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Abstract

This paper discusses the control performance improvement for an electric-continuous variable valve timing (E-CVVT)
system using a brushless direct current (BLDC) motor and cycloid reducer. Each component of the E-CVVT system was
implemented with mathematical analysis, and the response performance of the E-CVVT system was determined based on
the mathematical model of the cam shaft motion, cam profile, cycloid reducer, BLDC motor, and controller. To control the
intake valve timing of the engine, a cycloid speed reducer with a high reduction ratio capable of amplifying the output
torque of a small BLDC motor was implemented. The change in valve speed due to the rotation of the cam shaft was
represented by the curves described by the vertical movement of the valve using the cam profile. A control performance
test apparatus was constructed and the torque of the intake cam shaft was measured and applied to the analysis so that the
phase of the cam shaft could be changed using the E-CVVT system. To analyze the operating characteristics of the
E-CVVT system, the BLDC motors were modeled using Simulink. The E-CVVT system controls the phase angle of the
intake cam shaft. When the E-CVVT system sets the target phase angle, the motor controller generates the optimal motor
speed command. The intake cam phase response speed depends on the setting of each PID parameter that changes the
phase of the cam shaft. Through analysis and vehicle-based experiments, we confirmed the improvement of the E-CVVT
system response performance according to the change of the PID parameter.

1 Introduction electronic control techniques are being studied to achieve

this (Cheng et al. 2016; Ashok et al. 2017).

Recently, the automobile industry has been attempting to
improve fuel efficiency and reduce exhaust gas. In addi-
tion, many countries are strengthening regulations on
automobile emissions because of concerns associated with
environmental protection and public health, focusing on the
reduction of carbon and nitrogen oxide emissions through
the development of hybrid and electric vehicles (Bottcher
and Miiller 2015; Onat et al. 2015). Therefore, technologies
for improving fuel economy, reducing the exhaust gas, and
increasing the output of the internal combustion engine are
attracting attention, and advanced automotive engine
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Among the many advanced automotive engine elec-
tronic control technologies, the most noteworthy is variable
valve control technology, which improves output and fuel
efficiency by increasing intake and exhaust efficiency in
the low and high speed rotation range of the engine (Grohn
and Wolf 1989; Schifer and Balko 2007). The opening and
closing timing of the intake and exhaust valves and the
valve overlap greatly affect the performance of the engine;
as such, properly controlling the size of the valve overlap
according to operating conditions can improve the perfor-
mance of the vehicle. variable valve timing (VVT), vari-
able valve lift (VVL), and variable valve event and lift
(VEL) are examples of valve control technologies for this
purpose. VVT is a technology that can improve engine
performance in terms of fuel consumption, output
improvement, and exhaust gas reduction throughout the
full speed range by changing the timing of valve opening
and closing, which were fixed according to factors such as
the shape of the cam, in accordance with the engine speed
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and load (Hattori et al. 2008; Fujita et al. 2008). In contrast,
VVL and VEL can increase the efficiency and performance
of the engine by increasing the amount of intake air as the
rotation speed of the engine is increased by adjusting the
opening height of the valve. This study focuses specifically
upon VVT technology.

VVT devices can be divided into three types according
to the method by which valve closure timing is controlled:
mechanical, electric, and hydraulic. Among them,
hydraulic VVT is most commonly used within vehicles. In
recent years, there has been an increase in the use of
electric-continuous variable valve timing (E-CVVT) in
response to the disadvantages of hydraulic VVT, which
include a narrow operating range and slow response speed
at low temperatures (Tsuchiya et al. 2009; Dixon 2012).
When E-CV VT is applied, fuel consumption in idle state is
improved by about 4%, while smoke is reduced by about
20%, and torque is increased by about 10% under low
speed and high speed operation conditions (Hara et al.
2009). The E-CVVT consists of a mechanical reducer and
an electric motor, which continuously controls valve tim-
ing. Due to design constraints, which are associated with
the nature of vehicles and impact reliability, the reducer
used in E-CVVT is small in volume and mass, and requires
high precision and high torque performance specifications.
Spur and planetary gears with conventional involute teeth
require large numbers of stages in order to achieve high
gear ratios. As a result, there are a large number of parts, as
well as increased volume and mass, which present a
challenge in the application of E-CVVT. To overcome this
problem, a cycloid reducer is used within the E-CVVT
system. In comparison with spur and planetary gears, the
advantage of the cycloid reducer is that it induces rolling
contact with a cycloid tooth type and has high efficiency
and durability (Blagojevic et al. 2011). In order to drive the
E-CVVT system, a motor is primarily used as an actuator.
In comparison with conventional hydraulic CVVT system:s,
motor-driven E-CVVT systems provide higher combustion
efficiency by precisely optimizing valve timing and
improving operating range and response speed.

In this study, a brushless direct current (BLDC) motor
with high output density and low inertia is used for the
operation of an E-CVVT system. The BLDC motor is
suitable for use in an automobile engine part because it has
no brush structure and therefore does not generate sparks in
the rectification process. In previous studies, an optimal
design was implemented to improve the efficiency and
maximum torque performance of BLDC motors (Baek
2018). In addition, in order to improve the control response
performance of the E-CVVT system, it is necessary to
consider control characteristics. However, there is insuffi-
cient research on the control performance verification of
E-CVVT systems. This research examines the
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mathematical analysis and control performance of
E-CVVT systems using cycloid reducers and BLDC
motors. Further, the features of the motor, the cycloid
reducer, and the controller constituting the E-CVVT sys-
tem are described. The kinetic energy and the potential
energy were derived using the Lagrange equation in order
to consider the motion of the valve. The overall torque due
to the rotation of the servo motor and the rotational
acceleration of the cam shaft were analyzed in considera-
tion of the Rayleigh function and the total work generated
by the servo motor. The shape of the cam is an important
parameter to determine valve opening and closing. There-
fore, the modeling of the valve was carried out in consid-
eration of the shape of the cam. The torque of the cam shaft
was measured by the engine and applied to the analysis.
Additionally, we used Simulink to analyze the operating
characteristics of the E-CVVT system. The E-CVVT con-
trol performance test apparatus was constructed and the
relative phase change of the cam shaft was experimentally
confirmed by driving the servo motor. The purpose of the
E-CVVT system is to control the cam shaft phase
according to the driving conditions of the vehicle. The
response of the cam shaft depends on the control parame-
ters. Therefore, the parameter of the PID controller suit-
able for the E-CVVT system was set and the improvement
of the response characteristic was confirmed. The Simulink
modeling of the E-CVVT system was used to confirm the
change in the control response according to the variation of
the PID control gain. As a result, we analyzed the response
characteristics when the target value of the cam phase
angle was set to 25° with 1000 rpm (cam shaft rotation).
It was observed that the improved control parameters
were applied 0.1 s earlier than the initial value. The control
performance test system of the variable valve system used
motors of two different sizes to drive the cam shaft (3 kW-
class servo motor) and the phase variable part (110 W-
class BLDC motor), and to measure the torque and the
rotation speed of each servo motor so that the control
performance can be easily grasped. The two-stage cycloid
reducer was used as the speed-reducing device of the phase
varying part, and the timing chain was used for driving the
cam shaft. Finally, a vehicle test was performed to confirm
the E-CVVT control performance improvement. As a result
of checking the characteristics of the intake valve dis-
placement at a cam shaft rotation speed of 1000 rpm, the
response characteristic of cam phase was shortened.

2 E-CVVT system

The E-CVVT system is shown in Fig. 1, and consists of an
E-CVVT controller, servo motor, BLDC motor, motor
control unit, and cylinder head block (Baek 2018). The
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Fig. 1 Configuration of E-CVVT system

phase variable part consists of a BLDC motor and a two-
stage cycloid reducer. The BLDC motor rotates to adjust
the phase of the cam shaft through the cycloid reducer. The
cylinder head block includes a cam shaft and a cam posi-
tion sensor, and it is possible to measure the phase change
between the cam shafts by the speed control of the BLDC
motor. The cam shaft is connected to the medium servo
motor of the drive by a chain and rotates at a constant
speed. The speed of the servo motor measures the cam
phase and controls the valve opening and closing time by
feedback control to the E-CVVT controller.

2.1 Cycloid reducer

The E-CVVT system in this research uses a two-stage
cycloid reducer, shown in Fig. 2. Cycloid reducers have the

Fig. 2 Cycloid reducer

(a) Top
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Cam Shaft
(Output shaft)
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Position Sensor

Crank Shaft
Position Sensor

: Torque by BLDC motor

: Torque by crank shaft

: Control or sensor signal
: Power source

advantage of achieving a large reduction ratio, while
maintaining a small size in comparison to spur gears and
planetary gears (White et al. 2013; Duan et al. 2017). The
cycloid gearbox applied to the E-CVVT consists of a
sprocket for driving the cam shaft, which is connected to
the crankshaft, and a chain, a two-stage cycloid disk, an
outer gear housing, an input eccentric shaft, and an output
shaft. The cycloid disk and the pin-roller come into contact
at various points and the load is dispersed in order to
achieve high rigidity, good impact resistance, durability,
and high efficiency. The deceleration in the cycloid reducer
is shared by the first-stage and second-stage decelerator
with one input eccentric shaft. The fixed outer gear housing
and the output shaft, made up of pins, are brought into
contact with the cycloid tooth profile.

(b) Bottom (c)Side
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Equation (1) represents the first-stage cycloid reduction
ratio. The speed ratio of the first-stage cycloid is calculated
as shown in Eq. (1), since the rotational speed of the outer
gear is zero. The reason why the value of Eq. (1) has a
negative sign is that the input shaft and the output shaft
rotate in opposite directions.

Ny = —— (1)

where N, is the speed of input shaft, N, is the speed of

cycloid disc, and Z; is first-stage cycloid reduction ratio.
Equation (2) represents the second-stage cycloid

reduction ratio. It is calculated using Eq. (2) by substituting

Eq. (1).

N; —N N; —N
Zzz—N3 le_ : ]i, (2)
R

where Z, is second-stage cycloid reduction ratio, N5 is the
speed of output flange with outer pins.

Using the Egs. (1) and (2), the reduction ratio output by
the cycloidal speed reducer can be obtained as shown in
Eq. (3).

N Zi(Z,+1)

— 3
N; 71— 7, (3)

The cycloid reducer can achieve a large reduction ratio
due to the product of the number of teeth of the first-stage
and the second-stage reducer, and the rotation direction of
the input and output is the same. In addition, a larger
reduction ratio can be obtained by reducing the difference
in the number of teeth in the first- and second-stage
reducers.

The reducer used in the E-CVVT system must take the
engine layout into consideration, making it necessary to
reduce the size and high reduction ratio. As mentioned
earlier, the torque produced by the BLDC motor is trans-
mitted to the cam shaft via a cycloid gear, the structure of
which is shown in Fig. 3. The reduction ratio of the cycloid
reducer was designed to be 100:1 in consideration of the
torque magnitude and response speed required by the
E-CVVT system. Table 1 shows the specifications of the
cycloid reducer.

2.2 BLDC motor

In this study, we used an IPM-type BLDC motor to drive
the E-CVVT system. This motor is suitable as a motor for
automotive powertrains because it has a small size, high
output, and good durability (Elakkia et al. 2015). The
output power of the BLDC motor is expressed as Eq. (4),
and the torque of the BLDC motor is expressed by Eq. (5),
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considering the output power and the angular speed of the
rotor.

P, = e,i, + epip + e, 4)

Pe eaia + ehib + ecic
Te =
W Wm

— kyl (5)

where P, is output power, w,, is the angular velocity of the
rotor, kr is the torque constant, / is the current of winding
and e is the back-EMF of each phase of abc.

In order to calculate the characteristics of the BLDC
motor, the IPM-type BLDC motor was modelled using
Matlab/Simulink. As a simplified representation, the
equivalent circuit of the BLDC motor is shown in Fig. 4.

The equation of motion of the BLDC motor is shown in
Eq. (6).

dow,,

T.=T,+J
L+ ar

+ Bwy, (6)

where T} is the load torque, J is the moment of inertia, and
B is the coefficient of friction.

Figure 5 shows the structure of a BLDC motor, sepa-
rated into the motor and controller components. In order to
construct a controller in the BLDC motor, it is necessary to
reduce the mechanical dimension, and a minimum circuit
design has been performed for this purpose. The power part
of the controller consists of a Pi filter and a reverse voltage
protection circuit. The control unit consists of Freescale’s
S12ZVMC MCU (p-control unit) and hall sensor interface.
The drive part is composed of a three-phase symmetrical
half-wave bridge circuit, two shunt resistors, and an MCU
integrated with a regulator and gate driver in consideration
of spatial restrictions. Table 2 shows the specifications of
the BLDC motor controller.

2.3 Dynamic analysis considering valve motion

The motion of the valve is represented by a Lagrange
equation that considers kinetic energy, position energy, and
the Rayleigh dissipation function (Incerti 2006). When the
rotational angle of the cam shaft is «, the motion of the
valve is expressed as (7).

oW d (oT oT OR 0OV 7
(Sczc_cit(ao’c>_aoc+ao'c+6oc @
where T is the kinetic energy of the system, V is the
potential energy of the system, R is the Rayleigh dissipa-
tion function, and W is the work performed by a non-
conservative action.

In this case, assuming that the valve moving along the
cam shaft is composed of masses M; and M,, when the
angle of rotation of the cam shaft is defined as a function of
the angle of rotation o, as shown in Eq. (8), the displace-
ment y of mass M; as shown in Eq. (9).
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Fig. 3 Structure of cycloid
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Table 1 Specification of cycloid reducer

Items Value Unit
Gear ratio 100:1 -
Minimum of input torque 0.8 Nm
Maximum of output torque 20 Nm
Maximum of phase shift angle 45 °
R, L,
6 M\ YT
o — +
’ )
v) €

v, ) e
0
Fig. 4 Equivalent circuit of the BLDC motor
y=y(2) (3)
¥y = () ©)

The kinetic energy T is expressed as the following
Eq. (10), taking into account the moment of inertia J,, of

/ Ball Bearing
Cycloid disc
/ Outer pin 2

Sprocket

the motor and the moment of inertia J,. of the cam shaft as a
product of mass and velocity.

1
T=3 (Jn@* + JoG% + Myy* + Mai?) (10)
The potential energy V is expressed by the following
Eq. (11), taking into consideration the spring constants k;
and k, for the masses M, and M,, constituting the valve and
the deflections of the springs due to static loads #; and #5,.

(11)

The damping energy by the Rayleigh function is given
by the following Eq. (12), considering the damping coef-
ficients c¢; and ¢, of each mass constituting the valve.

1
VZE{kl(y—xﬂLm)z +ha(x+n,)°}

R :%{cl()}fX)z + c#%} (12)

Kinetic energy in Eq. (10), potential energy in Eq. (11),
and damping energy in Eq. (12) are summarized using
Eq. (7). As a result, the total torque due to the rotation of
the servo motor and the rotational acceleration of the cam
shaft can be summarized by two differential equations, as
shown in Eq. (13).

Tota =Ty — T, = (Jc +Jn + Mly/z)f'x' + Mly/y”az + kly”(y — X+ 11) + Clyl(y/d - .X)

L1
xiﬁz{i

(k1 + kz)x + kiy — (C1 + Cz))«.f + C1yld}
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Fig. 5 Structure of the BLDC
motor

Coupler

(a) Top (Motor)

(b) Bottom (Controller)

Table 2 Specification of the

BLDC motor controller Ttems Value Unit
Minimum Typical Maximum
Power part
Input voltage - 12 - A"
Over-voltage protection 16.5 - - A\
Under-voltage protection - - 6.75 v
Operating temperature range — 40 - 150 °C
Control part
Speed control output accuracy — 200 0 200 rpm
Cam phase angle accuracy -1 0 1 °
Cam phase angle overshoot -1 0 1 °
Drive part
PWM duty range 5 - 95 %
Maximum of current condition - - 30 Arms
Speed range of BLDC motor 100 - 8000 rpm
where J,. is the cam moment of inertia, J,, is the engine
moment of inertia, 7, is the torque of the BLDC motor, 7, 0.06
is resistant torque, x is the displacement of the 1st mass in 0.04
the valve system and y is the displacement of the 2nd mass =
in the valve system. % 0.02
=1
2.4 Valve modeling considering cam shape g 0
. 5 002
The valve repeatedly opens and closes due to the rotation E"
of the cam, which has an irregular shape. The shape of the < 004
cam varies according to the purpose of use, while the speed
with which the valve opens and closes depends on the -0.06
0 60 120 180 240 300 360

shape. The vertical profile of the valve in relation to the
cam surface while the cam shaft rotates is called a cam
profile (Incerti 2011). Generally, it is a cam curve for
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BLDC motor

Cycloid reducer

Fig. 7 Combination of BLDC motor and cycloid reducer

Table 3 Dimensions of BLDC motor and cycloid reducer

Values Unit
Items
BLDC motor 130 mm
Outer diameter of motor (B) 80 mm
Length of controller (C) 20 mm
Length of motor (D) 50 mm
Cycloid reducer
Length of housing (E) 30 mm
Length of sprocket (F) 15 mm
Outer diameter of sprocket (G) 92 mm

simple motion expression, and it is expressed by a math-
ematical model such as a trapezoid, a cycloid, a single
harmonic function, and a polynomial curve. However,
high-order polynomials and high-harmonic components are
used for the cam curve to consider the high-speed rotation
of the automobile engine (Jelenschi et al. 2011). In this
paper, the velocity change of the valve is expressed using
the polynomial shape curve in Fig. 6.

Using the assembled BLDC motor and cycloid reducer
shown in Fig. 7, the torque of the intake cam shaft was
measured. The coupler located on the shaft of the BLDC
motor is coupled to the input shaft of the cycloid reducer
and rotates the cycloid reducer through the operation of the
BLDC motor. The dimensions of the BLDC motor and the
cycloid reducer are shown in Table 3.

BLDC motor
(110W-class)

Torque sensor

Servo motor

(3kW-class) Timing chain

Fig. 8 Configuration of control performance test apparatus

Cam Shaft Torque [Nm]

Measured data
Curve fitting data

Il

0 o 01 0.2 0.3 0.4 0.5 0.6
Time [Second]

Fig. 9 Cam shaft torque at 1000 rpm (curve fitting)

To drive the E-CVVT system, the torque value of the
intake shaft of the engine must be known. This is because
the E-CVVT system can be controlled only when the
cycloid reducer generates an output torque greater than the
torque of the input shaft of the engine. Therefore, to
measure the torque value of the intake shaft of the engine,
the control performance test apparatus of the E-CVVT
system was used, shown in Fig. 8. The control performance
test system consists of a servo motor, a BLDC motor
(5 kW and 110 W-class), an engine head block including a
cam shaft, a timing chain, and a torque sensor. The 5 kW-
class servo motor serves as the crank shaft of the actual
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Fig. 10 Block diagram of the
E-CVVT system

Input : Target cam PID Controller #1 | * ~“r| PID Controller#2 | V BLDC Motor driver
phase angle (Position) (Speed)
w, i h
Op,,
5 i w. T
og:‘::::r; g:::éqe Camn?ggslmlcs Cycloid reducer BLDC Motor
6,
Tr
Cam shaft

engine and transmits the driving force to the intake cam
shaft through the timing chain. The 110 W-class BLDC
motor changes the rotation angle (phase) of the cam shaft
by varying the speed of the output shaft according to the
reduction ratio of the cycloid reducer. The torque of the
cam shaft was obtained by measuring a 1.6 Gamma engine
from Hyundai Motors, which was applied to the analysis
through curve fitting, shown in Fig. 9. The average torque
of the cam shaft when the cam shaft rotates at 1000 rpm
was 1.392 Nm. The output torque of the BLDC motor is
amplified (100:1) from the cycloid reducer. At this time,
the efficiency of the cycloid reducer was 40%. Therefore,
even if the BLDC motor generates a torque of 0.1 Nm, it is
possible to change the phase of the cam shaft.

3 Simulation of E-CVVT system

For the control of the E-CVVT system, a dynamic simu-
lation environment was constructed by modeling the
BLDC motor, cycloid reducer, controller, and cam shaft

control sum Scopet

system. A block diagram of the E-CVVT system is shown
in Fig. 10. The E-CVVT system consists of a BLDC motor
and a BLDC motor driver for driving the motor, a PID
position and speed controller for transmitting appropriate
commands to the motor driver using the crankshaft and
cam shaft sensor values, a cycloid reducer for power
transmission to the intake cam shaft and a cam dynamics
model to which the cam shaft is connected. In Fig. 10, 6,
and o, are the angles of rotation and angular velocity of the
desired cam shaft, 6. and . are the actual angle and
angular velocity of the cam shaft, i is the current delivered
to the BLDC motor by the motor driver, v is the voltage, h
is the hall sensor’s state, w,,, T,, are the angular velocity
and torque of the motor, and T, is the desired torque.

The control system of the E-CVVT system using
Simulink is shown in Fig. 11. The E-CVVT system con-
sists of a position and speed PID controller, a cam shaft and
a BLDC motor, a cycloid reducer, and a hall sensor to
sense the position of the rotor. In operation of the E-CVVT
system, when the user inputs a desired target phase angle,
the phase controller generates an appropriate BLDC motor

Phase Error

DutyRatio  PWM

PID | PWM Generator
fen
phase PID L

Controller
(Position)

control conv.1

Dir

PID
Controller
(Speed)

Firing Signal

BLDC Motor & Cam

Hall Sensor

H thn|

Hall Sensor Model

. > phase_angle.mat

Fig. 11 Control system of the E-CVVT system (using Simulink)
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Fig. 12 BLDC motor and cam shaft system (using Simulink)

speed command that takes the actual rotational speed of the
cam shaft into account. In order to transfer the command
value calculated by the PID controllers to the BLDC motor
driver, the control conversion block is constructed in order
to convert the command value component into magnitude
and direction. Here, since the magnitude of the command
must be converted into the PWM value, the PWM signal
generation block is constructed. As a result, the BLDC
motor rotates to change the phase of the cam shaft
according to the setting of the PID parameter.

Figure 12 shows the BLDC motor and cam shaft system
using the Simulink. The BLDC motor part calculates the
characteristics of the three-phase winding current and the
output torque of the motor, while the cam shaft system part

omc

analyzes the cam phase change in relation to the rotation of
the BLDC motor.

Simulink modeling of the E-CVVT system was used to
confirm the change in the control response according to the
variation of the PID control gain. As shown in Fig. 13, the
control response characteristics according to the variation
of the control speed controller and the position controller
parameter gain were confirmed. Simulation tests were
performed by setting the cam shaft to rotate constantly at
1000 rpm, inputting the target phase of 25°, and changing
the gains of the PID control parameters of the position
controller and the motor speed controller. If an overshoot
occurred in the cam phase angle change characteristic
when controlling the E-CVVT system, it would impact the
cycloid reducer and the BLDC motor, which would
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Fig. 13 Comparison of response characteristic at 1000 rpm (by
simulation)

adversely affect the durability of the system. Therefore, it
is important to control the cam phase to prevent overshoot
when the phase of the cam shaft is changed to ensure
mechanical protection of the cycloid reducer and the
BLDC motor. Figure 13a shows two cases in which the
response speed change is small as a result of changing the
gain of the PID control parameter of the speed controller,
while the control gain of the position controller is fixed.
Figure 13b shows the difference in response speed as a
result of changing the gain of the PID control parameter of
the position controller and fixing the gain of the speed
controller (case # 1: Kp2 = 200, Ki2 = 50, and Kd2 = 10).
When the gain of the PID control parameter of the position
controller is changed to (Kpl =200, Kil =100, and
Kdl = 5), it can be seen that the improved parameter was
applied 0.1 s earlier than the initial value.

4 Verification of experiment

Using the control performance test apparatus shown in
Fig. 8 and described in the previous section, the speed of
the servo motor and the speed of the BLDC motor were
determined and are shown in Fig. 14. Thus, it was possible
to determine the phase change of the cam shaft according
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Fig. 14 Comparison of rotational speed characteristics between the
BLDC motor and the cam shaft (by control performance test
apparatus)

to the control input. The cycloid reducer and the cam shaft
rotate in the same direction in the test apparatus, which
imitated the same conditions as those of the car engine
head block. When the advanced control of the cam phase
angle was performed, it was necessary for the BLDC motor
to rotate at a higher speed than the cam shaft speed in order
to advance the cam phase. On the other hand, when the
retard control of the cam phase angle was performed, the
speed of the BLDC motor was controlled to be lower than
the rotational speed of the cam shaft, or in the reverse
direction. Therefore, the response speed of the retard
condition was faster than that of the advanced condition.

Vehicle tests were conducted to verify the control per-
formance of the E-CVVT system. Figure 15 shows a
vehicle test setup. Specifically, Fig. 15a shows the vehicle
mounting of the E-CVVT system, while Fig. 15b shows the
data acquisition environment. The comparison object was
characteristic of the valve displacement for the valve tim-
ing control. The vehicle test was performed with an engine
rotation speed of 2000 rpm and a cam shaft speed of
1000 rpm, and the response characteristic data was
acquired using the CAN communication. The vehicle test
conditions are shown in Table 4.

Figure 16 shows the characteristic displacement of the
valve and shows the opening and closing state of the valve.
Specifically, Fig. 16a shows the valve opening/closing
state of the cam shaft due to engine rotation, while Fig. 16b
is an enlarged view of the phase change from 0.5 to 0.7 s.
The control parameters described in Fig. 13 were applied
to the E-CVVT system controller in order to compare the
initial and improved characteristics. As the rotational speed
of the BLDC motor increases under the advancing condi-
tion, the valve opens and closes at an earlier time. It can be
seen that the phase of the cam shaft under the improved
condition advanced faster than under the initial condition.
In addition, it can be seen that the phase of the cam shaft
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(a) Vehicle mounting of the E-CVVT system
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(b) Data acquisition environment

Fig. 15 Vehicle test setup

Table 4 Vehicle test condition

Items Value Unit
Input voltage 13.5 \%
Current limit 25 A
Engine speed 2000 rpm
Cam shaft speed 1000 rpm
Variable range of cam phase angle 0-25 °
Ambient temperature 25 °C

retarded as the rotation speed of the BLDC motor
decreased in the retarding condition. It can be seen that the
phase of the cam shaft of improved condition retarded
faster than the initial condition. Finally, the improvement
of the phase response characteristic of the cam shaft was
verified through the vehicle test.

5 Conclusion

In this paper, we proposed a method to improve the PID
control parameter of BLDC motors used in E-CVVT sys-
tems to improve the advancing and retarding response

T 10
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o 8
=
> 6
Y
5)
S 4
£
S 2
B
a o0
0 0.2 0.4 0.6 0.8 1
Time [Second]
(a) Displacement of valve (0 to 1 second)
— 12
1S —— Initial ---- Improved
g Advance , Retard
= 8 e
> A
S 6 L
€ 4 o
g )
a 0 .
0.5 0.55 0.6 0.65 0.7

Time [Second]
(b) Enlarged (0.5 to 0.7 second)

Fig. 16 Characteristic of valve displacement (by vehicle test)

characteristics of intake valves. In addition, the Lagrange
equation and Rayleigh dissipation function were described
for the implementation of BLDC motor, controller of the
BLDC motor, cycloid reducer, and mathematical analysis
of the E-CVVT system. The control of the E-CVVT system
was performed based on the PID control and the Simulink
block was used for verification. It was confirmed that the
response characteristic of the cam shaft phase did not have
an overshoot so as not to apply a mechanical impact to the
input shaft of the cycloid reducer, whose phase of the
E-CVVT system changed, and the response speed of the
E-CVVT system was improved. In addition, the vehicle
test confirmed that the proposed control parameters are
suitable for improving the performance of the E-CVVT
system. The control method of the E-CVVT system
developed in this study is expected to improve the response
characteristics by simply determining the PID control
parameters, as well as to improve vehicle fuel efficiency
and output through application to the automotive motor
system for the powertrain.
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