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A Switching Cascade Sliding PID-PID Controllers Combined with a
Feedforward and an MPC for an Actuator in Camless Internal
Combustion Engines
Paolo Mercorelli and Nils Werner

Abstract— This paper deals with a hybrid actuator composed
by a piezo part and a hydraulic one and with a cascade PID-PID
control structure for camless engine motor applications. The idea
is to use the advantages of both, the high precision of the piezo
part and the force of the hydraulic one. In fact, piezoelectric
actuators (PEAs) are commonly used for precision positionings,
despite PEAs present nonlinearities, such as hysteresis, saturations, and creep. In the control problem such nonlinearities must
be taken into account. In this paper the Preisach dynamic model
with the above mentioned nonlinearities is considered together
with a cascade PID-PID controller combined with a feedforward
and an Model Predictive Control regulator. The Model Predictive
Control uses a particular geometric structure to speed up the
dynamic response of the controlled system. In particular, the
hysteresis effect is considered and a model with a switching
function is used also for the controller design. Simulations with
real data are shown.

Key-words: PID controllers, Lyapunov’s approach, piezo
actuators, Model Predictive Control

Fig. 1.

I. I NTRODUCTION
In the last few years, variable engine valve control in
camless systems has attracted a lot of attention because of its
ability to reduce pumping losses (work required to draw air
into the cylinder under a part-load operation) and to increase
torque performance over a wider rage than conventional
spark-ignition engine. Variable valve timing also allows
control of internal exhaust gas recirculation, thus improving
fuel economy and reducing NOx emissions. Fig. 1 shows
the phase diagram of the positions of an engine intake and
exhaust valves. In this figure the intake and the exhaust valve
position profile are indicated. Figure 1 indicates a possible
new engine structure with, evidently, four piezo actuators.
Generally speaking, this project closely concerns a new
conception of the functionality of some parts of the engine.
In particular, a camless engine is proposed. The idea which
this paper presents is to use hybrid actuator composed by a
piezo part and a hydraulic one in order to take advantages of
both: the high precision and velocity of the piezo part and
the force of the hydraulic one. Hybrid actuators represent a
viable solution to find some compromise for control systems
specifications such as precision, velocity and robustness, [1].
Moreover, piezo actuators present in general less problems of
electromagnetic compatibility due to the quasi-absence of the

inductance effects. The main advantage of PA is nanometer
scale, high stiffness, and a fast response. However, since PA
has nonlinear property which is called hysteresis effect, it
leads to inaccuracy in positioning control with a high precise
performance. In this paper the hysteresis effect is a model
using a linearization. A linear boundary of the hysteresis
is considered and a switching approach is used to follow
the hysteresis characteristics. The easiest idea is to consider
the upper and the lower bound of the linear characteristic.
PID regulators are very often used in industrial applications
because of their simple structure, even though in the last
years advanced PID controllers have been developed to
control nonlinear systems, [2]. Recently, variable engine valve
control has attracted a lot of attention because of its ability to
improve fuel economy, reduce NOx emissions and to increase
torque performance over a wider range than a conventional
spark-ignition engine. In combination with a microprocessor
control, key functions of the motor management can be
efficiently controlled by such mechatronic actuators. For
moving distances between 5 and 8 mm, however, there are
other actuator types with different advantages. The PID
control structure presented in this paper is quite similar to
the sliding control structure presented in [3]. Sliding mode
structures are often used in actuator control. In fact, in [4] an
integral sliding mode controller (is proposed and designed for
controlling DC motor in a servo drive. Even though sliding
mode approach can generate some chattering problems is
this approach very often applied with some variations and in
order to overcome this drawback some recent contributions
proposed some different schemes, e.g., [5], [6] and [7]. In [8]
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the authors presented an adaptive PID controller design for
the valve actuator control based on the flatness property and
interval polynomials. The objective of this paper is to show:
A model of the a hybrid actuator
A PID-PID cascade regulator combined with a feedforward regulator
• An MPC structure using a geometric structure to speed
up the dynamic response.
The paper enhances the results presented in [9] and presents
a combination of a switching cascade PID-PID structure and
feedforward regulators. The feedforward regulator is the same
as in [10] in which a combination between a Model Predictive
Control (MPC) combined with two feedforward regulators
is shown. The advantage of using PID controller is due to
their easy practical implementation. Control PID structure is a
switching one which considers the proposed switching model
of the hysteresis effect in order to eliminate the hysteresis
effect on the control output. Hysteresis effects are well known
and different proposed compensation schemes are present in
practical applications such as that proposed in [11].
In order to speed up the dynamics of the actuator without
using strong actions of the regulators which can generate
large oscillations and thus tracking errors, a geometric precompensator is proposed in connection with MPC. Starting
from the contribution presented in [12], in which an MPC
algorithm is presented, this paper shows an idea to use a precompensator to avoid higher order of controllers. The idea
presented is based on a geometric approach as that proposed
in [13].
The paper is organized with the following sections. Section
II is devoted to the model description. In Section III an
algorithm is shown to derive the PID control laws. Section
IV presents an MPC approach considering a pre-compensator
calculated using a geometric approach. The paper ends with
Section V in which simulation results of the proposed valve
using real data are presented. After that the conclusions follow.
•
•

Fig. 2.

Structure of the hybrid actuator and detail of the slits

Fig. 3.

Scheme of the whole Hybrid Piezo Hydraulic structure

II. M ODELING OF THE PIEZO HYDRAULIC ACTUATOR
In the diagram of Fig. 3 the T-A connection links the couple
of valves with the tank and the P-B connection links the
couple of valves with the pump. In the position of Fig. 3
connections T-A and P-B are maximally open and the couple
of valves are closed because point B is under pressure. When
the piezo acts its force, the mechanical servo valve moves
and begins to close these connections. When the mechanical
servo valve is in the middle position, both connections (TA and P-B) are closed and connections A-P and B-T begin
to open. At this position also both motor valves begin to
open because point A is under pressure. Figure 2 shows in
detail a part of the hybrid structure which consists of a piezo
actuator combined with a mechanical part. These two parts
are connected by a stroke ratio to adapt the stroke length.
The proposed nonlinearity model for PEA is quite similar to
these presented in [14] and in [15]. It is basically constructed
from a sandwich model as shown in Fig. 4, which is based on
the following hypothesis. According to the proposed sandwich
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model, a PEA is constituted like a three layer sandwich. The
middle layer is the effective piezo layer (P-layer), and the two
outside layers connected to the electrodes are known in the
literature as interfacing layers (I-layers). The P-layer is the
one that has the ordinary characteristics of piezo effects but
without the nonlinearities of hysteresis and creep so that its
behavior can be modeled by an equivalent linear circuitry. On
the contrary, the I-layers do not contribute any piezo effect;
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they are just parts of the circuit connecting P-layer to the
electrodes in series. In [15] it is hypothesized that each of

model, if Vh = 0, then the hysteresis will disappear, and if
Ra = ∞ when ∥Va ∥ < Vh , then the creep will also disappear.
Based on this proposed sandwich model and the equivalent
circuitry as shown in Fig. 5, we can further derive the state
model as follows:
( 1
1 ) Va (t)
Vz (t)
Vin (t)
+
−
+
(1)
V̇a (t) = −
Ra
Ro Ca
Ca Ro
Ca Ro
Q̇b
1 ( Va (t) Vz (t) Vin (t) )
V̇z (t) =
+
−
−
+
,
Cz
Cz
Ro
Ro
Ro
(2)
where Qb = Dy Fz (t) is the ”back electric charge force”
(back-ecf) in a PEA, see [15]. According to [15] and the
notation of Fig. 7, it is possible to write:
Fz (t) = Mp /3ẍ(t) + Dẋ(t) + Kx(t) + Kx x(t).

Fig. 4.

The sandwich model of the PEA

Fig. 5.

Electrical part of the model

the I-layers can be equivalently represented by a capacitor
and a resistor connected together in parallel. Together with
the equivalent circuitry for P-layer, Fig. 5 shows the equivalent
circuitry for a PEA with the I-layer nonlinearities of hysteresis
and creep, in which two I-layers are combined together as Ca
and Ra . The I-layer capacitor, Ca , is an ordinary capacitor,
”which might be varied slightly with some factors, but here
it would be assumed constant first for simplicity. The I-layer
resistor, Ra , however, is really an extraordinary one with a
significant nonlinearity. The resistance is either fairly large,
say Ra > 106 Ω, when the voltage ∥Va ∥ < Vh , or is fairly
small, say Ra < 1000, when ∥Va ∥ > Vh . In [15], the
threshold voltage, Vh , is defined as the hysteresis voltage of
a PEA. The authors in [15] gave this definition due to the
observation that there is a significant difference and an abrupt
change in resistance across this threshold voltage and it is this
resistance difference and change across Vh that introduce the
nonlinearities of hysteresis and creep in a PEA. The hysteresis
effect could be seen as a function of input Vin (t) and output
y(t) as follows: H(y(t), Vin (t)), see Fig. 6. According to this
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(3)

K and D are the elasticity and the friction constant of
the spring which is antagonist to the piezo effect and it is
incorporated in the PEA. Cz is the total capacitance of the
PEA and Ro is the contact resistance. For further details on
this model see [15]. Considering the whole system described
in Fig. 7 with the assumptions of incompressibility of the oil,
the whole mechanical system can be represented by a spring
mass structure as shown in the conceptual schema of Fig.
7. In this system the following notation is adopted: Kx is
the elasticity constant factors of the PEA. In the technical
literature, factor Dx Kx = Tem is known with the name
”transformer ratio” and states the most important characteristic
of the electromechanical transducer. Mp /3 is, in our case, the
moving mass of the piezo structure which is a fraction of
whole piezo mass, MSK is the sum of the mass of the piston
with the oil and the moving actuator and Mv is the mass of
the valve. It is possible to notice that the moving mass of the
piezo structure is just a fraction of the whole piezo mass. The
value of this fraction is given by the constructer of the piezo
device and it is determined by experimental measurements.
KSK and DSK are the characteristics of the antagonist spring
to the mechanical servo valve, see Fig. 7. Doil is the friction
constant of the oil. Moreover, according to [15], motion xp (t)
of diagram in Fig. 6 is
xp (t) = Dx Vz (t).

(4)

According to the diagram of Fig. 5, it is possible to write as
follows:
Vz = Vin (t) − R0 i(t) − H(xp (t), Vin (t)),

(5)

where R0 is the connection resistance and i(t) is the input
current as shown in Fig. 5. H(xp (t), Vin (t)) is the function
which describes the hysteresis effect mentioned above and
shown in the simulation of Fig. 6. Considering the whole
system described in Fig. 7, the electrical and mechanical
systems described in Figs. 5, 6 and 7 can be represented by
the following mathematical expressions:
Mp
ẍ(t) + MSK ẍSK (t) + Kx(t) + Dẋ(t) + KSK xSK (t)
3
(
)
+ DSK ẋSK (t) + Doil ẋSK (t) + Kx x(t) − ∆xp (Vin (t))
= 0, (6)

valve position y(t). The linearization of this function at each
desired position yd (t) will be considered later. Fd (t) is the
combustion back pressure in terms of force. According to Fig.

x (t)=bV (t)
p

in
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Fig. 6.
Simulated Hysteresis curve of the piezo part of the actuator:
H(xp (t), Vin (t))

where ∆xp (t) represents the interval function of xp (t) as
shown in Fig. 6 which, according to equation (4), can be
expressed as:
∆xp (t) = Dx ∆Vz (t).
(7)
Finally, using equations (5) and (7),
(
)
Kx ∆xp (t) = Kx Dx Vin (t) − R0 i(t) − H(∆xp (t), Vin (t)) ,
(8)
which represents the interval force generated by the piezo
device. Equation (6) can be expressed in the following way:
Mp
ẍ(t) + MSK ẍSK (t) + Kx(t) + Dẋ(t) + KSK xSK (t)
3
+ DSK ẋSK (t) + Doil ẋSK (t) + Kx x(t) = Kx ∆xp (Vin (t)).
(9)

6 in which an upper bound and a lower bound of the hysteresis
curve are indicated, it is possible to write that:
∆xp (Vin (t)) = [−a a] + bVin (t),

∆xp (Vin (t)) = −a + bVin (t),

(14)

∆xp (Vin (t)) = a + bVin (t).

(15)

Considering this notation, the system represented in (6) can
be split into the following two systems:

According to Fig. 7, x(t) is the position of the piezo actuator,
xSK (t) is the position of the mechanical servo actuator, y(t)
represents the position of the valve. Function F (xSK (t), y(t))
represents the force exerted by the pump on surface S of the
armature of the moving valve, see Fig 7. Moreover,
(12)

where pA (t) and pB (t) are the pressure in the two oil chambers
separated by the armature of the valve. In [16] pressure pA (t)
and pB (t) are nonlinear functions of the mechanical servo
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(13)

with a ∈ R and b ∈ R two positive constants are indicated. In
particular,

(10)

where W is the position ratio above defined and it states
the incompressibility of the oil in the conic chamber. The
following equation completes the dynamic of the considered
system:
(
)
Mv ÿ(t) + Doil ẏ(t) = F xSK (t), y(t) − Fd (t).
(11)

F (xSK (t), y(t)) = (pA (t) − pB (t))S,

Mass spring model of the whole actuator

and

It is to be noticed that the following relationship holds:
xSK (t) = W x(t),

Fig. 7.

796

a)
Mp
ẍ(t) + MSK ẍSK (t) + Kx(t) + Dẋ(t) + KSK xSK (t)
3
+ DSK ẋSK (t) + Doil ẋSK (t) + Kx x(t) = ∆xp (Vin (t)),
(16)

b)
Mp
ẍ(t) + MSK ẍSK (t) + Kx(t) + Dẋ(t) + KSK xSK (t)
3
+ DSK ẋSK (t) + Doil ẋSK (t) + Kx x(t) = ∆xp (Vin (t)),
(17)
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III. A

SWITCHING CASCADE

PID-PID

CONTROLLER

COMBINED WITH A FEEDFORWARD REGULATOR

Figure 8 shows the proposed control structure. It is possible
to see how a feedforward structure is present in order to
achieve a regulation around the desired trajectory. An internal
PID structure and an external one complete the whole control
scheme to guarantee the robustness. The feedforward control
structure is based on the inversion of equations (16) and (17)
together with equation (10). In the inversion of the whole
model just the mechanical part of the model is considered. In
fact, according to the real data which we have, the piezo and
the hydraulic part of the model result to be more than 10 times
faster than the mechanical part. According this considerations
which result to be validated a posteriori with simulations,
the feedforward controller consists of the digitalization of the
following equation:
uf eed (t) =

(

Mp
3

+ MSK W )ÿd (t)
+
Kx b
(
)
D + (DSK + Doil )W ẏd (t)
+
Kx b
(Ky + Kx + KSK )yd (t) + Kx (−1)q a
. (18)
Kx b

approach. Lyapunov approach is very used to derive control
law also in industrial applications, e.g., [17]. Considering Figs.
5 and 7, if the dynamics shown in (16) and (17) are considered
in a state space representation, then
ẋ1 (t) =
ẋ2 (t) =

x2 (t)
−Dx2 (t) − W (DSK + Doil )x2 (t)
Mp
3

+ MSK W
−(K + Kx + KSK W )x1 (t)
Mp
3

+ MSK W
3Kx bVin (t) + (−1)q a
Mp
3

(19)
+

+

(20)
(21)

+ MSK W

where q = 1, 2.. The system represented in equations (19) and
(21) can be represented as follows:
[
]
ẋ1 (t)
(
)
= f (x(t), H y(t), Vin (t) ) + BVin (t),
(22)
ẋ2 (t)
where it is assumed that Vin (t) = Vz (t),
(
)
f (x(t), H y(t), Vin (t) ) =



and B = 
defined:

−Dx2 (t)−(K+Kx +KSK W )x1 (t)



0
3Kx b+(−1)q a
Mp
3

x2 (t)
Mp
3


 , (23)

+MSK W

. The following PID controller is

+MSK W

(
)
K(t) = G xd (t) − x(t) ,
(24)
[
]
Pi Di , and xd (t) represents the vector
where G =
of the desired piezo trajectories. Equation (24) becomes as
follows:
[
]
[
] x1d (t) − x1 (t)
Ki (t) = Pi Di
+
x2d (t) − x2 (t)
∫
Ii (x1d (t) − x1 (t))dt,
(25)
thus
(
)
(
Ki (t) = Pi x1d (t) − x1 (t) + Di x2d (t) − x2 (t))+
∫
Ii (x1d (t) − x1 (t))dt, (26)

Fig. 8.

Pi and Di are internal P and internal D parameters of the PID
controller. If the following Lyapunov function is defined:

Proposed control structure

V (Ki ) =
A. A switching internal PID controller
As already mentioned, the PID control structure presented
in this section is quite similar to the sliding control structure
presented in [3]. In [4] an integral action is considered in a
similar way as in this contribution in order to improve the
controller performance in steady state (zero error). The proposed integral sliding mode control is derived using Lyapunov
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Ki2 (t)
,
2

(27)

then it follows that:
V̇ (Ki ) = Ki (t)K̇i (t).

(28)

In order to find the stability of the solution s(t) = 0, it is
possible to choose the following function:

797

V̇ (Ki ) = −η(t)Ki 2 (t),

(29)
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with η > 0. Comparing (28) with (29), the following relationship is obtained:

and finally

Ki (t)K̇i (t) = −ηKi2 (t),

(30)

(
)
Ki (t) K̇i (t) + ηKi (t) = 0.

(31)

Considering equation (43), then equation (42) becomes:
(
)−1
ueq (kTs ) = Vin ((k − 1)Ts ) + GB
Ki (kTs ) − Ki ((k − 1)Ts )
. (44)
Ts
Inserting (44) into (40):

The no-trivial solution follows from the condition
K̇i (t) + ηKi (t) = 0.
From (24) it follows:
(
)
K̇i (t) = G ẋd (t) − ẋ(t) + Ii (x1d (t) − x1 (t)) =
Gẋd (t) − Gẋ(t) + Ii (x1d (t) − x1 (t)).

(32)

and finally:

B. A switching external PID controller
If the following external PID is defined:
[
]
[
] x1vd (t) − x1v (t)
se (t) = Pe De
+
x2vd (t) − x2v (t)
∫
Ie (x1vd (t) − x1v (t))dt,

(35)

where ueq (t) is the equivalent input which, in our case,
assumes the following expression:
)
(
)−1 (
(36)
ueq (t) = GB
G ẋd (t) − f (xd (t), H) .
After inserting (35) in (32) the following relationship is
obtained:
(
)
GB ueq (t) − Vin (t) + ηKi (t) = 0,
(37)
and in particular

(
)−1
Vin (t) = ueq (t) + GB
ηKi (t).

Through matrix B the control law is a switching one.

(34)

and from (33) the following relationship is obtained:
K̇i (t) = Gẋd (t) − Gf (xd (t), H) − GBVin (t) =
)
(
GB ueq (t) − Vin (t) + Ii (x1d (t) − x1 (t)),

(
)−1
Vin (kTs ) = Vin ((k − 1)Ts ) + GBTs
(
)
ηTs Ki (kTs ) + Ki (kTs ) − Ki ((k − 1)Ts ) . (46)

(33)

The main idea is to find a ueq (t), an equivalent input, and
after that a Vin (t), such that ẋ(t) = ẋd (t). For that, from (22)
it follows that:
ẋ(t) = ẋd (t) = f (xd (t), H) + BVin (t),

(
)−1
Vin (kTs ) = Vin ((k − 1)Ts ) + GB
(
Ki (kTs ) − Ki ((k − 1)Ts ) )
ηKi (kTs ) +
, (45)
Ts

(38)

Normally, it is a difficult job to calculate ueq (t). If equation
(35) is rewritten in a discrete form using Euler approximation,
then it follows:
(
)
Ki ((k + 1)Ts ) − Ki (kTs )
= GB ueq (kTs ) − Vin (kTs ) .
Ts
(39)
If equation (38) is also rewritten in a discrete form, then:
(
)−1
Vin (kTs ) = ueq (kTs ) + GB
ηKi (kTs ).
(40)
Equation (39) can be also rewritten as:
(
)−1 Ki ((k + 1)Ts ) − Ki (kTs )
ueq (kTs ) = Vin (kTs ) + GB
.
Ts
(41)
Equation (41) can be estimated to one-step backward in the
following way:
(
)−1
ueq ((k − 1)Ts ) = Vin ((k − 1)Ts ) + GB
Ki (kTs ) − Ki ((k − 1)Ts )
. (42)
Ts

where xvd (t) represents the vector of the desired valve trajectories. Then after similar calculation the following PID
structure is calculated:
(
)−1
Vin (kTs ) = Vin ((k − 1)Ts ) + LHTs
)
(
ηTs Ki (kTs ) + Ke (kTs ) − Ke ((k − 1)Ts ) . (48)
[
]
The following notation is used: L = Pe De and
[
]
0
H=
,
(49)
−F (xSK d (t)yd (k))/Mv
where cxSK d (k) ∈ R and cyd (k) ∈ R are the constants which
come from the linearization of F (xSK (t), y(t)) at each t-time.
IV. A G EOMETRIC PRE - COMPENSATOR TO SPEED UP THE
CONTROLLED DYNAMICS

Assuming that state of the system as follows, then:
[
]T
xf (t) = x(t) ẋ(t) y(t) ẏ(t) ,

(50)

and considering equation (11), and (14) with (15) combined
with (16) and (17), the following matrices for the representation of the system are obtained:

Because of function ueq (t) being a continuous one, we can
write:
ueq (kTs ) ≈ ueq ((k − 1)Ts ).
(43)
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(47)

798

Ak =


0

x +K+KSK W )
− (KM
p
+MSK W

3

0
cx (k)
Mv

1
−

(D+(DSK +Doil )W )
Mp
+MSK W
3
0
0

0

0

0

0

0

1

cy (k)
Mv

−

Doil
Mv



,

(51)
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where cx (k) ∈ R and cy (k) ∈ R are elements which
come from the linearization of F (xSK (t), y(t)). Matrix A
represents, as written above, the Jacobian matrix of the system.

0


0
0
0
0
3Kx a

0 Mp +3M
0
0
 3Kx b 
SK W
,
Bk =  Mp +3MSK W  , Ek = 

0
0
0
0
0
0

0

[
d(k) =

0

0
Tr (k)
0
−F (xSK (k)yd (k)) − FL (k)
d

0

]

− 1
Mv

.

(52)

(53)

where Vh (k) is a suitable threshold voltage as proposed for
the construction of the hysteresis in [15]. Term Tr states the
switching nature of the model.
A. Solving a linear position MPC optimization problem
Considering the models described in (11), (16) and (17) in
which Euler discretization is considered with k = nts , n ∈ N,
where Ts is the sampling time, if y(t) is assumed to be the
controlled output, then the following system is obtained:
xf (k + 1)
y(k)

= Ak xf (k) + Bk Vin (k)+Ek d(k)
=

Hk xf (k),

(54)

where matrix Hk = [0 0 1 0] is the output matrix which
determines the position of the valve according to the system
in (6) and (11). Matrix Ak represents the digitalization of the
system described in (6) and (11). A particular attention should
be paid to matrices Bk , Ek and dk which take the switching
aspect in the represented system into account. In the MPC
approach just two samples are considered:
y(k + 1/k) = Hk Ak xf (k) + Hk Bk umpc (k)
+ Hk Ek d(k)

∂umpc (k)

+ Hk Bk umpc (k + 1) + Hk Ak Ek d(k) + Hk Ek d(k). (56)
Equations (55) and (56) can be vectorially expressed as:
(57)

J=

2

yd (k + j) − y(k + j)

)T

k

F3p =

(59)

k

k

k

k

Hk Ek

0

Hk (Ak Ek + Ek )

Hk Ek

.

(60)

where Ydp (k) and Yp (k) are the desired output column
vector and the measured or observed output vector. For further
details see [18]. In order to speed up the dynamics of the
actuator without using strong actions of the regulators which
can generate large oscillations and thus tracking errors, a
geometric pre-compensator is proposed. The idea is to select
an eigenvector of G1p which represents the matrix of the
predicted dynamics of the whole actuator. This eigenvector
must be included into the intersection between imF1p and
between the set of the eigenvectors of matrix G1p . Once the
eigenvector which corresponds to the biggest absolute value
of the eigenvalue is chosen, according to the meaning of the
eigenvalues and eigenvectors, then it is possible to control the
system along the direction of this eigenvector to obtain the
fastest dynamics. The advantage here is that this dynamics
can be reached just using a pre-compesator which should
select the eigenvector of the system. The feedback parts of
the controllers are devoted to make the whole control system
robust. If a matrix Iλ is considered, and
imIλ = {imF1p ∩ imV},

(62)

where V represents the matrix containing all eigenvectors of
matrix Gp , then subspace imIλ represents the intersection
subspace between the matrix of the eigenvectors and the
input matrix F1p . Considering Iλmax which represents the
eigenvector of the set defined in (62) which corresponds to the
maximal eigenvalue, then we are looking for an input partition
matrix Si such that, for the dynamic triples
(Iλmax , Gp , F1p Si ) ,

(

k

]

A direct off-line computation may be obtained explicitly as:
(
−1
umpc = (FT
FT
1p Qp F1p + Rp )
1p Qp
))
(
× Ydp (k) − Gp x(k) − F3p d(k) , (61)

(63)

the requirements

Qp yd (k + j))

j=1

N (
)T
) 1∑
umpc (k + j) Rp umpc (k + j),
− y(k + j) +
2 j=1

(58)

RIi = minI(Gp , F1p Si ) ⊆ imIλmax

(64)

can be achieved.
About the calculation of the preselecting matrix Si , if imF1p ∩
imV =
̸ 0, then:

where yd (k + j), j = 1, 2, . . . , N is the position reference
trajectory (desired trajectory) and N the number of samples
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k

[

If the following performance criterion is assumed,
N
1 ∑(

= 0.

If only two steps for the prediction horizon are considered,
then:
[
]
[Hk Ak ]
Hk Bk
0
F1p = H (A B + B ) H B ,
Gp = H A2 ,

(55)

y(k + 2/k) = Hk A2k xf (k) + Hk Ak Bk umpc (k)

Y(k) = Gp xf (k) + F1p (k)Umpc (k) + F3p d(k).

∂J

k

xSK d (k) and yd (k) are the desired trajectories of the moving
mass and the desired output respectively at each k-time.
Term F (xSK d (k), yd (k)) comes from the linearization of
F (xSK (t), y(t)) at the desired trajectories.
Tr = −sign(Vin (k) − Vin (k − 1) − Vh (k)),

of the prediction horizon, and Qp and Rp are non-negative
definite matrices, then the solution minimizing performance
index (58) may be obtained by solving

Si = (FT1p F1p )−1 FT1p Iλmax .
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INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

V. S IMULATION RESULTS

15
Desired valve velocity
Obtained valve velocity

The digital controller is set to work with a sampling time
equal to 20 × 10−6 s, according to the specifications of the
Digital Signal Processor which we are intended to test the
system with.

10

Valve velocity (m/sec.)

The control law of equation (46) is tested using the model
described in section II. Figure 9 shows the final results concerning the tracking of a desired position of an exhaust valve
with 8000 rpm. Figure 10 shows the final results concerning
the tracking of a desired velocity of an exhaust valve with
8000 rpm. Figure 11 shows the profile of the simulated force
on the piezo part of the proposed actuator. But, the force acting
directly on the valve at the opening time has a peak value equal
to 700 N circa and it is reduced to a few Newtons acting on
the piezo part thanks to the decoupling structure of the hybrid
actuator. This is one of the greatest advantages of these hybrid
actuators. The model of such kind of a disturbance is obtained
as an exponent function of the position of the valve. Figure
12 shows the pressure profile of pressure pA (t) and pB (t) of
the oil chambers of Fig. 7.
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Force of the internal combustion considering 8000 rpm
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Desired and obtained valve positions corresponding to 8000 rpm

VI. C ONCLUSIONS AND FUTURE WORK
A. Conclusions
Remark 1: It is to remark that, equation (46) states that
the control law does not depend on the dynamics of the
system model. The control law depends for the internal PID
controller just on the moving mass and on product Kx Dx
(transformer ratio). All these parameters are always well
known in a piezoelectric actuator. Product Kx Dx depends on
the temperature, the piezoelectric actuator is equipped with
a temperature sensor which activates an air cooling system.
Concerning external PID controller, the control law depends on
the moving mass and on the pressures of the two oil chambers,
and on the valve surface.
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This paper deals with a hybrid actuator composed by a piezo
part and a hydraulic one and its control structure for camless
engine motor applications. The idea is to use the advantages of
both, the high precision of the piezo part and the force of the
hydraulic one. In the control problem nonlinearities such as
hysteresis, saturations, and creep are taken into account. The
proposed control scheme integrates PID controleer together
with a feedforward controller and an MPC structure using
a geometric structure to speed up the dynamic response.
Simulations with real data of motor and of a piezo actuator
are shown.

800
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Pressure pA (t) and pB (t) of the oil chambers considering 8000

B. Future work
Future contributions include an adaptive PID-PID control
structure and measurements on an experimental setup. Some
refined models of the whole structure are already under consideration. In particular, in the presented paper it is assumed that
the oil of the hydraulic part is incompressible. This assumption
should be removed and the pressure of the oil should be
considered as a further state variable which the system can
be described with. Moreover, advanced future contributions
should consider sensorless control structure as proposed in
[19] and in [20] for an electromechanical actuator.
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