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This paper describes the use of motor camless engines in hybrid drives. It is known that hybrid
drives are composed of piezoelectric and hydraulic parts, as well as switching control model
predictable (SCMP). Accounts the effect of hysteresis, and dynamic model Preisach. Control processes
in technical systems is often complicated by the presence of hysteresis. The methods set out the
submission, are generic and can be applied to a wide variety of processes. In addition, simulations with

real data are presented.
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l. Introduction.

Camless engine with variation control valve
compared with conventional spark ignition engines,
has recently attracted a lot of attention. This is
caused by its ability to reduce losses in pump
operation during partial load and torque productivity
increase. To reduce noxious emissions and to
increase fuel economy, use the variable valve timing
system. This allows you to control the internal EGR.
In recent years, guided by the general principles of
the use of electromagnetic actuators described in [1]
and [2]. The advantages of using a hybrid drive with
piezo and hydraulic part is the high precision and the
speed of the piezoelectric element and the hydraulic
power unit. The expounded management strategy is
similar to that which is presented in [3], but this
presents a new model of the hydraulic actuator. At
the expense quasi absence of inductance effects,
with the piezo drive have fewer difficulties with
electromagnetic compatibility.

Figure 1 shows the position profiles for the
intake and exhaust valves, operating in each
cylinder. The graph shows the point of intersection
of the trajectory of the intake valve operation during
the formation of combustion gases and gasoline.
This ensures phase matching with the position of the
piston. Fig. 1 also shows the new engine structure
with four piezo actuators [4].
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process control, hysteresis,

The following shows a generalized concept of
the operation of individual parts of the engine, for
example, control the throttle [5]. This article contains
the following sections. Section Il describes the
proposed model of the drive. Section Il is detailed
servo piston model and management. Section
IV examines the MPC (model predicted control).

The conclusions are presented at the end
of the simulation.

Il. Modeling of a hybrid actuator.

Hysteresis effect  affects model-using

linearization. In this part of the hysteresis, effect is a
model that uses the linearization. We consider the
upper and lower bounds of linear characteristics.
Figure 2 shows the structure of a hybrid drive. On
the left, in the diagram is shown the piezoelectric
portion in contact with the piston surface As. By a
conical structure, the oil-filled, with the piston surface
A transmits mechanical movement of the servo
piston with a surface A2. Note that A7 >> A2 and it
implements transmission ratio position of piezo
mechanical parts. Therefore, short strokes of the
piezo match longer strokes of the mechanical servo.
In particular, the ratio

w =" 100
=4 ~
is multiplied by the position factor of approximately
130, hence the force decreases at the same rate.
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Note that the piezo drive, at an elongation at 0 mm
produces approximately 30,000 N, and at an
elongation of 0.12 mm could create a force of about
10,000 N. Fig. 2 shows four points of the hydraulic
circuit (A-B-P-T). Cavities through connecting both
pairs of valves (intake and exhaust) are connected
to the hydraulic circuit.

After reacting for one piston fuel control valve
opens or closes the connecting cavity, and valves
are driven by a hydraulic pump through a hydraulic
pressure circuit. Details are shown in Fig. 2. T-A
connection valve pair connects with the tank, and
compound P-B pump. Fig. 2 compound T-A and P-
B in open steam valve is closed completely, since
the point B is pressurized. Then piezo force
increases mechanical servo moves and starts to
close the connection. When the mechanical valve
actuator is in a middle position, both compounds
A-P and B-T are closed and compounds A-P-T and
B are opened. In this position, both electrical valves
open, so the point A is pressurized. The proposed
nonlinear model for the PEA is similar to that shown
in [6] and [7]. It consists of a multilayer model (Fig.
3) based on the following hypothesis. According to
the proposed sandwich model, the PEA is designed
like a three-layer sandwich.

Exhaust’
Valve !

Fig. 1. New structure of the engine. Exhaust and in-
take piezo hydraulic valve and their opening and
closing variable trajectories.

The middle layer is effective piezo layer (P-
layer) and the two outer layers are connected to the
electrodes. These are known as cooperating layers
(I-layer). P-layer has the usual characteristics of the
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piezoelectric effect, but without the non-linearity
hysteresis, so that its behavior is modeled by a linear
equivalent circuit. I-layers do not contribute to the
appearance of the piezoelectric effect; they are only
part of the circuit connecting the P-layer electrode.
In [7] it is assumed that each of I-layers may
equivalently be represented as a capacitor and a
resistor connected in parallel. Together with the
equivalent circuit for the P-layer in Fig. 4 is an
equivalent circuit for a PEA I-layer non-linearity and
hysteresis creep, in which two I-layer joined as Ca
and Ra. I-layer capacitor C, is usually one, he can
slightly change some parameters, but here, for
simplicity, it will be considered permanent. I-layer
resistor Ra is unusual, with significant nonlinearities.
Resistance or a fairly large, R=> 10° Q, at a voltage
[| Va || <Vh, or a sufficiently small Ra <1000 when ||
Va || > Vh. In [7], the threshold voltage Vi, is defined
as the hysteresis voltage PEA.

Stroke sensor
Double hydraulic cylinder 1

Engine valve pair \ M

Piezo piston
(piston 1 with surface A1)

Hydraulic piston

Mechanical
senvo valve

Antagonist
spring to the
mechanical
senvo valve

Antagonist spring to
the piezo actuator

Hydraulic
pump

Stroke ratio

with oil filling
Servo piston

(pistan 2 with surface Az)

Piezo actuator

A B, PandTare
hydraulic circuit points

Fig. 2. Scheme of the whole hybrid piezo
hydraulic structure

In [7] authors provide a definition of this due with
the observation that there is a significant difference
and a sharp change in resistance on the threshold
voltage, and it is this difference of resistance and
therefore the threshold voltage changes in all Wh
introduces non-linearity hysteresis and creep PEA.
Hysteresis effect may be considered as input
function of Vin (t) and output y(t) as follows: H(y(t), Vin
(1)), as shown in Fig. 6. According to this model, if Va
= 0, the hysteresis disappears and if Ra = «, where
[| Va || <Vh, the creep will also disappear. Based on
the proposed model and the equivalent circuit of the
sandwich, as shown in Fig. 4, we can receive
additional health model as follows:

: 1 I\L@E@) V@) Vi)
%(t)=_<R_a+R_O) c. orTor W
N AR AGER A7)
Vz(t)‘c_ﬁc_z(_ R, Ro | R, ) @



Where Qv = DyF; (t) is the "backward electric
charge power" (back-EMF) in the PEA, [7].

+ Electrode
Interfacing layer

Effective piezo layer

Interfacing layer

Electrode

Fig. 3. The sandwich model of the PEA

- aaYA%A%
Ro
Nonlinear Ra _F Va(t)=H(Xe(t),Vin(t))
resistance
Vm(t)
Vz(t) — (D Qb(t)=DyFa(t)
o |

Fig. 4. Electrical part of the model

According to [7] in the notation in Fig. 5, we can
write:

MP
E(t) = 350

K and D — the elasticity and spring of constant
friction, which is an antagonist of the piezoelectric
effect. C; — total capacity of the PEA, Ro — contact
resistance. More details on this model are presented
in [7]. Considering the system shown in Fig. 2 as a
whole, assuming that the oil is not compressed, the
entire mechanical system represented in elastic
mass structure is shown in Fig. 5.

The following notation is used in this system: Kx
is a constant factor of PEA elasticity. In the technical
literature the factor DxKx = Tem is known as the
transformation ratio and is the most important
characteristic of the electromechanical transducer.
My/3 — in this case, the moving mass of the piezo
structure, which is part of the entire mass of the
piezo, the MSK — the mass of the piston and the
amount of oil moving actuator, the valve M, weight.
It may be noted that the moving mass of the piezo
structure is only part of the whole piezo mass. The
value of this part of the obtained piezoelectric device
manufacturers and is determined by experimental
measurements. KSK and DSK spring characteristics
antagonist mechanical servo valve, see. Fig. 2. Doi

+ Dx(t) + Kx(t) + K, x(0). 3)
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friction oil constant. Furthermore, according to [7],
the movement xp(t) in the diagram Fig. 5.

Bore to feed
chamber A

Armature

Fig. 5. Scheme of the whole actuator

xp(6) = Dy Vs (). 4)
According to the scheme in Fig. 4 can be written

as follows:
V, = Vin(©) = Roi(t) — H(x, (), Vin () (5)

where Ry of connection resistance and the i(t) is the
input current, as shown in Fig. 4. As the function
describing the effect of the hysteresis mentioned
above, and as shown in simulation in Fig. 6 is taken
into account H(xp (t), Vin (t)). Taking into account all
the system described in Fig. 2, electrical and
mechanical system described in Fig. 4, 5 and 6
may be represented by the following mathematical
expression:

%5&(1:) + Mg X (t) + Kx(t) + Dx(t) +
+Ksi X5k (t) + Dsgsi (t) + Doys(t) + (6)
+K, (x(8) — b, (Vin () ) = 0,

where Axp(t) is a function of the interval xp(t), as
shown in Fig. 6 which, in accordance with the equa-
tion (4) may be expressed as:

Ax, () = DAV, (t). 7)

Using equations (5) and (7), we obtain the
following equation:

Koy () = KD (Vin(®) = H (8, (0, Vi ) ), (8)

Which represents the spacing force generated
by the piezoelectric device. Equation (6) can be
expressed as follows:

M
?pa'c’(t) + Mg ks () + Kx(t) +

+Dx(t) + Ksgxsi (t) + DsXsi (t) + 9)
+ DoileK(t) + Kxx(t) = KxAxp(Vin(t))'
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It should be noted that the relation in stationary
or quasi-static dynamic conditions is:

xXx (t) = Wx(t), (10)
where W ratio above a certain position, which takes
into account the incompressibility of the oil in a con-

ical chamber. Fq(t) opposite the combustion pres-
sure relative strength.
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Position x_(t) of the piezo part of the actuator (mm)

0 200 400 600 800 1000
Input voltage Vin(t) (V)

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

lll. Performance robust model system of
predicting control

Using grid affine linear functions can be
described by the hysteresis phenomenon. Fig. 6
clearly indicates the upper and lower bounds of the
grid. Using Affine linear functions can be written:

8%, (Vin (D) = [—a a] + bV; (D), (11)

Where a € R and b € R — these are positive
constants. In particular:

Ax, (Vi (8)) = —a + bV (0), (12)
and
pr(Vin(t)) =a+ bV, (t). (13)

With these designations, the system presented
in (6) can be divided into two subsystems:

M
?”x‘(t) + Mgy kg (£) + Kx(t) +

+Dx(t) + Ksxsi (t) + Dsedsi (t) + (14)
+DoilXSK(t) + Kxx(t) = Kxéxp (Vm(t));

and
M, ;
?x(t) + MSKxSK(t) + Kx(t) +
+Dx(t) + Ksgxsi (t) + DsgXsg (t) + (15)
+ DoileK(t) + Kxx(t) = Kxgxp(vin(t));
where
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Ax, (Vi (£)) = —a + bV, (¢) and Ax, (Vi (1)) =
=a+ bV, (t).

A. The structure of the pre-emptive self-tuning

The inversion model is considered only in the
mechanical part. In accordance with the real data,
piezoelectric and hydraulic modeling of the results is
by more than 10 times faster than mechanical. In
view of the above, confirmed a posteriori modeling,
the predictive controller is digitized by the equation:

(% + MSKW) Va(t)
Kb
(D + (Dsg + Do) W)ya(t)
+ K.b + (16)
(K + Ky + Ks)ya () + K (—1)%a
+ + Uy,
Kb
where yuq(t) is the desired position trajectory valve
and q — is the parameter of the switching so that g =
1, 2. It should be noted that the voltage u0 is a
voltage that allows moving the piezo-actuator to a
position in which the mechanical control valve is
located in the middle of the oil chamber, so that the
pressure in the valve is zero. The point of equilibrium
is achieved in such conditions, and the valve is
controlled. MPC allows you to design the structure of
pre-emptive self-tuning in a more reliable way.

B. The hydraulic drive part

Fig. 7 shows a possible linear model used in
practice. This model is described in [8], its possible
linear approximation is used in industry, especially in
industrial buildings represented in [8]. Figure 7
presents a model in which we can see the following
options: Ty — time constant of the hydraulic part, Tu
— time constant of the mechanical part. Vy and Vi —
are in a steady state transfer function
hydromechanical factors. Another parameter that
characterizes the hydraulic mechanical model is
K2Lidx. In reality, the KZ2Lidx parameter is a
characteristic speed value that depends on the
internal leakage. This parameter is multiplied by the
speed of the valve and releases the mass flow, as
shown in the flowchart (Fig. 7).

Parameter Aax — the surface of the moving parts
(servo). From Fig. 7 and taking into account that the
variable Qu is the mass flow in the hydraulic
actuator, obtain the following:

Used @®) =

by = Qen(s) — am (17)

_ . Vi Vi " Auk
Vo(s) = b (Ty-s+1)(Ty-s+1)’ (18)
V() = b Ve Vi~ Aa (19)

M Ty Ty S2+ (Tg+Ty) S+1°



am = VV(S) - (Aux + K2Lidx), (20)
b = Qn(s) = Vy(s) - (Aax + K2Lidx), (21)
Vy(s) = (Qen(s) = Vy(s) - (Aag + K2Lidx))x
Vi "V - Asg (22)
X .
TH'TM'SZ+(TH+TM)'S+1

Qun(t)
Vu(t) J_
alve
position
Fig. 7. Hydraulic model structure
Given the transfer function:
Vy(s) A
- 2
Qun(s) apm-s?+bys+cy (23)
where:
am = TH " TM’ (24)
by = Ty + Ty, (25)
Cm = 1 + VH " VM ' AAK ' (AAK + K2le.x), (26)
dm = Vg Vy - Asx, (27)
A S2 Vy(s) + by s-Vy(s) + 08
e Vy(s) = dy - Qun(s) = 0. (28)
Given the inverse Laplace transform:
_dm ' ch(t) =0.
Looking at the following positions:
x, (1) =V (0), (30)
X2 (t) = %1 (¢), (31)
then:
x1(t) = x,(¢), (32)
1
Xp(t) = —X
G (33)
x(deth(t) = by x5 () — cpxy (t)),
and
. 0 1
[x1(t) _| ¢ b |. [x1 ©
. = m m +
%, (1) T T x,(t)
m m
0 (34)
+ b_m Qe (0).
am

If the position of the valve y(t) is considered, then
the following system should be considered:
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yol [0 o 5] [®
9151(t) = Cm b (6 | +
H®] |0~ T | lxe® )
0
+ d?n " Qe (O).
am

Variable Qu(t) — the volume flow, which is a
linear function of the pressure and the position of the
servo piston. Given that between the position of the
servo piston and the piezo in a quasi-static state of
the following is true:

x5k (t) = Wx(0),
the total ratio between and Qu x () as follows:

Qen(t) = (w/po —pr— \/E)Cost.x

2 (36)
X [—Wx(t),
D1

where "Cost" is a constant depending on the size of
the slots, for more details see [8].

IV. Robust reporting system and switch
model predicting control.

As is evident from Fig. 6, which shows the upper
and lower boundaries of the hysteresis curve can be
written as follows:

Axy (Vin (1)) = [—a a] + bV (8), (37)

Where a € R and b € R are positive constants. In
particular,

Bxy(Vin (D) = —a + bV; (8) (38)
and

By (Vin (©) = @ + bV (0. (39)
Given these notations presented in (6) can be di-
vided into the following two systems:

M
?pa'c’(t) + Mg ks () + Kx(t) +

+Dx(t) + Ksyxsi (t) + DsgeXgi (t) + (40)
+DoilXSK(t) + Kxx(t) = éxp (Vm(t)) ’

M
?pjc'(t) + Mg ks () + Kx(t) +

+Dx(t) + Ksgxsk (t) + DsgXi (£) + (41)

+ Doyitsy () + Kx(t) = Ay (Vin (1)) -
Assume the system state variables are the following:
x(t) = [x1p () 225 (8) Xon () x11(8) X25]",  (42)
where x1p(t)=x(t), x2p(t)=%x(t) are speed positions and
piezo respectively. xon(t) = y(t), X1n(t) =%; (t) and xzn(t)
= x,(t) represent the position, speed and accelera-

tion of the hydraulic valve. The selected model can
be rewritten as follows:

x(k+1) =x(k)+

+Ts(Apx(k) + Biu(k) + Eid(k)), (43)
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where Ts — sampling time with parameter k=1, 2, ...
N. In view of equation (35) and (39) and (38) in com-
bination with (40) and (41), we obtain the following
matrix representation for the system:

0 1 0 0 o0
Ay Ay 0 0 0
A,=l0o o o 1 o], (44)
0 0 0 0 1
s1 0 0 Asy Ass
roe:
(Ky + K + Ko W)
Apn = ——7%; ;
T + MSKW
_ D+ Dsk +Doi)W)
22 — Mp )
? + MSKW
D,,W Cm b,
Ag, = i Ay = — =
52 am 54 am 55 m
0 0 00 O
0 E,, 0 0 0
E,=|l0 0 0 0 o] (45)
0 0 0 0 O
0 0 0 0 Es
roe:
3K,a 1
2T M, +3MgW T BT M,
0
| 3K.a | -, (()k)
M, + 3MgW r
Be=""", sK diky=| o (46)
0
0
0 —FL(K)

where the term F.(t) is an disturbance. As a rule, this
disturbance is present in the exhaust valve due to
the presence of internal pressure after combustion.
T, = —sign(Vin(k) = Vi (k — 1) =V, (k)), (47)

where Vh(k) is the appropriate threshold voltage, as
proposed for the construction of the hysteresis
in [7]. The term T, shows the switching character
of the model.

A. Solution of optimization problems in the linear
position of MPC
Considering model described in the MPC that the
standard sampling Euler considered with k = nTs, n
€ N, where Ts — sampling time, if y(f) is supposed to
control output, we get:

y(k) = Hyx(k),

where the matrix Hx = [0 0 1 0 0] is the output matrix,
which determines the position of the valve. The ma-
trix A« is a digitizing system described in (44). Partic-
ular attention should be paid to the matrix Bk, Ex and
dk, taking into account the switching aspect of the
present system. The MPC method considers only
two models.

(48)
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+H ByUmpc (k) + HyE,d(k) , (49)

9k +2) = HeAx(k) + Hi Ay Bimpe (k) +
+HkBkumpC(k + 1) + HkAkEkd(k) + (50)

+ HLE d(k).
Equations (49) and (50) can be expressed vectorially
as follows:
Y(k) = Gpx(k) + Fip(k)Uppc (k) + Fppd (k). (51)
If the following criterion of effectiveness suggest

I =5 Galk+)) =96+ ) x
=
xQ 0+ ) =9k + ) +

1 T
+§Z (umpc( k + ])) Rpumpc(k +j))' (52)
j=1
where ya(tk +j),j =1, 2, .. .,Nis the initial position of
the trajectory (desired trajectory) and N is the num-
ber of samples and the forecasting horizon Ry and
Qp certain non-negative matrix, the index perfor-
mance solutions to minimize (52) can then be ob-
tained by solving

9]

OUmpc

=0. (53)

If we consider only two steps up to the forecast
horizon, then:

~ Hy 0
Fip = [Hk(AkBk + By) HkBk]' (54)
C[He Ay
Gy = [Hk Akz] (85)
and
_ H,E, 0
Fap = Hy(AgEy + Ey) HkEk]. (%6)

A direct calculation can be obtained offline
explicitly:

umpc(k) = umpc(k -1+

-1
+(FL,QpFip + Ry) X (53)

x (FlTpr (de(k) — Gyx(k) — szd(k)>> .

Where Yap(k) and Yp(k) are the output column
vector of the desired and measured or monitored
output vector. For details, see [9].

V. Simulation

Fig. 8 shows the simulated results of the final
track position control valve and an exhaust valve
speed. These paths correspond to 8000 revolutions
per minute (RPM). The received power for each
exhaust valve has a maximum value of 1 kW, and its
average value does not exceed 300 watts at 8000
rom. In this case, the maximum current is 1.5
Ampere, with simulated pressure. Simulated
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pressure acts on the valve, prepared as a function of VI. Conclusion

the exponent of the valve position. Modeling The article deals with a hybrid drive consisting of
influences horizon, consisting of two samples. The piezoelectric and hydraulic parts containing the
digital controller is configured to work with a structure switching control model predicted (SCMP)
sampling time of 20 x 10 sec in accordance with the for the engine. In this paper, we take into account the
specifications of a digital signal processor, in which ~ dynamic model Preisach hysteresis. In addition,
we intend to test the system. simulations with real data are presented.
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Mopenb NnporHo3upyemMoro ynpaBrieHUs UICNONHUTENbHbIM MeXaHU3MOM
C BO3MOXXHOCTbH CAaMOHACTPOMKM

B.B. Tbipca, . Mepkopennu, O.10. CeprueHko

B cratbe onucaHo nNpuUMeHeHMe MOTOpPHbIX Oe3KyraykoBblX ABuratenei B rMbpuaHbIX NpYMBOAAX.
MbpugHble nNpMBOAbI COCTOAT U3  Mbe303NEeKTPUYECKONM U rmapaBfM4eckon YacTen, a Takke
KOMMYTaUMOHHON Mogenu nporHoanpyemoro koHTponsa (KMIIK). YuuTbiBaeTca BnvsiHMe rucrepesuca wu
OnHamunyeckas mogenb lNMpensaxa. KoHTponb NpoLeccoB, NMPOMCXOASALINX B TEXHUYECKMX CUCTEMAX 4acTo

ImxeHepia npupogokopucTyBaHHs, 2017, Ne1(7), c. 89 - 96
www.mtf.khntusg.com.ua Engineering of nature management, 2017, #1(7), p. 89 - 96



m Moaenb NporHo3MpyemMoro ynpaBreHusi ICMOSIHUTENIbHbIM MEXaHU3MOM ...
Model predictable control of actuator unit with self-tuning feedforward control

OCJIOXKHAETCA HannM4dmem rucrtepesnca. MeTofabl, W3NOXeEHHblE B npencrtaBieHHOM Matepunane, HOCAT
0000 EHHBbIN Xapaktep U MOryT NnpuMeHATbCA And CaMblX pa3H006p33HbIX npoLueccos. Takke npeacrtasrieHO
mogenunpoBaHue C pealribHbIMW OAaHHbIMW.

KnroueBble cnoBa: 2ubpudHbil npueod, beskynadykosnili 0gueamerib, KOMMymauyuoHHasi MoOesib, KOH-
mporb fnpoyeccos, eucmepesuc, moaernb Npensaxa.

AHoTauin

Mopgenb nporHo3oBaHoOro ynpassiiHHA BUKOHaBYMM MEXaHi3MOM
3 MOXNUMBICTIO CaMOHarnalwTyBaHHs

B.B. Tupca, IN. Mepkopenni, O.10. CeprieHko

Y cTaTTi OnMcaHO 3acTOCyBaHHA MOTOPHMX Oe3KynaykoBMX ABWUIYHIB B riopugHux npusogax. [iopugHi
NpMBOAM CKNajalwTbCs 3 MN'€30€NeKTPUYHOl | rigpaBniyHOT 4YaCcTMH, a TakoX KOMyTauinHol mogeni
nporHosoBaHoro koHTpomo  (KMIK). BpaxoByeTbCsi BMAMB TiCTEpe3UCy i AMHaMiyHa Mogenb
Mpen3axa. KoHTponb Npouecis, WO BiAOYBaOTLCS B TEXHIYHUX CUCTEMAX YaCTO YCKMNaAHAETbCS HASABHICTIO
rictrepesucy. MeToau, BuKnageHi B npeacTtaBneHoOMy Matepiani, HOCATb Yy3aranbHeHur Xxapaktep i
MOXYTb 3aCTOCOBYBAaTUCS AN HAMPI3HOMAHITHILWLMX npoueciB. TakoX NpeaCcTaBfneHO MOAENoBaHHA 3
peanbHUMN JaHUMW.

Knrouogi cnoBa: 2ibpudHuti npusid, beskynaykosuli dguayH, KoMymauitiHa Modesib, KOHMPOIIb MPoyecis,
eicmepesuc, modesb lNpelizaxa.

MpepcTtaBneHo Big peaakuii: A.T. lle6benes / Presented on editorial: A.T. Lebedjev
PeueH3eHT: P.B. AHToLweHKkoB / Reviewer: R.V. Antoshhenkov
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