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INTRODUCTION

ABSTRACT

This paper presents a study on the implementation of converting an industrial pneumatic
cylinder into an electromechanical cylinder drivetrain using a ball-screw mechanism and
stepper motor (ECDLSM). Due to the fact that pneumatic cylinders in the industry are
generally used in on-off operating mode, electric actuators provide more precise motion
control (position, speed, acceleration, and force) along with providing superior accuracy
and repeatability. The mechanical and electrical efficiency, for ce, and pos ition err ors of the
ECDLSM have been examined based on the position, velocity, and acceleration profiles to
the cylinder mechanism with the established test setup which consists of a current and force
sensor, incremental and linear encoders, and springs. The highest ratio of the force applied-
double spring was performed to verify the accuracy of the analysis results by interpreting the
force data and position errors collected from the ECDLSM. The analysis results show that the
ECDLSM is very useful and flexible as much as its counterparts.

Cite this article as: Fotuhi M ], Karaman C, Bingiil Z. Design and development of a ball-
screw and electrical motor driven industrial electromechanical cylinder. Sigma ] Eng Nat
Sci 2022;40(4):822-830.

An actuator is defined as a device that converts energy
into motion and produces essentially rotational and linear
motion [1]. Linear actuators are used in places where lin-
ear motion is required and are known for a wide range of
applications in various industries including materials han-
dling [2], military [3], agriculture, machine tools [4, 5], and
industrial machinery. Linear actuators are generally divided
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into three main groups according to power sources, which
can be selected as electric current, hydraulic fluid pressure,
or pneumatic pressure.

The pneumatic and hydraulic linear actuator include
a simple piston inside a hollow cylinder [6]. External air
compressor or the pump moves the piston inside the cylin-
der housing, and with this increasing pressure, the cylinder
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moves along the piston axis, which generates the required
linear force [7]. It returns to its original initial length by pro-
viding a spring force or another fluid to the opposite side of
the piston [8]. However, many components are needed to
operate the pneumatic system, such as buffer tanks, valves,
regulators, etc. Hydraulic linear actuators are very similar
to pneumatic actuators, but a non-compressible fluid must
be used as opposed to compressed air in which the cylinder
is moved in a linear motion. Electric actuators consist of a
ball, roller screw, or belt connected via a coupler to an elec-
tric motor. When the screw rotates, it moves the piston and
the piston is connected to a rod or a carrier that moves the
load. These actuators have some advantages and disadvan-
tages according to the requirements of the process in which
they will be used.

Medium and small-scale enterprises are switching to
electrical actuators to expand their product portfolio by
designing new products or converting existing pneumatic
products. However, the switching to electric actuators is
focused on achieving more precise and full-motion pro-
file control (position, speed, acceleration/deceleration, and
force) of electric actuators, as well as providing superior pre-
cision and repeatability and preventing vibration and noise
in motion. While electric actuators are higher in perfor-
mance and initial cost, studies have confirmed that the elec-
tric actuator solution makes it a more economical option
than air cylinders over the life of the device or machine [9].
This reference shows that factors such as efficiency, electric-
ity usage costs, air leakage, maintenance, product change,
product quality, change time, and cycle times have been
examined along with other factors that determine the total
cost of ownership for a pneumatic actuator technology.
Also, in terms of efficiency, it was found that only 23% -
30% for pneumatic systems, 40% for hydraulic systems, and
80% for electrical systems [10].

By comparison with others, electric actuators require
little or no maintenance. Some actuators may require relu-
brication from time to time, but often electric actuators do
not demand regular maintenance.

In electronic cylinder applications, the cylinder motion
profile is designed by a user program. Therefore, the

Curent Sensor

Controller

cylinder profile is very easy to change and significantly
reduces time. This subject is discussed in many research
articles [11, 12, 13]. In this paper, the application of the
ECDLSM was developed from the switching of the existing
pneumatic cylinder. The main goal of such a system is to
avoid the force overshoots in the contact stage while keep-
ing stress force error in the high-sensitive tracking stage,
where traditional pneumatic cylinders are not competent.
The content flow of this paper is organized as follows:
First, the modeling of electromechanical CDLSM is briefly
introduced, and the mechanical design is presented, next,
the simulation and experimental results are given and dis-
cussed in detail. Finally, the conclusions are summarized.

MODELING OF ELECTROMECHANICAL CDLSM

The switched electric actuator consists of three units:
motor unit, coupling unit, driver unit. A hybrid stepper
motor with two-phase was used in the experimental study
because it is advantageous in applications where rotation
angle, speed, position, and synchronism need to be con-
trolled. Stepper motors are used in many different applica-
tions [6, 7]. For the coupling unit, acme ball screw and nut
system were preferred as the price is affordable and easy to
find in small dimensions. The screw was integrated into the
rotor of the stepper motor to prevent vibration during the
acceleration and deceleration phases of the motion. The lin-
ear encoder attached to the moving piston and the rotary
encoder attached to the stepper motor were used to validate
the test system and to implement the control algorithm. A
visual C ++ based program has been developed to enter
motion profile and control signals using an industrial PC
(Googoltech) with many analog/digital input/output ports.
In order to analyse the linear force generated by the system,
springs with three different stiffness coeflicients were used.
Using different speed and motion profiles, the force values
produced by the system, the current value drawn by the
motor, the maximum acceleration, speed and force values
achieved at these speeds were determined.

The diagram of the ECDLSM is illustrated in Figure.l1.
For the ECDLSM, a model was developed in [14, 15]. The

Stepper
Motor

Incremental Linear Encoder

Encoder

Figure 1. Block diagram of the ECDLSM.
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mathematical model is based on two movements, the motor
angle 0 and the distance of load. The 0 angle is linked by a
ball screw mechanism to the d distance.

According to the change of position, two forces are
formed at the input and output of the system. a motor forces
Fm applied at the input of the system and a load forces Fl
applied at the output of the system.

MECHANICAL DESIGN

To obtain a simple and cheap design, we minimized the
amount of mechanical and electronic parts. It was there-
fore decided to use normal stepper motor and ball-screw.
Also, electromechanical cylinder can be both opened and
closed by only one HANPOSE 17HS3401S T8 x 8 nema-
stepper motor with a PK65N ball-screw driven by the step-
per motor driver model CWD556. When a voltage of 24V
is applied to the motor this results in a constant actuation
torque of 0.5 Nm applied at the base of end effector and
0.25Nm on each of the opposite link as defined [16].

The torque general equation (1) was used to obtain the
ball-screw dynamic equations. General force F was calcu-
lated by sum of two different forces; the torque caused by
frictional forces fr and the torque of external forces applied
to the shaft.

r-ik I
C2mv ()
L
B @)
"
P2
F=F, + mg(sin® + ucosd) = F, + fr (3)
:(FA+fr)PB(l 1 )
Tos 2ni \n T3t @

Here, F is the Force along the direction of movement
(see Figure .2), F, is the external force, 0 is the tilt-angle
(degree), DP is the pitch circle diameter (9.5 mm), D, is the
root diameter of the screw shaft, P, is the screw pitch (5
mm), L is the lead of the thread (5 mm), n_is the number
of starts (1), u is the friction coefficient of sliding surface,
#, is the internal friction coefficient of preload nut (0.15),

Figure 2. Model of the ball-screw.

1 is the efficiency, « is the thread angle for a standard bolt
(30 degree) [17, 18]. The torque general equation (4) was
used to obtain the ball-screw dynamic equations. The T is
general torque term on the ball-screw use in equation (5).

RESULTS AND DISCUSSION

There are several methods for analyzing and measuring
force, three spring with different stiffness coeflicient values
(Table 1) has been used to analyze the dynamic behavior
of the system [19]. To analyze the ECDLSM, two sensors
used to measure data, sensors are incremental encoder of
motor and load-linear encoder [20,21], motor incremen-
tal encoder gives a pulse output of 0.17578125 (degrees/
pulse), and load linear encoder gives a voltage output of 0.5
(mV/mm), over the range0-20 mm this is amplified by an
amplifier with voltage gain of 20, sampled and applied to a
10-bit analog-to-digital converter with voltage range 0-5 V.
resolution of the measurement is 1024 (Digital value/mm).
The experimental setup of electrical ECDLSM is shown in
Figure.3. The position and current analog signals are con-
verted to physical parameters by using sensor gains (equa-
tion 6, 7, 8), they are given in Table 1.

D, (mm)=(V, -o0)*(c,) (5)
D, (mm) = (P, - 0) * (¢;") (6)
C,(Amper) = (V_-o0_) * (c") (7)

Here D, is the distance of load (mm), D, is the distance
of linear movement of motor (mm), C, is the equation of
current sensing, V, is the digitized voltage from analog to
digital using an ADC (analog to digital converter) value of
voltage output of the load linear encoder (digital value),
P, is the pulse number of the motor incremental encoder
(pulse), V. is the discrete voltage (ADC value of voltage)
output of the current sensor.

Table 1: position and current sensors gains

Parameter Symbol Value Unit
voltage coefficient of the linear ¢, 1.3852  mm/volt
encoder

pulse coeflicient of the c, 1.0104 mm/pulse
incremental encoder

current coefficient of the current c_ 28.8921 amper/volt
sensor

offset of voltage o, 781.3157 volt

offset of pulse o, 61.2864 pulse
offset of current o, 16.8264 amper
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Figure 3. Experimental setup of ECDLSM.

Table 2-Technical specification of springs

Spring type Stiffness (Ks= N/mm) Free length (mm) Full compression (mm) Total coil
A 4.529 67.47 21.33 10
B 4.813 70.68 36.63 15
C 6.016 67.43 30.17 12

Table 3-Velocity profile (Max of speed = 42 mm/s)

Speed Mode Speed Speed (mm/s)
Low Speed 9% Max 3.78

Medium Speed 55 % Max 23.10

High Speed 80 % Max 33.60

Very High Speed 90 % Max 37.80

To avoid repetition of showing same behavior in the
paper, the movement profile of a Cylinder A-type of the
spring in the low-speed case is only illustrated in the Figure
4. The results of the medium, high and very high speed
of double-B and C types Springs of the springs for the
ECDLSM are given also in Table 2. The velocity profile is
shown in Table 3.

According to Table 4, For the A-type spring, the maxi-
mal force of 106.4 N and the maximum linear movement of
18.55 mm are obtained by the high velocity of 5.892 mm/
sec. For the B-type spring, the maximal force of 100 N and

the maximum linear movement of 9 mm are obtained by
the high velocity of 1.375 mm/sec. For the C-type spring,
the maximal force of 105 N and the maximum linear move-
ment of 8,013 mm are obtained by the high velocity of 1.375
mm/sec.

In order to evaluate the performance of position errors,
in general, the square root of the mean of all square errors
(PRMSE) is calculated between the stepper motor position
and the measured load signal based on Equation 9 [22, 23].
According to Table 5, the equations (10, 11) are used to
illustrate the effect of time and magnitude of the error in

Equation 9.
1 ~
PRMSE = ﬁZ(pi -p) )
i=1

Integral of the square value of the error (ISE):

ISE=3(p, ~p,)’ (10)
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Figure 4. The motion profile of double A- type Spring in the low-speed case.
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Table 4. ECDLSM and double spring motion analysis

Spring type Speed mode Max linear Max Force (N) Time Max Current Max Velocity Max Acceleration
movement (mm) (sec) (A) (mm/sec) (mm/sec?)
A Low 39.67 359.4 25.94 0.4657 3.56 4.035
Medium 33.88 307.8 4.11 0.9664 21.26 23.93
High 26.48 241.8 2.535 0.9155 30.19 36.2
Very High 15.07 137.8 2.175 0.6914 21.53 37.14
B Low 34.08 324.9 24.02 0.5505 3.559 3.744
Medium 30 288.8 3.825 0.9647 20.83 22.77
High 23.14 223 3.465 0.9053 28.52 49.84
Very High 12.96 127.7 2.58 0.6031 36.53 137.3
C Low 27.22 327.5 22.065 0.52 3.557 10.89
Medium 23.82 290.2 3.75 0.9647 21.25 70.99
High 18.7 224.5 3 0.8866 27.22 111.5
Very High 10.6 127.5 5.25 0.6439 15.9 82.24
400 At - . .
ype spring B type spring C type spring

300

= 250
<

8 200
(e}

& 150

100
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Figure 5. Force analysis results for A, B and C types double springs.

Table 5. RMS position error (ISE and ITSE method) comparison of different speed cases (unit: mm) note: (A, B and C types
double-spring)

Speed mode Double spring (ISE) Double spring (ITSE)

A B C A B C
Low 0.0722 0.0146 0.0092 1.4417 0.2779 0.1118
Medium 0.0991 0.0191 0.0117 0.2974 0.0384 0.0233
High 0.1060 0.0192 0.0210 0.2040 0.0319 0.0417

Very high 0.1065 0.0215 0.0358 0.2134 0.0264 0.0979
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Figure 6. The PRMSEs of different speed cases with (A, B and C)-types double spring, (a) ISE (b) ITSE.

Integral of the time weighted square value of the error
(ITSE):

ITSEzit(pi—f)i)z (11)

i=1

Where p. is the output position, p, is the input position, t
is the sampling time and N is the sampling number [24, 25].

To evaluate the performance of the maximum force
of the electrical CDLSM, the ratio of the maximum force
(RMF) between the desirable force (F,) and the measured
force (F)) of the system is calculated based on the follow-
ing equation (12) [27], As can be seen Table 4, the RMF is
the highest ratio of the force applied by the system to the

spring.
F,—F
RMF:(l—( d '"j]*loo
Fd

The highest ratio of the force applied by the system to
the A-type spring is 89.51% obtained by the low velocities
of 3.78 mm/s. It can be seen that in Table 6 the lowest values
are related to the fourth row of speeds (very high) which
are less than 50% and the values are unacceptable, indicat-
ing that the system did not respond correctly at this speed.
According to Table 4, and applying speeds from Table 6, the
highest power for cylinder is 1.96 watt (A- HS) [28].

For three springs with different stiffness coefficient
values, the force analysis of cylinder is given in Table 4.
According to the diagrams of Figures 5 and 6, compared
to the magnitude of the error of the cylinders and the force
produced by them, the output force of the cylinder is con-
stant on average (337 N) at the velocities of 3.78 mm/s.
The best cylinder efficiency with a A-type spring stiffness of
4.529 at a velocity of 3.78 mm/s, which is 89.51%.

(12)

CONCLUSION

In this paper, an experimental setup for the ECDLSM was
designed and developed. In the experimental setup, the force
was calculated based on the springs stiffness. The forces of the
ECDLSM were analyzed using the position errors obtained
from the load and stepper motor position. In order to evalu-
ate the ECDLSM for different forces, three springs with differ-
ent stiffness coefficient values were used for the force analysis.
The RMSE between the position of the stepper motor and
the position measured signal of the load was calculated for
the position performance of the system. In the high-velocity
case with A-type spring, the minimum RMSEs values were
obtained as expected. The max force value (F=359 N) was
obtained by the ball-screw mechanism and stepper motor.
The results show that the A-type spring-cylinder performed
better than the B and C-type spring-cylinder and the highest
ratio of the force applied by the proposed RMF method is
89.51% at 3.78 mm/s. This prototype of the ECDLSM devel-
oped here can be enhanced using the stepper motor with
high power and high position accuracy. In this way, the posi-
tion errors that occurred here may be eliminated very easily.
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