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Modeling of Automotive Gas Exchange Solenoid
Valve Actuators

Ryan R. ChladnyStudent Member, IEEE;harles Robert Kochivlember, IEEE,
and Alan F. LynchMember, IEEE

Abstract— A promising method for enhancing automotive en-
gine efficiency uses solenoids to directly control the gas exchange
valves of an internal combustion engine. A FEA (Finite Element
Analysis) model is developed to describe transient and static op-
eration of the valve. The FEA model is validated by experimental CLOSER
testing on an actual automotive prototype valve. We show that a
nonlinear lumped parameter model which uses FEA results also IRON
closely matches experimental data. The lumped parameter model
is amenable to optimization of design and can be readily used for
closed-loop simulation. A simplified lumped parameter model is opeNER
presented to facilitate controller design. Finally, a dynamic open- IRON
loop simulation is compared with experimental results.
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I. INTRODUCTION

T has been known as early as 1899 that having independent
control over the timing of gas exchange valves of an
internal combustion engine (ICE) can improve efficiency and
performance [1]. Standard ICEs with fixed camshaft timing
must compromise between low and high engine speed effi-
ciency. Currently, a number of variable valve timing (VVT)
actuators have been implemented on laboratory engineseThe
technologies include electrical motor [2], pneumatic [,
hydraulic [5], [6], and solenoid actuators [7], [8]. Many of & %
these approaches cannot provide sufficiently fast and g@eci
control of cylinder charge during engine transients. An ex-
ample of where the importance of transient cylinder chargalvetrain [10], there is an immediate improvement of 18420
control is critical occurs in combustion modes such as hin fuel economy through volumetric efficiency enhancement
mogeneous charge compression ignition in spark ICEs. Afone [11], [7], [12]. We expect the actuator used in this
example of a solenoid actuator is described in [9] and showaper will have similar performance and energy consumption
in Figure 1. Solenoids offer flexible valve timing resultingharacteristics. The efficiency enhancement afforded by an
in precise regulation of transient cylinder charge. Powet-¢c EMV should be dramatic enough to motivate further research
sumption, efficiency and consumer cost often provide the enabling and cost sensitive fields such as power-eldécgpn
primary motivation for the development of new technologiesensors/controls and microprocessors [13], [14], [15].[In
The electromagnetic valvetrain (EMV) is no exception. Aladdition, higher efficiency of the actuator itself can baiattd
though a production EMYV, including the associated powefirough improved control strategies [17]. Efficient cohimb
electronics and generator, is estimated to increase thasifiar solenoids must also address a number of challenging prablem
engine load by 1% over a conventionally driven cam-rollefommon to most VVT approaches. Active control is required
) ) ) to prevent excessive valve seating velocity, prematurer wea
Manuscript received September 26, 2003; revised Septemh&(0R4. . . . .
This work was supported in part by the Natural Sciences argingéering and acoustic emissions [18]' [19]' Solenoid valve contsol i
Research Council of Canada, under Research Grant numbeB5282, also a challenge due to nonlinear effects such as magnetic
249681-02. i inties i i ;
The authors would like to thank DaimlerChrysler for the davatbf the saturation and SySter.n uncertainties including large m.sm.ce
solenoid valves. forces from combustion pressure and parameter variatien du
R.R. Chladny and C.R. Koch are with the Department of Mechao temperature change and component weatr.
ical Engineering, University of Alberta (e-mail: rchladny@berta.ca; A number of designs for solenoids have been proposed.
bob.koch@ualberta.ca). . . . . .
Typically the solenoid actuator consists of a linear-mgvin

A.F. Lynch is with the Department of Electrical and ComputegiBeering, ) . ° .
University of Alberta (e-mail: alanl@ee.ualberta.ca). armature with two coils and two preloaded springs as shown in
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Schematic of prototype solenoid valve actuator [9]
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Figure 1. The springs can achieve rapid flight times while-mi
imizing electrical energy input and are essential in overiog

the significant combustion pressures. The electromagmets
required for “catching” the armature at either stroke boun
In addition, they are used to overcome friction and pressL
disturbances. Permanent magnets have also been employe

“catch” the armature at the stroke bounds with electromisgn Actual Opener Core Modeled Opener Core
- . . Inner flux path area = A, Inner flux path area = 1.06A,
providing a release force [20], [21]. Other designs includ ouer flux path area = A, Outer flux path area = 1.01A,

hinged or clapper-type configurations [22].

Existing work on solenoid valve modeling includes methoc
based on reluctance networks [23] and FEA [24], [25], [26
In the reluctance network method, the device flux path
approximated and characterized through material pragsert
and geometry. The result is a magnetic circuit in whic
each of the distinct device regions constitute an eleme
Solving the circuit allows for the calculation of flux densit
in any_part|cu_lar region from which a mechanlcal force ca Mok Closer o Modeled Closer Core
be derived. It is often difficult for such models to includexflu  Inner flux path area = A, Inner flux path area = 1.05A,
fringing, leakage, and material saturation. FEA-basedehod  Outer flux path area = A, Outer flux path area = 1.01A,
ing approaches usually do not simultaneously predict idect Ei
magnetic, and mechanical responses. Even using software
where this is possible [27], the computational time requfoe

obtaining the system response is impractical. For thisorgas . .
this paper demonstrates the advantage of incorporating FEJ§ Stroke as well as overcoming friction and pressure force

in a LP (lumped parameter) model which accurately predic-g‘e mechanical system of the actuator can be considered as a

the system response and can be readily used for controlrdedIgfSS-SPring oscillator with an undamped natural frequeficy
or solenoid optimization. approximatelyl50 — 200 Hz. This resonant frequency largely

This paper is organized as follows: Section Il describes tR§t€rmines the duration of valve flight (damped period oibo

prototype actuator and its FEA model for simulating steadys) @nd is a function of the desired maximum engine speed.
state (fixed position and constant current) and transieht vd" @ traditional cam-driven valvetrain, the valve flight énand
ages at a fixed armature position. In Section Ill, FEA resultdning are directly proportional to engine speed. In theeoais

are incorporated into a LP model. Next, a simplified LP mod@ S°lenoid actuator, these properties are independengofeen
which is convenient for control design is derived. Sectign |SP€€d and position. The natural frequency of the actuator
compares the transient responses for the LP and FEA mod&R1sidered here is selected for a maximum engine speed of

Section V contrasts a dynamic simulation with experiment@P°ut5500 RPM. A constant lift trajectory independent of
data. Finally, conclusions are drawn in Section VI. engine speed adversely affects engine performance at low
RPM. Efforts have been made to address this issue through

partial opening of the valve or “mini-lift” at lower engine
ll. FEA MoDELING speeds [29] and cylinder deactivation [7], [30]. The cord an
A. Actuator Description armature of the actuator used in this study are comprised of

A prototype actuator similar to the one described in [9] an%jliqon—steel sintered-_powder _meFaIIl_Jr_gicaI castingke Tine
shown in Figure 1, has been donated by Daimler-Chrysles Tﬂram_str_uct.ure of this mgtgrm_l |nh|b|t§ eddy currents.eTh
linear actuator is characterized by a short stroke, smadjap, €O 1S liquid gopled to minimize ohmic losses and thermal
and flat pole and armature geometries. The flat-face, shdigrameter variation. The silicon steel has a conductivity o
stroke properties allow for faster response at larger 6msgaapprommatelyl.4 MS/m and a relative permeability af00.
in addition to stronger holding forces due to increased flux . )
density. Although a variety of pole and armature geometri€s Modeling Assumptions
are conceivable (such as conical or I-shaped), the flat-faceTwo dimensional representations of the opener and closer
offers a large surface area and minimal fringing for maxare separately modeled assuming vertical symmetry to mini-
mum force density [28]. Other configurations such as conicalize model complexity and computational time. This assump-
pole/armature interfaces produce greater fringing, tieguln  tion implies that the actuator has a cylindrical as opposed
a more linear force-position relationship but sacrificecéor to its actual elliptical cross-section. Figure 2 illuséstthe
density. Another key design characteristic of the protetymctual and modeled cross-sections (normal to the air gap
actuator is the use of two preloaded linear compressiflax path) that will most influence force estimates. Using
springs. These springs are used to achieve rapid flight tintd3 axisymmetric geometry for the 3D actuator assumes that
while minimizing electrical power input by storing kineticfringing in the corners of the back iron and armature, and the
energy during valve deceleration. Thus, the electromagnetore complex 3D eddy current paths during transients, are
are only required for “catching” the armature at either ehd megligible. The above simplifications will be shown to have

|

2. Contrast of actual vs. modeled actuator flux path eedreas
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TABLE |
AIR GAP AND EXCITATION OPERATING POINTS

Air Gap [mm]
Infinite Elements

Surrounding Air
004 008 015 020 030 040 050 0.60 Region

080 100 150 200 3.00 4.00 6.00 8.00

Coil Excitations / MMF [Ampere-turns] Actuator Region

50 100 150 200 250 300 400
500 600 800 1000 1500 2000 2500
3000 3500 4000 4500 5000 5500 6000

Flux Parallel BC &
Axis of Symmetry

modest effect on model accuracy; less than 13% error. C
model considers only the opener component without modelil
the closer. We ignore the closer due to the high permeabil
of the armature and since in practice only one coil is acttve a

any time. Fig. 3. Static model elements and mesh
C. FEA method Surrounding —1
. i Air Region
We apply an FEA method which uses a magnetic vect
Back Iron

potential [27]. This method is used for static and transiegggio,

analyzes with a quasi-static limit. The following Maxwell
equations are used: Coil Region —__|
V. B = 20 L)
€0
V x B(r,t) = ,ugg(;, t) t (2) Qggiaotxre ?1
VxE(r,t):—% ©) £
V-B(r,t)=0 4)

Where E is electric field, B is magnetic flux densityJ is

current densityu(H) is the scalar field dependent magneti

permeability (isotropic material assumed),is volumetric

charge density, ane, is electric permittivity of free space. Fig. 4. Close-up of static and transient model elements and mesh
Denoting magnetic field intensity byd and electrical

conductivity byo we have

uw(H)H =B, J=0E (5) each of the operating points listed in Table | for a total 08 33
. . . . static solutions. The operating points were selected twigeo
to describe material behavior assuming no temperaturendepg e atively smooth force and flux relation as a function of ai
dencg or relative motion. . ap and current. A higher number of data points are required
Using (1)~(5) and a Cqulomb gauge F:ondmon, the FE r a smooth data set at low air gaps due to the dramatic change
software solves the following three equations: in magnetic flux and force in these regions. Similarly, due to

—V2A = u(H)J(r,1) material saturation, a higher resolution of data is requae
0A lower excitation. Mesh refinement is determined by inspecti
V- (E — VP> =0 as well as by ensuring force and flux convergence with respect
to an increase in element density. In order to prevent el&snen
0A 1 9 . : . )
—  —— _V?A+0VP=0 with poor aspect ratios, active mesh control was estaldighe
ot u(H) the back iron, armature and air gap regions in addition to the

Where A denotes vector magnetic potential afddenotes model boundaries. The default auto-mesh generator was used
the electrical potential. In the case of axisymmetry, thetse to mesh the remaining regions with the finest mesh refinement
potential A has only one nonzero component. possible. In order to ensure appropriate element densitids

1) Static Modeling and SimulationStatic models of the shapes at extreme armature positions, a linear function was
opener and closer are created. For each operating point, aged to control the element mesh in the air gap region over
propriate geometry, mesh, material properties, boundany c the 8 mm range of motion.
ditions and current excitations are set and the resultingefo  For both iron and air regions, 2D quadrilateral elementk wit
and flux data saved. Results for the opener are determineddomagnetic potential degree of freedom are used. Figures 3
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Fig. 5. Schematic of the solenoid actuator valve
9 A. LP Model

A schematic of the system is shown in Figure 5, and the

and 4 illustrate a typical element mesh over the armatu@cuit used to model the electrical subsystem is shown in
air and back iron. A single layer of boundary elements fg'9ure 6. Circuit analysis and Newton's law gives:

used around the perimeter of the model (excluding the axis ax . O\ 6
of symmetry) to model far field decay. These infinite elements a v Re (ic +1ic(A, @) ©6)
use shape functions which require the magnetic potentia¢to dic 1 . ) )

zero at infinity. Coil excitation is applied directly to theit dat L, (v = Relic +ic(X, ) — Ree )
elements in the form of current density. Nodes located on the mi = Fp(ic(\, 2),2) + Az, %) (8)

line of symmetry are constrained to zero magnetic potential

(flux parallel or Dirichlet boundary condition). Validityfo Wherewv is the input voltage applied to the coil. is the
the model is assessed by comparing simulation results 'gsistance of the coili. is the coil current, and\ is the
experimental measurements (see Section IV-A). flux linkage. To model eddy current effects, a parallel bhanc

2) Transient Modeling and SimulatiorThe transient be- ncluding a resistorR. and inductor L. is included with

havior of the model is determined by applying a voltage st rrent flqwing in this branch denoted by. _We rema_rk
at velocity induced eddy currents are not included in the

at a constant air gap to a quasi-static transient FEA model- > !
A step voltage is chosen as it is a typical output waveforfodel for several reasons. The estimated skin depths caused

of driver circuits [31], [32], [8]. Quadrilateral elementsith by transient coil currents are approximatélynm while those

additional EMF and current degrees of freedom are used fdicted by armature velocity exceed the core dimensions.
circuital excitation and to account for transient effectmts P nysically, this is to be expected as velocities are reigtiv
as eddy currents. A voltage source, resistor, and strand®y ,(< 0.5 ms) n the regions close to the pde faces, Whgre
coil element are modeled to excite the actuator finite el8i0tion control is executed. The assumption that transient
ment domain. The circuit elements are not part of the fiefiCitation losses are dominant in contrast to those induced
solution. Rather, the stranded coil element’s current aliE E by armature motion is validated with empirical observation
degrees of freedom are coupled to the coil elements in tﬁeSectmn V. Friction and spring force effects are included

actuator domain. The coil resistance, assumed independ@nt"l(x’j) = —(ksz + Bi), where ks is the restoring

of temperature, is accounted for through the geometry of tfR§C€ due to both springs with an effective stiffness B
§ Vviscous frictional force of the mechanism, and is the

FEA and the specified conductivity of copper. An approximat . X :
step waveform voltage, measured from an actual experimefifective moving mass. The magnetic force exerted on the

was applied to the FEA model for ease of comparison wiffmature is denoted by, (i., z). Steady state FEA results
experimental data (see Section IV). provide magnetic force and flux linkage data as a function of

2 andi, and the evaluation of (6)—(8) is accomplished using
lookup tables. The parametels and L. are determined from

[1l. N ONLINEAR LUMPED PARAMETER MODEL transient FEA step voltage simulations.

The LP model is an ordinary differential equation whiclB. Simplified LP Model
facilitates prediction of system performance without thene 110 | p model (6)—(8) is further simplified by assuming

putational burden of FEA. The LP model will be shown tg,, magnetic saturation, leakage flux or eddy currents. These

provide reliable system trajectories once it is parameger ,qqmptions result in the electromagnet having an indoetan
using static and transient FEA results. The armature POSitiof the form:

of the solenoid valve system, shown schematically in Figyre L(z) = 283/(k — 2)

is denoted by: and the origin of thec-coordinates is defined

at the midpoint between the two coils. The armature Wheres and x are related to the number of turns, area and
mechanically constrained to move an € [—4,4] mm. As lengths of the flux paths, and magnetic permeabilities of the
mentioned before, only one coil in isolation is considered. air and iron core of the coil. Again it is assumed that this
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Fig. 8. Schematic of the experimental setup
Fig. 7. Experimental setup

A. Static Experiments

model has no coupling between the coils. The fofég is For the steady-state force, constant current was inputeto th
obtained by differentiating the coenergy function coil. To avoid overheating the coil, excitation levels ansited

to 40A. The static force results are plotted in Figure 9 asdin
of constant mmf. This nonlinear force response is indieativ
of the flat pole face armature actuator type. Experimental
results beyond: = 4 mm are not included due to load cell
resolution at low loads. At higher values of mmf in Figure 9
the curves shown deviate fromii2/(x — )% in (9). This
deviation indicates onset of magnetic saturation [35].

Wa,i) = /0 Ao, €)de

with respect to position, wherg(z,i) = L(z)i is the flux
linkage of the coil, and = i. is the coil current. Thus, the
force equation is:

L oW, L ON Bi?
Fin(2,4) = 5 ~(,1) = | g (- €)dE = o) (9) B. Transient Experiments

In order to validate the accuracy of the FEA model results

Substituting this expression into Newton's law (8) gives: to voltage transients, several experiments are condubtad t

I Az, 2) measure actuator force and current response to a voltage pul
Ly +— (10) input. A 1.5 ms voltage pulse is applied to the coil while
the armature is held at a constant position using a material
The differential equation fof is: testing machine. This process is repeated with increasitsgp
di ki ‘ i amplitudes of24 V, 42 V, and50 V over the full range of air
&= 2 (v— Ri) + - (11) gaps. As shown in Figure 10, experimental results are used

as an input to the simulation. The experimental and simdlate
The parametersk, m, B, and k, can be readily measuredcurrent and force are compared in Figures 11 and 12 foba
from the system. Parametetsaand 5 are obtained from a leastms, 42 V pulse at a fixed air gap di.5 mm.

squares fit to the force data obtained from the FEM model The small oscillatory response of the experimental force
described in Section Il. Relative to (6)—(8), the simplifiedurve shown in Figure 12 suggests a resonant mode of the
model (10) and (11) is amenable to model-based contedtuator or load cell structure due to the applied load pulse
methods [33]. Video images of the experiments reveal significant armature
deflection, resulting in a nonuniform and smaller average ai
gap. Thus the measured peak forces are approximately 13%
higher than the FEA predictions.

To validate the FEA and LP model (6)—(8), steady state andSimilar results for other air gaps also show close agreement
transient measurements are performed [34]. The experahertetween simulation and experiment. At air gaps less than
setup is shown in Figures 7 and 8. A 50 kHz pulse widtmm, the impulse force resulted in the armature to contact the
modulation (PWM) current controller was used to regulaté cqole face. Correct force measurements could not be obtained
current. for such positions.

IV. EQUIPMENT & EXPERIMENTAL SETUP
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Fig. 10. Measured and input voltages ms, 42 V pulse at0.5 mm air gap

Fig. 12. Armature force response to4d V, 1.5 ms voltage pulse ab.5
mm air gap

Three input voltage waveforms of different amplitude were
investigated — see Figure 13. The resulting FEA and ex- ) .
perimental currents and forces are compared in Figures 98P €xperiment. In addition to eddy current and electrome-
and 15. The results show close agreement between FEA &h@nical modeling, the simulation also includes a simplifie
experimental data. power electronics model. The power electronics are mod-
eled using the Matlab/Simulink SimPower Systems toolbox
and circuital physical parameters provided by the compbnen
manufacturers’ specifications. The experimental test pequi
A complete dynamic simulation using the developed hybrishent and setup is described in [34]. Figure 16 illustrates
FEA/LP model is implemented and contrasted with an opd¢he model performance of the opener magnet in contrast to

V. DYNAMIC SIMULATION
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Fig. 16. Dynamic simulation and experimental results of thenepenagnet

circuital idealizations, account for the differences intage
and current signals. Despite these idealizations, thelation
and experimental results are close, suggesting that thikeino
can be used to evaluate control strategies accurately.

VI. CONCLUSION

control is implemented and the armature is simply releasedThe nonlinear uncertain dynamics and stringent perfor-
from the closer magnet and caught with the opener usingance requirements of solenoid valve actuators make mod-
a constant current command. The simulation experimentaéling and control of these devices a challenging problem. In
measured inputs are the digital signals used to switch tlualc this paper a FEA model is used to generate experimentally
power electronics and the initial closer holding curredtiga accurate static force and flux data as well as voltage tranhsie
In this instance, the supply voltage was switched betwedata for a real prototype actuator. The static force and faia d
+42V. The power supply simulated is ideal, which, along witlef the FEA model is used in a LP model which includes eddy
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current effects. The trajectories of the FEA and LP modeds gp4] J. Brauer and J. Ruehl, “Coupled nonlinear electroméagread struc-
shown to be in good agreement with experimental results. A

simplified model of the solenoid actuator is described. I§ina (55

a dynamic simulation using the FEA derived LP model is

contrasted with an open loop test case. Our results indic

that the FEA-based LP model (6)-(8) can be used as
plant model for simulating model-based control algorithms
Future work will concentrate on using the developed modd?s?]
for controller design and implementation on a single-ajén
research engine.
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