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Model-Based Predictive Control of an Electro-Pneumatic Exhaust Valve
for Internal Combustion Engines

Jia Ma, Guoming Zhu, Andrew Hartsig, and Harold Schock

Abstract— Variable valve actuation of Internal Combustion
(IC) engines is capable of significantly improving their per-
formance. Variable valve actuation can be divided into two
main categories: variable valve timing with cam shaft(s) and
camless valve actuation. For camless valve actuation, research
has been centered in electro-magnetic, electro-hydraulic, and
electro-pneumatic valve actuators. This research studies the
control of the electro-pneumatic valve actuator. The modeling
and control of intake valves for the Electro-Pneumatic Valve
Actuators (EPVA) was shown in early publications and this
paper extends the EPVA modeling and control development
to exhaust valves for both valve timing and lift control.
The control strategy developed utilizes model-based predictive
techniques to overcome the randomly variable in-cylinder
pressure against which the exhaust valve opens.

I. INTRODUCTION

Variable intake valve timing and lift can be used to
optimize engine performance over a wide operating range,
for instance, to reduce engine pumping losses, deactivate
selected cylinder(s), and control flame speed by manipu-
lating in-cylinder turbulence. Exhaust valve timing and lift
control makes it possible to vary the amount of Residual Gas
Recirculation (RGR) and control valve overlap when com-
bined with intake valve control. Variable valve timing and
lift control is also a key technology for HCCI (Homogenous
Charge Compression Ignition) combustion control.

Variable valve actuation can be achieved with mechanical
(cam-based), electro-magnetic (electric mechanical), electro-
hydraulic, and electro-pneumatic valvetrain mechanisms.
The cam-based variable valve actuation is able to provide
either a multiple stepping or a continuously changing valve
timing phase shift. See [1], [2] and [3]. Infinitely variable
valvetrain, often referred to as camless valvetrain, includes
electro-magnetic ([4], [5], [6], [7], and [8]), electro-hydraulic
([9] [10] and [11]), and electro-pneumatic actuation ([12]).
The electro-pneumatic valve actuator (EPVA) utilizes the
supplied air pressure to actuate either the intake or exhaust
valve by electronically controlling solenoids that control the
motion of the actuator’s piston. For both electro-hydraulic
and electro-pneumatic valves, there is a potential issue of
having a repeatable valve lift over the life of an engine.

Valve lift control for electro-hydraulic valvetrain actuation
has been investigated by a number of researchers. Adaptive
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peak lift control was presented in [15], and digital valve
technology was applied to control of a hydraulic valve
actuator in [17]. The modeling and control of intake valves
for the electro-pneumatic valve actuators was shown in [12],
[13] and [14].

Unlike the intake valve, the exhaust valve opens against
an in-cylinder pressure that varies as a function of the en-
gine operational conditions with cycle-to-cycle combustion
variations. This pressure disturbance slows down the valve
actuator response and as a result, it increases the variation
of valve opening delay. In fact, this disturbance makes it
difficult to maintain repeatable valve opening timing and
lift. As a result, unrepeatable valve lift affects the closing
timing control which is critical for RGR control. Therefore,
this work addresses exhaust valve lift control.

A mathematical in-cylinder pressure model at exhaust
opening was developed and integrated with the exhaust
valve model for control development. The thermodynam-
ics data was obtained using WAVETM  gimulation [20].
The WAVET™ model was calibrated and validated using
experimental in-cylinder pressure data. The mathematical
in-cylinder pressure model is then used to develop the
model-based predictive control scheme for exhaust valve
lift. The controller consists of two parts: feedforward and
closed loop controls. The feedforward control is used to
provide a nominal lift control based upon the predicted
valve opening trajectory, while the closed loop controller
is used to minimize the mean control error. The closed-loop
control strategy was developed and verified in simulation
using the combined mathematical model of exhaust valve
and in-cylinder pressure.

The paper is organized as follows. First, an exhaust
valve dynamic model is presented in Section II. Next, the
feedforward and closed loop control strategies are discussed
in Section III. Third, the simulation validation results are
shown in Section IV, and finally, conclusions are drawn.

II. EXHAUST VALVE DYNAMIC MODEL

A physics-based nonlinear model, called a level one
model, was built component-by-component based upon the
flow and fluid dynamics. The details of the level one model
and its verification can be found in [12]. This model pro-
vides an insight to the operation of the pneumatic/hydraulic
mechanical actuation system. A piecewise linearized level
two model was then created based on the level one model
to reduce the computational throughput for control system
development purposes. The details of the level two model
are described in [13]. The level two model was used as
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the actuator model for the intake valve in the previous
studies. Here, it is used for the exhaust valve actuator
modeling. The exhaust valve opens against a high in-cylinder
combustion pressure with large cycle-to-cycle variations.
This in-cylinder pressure produces a force on the face of
the exhaust valve that affects the valve dynamics. This
in-cylinder pressure is modeled and integrated with the
exhaust valve actuator model to capture the exhaust valve

dynamics. The system dynamics illustrated here focuses
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Fig. 1. Valve lift profile with the solenoid command chart and exhaust

valve lift control strategy

on the relationship between the solenoid control commands
and the exhaust valve response. It follows the same analysis
as that of the level two model which simplifies the system
dynamics used for the level one model analysis. As shown in
Figure 1, the valve response can be divided into three stages.
They are the opening stage (I), dwell stage (II), and closing
stage (IIT). Solenoid #1 is activated at point O first. It induces
a high air pressure force to push the valve open at point 1
after At;. Solenoid #2 is then activated (point 2) with a
time lag 61. It removes this air pressure force At time after
solenoid #2 is activated (point #3). Note that the interplay
between two solenoids results in a pulse force input to the
actuator valve piston with pulse width J; between points 1
and 3. The increment of the pulse width increases valve lift.
Now, with zero input, the valve movement continues until
it reaches its peak lift at point #4, the valve equilibrium.
This ends the open stage. Next, the valve enters the dwell
stage where it is held open by a hydraulic latch mechanism.
At the end of the dwell stage, solenoid #1 is deactivated at
point #5. After Atz time, the valve starts to return (point
#6). The close stage starts at point #6 and ends at point #9
where the valve is considered closed. The returning duration
is 2 between these two points.

The two solenoids have electro-mechanical delays after
their activation and de-activation (see Figure 1). Aty is
defined as the delays for solenoid #1 at activation. Aty is
defined as solenoid #2 delay at activation. The de-activation
delay for both solenoids are Ats. The solenoid commands
direct the valve motion after the delays. The time lag applied
between the activation of two solenoids is denoted as 51.
This differs from the time lag between two delayed solenoid
activations which is denoted as d; since two solenoid delays,

Aty and Ats, are not equal. The exhaust valve lift control
algorithm is to determine when to activate solenoid #2
during exhaust valve opening for each cycle with the varying
in-cylinder pressure at the face of the valve and its activation
delay in presence. It is impossible to remove the input force
F,, instantly upon the activation of solenoid #2 due to
its activation delay. An model-based predictive lift control
algorithm is developed to make this possible. The details are
described in the control strategy section.

The exhaust valve closing timing control requires knowl-
edge of Jo, the amount of time that the valve takes to close.
To guarantee the exhaust valve closing at the desired time
requires de-activating solenoid #1 by time - before exhaust
valve closing. do can be predetermined from the different
valve lift set points. In other words, the closing timing
control relies on a repeatable valve lift control. Developing a
lift control system is the primary emphasis of work described
in this paper.

The opening stage exhaust valve actuator model and
the in-cylinder pressure model are employed to formulate
the model-based predictive lift control scheme. In order to
validate the exhaust valve lift control algorithm, the level
two model integrated with the in-cylinder pressure model
is used as a plant model in simulation. The opening stage
exhaust valve actuator model and the in-cylinder pressure
model are introduced in the following two subsections.

A. Actuator Model

The opening stage exhaust actuator model with the in-
cylinder pressure is studied in this section. This model is
expanded based on the level two model [13] to include
the in-cylinder pressure dynamics. Figure 2 shows the
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Fig. 2. Actuator piston model

schematic diagram of a single actuating piston for this
system. At the opening stage, the valve actuator is modeled
as a second order mass-spring-damper system with zero
initial conditions. See Equation (1). All pressures used in
modeling and control formulation process are gauge pressure
in this article.

Mi + Cpi + Ky(z +6,) = Fu(t) — Fy(z) (1)

Fo(t) = F(t) = F(t = 81), F(t) = {



where, P, is supply air pressure; Fy(x) is the in-cylinder
pressure force applied at the back of the exhaust valve; M
is the equivalent mass of actuator piston, effective valve
spring mass [18], exhaust valve and cap; A, is the sum
of actuator piston and oil passage areas; C'y is the damping
ratio approximating energy dissipation due to flow loss and
frictional loss; K, and d,, are the stiffness and preload of the
valve spring respectively; 7 is the lag between the activation
of solenoids #1 and #2 after solenoid delays as shown in
Figure 1.

B. In-cylinder Pressure Model

The in-cylinder pressure Fj(x) needs to be modeled and
evaluated in Equation (1). Figure 3 illustrates the dynamics
in the combustion chamber with an exhaust valve. A control
volume is drawn above the piston, where M.y, Ty and Py
are the mass, temperature and pressure inside the combustion
cylinder. A.,; is the engine piston area. 7i1., is the mass
flow rate at the exit when the exhaust valve opens. Ty,
and P4, are the atmospheric temperature and pressure. x
and y are the exhaust valve displacement and cylinder piston
displacement respectively. The mass flow rate equations at
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Fig. 3. In-cylinder pressure model

the exit are written for both choked and unchoked flow cases
through Equations (3) to (5) following their derivation in
[16].

k
mex = Cdm'ypcylAex<m) RTZ’ Aex = 27”11)(1[7181'7 (3)
\/ cy

where, A., is the flow area with 7,4, being the valve
radius; Cy,, is the flow coefficient at the exit; and R is the
residual gas constant. C), and C), are the specific heat of
the residual gas at constant pressure and constant volume
respectively; and k = g—f When P, > (%)ﬁ s
the flow is choked at the exit. In this case, v is shown in
Equation (4)
2 k1

T=\ G )

When P, < (%)kfﬁl #m» the flow is unchoked and ~y
is expressed in Equation (5).

. 2 Patm% Patm 1k
=Vimite,) ) T O

The mass of the residual gas inside the combustion cylinder
in Equation (6) can be obtained by integrating the calculated
mass flow rate. The initial mass mg is derived using ideal
gas law in Equation (6):

RV
RTCylo .

where Py, Vo, Ro and T, are the initial in-cylinder
gas pressure, volume, gas constant and temperature at the
exhaust valve opening. Using the ideal gas law again with
the obtained m,,; results in an expression of in-cylinder
pressure as shown in Equation (7).

t
Meyl = _/ Mezdt +mg, Mg (6)
0

Meyl RTcyl
‘/cyl

where, k, R and T, are variables acquired from the
WAVETM simulation with the same engine configuration
and parameters; and y is the piston displacement derived
from the cylinder geometry in Equation (8).

y=r[l+ % —cos(0) — % - sin2(9)], 8)

Pcyl = ) chyl = Acyly7 (7)

where
- Acy = (% x bore)* = 0.0401m? (bore = 90.2mm) ,
- L is the connecting rod length (L = 169.2mm),
r is the crank shaft radius (r = %stroke = 52.9mm),
- 0 is the engine crank angle.

Therefore, Fy,(x) can be expressed in Equation (9) below.
Fb<x) = PcylAvalve; (9)
where P, is defined in Equation (7).

C. Validation of In-cylinder Pressure Model by Simulation

The in-cylinder pressure force Fj is a function of the
effective flow out area A., which varies as the exhaust valve
displacement cahnges.
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Fig. 4. In-cylinder pressure model validation by simulation

In order to validate the in-cylinder pressure model, com-
bustion experiments were conducted using a 5.4L 3 valve
V8 engine with in-cylinder pressure measurement and a
conventional camshaft at 1500RPM. The pressure model
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was simulated using the conventional cam profile as the
valve displacement input. The modeled in-cylinder pressure
was then compared with the measured in-cylinder pressure
as shown in Figure 4. The top diagram of this figure
shows the modeled pressure (solid line) in the rectangular
windows and measured in-cylinder pressure (dash line) with
satisfactory modeling accuracy. The bottom diagram shows
the exhaust cam profile used in the simulation and exper-
iments. The in-cylinder pressure model is then integrated
into the pneumatic exhaust valve model and the responses
are shown in Figure 5. Here, the pressure model uses the
EPVA valve displacement to calculate the corresponding in-
cylinder pressure. The modeled pressure (solid line in top
diagram) and the associated EPVA valve lift profile (solid
line in bottom diagram) are compared with the experiment
pressure (dash line) and the cam profile (dash line). The
simulation result demonstrates that the in-cylinder pressure
drops rather quickly with the EPVA exhaust valve actuation
since the EPVA valve opens faster than the conventional
cam-based valve. This simulated in-cylinder pressure is used
to construct the control signals. The exhaust valve model
is used as a plant model and it is integrated with the in-
cylinder pressure model in simulations to validate the control
algorithm. The modeled in-cylinder pressure is one of the
two inputs to the plant (exhaust valve), and the actuation
force F}, commanded by the two solenoid control signals is
the other input.

Measured cylinder pressure with cam profile
and model cylinder pressure with EPVA lift profile at 1500RPM
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Fig. 5. In-cylinder pressure model integrated into exhaust valve model

III. CONTROL STRATEGY

Since the in-cylinder pressure on the face of the exhaust
valve varies significantly from cycle-to-cycle, the valve lift
control needs to be adjusted as a function of the current in-
cylinder pressure for each individual cycle. As explained
in the actuator dynamics section, the exhaust actuator is
modeled as a second order mass-spring-damper system at
the opening stage. Activating solenoid #1 applies the force
F, on the valve and moves the exhaust valve. Activating
solenoid #2 removes the force and the valve continues to
open until it reaches the maximum displacement. Solenoid
#2 activation timing determines the maximum valve lift.

Therefore, the key for valve lift control is to find when to
activate solenoid #2. Figure 1 illustrates the idea of the
exhaust valve lift control strategy. Solenoid #1 is activated
at time 0. After the delay of At;, the input force F,, acts on
the system and the exhaust valve starts to open at point 1.
Solenoid #2 is then activated at point 2. After Aty delay,
force F, is removed at point 3. The valve moves further
until its velocity decreases to 0 at point 4. The second order
valve system response from points 3 to 4 can be calculated
with zero input and nonzero initial conditions at point 3. In
other words, the valve peak displacement at point 4 can be
calculated if the initial displacement and velocity at point
3 are known. Once the calculated displacement at point 4
reaches the reference maximum valve lift, point 3 is found to
be the right time to remove force Fj,. If activating solenoid
#2 could turn off the input force F,, immediately, we would
only need to activate it whenever the calculated displacement
of point 4 reaches the reference lift. But the solenoid delay
requires the activation to take place at point 2 with Aty
amount of time before point 3. This means that if point 3
is the time to eliminate input force, point 2 is the time to
activate solenoid #2. However, the initial conditions at point
3, where the peak displacement of the valve is calculated,
are not yet available at point 2. Therefore, an algorithm is
derived to predict initial conditions of point 3 at point 2. This
strategy of initial condition prediction can be implemented
as long as the delay Aty of solenoid #2 is less than the lag
51 between the activation of two solenoids. The predictive
algorithm needs to know both states, valve displacement and
velocity, at point 2. A Kalman state estimator was used to
estimate them with minimized effect of measurement noise.
Now we can determine the time to activate solenoid #2
(point 2), which is served as a feedforward control of the
valve actuator. A proportional and integral (PI) scheme is
used as a closed-loop feedback lift control system to reduce
the steady state lift tracking error.

The flow chart of the feedforward control scheme is
shown in Figure 6. First, solenoid #1 is activated. Secondly,
the Kalman state estimator provides the current states. Fi-
nally, a model-based prediction algorithm uses the estimated
states to calculate the states after solenoid #2 delay Ato,
which is then used to calculate the peak valve displacement.
If the calculated peak displacement is greater than or equal to
the reference valve lift, solenoid #2 is activated, otherwise,
the process repeats until the condition is satisfied. The
details of the derivations are discussed in the following four
subsections.

A. Peak Displacement Calculation (PDC)

This section describes the solution for the peak displace-
ment at point 4 based on the initial conditions at point 3.
Recall that the governing equation of the exhaust valve at
the opening stage is presented in Equation (1). The back
pressure force Fy(x) equals the product of the exhaust valve
area and the modeled in-cylinder pressure. The in-cylinder
pressure used in the control algorithm development here is
piece-wisely linearized between points 1 and 4 according
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Feed forward exhaust valve lift control scheme in one engine cycle
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Fig. 6.

to the simulated in-cylinder pressure against EPVA exhaust
valve profile. Three lines were used for piecewise approxi-
matation of the in-cylinder pressure data, and Fy,(z) = pz+q
(p <0 and g > 0) with

p=p1,q9=q, ¢ <0.002m
P =p2, ¢ =gz, 0.002m < z < 0.008m .
P =Dp3, ¢ =q3, > 0.008m

Substituting Fy,(z) with its linearized expression into
Equation (1) results in Equation (10) below.

Mz + Cri + Kpx = Fo — (px + q) — Kp0p. (10)
Move the px term to the left resulting in Equation (11):
Mi+ Cpi + (Kp +p)x = Fo — q — K0, (11)

Let K = K, +p and F, = 0, since it is assumed that input
force F, is turned off, to obtain Equation (12) in a general
format given the initial condition z(0) = zg, %(0) = vo.

Mi+Cpi+ Ko =—-Q, Q=K,0,+q. (12)

Recall that p takes three different values, pi, po and ps in
three valve displacement regions. K could be either negative,
zero or positive depending on the value of p. When K is
positive, Equation (12) can be rewritten into Equation (13)
as below:

Q

F+ 2wnd + Wit = —-2,

a7 (3)

where w,, = \/% and ( = % #K In this case, the solu-
tion can be categorized into under damped, critically damped
and over damped scenarios depending on the value damping
ratio ¢, damping coefficient C'y, mass M and equivalent
stiffness K in Equation (13). The peak displacement solution
derivation of Equation (12) proceeds separately in four cases.

They are K > 0 with 0 < ( < 1 (case #1), K > 0 with

¢ =1 (case #2), K > 0 with ( > 1 (case #3) and K <0
(case #4). The initial condition denoted as z(0) = xo and
#(0) = v in this section are derived in the next section of
model-based initial condition prediction.

For under damped PDC case #1 (K > 0and 0 < { < 1),
we start with solving Equation (13) for all three cases where
K > 0. The homogenous solution x; can be expressed in
Equation (14)

=/1-Cuw,. (14)

Solving for the particular solution x,, of Equation (13) results
in Equation (15)

xp = 67Cw"t(a1€lwdt+a267lwdt), w

s)

The complete solution x(t) = x,(t)+x5(t) can be expressed
in Equation (16).

@
%
We apply Euler formula e = cos(a) + isin(a) and
trigonometric identities to the equation above to obtain
Equation (17)

z(t) = e (are’ ! + age™ ™) — (16)

Q
K )
where A and 6 are determined by the initial conditions as
follows:

{ 2(0) = Asin(f) — £ =2,
z(0) = —CAw,, sin(f) + wyA cos(0) = v,

x(t) = Ae”“nt sin(wqt + 6) — (17)

(vo+Cwnx0)2+x3w?
A= [ X X0 v =g + £

wa
wdaXo )
vo+CwnXo

= tan~Y(
The peak displacement x,, = x(t,) is solved at @(t,) = 0
with ?, being the time the valve takes to travel to its
maximum displacement (see Figure 1). Taking the time
derivative of x(t) and setting it to zero at t, results in

Equation (18).

i(tp) = —CwnAe™ St sin(wyt, + 0) = 0. (18)
Solving Equation (18) yields:
L (tan=1(, / C% —-1>86

t p—
P tan (4 / -0+ 27r otherwise.

We substitute ¢, into Equation (17) to obtain the peak
displacement z(t,,). The solution of the peak displacement
is summarized below:

’ PDC Summary K >0 with0 < { <1 ‘
z(tp) = AeS“nls sin(wgt, + 0) — %
Q=Kydp+q, K=Ky, +p, 0=tan" (-7E-)
where, g = ©(tgq), vo = @(tq), x(tq) and &(tq)

are from model-based initial condition prediction
For PDC cases #2, #3, and #4, the results can be derived
similarly and are omitted in this paper.
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B. Model-Based Initial Condition Prediction (ICP)

The previous section solves for the peak displacement
x(tp) using the displacement and velocity at point 3 as initial
conditions (Figure 1). This section derives the formulas to
predict the displacement x(¢4) and velocity @(tq) at point
3, given the displacement and velocity at point 2. The
displacement and velocity at point 2 are initial conditions
denoted as x(0) = z( and #(0) = vy in this subsection.
Their values are estimated by the Kalman state estimator
described in the next subsection. Solenoid #2 delay, Ats,
is the time input and F}, is a constant force input between
points 2 and 3. Consider the governing equation again in
Equation (1). Given Fy(z) = pz + ¢, Equation (1) becomes

Mi+ Cri+ Kpx = F, — (px + q) — Kpdp. (19)
Rearrange the equation above to obtain
Mi+Cri+ (Kp+p)x=F, —q— Kpdp. (20)

Let K = K, + p and W = ¢ + K0, — Fy,, Equation (20)
becomes Equation (21).

Mi + Cyi + Ko = —W. @1

It is clear that Equations (12) and (21) have the same form.
Previously, Equation (12) was evaluated for the maximum
displacement given initial conditions. Now, Equation (21) is
evaluated for the displacement and velocity in ¢; amount
of time with given initial conditions, where t; = Aty (see
Figure 1). Equation (21) can be solved in a similar way to
Equation (12) by replacing ) with W, and the solutions are
omitted in this paper.

C. Kalman Filter State Estimation (KFE)

The displacement and velocity at point 2 (see Figure
1) are needed as initial conditions in the previous section.
The system is equipped with a displacement sensor which
measures the exhaust valve displacement. The velocity ob-
tained through taking a time derivative of the measured
displacement is unreliable due to the measurement noise.
The observer formulated in this section performs the optimal
estimations of both the displacement and velocity at point 2
in the presence of noise using the Kalman state estimator.
The estimated displacement and velocity are denoted as 7
and T respectively. The state space notation of the system
is expressed below:

& = Az + Bu+ Guw(t)

y=Czx+v(t)
0 1 0
WhereA:[_K ;Cf,B: 1},02[1 O]

M

M
and 27 = [z1,22]; w(t) and v(t) represent the process
noise and measurement noise. Note that v = —W is
the input to the system, ;1 = z and o = & are the

states representing the valve displacement and velocity. The
Kalman state estimator takes the following forms:

T = AZ + Bu+ L(y — c@)

y=Cz, 2(0) =0,

where L is the observer gain acquired through solving the
algebraic Riccati Equation (22); and ¥ is the estimated
displacement 1 and velocity x5; and G is an identity matrix.

AP + PAT 1 GwGT — pcTv—icp =0, (22)

L =PCTV~= where W >0 and V >0, (23)
where W and V are covariance matrices of w and v,
respectively. If (C, A) is observable, the algebraic Riccati
equation has a unique positive definite solution P, and the
estimated state Z asymptotically approaches true state z.

D. Closed-Loop Control Scheme

The feedforward solution of solenoid #2 activation timing
is obtained by implementing the formulas from the peak
displacement calculation, model-based initial condition pre-
diction and Kalman filter state estimation subsections. This
solution combined with the displacement error compensation
from the proportional and integral (PI) feedback scheme
forms a closed-loop control signal of solenoid #2 as il-
lustrated in Figure 7.

Closed-loop exhaust valve lift control scheme

Feed forward
control signal

=L [} —o—

Fig. 7. Closed-loop exhaust valve lift control scheme

IV. SIMULATION RESULT

The developed control algorithms are validated by simu-
lation using the combined valve actuator and the in-cylinder
pressure model as the plant model. The three segments of
the feedforward control strategy and the closed-loop control
scheme are evaluated in sequence.

A. Simulation of Peak Displacement Calculation

Figure 8 demonstrates the simulation results in four out
of 80 cycles, where the solenoid #2 is activated when the
calculated peak displacement reaches the reference valve
peak lift of 11mm. This tests the open loop feedforward
peak displacement calculation algorithm. The model valve
displacement and velocity are employed as the known initial
condition in this simulation. The top diagram shows that
the peak valve lift is maintained at 11mm, rejecting the in-
cylinder pressure variation at the back of the exhaust valve
(shown in the bottom diagram) when the feedforward peak
displacement calculation is applied.
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Valve lift control based on feedforward solution assuming no solenoid delay
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Fig. 8. Feedforward solution simulation without solenoid #2 delay

B. Simulation of Model-Based Initial Condition Prediction

Figure 9 presents the simulation results of the model-
based displacement prediction. The solenoid #2 delay (Ats
or tg) is assumed to be 2ms in the simulation. White noise
is injected to the plant displacement output to simulate
the measurement noise. The plant displacement (solid line)
without measurement noise and the predicted displacement
(dash line) in the prediction active region are displayed in
the top diagram for one cycle. The middle diagram displays
the error between the two. The bottom diagram shows the
tracking error between the plant and predicted displacement.
The lift set points were selected as 11mm, 6mm, 8mm, and
again 11mm. The absolute error is less than 0.7mm. The
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Fig. 9. Simulation validation of displacement prediction zo,,

simulation results of the model-based velocity prediction are
shown in Figure 10. The absolute error between the plant and
predicted velocity is less than 0.25m/s over 80 simulated
cycles using the closed-loop lift tracking control with four
lift set points.

C. Simulation of Kalman Filter State Estimation

Figure 11 and Figure 12 present the simulation results
of the Kalman filter state estimation with the measurement
noise present. The top and middle graphs show one cycle
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Valve velocity of EPVA model and

‘g‘ 2ms predictive model in one cycle at 1500RPM
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Fig. 10. Simulation validation of velocity prediction &g,

response and the estimation error, and the bottom one
shows the error over 80 engine cycles. The absolute error
over 80 cycles between the plant displacement and the
estimated displacement is less than 0.3mm. The absolute
error between the plant and estimated velocity is less than
0.38m/s over 80 simulated cycles using the closed-loop lift
tracking control with four lift set points.
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Fig. 11. Kalman filter displacement (zg) estimation simulation

D. Simulation of Closed-Loop Exhaust Valve Lift Tracking

Finally, Figure 13 presents the entire closed-loop lift
tracking simulation results with all three feedforward control
sequences assembled at four reference lift set points in the
presence of measurement noise. The dark and gray lines
in the top diagram represent the reference and model valve
lift respectively. The bottom diagram demonstrates that the
absolute lift tracking error is below 0.6mm at steady state.
The exhaust valve tracks the reference lift within one engine
cycle with the lift error less than 0.6mm.

It is clear that model-based predictive control is compu-
tationally intense. In order to reduce on-line calculation of
PDC and ICP algorithms, off-line PDC simulations were
conducted for a range of initial displacements and velocities.
The simulation results were converted into lookup tables of
displacement and velocity as inputs to ICP lookup table



Model velocity and state estimation
with measurement noise in one cycles at 1500RPM
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Fig. 12. Kalman filter velocity (gc'\o) estimation simulation

Closed-loop valve lift trackgin with 4 lift setpoints at 1500RPM
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Fig. 13. Closed-loop lift tracking control with four set points

which is calibrated using off-line simulation data. Only
the Kalman filter algorithm needs to run on-line. This
strategy was implemented into a real-time controller with
40 microsecond sample rate [19].

V. CONCLUSION

A mathematical exhaust valve actuator model and an in-
cylinder pressure model have been developed for a model-
based predictive lift control of an exhaust valve. The exhaust
valve model was approximated by a piecewise-linearized
second order spring-mass-damper system. The in-cylinder
pressure was modeled during the exhaust valve opening
stage. This model was integrated with the exhaust valve ac-
tuator model for control development. The thermodynamics
data used in this model was obtained with the WAVETM
simulation which was calibrated using experimental in-
cylinder pressure data. The in-cylinder pressure model was
validated using experimental data and demonstrates satisfac-
tory model accuracy.

A model-based predictive control strategy was developed
for feedforward control. This strategy contains three seg-
ments; peak displacement calculation, model-based initial
condition prediction and Kalman state estimation. Simula-
tions were carried out with the white measurement noise

to evaluate the performance of each individual segment
and the integrated feedforward algorithm. A proportional
and integral controller was used for closed loop control.
The closed loop valve lift control system was integrated
with model-based predictive feedforward control. Evaluation
simulations were conducted at different reference lift set
points with the white measurement noise based upon the
developed exhaust valve and in-cylinder pressure models.

Simulation results show good robustness against measure-
ment noise. The steady state valve lift error is below 0.6mm
and the closed loop valve lift control system is able to track
the step reference lift within one engine cycle with a lift
error less than 0.6mm.
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