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ABSTRACT-The Variable Valve Timing (VVT) system for high performance is a key technology used in newly
developed engines. The system realizes higher torque, better fuel economy, and lower emissions by allowing an additional
degree of freedom in valve timing during engine operation. In this study, a model-based control method is proposed to
enable a fast and precise VVT control system that is robust with respect to manufacturing tolerances and aging. The VVT
system is modeled by a third-order nonlinear state equation intended to account for nonlinearities of the system. Based on
the model, a controller is designed for position control of the VVT system. The sliding mode theory is applied to controller
design to overcome model uncertainties and unknown disturbances. The experimental results suggest that the proposed
sliding mode controller is capable of improving tracking performance. In addition, the sliding mode controller is robust

to battery voltage disturbance.

KEY WORDS : VVT (variable valve timing), CVVT (continuous variable valve timing), Nonlinear system, Sliding

mode control

1. INTRODUCTION

The automotive industry is always trying to reduce engine
fuel consumption and to improve engine performance
characteristics. In addition, exhaust emission regulations
have become stricter in recent years. These requirements
have motivated engineers to look for solutions that allow
additional degrees of freedom for the camshaft during the
operation of an engine. A key step in this direction is the
use of variable valve timing (VVT) systems. An engine
with a VVT system can apply various cam timings over
the range of engine operation. This ability improves fuel
economy, reduces emissions, and increases peak torque
and power (Tuttle, 1980, 1982; Leone er al., 1996;
Moriya et al., 1996; Moro and Ponti, 2001).

To adjust cam timing according to engine conditions in
real time, a VVT system requires short response time and
high accuracy. In this paper, a model-based control
method is proposed to enable a fast and precise VVT
control system that is robust with respect to manu-
facturing tolerances and aging. The model is based on the
physics of the system, and its parameters are identified
and adjusted according to experimental data. This model
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is mathematically compact enough to run in real time and
exhibits reasonable accuracy over a wide engine operat-
ing range.

The VVT system uses electronically controlled hydr-
aulic actuators to change the camshaft position relative to
the crankshaft position. Several previous studies have
treated the VVT system as a linear system and have
applied a simple linear controller (Jankovic ef al., 1998,
Stefanopoulou et al., 1998). The dynamic characteristics
of the VVT system are highly nonlinear, however, and
are relatively difficult to control. The nonlinearities arise
from oil flow equation, oil pressure dynamics, and the
dead band of the oil control valve (Merrit, 1976). Further-
more, there are many uncertainties such as cam phaser
friction, load disturbance in the camshaft, and various
unmodeled dynamics. The use of a sliding mode control
method has been shown to be effective for controlling
nonlinear systems with uncertainties (Yoon and Sunwoo,
2001), and we therefore propose its application to a VVT
system.

The experimental setup is constructed to demonstrate
the validity of the proposed sliding control method. The
experimental results suggest that the proposed controller
is capable of improving position tracking performance.
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2. OVERVIEW OF THE VVT SYSTEM

The CVVT system consists of two main components: an
oil control valve (OCV) and a cam phaser. A continuous
variable valve timing (CVVT) unit is used in this paper as
a cam phaser (Kim et al., 2006). The CVVT unit shown
in Figure 1 is a hydraulic vane-type actuator. The stator is
driven by the crankshaft, and the rotor with radially
projecting vanes is mechanically coupled to the camshaft.
The camshaft is moved relative to the stator by one-side
loading of the vanes due to oil pressure.

Figure 2 is a schematic of the CVVT system. The
CVVT unit has two oil chambers: an advance chamber
and a retard chamber. The chambers are named according
to the direction of the cam timing when the chamber is
filled. Accordingly, filling the advance chamber causes
the rotor of CVVT unit and cam shaft to move toward the
advanced timing position, and vice versa for the retard
chamber. The OCV consists of a spool valve and an
electromagnetic solenoid. The spool valve controls the
rate and direction of the oil flow applied to the oil
chamber. The spool position is determined by the electro-
magnetic solenoid, which is driven by the pulse width
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Figure 1. CVVT unit.
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Figure 2. Configuration of CVVT system.

modulation (PWM) signal.

3. MATHEMATICAL MODEL OF CVVT
SYSTEM

A model of the CVVT system for model-based control
has been developed. This model is mathematically com-
pact enough to be easily applied to the controller design
and to run in real time, and exhibits reasonable accuracy
against actual cam phasing characteristic. For simplicity,
the model operates on the following assumptions:
* Oil leakage does not occur.
« The return pressure is equal to the atmospheric pressure.
* The cavitation effect is ignored.
» The OCV orifices are symmetrical.
e The OCV valve is regarded as a zero-order system.
The mathematical model of CVVT system is develop-
ed based on physical laws. Figure 3 is a diagram of the
system model. The oil’s flow direction and flow rate are
determined by the spool displacement x, of the OCV. This
oil flow changes the pressure of both chambers, P, and
P,. The difference between the chamber pressures P; and
P, drives the vane movement, and vane displacement
thus in turn determines cam timing.
The mathematical model is made up of the spool valve
flow sub-model, the chamber pressure sub-model, and
the cam phaser sub-model.

3.1. Spool Valve Flow Sub-model

Flow rates Q, and Q, through the spool valve orifices are
described by the orifice law, which incorporates Bernoulli’s
equation, the continuity equation for incompressible
flow, and an empirical factor (Merrit, 1976; Zhang et al.,

2007):
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Figure 3. Modeling diagram of CVVT system.
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where C, is the discharge coefficient, w is the spool’s port
width, x, is the spool displacement, p is the engine oil
density, P, and P, are chamber pressures, P, is the supply
pressure from the oil pump, and P, is the return pressure.

The load flow Q, is defined by Q,=(Q,+0,)/2, and the
load pressure P,=P—P, is the pressure drop across the
load. Therefore, the spool valve flow sub-model can be
expressed as follows:

0, =

Q]/ - Cd wx, R) —sgn(xv )PL (3)
\ ol

In this study, OCV dynamics is simplified so that the
control input u is proportional to the spool displacement;
that is, x,=k.u, where k, is the valve gain. This assumption
is reasonable because the OCV response is much faster
than the rest of the VVT system components. The
parameter k, is identified by experiment.

3.2. Chamber Pressure Sub-model
The chamber pressure dynamics can be described by
applying the continuity equation to both chambers

b :—%—(—K -0) @
b= (,40,) )

2

where £, is the effective bulk modulus of the engine oil.
The two chamber volumes are given by

V] = V10+ l 9A1 (6)
Vo=Vyu+l(6,— 0)A, )]

where V), and V), are the initial volumes of each chamber,
including valve volume, connecting line volume, and
chamber volume, / is the length between the rotor center
and the center of gravity of the vane, @is the angular vane
position,  is the total angular displacement of the vane,
and A, and A, are the vane areas.

By adding equations (6) and (7), the total contained
volume of both chambers is given by V,=A+A,. There-
fore, the chamber pressure sub-model can be expressed
as follows:

A, :i‘_V/j’_e(QL ~ 416) ®)

3.3. Cam Phaser Sub-model
The cam phaser dynamics can be described by applying

Newton’s Second Law to the forces applied to the rotor.
The resulting force equation is given by

AP, =M 16 +b10 + kIO + F, ®

where M, is the total mass of rotor and load referred to the
rotor, is the viscous damping coefficient of the rotor and
load, is the spring constant, and is the friction force.

3.4. State Space Models

Combining the three sub-models, the mathematical model
of the CVVT system is modeled by the following state
equation:

X =X,

X, =X,

X, :f(x,t)+g(x,t)u(t)+d(t) (10
_ Za (0)x. (1) + g (xut)u () +d(¢)

where
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The vector x is the state vector of the system, and the
scalar u is the control input. The state variables are the
vane angular position, angular velocity, and angular
acceleration. The friction force F} is considered to be the
external disturbance. The input signal to the VVT system
is the PWM signal used for driving the OCV. The
measurable output signal is the vane angular position,
which can be acquired by measurement of the cam phase
and crank phase.

4. EXPERIMENTAL SETUP

The experimental setup is constructed to identify model
parameters and validate the proposed controller. Figure 4
is a schematic of the experimental setup, which consists
of the engine equipped with a VVT system, the data
acquisition system, and the VVT electronic control unit
(ECU). Figure 5 shows a photograph of the engine. The
test engine is fitted with a direct-current dynamometer.
An absolute optical encoder with 12-bit binary output and
an incremental optical encoder are mounted to the intake
camshaft and crankshaft, respectively. When the engine
is running, these encoders are used to measure cam
timing accurately and in real time.
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Figure 5. Photograph of engine equipped with a VVT
system.

The ECU for the VVT system is implemented using
the dSPACE’s MicroAutoBox, a rapid control proto-
typing (RCP) system. By using this system, the develop-
ment and implementation of the controller can easily be
accomplished in MATLAB®/Simulink®. This ECU controls
the VVT system by feedback of cam and crank phase
signal data, which are generated by the shaft encoders.

The data acquisition system consists of a data acqui-
sition board and a LabVIEW program (National Instru-
ments). The data acquisition process is triggered at every
1 °CA by a signal from the crank shaft encoder. The
sensor signals, such as engine oil temperature, engine oil
pressure and the cam phase signal from camshaft
encoder, are acquired and stored.

5. SLIDING MODE CONTROLLER DESIGN

In this paper, the sliding mode control method is pro-
posed as a means of designing a controller suited for the

nonlinear dynamics of the VVT system. This method is
directly applicable to a set of nonlinear dynamic
equations and directly considers the robustness to model
uncertainties and disturbances in the design process.
These features make this method highly desirable for
designing a closed-loop VVT system controller.

5.1. Problem Formulation
Recall the controllable canonical form of the nonlinear
VVT system model from equation (10) as

)'Cl=x2
Xr=X3 10)
X=f(x,0)+g(X,H)u(t)+d(t)

where x=[x; x, x;]" € R**" is a state vector, u(z) € R’

is a scalar control input, d(f)e R' is a scalar
disturbance, and f(x, ?) and g(x, f) are the system
parameters and the control gain respectively, representing
nonlinear functional relationships. To quantify robustness
with respect to model uncertainties and disturbances,
define:

SOX,0D=F(X,0)+ Af(X,1)
g(x,1)=g(x,t)+Ag(x,t) ' an
d(r)< D

where }(x,t) and &(x,7) are the nominal system para-
meters, Af(x,¢t) and Ag(x,f) are parameter uncertain-
ties, and D is the disturbance upper bound.

The system parameter uncertainty can be bounded by a
known function F:

|Af(x,0)|<F(x,1). 12)
The control gain g(x,¢) is not completely known, but is
bounded as follows:

0<8mn<8(X,1) < Zume (13)

where g, and g, are given constants. Since the control
input is multiplied by the control gain in the dynamics,
the control gain g is estimated to be the geometric mean
of the lower and upper bounds of the gain:

A 1
§=—FT—
gmin * gmax

The control problem is defined as tracking x,(¢) to a
desired trajectory, x,,(?), in the presence of model uncer-
tainties and disturbances. The tracking error is given by:

e()=x(t)—x14(t) (15)

The desired error dynamics can be defined by a sliding
surface s(f)=0 where s(¢) is as follows:

(14

2
s)=(2 + 2) e=es2iere (16)
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and A is a strictly positive constant chosen so that s(£)=0
yields acceptable error dynamics.

5.2. Controller Design

The control law must satisfy a sliding condition (Utkin et
al., 1999; Chun and Sunwoo, 2004):

s()$(t) < —nls(1)| amn

If the control input, u(¢), can be chosen to satisfy the
sliding condition for a strictly positive 7, then the system
will reach the sliding surface (s(#)=0) within a finite time
t,, computed by

$(1)=—nsgn(s(t))

£’—7]sgn(s(t))dr=—s(0) = t,=l%21 (18)

and slide along s(2)=0.
Differentiation of s(f) with respect to ¢ yields:
s'(t)=/12e'+2/lé+f(x,t)+g(x,t)u(t)+d(t) 19)
=—17sgn(s(7))
The control law that satisfies the sliding condition can
be solved from equation (19) as follows:
u(t)=—8" (x,0)[a+Ksgn(s)] (20)
where
(t)= 26+ 2 A6+ (X, 1) —F1a,
the sliding gain K is defined as:
K= BF+m+(f-H|UI+D
| f~Fl<F(x.003)iy<Uild < D,
and the gain margin /# as:

ﬂ':f\lgmax/gmin s
28
<2<«

8§ =gsp

Assuming that the coefficients of the state equation
(10) may fluctuate up to 50% from their nominal values,
the bounds of the uncertainties and the estimation error
can be determined:

B= A8 el guin=n(& - 1.5)/(Z - 0.5)=./3
F=|f~7l=0.5]7|

The sliding mode switching control law guarantees
that the sliding condition is satisfied even in the presence
of model uncertainties and unknown disturbances.

Discontinuous switching control usually results in
chattering, which may excite undesirable high frequen-
cies or unmodeled dynamics. Chattering can be alleviated
by a smoothing approximation in the boundary layer
neighboring the sliding surface, s(£)=0. A simple method
-is to replace a sign function with the following saturation

function (Utkin et al., 1999):

sgn(s(f)) — sat(ﬂé)) with ¢>0 @1)
where ¢ is the thickness of the boundary layer, which
should be adjusted to achieve an optimal balance of
tracking performance and chatter reduction. The resulting
control law is written as follows:

u(t)=8 ' (x,)[i+Ksgn(s/9)] (22)

In this control law, chatter is alleviated even though
s(f) may not tend towards zero. The resulting control law
therefore guarantees that the system will reach the
boundary layer within a finite time # and remain
ultimately bounded in the neighborhood of the origin.

6. EXPERIMENTAL RESULTS

Two different approaches to control are presented for
performance comparison. First, a linear PID controller
expressed as follows:

u=Kp+I§I+KDs (23)

where K, K, and K, are given fixed gains. A second
controller is designed using a sliding mode control
method. The control law is a modification of equation
(22):

u()=8 " (x,1)[it+Ktanh(s/@)] (24)

To evaluate the position control performance of the
VVT system, various test conditions were carried out:
step inputs, sinusoidal input, and battery voltage distur-
bances. The experiment was performed at 1500, 2000
and 2500 RPM. The experimental results only for 2000
RPM are presented because the experimental results for
1500-2500 RPM are almost the same.

First, the desired tracking inputs are set to be step
inputs. Both a small and a large step size are applied at
the references of the both controllers. For the small step
input, the intake cam phaser was moved from 5°CA to
20°CA, and then back to 5°CA. On the other hand, for the
large step input, the cam phaser was moved from 5°CA to
45°CA, and then back to 5°CA. Figures 6(a) and (b) show
the tracking outputs for the desired cam timing condi-
tions. In Figures 6(a) and (b), the linear PID controller is
seen to suffer from a slow settling time and large tracking
error. Moreover, tracking error increased with the large
step input (Figure 6(b)). By contrast, the proposed sliding
mode controller exhibited a much faster settling time and
small tracking error.

The next test used a sinusoidal input with a period of 4
seconds, and an amplitude of 35°CA from 5°CA to
40°CA. Figure 7 shows the tracking outputs for the
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Figure 6. Tracking performance for step inputs.

sinusoidal input. In this test, the sliding mode controller
exhibited remarkably better tracking performance than
the PID controller.

The OCV control current is influenced by battery
voltage and controlled by the PWM signal from ECU
command. In the modeling process, the OCV dynamics
are assumed to be a zero-order system and the influence
of battery voltage is ignored. The battery voltage can be
changed by vehicle operating conditions. In this test, a
battery voltage disturbance is applied to both controllers.

Figures 8(a) and (b) show the influence of a rising step
disturbance with a cam timing command of 20°CA. For
the linear PID controller, cam timing was changed at the
rising edge of battery voltage and then tracked to
command with a settling time of 3 seconds. However, the
proposed sliding mode controller was not affected by the
step change in battery voltage.

Figure 9 shows the influence of the voltage swing that
was applied from 10 V to 13.5 V with a cam timing
command of 40°CA. In this test, the proposed sliding
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Figure 7. Tracking performance for sinusoidal input.

mode controller exhibited a smaller tracking error than
the PID controller.

In general, the tracking performance of the sliding
mode controller was better than that of the PID controller
and also was more robust to changes in battery voltage.

7. CONCLUSIONS

The dynamic characteristics of the VVT system are
highly nonlinear and are relatively difficult to control.
Furthermore, there are many model uncertainties and
unknown disturbances. Therefore, the model should
account for nonlinear dynamics, and the proposed
controller should be able to control the nonlinear CVVT
system despite model uncertainties and unknown distur-
bances. An experiment was carried out to evaluate the
performance of the control method.
The major conclusions are summarized as follows:

(1) The CVVT system model was developed for real-
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Figure 8. Battery voltage step input.

time control. This simplified model is represented as
a third-order nonlinear state equation. The parameters
were adjusted by using experimental data.

(2) The sliding mode controller was designed for the

nonlinear dynamics of the VVT system. This con-
troller was proposed because of its robustness in
handling model uncertainties and unknown distur-
bances.
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Figure 9. Battery voltage swing.

performance. The proposed sliding mode controller
was much better than the linear PID controller for
tracking performance and also for providing fast
response and high precision for the position control
of the nonlinear VVT system. In addition, the sliding
mode controller was robust to battery voltage distur-
bances.

(3) Experimental results showed that the proposed sliding
mode controller is capable of improving the tracking
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