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Abstract

Increasing demands on the performance of internal combustion engines, specifically au-

tomobile engines, require the production of more mechanical energy for a given amount of

chemical fuel with reduced tailpipe emissions. Of particular interest in the development of high

performance/low emission engines is the control and timing of individual engine valves. This

paper investigates the design of an innovative piezoelectric ceramic (PZT) based actuator

mechanism with a novel stepping motion amplifier to deliver force and displacement at higher

magnitudes and operating frequencies. The target application is an engine valve train which

traditionally uses cam-based lifter driven rocker arms to regulate the cylinders� intake and

exhaust valve motion. The proposed PZT-based actuator mechanism introduces a high fre-

quency, lightweight, precise position solution for cylinder-by-cylinder variable valve timing.

Numerical results are provided to demonstrate the feasibility of a PZT-based/camless valve

train. The new valve train demonstrates similar cam-based performance characteristics while

enabling computer controlled individual valve timing opportunities.
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1. Introduction

Increasing demands on the performance of internal combustion engines, specifi-

cally automobile engines, require the production of more mechanical energy for a
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Nomenclature

As system matrix in state-pace equation

am distance between actuator attached point till pivot point in link

ar lever distance from left side rocker to pivot

Bs control matrix in state-pace equation

bm distance between ratchet attached point till pivot point in link

br lever distance from right side rocker to pivot

C s output matrix in state-pace equation
Cc damping between second gear and rack

Cg1 damping between crank and first gear

Cg2 damping between two gears

Clr rocker damping (left side)

Cm equivalent damping coefficient of link

Cp push rod damping

Crr rocker damping (right side)

Cra equivalent damping between link and ratchet mechanism
d thickness of each layer

d33 electromechanical coupling coefficient

E3 electric field in PZT

F force acting on rocker masses due to lever

F0 external force acting on actuator

Fa force exerted by actuator

Fd driving force of valve train

Fs equivalent spring force of PZT
Fv equivalent force of PZT from voltage

Ig1 moment of inertia of first gear

Ig2 moment of inertia of second gear

Ka actuator stiffness

Kc stiffness between second gear and rack

Kg1 stiffness between crank and first gear

Kg2 stiffness between two gears

Kl stiffness between rack and lifter displacement
Klr rocker stiffness (left side)

Km equivalent stiffness coefficient of link

Kp push rod stiffness

Kra equivalent stiffness between link and ratchet mechanism

Krr rocker stiffness (right side)

Kv valve stiffness spring

lra linkage length in ratchet mechanism

L max height of cam profile
M external load mass

Mra ratchet-mechanism output torque

ma mass of actuator
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mc mass of rack
ml lifter mass

mlr rocker mass (left side)

mm1 equivalent mass of link

mp push rod mass

mra1 equivalent mass in slider crank in ratchet mechanism

mra2 equivalent mass in slider crank in ratchet mechanism

mv valve stem mass

n number of stack in actuator
N engine rotation speed (RPM)

r displacement vector

r1 ¼ rra=lra; crank length to linkage length ratio

rra crank length in ratchet mechanism

rg1 first gear radius

rg2 second gear radius

S3 PZT strain

T3 PZT stress
us input in state-pace equation

va actuator voltage

X s state vector in state-pace equation

xa actuator displacement

xc rack displacement

xl lifter displacement

xlr rocker arm displacement (left side)

xm1 link input displacement
xm2 ¼ ðbm=amÞxm1; link output displacement

xp push rod displacement

xra slider displacement in ratchet mechanism

xrr rocker arm displacement (right side)

xv valve displacement

Y33 elastic modulus of PZT

h crank rotation angle

h0 initial crank angle in ratchet mechanism
h1 deviation from initial crank angle in ratchet-mechanism

h0c initial cam rotation angle

hg1 first gear angle

hg2 second gear angle

hra crank angle in ratchet mechanism

/ra link angle in ratchet mechanism

Dt integration time step
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given amount of chemical fuel with reduced tailpipe emissions. Of particular interest

in the development of high performance/low emission automotive engines is the
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control and timing of individual engine valves. One attractive advantage of indi-

vidual cylinder timing is the improvement in engine performance and emissions. The

fresh air/fuel charge filling, and the exhaust gas expulsion out of, the cylinder may be

better tailored for low and high engine speeds. For instance, the cam traditionally
closes the inlet valve after bottom dead center which permits more inlet air to charge

the cylinder. However, at lower engine speeds, the air momentum is insufficient to

overcome the upward piston motion and a portion of the charge is rejected back into

the intake manifold. In this scenario, an electronic valve closure capability would

allow the valve to be shut earlier in the cycle thus retaining more charge and im-

proving the volumetric efficiency.

Traditionally, engine valves are actuated via a cam and rocker mechanism that is

directly driven by the engine (refer to Fig. 1). In this design, the valves open and close
regularly during the pistons� stroke based on the cam rotation independent of other

operating conditions. While the engine performance is acceptable over a wide-range

of operating scenarios, the cam-driven push rods and rocker arms exhibit undesir-

able behaviors as the engine speed increases. Elastic deformation and impact recoil,

especially valve bounce, may lead to unpredictable valve function and poor engine

performance. However, opportunities exist to harness more energy by ensuring that

the fuel mixture fully combusts and transmits a maximum amount of power to the

drive train. By utilizing a valve system that may function independently of the cam
position, the timing of each valve�s opening and closing may be tuned for maximum

power and efficiency in real-time.

With the widespread application of mechatronic concepts to dynamic systems in

recent years, interest has been focused on the substitution of piezoelectric ceramics

(PZT) for conventional electrical motors and actuators (e.g. [3]; [20] and references

therein). PZTs are compounds of lead zirconate titanate and their properties can be

optimized to suit specific applications by appropriate adjustment of the zirconate–
Fig. 1. Typical overhead valve assembly.
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titanate ratio. Their mechanical properties make them ideal for a variety of elec-

tromechanical transducers such as generators (e.g., spark ignition, solid-state bat-

teries), sensors (e.g., acceleration, pressure), and actuators (e.g., pneumatic and
hydraulic valves). These materials initially developed for high-frequency, low dis-

placement acoustic applications, are currently being applied to other mechanical

design areas [6]. Compact and reliable, these actuators are primarily noted for their

large force magnitudes. One very promising application is linear actuation.

The linear actuation market is primarily dominated by hydraulic/pneumatic cyl-

inders and electromagnetic solenoids/shakers. However, several major drawbacks of

conventional hydraulic actuators include the need for a separate hydraulic power

unit equipped with an electric motor and hydraulic pump, fluid transport to the
actuator from the power source, and slower response times (e.g., [4]). Pneumatic

valves and cylinders offer convenient and ‘‘clean’’ actuation, but the available power

density is much lower and the compressible air safety issue must be addressed at

higher operating pressures [10]. Electrical solenoids are commonly used where full-

open/full-closed position is required (e.g., poppet valves). If the pintle position must

‘‘float’’, then a pulse width modulated control voltage may be supplied to the coil.

One of the limiting factors for solenoids is the relatively small actuation force; thus,

significant opposing forces must not be presented (e.g., [18]). In hydraulic systems,
the solenoid force may be magnified through the use of pilot pressures but this

option may be unavailable for other applications. Finally, conventional electro-

magnetic shakers are generally known for their acceptable force and limited band-

width (e.g., [15]).

A promising alternative to conventional actuation strategies are PZT devices.

Many smart material applications require a large force with an accompanying large

displacement. For instance, the active control of helicopter rotors and conventional

flight surfaces require actuation displacements of 0.1–10 (mm) and forces of 10–
10,000 (N). These requirements are often beyond the ability of single stroke actuator

using either a stack or strip PZT configuration. Alternatively, the use of a well-de-

signed displacement amplification mechanism can produce induced-strain actuators

with dynamic output strokes similar to those of conventional actuators [7]. A

compliant mechanism has several potential advantages including displacement

magnification and reduction of backlash/Coulomb friction. However, it presents

several deficiencies in comparison to conventional mechanisms such as the decreased

output force due to the elasticity during retraction. Unfortunately, the bending and
axial stiffness properties for conventional flexure are dependent on the same material

parameters and cannot be independently designed. Thus, the problem becomes a

trade-off between output force and displacement magnification. A review of existing

concepts for PZT displacement magnification reveals that a multitude of methods

and principles can be employed [7]. As shown in Fig. 2, a considerable amount of

engineering experience has been accumulated, since the problem is not limited to

PZT actuator applications.

One exciting approach for PZT actuation is the ‘‘step and repeat’’ motion which
emphasizes the high frequency capability of the piezoelectric materials. Two actuator

examples are the inch-worm linear motor [5] and the piezohydraulic pump [17]. The
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Fig. 2. Displacement amplification concepts for piezoelectric actuators.
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inch-worm actuator is a cylindrical-type design consisting of three piezoceramic

stack actuators and two clamping elements. They operate by incrementally summing

up small micron-sized displacements into a single-large displacement. The limited

induced strain of PZT material implies that one cycle will advance the device only a

small amount, but the cycles may be repeated at least 100 times per cycle allowing

micrometer per second velocities. The PZT pump utilizes a stack actuator to drive

the piston in a miniature hydraulic pump. To compensate for the small stack dis-

placements, system development has focused on the high frequency potential. This
actuator has a 9.5 (mm) bore and achieves a 290 (N) blocking force with a free

translation rate of 8.4 (mm/s). Utilizing a compliant mechanism based transmission,

a piezoelectric stack actuated single-pad drum brake was recently developed [8]. A

significant design component is the compliant mechanism which transmits the PZT

stack actuator motion to the brake pad.

An innovative application for PZT-based actuators is the opening/closing of en-

gine intake and exhaust valves under computer control rather than cam timing.

Variable valve actuation systems offer the potential to improve torque and engine
performance while lowering fuel consumption and emissions due to optimized valve

timing [12]. In 1991, Demmelbauer-Ebner et al. [2] reported on various variable valve

actuation systems including variable cam phasing, variable valve timing, and cam-

shaft adjustment mechanisms with a focus on torque optimization. Morel et al. [14]

investigated variable intake and exhaust cam timing on a four valve engine; results

demonstrated an 11% increase in brake torque. Other studies have focused on op-

timizing variable valve timing for various speeds and loads (e.g., [9]). Wilson et al.

[21] explored variable valve timing using an electro-hydraulic valve actuation system.
In 1995, Stefanopoulou et al. [19] presented a variable cam timing controller to

minimize emissions and respond to rapid throttle changes in fuel injected spark ig-

nition engines. Their analytical work focused on fuel and cam position functionality.

An enhanced model-based feedforward and adaptive feedback controller was in-
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troduced by Ashhab et al. [1] to regulate the cylinder air charge of a cam free multi-

cylinder engine for non-throttled operation.

Despite the recognized advantages of PZT actuation, and personal insights gained
from working with piezoelectric technology, use of these actuators present significant

design restrictions. The primary limitations are small deformation and nonlinear be-

havior. The engineering challenges lie in the development, and utilization, of these

actuators for practical applications where large displacement, with accompanying high

force requirements, are required. In this paper, a PZT stack actuator mechanism is

proposed for high-force/large-displacement applications with high-resolution posi-

tioning. An innovative stepping motion amplifier mechanism, coupled with integrated

ratchet-type transmission linkage, is designed. This PZT actuator offers an attractive
alternative to conventional automotive mechanical driven actuation mechanisms in

terms of greater resolution, enhanced control, and lower energy consumption.
2. Conceptual design of the proposed PZT-based valve train

Utilizing the PZT actuator�s high frequency capability, a fast reciprocating dis-

placement is first generated. The resultant displacement is then summed into a large,

one-directional displacement, using a ratchet-type mechanism. This preserves the
PZT actuator�s large force output characteristics while magnifying its displacement.
To achieve the desired output stroke, an additional lever-type motion amplifier may

be integrated with a closed-loop controller for positioning accuracy. The controller

will preserve the high resolution of the generated displacement by compensating for

errors, nonlinearities, and environmental changes.

To offer insight into the proposed system configuration, the complete assembly is

shown in Fig. 3. In this diagram, Unit 1 represents the PZT stack with intermittent

motion. This motion will be amplified into one large displacement through a ratchet-
type magnification mechanism to provide a usable displacement (refer to Unit 2). To

provide an open/close operation similar to the conventional cam-driven valve train, a

geared bi-directional mechanism is introduced in Unit 3. Finally, the generated

output displacement is transferred to the stem valve in Unit 4. The functionality of

each unit is described in the following subsections.

2.1. Piezoelectric actuator with stepping motion amplifier (Unit 1)

The displacement generated by a PZT actuator is relatively small with the max-

imum free strains for a piezoceramic on the order of 0.1%. However, the piezoce-

ramic has a high modulus of elasticity such that the force generated by the PZT

actuator will be extremely large. To generate large displacements, with a minimum
loss of output force, an innovative ‘‘stepping’’ motion is proposed which sums

smaller PZT actuator displacements. As shown in Fig. 4, the PZT either expands or

contracts in proportion to the voltage (i.e. piezoelectric stress) and generates a dis-

placement Ds1. Applying a reverse voltage result in an actuator displacement, Ds2, in
the opposite direction. The pulse modulation of the input voltage polarity generates



Fig. 3. Schematic of the proposed PZT-actuated engine valve.
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a reciprocating motion. Due to the PZT material�s fast response characteristics, the
intermittent motion frequency can be kHz while the PZT tip displacement settling

time can be micro seconds.
2.2. Magnification mechanism (Units 2 and 3)

Each intermittent motion step generates a reciprocating displacement. This dis-

placement may be amplified into one large usable displacement using a ratchet-type



Fig. 4. Proposed PZT actuator configuration with stepping motion amplifier concept.
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mechanism. While various intermittent mechanisms exist, the design presented in

Fig. 3 demonstrates one possible concept. Functionally, the actuator motion will be

transferred to slider 1. Slider-crank linkages ABC and ADC, with common slider 1,

are connected by joints B and D to pawls 2 and 4 which engage ratchet wheel 3.

When slider 1 travels to the right, pawl 2 turns the ratchet wheel 3 clockwise.

Similarly, when slider 1 travels to the left, pawl 4 turns the wheel 3 in the same CW

direction. Continuously changing the PZT actuator input voltage polarity ultimately
results in the reciprocating motion of slider 1, and hence, rotating wheel 3 in the CW

direction. In one complete stroke of slider 1 (i.e., Ds1 þ Ds2), the ratchet wheel 3

rotates h ¼ 7200=z, where z is the number of teeth on wheel 3.

The mechanism may be attached to a geared transmission for bi-directional

motion as shown in Fig. 3. In this instance, the ratchet wheel 3 is connected either

directly, or with additional spur gears, to shaft E. When the one-direction rotational

motion is transferred to shaft E, bevel gears 5 and 6 rotate in opposite directions

about axes F and G, respectively. Gears 5 and 6 are supported on common shaft G.
Their engagement is achieved through a frictional clutch acting under solenoid ac-

tuation. Pinion H is rigidly attached (i.e., keyed) to shaft G and engages rack I which

is pivoted to valve J. To open the valve, the solenoid slides the shaft G to the right,

and hence the connection between bevel gear 5 and shaft G is lost. Now gear 6 turns

the pinion H in a CW direction. To avoid backlash, the left side of rack I may be

pinned to valve J. The right side of rack I slides freely in the guide and is connected

to the left side by a spring. This spring shifts the right side with respect to left side,

thereby filling the tooth spaces of pinion H and eliminating backlash.
2.3. Engine valve application (Unit 4)

If attention is focused on the engine�s cam driven valve train, the motion is

generally specified ‘‘a priori’’ and cannot be readily altered. The valve timing (i.e.,

relative valve position versus crankshaft rotation) is dependent on the geometrical

shape of the camshaft lobes on which the follower travels and effects the valves�
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opening/closing. A PZT-based mechanism which operates the engine valve opening/

closing events, with position feedback to monitor the stem�s position, permits the
individual adjustment of each cylinder�s intake and exhaust valve. In this manner,

the engine�s volumetric efficiency may be improved at low and high speeds. The
vertical displacement of rack I (refer to Unit 4 in Fig. 3) is transmitted to the valve

stem J. The valve spring provides a return/resisting force to the mechanism.
3. Mathematical modeling

A suite of mathematical models will now be presented for the four units intro-

duced in the previous section. The derivation of the governing dynamics are divided

into three subsections consisting of the piezoelectric actuator, motion amplifier

mechanism, and engine valve train.

3.1. Piezoelectric actuator model

Linear PZT actuators consist of a stack of many thin ceramic disks separated by

metalic electrodes which alternate their connection to the voltage source positive and

negative terminals (refer to Fig. 5). When activated, these electroactive disks expand,

or contract, and produce extremely fine position changes (e.g. sub-nanometer range)

and large forces (e.g. several 10,000 (N)) with typical strains in the range of 750–1200

(lm/m). A PZT actuator can reach its nominal displacement in approximately one-

third of the resonant frequency period which permits rapid switching applications.

The one-dimensional linear electromechanical constitutive relations between the
strain, S3 the stress, T3 and the electric field, E3 may be expressed as [11]
S3 ¼ d33E3 þ
1

Y33
T3 ð1Þ
where d33 is the linear electromechanical coupling coefficient and Y33 is the PZT

material�s elastic modulus measured at constant field. In most cases, piezo actuators
Fig. 5. Linear (stacked design) piezoelectric actuator.



Fig. 6. PZT actuator-structure.
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produce displacement. If used in a restrainted configuration, they may generate

forces. Force generation is always coupled with a reduction in displacement. To

simplify the analysis, linear constitutive equations are often assumed and the PZT

actuator is modeled as a spring/mass system. A system level actuator description

with forces, in the presence of an external mechanical load F0, is shown in Fig. 6. The
equation of motion can be written as
ðM þ ma=3Þ€xxa þ Fa þ F0 ¼ 0 ð2Þ
whereM is the external load mass, ma is the actuator mass, and Fa is the force exerted
by the actuator. Assume that the actuator has a n-layered stack configuration (refer
to Fig. 5) with each layer containing an area, A, and thickness, d. The resultant

actuator stress (i.e., actuator force) may be expressed as
Fa ¼ AY33
xa
nd

�
� d33

d
va

�
¼ Fs � Fv ð3Þ
where
Fs ¼ Kaxa; Fv ¼
AY33d33

d

� �
va
and Ka ¼ AY33=nd is the PZT material equivalent stiffness.

The load, or transmission mechanism, connected to the PZT has compliance that

has been modeled by a linear equivalent spring and damper (refer to Fig. 7). The

governing PZT equation (2) may now be stated as
ðM þ ma=3Þ€xxa ¼ Kmðxm1 � xaÞ þ Cmð _xxm1 � _xxaÞ � Kaxa þ Fv ð4Þ
where Km and Cm are the equivalent spring stiffness and damping coefficient of the

magnification mechanism, respectively. The variable xm1 represents the magnification

link displacement (refer to Fig. 7). The amplifier transmission and valve stem

mechanism will be considered next.



Fig. 7. Schematic of link with input and output connections.
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3.2. Motion amplifier mechanism model

The Unit 2 mechanism amplifies the PZT actuator displacement using a simple

link and ratchet mechanism as shown in Fig. 7. The magnification link�s dynamics
and kinematics are
mm1€xxm1 ¼ ðbm=amÞ½Kraðxra � xm2Þ þ Crað _xxra � _xxm2Þ� � ½Kmðxm1 � xaÞ
þ Cmð _xxm1 � _xxaÞ� ð5Þ
and
xm2 ¼
bm
am

� �
xm1 ð6Þ
The ratchet mechanism sums the generated reciprocative slider-crank motions, and

transforms it into a rotational displacement. The two slider-crank mechanisms are

symmetric, so only one needs to be modeled. The intermittent motion ratchet am-

plifier is divided into two parts: slider-crank mechanism, and ratchet mechanism. Let

xra represent the slider-crank mechanism input, the geometric relationship between

the input displacement and the output angle (refer to Fig. 8) can be expressed as
h1 ¼ �h0 þ cos�1
C2
ra þ r21 � 1

2r1Cra

� �
ð7Þ
where
Cra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r21 sin

2 h0

q
þ r1 cos h0 �

xra
lra

; r1 ¼
rra
lra

ð8Þ



Fig. 8. Slider-crank mechanism (hra ¼ h0 þ h1).
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In this analysis two concentrated masses, at the end of the crank and the slider point,

are considered with a massless crank and arm. The equation of motion becomes
mra1€xxra ¼ Kraðxm2 � xraÞ þ Crað _xxm2 � _xxraÞ �
mra2r2ra €hhra �Mra

rraðtan/ra cos hra þ sin hraÞ
ð9Þ
with hra ¼ h0 þ h1 and
Mra ¼ Kg1ðhg1 � hraÞ þ Cg1ð _hhg1 � _hhraÞ; /ra ¼ sin�1 r1 sin hrað Þ ð10Þ
Note that two slider-crank linkages are proposed for the mechanism to generate a

symmetric and balanced load.

Finally, the ratchet�s rotational motion is converted into a linear displacement.
The equations of motion for the gears and rack (refer to Fig. 9) can be written as
Fig. 9. Schematic of the magnification mechanism after the ratchet.
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Ig1 €hhg1 ¼ Kg1ðhra � hg1Þ þ Cg1ð _hhra � _hhg1Þ þ Kg2 hg2
rg2
rg1

�
� hg1

�

þ Cg2
_hhg2

rg2
rg1

�
� _hhg1

�
ð11aÞ

Ig2 €hhg2 ¼
rg2
rg1

Kg2 hg1

��
� hg2

rg2
rg1

�
þ Cg2

_hhg1

�
� _hhg2

rg2
rg1

��
þ Kc

xc
rg1

�
� hg2

�

þ Cc

_xxc
rg1

 
� _hhg2

!
ð11bÞ

mc€xxc ¼
1

rg1
Kc hg2

�"
� xc
rg1

�
þ Cc

_hhg2

 
� _xxc
rg1

!#
þ Klðxl � xcÞ ð11cÞ
where Kg1 and Cg1 are the respective spring stiffness and damping coefficient between

crank and ratchet (first gear). Similarly, Kg2 and Cg2 represent the spring stiffness and
damping coefficient between the two rotating gears in Fig. 9. The parameters Kc and

Cc denote the stiffness and damping coefficient between the rack and pinion.

3.3. Engine valve train modeling

The PZT-based ratchet mechanism may be applied to an automotive engine valve

train. Traditionally, a cam drives the intake/exhaust valves in a fixed, periodic
manner without the provision of variable timing to better accommodate operating

conditions. The cam provides the cyclic displacement to drive the valve assembly

based on input from a timing chain which links the crankshaft and camshaft. A

lumped parameter model is presented for the engine valve train system as shown in

Fig. 10 [13,16]. A variety of assumptions are imposed for the mass-spring-damper
Fig. 10. Lumped parameter valve train model with ideal rocker arm.
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configuration with lever transformer. First, only vertical motion is considered and

the lifter and push rod are assumed to be lumped masses (i.e., ml and mp) with a

longitudinal flexibility represented by springs and dampers. Next, the rocker arm is
divided into two lumped masses (i.e., mlr and mrr) both possessing structural flexi-

bility for the left and right arm sides. Non-linear friction and compliance are ne-

glected. The valve stem is modeled as a rigid member possessing no structural

flexibility or damping, and combustion induced forces on the valve face are neglected

since the analysis primarily considered the ‘‘atmospheric’’ portion of the cycle. Fi-

nally, the rocker arm can be modeled as an ideal lever to avoid the structural analysis

associated with beam deflection. Specifically, the lever connecting the left and right

sides of the rocker arm is considered as a beam undergoing elastic deformation in the
vertical direction. However, this modeling detail is not necessary and thus, the lever

connecting the lumped rocker arm masses is considered ideal without mass or flex-

ibility. Consequently, the right side rocker arm mass is replaced with a massless node

and the majority (i.e., two-thirds) of the rocker mass.

The equation of motion for the lifter displacement, xl, can be written as
ml€xxl ¼ Cpð _xxp � _xxlÞ þ Kpðxp � xlÞ þ Klðxc � xlÞ ð12Þ
where Kp and Kc are the push rod and cam stiffness, respectively. In this expression,

Cp is the push rod damping and xc is the cam input motion. The push rod dis-

placement, xp, is dependent on the push rod stiffness and rocker arm (left side) de-

noted by Kp and Klr through
mp€xxp ¼ Cpð _xxl � _xxpÞ þ Kpðxl � xpÞ þ Clrð _xxlr � _xxpÞ þ Klrðxlr � xpÞ ð13Þ
where Cp and Clr are the damping of the push rod and rocker arm (left side), re-

spectively.

The vertical motion of the rocker arm (left side), xlr, is considered next with the
variable F denoting the lever force acting on the lumped mass, mlr. The rocker arm

(left side) motion is governed by
mlr€xxlr ¼ Clrð _xxp � _xxlrÞ þ Klrðxp � xlrÞ � F ðbr=arÞ ð14Þ
The force acting on the left and right sides of the rocker arm is function of the

stiffness and damping of the rocker arm (right side) along with the motion of the

valve, xv, and the rocker arm (right side), xrr, through
F ¼ Crrð _xxrr � _xxvÞ þ Krrðxrr � xvÞ ð15Þ
The motion on each side of the rocker arm, xlr and xrr, is linearly dependent on the

other side based on the assumption of ideal lever such that xrr ¼ ðbr=arÞxlr where the
lengths of each side of the rocker arm from the pivoting point are denoted by ar and
br. The final equation of motion describes the motion of the valve, xv, which is the

variable of primary interest since it directly impacts the entering and exiting com-

bustion gases.
mv€xxv ¼ Crrð€xxrr � €xxvÞ þ Krrðxrr � xvÞ � Kvxv ð16Þ
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4. Numerical results

The dynamic behavior of engine valves are dependent on the given powertrain

and cam profile. For this numerical study, an engine operating speed of N ¼ 1000
(RPM) is selected with a maximum cam displacement of 8.0 (mm) for a 180� period
over the 720� crankshaft motion. A lift of 10 (mm) will be required for a PZT valve

actuation mechanism. The equation that models the cam displacement, based on the

input angle h, is given by xc ¼ Lp�1½phh�1
0c � 0:5 sinð2phh�1

0c Þ� and displayed in Fig. 11.
Eqs. (2)–(10), (11a)–(11c), (12)–(16) can be presented in the nonlinear state space

form
1
e

_XX ¼ AðXÞX þ Bu; Y ¼ CX ð17Þ
where the state vectors is defined as
X ¼ f_rrT; rTgT; r ¼ fxa; xm1; xra; hg1; hg2; xc; xl; xp; xlr; xvgT ð18Þ
and the non-zero elements of matrices A, B and C are defined in Appendix A. The

PZT actuator input voltage, u, is
u ¼ va ð19Þ
The system dynamics is represented in MATLAB/SimulinkTM 1 and the PZT actu-
ator initiated engine valve response studied using the system parameters listed in

Table 1 [13]. The integration step-size is selected as Dt ¼ 5
 10�7 s with a fourth-

order Runge–Kutta algorithm. The small step-size reflects the small components

large natural frequencies.

The PZT actuator voltage is a simple square input. The voltage�s polarity changes
when the ratchet wheel is rotated one step (i.e. jxraj > 0:4). The PZT actuator�s open-
loop input voltage, shown in Fig. 12, generates similar results as the cam driven valve

configuration. The displacement of the actuator, link, ratchet mechanism input, and
transmission gear are depicted in Figs. 13–16. In these pictures we showed how the

small reciprocating motion of actuator is summed. Also, the displacement of indi-

vidual valve train components are compared between the PZT-driven and cam-based

valve configurations in Figs. 17 and 18. In Fig. 17 the displacement of the lifter is

depicted which is half of the valve displacement drew in Fig. 18. The arm structure

assumed to be rigid. For convenience, the results for the PZT-driven system are

depicted for just one cycle. As expected, the response of the PZT-driven system is

faster than the cam driven mechanism for each component. The residual oscillations
at the end of the cycle motion in Figs. 13–18 is simply due to the open-loop nature of

the controller.

PZT actuators may be operated in either an open or closed-loop manner. In an

open-loop strategy, the displacement roughly corresponds to the drive voltage. This

mode is ideal when the absolute position accuracy is not critical or the position is

controlled by an external sensor (e.g., interferometer). Materials with a large
Registered trademark of The MathWorks, Natick, MA.
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Fig. 11. Cam motion at 1000 RPM engine speed.

Table 1

System parameters used in numerical simulations

Symbol Value Units Symbol Value Units

A 1.26
 10�5 (m2) Kl 2.0
 107 (N/m)

am 0.01 (m) Klr 4.3782
 107 (N/m)

ar 0.0254 (m) Km 5
 107 (N/m)

bm 0.03 (m) Kp 1.1909
 107 (N/m)

br 0.0508 (m) Kra 107 (N/m)

Cc 66.5 (N s/m) Krr 7.5305
 107 (N/m)

Cg1 66.5 (N s/m) Kv 7.8807
 104 (N/m)

Cg2 66.5 (N s/m) M 0 (kg)

Clr 66.5 (N s/m) ma 0.16 (kg)

Cm 66.5 (N s/m) mc 0.1 (kg)

Cp 66.5 (N s/m) ml 0.1 (kg)

Cra 66.5 (N s/m) mm1 0.01 (kg)

Crr 66.5 (N s/m) mp 0.081 (kg)

d 9.5 (mm) mra1 0.05 (kg)

d33 10�7 (C/N) mra2 0.06 (kg)

Ig1 1.6
 10�4 (kgm2) mv 0.091 (kg)

Ig2 2.0
 10�5 (kgm2) n 5 –

L 8.0 (mm) rg1 0.03 (m)

lra 0.1 (m) rg2 0.02 (m)

Ka 1.6
 107 (N/m) rra 0.05 (m)

Kc 1.7513
 107 (N/m) Y33 60.98
 109 (N/m2)

Kg1 5.0
 104 (N/m) h0 p/6 (rad)

Kg2 5.0
 104 (N/m) h0c p (rad)
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Fig. 13. Actuator displacement in open-loop case.
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Fig. 12. Input PZT voltage in open-loop case.
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piezoelectric constant generally exhibit a significant hystersis for the applied voltage.

For precise positioning, this hysteresis loop must be minimized. However, the
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Fig. 15. Input displacement of ratchet-type mechanism in open-loop case.
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Fig. 14. Input displacement of link magnification mechanism in open-loop case.
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development of piezoelectric materials with small hysteresis losses is difficult due to

the inherent polarization effects. Accordingly, compensation should be introduced
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Fig. 17. Comparison of lifter displacement in cam and PZT driven system.
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Fig. 18. Comparison of valve displacement in cam and PZT driven system.
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using feedback control strategies to accommodate the material�s nonlinear charac-
teristics. Utilizing position measuring systems, a servo controller (i.e., digital or

analog) will be used to determine the PZT�s control signal by comparing a reference
commanded position signal to the actual sensor position signal.
5. Conclusions

The design of an innovative PZT based actuator mechanism was proposed uti-

lizing a novel stepping motion amplifier to deliver force and displacement at higher

magnitudes and operating frequencies. The target application was an internal
combustion engine valve train which traditionally uses cam-based lifter driven rocker

arms to regulate the cylinders� intake and exhaust valve motion. The proposed PZT-
based actuator mechanism offers the opportunity to introduce a high frequency,

lightweight, precise positioning solution for cylinder-by-cylinder variable valve

timing. Numerical results demonstrated the feasibility of the proposed PZT-based/

camless valve train. The individual valve train components� responses were com-

pared with PZT-driven and cam-based valve configurations. The response for the

PZT-driven system was faster than the cam driven solution with some residual os-
cillations at the end of motion. Future research activities will focus on feedback

control strategies to accommodate the material�s nonlinear characteristics. Utilizing
position measuring systems, a servo controller will determine the PZT�s control

signal by comparing a reference commanded position signal to the actual sensor

position signal.
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Appendix A

The non-zero elements of matrices A 2 R20
20, B 2 R20
1, and C 2 R20
1 in Eq.

(17) are
A1;1 ¼ � Cm

ðM þ ma=3Þ
A1;2 ¼

Cm

ðM þ ma=3Þ

A1;11 ¼ � Km þ Ka

ðM þ ma=3Þ
A1;12 ¼

Km

ðM þ ma=3Þ

A2;1 ¼
Cm

mm1

A2;2 ¼ � 1

mm1

Cra

bm
am

� �2
(

þ Cm

)
A2;3 ¼

Cra

mm1

bm
am

� �

A2;12 ¼ � 1

mm1

Kra

bm
am

� �2
(

þ Km

)
A2;13 ¼

Kra

mm1

bm
am

A3;2 ¼
Cra

D
bm
am

� �
A3;3 ¼ � 1

D
Cra



þ mra1rf2ðX13ÞX3

S
þ Cg1f1ðX13Þ

S

�

A3;4 ¼
Cg1

DS
A3;12 ¼

Kra

D
bm
am

� �

A3;13 ¼ � 1

D
Kra



þ Kg1

S
f ðX13Þ
X13

�
A3;14 ¼

Kg1

DS

S ¼ tanura cos hra þ sin hra

hra ¼ f ðxraÞ ¼ cos�1
C2
ra þ r21 � 1

2r1Cra

� �
_hhra ¼ f1ðxraÞ _xxra €hhra ¼ f1ðxraÞ€xxra þ f2ðxraÞ _xx2ra

f1ðxraÞ ¼
of ðxraÞ
oxra

f2ðxraÞ ¼
of1ðxraÞ
oxra

and D ¼ mra1 þ
mra2rf1ðX13Þ

S

A4;3 ¼
Cg1

Ig1
f1ðX13Þ A4;4 ¼ �Cg1 þ Cg2

Ig1
A4;5 ¼

Cg2

Ig1

rg2
rg1

� �

A4;13 ¼
Kg1

Ig1

f ðX13Þ
X13

A4;14 ¼ �Kg1 þ Kg2

Ig1
A4;15 ¼

Kra

Ig1

rg2
rg1

� �

A5;14 ¼
Kg2

Ig2

rg2
rg1

� �
A5;15 ¼ � 1

Ig2
Kg2

rg2
rg1

� �2
(

þ Kc

)

A5;4 ¼
Cg2

Ig2

rg2
rg1

� �
A5;5 ¼ � 1

Ig2
Cg2

rg2
rg1

� �2
(

þ Cc

)

A5;16 ¼
1

Ig2

Kc

rg1
A5;6 ¼

1

Ig2

Cc

rg1
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A6;5 ¼
1

mc

Cc

rg1
A6;6 ¼ � 1

mc

Cc

r2g1

(
þ Cl

)
A6;7 ¼

Cl

mc

A6;15 ¼
1

mc

Kc

rg1

A6;16 ¼ � 1

mc

Kc

r2g1

(
þ Kl

)
A6;17 ¼

Kl

mc

A7;6 ¼
Cl

ml

A7;7 ¼ �Cp þ Cl

ml

A7;8 ¼
Cp

ml

A7;16 ¼
Kl

ml

A7;17 ¼ �Kp þ Kl

ml

A7;18 ¼
Kp

ml

A8;7 ¼
Cp

mp

A8;8 ¼ �Cp þ Clr

mp

A8;9 ¼
Clr

mp

A8;17 ¼
Kp

mp

A8;18 ¼ �Kp þ Klr

mp

A8;19 ¼
Klr

mp

A9;8 ¼
Clr

mlr

A9;9 ¼ � 1

mlr

Clr

(
þ Crr

br
ar

� �2
)

A9;10 ¼
Crr

mlr

br
ar

� �
A9;18 ¼

Klr

mlr

A9;19 ¼ � 1

mlr

Klr

(
þ Krr

br
ar

� �2
)

A9;20 ¼
Krr

mlr

br
ar

� �

A10;9 ¼
Crr

mv

br
ar

� �
A10;10 ¼ �Crr

mv

A10;19 ¼
Krr

mv

br
ar

� �
A10;20 ¼ �Kv þ Krr

mv

A11;1 ¼ 1 A12;2 ¼ 1 A13;3 ¼ 1 A14;4 ¼ 1 A15;5 ¼ 1 A16;6 ¼ 1

A17;7 ¼ 1 A18;8 ¼ 1 A19;9 ¼ 1 A20;10 ¼ 1

B1 ¼
AY33d33

dðM þ ma=3Þ
; C20 ¼ 1
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