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1. INTRODUCTION

An anti-pinch system is a vehicle safety mechanism on a power window that prevents drivers and
passengers from fatal injury and death caused by human body stuck or pinched in the window area [1], [2].
When the power window detects obstacle intrusion on the specified area, the anti-pinch system will begin to
work, and the motorized window will go down automatically. There are two types of mechanisms in which
the anti-pinch system works: a non-contact method and a contact method. The non-contact system detects the
position of the obstacle using sensors (for example, electromagnetic field sensor) to measure proximity
distance of the obstacle that enters the sensor space-charge field before the window touches the obstacle. This
approach is rarely used on power windows that incorporate anti-pinch system because it is a high cost of
mechanism compared to the similar performance [3]. On the other hand, the contact method which senses
obstacle intrusion on the window is generally based on the anti-pinch system. This scheme senses the
obstacle by a direct touch between windows and obstacles that affects the DC motor behavior [4].

An anti-pinch technology has been proposed by processing the change in DC motor speed when the
window glass touches the obstacle [5]-[7]. The speed information is obtained by installing number of Hall IC
speed sensors near the rotor ring magnet of the DC motor. The output of the sensor is a signal period of the
DC motor speed. When the window glass touches the obstacle, the period of the motor speed is longer than
the normal period. By applying a threshold on the period, this period threshold for determining the pinch
condition is set manually by the programmer. A contact method anti-pinch system has been suggested by
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utilizing the angular velocity of the DC motor and then estimating the torque rate from the angular velocity
information to decide the pinch condition [8]-[11]. The torque rate is estimated by using Kalman filter and
Hfilter. Then the estimation is used to determine the threshold value and set manually afterwards. In
addition, an anti-pinch system is suggested for a sunroof using fuzzy logic scheme [12], [13]. A membership
function is made from relation between operation temperature and voltage to decide the pinch condition. The
squeezing force can be obtained after comparing the membership function.

In the present study, the anti-pinch system is built by utilizing the electric current of the DC motor
as the main information to decide the pinch condition. The current sensor is installed on DC motor driver.
The key benefit of using current information is that the pinch condition reflects and detects quickly with good
sensitivity. However, utilizing current information has some disadvantages, such as proneness to disturbances
that can lead noises, which will make a false pinch alarm into the system. Moreover, the changes in DC
motor parameters during the operation are also able to cause false pinch alarm. On the operational time, when
the DC motor starts to work, the electric current generates heat or thermal energy on the DC motor. The heat
from the DC motor affects the current information of the DC motor. If the manual threshold is applied to the
system which is known to have these defects, the system with a low reliability will cause a lot of false pinch
alarms.

In the present anti-pinch system, the automatic threshold is made and proposed as a new scheme for
the current limit to decide the pinch condition. To realize this low-cost technique, the current characteristics
are observed beforehand, and analyzed the optimal current threshold value to apply it into the anti-pinch
mechanism. In the experimental tests, the best current threshold is should be acquired and fit the anti-pinch
system. Finally, the squeezing force test is conducted on the proposed anti-pinch system, and the squeezing
force is supposed to meet the FMVSS 118 safety standards.

2. RESEARCH METHOD

Europe and America have published rigorous regulations on the power windows for the
automobile's safety: European regulation of DIRECTIVE 2000/4/EC,11 and American regulation of FMVSS
118-S5 [14], [15]. These regulations specify the standard limit on the maximum amount of squeezing force
and the minimum safe reversal distances of the power windows which must be confirmed by an anti-pinch
system for safety reasons. In the anti-pinch mechanism developed in this research, the electric current
information is directly obtained by current sensor using Hall Effect, which attached on the DC motor driver.
The regulations for improvement are imposed to make the automotive power windows safer and more
comfortable for the drivers and the passengers. In this safety with convenience, America strengthens the
vehicle safety standards applicable in the European region. Table 1 state the key features for DIRECTIVE
2000/4/EC and DOT FMVSS 118-S5 regulations. The squeezing force, reversal section, and reversal
distances (in cases of #1 and #2) are the same for both regulations, but the test rod force deflection ratio and
reversal distance in case of #3 are different. The force deflection ratio is dependent on the size of the test rod
itself. Two test rods are needed in FMVSS 118. Note that the FMVSS 118 regulation is more rigorous by
using 65 N/mm test rod.

Furthermore, the window area is divided into two work zones for the anti-pinch system; stop zone
and reversal zone. The reversal zone on the window area is from 4~200 mm and other than this area is
defined as the stop zone. The anti-pinch work zone is shown in Figure 1. Based on electric current, the anti-
pinch system with contact method is suggested to satisfy FMVSS 118 regulation. The block diagram of the
designed anti-pinch system is shown on Figure 2.

Table 1. Power window Regulations 10,11

Item DIRECTIVE 2000/4/EC DOT FMVSS 118
Squeezing force <100 N
Reversal section 4-200 mm
Test er forc_e 10 N/mm e 65 N/mm (< 25 mm test rod)
deflection ratio e 20 N/mm (> 25 mm test rod)

1. Same position when the window begins to close.
2. A position that permits a semi-rigid cylindrical rod which have diameter 200 mm.

Reversal distances 3. A position at least 50 mm more 3. A position at least 125 mm more open
open after the window start after the window start reversing.
reversing.
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Figure 1. Anti-pinch system work zone on the window area for the safety regulation
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Figure 2. The schematic diagram of the electric current based anti-pinch system

The anti-pinch system is based on the current change of the DC motor that works as the power
window actuator. If the obstacles are on the window area, and the window glass gets in contact with the
obstacles, the DC motor will get load disturbance because the obstacle makes the DC motor current rise. This
current change will be detected by the current sensor and if the current value is over the current threshold, it
will be detected as a pinch condition. The automatic threshold method is proposed in this anti-pinch system.
The position sensor is also used in the anti-pinch system as a supplementary sensor that checks the window
glass position on the window frame. Based on the safety regulations, the position of the window glass on the
frame is important to decide the danger zone and must contain a different response on the stop zone and the
reversal zone. When the system detects a pinch condition, it will directly check the position of the window
glass to decide in which position the pinch condition has occurred.

2.1. DC motor current characteristics

In this paper, the automatic threshold has been proposed to make a pinch decision in the anti-pinch
system. Observing the current characteristics and analyzing the best calculation should be done before the
automatic threshold is applied to the system. Figure 3 describes the block diagram for the complete power
window model including DC motor as an actuator. The complete system can be divided into DC motor part
and window mechanics part, which contains a set of mechanical gears and window glass.

The applied voltage V for the DC motor is 12 V. The DC motor current value can be obtained from
the signal generated by the current sensor. The DC motor current is the armature current I,, and the pinch
condition is obtained by processing this armature current. From the linear power window model in Figure 3,
the total armature current I, of the DC motor for the anti-pinch system is obtained as follows:

| (s) = V(s)(b+Js)+ KT,
T (b+I)(R, +L,5) + K K,)

M

From Figure 4, the DC motor current value is not consistent at all the time. From 1.5 to 3.3s, the
window reaches the curvature zone of the window frame. During this time period, the friction between the
window glass and the frame is changing when the system goes by, so the disturbance torque Ty is rising, thus
making the DC motor current rise. The anti-pinch system with automatic current threshold uses these DC
motor current characteristics. The automatic current threshold should cover and work for all the time when
the system operates.
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Figure 3. The block diagram of the power window model
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Figure 4. DC motor current characteristic (a) Actual, (b) Linearized model

2.2. Pinch decision using automatic threshold method

In a real system, the current amplitude value of the DC motor is always changing depending on the
DC motor condition. The new DC motor current characteristics will be different from old DC motor
characteristics. Also the operational timing will cause the DC motor current amplitude to change. By using
automatic threshold method, the anti-pinch system is designed to overcome those problems. The pinch
decision using the automatic threshold method is determined by analyzing the DC motor current
characteristics on the power window system. Using system identification scheme, the DC motor current
model can be predicted as follows:

I(s)  0.000255+0.1119
V(s) 0.0000416s +0.004s +1 o

where all the parameters of the system have already contained DC motor model, window mechanics, and the
friction characteristics between the window glass and window frames.

Even though the system disturbance torque is changing, it will not affect the transient state of the
current value. Widyan et al. [16] analyzed that the transient response on the DC motor will change
significantly by the applied voltage type. In this research, it is found that the current value in the transient
time has perfectly covered all the DC motor current value on the power window operation. Based on this
analysis, the automatic threshold will be calculated using the sample data from the current values at the area
of DC motor transient time. After the area of the calculation for the automatic threshold is defined, the
current threshold (Ith) can be calculated from Equation (1) at transient time using the current value at
transient time (ly,) by

l, =0.97x1, )

where a reasonable automatic threshold level to detect the pinch condition is 97% of the maximum current of
the transient time. This method can be acknowledged as a systematic way to solve the pinch detection rather
than the manual threshold.
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Based on Equation (3) as a calculation for the automatic threshold, the power window response is
shown in Figure 5. It is noted that the DC motor current will be rising when the pinch condition occurs on the
system. If the current is over the threshold level, the anti-pinch system will be activated to make the window
glass move downwards on the reversal zone, and then the window will stop in the stop zone.
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Figure 5. Automatic threshold applied to the power window anti-pinch system

3. EXPERIMENTAL TESTS AND DISCUSSIONS

In this experimental test, LabVIEW has been employed to control the DC motor driver and to
calculate the DC motor current based on the sensor signals. In addition, LabVIEW is used to calculate the
squeezing force of the anti-pinch system. Figure 6 describe the essential features of an experimental
apparatus for power window system using LabVIEW. A load cell attached to the power window using a jig is
used as a force sensor to detect the power window’s squeezing force. As a test rod replacement, the test
spring is attached on the load cell which has same force deflection ratio as FMVSS 118-S5 specification.
Figure 7 shows the block diagram of the experimental system for power window anti-pinch system. To
evaluate the pinch detection performance, the system is tested by using the test spring with standard
deflection ratios of 20 N/mm and 65 N/mm, as explained in the FMVSS 118 regulations.

(@) (b)

Figure 6. Experimental system (a) Full anti-pinch system, (b) Load cell
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Figure 7. Block diagram of experimental system configuration
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3.1. Pinch detection performance evaluation for 20 N/mm test spring

For each threshold method with manual and automatic, the pinch detection performances of the two
methods are illustrated in Figure 8 with the current measurement. Under manual threshold case, the threshold
value is set manually on 1.6 A. When the current is over the threshold level, the system will define the
condition as the pinch detection. Under the automatic threshold, the system will calculate the threshold level
by itself based on Equation (3). In this case, the pinch condition will be defined as same as the manual
threshold.

As illustrated in Figures 8, when the pinched object is detected by the system, the current rises until
its value reaches to the threshold value. After the current hits the threshold level, the system defines this as
pinch detection, and the motor starts moving in reverse to make the window glass go back down. When the
pinch detection is made, the force sensor which attached on the experimental system is working to measure
the squeezing force. Table 2 shows the squeezing force results for both methods.
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Figure 8. Pinch detection resuts using 20 N/mm test spring (a) Manual threshold, (b) Automatic threshold

Table 2. Squeezing Force Results for 20 N/mm Test Spring

Test # Manual threshold Automatic threshold
lin 20 N/mm lin 20 N/mm
1 1.6 A 55.06 N 1.65A 52.70 N
2 1.6 A 59.57 N 1.65A 58.98 N
3 1.6 A 54.53 N 1.62 A 47.47 N

3.2. Pinch detection performance for 65 N/mm test spring

As stated in case of 20 N/mm test spring, for each of the threshold method, the pinch detection
performance using the current measurement are illustrated in Figure 9. When the pinch detection is made, the
squeezing force is measured by the force sensor. Table 3 shows the squeezing force results for both methods.

Pinch detection

24 Pinch detection 21

. Pinch occurence
Pinch occurence

Motor reversal
Motor reversal

Current(A)
o

Current(A)
o

Time(s) Time(s)
(a) (b)

Figure 9. Pinch detection resuts using 65 N/mm test spring (a) Manual threshold, (b) Automatic threshold
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Table 3. Squeezing Force Results for 65 N/mm Test Spring

Test # Manual threshold Automatic threshold
lin 65 N/mm I 65 N/mm
1 16 A 88.60 N 1.69 A 87.81N
2 16 A 85.87 N 172 A 87.57 N
3 16 A 86.29 N 1.69 A 88.65 N

3.3. Performance comparison and discussions

As observed from Figure 8 and Figure 9, when the pinched object presents, the current rises until it
reaches the threshold level. After reaching the threshold, the current does not continue to rise, but directly
goes into negative value which means that the motor is working in reverse. It means that the pinch detection
can be made quickly without any error with the current based anti-pinch system. Table 2 and Table 3 provide
the test results for the performance comparison of the manual and automatic thresholds. For the manual
threshold with a value 1.6A, the system can quickly detect the pinch condition without any error.

The squeezing forces of the anti-pinch system by using manual threshold are below 100 N. For the
automatic threshold method, there has been always little change to the threshold value. For the practical use,
the power window system is likely to be affected by various disturbances that can lead to the electric current
change as well. Also the heat from the DC motor leads to the current value drop. If the system is employing
the manual threshold, the pinch condition detection will be delayed due to a larger gap between the threshold
and the real current. But by using the automatic threshold, the threshold level will be adjusted depending on
the system condition. Also the squeezing force of the anti-pinch system by using the automatic threshold is
below 100 N. From the test results for the anti-pinch system using manual and automatic thresholds, the
performance of the both methods offers excellent results. The newly developed automatic threshold scheme
for the current based anti-pinch system offers satisfactory results on the FMVSS 118 regulation. Finally, the
low-cost technology has been employed to provide improved vehicle safety on power window while
increasing convenience to the drivers or passengers.

4. CONCLUSION

In this research, the automatic threshold method for anti-pinch system has been proposed as a hew
method for pinch detection. By using the automatic threshold on power window system, the pinch condition
can be detected as fast as the manual threshold performance. Also, the squeezing forces of this proposed
method comply with the FMVSS 118 regulations (< 100 N). The benefits of this method are that not only
does the method give good performances, but also it makes the system more intelligent or smart. The
automatic threshold can handle the disturbances that affected the system without making false pinch
detection. Also this automatic threshold method on a current based anti-pinch system provides low cost of
production and has a compact design which makes this system economically more competitive than other
anti-pinch systems in the global market. Finally, this research discusses vehicle installation, test results, and
performance comparisons for presented power window system.
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