14)

B. Reference Trajectory Design

Note that this system is in control affine form
ẋ = f (x) + g(x)u

(15)

y = h(x)
IV. F LAT O UTPUT L INEARIZATION
It can be shown that the nonlinear induction plant model
is differentially flat. A system may be considered (differentially) flat if the state(s) and input(s) may be expressed
explicitly as a function of the output(s) and a finite number
of output time derivatives. This endogenous feedback results
in an equivalent linearization and thus linear tracking error
dynamics are attainable for a closed loop system [37], [38].
As was done for a linear actuator in [23], [35], a voltage
control scheme is derived for the hinged actuator (coil
dynamics are invoked so that voltage is the control output).
A. Voltage Control
With reference to the nonlinear induction plant model
defined by (12) and (13), armature position, x2 , may be taken
as the plant flat output, y. As a method of incorporating coil
dynamics in the flatness control scheme, voltage is sought
as the differentially flat plant input. Taking consecutive time
derivatives of the position output, y, yields the following
relationships:
ẏ = ẋ2 = x3

(16)
b
k
(Fv + Fg )
ÿ = ẋ3 = − x3 + (x2 − κ) −
m
m
m
β
ψe−x1 ( x2 +α) 
x ( β +α)
+
−βx1 + (−1 + e 1 x2
2
(β + αx2 ) x2
−αx1 )x2 )
y (3) = ẍ3 = −

b
k
Ḟg
Ḟmag
ÿ + ẏ −
+
m
m
m
m

V. E VALUATION OF F LUX S ENSOR P ERFORMANCE
Prior to experimental testing, the flux-based position sensor was evaluated in simulation using both the derived
analytic function and FEA data in look-up table form.
A. Modeling
A MATLAB Simulink model capable of directly using
experimental and ANSYS simulated data to predict the
hinged actuator behavior has been designed. A similar model
has been validated experimentally (including an eddy current
model) for a linear-motion VVT actuator while undergoing
an opening cycle as shown in [34]. The model is particularly
useful for predicting controller performance while using the
flux position sensor and velocity estimation. The model
may be considered a hybrid FEA-analyitc lumped parameter
model as, technically, it is neither but incorporates elements
of both in an attempt to use the accuracy of a field solution
with the relative computational simplicity of solving a system
of ODEs. Thus, it has greater accuracy than a strictly ODE
based model, but is not amenable to analytic control design.
Rather, its primary purpose is to simulate the experimental
conditions for evaluating control performance with modelexperiment mismatch.
B. Simulated Controller Performance

where
β
1
(βe−x1 ( y +α) ℓm ψ(
(17)
ℓv y 3 (β + αy)3
− x1 y(β + αy)3 ẋ1 + (β 3 x21 + 2αβ 2 x1 (−2αx1 )y 2

Ḟmag = −

β

+ 2α(−1 + ex1 ( y +α) − αx1 )y 3 )ẏ)).
Finally, voltage may be determined as a function of armature
position (and subsequent time derivatives) and current by
replacing ẋ1 with the expression for coil dynamics given in 7.
Note that a singularity occurs for zero current, i = x1 = 0).
If y (3) is chosen as:
y (3) = −k1 (y − yr ) − k2 (ẏ − ẏr ) − k3 (ÿ − ÿr ) + yr(3) ,
where yr represents a reference trajectory. Defining tracking
error as, e = y − yr , the following exponentially stable
tracking closed loop error dynamics are rendered:
e(3) + k3 ë + k2 ė + k1 e = 0

Upon control law derivation, optimal reference trajectories
are sought subject to physical and practical constraints.
The MATLAB optimization routine fmincon.m is used to
optimize B-spline coefficients used to parameterize a fifth
order trajectory set subject to physical constraints. A model
based cost function is used to minimize electromagnetic
force. A detailed description of the method is provided in
[35] for a linear actuator.

(18)

In practice, the inductance of the magnetic response is
sufficiently high so that voltage may be regulated through
interpreting the controller output as a high frequency PWM
duty cycle (42V corresponds to 100% duty cycle).

Using the derived flat output voltage controller and reference trajectories, initial simulations were conducted contrasting full state feedback (FSFB) performance with state
estimation via flux-based FEA look-up tables and Kalman
filtering (position and velocity respectively). Position and
velocity estimates are sampled with a zero order hold to approximate digital sampling. Figures 2 and 3 indicate mechanical and electrical response respectively. When position and
velocity reconstruction was used, the landing performance
was degraded with respect to impact speed, landing time
and energy input. However, the results obtained still satisfied
the respective performance constraints. In addition, analytic
and FEA-based sensor performance is contrasted with FSFB
results in Figure 4. It was observed that for regions closer
to the pole face, the analytic and FEA-based estimates were
nearly identical. In fact, analytic model accuracy could be
improved by fitting to selective operating regions. In the case
shown, the fit was performed over a region not exceeding
4mm away from the pole face and at current levels of less
than 15A (where landing control is generally implemented).
Simulated analytic error was in excess of 0.20mm for air
gaps greater than 3mm. In contrast, the FEA based results
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Fig. 2. Nominal landing controller dynamic results with FSFB and flux
based position feedback
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exhibited a maximum error of approximately 0.08mm over
a range of 6mm (region where current is non-zero) and was
at least partially attributed to zero order hold sampling.
VI. E XPERIMENTAL F LUX S ENSOR P ERFORMANCE
A preliminary experiment was established in which the
flux-based position reconstruction algorithm was tested with
basic PI landing and open-loop feedforward control. The
actuator and valve are mounted to an actual single cylinder engine head for realistic tests. Armature position was
compared to the valve position which was measured with
a optoelectronic laser displacement sensor (resolution of
6µm and integration time of 200µs). Without calibration,
the FEA results, measured flux and current signals were
used in the landing control algorithm as shown in Figure
5. Assuming no dynamics between the armature and valve,

1
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4

5

6

7

Time [ms]

Fig. 5.

Experimental FEA flux-based position estimation (closing)

the average absolute error over a 4mm range was 0.04mm
with a maximum of 0.4mm at a distance of 5mm from the
pole face (and feedforward currents less than 5A). However,
it should be noted that the difference in laser position and
reconstructed position may in part be caused by the flexible
lash adjuster and/or the laser response (set slower for a clean
signal). In addition, it is suspected that this performance can
be further improved through online calibration.
VII. C ONCLUSIONS
A brief discussion of displacement sensors has been presented in contrast with a flux-based position measurement
scheme. This displacement sensor offers a practical and
economical method of predicting armature and valve position
for closed loop landing control. By conducting numerical
simulations, the method accuracy may be improved over analytic function approximations as shown through simulation.

In addition, preliminary experimental findings suggest that
with further refinement, the sensing technique is feasible
for flatness-based landing control with respect to the control
objectives.
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