A New Electromagnetic Valve Actuator

W. S. Chang T. A. Parlika#, M. D. Seemah D. J. Perreaulf J. G. Kassakignand T. A. Keim
" Fellow, IEEE fMember, IEEE Student Member, IEEE
Massachusetts Institute of Technology
Laboratory for Electronic and Electromagnetic Systems

77 Massachusetts Avenue
Cambridge, MA 02139

Telephone: (617) 452-1976
Fax: (617) 258-6774
Email: tkeim@mit.edu

Abstract—In conventional internal combustion (IC) engines, en- In conventional IC engines, engine valve displacements are
gine valve displacements are fixed relative to crankshaft position. fixed relative to the crankshaft position. The valves are actu-
If these valves are actuated as a variable function of crankshaft an- ated with cams that are located on a belt-driven camshaft, and

gle, significantimprovements in fuel economy can be achieved. Ex- the sh f th is det ined b ideri trad
isting electromagnetically actuated variable-valve-timing (VvT) 1€ Shape of thése cams IS determined by considering a trade-

systems characteristically use springs to provide the large iner- Off between_ engine speed, power, ar!d tOf(_W? re_quirementg, as
tial power to move the engine valves. However, the large spring well as vehicle fuel consumption. This optimization results in

forces generated when the valve is being closed or opened makean engine that is highly efficient only at certain operating con-
it difficult to hold the valve without using a normal-force electro- ditions [4], [5]. Instead, if the engine valves are actuated as a

magnetic actuator. With normal-force electromagnetic actuators, - . L .
it is difficult for the valve to engage its seat at a low velocity. Fur- variable function of crankshaft angle, significant improvements

thermore, from a control systems perspective, these unidirectional in fuel economy - up t@0% - can be achieved [6]. In addi-
normal-force actuators pose difficult design challenges when com- tion, improvements in torque, output power and emissions are
pared to bi-directional shear-force actuators, as the former have gchieved.

nonuniform force constants. In this paper, we propose a novel elec-

tromagnetic valve drive (EMVD) system, and discuss the design . . . . .
and construction of the experimental apparatus, power electron-  INtérnal combustion engines in which both the duration (how

ics and controllers for the EMVD. This EMVD comprises an elec- long each valve is opened or closed) and the phase (how each
tric motor that is coupled to an engine valve-spring system with a valve profile is shifted with respect to some nominal valve pro-
_nonlinear mechanical _transformer. Simul_ation resul_ts show sign_if- file) of the valves can be controlled are said to have variable
;cya;r:(ta;dsvantages of this EMVD over previously designed actuation valve timing (VWT) [7]. VVT can be achieved using either
’ mechanical or electromechanical actuation systems. In this
Index Terms— Actuator, Electromagnetic, Engine, Nonlinear, paper, the focus is on an electromechanical actuation system.
Mechanical, Spring, Transformer, Valve. With VVT alone, al0% improvement in fuel economy can be
achieved [6]. Furthermore, if the lift (how much each valve is
opened) of the valves is controlled, anothé# improvement
can be gained.
UTOMOTIVE electrical systems today are moving to-
wards higher power requirements. Due to the resulting Currently, the most advanced VVT system is an electromag-
increase in electrical load, the automotive industry establisheetic engine valve actuation system that includes a valve-spring
a new 42V voltage standard that will eventually replace the claystem coupled to two electromagnetic normal-force actuators.
rent 14V system [1], [2]. The introduction of this standardAlthough these actuators are well-suited to holding the engine
coupled with recent advances in power electronics, sensors aalye open or closed, there are some fundamental design chal-
microprocessors, has led to several innovations in automotle@ges posed by this actuation system, especially in the area of
systems. Many of these innovations significantly increase fugintroller design.
economy, and some involve the replacement of automotive me-
chanical systems with electrical systems [3]. Of particular rele- In order to solve the significant design challenges associated
vance, the new voltage standard has made the electrificatiomith electromagnetic normal-force actuated VVT systems, we
internal combustion (IC) engine valves a technically and ecbave proposed an electromechanical valve drive (EMVD) incor-
nomically viable innovation. porating a nonlinear mechanical transformer [4], [8]. In simula-

I. INTRODUCTION
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In this paper, we describe some previously designed VVT A4

systems and then focus on the proposed EMVD. This EMVD Camshaft angles
has several important implications for the design of its power
electronics and controllers. We will discuss these implications
and describe the design and construction of an experimental ap-
paratus to validate the concept of this EMVD.

Fig. 1. Conventional Valve Train Profiles.

is regenerated continuously. A spring is used to store the ini-
This document is organized as follows: in Section II, wgal require.d energy and then the energy is transjerred cyclically
summarize previous work in the area of electromagnetic val{féthe engne valve and cam. To be a competitive techpology,
actuators, and motivate the need for the proposed EMVD. My vgnabile valve actuation §ystem must be able to prowde.thls
Section lll, the proposed EMVD is described in detail. Sectioll"ﬁlrge inertial power economically [4], [8]. Second, the seating

IV describes the design and simulation of controllers for thVeeIOCIty of the valve is small (less thaitm/s atGQOrpm en-
e speed, and less th&icm/s at6000rpm engine speed),

EMVD. Section V describes the experimental apparatus and R h all for th led soft landi fth | |
associated design issues. Section VI briefly discusses the e ich aflows for the so-called Soft fanding of the valve. 1n or-
er to prevent excessive wear of engine valves, any variable

trical/electronics implications of the proposed EMVD desigr. . .

Section VIl concludes this paper. valve actu.atlon system should allgw for t.he soft 'Iandmg pf the
valve. Third, an engine valve’s kinematics profiles are inher-

ently smooth. From a mechanical design perspective, discon-

tinuities in valve kinematics profiles can generate undesirable

Il. BACKGROUND AND MOTIVATION , ; )
. s . i impacts/losses and acoustical noise.
An IC engine valve’s kinematics profiles (such as valve posi-

tion versus time, valve speed versus time, and so on) are of fixedyith an electromagnetically-driven variable valve timing
shape and are timed relative to the engine crankshaf't positigpstem (VVT), one can independently control the phase and
From a control systems perspective, we say the engine valyezaion of the engine valve profiles, and carry out variable en-
are not C(_)ntrollable. I mst_ead, we could mdependently contr&‘ne displacement (where certain cylinders in the engine are de-
. dgrauon, Phase a,”‘?' lift of the. valves, a marked 'mprovﬁétivated). In these VVT systems, the valve can be held in the
ment in emissions, efficiency, maximum power, and fuel €Cogyap, o closed positions for a variable time period (called the
omy would be seen. The engine’s mechanical design, althoygh)ying time), and it transitions from one end of the stroke to
simple, compromises the efficiency and maximum power of thge other in the transition time. Prototype electromagnetically-
engine [7]. However, any variable valve actuation system MUstiyated VVT systems have been proposed by several compa-
be able to offer a variable valve profiles without compromisingias in the automotive industry, the first being proposed and
the gssentlial characteri_stics of a conventional IC engine Va\?(&tented by FEV Motorentechnik [9], [10]. Other companies
profile, which are described next. that have worked on this technology include BMW [11], [12],

Let us examine the kinematics variables for a conventional @Vl [13], Renault [14], [15], Siemens [5], [16], and Aura [17].

engine valve, as shown in Fig. 1. In the figure, the valve stroke

is defined as the displacement of the valve from fully-open I Most electromagnetically-driven VVT systems have emu-

fullv-closed positions 61, Valve transition time is defined a 8ted one of the main characteristics of conventional IC valve
y P [6]. rofiles — that of regenerative inertial power. At the heart of

the time taken .for the valve to g0 from one en(_:i of 'FS strolfe Rese actuators is a valve-spring system, where an engine valve
the other. The merltlal power profile shown in Flg. lis obtamelg coupled to two springs (with the same spring constant) as
ﬁ,s tthr?t pIEOdUCt of 'E?’rt'lal fo;ctehan(:dveaiggkxlftilty, ahns T\‘;"S Pown in Fig. 2. The equilibrium position for this mass-spring
instantaneous peak value on the o oreach vave o siam is in the middle of the valve stroke. Such a system has
n a typical engine. The average power losses associated V\Qﬁjinherent natural frequency,(), mass 1), effective spring
Qr|V|ng the engine valvgs IS approxmatéﬁlkw for 16 valveg constant k), and damping ratio(). Assuming there was no

in a2.0L, 4 cylinder engine a6000rpm engine speed and W'dedamping, an initial displacement of the valve in the direction of

open throttle. either spring would result in sustained oscillations of the valve
There are a few important points to make about Fig. 1. Firsti the system’s natural frequency,(= %).

although the valve inertial power is very large, it is also regener-
ative — after an initial input of inertial power, this inertial power In the ideal frictionless case, considering only the dynamics
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Fig. 2. An Engine Valve-Spring System.

of the valve, the electromechanical actuator for the valve-spring Fig. 3. A Normal-Force Actuated Valve-Spring System.

system only has to be able to hold the valve at either end of its
stroke. In reality, due to gas forces in the engine, especially
on the exhaust valves, additional work is required to reject theln the idealized motion described above, the springs play a
gas force disturbance. In addition, as the spring forces increé@ige role because they provide the large inertial power to ac-
linearly with valve displacement, these forces are largest at lerate the valve at the beginning of its stroke, and then to
ends of the stroke, making it difficult to hold the valve in th@bsorb the inertial power to decelerate the valve at the ends of
open or closed position without using a large holding force, arig stroke. As was the case in conventional IC engine valves,
thus a lot of electrical power [4]. this inertial power is regenerative because energy is stored in
the springs instead of being dissipated. In addition, due to the
The most popular method of controlling the valve-spring syglectromagnet-actuators’ nonuniform force-displacement char-
tem is to use two solenoids: one to hold the valve open and amteristics, the current required to hold the valve open or closed
to hold the valve closed [9], [10]. Fig. 3 shows a normal-forcgholding current) is small [8].
actuated valve-spring system [8]. Each electromagnet exerts a
unidirectional normal force, and thus, the system employs twoOne of the other desirable characteristics for VVT systems
normal force actuators. The force exerted by these actuatorgsishat of soft landing for the valves: the valves should reach
proportional to the square of the current input, but decreasess#ther end of the stroke with very small velocity and accel-
a function of the air gap between the actuator and the armatusgation. However, there are substantial control challenges to
Hence, these actuators have a nonuniform force constant. &ekhieving soft landing with normal-force actuators. First, since
a fixed level of current, the solenoids exert large forces whefe normal-force actuators are unidirectional, it is very difficult
the valve is at their end of the stroke, but small forces when thgdecelerate the valve as it approaches an end of its stroke. To
valve is at the far end of the stroke. For example, when the valigrive exactly at the end of the stroke with exactly zero veloc-
is at the upper end of its stroke, the upward-acting solenoid cay (defined as perfect soft landing), the receiving-end actuator
produce a large force with a relatively small current. Howevesust do exactly as much work as was done against friction and
when the valve is at the lower end of its stroke, a large ugas force over the entire transition. If the actuator does not do
ward force requires a very large current in the upward-actimigis much work, the valve will stop before the end of the stroke,
solenoid. and will be driven away again by the spring. If the actuator does
any more than the exactly correct work, the valve arrives at the

Let us take a closer look at the free-flight dynamics for gng of the stroke with non-zero velocity, and impacts the valve
normal-force actuated valve-spring system without friction, angat.

gravitational and gas forces, as shown in Fig. 4 [8]. The kine-

matics profiles in Fig. 4 can be easily explained. Suppose the

valve is held closed by turning on the lower normal-force actu-

ator. Ideally, if the valve were released, it would be accelerated Valve position
by the springs past the equilibrium position of the system to its :W vavevelodity

open position, where it would naturally stop. In reality, friction,

and gravitational and gas forces prevent the valve from reaching _
the open position, and thus, near the open position, the second Time _
normal-force actuator is turned on, and the valve is pulled into Valve accdleration

its open position.
Fig. 4. Kinematics Profiles for a Normal-Force Actuated Valve-Spring System.



A second control challenge is that the electromagnetic actu- I1l. THE PROPOSEDEMVD
ators have a nonuniform force constant, making it difficult to ) . .
apply enough force to the valve when it is close to the equilib- In order to solve the problems associated with the prew_ously
rium point of the system. Thus, it is difficult to counteract thdiScussed VVT systems, we have proposed an EMVD incor-
effects of the gas force disturbance on the system. poratlr!g a nonllnear_mechanlcal transformer [8]. This EM\(D
comprises an electric motor that is coupled to a valve spring
In the idealized free-flight valve-spring dynamics, as showpystem with a nor_lllnear _mechamcal transformer (NTF). F_|g. 6
in Fig. 4, we can observe that the acceleration curve has difoWs a schematic of this EMVD and Fig. 7 shows a desirable
continuities at both the end and beginning of the stroke. Theg%nllnear m_echamcal transformer characteristic between the
discontinuities assume the instantaneous release of the vag¢ domains [8].
at the beginning of the stroke and the instantaneous capture of
the valve at the end of the stroke. These instantaneous actions
require step changes in force. A true step force would create oone
shock waves in the system and produce audible noise. To re-
duce this noise, it is possible to release the valves more slowly,

NTF

but this lengthens transition time and increases the work which .
the capturing actuator must do. e ———
f>————Spring
=

A possible solution to the control challenges in the normal- o =
force actuated valve-spring system is to attempt to use a bi- <At?§¢233333em? B
directional shear force actuator (see [13], [18], [19]) to control -
the valve-spring system. An example of such an actuator is L orin
a rotary electric motor. Such actuators have a uniform force o Refaemeﬁg
constants and can exert bi-directional forces. Fig. 5 shows the Vvalve

results from a simulation of a feedback-controlled valve-spring
system with a rotary electric motor as the actuator [8]. As was
the case before, the equilibrium position of the system is at the
midpoint of the stroke. The reference input for this simulation 10° 20
was a smooth valve profile. ‘ ‘ ‘

Fig. 6. A Schematic of the Proposed EMVD.

As expected, with active control and a bi-directional shear- o
force actuator, the effect of gas force is reduced by the con- 2
troller, while the valve kinematics profiles are smooth - thereby ot
eliminating the soft-landing problem inherent in normal-force
actuated valve-spring systems. However, there are problems
with this VVT system. First, the holding current is very high
because the spring forces at the ends of the stroke are large.

Z (mm)
o

Second, the required driving current to follow smooth valve °r
kinematics profiles is also large. Thus, the corresponding power
loss of this VVT system is too large to be economically feasible 5 + - . + )

[8]. ) ) o e
Fig. 7. A Desirable Characteristic for the NTF.

In the proposed EMVD, the electric motor acts as a uniform

10

8 g Valve position [mm] force constant actuator, giving an excellent control handle over
i /X g% _—— Vavevelocity [m/sec] valve position in thez domain. Using well-known active con-

2 X m— v Valve acceleration [km/sec’] trol techniques, small seating velocities, small position and ve-
_02 V. ud B “ANN i~ Current [x100A] locity errors, and smooth kinematics variables can be achieved.
4 \J \\W In addition, the characteristic of the NTF can be designed such
‘Z that the holding and driving currents in the system are reduced.
-100 2 4 6 8 10 12 Time [msec]

Fig. 5. Simulation of a Feedback-Controlled Shear-Force Actuated EngineSinced is a function ofz and vice-versa, it is easy to show
Valve-Spring System. that the following relations hold betweé&randz [4], [8]:



domain because of the NTF characteristic. Moreover, we can

z2=f(0) = 0=f"12) (1) write state equations for the EMVD in either ther thef do-
mains. Denoting position and velocity in thedomain byz;
do  do dz andz- respectively, the following nonlinear state equations are
d de dt (2)  obtained in the: domain.
20 d*9  dz, df d*z 3 1 = T )
- @) T ®

The NTF provides a very desirable coupling between:the . »
andé domains. By equating the energy in thandé domains &2 = Fi(21,22) + Fo(w1, 29) -3 (8)
and using the NTF characteristic, the following relation result@herei is the control input (motor current) and

ey @)
T = 5, Jz 2
do Pl A+ () o TS a3+ K )
wherery is the torque in thé domain, £, is the force in the: 1(z1,22) = My +J - (2)2
domain anddi—; is the slope of the NTF characteristic. : 9)
At either end of the stroke, the slope of the NTF characteris- . Ko
tic, 4, is very small. Thus, the reflected motor inertia in the Fy(w1,29) = —2 (10)

) e , the . My + J - (22
domain is very large, creating inherently smooth valve kinemat- dz
ics profiles, since the valve is slowed down by the large effec-

tive inertia when it is opened and closed. Moreover, the largeA block diagram of the feedback-controlled EMVD appara-
spring force at the ends of the stroke when reflected té the  tus is shown in Fig. 8. The reference input is the desired valve
main is small, allowing the use of small motor currents to hol@osition, and the system output is the actual valve position. The
the valve open or closed. In effect, the NTF enables the usedifference between the two is passed into a controller which
small holding and driving currents when actuating the valve. pfovides an appropriate current input to a motor drive. This
addition, because the gas force on the exhaust valve is largestor drive supplies the desired current to the motor. Note that,
at the opening end of the exhaust stroke, the reflected gas fd@esimplicity, this model assumes a perfectly responding motor
in the # domain is also small. This characteristic makes it eagljive which supplies as much current to the motor as desired,
to open the valves against a large gas force. Thus, the propoggd assumes nothing about the dynamics of the motor drive.
EMVD allows for the use of motors with small size.

Current Motor

Q e Command Current

Valve Position
IV. CONTROLLER DESIGN AND SIMULATION il Contrler MOt PR
Input otor, , Valve-Spring stem
The equations of motion for the proposed EMVD shown i
Fig. 6 are as follows [8]: Fig. 8. The EMVD as a Feedback Control System.
f.=m .dQZ b dz LK ) The maximum valve transition times required at engine
§ Yotz Y dt speeds 06000rpm are approximatel$-4ms. Based on these

) transition times, the required natural frequency of the proposed
J- a9 +b- a0 t1g=Kp-i (6) EMVD is approximatelyl50Hz, which is approximately the
dt? dt reciprocal of twice the required valve transition time. Thus,
where 7y is torque in thed domain, f, is the force in thez the feedback-controlled EMVD must be able to respond to in-
domain,J is the inertia in théd domain,m,, is the mass in the puts with frequencies of approximatelyy0OHz. Considering
z domain,b is the friction in thed domain,b, is the friction in this fact, we decided on an overall control system bandwidth
the z domain,K 7 is the motor torque constarf; is the spring of approximatelylkHz. This bandwidth in turn constrains the
constantg is the displacement in the rotational domain, and bandwidth of the position sensors and the motor drive to be ap-
is the displacement in the vertical domain. proximately10kHz, as it is desirable for the sensor dynamics

not to affect the feedback-controlled EMVD dynamics.
Equations (5) and (6) can be combined using the NTF char-

acteristic (1), (2), (3), and (4). In this manner, we can obtain There are several issues that must be considered when de-
a single equation of motion in either theor the 8 domains. signing controllers for the proposed EMVD. First, it is impor-
This equation will be nonlinear, since linear equations such st to note that the dynamic characteristics of the proposed
(5) and (6) are transformed to nonlinear equations in the otHefVD change along the valve stroke. At the ends of the stroke,



the effective inertia in the domain is large, while at the mid- posed EMVD, including the effects of gas force, friction and
point of the stroke, this effective inertia is small. Thus, in thelectric motor losses, using reasonable electrical and mechan-
z domain, the effective system gain of the valve-spring systeinal parameters [8]. A variety of control laws were used in
decreases at the ends of the stroke and increases at the midgbiatsimulation. At the beginning of the simulation, a combi-
of the stroke. nation of current injection and a PD controller were used. After
the brief period of current injection, the feedback linearization-
A linear control law, such as a fixed-gain proportional-plussased control law in (11) was used. In addition, during the hold-
derivative (PD) controller, is not well-suited to the control Ofng time period, another PD controller was used. The Spikes in

this EMVD. Such a control law can work well only if the PDseen in Fig. 9 are because of switching the control laws, and
controller gains are varied with valve position [8]. In this recan be eliminated in practice [4].

spect, one possible control technique that can be implemented
is that of piecewise linearization. In this technique, the state

space is divided into sections where the nonlinear system is ap- 4

proximately linear and a different control law is used to govern O~ £\t —Pesition [mm]

the motion when the system is in a particular region of the state /\\/\\ \/\@ﬁfg&yﬂ%;ﬂ[kmls .
space [20]. When applied to the proposed EMVD, this tech- 1/ \/ WO == otor Torque [Nm]

nigue corresponds to dividing thedomain into regions such - !
that the slope of the NTF characteristic (in Fig. 7) is approxi- «&——s———————+—Time [ms]
mately linear in each region. An appropriate controller can then

be used to control the system in each region. g
] f\\\\\\mltage [x10V]
An alternative to the piecewise linearization technique is to A= .ﬁ__:‘iu?t{iﬁw
use a nonlinear gain-varying function. In this method, a nonlin-

. . . . -4
ear mapping is used such that the controller gains are varied as -
. . -1G
the system moves from operating in one part of the state space ° * * ° &8 © = wu
to another. Such nonlinear controllers are easily implemented Fig.9. Simulation of the MIT Electromagnetic Valve Drive.
[21], [22].

Time [ms]

The simulation results show significant improvements over
Another common control method is that of designing a nofrormal-force actuated valve-spring systems and bi-directional
linear controller which takes into account the nonlinear syshear-force actuated valve-spring systems without a NTF. The
tem dynamics of the plant. An example of such a controll¢flding and driving currents are small, and the overall power
is one based on feedback linearization [20]. The control lajppears to be technically and economically feasible. In the sim-
for a feedback-linearized nonlinear controller for the proposeghtion, which was carried out &/00rpm engine speed (corre-
EMVD is: sponding to fast transition times) and wide open throttle condi-
tions, the transition time for the valve was approximatatys,
g — Fi(wn,m0) — ko - (w1 — 21a) — Ky - (81 — d1.4) the se_ating veloc_:ity was less thari_')cm/s. The total average
1= Foz1, 23) electrical power input was apprquatelyzkw fpr 16 valve
(11) actuators in 2.0L, 4-cyI|n_der engine. I_n comparison, the aver-
age power for a conventional IC engine3ieW, while that for
wherez; 4 is the desired valve position, aig andk; are ap- @ IC engine with roller-follower type cams 1s5kW [8]. These
propriate controller gains [8]. These gains can be determingawer losses include both the required power to compensate for
such that the closed-loop system haskBz bandwidth. gas forces and the electrical and mechanical power losses in the
EMVD.
The NTF characteristic we chose is almost flat at the ends
of the stroke (wherr — +4mm in Fig. 7). This characteristic
deteriorates the valve transition time for the EMVD becausethe V. THE EXPERIMENTAL EMVD APPARATUS
acceleration of the valve when it is near the end of the stroke isIn order to prove the concept of the proposed EMVD, we
small. In order to solve this problem, a feedforward contrdlave designed and constructed an experimental apparatus on a
technique can be used: pulses of current can be applied towwerkbench. This section describes some of the design chal-
motor when the valve is near either end of the stroke. THisnges for the experimental apparatus.
current injection technique results in an almd@% reduction
in the transition time of the valve when compared to simulations The mechanical components for the EMVD apparatus were
where the technique is not used [8]. designed in 3-dimensional solid modeling software. The mass
and inertia of the mechanical components of the EMVD ap-
Fig. 9 shows results from a MATLAB simulation of the pro-paratus was our primary concern. The larger the mass/inertia
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Fig. 11. The Nonlinear Mechanical Transformer - Disk Cam.
Fig. 10. Cross-Section of the Experimental Apparatus modeled in SolidWorks.

perimental apparatus.
of components in the system, the larger the strain on the mo-
tor. Thus, we tried to make the components as small and lightWe obtained an off-the-shelf motor (Pacific Scientific's
as possible without compromising their mechanical capabi#iN63) with a large torque/rotor inertia ratio, high power rat-
ties. Fig. 10 shows a cross-sectional-view of the 3-dimensionag), and appropriate electrical and mechanical time constants
model that was put together in 3-dimensional solid modelirfgr the proposed EMVD. In particular, we chose a motor with
software. low inductance 100xH) and low resistancel() in order to
make it easier to meet the slew rate requirement on the motor
To meet thel50Hz natural frequency requirement of the prodrive. The motor was also chosen because it is able to respond
posed EMVD, we chose springs with the appropriatlomain  with enough torque up to frequenciesiagbHz, and has an ap-
stiffness and effective inertia characteristics. Effective inert@opriateK . The adequacy of these motor characteristics was
comprises the total mass in thedomain and the mass fromdetermined using simulation results from the previous section.
the § domain reflected to the domain through the NTF char- Unfortunately, the motor we chose was large in size — too large
acteristic equations (1), (2), (3), and (4). The stiffness of the be easily implemented in an actuation system on a engine
springs was determined after carefully choosing an appropri&éead. Nonetheless, we selected an off-the-shelf motor because
modulus for the NTF. It is important to note that the inertia o custom-made motor would have been much smaller in size
the springs and the NTF cannot be neglected because they Hawemuch more expensive. When the proposed EMVD is im-
a strong affect on system dynamics. plemented on a cylinder head, smaller motors will have to be
obtained.
For simplicity, we chose a disk cam to be the NTF. The mo-
tor shaft is rigidly connected to the disk cam having a shapedBearing in mind the bandwidth and power constraints men-
slot as shown in Fig. 10. As the disk cam rotates with the mtiened above, as well as the mass/inertia and size constraints,
tor shaft, a roller whose shaft is connected to the valve rollge obtained several other components for the EMVD appara-
over either the top or the bottom surface of the slot of the disls, including a linear position sensor (Sentech’s Fastar FS300),
cam. The valve and the shaft of the roller are free to move apotary optical encoder (US Digital’s E6D), a PC, and a digital
and down but constrained from other motions. The shape of tsignal processing board (ASPACE’s DS 1104). We planned to
slot can determine a desired nonlinear mechanical transformeed the PC and DS1104 board to implement controllers for the
characteristic, such as that in Fig. 7. An appropriate linearizedbposed EMVD. Wherever possible, we selected off-the-shelf
modulus of the NTF was chosen so that the maximum avademponents.
able power in théd domain could be delivered to the load in
the  domain. In order to obtain this maximum power transfer, The rotary optical encoder chosen h&fds-line resolution.
the mid-stroke transformer modulus was chosen so that the F&is number of lines gives high enough resolution and band-
flected inertia from thé domain was matched with the mass itwidth for our application. In particular, the reflected resolution
z domain. Fig. 11 shows a picture of the constructed disk carof the sensor, when viewed fromdomain becomes higher as
the valve approaches an end of the stroke. From a control point
Standard exhaust engine valves from a Ford ZETHIL  of view, this high resolution implies that high precision position
cylinder head were used in the proposed EMVD apparatus. Téwntrol can be carried out at the ends of the stroke, where the
masses of the valves were determined to be similar to valuedve’s seating velocity must be effectively controlled. We also
used in simulations. We may consider using ultra-light engirolose a high-bandwidth, low mass, variable-reluctance type lin-
valves (Eaton Corporation’s ULVS) in later versions of our exear position sensor. This sensor, although not critical to the con-
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Fig. 13. A Hysteretic Current-Controlled Motor Drive.
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Fig. 12. Picture of the Assembled EMVD Apparatus. lationship between input signal and motor torque, with fast re-
sponse to changes in the desired valve profile. We chose a full-
Tbridge inverter topology with hysteretic current control to im-
plement the motor drive circuit [23], [24]. A block diagram of
the hysteretic current-controlled full-bridge motor drive circuit
ith a 50V bus voltage is shown in Fig. 13. Hysteresis current

Fig. 12 shows a picture of the assembled bench-top EMVY o )
ontrol keeps the actual motor current within a certain hystere-

apparatus. Motor and valve displacements from the EMVD ab; ) o :
paratus are sensed by ADC channels on the dSPACE bo a.band of the desired motor current by switching on opposite
pairs (a high-side MOSFET on one side of the bridge and a low-

A controller that is modeled in MATLAB'’s Simulink software . X .
on the PC and implemented on the dSPACE board, provide |ge MOSFET on the other side of the bridge) of MOSFETSs in
’ e bridge. This control method features a simple control loop,

control input to the motor drive circuit via a DAC channel. Thi i . ;
3t response time and well-defined ripple current. However,

control input is calculated using the measured displacement . .
the displacement command function. We useieHz sam- ue to the non-integrating nature of the feedback loop, the con-

pling frequency for the DAC and ADC channels on the dSPAC ller has a non-zero tracking error. In addition, the switching
board requency varies as a function of load and input signal.

trol of the EMVD, allows for an investigation of the effects o
the compliance between the motor and the valve.

The slew rate of the amplifier determines how fast large
amounts of current can be driven into the load. A slew rate of
70A/ms was determined to be optimal based on current wave-
forms in simulations where we used the current injection tech-

The proposed EMVD poses significant challenges in the argigue. A higher slew rate makes the ripple current higher
of electrical/electronic component design. In addition to thfer fixed switching frequencies, or increases the switching fre-
constraints set on the selection of appropriate sensors for figncy for fixed ripple current. The hysteretic current-control
EMVD apparatus, there are several constraints on the powelsign is highly sensitive to the applied load — in this case, the
electronics required to drive the motor. resistance and inductance of the motor in series with the mo-

_ ) ) ) ) tor's back EMF. Solving Kirchoff's voltage law for this load
The simulation of Fig. 9 assumed that a high-bandwidth CLéh“eIds:

rent source was instantaneously supplying current to the mofor.

Because it was not possible to obtain a high-bandwidth motor . di

drive for the EMVD apparatus at a reasonable cost, we had to Vous =1 Rt Kemy-w+ L — 12)
design and construct an appropriate motor drive.

V1. IMPLICATIONS FOR THEELECTRICAL/ELECTRONIC
COMPONENTS

The control circuit on the motor drive was designed for an
There were three primary design constraints on the moteMVD apparatus without gas force disturbances. With no gas
drive: because of the use of the current injection techniquef@gce, the maximum driving current condition (for maximum
control the EMVD, we needed a motor drive with a high sle@cceleration) occurs when the angular velocity is approximately
rate (OA/ms) capability; the bandwidth of the motor drive hadero. Similarly, the required current at maximum velocity is
to be approximately0kHz; and finally, the motor drive had to low (unless the effects of gas force are added). The motor has
be able to source approximate]kw of average power. an inductance 0100/LH, an armature resistance tf2 and a
back EMF constant of.33V/KRPM. From simulations of the
We selected a current-control input for the feedbackeedback-controlled EMVD (see Fig. 9), a maximum required
controlled EMVD system. This method provides a direct reslew rate of approximately0A/ms was calculated, including



the effects of gas force. To leave some margins on the sIewH Quantity

| Desired Value|| Measured Valug]

rate, we decided to design the motor drive to haveda/ms Slew Rate 70A/ms 69A/ms
slew rate. Note that with &4V bus voltage, it would not have Bandwidth 10kHz 9.5kHz
been possible to achiever@A/ms slew rate. Power 1kW > 1kW
) ] o Current Ripple|| < 1A 0.98A
The hysteresis band, ripple current, and switching frequency TABLE |

are related by (13). These quantities were determined after se-
lecting the appropriate bus voltage and slew rate. The hystere-

CHARACTERISTICS OF THEMOTOR DRIVE.

sis band was chosen to obtain a reasonable ripple current at a
switching frequency that does not dissipate too much power.

Although the hysteretic current-control method does not hayg, the hysteresis block in this model. The electromechanical
a fixed frequency, a worst-case frequency can be found fofj?namics of the motor are included in the model.

particular hysteresis band. Assuming a worst-case frequency of
300kHz, we chose the IR2807 MOSFET (in a TO-220 package)
to minimize the power dissipation. At a load currentl&f,
switching frequency 0800kHz, and ripple current 0.95A, a
MOSFET at nearlyl00% duty cycle would have a switching
loss 0f3.09W and a conduction loss 6f35W, totalling 8.44W

for each of four MOSFETS in the bridge.

1Tdi1

VBus
Iripple = 5 . =

L

dt - 2f

A working model of the motor drive inverter circuit was con-
structed. A photograph of the completed motor drive circuit
appears in Fig. 14. A few design parameters, together with the
values actually achieved are shown in Table I. In the motor
drive tests, the thermal performance of the amplifier was ob-
served to be empirically superior to that expected when the cir-
cuit was designed.

(13)

Current
Command

Capacitors

Control
Circuit

Current

Fig. 14. The Motor Drive Inverter Circuit.
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Fig. 15. Simulink Model of a Hysteretic Current-Controlled Motor Drive.

Simulated Step Response of the Motor Drive/Motor Combination
with a 7A step input.

Current(A) at 42V Bus Voltage
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Time(s)
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. . . . Fig. 17. Step Response of the Motor Drive/Motor Combination withatep
Fig. 15 shows a Simulink model of the hysteric curreninput.

controlled motor drive with the selected motor. T4V bus

voltage and approximate3A peak-to-peak ripple current spec- Figs. 16 and 18 show simulation results for the step response



of the motor drive/motor combination with a 7A step input, anthank Mr. George Yundt from Danaher Motion Corporation,
the time response of the motor drive/motor combination with@r. David Turner from Eaton Corporation, and Dr. Bruno
7A, 3kHz sinusoidal current command, respectively. Figs. Ii‘esquesne from Delphi Automotive Systems for their advice.
and 19 show experiment results for the same reference inputs

and bus voltage as in the simulations. From these figures, we

see that the experimental results agree with the simulations. REFERENCES
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